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KHUPHUI (IoKTOpJIHK AUCCEPTANMACH AHHOTALMSCH)

JMuccepranusi MaB3yCMHMHI J0J3apOiaura Ba 3apyparu. JKaxonmaa
OKCWJUTapAaH TAIIKWJ TONTaH MOH KaHAJIAPUHUHT CTPYKTypa Ba QYHKIUJIAPUHU
y3apo OOFIMKJIMTUHA TAAKUK KWIUII 3aMOHABHM OWO(HU3WKAHUHT SHT MYXUM
Bazudanapumaan oupu xucodmananau. Mon kanammapu HaHOCKOTIUK Topajnap 0yiuo,



MOHJIAp y4YyH CEJNEKTHBIMK XyCyCcHsTHTa o9ra, y MeMmOpaHaJaH Typiu
MOJIEKYJIaJJapHU TaHJIa0 YTKa3aAul €KW YJIAPHUHT TabCUPHUTa *KaBoOaH Y3WHUHT
xXycycusatinapunu y3raptupaau. CYHITH TaJKUKOT HaTWKajlapura OWHOAaH alHaH
MOH KaHa/UIapu ceHcop BasudacwHu Oakapadu, S’bHH TUPHUK OPTaHU3MIIAPHUHT
XapOopaTUHHU ya4all, Xy/l, TAbM Ba CPYFIMKHH XUC KUJIAIH.

[lly Owman Oupra, 6ab3u MUKpOOpraHu3miiap (Ba Iy Karopia HOKOpH
NaToreHauaap) WIUIA0 YUKapraH OKCWUIap Y3-y3ugaH XyKaluH XyKaiipa
MeMOpaHacura Kounamuod, y epaa de novo (SbHU SHTHIIAH) XOCHJ OYJTaH WOH
KaHaJUIapuJiaH MOHJIap OujiaH Oupra cyBlia 3pyBYaH METa0OJUTIIApHU OOIIKApyBra
OyicuHMaiuran YTUIM XyXadWpaHu yiaumMura onuod kenaaud. by okcwuiap
Hadakar KacaJUIMKJIAPHUHI KIMHUK KYPUHUIIM Y4YyH KaBoOrap, Oajiku Xyxainpa
Ba OakTepusyiap >KOWAIlraH MyXUTHUHT TapKuOHu xam ymly oKcuiuiapra OOFJIHNK
xonaa Yy3rapanu. [y cababnu okcwinapiaH Xocwsl OYiaraH HaHomopaiap OyTyH
IyHE TaJKUKOTUMJIAPUHUHT JUKKAT MapKaszujaa, YyHKU (yHIaMeHTan HyKTaun
HazapAaH HaHoONopajap THUPUK XyKaipanap (QyHKUMSICUHUHT (DU3UOJOTHK Ba
Oonou3NKaBuil XyCyCHUSTIIApUHHU TYIIYHTHPUO Oepca, aMajnii TOMOHJAH YJlIapHU
HaHO-KypuiaManap cudaruaa WIUIATUIT MYMKHHJIUTH TYFPUCHIA FOS MaBXY/I.
Kaxongaru YTKa3uiaacTraH TaJKUKOTIapla TaKUIJAHACTTaHUACK, OKCHII
HaHOMOpajgap  CTPYKTypacH Ba YHHUHI XyCyCUSTJIapura TabCUPHU XaKHJlaru
OunuMmiap SHTM JOpWiap  Ba 3aMOHaBHM yCKyHalap Y4yH HaHO-KypHJiMa
SpATHUILA aXaMHUSITIa 3ra.

Kymuunuk TagkUKOTUMIAp HAHO-KYPUJIMAJIAPHUHT acocu cudarujga 3SHT
UCTUKOOJITM WOH KaHasuapu Oy Staphyloccus aureus GaxTepusiiapu XOCWI KWITaH
a-remonu3uH (o-IJI) nme6 xwmcoOmamagw, UIYHUHT Y4YyH KYH COHJU WJIMHA
TaIKUKOTIAp M1y KaHaira OarunuiaHrad. Tabkujpiam Kepakku, o-[JIHuHT
KYIIKaBamIM JUMIKJ MeMOpaHanapia CyBra TYJAraH TpaHCMeMOpaHa TMmopa XOCHJ
KWIniu, OyHaad 35 Wum aBBa SU736eKI/ICT0H)1a aHUKJIQHTaH.

IOxopunarunapaan guccepranusi MaB3yCH yYTa MYXUMJIMIH Ba 3apypiIMru
KYpuHaay, Ym0y WOH KaHAIAPUHUHT (YHKIUSICHTa OKCHUJUIAPHUHT Kaicu
CTPYKTYpaBUM ¥y3HUra XOCJIHIH TabCUP KWIHWILW, YJIAPHUHI CEJICKTUBIUIU KaHall
TY3WIMIINIa Ba aMHHOKHUCIIOTajJap TapkuOura KaHaal OOFIMKIUIU XaKuJaru
HaTIOKAJIap OJIMHJAH MYJDKAJUIAHTaH XyCycHsITiiapra sra OyiraH HaHoropalap
SpaTWIHIINTA €pJiaM Oepaiu.

Ymby nauccepramus Taakukotu 2011 ¥wun deBpan oiuma MUM30JaHTaH
V36exucton Ba Snonns ypracumaru Kymma GaéHoTna Genrunanran BasupaiapHu
amaJira OIIMpHUILTa MyailsiH 1apaxaaa Xu3mar KUIaJiu.

TanKuKOTHUHI pecny0aukacu (paH Ba TEXHOJOTHSJIAPH PUBOKJIAHUIIN
YCTYBOP HyHaauuuiapura OOFJIMKJIMIA. Ma3kyp TaAKUKOT pecnyOnuka gaH Ba
TEXHOJIOTUSNAP PUBOKIAHUIIMHUHT V. «Kunuwioxk xyxkanuru, OHOTEXHOJIOTHA,
AKOJIOTUSI Ba arpod MYXWUTHH XMMOS KWUJUID) YCTYBOP MYHalUIIUIra MyBO(DHK
Oakapuiiras.
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Juccepranusi MaB3ycu OyHH4YA XOPHMKHUI MJIMMHA TAAKUKOTJIAP HIAPXU.
OKcui mopallapyHH CTPYKTypa Ba (PYHKIUSJIADUHHUHT Y3apo OOFJIUKIUTHHU SHT



3aMOHABUN YCYJUIAPHM KYyJUIaraH XOJIIa ypraHuuira WyHaJITUPUITaH U3JIaHUILUIap
KAXOHHUHI €Takyd WJIMHUA MapKas3jiapy Ba OJMI TabJIUM Myaccacaiapu,
xymianad, University of Manitoba (Mrammst), Columbia University, University of
Chicago,University of Maryland (AKILI),Munnmuit ®usuonoruss HHCTUTYTH
(SInonms), Xyxaiipa Ouopmsuka uucTHTYTH (Poccus), Y30eKHCTOH MMILIHIA
YHUBEPCUTETH Ba OOIIIKA UMUK MapKasjap/a oiud OOpHIMOKIA.

Oxkcul HaHOTIOpaJIapu CTPYKTypacu Oyiinda »axoHja onud OOpHiIral WIMHMA
TaJKUKOTIAp HaTW)KACUAA KATop, >KyMiaJaH, KyWuWJard WIMUNA HaTHKajlap
OJIMHTAaH: BOJbITA OOFMWMK aHWOH KaHaIUHUHT (VDAC) Ty3wnunuid Mouenu
anuknanran (University of Manitoba, Wtanus) Ba yHUHr ¢yHKIMOHAN Yy3uUra
xocnuru ucootnanran (University of Maryland, AKII); uuronusun V. cholerae El
Toruuur kpucramm crpykrypacu anukianrad (Columbia University, AKI); o
remonu3uHHUHT (0-[JI) cTpykTypacu rentamep SKaHJIWTH aHWKJIAHTaH Ba YHUHT
kpuctami crpykrypacu (University of Chicago, AKII) nuc6ornanras.

KaxoHna MOH KaHAIAPUHU YpraHuiga Oup Karop yCTyBOp WyHamuuuiapaa
TaAKUKOTIap oyu0d OOpuwiIMOKAa, Iy JKymuazaH: MexaHocesrup Ba TRP
KaHAJUTAPUHH CTPYKTypa Ba QYHKIUSIIAPUHUHT Y3ap0 TAhCUPUHU aHMUKJIAIL, KaHA
WYKMA TY3WJIUIIMHUHT TOTEHIMaiAra OOFIMK Y3rapuiiuHu ucOOTIall, Typiu
OpraHuK MOJEKyJaJapHUHI HAHONOpa XOcCCajlapura TabCUPWHU AHUKJIAIL, SHT
SHTM HAHO CEKBEHATOpJIAp SIPATHIL; TOKCHK OKCHJUIApJaH KaHAJI XOCWJ KUJyBUU
a-IJl Ba Mycobacterium smegmatinopud A CTpyKTypacu Ba (PyHKIUSITApUHUA
aHUKJIaII.

MyaMMOHMHI YPraHWJITraHJIuK Aapaxkacu. Staphylococcus aureus 6axte
pusiIapu CUHTE3J10BYM 3K30TOKCUH -1 J1 OyryHru KyHaa *yzia sXiy ypraHuirad
Ba MCTUKOOJUTM HAHOTIOPA XOCHJI KIUTYBYM OKCHIJUTIApPAaH OUPU XUCOOIaHA N,
VYHUHT OMpramM4y Ba KPUCTAUIA CTPYKTYPACH aHUKJIAaHTaH OYIn0, MOTEeHIInara
OOFJIMKJINTH Ba CEJIEKTUBIMK Xycycustiapu 0atadcun ypranuwirad. LLlyHunr yuyn
Oy HaHOMOpanap TAAKUKOTIApHIa Waeas Aapaxaaard MOAel cucreMa Xxucoo
JaHAIUKH, YHUHT CTPYKTYpPAaCUHHU MOJIEKYISIP-OMONIOTHK MeToaap Ouan y3rap
TUPUILI MyYMKUH. MUCON yUyH, CAUT-UYHAITUPUIITAH MyTareHe3 METOIU epAaMu/ia
HaHOMOpajap UYMJATH €K YHUHT KUPHUII KOUUJIATH aCOCHUH 3apsi-Jiap COHMHH Ba
YJIAPHUHT KOWIAIIWIIWHYA Y3rapTUPUILI KMKOHU MaBXKyZ. XOPHKUN OJIMMIIAPIaH
npod. X.baitnu, Ix.KacnanoBUYHUHT MMM HIUTapuAa TUIUA MeMOpaHaa
»omnamrad o-IJInan Tamkun Tonrad HAaHONOPAJIAPHUHT MUK TY3WIMIIMHU Ba
YHIAH TypJid MOJIEKYJIAJIADHUHT YTUIIUTA TAbCUPUHU TYIHK Ypranuirad. [Ipod.
C.bxaknu paxoapnuruia uutonusud V. cholerae El Tor. Tan-KuK KWIMHTaH.
Xyxaiipa MeMOpaHaCHHUHT MOJAalIap TPAHCIOPTH JKapacHHU1a MyXUM PO
VitHaliiurad Tabunii MemOpaHanapaarya BoJbTra OOFJIMK aHMOH KaHaI-apH mpod.
M.KonoMOuHM unutapuia TYIUK Ypraauiarad. X03Upru KyHa MakCU-aHUuOH
ka"anu ycruaa npod. A.Okaga Oomrduauruaary rypyx U3JIaHuIl oaub 6opasu.

MamiakaTumMusna UOH KaHaJUIapu Oyitnua TaAKUKOTIIAp aKasn.
b.A.Tammyxamenos, npodeccopnap I1.b.Yemanor Ba P.3.CabupoB paxbapnuruga
onub Oopuiamokaa, xymianan o-IJI, KopakypTr yprumyak 3axapujaH OJIMHTaH
JATPOTOKCHUH YPraHUIMOK/IA, yMypTKaauiaap Ba OYFMOCKIMIIAPHUHT KYy3FajaraH



6
MeMOpaHacuaaru HaTpui KaHAJUTApUHU OJIOKJIOBYM OWp KaTop SIHTH TOKCHHIIAP
QXpATUJITaH.

Juccepranusi MaB3yCHHUHI JHMCCEpTAlMA OakapuwjaeTraH WJIMMH
TAAKHUKOT MYAaCCACHHUHI WJIMHMH HILIapu OwjaH OoraMKiauMru. /[uccepramus
TaJKMKOTH BbHoopraHuk KuME MHCTUTYTUHUHT «bup KaH4a OKCUJ TOKCUHJIApUIaH
xamaa, Oup KaHya aOworeH oMuWuIapaad Ba Tabwii MeMmOpaHaapiaru
U30JIpJIaHTaH ~ OKCWJUIaplaH  Xocui  OynraH HMOH  KaHaulapuJaru CyB
NOpajlapUHUHT T€OMETPUK Mapamerpiapunu ypranuun (1997-1999 iiit.), ®-4.1.3
«Cynpuii Ba Tabumii MeMmOpaHaiapJa WMOH KaHa/UIapyu Ba TPaHCHOPTEPIIApHUHT
XyCyCUSTIapUHM Ba YJIApHUHT XyXaijpa XaxMm OOMIKapWIMIIAAard PpOJIMHU
ypranumy  (2003-2007  #i.), DOA-O3-T112 «XaiiBoHjmap Ba YCUMIIUKIAP
XyXKaipanapy XaKMHU OOLIKAPUIUIIMHUHT OMoPu3uK Mexanuzmiapu » (2007-2011
nii.), @DA-DO5-T080 «Xaxxmra OOFIMK aHUOH TPAHCHOPTUHUHT MOJICKYJISP
¢usnonorus Ba O6moduszukacu» (2012-2016 itit.) MmaB3ycumaru Jonuxamsap Xxamaa
[leppamOyko @Penepan yHuUBEpCUTETHHHr buodusuka Ba paanodbuonorus
nenaprtamedTu (bpasunus) UTU Temaruk mianimapu jgoupacuia, SMOHUSTHUHT
Myl pU3MONOrusT MHCTUTYTH Ba BHMOOpraHMK KUME HMHCTUTYTH YpTacularu
XaMKOPJIMK MEMOPAaHIyMHU JOUpacuaa OakapuiraH.

TagKuKOT Makcaam TypJid OKCHIIapJaH TallKWJI TONIFaH MOH KaHaJuIapuaa
CTPYKTYpa-(QpyHKIMOHAI ¥3apo OOFIMKIMKHU aHUKIAlIaH H0opart.
TagKukoTHUHT Basudaiapu:

VOH KaHaJM Y3YHJIUK VKU OViin4a MOpaHUHT paJlyCUHU Y3rapUIlluHA
AHUKJIAL;

VDACHaH Tamkui ToIrad CyB OpaJapUuHUHT PaJMyCHHU FOKOPH Ba KyWiH
YTKa3yBYAHIIMK XOJIATIAP/Ia aHUKJIALLL;

HAHOIIOpaJIap CTEXUOMETPUSICUHU aHUKJIAIIHUHT STHT'U yCIIyOUHU UILIa0
YUKHULL;

LUCTENH-CKAaHUPJIOBYM MYTareHe3 METOIM €pJaMujia HaHolopaidap HWOH
YTKa3yBYAHIUK XycCycusiTura,o-IJI MoyeKymacCMHUHT TapKuOura KUPYBYH TYpJid
AMUHOKHCIIOTAJIAP TABCUPUHU aHUKJIALLI,

LUCTENH-CKAHUPJIOBYM MYTareHe3 METOAM €pAaMHJa KaHAJHUHI HOH
YTKa3yBYaHJIMK XyCYCHUATHIa TAbCUP KYpCcaTyBYd aMHUHOKHUCIIOTAJAPHUHT KHUMEBUN
MOIU(PUKALUACH YCTHIA TAIKUKOTIAP YTKA3HIIL

a-IJ] HaHOOpacu MOH YTKAa3yBYAHIIMK XyCYCHITUIA TAbCHP KypCcaTyBUH
NOJIMaHUOHJIAp Ba KpayH-3(pHpiap TabCUPUHU YPTraHUIL;

MaKCH-aHHOH KaHammHUHT VDAC onstacura KHpyBYM OKCUJUIApAAH
AKAHJIMTUHYU TEKIIUPUILI.

TanKUKOTHUHI 00BEKTH OKCUJIApAAH TAIIKWI TONTaH HOH-YTKa3yBYaH
HaHOTIOpajap XucobIaHaIH.

TagKuKOT NpeIMeTHHM HAHONOpajgap XyCyCHUATIAPUHM OKCHJUIAPHUHT
CTPYKTypacura Ba yJapHUHI aMUHOKHCIOTAJIap TapKUOWra OOFJIMKIIWIU TaIIKHII
ATau.

Tankukot ycyanapu. Tagkukoriapaa ¢poiijalaHiiIral ycyiap SHI 3aMOHaBUN



ANEKTPO(HU3NOIOTUK Ba OMoKkuMEBHIt 0Yn0, Mioyuiep Ba MonTtamn Mrosuiep ycynu
epaamMua KyukapaT JIUIU MeMOpaHaiap XOCUI KUJIMHTaH,
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MeMOpaHa 3JIEeKTPUK MapamMeTpiapyuHu MOTEHIMA (PUKCAUACH IIApOUTUIA TYIIHK
KOMIIBIOTEpJIa amajira OIIMPWIraH XamJa IMCTeUH-CKAaHUPJIOBUM MyTareHes
YCYHIaH Ba OKCHJIIAPHU XKPaTUIT KaObW yCysutap KyJUTaHTaH.

Kommpiorep mporpammanapuaad OriginHuar 5 Ba 8.6 xaMaa MOJICKYISIp
Monemnapuu makwnantupuiaa Swiss-PDBViewer, Ver. 3.7 Ba CS Chem3D Pro
(CambridgeSoft, Cambridge, MA) nporpammanapu KaOu TaIKUKOT Ba TaXJIWJ
yCyJUIapy KYJUIAHTaH.

TaagKMKOTHHUHI WIMHIA SHTUJIMIH KyHugaruiapaad noopar:

WJIK OOp MOH KaHAJUIAPUHUHT YKU OYHIa0 MOpaHUHT palyCUHU YiTdall
MYMKHHJIUTH UCOOTIIAHTaH;

VDAC noH xaHanu yTKa3yBUYaHIUTUHU OUp XOJaT/IaH UKKWUHYUCUTA YTraHaa
YHUHT PajiuyCH Y3rapuiliy aHUKJIaHTaH;

MOH KaHAJUTAPUHUHT XyCYCUSITIIapy Hadakar 3apsiaHrad TypyXJapHUHT
3apsaura OOFIHK, OAJIKK YITApHUHT KaHall OYiinal skoitamran YypHUura Xxam OOFIIHK,
SKAHJIUTH aHUKJIAHTaH;

OJIUTOMEP HAHOMOPATAPHUHT CTEXUOMETPHUSICUHU i Situ AHUKJIAIIHUHT STHTH
YCYIH UIIIA0 YUKUITaH;

MakcH-aHuoH kaHanu VDAC okcuiiap owsiacura MaHcyO sMaciuru
AHUKJIaHTaH;

WIK OOp TMOJMAHUOHJIIAPHUHT WOH KaHAJUIApUHHU OJOKIAIKA  YJIapHUHT
yndamiiapura OOFJIMKIUTH OWIaH OMprajukia WKKA BaJCHTIMK KATHUOHJAPHUHT
KOHIICHTpAIUsICUTa OOFIMKJINTYA NCOOTIaHTaH;

MeMOpaHaaa Gpukcanus KWIMHTaH moTeHmai o-1J1 mopanapHUHT 31acTUK
nedopmarusra yapaTuiiy aHuKJIaHTaH.

TagKUKOTHHUHI aMaJIMi HATUKACH. [n Situ OMTUTOMEDP HAHOIIOpallapJaru
MOHOMEPJIAp COHU acocHaa, PU3NOIOTHK MIAPOUTIa MaKCUMaJl SIKUH IIapoUTIa
VMOH KaHAUTAPUHUHT CTEXUOMETPUSICUHU aHUKJIAITHUHT SIHTU YCYJIU TaBCUS
KWIAHH.

TaaKuKOT HATHKAJTAPUHUHT MINOHYJIMJIMIY WINJA KYJUTAHWITaH CHIAITYB
Ba ycCylliap, Ha3apuil MablyMOTIApPHUHI OJIMHraH Taxpuba HaTWXanapu OusaH
MOC KeJaulu, Jjaboparopusi TaxpuOanapjaard 3aMOHaBUi  OuodU3UKABUN
KapaCHJIapHU aHMKJIAll aJeKBaT MeToajap OWiaH amaira OUIMPUJITAHIIUTH,
TaxXpuda MabIyMOTIAPUHUHT KOPPENSIHUOH CTAaTHUCTHK TaXJIWJI KWJIWHTAHIIUTH
OWIaH U30XJIaHAIH.

TagKMKOT HATHKAJIADMHUHI WJIMHHA Ba aMajMil axaMUATH. TagKukoT
HaTWKATAPUHUHT UMUK axamMusaTta Oy WIMHA W aBBaimamMObop (yHaamMeHTam
Oynu0, OKCWJUTM HAHOCKONHUK Topajiap XyCYCHUATIAPUHUHT aMHHOKHCIOTAIN
TapkuOWra Ba OKCWUIAPHUHT TY3WIMIIWTa OOFJIMKJIUTUTa AHUKIUK KHUPUTHUII
MMKOHUHHM SipaTajy Ba HaHO-JATUUKIIAp sicalll YIyH 3apyp XycCycusTra sra OyiaraH
HaHOTIOpAJIap XOCHJI KWJTUIITa epaaM Oepam.

OnuHran HaTwXajaap HAHOTEXHOJOTUSIA aMaludl KyJUlaHWIagu, SbHU



3aMOHABUH KypuwJiMaJia KYJUIaHWJIaJuraH HaHO-JaT4YMKIap, HaHO-CEKBEHATOpIIap,
HaHO-()WJIBTP KOMIIOHEHTJIap, OuWoceHcopiiap Ba OOIlKa HaHO-KypHUIMajapHU
sparuiga acoc 0ynu6 xusmar kunaau. Ly Ounan Oupra HatmxanapHu
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dapmakosnorusga, OMOMEeTUIIMHA/Ia Ba HAHOCKOITUK Mopajap OoKaTopiIapuHu
UIUIa0 YUKW TAAKUKOTIApUIa KYIUal MyMKHH.

Tankukot HATH/KAJIADMHUHT  SKOPHHA KWJIMHUIIH. duznonoruk
[IapouTIIapAa MOH KaHaUIapu TY3WJIMIIMHU aHUKJIAlAa KYJJIaHWIaJWraH SHTU
OMoPU3MK METOIAP:

Cokenpaii yHuBepcuTeTd Ba AnoHus Muwimuii (uU3MONOruss MHCTUTYTHIA
bTUPOD  ATUIMO, OKCWJI  HAHOMOPAJTAPUHUHT  TY3WIUIIUHU  aHUKJIAIIA
dorinananunran (Cokengait yHuBepcutetd, Anonus, Kanarasa, 2016 #un 10
MapTIard MabJIyMOTHOMAcH). Ym0y sHTH OHO(GM3MK MeTomiap Y30eKHCTOH
Pecniy6nukacu Damnap akajeMHsCH TOMOHMIAH >bTHpod >tuiraH (Y36eKkucToH
Pecnybnukacu dannap aKaJIeMHUSICUHUHT 2016 1505 0) 10  maiipgaru
MabJIyMOTHOMacH). by Meronnap Typiu OJIMTOMEP MOH KaHAJUIAPUHU PAIUyCHHU
yiyan Ba CTEXUOMETPHUSICUHU UCOOTIAIl UMKOHUHH Oepaiu;

[lepuamOyko  @Denepan  ynuBepcutetn (bpasunms) buodusuka Ba
paaroOnoNIoTHs AenapTaMeHTHIa OKCHJI HAHOTIOpaJIapyi MOH OKUMIIApU Y3TapuITu
acocuzia yTa 3axapiud OKCUUIAp — MUKPOIMCTHUHJIAPHU TaHJIad aHUKJIaiIuraH
HaHOJATYMK uIuiad yukwirad (buodusuka Ba pagnoOHONIOrus JenapTaMeHTHUHT
2016 itun 2 maitnaru MabllyMOTHOMAacH). By HaHOIAaTYMK reMoarain3 TU3UMUIATH
IIUKJIMK TIETTHI TOKCHHJIAPHHU aHUKJIAlll UMKOHUHU Oepajiu.

TaagkMKOT HATHXKAJAPUMHUHI anpodaumusicu. Tanakukor Hatmxkanapu 21 Ta
WIMHI-aManuil aHKyMaHaap/a, KymiiaaaH, « IKCIIEpUMEHTANl OUOJIOTHS KaMUSTH
denepanusacuy (FESBE) (bpaszunus, 1996-2003, 2005) wuar XI-XVII, XX
KeHraniapuaa, xap Wwim ytkasunaauradn buodusuka xamustuHuar 43, 44, 48
kenranuiapuga (AKI, 1999, 2000, 2004), XKanyouit Konycuunr IV buoduszuk
koHrpeccuaa (Kamnunac, bpasunus, 2000), [Topa xocun kuinyBun Tokcuuiap IV
Xankapo cemuHapuga (Tpenro, Wramus 2000), Ilopa xocusn KuiIyBUH
Tokcunnap,V Xankapo cemuHapuaa (Maiinn, I'epmanusa, 2004), Snonus
dusnoomap KaMUSTUHUHT Xap WM yTkazuinaaurad 87 cbe3auaa (Mopuoka,
Anonusa, 2010) wmaB3ymapumaru pecnyOiauka Ba XajdKapo HWIMHUN-aMallui
KOH(pepeHIMsUIapJia Mabpy3a KYpUHUIIMAA Oac¢H ATWIraH xamja amnpoOaiusiaH
YTKa3WJIraH.

TagKuKOT HATH/KAJAPUHUHI JbJOH KWwiMHUMMW./{uccepranus maB3ycu
Oyiinua »xkaMu 38 Ta WIMHI UIIM YOI STUITaH, V36exucTon Pecniy6nukacu Omnuit
arTecTaluuss KOMMCCHUSICMHUHI JIOKTOPJUK JHUCCEepTalUssIapd acoCUd WUIMUUN
HATWO)KAJIADUHU YON HJTHIN TAaBCUS STWITaH WIMHMN Hampiapaa 14 Ta makoia
Oapyacu XOpWKUN KypHAJIIap/a HaIIp STUJITaH.

JluccepTallUSIHUHT TY3WJIHIIM Ba XaKMH. Jluccepranus TapKUOMKUPHIIL,
ontura 000, Xxynoca, doHganaHuiaraH afgabueTiap pyhxaruaad uOopar.
JuccepTalistHUHT XaxMu 198 OeTHM TallIKUJI ATraH.



JJUCCEPTAIIUSIHUHT ACOCUI MASMYHU

Kupum KucmMujga WIIHUHT J0J3apOJIMrd Ba MAaB3yHUHT SIHTWJIMTH Ba
3apypaurd  acocinab Oepwiran, wmakcaa Ba  Basudanap TabpudIaHTaH,
TAJKUKOTHUHT OOBEKT Ba MPEAMETH AHUKJIAHTAH, TaIKUKOTIAPHUHI Y30eKHUCTOH
PecniyOnukacu ¢aH Ba TEXHOJOTHSUIADHW  PUBOXIIAHTHPUINTHUHT  YCTYBOP
UYHAJIMIUIAPUTa MOC KEJIUIIN KypCaTWiITraH, TAAKUKOTIIAPHUHT WIMHN SHIJIUTU Ba
aMaJauil HaTWXalapu CpPUTUIITAH, OJMHTaH HATHWKAJIAPHUHT HUIIOHWIMIUTH
acoCJIaHTaH, KYJra KUPUTWITaH HATWKAIAPHUHT Ha3apuil Ba aMaliuii axaMUATH
CPUTWIITAH, HAIIp STWITaH WIUIApU TYFPUCHIA Ba JUCCEpTALMsl CTPYKTypacu
XaK{1a MaTyMOTJIap KeATHPUIITaH .

Huccepramusauar  «TagKMK KUWIMHAETIaH KaHAJA XOCHJI KWIYBYH
OKCHJIJIADHUHI CTPYKTYypa Ba Xycycusimjiapu»aa, 1e0 HOMIIAHTaH OWpUHYH
000uaa, HaHOMOpanapra OaFWIUIAHTaH TAAKUKOTIAp F03aCHUIaH XamJa YJIapHUHT
TY3WIUIIHA Ba QYHKIUSJIAPUTA TETUIIUTH afa0ueTinap TYIUK SPUTHITaH, Iy OujaH
Ooupra ymOy pauccepranus TagKUKOTIapuaara Oapya TypAaru OKCHUIUIH
KaHAJUIAQPHUHT  TY3WJIUIIM Ba XyCYCHSITIApu TYFpUCHUIA DHI  3aMOHABHM
MabJIyMOTIIAp KEITHUPUIITAH.

HNuccepranusHuar «KaHaja X0cWi1 KHJIYBUYM OKCHJIIAPHUHT AKPATHIHIIN
Ba YJAPHUHI TAAKMKOT YCy/Liapw» 1e0 HOMJIAHTaH WKKUHYK Oo0wma , ymoy
WIMHI MIJIa WIJIATWITaH OKCWIJIAPHUHT OJWMHUIN YCYIIapu TYJIWK CPUTHIITaH,
Xama TaJAKUKOTIapAa MWIJIATWITaH »SIIEKTPO(OU3UOIOTUK METO[lap aHUK Ba
paBIIad 0acH KUJIMHTaH.

HuccepraiussHuHr «OH KAaHAJUIADUHHUHT TOJMMep 3OHAUpJann el
HOMJIAHTaH yYMHYM O00WJa, WIMUN WIIHWUHT aCOCHUW HaTKalapu, WOH
KaHAJUIApUHU PAJUyCUHU aHUKJAIl TaJAKUKOTIApU acocuia KeaTupuirad. a-1J1
KAHAMHUHS VKU OYUUYa nopa paouycuHuue yseapuwiunu anuxiaw. Staphylococcus
aureus OaKTEpUSCHU CUHTE3 KWIYBYM 3K30TOKCHUH O-T€MOJIM3MH CyBIa ASpyBYaH
MOHOMeEp xucoOmanaau. by momumenTun 293 Ta aMMHOKCIIOTA KOJAUFUIAaH HOopar
oynu6, 33,2 x/la Momekynsp MaccaHW TalIKWJI KWIaJad Ba MeMOpaHanaa
roMorenTtamep nopajiap xocwi kuinagau. (Gouaux et al., 1994).

o-1J] kaHanMHUHT xap Oup amoXHjaa KUPHUII >KOMUHUHT YITHYaMWUHU aHUKJIAII
Ba YyHUHT TEOMETPUSCH TYFPHUCHIA MabIyMOT OJHMII Y4YyH OH3 KaHal
YTKa3yBUAHIUTUHU HoO3JeKkTponuTiapuudr bJIMra wucGaran acumMmerpuk Oup
TOMOHJIaMa, SbHU yuc C€KU mpauc XOJNaTuja KUPUTUITAHAA ViIdall WIUIapUHU
omub6 Oopauk. by ycynm OwmaH sKka WOH KaHAJUITAPWHWHT aCOCHHA KHUCMU
YTKa3yBUAHIMTUHY YPTaua KaTTATUTHHY HOYIEKTPOIUTIAPHY KaHAIHHUHT yuc (g°°)



trans

€KW mpanc TOMOHHU (g') XonaTuaa aHuKiIaauk. Kanan paanycuHu siHa XaM aHUK
ymyam yyyH OM3 NOJMMEpPIApHUHI THIPOAMHAMMK paauycura OOFJIMK XoJija
KaHAJHUHT TYJMIIUHA aHainu3 Kuiguk. Ilopamap cCcTpykTypacMHUHI y3ura
XOCIMTUHU afeKBaT Tabpudam ydyH mnonuMepnap Ownan Tynum F(w)
kodpdurnmentunan  ¢oimananauk. MyBo3aHar 1apouTuaa (TOTUMEPIIAPHUHT
CUMMETPUK anIuMkanuscuna) tynum kodpduuuentd lra tenr Oynamu. bynaa
KaTTa OyIMaraH HOAJIEKTPOIUTIIAp KOHIICHTPAIUSICH MTOpa MYK/Ia Ba d)pUTMaaa Oup
xun Oynaau.
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1-pacm. F* Ba F™™ nosumep

JIAPHUHT THAPOAMHAMHK PAJANyCHTa
OOFJIMKJINTH.
Xamonuknap cumeonoan KUYUK exu
mene. Cmpenkanap Kpumux
HYKmanapoazu paouyciap yuiam
JapuHu Kypcamaou. dpumma mapkuou
100 mM KCI, 5 mM Tpuc/yumpam, pH
7,5, 20% 131" Xap 6up nykma nonu
MEPILapHUHE MABXHCYO eKU UYKIUSUoacu
(n=150-300) amnaumyoanap d6yuiuua
KAHANIAPHUHE MAKCUMPAHULL 2UCTO
2PAMMACUOAH OIUHSAH.

Tynum koadunmentu F(w) Kylinaaru TeHriiama epaaMmuaa Xucoonanam
(Krasilnikov et al., 1998):

X
(OO
g8ww
Fw -
() (OO
() XX

0 - wgw

by epnma g, Ba X, — KaHaJIJaH YyTMalaurad MoJIMMEP MaBXKyIJIUTUAArd KaHa
VTKa3yBUaHJIMIM Ba HPUTMAHUHI D3JIEKTPO YTKazyBYaHiuru; g(w) Ba X(W) —
KaHQIJIaH YTyBYM TMOJIUMEpP MAaBKYIJWUTUIArd KaHal YTKAa3yBUAHIWIUA Ba
APUTMAHUHT IEKTPO YTKazyBuaHiuru. Kyrunranuaek, Tyaum koddduimentu F
(1-pacm) monumep MOJIEKYTAIAPUHUHT THAPOJMHAMUK pPaJNycura OOFIUK OVIIH.
F HuMHr MakcuMan KypcaTKu4u, MOJIEKYJIapUHUHI paauyciapu 0,61aH KUYMK
OYnTaH HOMPIEKTPOIUTIAp MaBxkyn Oynranma kysarunau. [llybxacusku, mopaman
YyTaeTraH DIHUIEPUH MOJEKYJIacu OKUMUHHM TYXTAaTyBUM KaHAJIHUHI TOpalraH
KHCMH YK, KaTTa ruapoaMHaMUK paguycid TomuMeprnap ydyH 6m3 FOS m F™
HUHT TYpJd YI4amJIapuHA Ky3aTIMK Ba Oy KaHal TeOMETPHUSICUHUHT



acuMMeTpUsCH]IaH aanonar Oepaau. by ukku xonarga xaMm MOJUATUIICH MIIUKOJLIAP
(II2T") Tynmum ko3 OUIMEHTUHUHT THUAPOAMHAMUK paguycra OOFIUKJIUTUHUHT
WKKH (pa3ajuryd KaHaJHUHT WYHIa TOpaiiraH KUCMU OOPJIMTHAAH Janonat 6epaiu.
KananmHuHr yuc TOMOHMHM TYJIAMPUIN Y4YyH OnMO Oopuiran TaJKUKOTIapaa
[ISTHUHT KaTTa pajdyCcid MOJEKyIanapd ydyH KyHHpoK mapaxamaru F (FS~ 0)
Ky3atwian. Paamycu 1,22 HMzIaH karta MoJekyhajgap yuc TapaduaH KaHalura
KHPAOJIMAK/IU, MOJUMEP MOJEKYJIAIAPU YI4aMIapUHUA KUYPAUTUPUII CEKUH —acTa
TYJUIIHUHT UKKW (pazanu yeumura onud kenaau. by ukku ¢aszanu rpaduk HIyHU
KypcaTaJuK{, KaHAJHUHI CyB [OPAaCUHUHI Yio4aMu yuc KUPUILJAH MPAHC
KUpHUIITa CWUIMK Y3rapMaiinu. by OOFMMKJIMKHU yuTa 4M3uK OuiaH Tabpuianl
MyMKHUH. bupuHun un3uk MojekynaiapHuar paauycu 0,9 nan 1,22 aMrada 0yiras
opaJIuKKa TYFpu kenaau. UkkuH4YM uyn3uk HucOarad naBomiu F = 0,36 uHBapuaHt
KHCMTa TYFpH Kenaau. YuuHuu un3uk rutepud omian PEG300 (r= 0,31 - 0,6 M)
opacuaaru F mapaMeTpUHUHT KUSUIMTUHY aKC STTUpagu. TaxMuHUMH34YA, MOJIUMEP
pagnycu (r) 6unan F® HUHT GOFNMKINIUMHH ANTIPOKCHMAIHS KHIYBYH OMpPHHUH
up3uK Ba (F“=0)HUHT MHBAPHAHT KUCMUHUHT SHT KyHH KHAMATHHUHT
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KECHINTaH HYKTaCH KAaHAIHWHT yuc KUPHUII KUCMUHUHT paaumycuau (1,26 HM)
Ooenrmna® Oepamn. bupuHYM Ba WKKUHYM YW3WKJIAPHUHT KECHINTAH IKOWH
KaHAJHUHT yuc KUPUII TOMOHUAArd OMPUHYHN TOpairan sxolHuHr paauycunu (0,9
HM) Oepanu. Illy Ba yHAaH KWYKMHA YiIyaMJard MnoiauMmepiap OUpPUHYM Ba
UKKUHYM TOpalTaH >KOWjIap KUCMHWTA YJAApHWHT paguycura OOFIWK Oyamarad
XOJa SKOWaImaan. YJIApHUHT XaKMU TOPAaHWHT WKKWHYM TOPAWTraH KUCMU
yiuaMyJaH XaM KUYMKJIAINIWIIM WKKWHYA Ba YYMHYM 4u3ukiapHudHr 0.6 HMaa
kecuiryBua amanra omaau. [y tap3na, kanan paguycu 1.25 um gan 0.9 Hm ragya
KHYpasiy, CYHIpa 3ca paauyc acocui Ttopamui xouurada (0.6 HM) y3rapmaiiam.
F“=0,36 6ynranma HucOaTaH y3yH OYNTaH OpAlTMK HWHBAPHAHT OYITMMHHUHT
MaBXy/UTH TryHU kypcaraaukd, 0.9 HM man 0.6 HMrada Oynarad THIPOIUHAMUK
paguycnu [IOI" Monmexkynamapu TOpaHUHT 1y KUCMHMHH TaXMHHAH OUPACK
caMmapany TYJIUpaad. YIapHUHT Topayiapu YK O0yinad kupud OOpUIIMHU acOCHI
TOPANUII YEeKJIaWId. by TOpalMIIHUHT TAXMUHHAN KOWIAIIYBUHU LIy “‘TJIaTO” HUHT
TYJIIAPWINIIT KAHMaTUHU F HUHT MakcHMajl KMiMaTHra Oynran HucOatu Oyitnua
anukam myMmkuH: 0.36/0.6=0,6 (Krasilnikov et al., 1998).

Tpanuc KApUII OPKaJW KaHAJIHM TYIJUPUIN TaxkpubOamapuaa xam F™" muar
HOXJIEKTPOJIUTIAPHUHT THJIPOJUHAMUK PATUyCUTa OOFIUKIMTUHUHT UKKU (a3anu
xapaktepu Ky3atuiaau (l-pacm). [uc tyngupuin Oyitmda sKcriepuMeHTIap Kalu,
1.22 HMpmaH karTa paguycid MOJEKylaaap KaHaIra mpauc KUpUIl OpKajdd yMyMaH
kupmagu (F™=0). TlonuMepiaapHMHT MOpaJaH TYJIUK AXPaTHIMIIM XyIIH YUC
Tynaupuinay amanra ommuprad [IDImapna kysarwnnu. ByHpman Xymoca KWl
MYMKUHKH, MpaHc KUPUII yuc KAPUII OWJIaH KaTTaJUK JKUXATHAAH SIKUH. XYITU
ONJMHTM  XOJI  KaOu, TmonuMep XAKMHUHUHT  KUYPAUHUIIM  TYJIIUPHUIALIL
NapaMETPHMHUHT  IIPOTPECCUB  KarTajallumura oau0  keagd.  F™"Humr
HORJICKTPOJUTIAPHUHT pajguycura OOFIIMKIUTH 4Ta KUcMmra OYynuHuo, 4ta TYFpu



YU3UK OWJIaH anmnpoKCUMAalMs KWIMHUIIM MYMKUH. bupunHun uumsuk (YHraaH
ganra) 0.8 uMman 1.22 HM opanurujard MoJekylajnapra TYFpu keiaau. by Ba
nactaary  F'™° GOFIMKIMIMHMHT WHBAPMAHT OYJIMMHIA TETMILIA YH3UKHUHT
KECUIITYBH KaHAJTHUHT MpaHc KUPUIIMHUHT paanycuHu Oenrunad Oepamm (1.24
HM).

[muuepunnan  toptu6 [191300 (0.31-0.6am)raya Oynran  Momekysa
XaKMJIapU JHANa30HUIA TYIUKINIHYa TyIIyHHIMaran caGabmapra kypa F'™' F
naH cudar kuxarugaH ¢apk Kuiaaau. 30HUIOBYM MOJIEKYJIAJapUHUHT XaKMU
Knupaiiumm Hatmkacuaa F® yeu6 Gopaértran Baktaa, F™™ IT2I'300 xaxmuia
Y3WUHUHI MakCHUMaJl KHMMaTura erryH4a TyinHaau. bouutanruu xynoca cudaruga
0.7 HM paguyciii acoCHi TOPANMII MaBXYIJIUTHMHU Ba YHUHI MOpa YKUIArd YpHU
F™ gunr Oy pamuycna Ganmann kuiimatu (0.4) Tydaiinm yuc Kupuiura sSKWH
KOMTAITaHIMTMHY KaOysl KWJIMII MYMKHH.

bu3 sikka kaHayu1ap YTKa3yBYAHJIUTMHUHT MOJIMMEP HODJIEKTPOIUTIN MYXHUTIA
COAIANIAIITUPWIITAaH TAaXJIWJIMMU3 HATW)KACHJIAH WIyHJAall Xyrnocara  KeJIJIUKKH,
KaHAJHUHT Xap MKKW TOMOHJIama KUPUIIUHUHT paguycu Oup xui 0ynuo 1.2-1.3am
ra skuH. llyHuHrnek, sHa Oup Xynoca myku, kaHanga udomananran 0.6-0.7
paauyciyd acocui Topauuin MaBxkynd. [Juc tynaupum Oyiimda  YTKa3WIraH
Taxkpubanap IIyHU KYpCaTAUKH, yuC KUPUII Ba aCOCUI TOpalHII
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opauruaa xounamrad 0.9 HM pagnyciv UKKMHYY TOPAKUHUILI XaM MaBXKYIJIUTUHHA
TaxMUH KWJIMIIUMU3 MYMKHUH (2-pacm).

OnuHraH HaTWXAJIApHU KaHAT TY3WIUIIM XaKuJard Kpuctamiorpadux
MawaymoTaap (Song et al., 1996) Owran comumTupu® kypwimu. by makomna
Myanudiaapu KaHal TY3WIMIIMHM 3Ta OYJIuMra axparaauiap, IIyHJIaH 2Tacw,
KaJIMoKya Ba mosi (€KW ¥Y3aK), KaHall OYWIMIIMHUA XOCWJI KWJaau, Ba OWU3HHUHT
TaIKMKOTUMU3[a yuc Ba mpanc Kupumu Aed Oenrwianrad. Kanam nmopacMHUHT
y3yHauru 10 HM HU TalIKWI KWJAaW, yuc KUPUIIHUHT paauycu 3ca 1,4 HM HuU
TamKkuil Kuidaau. [Juc xupumgan 3,5 HM Macodana KaHall Y3MHUHT MaKCHMa
paguycura spumaau. llopanunr top 0,7 HM paguycid OYIMMHU KaHAJIHUHT
Mapka3uid KucMmuaa sxounamrad. [IlyHuHTIEeK aHUKIaHIUKY, Y3aK OYIuMuIa mopa
paanycH, aMUHOKUACATAIApHUAT 1,3 HM pajgnyciu MWIMHIP WYuTa KUpUO OOpyBUH
€H 3amKupiapd XaxMmujaaH kenuO duku6, 0,7 HM man 1,2 HM rada OynaraH
opanuraa ¥y3rapub Typaau. KananmHuHr OyHJail TacBUpPJIAHUIIM Ba OW3HUHT
TAIKAKOTUMHU3 HATWXKACUJA OJIMHTAaH TE€OMETPUK XYCYCHUSITIApU YpTaculIaru
Ce3WIaApNM YXIIANUIMKHA KYypyull MyMKHH. [ledpnu O6apya NOJIMMEpPHUHT 30HJIAII
HATWDKACHIa  OJIMHTAH  CTPYKTYpaBHM  XyCyCHSITIApu  Kpuctayorpaduk
MabJIyMOTIapra TYFpu Kenaau (2-pacum).



huumeHT, F

2-pacm. Kpucramior
paduk Ba moaMMepJIn
30HJIAIl  epaAaMuAa
OJIMHTaH HaTHKaJIap
JaH KaHAJHHUHI Y3YH
Juru  O0yuinad mopa
HUHT 3¢ dexkTHB pa
JAUYCH.

Kanannune y3ynaueu,
Yuc KUupuut KUCMUOaH
KaHanHuHr y3yHnur, Hm Gownab, Hanomemp

1apoa KypcamuieaH.

KaHanHWHr KEHIMMMA, HM

Kpucmannoepagux ananuz namudicarapudan OnuHeaH NOPAHUHES MAXMUHUL
npounu (O, ) cumeonrapunu myspu uyusuK epoamuoa  OupLAUmMupud
kypcamunean (Song et al., 1996). Kyapane uuzux noaumep 30HOIAWL UYIU OULAH
ONUH2AH HAMUIICANAp €poamMudd ONUHSAH HOPAHUHZS NPOPUIU KYPCAMUNSAH.
Ilynkmup wusux Ounam noaumep 30HONAUL UMKOHU OVIMA2AH MAUOOHILAD
beneunanean. Cmpenkanap nopa 2eOMempusiCuHuUHe 3He MyXum Y4acmKaiapuHu
Kypcamaou.

1.0

Vibrio Cholerae yumonusunuoan xocun Oy12aH UOH KAHATUHUHE UYKU
eeomempuscunune maoxkukomaapu. V. cholerae EL Tor Ba kymuumnuk non-O1
mraMmmiapu  uOuiad  YUKApyBUM  [IUTOJNIM3UHIIAD  BUPYJICHTIMKHUHT  MYXUM
dakropnapu xucobmanagu (Yamamoto et al., 1984; Yamamoto et al., 1986). V.
cholerae EL Tor (VCC) uuronusunu 63 kx/la mMonekynasp maccaiu CyBAa 3pyBUaH
OKcWi Oynmb, MUIICH-XyXalpamap MemOpaHacujga HucOaraH Karta OyiaMaraH
nopanap xocun kunaau (Zitzer et al., 1993; Zitzer et al., 1995).
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busnunr Taxpubanmapumusna mnopagaH  yra onmaiguran  (PEG2000)
HOZJIEKTPOJIUT KaHAJIHUHI TECKapu TOMOHMJAA OyiraH xoijga OOIIKa HO3JIEKT
pOJIMTIIAp KaHAJTHUHT yuc €KW mpaHc KUpUIl Tapapu OuUllaH aloKajard Xxosiarjaa
KaHAJTHUHT YTKa3yBUAHIUTH YyiuaHau. KaHagHUHT aHUK KHUPHUII PaJAUnyCUHU
aHMKJAll Ba YHU WYKA TEOMETPHSICHMHM YPraHWII yUyH KaHAJIHUHT Tyiaum F(w)
napaMeTpu KaTTaJIMTMHUHT HORJIEKTPOJIUTIAPHUHT TUIPOAMHAMUK pajuycura
OOFNMKIUKIUTUHU TaxJawin Kuwiguk (3-pacm). bapuya onuHran HarwkagapHU
taxymn Ko, VCC kaHaHWHT MonenuHu Takiaud xkmwiauk (4-pacm). by momen
anbaTTa COAJANAlITUPWITaH, JIGKMH acocaH »3JEKTPOH MHUKPOCKOIN eEplaamuia
OJIMHTaH HaTW)Xajlapra MOC KeJaJuKH, LIyHra acociaHuO, KaHal CTPYKTypacuHU
BOPOHKACHUMOH TY3UJIMIUIM J1e0 TaXMUH KUIuHAM (Zitzer et al., 1997).
3-pacm. F** Ba F"™ japuunr

— O FF HOJJIEKTPOJINTJIAP THAPOAUHAMUK
a9 m paaunycaapura 00FIuKIura. [ opuzo
0.6
0.4 0,6

1 r e Py,




nman cmpenxanap VCC kananunune
yuc (~0,3) 6a mpan ceecmubion
napudazu (~0,1) myauw Kutimam
Japunu Kypcamaou. Bepmuxan cmpen
kanap VCC kananuHume Kpumux HyK
manapuoacu paouyc KUUMamuHu Kyp

camaou. Ipumma mapkuou Kyuuoa
euya: 150 mM NaCl, 5 mM HEPES-NaOH, pH 6,5, 20 % 121 Xap 6up nykma
nonUMeEpIap Masxcyo exu yrapcu3 Kauaunapuune (n=80-150) amniumyoacuea

Kapab my3uniean 2ucmozpammaoan OTUH2aH.

4-pacm. VCC KaHQJIMHHMHT CXeMa
THK TY3WIHITHHUHT KYPUHUIIA Ba
MeMOpaHajAaru TaXMUHUH JIOKAIU
3anusicu. Topaiuw y3yuaueu (Ouame
mpu £1,2 Hm) =6,5 oan =11um eaua.
| Kanannune membpanaoaeu nokanusa

i e
KR

b= KR

________ ’ yuscu OU3HUHZS MAaOKUKOMILAPUMU3
| e dG :.L namuoicarapuza xamoa VCC sea

S S —— L S C— , — VCC2napoan xocun 6ynean uou
2 4 6 8 10 12 KAHAIAPUHUHZ )3apo YXuaul-1ueuea
RAHANHHHT YIVHINIH, HM acocnanean (Krasilnikov et al., 1992;

Zitzer et al., 1995).

VDACHune ouux ea enux xonamoazsu uuxu 2eomempusicunu avukiaw. VioH
KaHAUTADUHUHT DHT MYXUM XYCYCHUSITJIapuJlaH OWpH yJApHUHT TMOTEHIMara
OOFMUKIUTUANP. XO3UPrM KyHra KeiauO, KaHaJUIAPHUHT Oy XYyCYyCUSATH YJIApHUHT
CTPYKTypaJIapu Y3rapuilyd OwiIaH KOPPETusius KUIUIIMHU UCOOTIOBYM KYTLIa0
MabJIyMOTIAp TYIJaHraH. byHmail skapa¢HHU €pUTHUIT YUyH HIJIAHTAH T€OMETPUK
MOJICJUTAPHU IIApTIM paBlIfa UKKUTA cuH(ra Oynuim mMmymkuH. by "Onokmam" Ba
"karita Kypum'. [loTteHuanra GOFIuK K+KaHaJ'IJ'IapI/I OMPUHYM MOJCIHUHT CPKUH
Bakwm xucobmanaau (Gulbis et al., 2000), VDAC (Zimmerberg and Parsegian,
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1986; Doring and Colombini, 1985) Ba koHHEKCOHJIAp (TUPKUY aJIOKATU KaHaJ1ap
(Unwin and Ennis, 1984)) s.ca UKKMHYM MOAEIIHUHT BaKWJIA XUCOOIaHAN.
KaHaJHUHT MYKK XaXM Y3TapuIInHU yidyai yuoy UKKU CHH( MOJEIap OpacuHU
yerapayiaul yuyH xynaa ¢poiganuaup. lyHusr yuyH Ou3 okopuga SpUTHITaH
meToasaH ¢oinananauk. bynaa Oyka Mylnakinapuiaru HOpUHIApAaH XOCHI
oynran (Porin-31BM), VDACHUHT UYKU CTPYKTYPACUHH Y3TapUIIMHU YIJalll
Y4yH aCHMMETPUK KYIITWITAH SXIIU YTyBUYM HOIJICKTPONIUTIApAaH (HoiaanaHIuK.
KananHuHr oumK Ba KyHH YTKazyBYaH (C€MUK) XOJIATUJIAaTM HWYKH XaKM
y3rapuiiiHA TONHUIN YYyHU O3 MeMOpaHajla MKKU XWJ MOTEHIUATHU (UKCAIUs
KuaauK. KaHamHUHT WYKM  OYIUTMFUHUHT TEOMETPHUSICMHU TaxXJWIuAa OYHUK
xoJlaTuja MeMOpaHaja karra Oynmaran noteHuuan (10 mMB) ¢ukcanusnanau Ba
KAHAJIHUHT YTKA3yBYAHJIMK CIEKTpU uurwian. Kyiu yTkasyByaH XoJaTUIaru



Taxpubanapaa memOpanana asBain 10 mB morenuman dukcanusuiaHad, KaHai
Xocwsl OynranjaH keiimH sca moreHuuan Oupnanura 50 mBraua xytapunnu. By
VDACHuUHr (€nuK) KyHu YTKa3yBYaH XOJaTUra ojin0 KeaH.

OxcnepuMentinapaa [I0Tnapaan  dolinananub, roxkopuaa TabpudIaHran
METOJ] epAaMua KaHAITHUHT YTKAa3yBUAHIUTH YII4aHIu, OyHIa MeMOpaHaHUHT Oup
TomoHuAa kaHangaH Yrmaiguran PEG (PEG4600), mkkMHUYM TOMOHMIA 3Ca —
axmn  yTtyBun 1I0Imap kymnanwngu. bup xwn mapoutna anmoxuga-anoxyja
KaHAJJIap YYyH OJIMHTaH HaTwXkajgap TUCTOorpaMMmaza yYMyMJAIITHPWITaH Ba
IOKOpHU/JIa €3UJITaH KaOu aHaJIU3 KUJIUHTaH.

Kanammap yTka3yBUaHIUTH, KaHAJIHUHT HOJJIEKTPOIMTIAp OWIaH TYIMII
kodddurmentuan F(w) 1 Tenmama ¢pmamuga xucoOnaml y4YyyH HIUTATHIIH.
OnuHran Hartmxanap S-pacmaa kypcarwirad. Kanan yuc TOMOHMIAH TyiraHna,
xamma 0,94 uM paamycnan karta OyaraH HOAJIEKTpoNHUTiaap Kananra kupmaiau (F
~0), 0,94 amagan 0,8 HMraua nuamnazongaF™ nma Tes yeumn Kysarwiagu. Jlemak
KaHaJHUHT yuc kupumu ~ 0,9 nan 1,0 HMrada paguyciu HAIMHAPCUMOH dopmara
sra. Kefinruanuk r gunr 0,6 HMrada kamaimmy FO HuaT KymmMya yeummura omm6
KeJjcaga, YHUHT KuiMaTu 11aH kamiuruda kojiagu. KaHamHUHT mpaxc KUApUII
TOMOHUJAH Tymum TaxpuoOamapu, VDAC kaHanMHWUHT mpanc TOMOHHU
OYUUITMFUHUHT TEOMETPHUSICM BOPOHKA KYPUHUIIUTM SKAHIUTUHU KypcaTaju.
Kananmuuar HucOaraH KWYUK KUCMHU TUAPOAMHAMUK paauycu 1,92 HMAaH KUYHMK
OYaraH HOXJIEKTPONMTIApP OMIaH Tyna Oowmuaigu. r kamakiumm F™" punr acra
cekud ~ 0,2 karranukkada kynadumura (PEG450 yuyn, r = 1,05 am) onub
KeJaJu. T HUHT KeHWHTH KaMaluimu F HUHT KeCKMH KaTTajamuiny Owian Oupra
kewanu. FOxkopuaa kaij KwinHraHujek, F HUHT r ra OOFIMKIMK MyHOcabarw,
mpanc KAPUII KOHYCCUMOH (popmara sra 0ynu0, yHUHT KUpHUIIonau paguycu 2,0
HM TEHI Ba KaHAJHUHI WYKUW MabayM sxouunaa ~ 0,9 -1,0 am (VDACHuUHT yuc
KUPUII pa3MepH)rada Topainbd 6opaau.
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5-pacm. VDAC-kaHaJUIAPHUHT TYJIUK
ounk xoaaruaa F pa F"" gunr 2T
TUAPOIMHAMHUK paauycura 0oF/u
KJuru. Bepmukan cmpenxaap VDAC
KAHAIUHUHE PAOUYCUHUHS KPUMUK
HYKmanapoazu Kammanueunu oeneu
aauou. bBJIMoa +10mB ¢ukcayus
KUTUHOU. DPUMMAHUHE MapKuou
kyuuoazuua: 1,15 M KCI, 5 uM HEPES,
pH 7, 20 % 121 Xap 6up nykma xanan
JIapHUHZ noaumep 6op exu tuykK xonamuoacu amnaumyoanapu (n=70-140) 6yuuua
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maxkCumiaHuHu ZI/ICI’I’lOZpCZMMaCZ/laCZH OJIUHZCAH.

Kanamauar yuc (g.°°) éxu mpanc (g.") TOMOHHIAH KYNIWITaH TypiHd
pasmepnu 1190 spurmanapuia Kyiln YTKa3yBYAHIHUK XOJIATUHUHT YTKA3yBYAHIIUK
KUiMaTu ymdanaud. Xyanu, OyTyHJIal OuMK XoJjaTnaru kabu, karta Oyiamaran
HoauekTponuTiaap VDAC KaHaJIWMHUHT €MUK XOJaTUAard YTKa3yBYAHJIUTUHU
cewnapinu  jgapaxana kKamatupamu. [IO[0  ruaponuHamMuiKk — paadyCUHU
karranamtupuil VDAC yTka3yBUaHIUTMHY STHIM CTAllMOHAP KMIMATrada g cis y4YyH
PEG1000man 6ouwtanu6 (r = 0,94 mm), g."*" yayn sca PEG2000 (r = 1,22 um)nan
Oomumanu® ommuimura onud kenau. by Hatwkamap VDAC kaHaIMHUHT mpaHc
KUPUII KUCMU, YHUHT UKKH XUJI XOJIATUJIaTy YucC KUPUIL KUCMUTa KaparaHja KeHr
JIeTaH TaXMHUHTa ONuO Kenmaau. AMMO €MUK XOJiaTla TOPAaHUHT MKKaja KUPHII
KUCMHUHUHT yiyamiapu opacujaru gapk anda kam. F cis -r O0FIuKIUK (6-pacmaaru
OK KBajpatiap) acocuaa aHukigaHraH VDACHUHT €nuK XoJlaTAaru pajanycu
KaTTaluru yuc kupuil Kucmuga (~0,9 HM) KaHaJTHUHT OYMK  XOJaTHUJAru
aHuKjaHraH karrainuk (~1,0 HM, 5-pacm) OWaH nespiu aHAJIOTHK KWWMATra ora.
by mMawsaymotriap acocuaa mryHmai xynocara kenaukku, Porin 31BMpan xocun
OynraH KaHAJHUHT yuc KAPUII KUCMUJATH YioyamMu  Oup XOJIATHUHT
YTKa3yBUAHJIUTH UKKUHYM XO0JIaTra YTUINAA, Kyucu3 (arap yMmymMaH coaup Oyiica)
y3rapuiira y4panim.

[uc xupum xkucMugad Gapkiv yaapok, Kyl YTKa3yBUaHJIMK XOJIATH Y4yH
F. "™ puar Oormmkmuru (6- pacMm, Kopa KBajgpamiap), KaHAJIHMHT OYMK
XOJaTH/Iard aHAJIOTHK OOFMuKIuruaan (5-pacM) keckuH ¢dapK KWiau, alHUKca
KaTTa TUAPOJUHAMUK PAANYCIU MoauMep Mosiekynanapu yuyH. Arap VDAC enuk
xoJjiataa Oyica, mosiekynaidapHuHr paauycu 1,22 umra tenr (PEG2000) ¢éku karTa
6ynranma, ymap KaHamra kupmaigm. F."-r mmEr Gormuxmmru F “S-r HUHT
OOFNIMKJIUTHIaH MypakkaOpok. KanaimHu mpanc KUpUII KUCMUHUHT MaKCHUMal
painycu KyWM YTKa3yBUAHJIMK XonaTuja ~1,2 HMra skuH. by KuilMar KaHaJHUHT
OYMK Xoyatujaru paauycuaat (~2,0 um) anua kuukuna. lynaail kuim0, ounk Ba
€MUK VTKAa3yBUAHIIMK XOJATHAATU MPAHC KUPHUIL PA3MEPUHUHT Y3Tapuilld OujaH
keuaau. KaHamHUHr  €OMK ~ XOJaTWJaru  CTPYKTypacd, YHUHT  IOKOpHU
YTKa3yBUAHJIMKIArM XOJJaTUra KaparaHjaa IWInHIp makiaura skaa oymaau. VDAC
KaHAJIMHUHT [WIMHIPUK Ba KOHYCCUMOH KHUCMUHUHI Y3yHIIUTUHU  CIHUK
XOJIaTUJIAru YTKAa3yBUYAHJIUTMHU aHUKJIAII YUyH OJIMHTaH HaTHKAJapHUHT Tax M
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Xy[IJId KaHAJTHUHT OYMK XOJIAaTH]Ia OJMHTaH HAaTHUKaJlap KaOW aMalra OIIMPUIITaH.
bu3 xaHaJHUHT UUIMHIPUK Ba KOHYCCUMOH KUCMHUHUHI y3yHiIuru ~2,9 Ba ~1,7
HMra TEHI SKAaHJIWraHu aHukiIaauk. OJMHraH HaTwkajgap IIyHW KYpcaTaauku,
OUMK XOJIATHJIAaH CMHK XOJIaTra YTUIIAArd Ky3aTWJaJuraH T€OMETPHUK Y3Tapuill
acocaH KaHAJIHUHT mpaHc KUCMUa coaup Oymanu.

1,21 e . 6-pacm. IIII'nuur rugpoan

O F.:____ HamMuK paguycu ounan F.*° Ba
0,8 Hm F F."" (VDAC-KkaHa/JJLUIaApDMHHHT
':lq' 1 =5




KYiH YTKa3yBYaH X0JIaTH YYYH

OJIMHTAH)HUHI OOFJIMKJIUTH.

Bepmuxan cmpenxanap VDAC

KAHATUHUHS KPUMUK HYKManiapoazu

paouyciap kammanueunu oeneu

aauou. Xap oup Hykma Kanan
JIApHUHe noaumep 60p exu Uy

xonamuoacu amnaumyoaiapu
(n=90-200) 6ytiuvua makCuMIAHUHUL 2UCTMOSPAMMACUOAH OJIUHSAH.

7-pacm. VDAC-kaHaJIMHUHT HYKHU
TY3WJIMIIH,
L — xanannune y3ynaueu, yuc
kupuwoar (0 Hm) bownanubd mpauc
Kupuwiu ounau (4,6 um) myeaiiou .
Cmpenka 6a coHnap Kupuus KUCMUHU
EnuK 6a OuUK xonamoacu
ouamempunu kKypcamaou. Ilynkmup
YUBUK 60 CIMPETKANAD KAHAIHUHE
KOHYCCUMOH KUCMUHUHS OOWIAHUY
HYKMACUHU eNUK 84 OYUK
xonamaapoa 6eneunaiou.

Porin-31BM KaHaJJHUHT TEOMETPUACHU XaKuaaru OU3HUHAT
HaTWOKaJIapuMU31aH Ba YHUHT y3yHiurura 4,6 um (Guo et al., 1995) acoconanu6
KaHAJTHUHT WYKA XAKMHHM XWc0o071a0 YMKHII MYyMKUH. Bbu3 O4YHMK Ba €MUK
XoJlaTaaru MYku Xaxkm ~23,3 Ba ~13,3 HM® T'a TEHT DJKAHINTHHU aAHHUKIAIUK.
[lynnait xkuiub, KaHATHUHT OUpP XOJIATJAH HWKKUHYM XoJlaTra YTaceTraHaa
X@KMHHUHT y3rapumm 10 5v° atpoduna 6ynam.

Onunran Hartmxanapumu3 acocuna Porin 31BM gan Ty3wiaran KaHamHUHT
CHUK Ba OYMK XOJATIAPU YUYH YHUHI CXEMATUK F€OMETPHUK TY3WJIMLIMHHU TaKIU(}
KU MyMKUH (7-pacM). KaHaJIHMHT OYMK XOMaTyuaa HUJIMHIPCUMOH KUCMUHUHT
paauycu 1,0 uM arpoduma OYnubd, y3yHIUTH ~2,5 HMHU TalIKWI KHJIAIH.
KoHycCMMOH KHCMUHUHT PailyCy LWIMHIAPCUMOH KUCMUHUHT PaJuyCUIAH KUIUK
Oynanu. KaHamHUHT mpanc KUpUII KUCMMJA BOPOHKAHMHI AHT Karra (~2,0 HM)
paauycu Ky3aruwiaau. KaHamHuHTr Oy KHCMUHUHT Y3YHIIMTH TaXMUHaH ~2,1 HMra
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TeHT. ENuK Xonarra YTHIIM paJuyCHUHT YHYA KaTTa OY/IMarad KUCKapuIlIu Ounau
keyaau (~ 1,0 nan ~ 0,9 HMraya) Ba KaHaJTHUHT MpaHC KOHYCCUMOH KUCMHU
XycoOura IWIMHAPCUMOH KUCMUHUHT Y3YHJIUTH omiaau (~ 2,5 gaH ~ 2,9 Hmrayva).
Maxcu-anuon kanan 6a VDACnune buogusux xycycuamaapu opacuoazu (apx.
Makcu-annoH kanai miazmonemman VDAC skannuru, Oy MKKM KaHaJTHUHT
yMyMui OM0(U3HUK XyCcycusiTiIapra ara Jeral Taxmunra acocnanrad. [llynra
KapaMacJaH YXIIaluIiK 103aKku 0ynu0, Oy XycycusmiapHu (pU3UO0JIOTHK MIapOUTAa



TeKmupuiranaa papkiapu anuk kypuaau. byaunr yauyn VDAC (kanamyn
KUTAPUHUHT MUTOXOHJPUSICUIAH aXXpaTUiran) Omian (pU3noIoruK mapouTra
SKUH MapouTAa Taxpudanap onud copaunk. by kanamau BJIMra kuputu6, Hopman
Punrep sputMacuia sikka KaHaJJTAPHUHT YTKa3yBUaHauru TaxmuHan 530 nCmra
TEHT SKaHJIMTUHU aHUKJIAIUK. By KaTTanuk 1y sputMajia sikka MakCU-aHuOH
KaHaJutapHUHT YTKa3zyBuanaurujaan 30-70% roxopu (300-400 nCwm), (Sabirov and
Okada, 2009). MabiiyMKH, Ty3TapHUHT IOKOPH KOHIICHTpAIUsIIapyIa MaKCH aHUOH
KaHaTHUHT YTKa3zyBuanaurd 580-640 nCwm raua K, ~77-120 MM Ounan Tyiiunaau
(Hals et al., 1989; Hurnak and Zachar, 1994; Schlichter et al., 1990). bynman
dapkiu pasuiiaa, sikka VDAC kanamnapaunr amrmmutyaacu 1 M KCl myxutna
4100 nCwm 6ynu0, Ty3 KOHIIEHTpausiIapuHu ssHajaa omuimud VDAC
VYTKa3yBYaHIMTMHUHT YM3UKIU ~10 HCMraua ommimumHu Kypcarau (Zambrowicz
and Colombini, 1993). Kananauar napamerprnapugaru OyHaai karta Gapk xap
MKKaJia MOPaHUHT UOH TPAHCIIOPT MEXAHU3MUHUHT Xap XHUJI SKaHJIUTHIAH J1ajoJiaT
oepanu. YOy xynoca Oy MKKA KaHAJTHUHT MOH CEJIEKTUBIUTHUHU COJIMIITUPTaH/1a
XaM TacauKJIaHaAn. by MKKM KaHaTHUHT WIKU Ty3wiumuaara Gapku VDACHuHT
xjiopra HucOaran rayramar yuyH 3aud ceneKTuBIuru (Pyyimae/Per = 0,45 £ 0,03)
XYM 1Ty TIApOUT/Ia MAKCU-aHUOH KaHAIMHUHT aH4ya I0KOPH CEJICKTUBIUTHUTA

(P gjutamate/Pci~ 0,2) conmumrupranaa sKKo KypuHaiu.

Makcu-annon kaHaia Ba VDACHUHT siHa OMp YMyMUH MyXUM XyCYCHUATH — Oy
NOTEHIMANra OOFIUKJIUTU XucoOnaHaau. VIKKM Tum KaHain xaM MycOar xam
maHuil moTeHuuMauiapaa enunaan. bynna BakT xoHcTanTacu +50 mBma 50-100
mcra sakuH 0ynu0, —50 mBaa aca 300-400 mcra Tenr O0ynau. lllynra kapamacnaH,
MUHUMaJl YTKa3yBUAHJIMK Japaxkacd MyXuM (apk xucoOmanamu. by mapoutna
MaKCHU-aHUOH KaHaj Oytyniail enunagu, VDAC sca xap 1ouM YTKa3yBUaHIUKHU
axaMusaTiu Kucmunu caknaiian (40-50%rava). VDACHUHT “enuk’” X0JaTh KaTUOH
CEJICKTHBIIMK XyCyCUSATUTa sranuru anadbuetnan mabiym (Colombini et al., 1996;
Colombini, 2004).

by kaHammapHMHT WYKA TYy3WIUIIM XaM Typiauda. Arap, OW3HHMHT
HaTKalapuMusra moc pasuijga (8-pacm), VDAC kaHalIMHMHT paguycH yuc
KUpUII KUCMUAA | HMra TEHI, mpaHnc KUPHII KACMUIA 2 HMra TeHr Oyiica Xam,
JICKWUH MaKCH-aHHOH KaHAJTHUHT paguyCIapuHUHT (hapKu aHdya KaM: yuc Ba mpauc
kupui panuyciaapu 1,16 um Ba 1,42 amnapra tyrpu kenanu (Sabirov and Okada,
2004).

FOxopuna 0aeH KWJIMHraHiaapra acociaHuO, KyWHuaaruya Xyjnoca YHMKapHIL
MyMKHH: Makcu-aHuoH kaHan Ba VDAC wMuToXoHIpHWanl TOpPUHH TypJiu
OKCWJUTapAaH Xocwn Oymagu. Ammo Oy xynoca anbarra VDACHuHT
iazMajgeMMaza MaBxKy OYJIUIIN MyMKUHIUTUHYI acjio UHKOP KHJIOJIMAMIH.
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Hucceprauusuuar  «HaHomopa  cTpyKTypacu Ba HMOH  YTKa3UIl
XYCYCHUATHHU IUCTEMH-CKAHMPJIANI MYTareHe3u YCYJIUHM €paAaMHuIa TAAKHK
KUJMID» 70 HOMJIAaHTaH TYPTUHYM OO0OMIa IMCTEWH-CKAaHHUPIAIl MYTarcHe3w
yCYJIM €plaMua OJIMHIaH HaTWKAJIap MyXOKama KHJIMHTaH.

NoH kanamapy HaHONOpAaJapHU YPraHWIl Y4YyH HJAE€al]l MOZAEI CHUCTEMA
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xucoOnaHaau, YyHKA ynap V3-Y3umaH Xocun Oynaad Ba  yJapHUHT
CTPYKTYypaJIApUHU MOJEKYISP-OUONIOTHK yCyiap €plaMu/ia Y3rapTUpHUIl MyMKHUH.
Macanan, caWT-WyHaANTUPWITAH MYTareHe3 METOAW KaHAJl WYUJard MNOPaHWHT
KUPULI SIKUHUJIATH aCOCUU 3apsiyIapHUA COHHU Ba KOWIAIIWIIWHYU Y3rapTUPHUIL YUYH
unuiatuiInim MyMkuH. Kanan ctpykrypacugaru OyHaal Y3rapuing HaTHKacHuiaa,
Koujara Kypa, HWOH CEJEKTUBIWIM Ba YTKA3yBYAHJIMKHUHT IOTEHIMAJTa
oormukuk (G-V) dopmacuna ake staau (Noskov et al., 2004; Jordan, 2005).

HNon kanamnapu XyCyCHUSITIIADUHA aMUHOKHUCIIOTA €H 3aHKUPUHUHT 3apsjiapu
Ha30parT KWIKII MEXaHU3MUHU aHUKJIAIl Y4yH OM3 TOKCMHHUHT ¢BBOWM THMHUIAH
TalIKWJ TONTaH Ba YHUHT T€HETUK MOAU(DUIMSAIAHTAH MyTaHTJIAPUHUHT KUMEBUI
MoauduKaIusIapu epaaMuaa a-1JI KaHAJIHUHT VOH-YTKa3yBYaHIINK
XyCYCHSITJIAPUHU YPraH]IHK.

busnuHr BaszudamMu3z aMUHOKHCIOTA KOJAWUKIAPUHUHT TYpH Ba acoOCHi
3apsAIapy  SKOMIAIIYBUHUHT CEJIEKTHBIMKKA, YTkazyBuaHiaukka (G) Ba o-IJ1
KaHIMHUHT TOTEHIMaAra OOFIUKIUTMHU aHUKJIAImIaH ubopar »sau. o-IJIHuHT
€BBOWM TUMHUHUHT OUpIaM4u KeTMa-KEeTIUTHAAa [UCTEUHJIAPHUHT WUYKIWTU Y4yH,
Ou3z Oup Heya HYKTadud [HUCTCHHIW MYTAHTIApPHU CHHTE3JIJIUK Ba MYTaHT
KAaHAIMHUHT MOH-YTKa3yBYaH XyCYCUATIAPUHU aHUKJIAIUK. L{UCTeMH KupTWirad
MYTaHTJIApHHU, B-IWJIMHIPHUHT y3aK PETMOHUIArd YpHU OYHMYa, UKKH Typyxra
OyauK: *Ky(T Ba TOK.

KanamHuHr anekTpocTaTuk NpoGUIMHU XOXJaraH Tap3/la Ha3opar KUJIUII
y4yH OW3 IIUCTEMHHUHT Cyab(Prugpui rpynmnajgapu OuiaH y3apo TabCUpPIIANTyBUU
peareHTJIapHu  MIUIATIMKKWA, YyJIapHUHT MycOaT Ba MaH(uil 3apsgiapu
UCTEUHHUHT €H 3aHXupiapura OornaHagu. By peareHTIapHUHT LUCTEUH CH
3amkupiapu Ounan peaknusicu -SH rpynmanu -SS-R ra y3raprtupamm, 6y epaa -R
—sapsnanran kucMm: -CH,CH,SO, (MTSES) Ba -CH,CH,N(CH;); (MTSET).

Manduii 3apsIHUHT KaHAJ Yy3arura KYIIWITaHJa TOK aMUHOKHCIOTallap
ACUMMETpHUSHM  Ky4dalTupau, wMycOaT 3apsAHUHT KYIIWIMIIA 3ca  KaHal
YTKa3yBUAHJIUK aCUMMETPHUSICUHU KaMaluiura onud keinau. byHnan tamkapu Oy
SHTA 3apsUUIapHUHT  TabCUPHM KaHAJI WYHAArd MOAU(PUIUSIAHTAH ITUCTEHH
KOJIUKJTAPUHUHT >Kovnamuiura 6ormuk Oynau (8-pacm). G130C nman Tamkapu
Ky(pT pakamiam MyTaHTIAp XOCWJI OYiraH KaHaJlap peareHTiap y4yH CE3Tup
oynmanu.
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PUJI peareHT/iap TabCUPUIA
y3rapumu. Mymanmaap kemma
kemaueu yanoaw yneea: T129C,
G130C, KI131C, DI127C, G133C,
LI135C, GI137C, NI121C, N139C,

S141C u G143C. Spumma

mapkuou. 100 uM KCI, 30 mM
Tpuc-HCI, pH 7,5. Macoga
KAHATHUHZ MPAHC KUPULWL KUCMUOGH.

Kymunran 3apaajgapHUHT KaHaJUlap KaTUOH-AHWOH CEJIEKTHBIIMIUTA TabCUPH
9-pacmna kypcarunrad. by skcnepuMmeHTiIapAa Cynb(Qrugpun peareHTIap JUMHI
MeMOpaHara aBBaJIJaH KPUTUJITaH KaHaJIapra TabCUpP STUIITaH.

9-pacm. CyabQrugpuii peareHt
JIAPHUHHUHT IUCTEMH MYTAHT
JIAPAAH XOCUJ OYJIraH KaHaJl
HHUHI peBepcHusi MOTEeHINATUTA
TabCUPH.
Membpananune mpanc 6a yuc
mapagpnapuoa 100 ea 300 mM KCI
6a ukkana mapaguoa Kyuumya 30
mM Tpuc-HCL, pH 7,5 masoicyo.
Mymaumnap kemma-xkemaueu 8-
pacmoauoex.

SAuru 3apsasiapHUHT 3QGEKTUBIATY KaHAJ YKUHUHT Y3YHIUTH OYViiIa0 »xoil
nammmura 6ok 0ynau. Huc6aran kyucus 3phekT KaHATHUHT KUPUIIT KUCMHTa
SKUH OYJTaH 3apsiap yuyH TONWIAH. 3apsAJlapHUHT Tabcupu Macoda 0yitnad
Ky4aitn0, Tpanc kupumigas 1-1,5 amaa V., na makcumai, ~ +21 MB (MTSET) Ba -
24 MB (MTSET) karTanukra sra 6ymmy. Y TKka3yBUaHIHKHUHT CONHIITHPMA MYHO
cabaru Py/Pq~ 0,001 Ba ~170uu Tamkwun stau. Uy BakTHUHT Y3uaa o-1J1 eBBoitH
TUTIY 3au( aHUOH-CENEeKTHB 0YIuo, V., ~ +7,6 MB Ba P¢/P ~ 0,46ra TeHr.
KumeBuii Monuduiupnanrad kanan yuyH V.., Kuiimatu HepHeT norenmnanura
sxuH 0Yaau Ba ymoOy mapoutna Cla K'yuyn ~ +22 MB Ba ~ -25 MBHu Tamxkun
atau. 3apsanap V., Ba G-V rpadukiapu acCMHMMETpHICUTa Typiindya TabCup
KWIIU. V., OupIaM4u YeuigaH KeHWH MaKCUMal Japakara dpHINaayd Ba CYHT
nesipau OyTyHiai gouMuit 6yiaub Komaau. (9-pacm). ACCUMMETpPHS KAaTTaIUTH 3ca
MaKCUMyMra eTrau Te3Jia mpaHc KUPUILIaH y30KIalIuIIy Onian kamasau (8-
pacMm). By Hatmxkanap ymymuil (MHTeTrpajlaHraH) 3apsij KaTHOH-aHUOH
KaHaJUTApUHUHT TaHJIAIIN YYyH KaBoOrap SKaHJIUTUHU KypcaTraau. 3apsaJapHUHT
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KaHaJ]l KUpUIuIiapu opacuaaru OaJraHcu nca BOJIBT-aMIICP XapaKTCPHUCTHU



KaJJApUHUHT [AKJIMA Y9yH XaJl KWIYyBYM aXaMHsITIa ora.

Onueomepnu HAHONOPANAp CMEXUOMEMPUACUHU AHUKIAUIHUHE SH2U YCYIU.
Y30k Wunmap gaBomuna o-IJ1 kanan 6 Ta MOHOMEpAAH TAaIIKWJI TOMNraH ae0
XUCOOJIaHTaH, YYHKH O3JCKTPOH MHMKPOCKOMHMK TaJKHUKOTIAp acocaH TeKcamep
cTpykTypanan gaionar 6epapau (Olofsson et al., 1988; Hebert et al., 1992). AmMmo
PEHTICHOCTPYKTYp TaAKUKOTIAp KUMEBHM Moaudukaus OwiaH Oupraivkaa
myHu kypcaraauku, o-IJI xanam renramep Oysca kepak (Gouaux et al., 1994).
ATOM Ky4W MHKPOCKOINHS YCYIH €pAaMHaa OJWHTAH HaTwkaiap Oup MyHYa
kapama kKapmm Oynau. Illynpmaii xkunu® rentamep wozaen Outra TaxkpuoOa
xapacHuna tacaukianran (Fang et al., 1997) 6ynran naiitaa, 6omika Taxxpudanap
Hatkacu (Czajkowsky et al., 1998) nunug memOpaHara rekcamep CTPYKTypa
XOCWI Oynummra TryBOXJIWK Oepamu. byHra Oofnmk Xonmga Ou3 (u3nonoruk
IIAPOUTAA MaKCUMaJ SKUH OYJIraH MOH KaHAJJIAp CTUXHUOMETPUACHUHHM aHUKJIAII
y4yH SIHTH yCyJl WIUIad 4yukuinra ypuHuO kypauk. By ycynm acocupa OU3HHUHT
JKCIIEpUMEHTaNl  Ky3aryB cragu. Seau  DTNB  cynsdruapun-cnenudpux
peareHTHUHT 0o-IJ] MyTtanTn OunaH ¥y3apo Tabcupu aBBasl IudTepa TOKCHHHUAA
ky3aruiaranzaek (Mindell et al., 1994; Huynh et al., 1997) 6op ¢ku WK npUHITUTN
acocuzia KeTMai, OaJKu 3WHaAmos IIAKJIKWJA OJIMTOMEpP KaHAJHUHT aloXuaa
MOJICKYJTacHJa CHUCTEWH KOJJMFUHUHT MOIU(DHUKAIUACH KETMa KCTJIUTHHHU
kypcatu6d Oepaau (10-pacm). 3uHanmap opacuaarud BakT kyaa (apkiu 0yiaau Ba Oy
KapaCHHUHT CTOXACTUK XapaKTEPUHU KypcaTaiu.

Kanan yrkasyBuamsmruauar DTNB Tabcupuaa xamamuil 3WHATAPUHUHT
MakcUMajl COHUHMHI €TTUTra TeHr Oynau Ba Oy XojaT momuduiusiaHran 38

et TR —

10-pacm. DTNB

Sna | e tabcupuaa 17C myrt

= aHT KaHAJIU YTKa3yB
YAaHJIMTMHHMHT y3ra
pumin. DTNB nune

AKKA Kauanea mavcu
pu. Huetixanune

uxkkaa oyrumuoazu
IpUMMa-1ap mapruou
100 MM KCI, 1 MM

INTA u 30 MM mpuc

HCI, pH 7,5.

Kysaruniran Oomika Xomiapaa 3WHAJIAp COHU TYPT Ba OJTH OpaluFuaa OViim.
Pearent tabcupuna comup OYnaraH yTkasyBUaHIMK Kamaiumu 6,5 + 1,6 nCMmHH
Tamkuil Kuiand (Yprada kypcarkud 226 mapraga -100 mBaa kaiin kunuaam). Xap
Oup Taxxpubana 3uHaNap COHU OMp XM OYJIMIIMHUA KyTULI KEPaK dMac, YyHKH
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MOpaJIApHUHT OJIMTroMep CyObeAMHHIIANIAP PEAKIMSICUHUHT OOpPUIIMHU Oup Heuda
nymnapu mapxkyn (Braha et al.,, 1997). Illlynra kapamacnan, mMabliyM XoJjaTiap
opanuFuiard OWpPWUHYM Ba OXHMPIH KaJamjiap YXIIampok Oymumm kepak. by
(UKpHU TEKIIUPUII YUYH aJIOXUJa 3MHATAPHUHT aMIUTUTYIAJIApUHU TaxJIHIIA Xap
OuMp KaHaJl YyYYH KeTMa-KeTiIuKlaa VYTKa3winO, eTTUTa 3WHa Ky3aTWIIu.
XaKuKaTaaH, aMIUIMTyJaHUHT YpTada KUWMaTWIaH craHgapt (papKUHUHT
Vy3rapuim KeTMa-KeTIMKIAru TapTUO pakamMura OOFIHMKINTYA KYHFUPOK IMaKINAIa
oynau. Kyrunrangek, makcuman dapk 3-5 KanaMm ydyH Ky3aTwinO, 11y BaKTHUHT
Yy3uma 1 Ba 7 Kagamiapaa karra Oynmaran cwipkuin Kysatuiand. Llysmait kummo,
SKKa KaHaJl YTKa3yBUAHJIUTHMHHU €TTH ITAIUTH KaMalWIi OW3HHUHT SKCIICPUMCHTAIT
cuctemamuzia o-1JI kaHan rentamep SKaHIUTUHU UCOOTIIANIN.

JuccepranusiHuHr «o-I1J1 kaHajJra moJHaHUOHJAPHMHI TAabCUPW» 10
HOMJIaHTaH OemmmHuM O000uaa o-[J1 kaHamapHUHT TMONMAHWOHIAp OwWJaH
ONOKJIAaHUIIM TYFPUCUIATH HATIXKAJIAp KeJNTUpWIrad. [JIoKo3aMHHOITTMKAHIIAP
nonuanuonnapaur (ITA), crpykrypaBuil Oup xui Oyiamarad rpynmnacura MaHcyo
Oynu0 Qu3nonoruk xKapacHiapra KEHTr-KyIaMiau Tabcup Kypcaramu. bymapra
TaHUO OJNUIN, aare3usi, MeMOpaHa TPAaHCIOPTH, aHTH-OAaKTepUas XUMOS KHUPAJIH.
Vinap Ca’" monmapu mmrupoxuma (Vannucchi et al., 1985) docdarnmun xomuH
(®X) Owman ¥3apo Tabcupialmiagd Ba HWOH KaHaUIapd Ba pelentopiap
perynsiuusicuga umtupok staau (Van et al., 2006; Suppiramaniam et al., 2006).
bynnan tamkapu, IIAHMHr wuoH KaHautap Ownan ¥y3apo Tabcupu 1A
MOJICKYJIACUHUHT yiauamura Oofnuk jaeraH ¢ukpiap maBxyn (Chicoine et al.,
2004). bupok, IIAnuHr moH kaHajapu QyHKIHUSCUTAa TabCUPUHUHT Oaradcui
MEXaHM3MHU SXIMM YpraHWIMaraH. by MacajJaHUHT €YMMH y9yH OW3 TypiH
ynmuamparn ukku Xwi ITAHuHr o-1J1 kaHamnmap yTka3yBUAHJIWTUIa TabCHUPWUHH,
Xamja 11y TaAabCUPHUHT dPUTMA TAPKUOUTa OOFTUKINTUHU YPraHuO YHUKINK.

Arap o-I'JI 6unan MmogudunmMpiaanran MeMOpaHaia Ky@wIaHUII KaiJl KWJIMHCA,
OyHAa TOK OMpJaHura ycaau, YyHKU MOHJIap 1y MaliTAa OYMK XOJaT/ard KaHasuiap
OpKalnu yTalau, KEWWH TOKHUHI CEKHWH-aCTa KAMAWWIIM KaHAJUIAPDHUHT  KyWH
YyTKa3zyBuaH XOJaTUra YTUIIM OuWjiaH M30XJaHaau. MeMOpaHaHu IOBUO TypyBUH
spurMa Tapku6una (pH 7,5) renapun Ba Ca>” monmapu HyK mapoutna xap KaHmai
o6enruauHr 100 MB-uMIynbciau noTeHyMan Oepuitily KaHAJUTAPHUHT CTHIAIIUTA
o0 kenMaian. MemOpaHaHUHT UKKayia ToMoHura ITA spuTMacuHM KYIIWIWAIINA
cesmwrnapnmu dpdext Oepmaau. Opurmara CaCl, kyWwmirasgaH CYHT  TOKHHUHT
cesmmapiu penakcamusack Kysatwamu. bynma ITA Ba Ca’ munr »¢dextn momna
KYIITWITaH TOMOHTA Ba KAl KWJIMHTAH KyWIAHHITHUHT UIIopacura OOFIUK OVIiiiu.
[y Gunan O6upra 6wz o-IJI kaHammapHUHT TOTEHIHMAITa OOFIMKIUTUATA OOIIKA
VKKJ BaJEHTIIH KaTHOHJIAP TAGCUPUHH XaM TaAKUK KWimuk. [TAnu spurmara Mg>™
Ba Zn’" MOHNMapW KyIIMIraHAa, Ky3aTwira s¢dexTiap cudar  KUXaTHIaH
Ca’">ddexrura axamoruk Tap3ma Oyaau. SroHa ¢apk Typad — HOHIAPHUHT
KaHAJIHUHT MOTEHIMAIra OOFJIUK YTUIIUTAa TabCUpH dDPEKTUBIUTHIA Ky3aTWIIIH.
VYy4yana KaTHOHJIAPHUHT KOHIICHTPAIIUSICHHHA OUprIny [TAHUHT Kal1 KHIIMHTaH



KOHIEHTPALMACUIArd TOK peJlakcalvsl BAaKTHUHU KaManTUpagu (11-pacm).
Karnonnapuu s¢dextuBnuru Oyitnya Kydugaru KeTMa-KeTIMKAA SKOMIAIITHPUII
MyMKEH 6y1au: Zn* > Ca* > Mg”", 6y 5ca KaTHOHIApPHUHT
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a-IJIHu Xyxaitpanapra MUHruOUpPIOBYM TabcUpH Karopu Omnad Oup xui (Bashford
et al., 1986; Bashford et al., 1988).

9 +100 uB. Zn® 11-pacm. YTKa3quaHJIlUJ
300 - ~ o +100 MB. Ca*' KHHUHI peJIaKkcanus J0MMHHU
. £ +100 mB, Mg™ JIUTH BAKTUHUHT (T) HKKH
200 - ] ® -100mB, Ca” BAJICHT/IM KATHOHJIAP KOH
& HEeHTPANHUSICUTA OOFTHKJIUTH.
¥ I 1"_‘ Hxxu sanenmau kamuou
1005 4 \-+ xaopuonapu (abcyucca yKuoa
~_, Kypcamuniean KOHYeHmpayus
T . EAA \$ 0a) uKKu momonuea ou
0 T ¥ p
: : , , saxkmoa Kywunean. Ipumma
0.3 10 15 2,0 mapkuou 100 uM KCI, 6
Log[Me™ ], mM mre/mn eenapun ea 10 mM

Tpuc-HCI, pH 7,5, n=3-5.

[TAnunr a-I71 kaHannapra TabCUp MEXaHM3MUHU aHUKJIAILI YUyH OW3, Typiu
pasMmepaaru MojieKyjajiapra sra renapuH Ba jAekctpaH cyibdariap ([IC) Ounan
Taxpubamap yTka3nuk. by skcrepumenTiapaa 6u3 remapuH-ansOymuH (HepAlb,
4,8 remapuH Mosekynacu Outra Oyka 3aprodu ambOyMHHHM MOJIEKyJacu OuiiaH
00fuK); Ypraya Monexyinsip maccacu 18000 r/monbpra TeHr OyiaraH remapusiap
(Na-ty3napu maxknuaa), (Hep); 6000 r/mons (Hep6000); 3000 r/mons (Hep3000);
563 r/monp monekynsp Maccanu renmapun aucaxapumiap (HepDi); JIC ypraga
mouekyisip maccacu 500000 r/momns (DS500); 10000 r/mons (DS10); 5000 r/mMons
(DS5). TenmapunmapHUHr KaHaJIHM OJOK KWIHII XyCYyCUATH MeMOpaHaHUHT
KYIIWIAUraH TOMOHJIapura OOFIMK OYIIWKH, ymapHUHT 3¢GdexTd pa3mep Ba
KOHIECHTPALIMSIHUHT  omuimu OunaH omud Oopau (12-pacm). DHr KHYHMK
xucoOmanran remaput, HepDi, xarto 2 mMr/mi konteHTpamusaga xam o-1J1 kananra
nesipnu tabcup Kuiamaau. Ly Tapuka, auddysus kodPpdunveHTIapu KHUUK
oynumura kapamacnaas, karra [TAmap sdgdextTuBpok O6Vaau Ba T€3pOK OVIraH TOK
pelakcanMsJIapuHA  aMaira OMMpAHW. YOy TagKWKOTIapaa HIUIaTUIraH

renapuHiIapHu KyWuaru KEeTMa-KeTINK/IA YKOMJTAIITI TUPHIIL MYMKHUH
(opdextuBnurn kamaitum Ttaptudbuna): HepAlb> Hep> Hep6000> Hep3000>>
HepDi.

Jlekctpan cynbdariap o-IJ1 KaHAIHMHT TOTEHIMAITa-OOFIMKINIHIa XaM
tascup kypcarau. JIC 3¢hGEeKTUBIUTMHUAT OMIMINN YIAPHUHT Pa3sMEPUHH OIIUIITH
ounan Oupra xkeunau: Cs, kutimaru 220,0 * 30,0 mxr/mi (DS5), 7,2 £ 1,5 Mxr/mn
(DS10) Ba 1,7 £ 0,3 mxr/mn (DS500)uu tamkwn stau. JIC remapunra Kaparanja
IOKOPHUPOK MycOar 3apsj 3WWIMrura sra, JIeKuH ynapHuHr o-1J] kaHamra tabcup



sbdexTuBaurn mnactpoxk Oynau. by »aca, nekcrpan cynabdar Ba renapuH
MOJICKYJIaJJApUHUHT Ty3uJuniapuaara ¢hapk Ousian OOFIMK OYJIMIIIN MYMKHUH.
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iy Hepblb
100 Hep
W HepEO00
Hep300d

2 4 a 1 2 3 4 3 2 a4 0 1 2
Log[FenapwH], Mkr/mn Log[MenapuH], mer/mn
12-pacm. o-1Jl kaHa/uIapHUHT pejakcanusi BakTH AouMuiaurura ITAHuHT
TabCHPH.
Penaxcayus eaxmu ooumutinueunune suetikanu yuc (A) exu mpanc OyIUM
(B)udazu cenapunnune KoHyenmpayuacuea OGOTUKIUSU. YmKa3unean y3iyKcus
YUBUKTLAD O0NAHUWL MEH2TIAMACU2A MOC PABULOA 84 DOSTAHUWHUNE S20HA CAllMU
MABIHCYONUSU MAXMUHU ACOCUOA YUBUT2AH, N=3-5.

[TA o-I'JI xkaHaTHUHT KUPHIIL )KOWUJA YHUHT UYura YTaau Ba YHU OJOKIIaNIu.
bupox Huma yuyH I[IAHMHT MONEKYISp OFUPJIMIM KaH4a Karta Oyica yHUHT
3¢ (GEeKTUBIUTH OIIAIM JIETaH CaBOJI OUYMK KOJraH. Anabuetinapaan Mabiymku, OX
Ba Oomka dochomunumiap Ounan [IA ¢dakar WKKM BaJeHTIM KaTHOHJAP
MaBXyJUIUTHAaruHa Yy3apo Tabcupiamanau (Sagrista et al., 2000; Huster et al.,
1999), uynku Oy karuoHiap MycoOar 3apsanrad poconunuaiapHusr Gocdarin
rpynnanapu Ba [IAHuHT cynbdar rpymnmnaigapu opacuga KYNPUK XOCHI KWIaau
(Huster et al., 1999). bynman Ttamkapu, TaIKUKOT HaTWXKajlapyd TYBOXJUK
6epummua xarto 100 MM Ca®" sputmama xam ymyman IIAmap, Ba xycycaH
renapuH  yMyMud MycOar 3apsUIaHUIIMHU cakiad Komaau. lemapuHnapHU
KaHaJIFa TabCUPU YUYH MKKHU BaJICHTIM KATUOHJIApP OYIUIIMHU Taiad KUJIMHTaHU
yuyH, Ou3z IIA HuHr memOpana OwnaH OOfmaHMIIM anabucTIapaa TakIug
kunuarad (Huster and Arnold, 1998; Huster et al., 1999) kanpumitnu kynpuk
MEXaHU3MU OWIJIaH COAUP OYIUIITUHU TaXMUH KUJIIUK.

[TAnunr snunocoma OwiaH OOFNAHUINM YIAPHUHT o3acujga MaHui
(-TIOTCHIMATHUHT Taijgo Oynmuimmra onmd kenaaud. by Xomar remapwH ydyH Xam
TYFpU KEJIMIIMHU TEKIIUpHUII yuyyH, xamaa [IAuunHr wemOpana OwiiaH
OOFJIaHMIIMHK ~ MUKIOpuUM  Oaxomam  yuyH, ©Ou3z @OX junocomanapHu
(-TIOTCHIIMAJIMHU TYpJIM VJI4aMJId TeMapuHiap KYIIMIraH Ba KyIIMJIMaraH
MyXHMTIA YI4aJuK. AHHUKIAHUIIMMU34a, renapuniap OX naunocoMallapHUHT
(-TIOTCHIMAIMHY SHT I MycOar KuiiMataaH (TermapuHcu3 MyxuTaa) ~—24 MBraua



kamaitupanu (13A-pacm). ®X nmunocomanapaaru (-moTEHIMATUHIHT TeNapyuH
KOHLeHTpauusicura 6ornukauru (13A-pacm) a-1J1 kaHaJIHUHT renapux
WHIyIMpJIaHTaH OjoKkagacura yximam OOFIUKIUTuHU dcnatanu (12-pacm). by
MKKH cucTteMasia renapuniap s¢dexrupnuru opacuaa (Csoaa KypcaTuiraiiek)
xoppessiius MmaBxysa (13b-pacm).

24
A
T Y =
1 ] = & Hapalh
[ -4 - e = e B Hep
é 1 > T ‘i",‘ Hap&000
T -8 o = = Hip 3000
- - 1 = .
E -12] . L T
143 ] ¥ e
Ju = 1 Eer T
@ =20 ol "i- =,
= r [ ] l
=] =y
= -2 4
LR 0,1 i 10 100 1000
[TTA], sEriman
=]
1204
1004
=
[T
o
= 8l
L |

0 200 400 800 BO0 1000
Cm BAET oA
' 13-pacm. Jlunmocoma
(-MOTEeHUMAJTHHUHT TeNMapuHJIap KOHIEHTpauusicura Oorjaukauru (A) Ba
JunocomJjiapra Ba o-1J1 kana/uiapra renapuH TAabCHPUHHUHI ApUM-3(pPexTun

KOHIeHTpauusiiapu opacuaaru koppeasuus (b). n=3-5.

by narmxanap, [IAnunr memOpana Ousan OOFIaHUIIN KaHa OJIOKaJaCHHUHT
I[TA ™Monekynsip OFUpIMIUra Ky4did OOFJIWK HKAHJIUTHUHU TYIIYHTUPUO Oepajiu.
[TA-voHu OunaH KaHATHUHT ¥3apo TabCUPUHHUHT OMpuHYM 3Tanuaa [1A memOpana
ounan Ca’"-kympuxmap ¢&pmammaa OoFmaHamu, Oy 5ca YIApHHHT MeMOpaHa
SKUHUJATH Ba KaHAJHUHT KUPHII KACMH aTpodua JIOKal KOHIICHTPAIMSICHUHU
yeummra onub kenaau. KaHamHUHT KUpWUIT KUCMUHUHT MeMmOpaHa ro3acura
SAKUHIUTH HWoHNap okuMu [IA Tabcupuia OJOKIAHUIN IXTUMOJIMHHU OIIUPAJIH.
[TAHMHT cTalMOHAp KOHUEHTpaluscu MeMOpaHa 1o3acHAaH Y30KJALIUIIN OujiaH
HOUM3HUKJIM PaBUIIAA SpUTMA XaKMHJIArH KypcaTkuurada kamasau (Peitzsch et al.,
1995). Hatmwxkana [TAHMHT 3puTMa XaKMHUAard OMp XWJI KOHIIEHTPAIUACHIA XaM
yaapHUHT 3(QQGEKTUB CTalMOHAP KOHIICHTPAIMSICH KaHAIHUHT MpPaHC KUPUII
KucMuga (MeMOpaHaHMHT o3acura Jespid Terud TypyBYH), yuc KUPHUIIT



(MemOpaHa o3acuJaH aH4a Y30K OYiraH) KuUCMUIa Kaparahja aHya HOKOpHU
Oynuiu kepak. by sca meMOpaH (03a KUCMU Ba KaHAJHUHT KHUPHUII KUCMHU
opanurugaru mMacoda kanmaid Kunud [TA 3¢ddeKTUBTUTHHMHT KalCu TOMOHIAH
KYIIWIAIINATA OOFIUKIUTHHYU TYITyHTHpUO Oepaau. DpKUH MOJIUMEpP MOJIEKyIaiap
taconuduii xonna, nuddys3us HaTHKACHIA, KAHATHUHT KUPHUII KUCMUTA KEJIUIIN
mymkuH, Ba cYHT (ITA/kanHan ¥y3apo TabCUpPIALIYBUHUHI MKKUHYM OOCKUYMIA)
MOTEHIMajTra OOFIMK XoJaT[a mopara Kupaju Ba KaHaJTHU OJMOKIanIn.

JucceprauussHUHT «0-1J1 KaHAJIHMHT JIACTHK AePopMaAlMSICHHU TAAKHK
KWaumn 71e0 HoOMIaHTaH onTuH4YM 0Oo6uja o-IJ1 kaHamHWHT 3apsjiaHTaH
kpayd/K ‘koMrexcu  Ounman  ONOKIAHMIN — TaJKMKOTIADMHMHT  HATHYKAJIApH
KEJITUPUIITaH.

HNon kaHainM TOPACHHUHI WYKU TEOMETPUK TY3WIHIIUHUHT  acOCUH
XyCyCUSATIIapl KOHJara Kypa KaHaJHUHT OYMK XOJIaTHAa TOTEHIHanra OOFIHK
Oynmaiinu ne6 xucoOmanamu. Opatna Oy ¢ukp TYFpu Oynaau, JEKUH YHHHT
yerapaJlapuHu aHuKJam 3apyp. [loTeHuunan-uHayupianras 3macTuk aedopmanus
KaHAJIHUHT TPAHCIOPT XYCYCUSITUHU Y3rapuiludja Ky3ra KYpUHHUIIA MYMKHH,
allHUKCa MOJIEKYJla KaTTaJluIy KaHall opacura skl Oynranjaa. TaOuilku, TOKHUHT
KapIIMIUKKA OOFIUKINIY TYFPU YM3UK OYIMaran KaHajuiap 3J€KTPOCTPUKIINS
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sbpdexTuHN  Y3uAa MyKacCamJIAIITUPTaH dBHI  OXTUMOJM  KAarTa HOM3OJ
xucobmanaau. IllyHra kapamacmad TYFpU YM3HMK OYJIMaral XOJATUHUHT Y3
AIIEKTPOCTPUKIUSIHU Ominupmaiiau anbarra. by MyaMMOHM TagKWK KWJIHII y4YyH,
CTPYKTYpACH SIXIIM YPraHWITaH sIKKa MOH KaHaJW Ba MOJIEKYJSIP MHCTPYMEHTIIAp
kepak OYymanu. Ulynunr yuyn Ouz, o-IJl xaHamHu TaHIaguk, KpayH-3dupiap
owrtacu HamoeHmacu 1,4,7,10,13,16-rexcaokcanukiookran (18-kpayH-6) nsca
MHCTPYMEHT cudaruja TaHJIaHIU, YYHKH YHHHT MOJCKYISp pa3Mepu (IuameTpu
~1,15 HM) MOpPaHUHT 3HT TOP KUCMUHUHT KaTTAJIUIUra xyaa skuH (auametrp ~ 1,2
HM).

14-pacmaa, 4M KCl sputmacura cummeTpuk Kymmwmirad 18-kpayH-6, —70
MBna kananHu makcuman Onokiamu Kypcarwira. 18-kpayH-6 HHU OJOKJIOBUM
3bdeKkTr HHUXOATAAa AaCMMMETPHUK. YHUHT (akar mpaunc OYIuUMra KyUIWIHIIH,
aMaJIii KUXaT/JaaH CHMMETPHK Kymuiuiaan Gapk kuimaiau. [y BakTaa dakar
yuc 6yaumra 18-kpayH-6 KYIIUIUIIN YTKa3yBYaAHJIMKKA Kyla 3aud TabCUp KUJIIH.
By xon OmokmaHum 3apsyaHrad kpayH/K ' kommiekc OuimaH OOFJIMKIMIHMAAH Ba
yi0y KOMIUIEKC OOFJIAIIMIN KOWMHHU MpaHC KUPUILI KUCMHUJIAH OCOH TONMHUIIUIAH
nanonar Oepaau. Komiieke GepuiiraH NOTeHIMAI BOCUTacuAa OOFJIaHUII caiiThra
KaJap TPaHCHIOPT KWIMHAIW, MOTCHI[MAJHUHI KaTTa KHUCMHU 3Ca KaHAJIHUHT YK
KucMmura tymaau. 15-pacmpa 18-kpayH-6 Owian Oann Oyiamaran OofJaHUII
CaTUHUHT MOTEHIMAITa OOFIMKIUK IXTUMOIHN KENTUpUITaH. By axTumornuk p [ i
,=1— A/ Abyiinua xucoOnanran 6ynuo, Oy epaa Al — KpayH TabCUpUAaru yprada
TOKHUHT Yy3rapumy, Ai — KaHaIaH YTyBYM ‘Tlax3aiu”’ TOKHHUHT OWTTa
kpayn/K kommiexcu GoFIaHuImy OMIaH MHIYIHMPIAHTaH TOKHUHT KaMaHILIH.



14-pacm. 4M KCl 3pur
MacCHIa CHMMETPHUK KYLIH
Jaran 18-kpayn-6 uu a-1J1
A KAHAJAHUHT YTKA3yBYaH
JIUTUTA TabCUPHU. HKKa
KaHanea me2uuiiu munux
9KCHEpUMEHMAAPHUHS Hamu
JHcanapu KeimupuieaH.

bu3 Gnoxani xapaCHUHUHT aHATW3W YIYH YMYMJIAIITUPWITAH KYPUHUIIIATH
Woodhull (Woodhull, 1973; Hille, 1992) monenunan ¢oiinananauk (Tikhonov and
Magazanik, 1998). by monennu k¥ytamjga Oup HeuTa maptiaap OViauo, ynap
KyhHugarniapaad uoopar: YTKa3yBYAHJIWKHUHT PEareHT epAaMuja ONOKIaHUIIN
OKCHJI KOH(OPMALIMSICHHUHT Y3TapUIINIari KOOIepaTuB ajuI0CTEPUK
s¢deKTIIapHUHT HATHXKAacK dMac Ba OJIOKIIOBYHM MOJIeKynanap Oup 6upura OOFIUK
OynMaraH XoJia TabCUp KUJIAIU, JIGKHH Oy X0JI1aH OOFJIOBUM CAlT Y4yH pakoOat
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KAJTYBYM MOJIEKylajmap UCTHCHO xucobnananu. Bezrukov et al. (2004) ummapuna
KEJITUPUITAH KypcaTKA4iap Ba OW3HUHT TaAKHKOTIAp l5-pacMaa KelnTHpHITaH
HaTWXKaJlapUMU3 IOKOPHJIATH Tanadiapra TYJIUK ®KaBoO OSpUIIMHN TacIUKIaIu.

15-pacm. Kanaanunr 18-
KpayH-6 Tabcupuaa «0J10K
JJAHMACJUK” IXTUMOJIUHUHT

bukcanus moreHUAINTA

OOFJIMKJIUTH.
A Ilynkmup yusux - Woodhull

MOO0enuda moKHU sIKKA
aemenmap 3apsao epoamuoa
ONOKAAUIHUHE IH2 AXUU
annpoxcumayuscuoup (2-
meHanama). Y3mykcus yuzux —
MOOUpuyupranean MOOeIHUHe
annpoxcumayusicu 6yaud, Oynoa puxcupnamnearn nomeHyuaiea O0NUK xonioazu
mapaue oeghopmayuacu maxmur KUiuHean, n==3-5

Te3nuk kKOHCTaHTaIapura TCPMOAMHAMHUK MYyBO3aHAT OepaJuraH YeKIaHHUIII
0
("2

k k k k, Oy epna 0 uHaekuc Oepriirad MOTEHIMATHUHT HOJIUTA TETUIIUIH),



1,=__
MUKPOCKOTIMK KaTapwiuiln €KH JoKaJdl MyBo3aHarT cudaruga MabiyM. by
YEKJIAHUIIT HATM)KAcHIa TOK OJIOKATOPUHMHT SIKKa JJIEMEHTap 3apsn cudaruaa
CUMMETPUK KYJJTAHUIUIIN/IA, KAHATHUHT OJIOKJIAHMACTUK dXTHUMOJIH, YIT4aMCHU3
MOTEHIIHA MOTEHIIMAI, € - SJIEKTPOH 3apsi/iy,

W =¢e / kT($ — TpancMeMOpan

k- bonbrimMan moumuiicu, 7- abCoIOT Temiieparypa) QpyHkmuscu cudaruga
KyHugarnya ¢3mimiyg MyMKHH:

()()
exp exp ()
OYyoddy
++ -
A

mmtc

++ -4+ 4+ + -
=(2)0000

(00d3yw)(dyw)(dddy)
BABA

exp () exp exp ()

ctmmmtc

xaepna exp( ), k;=Cb,—8 W exp(() ), k.= b_,
6 m_6 tl‘IJ eXp(( ) ), k2= b2
0, 0.y
eXp((6 6 )LIJ ) 2Cb 2¢cm
k=_-.%

Akk,%
o =_
0

B Ck knorenmuanra 00FIuK 2
!

OynmMaraH KOHCTaHTaJap; o, 0,, U 0, MeMOpaHaIariu MOTEHIIUATHUHT OUp KUCMUKH,
yuc 6aprep, MUHUMYM Ba mpanc 06apbep xkounamrad Macodara moc kenaau; C
0JIOKaTOpP KOHIICHTPAIUSCH.

KanamHUHT WYKH TEOMETPUSICMHU >bTHOOpra oiambd, OOIIKa aBTOPIAPHUHT
Hamp KwiuHraH Hartwkanapu (Howorka and Bayley, 2002) Ba OusHHHT



O0axoJapuMU3HU WHOOATra olra” xosjaa, yuc 6apwep (0,) xounammumunu 0,8 1e6
KaOyn KWiauk. Arap mpanc 6apbep (J,) >Kounamummy GuKcamus KWInHMaca, y

ofataa Hopeasl MaHbpUil KypcaTkuwiapHu KaOyn kunaau. [llynnan kenu6 aukuo,
O3 KaHAJIHUHT Mpaxc KAPUII KucMUra 6apbep Kynuo, d, KWMMAaTHUA HOJITA TEHT
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ne6 kabyn xkwinuk. Hatmkana Oy dyskius dakar ydra SpKUH MapaMeTpHH V3
uyura onagu: o, — TpaHCMeMOpaHa TMOTEHIUAJTMHUHT OJOKJIOBUM KOMIUIEKCHUTa
TabCUpP KWIYBYM KHCMHU, Xamaa A Ba B mapametpiap. (2)-TeHIJIaMaHU SHT SXIITH
anmpokcuManusuiapu  15-pacMaa TyHKTHP 4YH3MKIap OwinaH Kypcatwirad. by
Ha3apuid OJrpU  YM3HKJIAP OKCIIEPUMEHTAll HyKTaJapHU aHUK Tabpudrad
Oeponmaiiay Ba Oy TagoBYT KMUMK MycOaT KywIaHUIUIApJard yiadaiira HucoaraH
KaTTa XxaTojuKiapra OOFJIMK 5Mac. Mopen OujlaH MOC KeIull y4yH Kyhuaa
KeNTUPWITaH Takimuduapaan ourracu (€ku MKKanacw) KaOyn KuinHumy kepak: (1)
kpayH/K koMIiekcuHuHT 3apsau Ouppad karta; (II) GepuiraH moTeHmuan Iopa
CTPYKTypacuHu nedopmaruscura oiaud Kejaaau Ba HaTwkana 18-kpayH-OHMHT
nopa Owusan ¥3apo TabcupiapuHu (2)-popMmynama xucoOra oJMHMAraH XoJjija
y3rapub keTaau.

by ukkuta TaxmuHiapgaH OWPUHU TaHJAll YYyH aBBOJIO IIyHTa 3>bTUOOP
Oepuin kepakku, 18-kpayH-6 Ba Kanwii HOHJApW opacugaru Komrwieke 1:1
nporopiusga Xocuia Oynuimu KarbusH aHukjiaaHrad (Rounaghi et al., 1997),
IIYHUHT Y9yH «OWUTTa 3apsia — OUTTa OJOKIOBYM KOMIUIEKC YIYH» TaXMHUHH Y3UHU
oKnaiiam. 15-pacmpa kentupuiarad HaTvkauap 18-kpayH-OHMHI HUCOATaH KUYHMK
KOHIIeHTpanusutapuaa onuHrad. lllynnait kunub, OM3HUHT OMPUHYN TAKITH(PUMU3
paj KWIMHUIIM MYMKUH. WMKkuHYMCH 3ca MaHbQUil MOTEHIMANT KaHATHUHT yuUcC
TOMOHUJIAH KUpUIl OapbepuHu 18-kpayH-6 yuyH TopaiiTupanu, Oy 3ca "reoMeTpuK
TOp KUICMUHUHI" YITYaMUHU OPTULIM XMCOOWTa amaira omaiu. XakKuKarTaH, arap
Topauui paauycu 18-kpayH-OHUHT paguycura TEHr ¢KU KUYHMK Oyica, Oapbep
yeKkcH3 Karra Ba kpayH/K' KOMIUIEKCHHUHT MOIIEKyNacH KaHAJIJAH yTa OIMAaiu.
Arap Topaiiuil paauycu MaHb(GUN NMOTEHIMANA OllIca, OAPbEPHUHT OaNaHIJIUTH
Te3na Kamasau, Oy aca 18-kpayH-OHUHT KaHAJIHUHT yuC TOMOHHWJAH UYWKHIIUHU
oconyamutupaau. MogenHuar Oy Moaudukanuscuga B napaMmeTpu JOUMHUI
Oynann, A4 HUHT KUHUMaTH 5Ca SHAW MOTEHIUATHUHT (yHKIUsIcH O0Yianbd, Manpuit
KywIaHdll ¢GUKcalus KWIMHTAHAAa YCUINM Ky3aTWiagu. ODHEPreTUK YHUKHUHT
qyKypIura €ku OepuiiraH TOTEHIWal TabCcupuaa OapbepHUHT Y3TapHIINHU
Tabpu(IAIIHUAT OMp MMKOHuATH cubartuga Om3 kpayn/K' komiuiekcu Ba mopa
NEBOPJIAPH y3apO TabCUPUHUHI BaH-nep-Baanbc sHepruscuHu tannaguk. byHna
O6u3 paguycra OOFIUK ¥3apo TabCUPIAPHU BOAOpOa-Bogopo xydmiuru (Allen and
Tildesley, 1989) yuyn Jlennapa-J[>koHC MOTEHIMAIX KOHCTAaHTAJIapu OPKaJIH
udonanammmMu3 MyMKUH Oynaau. Kanan VTkazyBuannurura yxmam OyiaraH
YY3UINIT PAJAyCHHUHT TMOTEHIMAITa PEATUCTUK OOFIMKINTUHUA MHOOATTa ONraH
XoJa, OW3 HKCIEPUMEHT HaTWXKalapu Ba MOJEN Oamoparu ypracuja erapin
Japakaza MOCIWKKa Kenamu3. bu3z Oy CHAamyBIaH UIYHM aHUKIIAIUKKH,
OapbepHHHT Y3rapuly XaKuJaru AacTiaOKu TaXMUHHHUHT Y3WUTWHA OOFIOBYU



CalTHU MOpaHHUHT TOp KuCcMH (O, ~0,7) Onan OOFIaI MMKOHUHU Oepa v Ba KaHajl
Iy KUCMUJArd pajguyCUHHUHT >kyna Kuuuk (~ 0,08 HM) smactuk y3rapuiim
OOFTaHWII SHEPTUSACMHU TaXMHHAH k7 HHUHT WKKH OWPJUTHra Y3rapTHPHILTa
KOAWp Ba MOJEITHHUHI OamopaTH Ba OSKCIEpUMEHTIAp opacuaaru GapKiapHu
Oaprapad xunamgu. 18-kpayH-6 Ba TOPAHHWHT ¥y3ap0 TABCUPUHHUHT Y3TapUIIUHUA
uHoOarra onud YTKa3WiIraH Srpu 4YM3WK |5-pacmaa y3iayKCU3 4YM3WK HIaKIuAa
Kypcatuiaral. XaKuKarJaaH, TOTEHIIUAJI TAbCUPH/IA YaKUPUJITaH PaInycC
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KaTTAJIMTUHUHT aMajard ycuiu Bas-nep-Baanbe Kyuu ydyH HIILIaTHIAIUTaH
TaXMUHHUHA SIKAHJIamryBra Oornuk Oymamu. Macanan, "muimHAp muauHApAa" CKu
"chepa cdepama" reomerpusuiapu yuyH kypcatwiranunek (Parsegian, 2005),
y3apo Tabcup MacodaHUHI UKKMHYU Japakalld Teckapu OOFIUKIMK OYIuIIn
MYMKHUH. By OOFIMKJIMKHU XHCO0J1a0, paJluyCHUHT KaTTa Y3rapHIINHU Ky3aTHII
MmyMkuH. [llyngait kunu6 OusHuHr o-IJ kaHATHUHT TPaHCMOPT XyCyCHUSITIApUIA
ANEKTPOCTPUKIUSAHUHT POJIM XAKUJArd TUIOTE3aMU3 Ky3aTUJIACTraH MOTEHINara
OOFIMKIMK YTKAa3yBYAHIMKHUHT KOJAUK acUMMeETpusich Ba 18-kpayH-OHUHT
ONOKJIAHUIIMHU TYWYHTUpUO Oepuilt UMKOHUHU Oepamu (15-pacm). Hkkana
XO0JIATIa XaM KYWWIraH Kydra OpONOPUMOHAN, MOH KaHAIM CTPYKTypacuiaru
y3IyKCHU3 3JIaCTUK Y3rapuil MapXy[JIUTd TaXMHUH KWinHaau. By sca mabiiym
"kaHall JapBo3acu'mard MaWIoH TabCUpUIA HWHAYIHUpPJIAHTaH KoH(opMmaImoH
JUCKpET y3rapuill Ba ofargard "Oapuacu €Ky Xe4 HMMa' TUIMHJIArU >KapacHIapJaH
npuHIMIUAN GapK Kwiaan. BU3HUHT TaAKUKOTIApUMK3 HATKaJapHUIaH OepriiraH
NOTEHUMAJl  TabCUPUJArd  TMOPAHUHT  PAAMYCH  Y3rapuiliapd  JOKajl
ANEKTPOCTPUKIUS Tydaitnu comup OYnmagum pewummumu3 MyMkuH. buz  o-IJ1
KaHATHUHT TOpalTraH 30HACHUHUHT 3JIACTHK J1e(OpMAIUSICUHU TaBCUSl KUIUITUMU3
MyYMKHH OVJITaH MEXaHHWCTUK MOJeaa, NOTCHIHAT (QUKcaus KUJIMHTaHIa
KaHAJHUHT 3HT TOp KucMuia xounamran Lys147 xapakarnananu. by xapakar yuc
TOMOHTa MaH(pUW MOTEHIMANI OepUiTraH/ia KaHal JMAMETPUHMHI KeHraluIlura Ba
HaTuXkana 18-kpayH-OHMHT KaHajugaH 4YWKUO KeTumura oynub xkenaau. [Juc
TOMOHTa MycOaT MOTEHUMa OepuiiraHja 3ca KaHal JUaMETPUHUHT TOpPaAUMIIINIa
Ba MOH TPAHCIOPTUHH KUWHMHIIAITYBUTA ONUO Kenmamu. Anbarra, Oy MEXaHHUCTUK
monenb xucoOnmanamu. lllyHra kapamacnaH KeNTUPWITaH TaxJjawi OW3HUHT
TAAKAKOTUMM3[Ia WITApU CYpWITaH »JJIEKTPOCTPUKIUS TUMNOTE3aCH XAKHKATTa
SKUHJUTATAIAH Jaionar Oepaiu.

XVJIOCAJIAP

1. Nnk Gop MoaudpuKalMsIaHTaH MOJIMMEpP 30HUIAI YCYIIU epAaMuaa
KyWHIarujiap aHuKJIaHIu:

a) o-IJ] KaHaTHUHT WKKajda KAPUI KUCMUHUHT JUaMeTpu Oup Oupura sKuH
Ba 2,6/2,4 um ra TeHr (uuc/Tpanc). a-IJI kaHanga 2 Ta TOp KOW MaBXKyHd: acOCUH
TOpalraH >KOMHWHT nuametrpu 1,3 HM OYnub, TaXMHUHAH, KaHAJTHUHT MapKa3uja
xonnamrad. UKKMHYM KOMHUHT nuaMmeTpu 3ca 1,8 HM ra TeHr 0ynu0, KaHAITHUHT
IAC KUPHUII KUCMU SIKMHU/JIA KOMJIAIITaH;

0) LUUTONM3UH XOCWUJ KWITaH KaHAJIHUHT IIUC KUpuIl auamerpu 1,9 HM ra



TEHI, TPAHC KUpUII auaMeTpH 3ca 1,6 HM ra tenr. Kanan munpa 6utra TOpaiiran
KuCcM OYnu0, yHUHT quaMeTpu 1,2 HMra TeHr;

B) VDAC noH KaHaJIMHUHT I0OKOPHU YTKa3yBYAHIIMK X0JIaTHU/a LI1C Ba TPAHC
KHpULI IUAMETPIapH, Moc paBuiaa, 2,0 Ba 4,0 amra teHr. Kyitn yTka3zyBuaHIuK
XOJIaTUra YTraH/1a uKKajaa KHpUII KUCMU JUaMeTpU KHUpasiiv Ba IUC Kupul 1,8
Ba TpaHC Kupuil 2,4 HM ra TeHr 0ynaau. Kanan XaXXMUHUHT yMyMUH KaMaluIu
~10 BM’Ta TeHr, Oy mopa yMymuii XakMuHIHT 40% HH TAITKIT YTau.
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2. Makcu-annon Ba VDAC kaHammapuHUHT OUODU3UK XYyCYyCUSTIIAPUHU
MyKaMMaJl TaKKocJall, (pU3noNIoruK mapouTiapaa, Oy MKKM HOH KaHaJlJIapy Typiu
OKCWJUTApAaH TAaIIKWI TONTaHJIUTUHUA KYpPCaTaH.

3. Nnk wmapra o-IJ] KaHAIHUHT LUCTEHH-CKAHUPIOBYM MYTarcHe3 yCyiu
CTpyKTypacura Kymumua MaHbQUil 3apsaiap KYIIWIWIIN YHUHT Ky4YCU3 aHHOH
CEJICKTUBIUTUHU KY4WIM KATUOH CEJICKTUBJIMIUTA Y3rapTUPHUIIN HCOOTIAH/IH,
MycOar 3apsaaiap KYIIWIMIIA 3Ca YHUHT AHUOH CEJICKTUBJIMIUHU CE3UIapin
napaxaza OIIMPHUIIMHU Kypcaraud. by y3rapumuiapHuHr — fgapakacu — SIHTH
3apsUTapHUHT KYIIWIMII HyKTacura (Oy MOH TaHiald YTKa3yBUAHJIMIUIa KYIPOK
TabCUp KWJIAAM) Xamaa ymly 3apaniap KaHaJIHUHT Oyitnama Vku OVitmya
xounamumura OornuK (Oy acocaH BosbT-amiiep TaBcuuHHM Y3raptupanu). by
HaTVDOKajlap ILIyYHW KypCaTaJWK{, NOpa JIEBOPUHHMHI WUFMHAM 3apamn  o-1J1
KaHAJIMHUHT KaTHOH-aHUOH CEJICKTUBJIMIM YYyH >KaBoOrap Oynaau, 3apsiIHUHT
nopa KHUPHUII KHUCMHUJA >KOMJAIIUIIM 3Ca BOJbT-aMIEp ASrPU YHM3UKJIAPUHUHT
makJIuHU Oenrunad 6epyBUYH aCOCUN OMUIIAUD.

4. OnuroMep HOH KaHAJIAPU CTEXMOMETPUSACHUHM aHUKJALIHUHT, (Qakar
AIIEKTPOPU3NONIOTUK YIyaluiapra acocCliaHraH SHTU YCYlIH HIIad YHUKWIIH.
YHuHT ¢paamMuia, KyIIKaBaT Jumua MeMmOpaHanma xocwin Oyaran o-IJI xanan
renTaMep SKaHJIUTH aHUKJIAHTaH.

5. [lonuaHMOH MOJEKyIacH Iopara 3JIeKTPOCTaTUK Kyd XUcoOura KUpUIIH Ba
WOHJIAp YTUIMWHU  (PU3WKABUNA  ONOKIAm¥ aHUKTaHmu. o-1J1  kaHamHWHT
MOJIMaHUOHIap OMiTaH OJOKIIAHMII SXTUMOJHN KyHUIaru oMusuiapra OOFIINK;

a) MKKHW BAJICHTIIM KATUOHJIAPHUHT UIITUPOKU Ba KOHIIEHTpALUIACUTA, KaliCH
K1 Tabcup dQDEKTHBINTY KyHuaaru Katop ounan 6enrumanany: Zn>" > Ca*" >
Mg2+;

0) TMOJMAHUOHJAPDHUHI  KOHIEHTPALMSCH, MOJEKYJIsIp Maccacu  Ba
CTPYKTypacura; MOJIMaHUOHJIAPHUHT KaHajra TabCup 3(PGEKTUBINUTH, YTAPHUHT
MeMOpaHa C-oTeHIanura 0yjiran TabCUpy OUJIaH KOPPESILUS KUITMHAH;

B) MOJMAHUOHJIAP KYUIWJIAJAUTAaH TOMOHIa TMOJUAHUOHIAPHU KAHAJIHUHT
TpaHC KHUPHUII TOMOHMJIAH KYIIWJIUIIN KYIpoK camapa Oepamu, Oy aca o-IJI
KaHaJTHUHT aCUMMETPUK TY3UITUIIUTa OOFITUK.

6. Unk 6op memOpaHana dukcanus KHHTaH noteHyan o-1J1 xkananmmHuHT
anacTuk JeopmanuscuHu 4akupum ucOotnanrad, 0y KCl Ty3uHuHTr 1okopu
KOHLIGHTpalMsUIapuia BOJbT-aMIep TaBCU(UHU KOJMIUK aCUMMETPHUSACHHU Ba 18-



KpayH-O xamja KaJuid KaTHOHM KOMIUIEKCH OujiaH OJIOKJIAHUIIWHU MOTEHIUara
OOFJIMKJIUTUHU TYyIIYHTUPAIH.
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BBE/IEHUE (anHOTAIMSA JOKTOPCKOM AMCCEPTALINHN)

AKTYyaJIbHOCTh U BOCTPEeOOBAHHOCTH TeMbl Auccepranmuu. OQHON U3 Bax
HEUINX 3a7a4 COBPEMEHHON OMO(DU3UKHN SBISETCS M3yUYCHUE B3aUMOCBS3U CTPYK
Typbl U (GYHKIIMH MOHHBIX KaHAJIOB, 00Opa3oBaHHBIX Oenkamu. MloHHBIC KaHAJIbI 5B
JISIFOTCSl HAHOCKOMMMYECKUMU TTOpaMu, 00J1aJal0IMMU CEJIEKTUBHOCTBIO K MOHAM,
CITOCOOHOCTBIO M30MPATENILHO MPOIMYCKaTh Pa3IMUYHbIC MOJIEKYJIBI YEPEe3 MEM
OpaHy WM pearupoBaTh Ha HUX, U3MEHSSI CBOU CBOKCTBA. COTIaCHO MOCIICTHUM
UCCIICIOBAaHUSIM, MMEHHO MOHHBIC KaHaJIbI SBIISIOTCS CEHCOPaMH, KOTOPBIE TTOMO
raroT )KUBBIM OpraHU3MaM U3MEPSTh TeMIIepaTypy, YyBCTBOBATh 3allaXu, BKYC U
CBET.

B Toxe BpeMsi, HEKOTOpPbIE MEKPOOPTaHU3MBI (M B X YHCJIC BBICOKO I1ATO
TeHHBIC) TPOAYIUPYIOT OCIKH, CIIOCOOHBIE CAMONPON3BOIBLHO BCTPAUBATHCS B
MeMOpaHbI KJIIETOK-X035€B U ()OPMUPOBATh B HUX HOHHBIC KaHAJIbI, YepPEe3 KOTOPHIC
HEKOHTPOJIUPYEMO BBIXOMST KaK MOHBI, TAK U BOJAOPACTBOPUMBIC BEIIECTBA-METa
OOJUTBI, YTO TIPUBOIUT K KIETOUHOU cMepTH. OT 3TUX OEITKOB-TOKCHHOB 3aBUCST
HE TOJIbKO KIIMHUYCCKHUE TIPOSIBIICHUS O0JIC3HEH, HO M COCTaB CPEbl, B KOTOPOM
CYIIECTBYIOT KJIETKU U OakTepuu. B cBsI3M ¢ 3TUM HaHOMIOPHI, 00pa30oBaHHbBIC OCI
KaMH, IPUBJICKAIOT MPUCTATbHOEC BHUMAHKE UCCIIEA0BATENICH BO BCEM MHUPE KakK C
TOYKH 3pCHHS QYHIAMEHTATBHBIX (PU3HOJIOTUICCKUX U OMOPU3HICCKUX TIPUHITH
OB ()YHKITMOHUPOBAHMS JKMBBIX KJIETOK, TAK U C TPAKTUIECKON CTOPOHBI, TaK KaK
CYIIIECTBYIOT HJICH I10 UCIIOIB30BAaHUIO UX B KAY€CTBE HAHO-CEKBEHATOPOB, KOM
MOHEHTOB HaHO-(PWIBTPOB, OMOCEHCOPOB U IPYTHX HAHOYCTPOMCTB.

Bo MHOTrUX nccnenoBaHusX, MPOBOAUMBIX B MUPE, OTMEUAETCS, YTO 3HAHUE O
CTPYKType OCITKOBBIX HAHOTIOP U BIMSHUU €€ Ha CBOMCTBA MOCIETHUX MOXKET TI0
MOYb KaK B CO3JJaHUHM COBPEMEHHBIX JICKAPCTB, TaK U B pa3paboTKe HAHO
YCTPOMCTB, UCIIOJIB3YEMbIX B HOBeUIIMX npudopax. Haubosee nepcrneKTuBHbIM
MOHHBIM KaHAJIOM B Ka4€CTBE OCHOBBI HAHO MPUOOPOB OOJIBIIMHCTBO UCCIEI0BA



Teneit cuntaet o-remonu3ut (a-1J1), mponyuupyemserit 6akrepusimu Staphyloccus
aureus, TO3TOMY OOJIBIIIOE YUCIIO pabOT MOCBAIICHO UCCIICIOBAHUIO CBOMCTB
MMEHHO 3Toro KaHaja. CliefyeT OTMETUTh, YTO criocoOHOCTH a-IJI hopmupoBats
BOJIOHATIOJTHEHHBIE TPAHCMEMOPAHHBIC TTOPHI B OMCIIOWHBIX JIUMTUIHBIX MeMOpaHax
ObLa BIiepBbIe OOHapykeHa Oosee 35 et Ha3aa B Y30eKkucTaHe.

B cBeTe BhIlIe CKa3aHHOTO TEMa JIUCCEPTAIIUU SBIISIETCS BECbMa aKTyalbHOU U
BOCTPEOOBAHHOM, TaK KaK JaHHBIC O TOM, KaKUEe CTPYKTYPHBIC OCOOCHHOCTH BIIH
SFOT Ha ()YHKITMOHHUPOBAHUE NOHHBIX KAHAJIOB, KaK 3aBUCHUT MX CEJIEKTUBHOCTH OT
CTPOCHHMS 1 aMUHOKHUCIIOTHOTO COCTaBa, MOTYT MIOMOYb B KOHCTPYUPOBAHUU HAHO
TIOp C 3apaHee 3aJJaHHBIMU CBOHCTBaMH.

JlaHHOE NHCCepTAIMOHHOE HCCIICIOBAaHUE B OMPEACICHHOW CTENCHHU CITY)KUT
BBITIOJTHEHUIO  3a/1a4, TPeayCMOTpPeHHBIX (COBMECTHBIM 3asiBICHHEM MEXITY
Pecny6nuxoit V30ekucran u Anonueit, mognucanusiM B deBpaine mecsie 2011t

CooTBeTCTBHE HCCJIETOBAHNS ¢ MPUOPUTETHLIMU HANIPABJIEHUSIMH Pa3 BUTHA
HAYKH M T€XHOJIOTHIi pecny0juku. J[aHHOE UCCIIeIOBaHUE BBHITIOTHEHO B
COOTBETCTBHUH MPUOPUTETHOTO HAIIPABJICHUS PA3BUTHsI HAYKW U TEXHOJIOTHH pec-
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nyOnuku V. « CenbCKoe X035UCTBO, OMOTEXHOJIOT S, IKOJIOTHS U OXpaHa OKpyka
FOLIEU CPENBI».

O030p MeKTYHAPOIAHBIX HAYYHBIX HCCJIETOBAHUI M0 TeMe TUCCePTALMH.
Hayunsbie nicciienoBanusi, HapaBJICHABIC HA U3YYCHUE B3aUMOCBSI3H CTPYK TYPhI H
(byHKITUH OEKOBBIX MOP C MPUMEHEHHEM COBPEMEHHEHIIINX METO/OB,
OCYIIECTBIIIOTCS B BEAYIIUX HAYYHBIX IIEHTPaX U BBHICHIUX 00pa30BaTeIbHbIX
yupexaeHus X Mupa, B ToM uncie, University of Manitoba (Mramust), Columbia
University, University of Chicago, University of Maryland (CIIIA), Hanmonans
HOM uHCTUTYTE rsznonoruu (AAnonus), Uucturyre ouodusuku kinerku (Poccus),
Hanuonansnom YHuBepcutere Y30€KucTaHa u Jpyrux.

B pesynbrare uiccienoBanuii, IpOBEIEHHBIX B MUPE M0 CTPYKTYPE OCITKOBBIX
HAHOTIOP, TIOJYYCH PsJ HAYyYHBIX PE3yJIbTaTOB, B TOM YHCIIC: MPEIIOKEHBI CTPYK
TYpHBIE MOJIEH BOJbT-3aBUcUMOT0 aHnoHHOTO KaHaia (VDAC) (University of
Manitoba (Mtanus) u uzydensl ero GyHKIHOHATIbHBIE 0coOeHHOCTH, (University
of Maryland, CIIIA); npenioxeHa KpucTauiMueckas CTpYKTypa [HUToIu3uHa V.
cholerae El Tor (Columbia University, CIIIA); ycTaHOBI€HO, YTO O-T€MOIU3UH (0!
I'JT) ssBnsieTcst renTaMepoM | MPEIIOKEHA €T0 KPUCTALTNYECKAsi CTPYKTypa
(University of Chicago, CILIA).

B mupe mipu n3ydeHnr HOHHBIX KaHAJIOB T10 PsITy TPUOPUTETHBIX HAIlpaBie
HUH TIPOBOAATCS UCCIICIOBAHUS, B TOM YHCIIC: TT0 U3YYCHHIO B3aMMOCBSI3H CTPYK
TYpbI ¥ YHKITUH MEXaHOTYBCTBUTEIBHBIX, MEXaHOCCHCUTUBHBIX U TRP kaHanos;
U3y4aeTcs MOTCHIINAI-3aBUCUMOE N3MEHEHHE BHYTPEHHETO CTPOCHUS KaHAJIOB,
KOTOPOE€ MOKHO OOHAPYKUTH IO BIUSHUIO PA3JIMYHBIX OPTaHUYECKUX MOJIEKYJ Ha
CBOMCTBA HAHOTIOPHI; TIPHU U3YUYEHUI KaHAJIOB 00pa30BaHHBIX TOKCHYECKUMU OCIT
Kamu 0co0oe BHUMaHue yaensercs uzydeHuto o-1J1 u nopuny A Mycobacterium
smegmatis, KOTOpPbIE SBJSIOTCS HanOOJIee MEPCIIEKTUBHBIMU B TUTAHE CO3/IaHUS HO



BEUIIINX HAHO CEKBEHATOPOB.

Crenenb M3y4eHHOCTH NpodaeMbl. CHHTE3UPYEMBIi OakTepuei
Staphylococcus aureus o-I'JI B HacTosilIiee BpeMsl SIBJISIETCS OJJHUM U3 CaMbIX U3Y
YEHHBIX U IEPCTICKTUBHBIX OEITKOB, GopMUpYIOMKX HaHOTOpY. [TosTOMY maHHBIM
OeJIOK ABJISETCS UACaTbHOW MOJCIBLHON CHCTEMOM MPH MCCIICIOBAaHUN HAHOIIOP,
CTPYKTYpa KOTOPBIX MOXKET OBITh U3MEHEHA MOJIEKYJISIPHO-OMOJIOTUYECKUMU ME
TOJIaMH, HAIIpUMEP, METOJIOM CalT-HAMPABICHHOTO MyTareHes3a, ¢ MOMOIILIO0 KO
TOPOTO MOXHO BapbUPOBATH YUCIIO U PACTIONOKEHHE OCHOBHBIX 3aps/I0B BHYTPH
HAHOTIOPHI W/WJIM Y BXO/1a B Hee. B HaydHBIX paboTax 3apyOeKHbIX YUCHBIX, TPOd.
X. baitmm, n-p. JIx. Kacuanopuda, mogpoOHO M3ydaeTcsi BHyTPEHHEE CTPOCHUE
HaHOMOpKI 00pa3zoBaHHO a-1J] 1 ee BIMAHKNE HA TPOXOKACHUE PA3ITUUYHBIX MOJIE
KyJI, HETOCPEICTBEHHO B MTUNIUAHON MemOpane. [{utonmusun V. cholerae El Tor ne
TaJIbHO UCCIIeIOBaH 1o pykoBoacTBoM npod. C. bxakau. Bonbr-3aBUCHMBIi
AHUOHHBIN KaHaJ MPUPOJHBIX MeMOpaH, UTPAIOIIMKA BaKHYIO POJIb B MPOIIECCax
TpPaHCIOPTa MOJIEKYJI Yepe3 KIETOUHbIE MEMOpaHbl, a TAK)XE B allONTO3€ MOAPOOHO
uzydaercs B pabotax mpod. M. KonomObunu. Makcu-aHMOHBINM KaHaT U3y4aeTcst
rpynmnoi moj pykoBoAacTBoM npod. . Okanbl.

B uccnenoBaHusi HFOHHBIX KaHAJIOB B HAIEH CTpaHe MPOBOASITCSA MO PYKO
BojIcTBOM akajl. b.A. Tammyxamenosa, mpodeccopos I1.b. Yemanosa u P.3. Ca-
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OupoBa, B YaCTHOCTH M3y4daroTcs a-1J1, 1aTpoToKCuH U3 d/1a nayka Kapakypra,
BBIJICIICH PsIJ] HOBBIX TOKCHHOB, JICHCTBYIONTUX HA JIUTTUIHBIN OCTOB MeMOpaH 1
ONOKUPYIOIINX HATPUEBBIE KaHAIBI BO30OYAMMBIX MEMOpaH MO3BOHOYHBIX H UJjIe
HUCTOHOTHUX.

CBsi3b TeMbl JUCCEPTANNH C MJIAHOM HAYYHO-HCCJIEI0BATEIbCKUX PadoT
HAYYHO-MCCJIEA0BATENbCKUX Y4YpeXK/JAeHUid, I7e BbINOJHEHa uccepTanus.
JluccepTallMOHHOE HCCIEAOBAHKME BBIMOJIHEHO B paMKaxX IUIaHa HAy4YHO-UCCIEN0
BaTEJIbCKUX PA00T M MPUKIIATHBIX MPOEKTOB MHCTHTYTa OMOOpTraHUYECKON XUMHUH:
Homep rocpeructpanuu 01.97.0005431 «M3ydyeHue reoMeTpruuecKux mapameTpoB
BOJIHOM TIOpbl MOHHBIX KaHAJIOB, (OPMHUPYEMBIX HEKOTOPHIMH OEIKOBBIMU
TOKCMHAMH, a Takke OeaKkaMH, HW30JUPOBAHHBIMH W3 TPUPOAHBIX MEMOpaH M
HEKOTOphIMH abuoreHHbIMH (akTopamu» (1997-1999 rr.); ®-4.1.3 «U3yuenue
CBOMCTB HOHHBIX KaHAJOB M TPAHCIOPTEPOB B HMCKYCCTBEHHBIX U MPUPOIHBIX
MeMOpaHax M UX POJIM B peryssiuu KiaeTouHoro oobemay (2003-2007 rr.); A
®3-T112 «buoduznvyeckue MeXaHU3Mbl PEryIsUU O00bEMa JKUBOTHBIX U
pacturenbHbix  Kietok»  (2007-2011 rr); DA-DS5-TO80 «MonexynspHas
dusnonorus u Ouodusmka O0ObEM-aKTUBUPYEMOTO aHHUOHHOTO TPAHCIIOPTa
(2012-2016). Temamu HWP naGoparopuu Ouodusukun MemOpaH [ernapTaMeHTa
onodpusuku u paguodbuonorun DenepanbHoro yHuBepcurera IlepHamOyko
(bpasunus), a Taxke B pamkax MemopaHayMa o coapykecTBe Mexay MacturyTom
Oonooprannueckoi xumuu U HarmoHanbHbIM HHCTUTYTOM (pr3noniorun (Snonwus).

Leabio uccjieq0BaHMA SIBISIETCS ONPEIEICHUE CTPYKTYPHO (PyHKIIMOHAIBHOMN
B3aMMOCBSI3M B MOHHBIX KaHajaX, CPOPMUPOBAHHBIX PA3TMUHBIMU OEJIKAMMU.

B cootBeTcTBHM C ITOCTABIEHHOM LEJIBIO PEIIAINCH CICAYIOLIME 3aa4 U



HCCJICOBAHUA:

oIpejiesieHre U3MEHEHHUS pajuyca Mophl BI0JIb OCH HOHHOTO KaHaja;
oTpeeieHIe paInyCoB BOJHOM Mopkl, oOpa3oBanHoit VDAC, B
BBICOKOIIPOBOJISAILEM M HU3KOIIPOBOSIIIEM COCTOSTHUSAX;

pa3paboTKa HOBOTO METO/Ia OTNIPEAETICHHUS CTEXMOMETPHH HaHOTIOP;
UCCJIeIOBaHKE BIUSHUS Ha HOH-TIPOBOJISIIME CBOMCTBA HAHOMIOPHI PA3IUYHBIX
AMUHOKHCIIOT, BXOSIIINX B COCTaB MoJiekyibl o-1JI, MmeTomom 1iucrenn
CKaHHUPYIOLIEr0 MyTareHesa;

MCCJIEIOBAHUE BIUSHUSI XUMUUECKONH MOU(PUKAIIMYA aMUHOKHUCIIOT HA HOH
MIPOBOJIAIIINE CBOICTBA KaHAJa METOIOM LIUCTEUH-CKAHUPYIOIIETO MyTareHes3a;
WCCIIEIOBAaHNE BIUSIHUS MMOJTMAHUOHOB U KpayH-2()UPOB Ha HOH-TIPOBOJISIIINE
CBoOMCTBa HaHOMOPHI a-1JI;

MIPOBEPUTH MPEANOIOKEHNE, YTO MAKCU-AaHUOHHBIA KaHAJ IPUHAJJICKUT K
cemeiictey VDAC 6enkoB.

O0beKkTOM HCcIeqOBAHNS ABIISTUCH HOH-TIPOBO/ISIIIIME HAHOIIOPBI,
chopMupoBaHHbIC OETKaAMHU.

IIpeamer ucciaen0BaHUA 3aBUCUMOCThH CBOMCTB HAHOTIOPHI OT CTPYKTYPBI U
AMUHOKHCIIOTHOTO COCTaBa OEJIKOB.

Metoabl ucciienopanusi. B pabore nucnoiab30BaHbl COBPEMEHHbBIE
ANEKTPOPU3NOIOTHUECKHE U OMOXUMUYECKIE METObI UCCIIEIOBAHUS, TAKUE KaK
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dbopmupoBanue OucnoiHbIX dUNUAHBIX MemOpan (bJIM) mo metoxy Mromiepa u
MonTanna-Mriomepa, u3MepeHne AEeKTPHUECKUX MapaMeTpoB MeMOpaH B peKuMe
¢ukcanuu TOTEHIMaNa C TIOJHBIM KOMITBIOTEPHBIM KOHTPOJEM, METOMbI
BbIJIeJICHUS OCJIKOB, a TAKXKE METO/] [INCTEUH-CKaHUPYIOLIETO MyTareHesa.

Hcnonp30BaHbl KOMITbIOTEpHBIE MTporpamMmbl Origin Bepcuu S u 8.6,
MOJIEKYJISIPHBIE MOZEIN CTPOMIIMCH ¢ TOMOIIIbIO porpamm Swiss-PDBViewer,

Ver. 3.7 u CS Chem3D Pro (CambridgeSoft, Cambridge, MA).

Hayuynasi HOBU3HA 1M CCEPTALMOHHOIO HCCJIEJOBAHMSA 3aKITI0YAETCA B
CIIEYIOIIEM:

BIIEPBBIC  YCTAaHOBIEHO, YTO METOAOM AaCHMMETPUYHOW  amIIuKaluu
HERJIEKTPOJIUTOB MOKHO M3MEPUTh U3MEHEHHE pajinyca MOphl BIOJIb OCH MOHHBIX
KaHaJIOB;

YCTaHOBJIEHO, 4TO pajuyc HOHHOro kaHana VDAC usmensiercs npu nepexose
U3 OJTHOTO COCTOSIHUS TPOBOJIMMOCTH B JIPYTOE;

YCTaHOBJIEHO, YTO CBOMCTBAa MOHHBIX KaHAJIOB 3aBUCAT HE TOJBKO OT 3HAKa
3apsja 3apsUKEHHBIX TPYI, PacHpelesIeHHbIX BHYTPU KaHala, HO U OT HUX
MECTOTIOJIOKEHUS BIOJIb OCH KaHaa,

pa3paboTaH HOBBIM METOJI ONPENEICHUS CTEXUOMETPUHU OJIMTOMEPHBIX
HaAHOIIOD;

YCTaHOBJIEHO, YTO MAKCH-aHUOHHBIN KaHAT HE OTHOCUTCS K CEMEHCTBY
VDAC 6enkoB;

BIIEPBBIC JOKA3aHO, YTO OJOKMPOBAHUE MOTHAHMOHAMHU HOHHOTO KaHala
3aBHCHT KaK OT MX pa3Mepa, TaK U OT KOHIIEHTPAINH JBYXBaJICHTHBIX KATHOHOB;



YCTaHOBJICHO, YTO (PMKCUPOBAHHBII HA MEMOpaHE MOTEHIMAT BbI3bIBACT
anactTudeckyro aedopmanuio o-IJI mopsl.

IIpakTnyeckue pe3yabTarbl HcCaeA0BaHUs. [IpenokeH HOBBIN METOT
ONPENEIICHNUS] CTEXMOMETPUH OJIMTOMEPHBIX HAHOIIOP M Sity, TO3BOJISIOIINI
OTIPEENSTh CTEXUOMETPHUIO MOHHBIX KaHAJIOB B YCJIOBUSIX MaKCUMAJIbHO OJIM3KUX K
(U3HOIOTUYECKUM.

JI0CTOBEPHOCTH TMOJIYYEHHBIX Pe3yJbTaTOB OOOCHOBBIBAETCA TEM, 4YTO
SKCIEPUMEHTAIBHBIE  JIAHHBIE TOJYYEHBl C TMPUMEHEHHUEM COBPEMEHHBIX
BBICOKOTOYHBIX METOMIOB HcCclefoBaHus. BbiBoabpl B paboTe chenaHbl HA OCHOBE
pe3yabTaToB, O00paOOTaHHBIX C HCHOJIb30BAHUEM COBPEMEHHBIX METOJIOB
MaTeMaTu4eCKON CTaTUCTUKH.

Teopernuyeckasi 1 NpaKTH4YeCKasi 3HAYMMOCTb Pe3yJIbTATOB
uccienoBaHus. /[aHHbIE, MpeaCTaBIeHHBIE B 3TON paboTe, IMEIOT, TIPEKIC BCETO,
byHIaMEeHTAIBHBIA UHTEPEC, TOCKOIBKY MO3BOJISIOT BBISIBUTH 3aBUCUMOCTD
CBOMCTB HAHOCKOMTMYECKHUX OCJIKOBBIX MOP OT UX CTPOEHUSI U aMUHOKHUCIIOTHOTO
cocrana. [lomydeHHbIe pe3ynabTaThl OyyT IPUMEHEHBI HE TOJIBKO B TEOPETHUUECKHUX
VCCIIEIOBAHUSX, HO U MOTYT HAWTH MPAKTUYECKOE MPUMEHEHHUE B HAHOTEXHOJIOTUA
B KQUE€CTBE OCHOBBI ISl CO3/IaHUSI HAHO-1aTYMKOB, HAHO-CEKBEHATOPOB,
KOMITOHEHTOB HaHO-(PUIBTPOB, OMOCEHCOPOB U APYTUX HAHO-YCTPOUCTB,
UCIIOJIb3YEMBIX B COBPEMEHHBIX MPUOOpaX; TAK:KE OHU MPEACTABIISIOT UHTEPEC IS
dapmakonoruu, OMOMEIUIIMHBI U UCCIIETOBAHHM C LENbI0 pa3paboTKH OII0KaTOPOB
HaHOCKOITMYECKUX TIOP.
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Buenpenne pe3yabTaToB uccijenoBanus. HoBoie onodusnyueckme MeTobl
OTpEeEICHUS] CTPYKTYPbl HOHHBIX KaHAJIOB B (DU3UOJIOTUUECKUX YCIOBUSX:
npu3HaHbl B YHuBepcuteTe Cokenaai u B HarqmonaabHOM HHCTUTYTE (PU3HOTIOTUM
SAnoHUU U UCTIONBL30BAHBI P UCCIIEAOBAHUU CTPYKTYPbl OCIKOBBIX HAHOIOP
(CnpaBka Yauepcutera Cokenaait ot 10 mapta 2016 rona, SAnonusi, Kanaragpa).
HoBbie Onoduznyeckre MeToabl MpU3HaHbI Takke AkajneMmueit Hayk PecryOnuku
V36ekucrtan (cnpaBka AH PY3 ot 10 mast 2016 roga). OTu MeToabl JaroT
BO3MOXKHOCTb OIPEJIEICHUS Painyca OJTUTOMEPHBIX HOHHBIX KAHAJIOB U
ONPENEIATh UX CTEXHOMETPHIO.

Ha ocHOBe wuW3MEHEHUSI HMOHHOTO TOKa uYepe3 OCIKOBBbIE HAHOTOPHI, B
Henapramente buodpuszuku u paguobuonoruu DenepasbHOTO YHHBEPCHUTETA
[Tepuambyko, bpa3unus, pa3zpaboTaH HaHO-JATYMK, MO3BOJISIONIUN pacro3HABATh
BBICOKOTOKCHYHBIE O€IKA - MHUKPOIUCTHHBI (cmpaBka oT 2 Mmas 2016 roma
JHenapramenta OWOGU3MKA ¢ PAAMOOMONOTHHMH). OTOT HAHOAATYMK JIaeT
BO3MOXKHOCTh OINPEACNICHUS] [HUKINYECKUX TMENTUIHBIX TOKCMHOB B CHUCTEME
reMOJIMAJIN3a.

Anpobdauus padorsl. MaTepualibl 1UCCEPTALMU JOKIAAbIBATUCH HA XI
XVIII, XX exeromubix 3acemanusax «demepamnuu o0MECTB SKCIIEPUMEHTAIBHOM
ouonorun» (FESBE) (bpasunus, 1996-2003, 2005); na 43, 44, 48-0oM eKeroHbIX
coBemanusx buopuznueckoro obmectra (CILLIA, 1999, 2000, 2004); IV
buo¢usnueckom korrpecce crpan KOxnoro konyca (Kammnunac, bpasunms, 2000);



4-oM MexayHapoJHOM CEMUHape Mo Mopoodpaszyromum TokcuaaMm (TpeHTo,
Nranus 2000); 5-om MexayHapoJHOM CeMHHape Mo MopooOpa3yroIuM TOKCUHAM
(Maitam, I'epmanus, 2004); 87-om ExxerogHoM che3ne oOmecTBa GU3HOIOTOB
Anonuu (Mopuoka, Anonus, 2010).
Ony0/IMKOBAaHHOCTH pe3yJbTaToB. [lo Teme muccepramum omyOIMKOBaHO

38 mayuHbix paboT. M3 Hux 14 HaydHBIX cTare B 3apyOeKHBIX >KypHaJax,
PEKOMEHIOBaHHBIX  BrIicieit aTTeCTAllMOHHOM  KoMmMuccued — PecmyOnuku
V30ekucTan g MyOJUKAIIMM OCHOBHBIX HAYYHBIX PE3YJIBTAaTOB JOKTOPCKHUX
JIACCEPTaLHH.

Crpykrypa u o0bem auccepranmu. CTpyKTypa AUCCEPTALUH COCTOUT W3
BBEJICHUS, IIECTH IJIaB, 3aKJIIOYEHUS, CIIMCKAa WCIOJb30BAHHON JIMTEPATYPHI.
O6bem nuccepranuu coctasiser 198 crpanun.
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OCHOBHOE COJEPKAHUE JUCCEPTALIUHA

Bo BBeennu 060cHOBaHa aKTYalbHOCTh MTPOOJIEMbI U BOCTPEOOBAaHHOCTh
ITPOBEJCHHBIX HAYYHBIX MCCIIETOBAHUM, ONPEIEIEHO COOTBETCTBUE UCCIEA0BAHNUS
IPUOPUTETHBIM HAMPABICHUSIM Pa3BUTHUS HAYKH U TeXHOJIOTHI Pecrybnuku Y30e
KHUCTaH, CPOPMYTUPOBAHBI LIEIH U 3a7a4H, JaH 0030p MEKTyHAPOAHBIX HAYYHBIX
UCCIIEOBAHUH 110 TEME TUCCEPTALMU, ONIPENEIICHA CTENEHD H3YUYEHHOCTH PO
Onembl, ee HayyHasi HOBU3HA, 000CHOBaHA JOCTOBEPHOCTH MOJTYUYEHHBIX pe3ysbTa
TOB, IIPEIJIOKEHO UX BHEAPEHHUE, a TAKIKE U3JI0KEHBI OCHOBHBIE I10JI0KEHMS, BbI
HOCUMBIE Ha 3alIUTY, IPUBEACHBI CBEJCHUS MO OMyOJIUKOBAaHHBIM paboTaM U
CTPYKTYp€ IUCCEPTALNU.

B nepBoit mase qucceprannu «CTpoeHre U CBOMCTBA HCCIET0BAHHBIX
0eJIKOB KaHa10()0pMepOB» MPUBEICH MOAPOOHBIA 0030 JIUTEPATYPHI, TOCBS
IIIEHHOH HCCleI0BaHHBIM OeskaM, (POpMUPYIOIIMM HAaHOMIOPBI B MEMOpaHax U U3
JIOXEHBI CBEJIEHUS 00 UX CTPOCHUH, PYHKIUAX U CBOMCTBAX.

Bo Bropoii mase «IlosryyeHue 0ejIKOB KaHAJI0()OPMEPOB M METOAbI UX UC
cJ1eI0BaHUs» TTOAPOOHO OMUCAHBI METO/IbI MTOYUEHHUSI BCEX MCIIOJIb30BAHHBIX B
paboTe OeNKOB, U3JI0KEHBI IEKTPOYU3NOIOTHUECKUE METOIbI HCCIIEI0BAHUS, a

TaK)Ke METO/Ibl MaTeMaTu4eckoi 0OpabOTKH M CTATUCTUYECKOTO aHaIN3a JaHHBIX.

B tpernent mase «IlomumMepHoe 30HAMPOBaHME HOHHBIX KAHAJIOBY [IPUBE



JIEHBI PE3yJIbTaThl UCCIEAOBAHUM 110 OMPEEICHUIO PAJNYCOB HOHHBIX KaHAJIOB.
Onpeoenenue usmeHnenuil paouyca nopwl 8001b ocu o-1JI kanana. CUHTE3UpPyEMbIii
OakTepueit Staphylococcus aureus SK30TOKCHH O-TEMOJIU3UH SIBIISETCS
BOJOPACTBOPUMBIM MOHOMEPOM. ITOT MOJUIICITHI, COCTOSAIINMN U3 293
AMUHOKCJIOTHBIX OCTAaTKOB, UMEET MOJIEKYIIApHYI0 Maccy 33,2 k/la u popmupyert B
MeMmOpaHax roMorentamepssie nmopel (Gouaux et al., 1994).

Yto0Obl onpeieTuTh pa3Mep Kaxa0ro oTaeabHoro Bxona B o-1J1 kanan u no
JYYUTH JOTIOTHUTEIHHYIO HH(OPMAIIHIO O TEOMETPUH TTOCEAHETO, HAMH ObLTa
U3MepeHa MPOBOAUMOCTh KaHalla IPH ACUMMETPUYHOM (OJJHOCTOPOHHEM) 100aB
JICHUY MPOHUKAIOIINX HEAJIEKTPOJIUTOB C yuc uin mparc ctoponsl bJIM. Takum
00pa3oM, ObUTM YCTAHOBJICHBI CPEIHUE BETUYUHBI TPOBOJIUMOCTH OCHOBHBIX Iy
JIOB OIMHOYHBIX HOHHBIX KAHAJIOB B IMIPUCYTCTBUHU TECTOBBIX HEAIEKTPOJIUTOB HA
yuc (g°°) mmm mpanc cropone (g"™) kanana. st Toro, 4ToObI HOTY4UTH GoJee
TOYHBIEC U3MEPEHUSA paJiiyca KaHaja, Mbl IPOAHAIN3UPOBAII 3aBUCUMOCTD 3a10J1
HEHUs KaHaJla MoJIMMEePaMH OT X THAPOAMHAMHUYECKOTro paauyca. /s anekBar
HOM XapaKTEPUCTUKHU CTPYKTYPHBIX OCOOCHHOCTEN MOPHI UCTIOJIb30BaJICs Kodhdu
LMEHT 3aroiaHeHus noauMepom, F(w). B ycnoBusx paBHOBecHs (CUMMETpUYHAS
anTUIMKAIMS TTOJIMMEPOB) KOA(PPUIIMEHT 3aMO0THEHUS, paBHBINA 1, COOTBETCTBYET
MOJIHOMY 3arOJHEHUI0, TO €CTh COCTOSIHUIO, B KOTOPOM KOHIIEHTpaIrs HeOOJb MIUX
HEAJIEKTPOJIMTOB BHYTPHU MOPHI paBHA UX KOHILICHTPAIIUU B PaCTBOpE.

Koadpunment 3anonnenust F(w) Obu1 paccuutad ¢ MOMOIIBIO CIAEAYIOIIETO
ypaHenus (Krasilnikov et al., 1998):

trans

X
(O

gagww

) (O
(DX X

- wgw

38

7 gy X, - IPOBOAMMOCTh KaHaJla M AJICKTPOIIPOBOHOCTh PACTBOPA B MPH
CYTCTBUHU HEMIPOHUKAIOIIETO MouMepa; g(w) u X(W) - MpOBOAUMOCTh KaHala U
AIIEKTPONPOBOAHOCTh PACTBOPA B MMPUCYTCTBUU NIPOHHUKAOIIETO rmosimmepa. Kak u
0XKUIAN0Ch, KodhdumuenT 3anomuenus F (puc. 1.) 3aBUCUT OT THIpoIuHAMUYE
CKOT'O pajinyca MoJMMEPHBIX MOJIeKysl. MakcumainbHoe 3HaueHue F Habmonanoch
B IIPUCYTCTBUHU HEOOJBIITUX MOJIEKYJ HEAJIEKTPOIUTOB C PaUyCOM, MCHBIITUM, YeM
0,6. O4ueBUAHO, YTO BHYTPH KaHaja HET CYKEHUs, KOTOpOe Obl OCTAHOBUJIO TMOTOK
ATHX MOJIEKYN uepe3 mopy. i moauMepoB ¢ OONIBIIAM THIPOANHAMUYE CKUM
PaJNycOM MbI TIONYYHIIN Pa3IndHble 3HadeHus 11 F%u F™, 4yto yka3bl BacT Ha
aCHMMETPHIO B TEOMETPUH KaHalia. B 000uX cirydasx 3aBUCHMOCTh KO
(duIMeHTa 3aMoIHEHNS OT TUAPOTMHAMUYIECKOTO pagnuyca MOJUA THICHITTUKOICH



(IT3I') umeet nByX(ha3HbI XapaKTep U CBUAETEIBCTBYET O HAJTUYHUH CY>KCHUS (WU
CykeHui) BHyTpH kaHana. [Ipu ucciaenoBannu 3anogHEHUs € yuc CTOPOHBI KaHalla
Hiskuii yposens F (F ~ 0) ma6bmonancs s [T ¢ GONBIINM pagimycoM
MOJIEKYN. MoJIeKyIbl ¢ paguycoM Oosbie 1,22 HM HE BXOIAT B KaHAJT CO CTOPOHBI
yuc BXO/1a, YMEHbIIICHUE pa3Mepa MOJIEKYII MOJTUMEPOB MPUBOJAUT K MOCTENEH
HOMY, HO JIByX(ha3HOMY, YBeJIUYeHHUI0 KodduimenTa 3amnoinenus. Jta AByxdas
HOCTB IOKa3bIBAET, UTO pa3Mep BOAHOM MOPHI KaHAJIA OT YucC K MpaHc BXOLY U3
MEHSIETCS HE TUIaBHO. J[aHHYIO 3aBUCHMOCTh MOXXHO OMUCATHh TPEMSI TPSMBIMHU.
[TepBoit COOTBETCTBYET BHIPAKEHHBIN HAKIIOH, HAOIIOMAEMbIH I MOJICKYJI, pau
yCBI KOTOpBIX BapbupoBaiu oT 0,9 1o 1,22 am. Bropoii npsiMoil COOTBETCTBYET
OTHOCHUTEJBHO JUIMTENbHAS MPOMEKYTOUHAS HHBApUaHTHas yacTh ¢ F = 0,36. Tpe
ThEW - HAKJIOH 3aBUCUMOCTH napamerpa F s Monekyst ¢ pazMepamMu Mex1y DN
nepudoMm U PEG300 (r = 0,31 - 0,6 um).

Puc. 1. 3aBucumoctsb F u F™™ ot
THAPOAUHAMHUYECKOT0 Paauyca 1o
JINMEPOB.
Tloepewnocmu pasmvl uiu menvuie,
yem cumeonvl. Cmpenxu ykazoleaom
HA 3HAYeHUs paouyco8 8 KpUmMu4eckux
moukax. Pacmeop cooepocan 100 mM
KCl, 5 mM Tpuc/yumpam, pH 7,5, 20%
1121 Kasxcoas mouka nonyuena ny
mem nOCMpOeHUsL 2UCTNO2PAMM PAc
npedenenus kananos (n=150-300) no
AMNIUMYOAM 8 OMCYMCMBUe U 6 Npu
Cymcmeuu noauMepos.

MsbI npenanosiaraem, 4To IMEPECEUYCHHUE MEXKAY IEPBOM MPSIMOU, KOTOpas am
IIPOKCHMHPYET 3aBUCHMOCTh F* oT pajmmyca momumepa (r) M OpsAMOH caMoro Hi3
KOTO 3HAUeHMs WHBapHaHTHOH yactu (F™*=0) maer paamyc yuc BXona KaHana, paB
Hbll 1,26 M. Ilepeceuenne mexay nepBoi U Bropoil npsiMbiMu (0,9 HM) naet pa
JINYC TIEPBOTO CYKEHUS CO CTOPOHBI yuc BXona. [lonmumepsl 3TOro 1 MEHBIIETO
pPa3MepOoB 3aMOIHSAIOT YaCTh MOPHI MEK/Ty TIEPBBIM U BTOPBIM CY>KEHUEM C pacrpe-
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JE€JICHUEM, HE3aBUCHUMBIM OT HUX paauyca. VX pa3Mep CTaHOBUTCA MEHbBIIE, YEM
OTBEPCTUE BTOPOTO CYKEHHUsI, HA IEPECEUECHUH BTOPOU U TpeTbeil mpsiMbIx npu 0,6
HM. Takum oOpa3oM, cHa4yaia Mbl UMEEM YMEHbIIICHUE paguyca kaHaia oT 1,25 uMm
o 0,9 HM, 3areM paauMyc HE MEHSAETCS A0 OCHOBHOro cyxeHus (r=0,6 HM).
Hannume OTHOCUTENBHO IIMHHOM MNPOMEKYTOYHOM HWHBAPHUAHTHOW YacTH NPHU
F=0,36 o3HauaeT, 4TO mojiekyisl [191 ¢ rugpoauHamudeckum paguycom ot 0,9
no 0,6 HM onuMHakoBO A(G(GEKTUBHBI TP 3aMOIHEHUH 3TOM yacTu mopsl. Mx
NPOHUKHOBEHUE BJOJIb OCH KaHajla CJIIEPKUBACTCS OCHOBHBIM CY>KCHHUEM.
OTHOCHUTENBHOE TOJIOKEHUE ATOTO CYKEHHS MOXHO HPHUOTUKEHHO OIEHUTH W3



OTHOIIEHUS! BEJIMYUHBI 3aMOJIHEHUS JIs1 3TOTO TUIATO ¥ MaKCMMAaJIbHOTO 3HAYCHUS
F°: 0,36/0,6=0,6 (Krasilnikov et al., 1998).

B skcnepumMeHTax 1o 3aroIHeHHIO KaHalla ¢ mpaxc BXO/a Takxke HaOIrona ercs
nByx(a3HbIi XapakTep 3aBUCUMOCTH F"™™ OT ruapoauHaMuIecKoro paauyca
HEANIEKTPOIUTOB (puC. 1), X0TA 1 ropa3fo MeHee BolpaxkeHHbI. Kak u B cinyuae
AKCIEPUMEHTOB C Yu/C 3aMOJHEHUEM, MOJIEKYJIbI C paguycoM Oosnbie 1,22 HM He
BXOJAT B KaHAJI CO CTOPOHBI mparc Bxoaa (F™=0). ITonmHoe UCKIFOYEHHE TTOIN
MEpOB 13 Mopbl HaOmomaetcs i Tex ke [131, uto u npu yuc 3anonuennu. 13
ATOTO CJIEAYET, UTO MpPauc BXOJ M0 pazMepy OJM30K K yuc BXody. Takxke, Kak U B
IpeabIAyIIEM Cly4yae, YMEHbIICHHE pa3Mepa pajnyca MoJIuMepa NPUBOAUT K PO
IPECCHMBHOMY YBEJIMYEHMIO ITapaMeTpa 3arolHeHns. JTa 3aBUcUMOCTh F™™ ot pa
JIyca HEANIEKTPOIUTOB MOXKET OBITh pa3/ielieHa Ha YeThIpe 00JacTH U allpOKCH
MHUpOBaHa 4YeThIPbMs IpsiMbIMU. [lepBas (crpaBa HaleBO) COOTBETCTBYET HAKIOHY
3aBUCUMOCTH JJIs MOJIEKYJI, paAuyChl KOTOPBIX BapbupytoT oT 0,8 1o 1,22 um. Ile
pecedeHne MEXIy 3TOM U HUKHEW, COOTBETCTBYIOLIEN NHBAPUAHTHOM YaCTH 3aBU
cumoctu F™", mpsmMbIMu JaeT paauyc mparnc BXoAa B KaHaIl, PaBHbIA 1,24 HM.

B nunanazone pasmepoB mosiekyn ot muuepuna 10 PEG300 (0,31 - 0,6 am) o
HE BIIOJIHE ITOHATHBIM npuuuHam F™*™u F kauecTBeHHO OoTMuaroTes. Korma FOs
ellIe PacTeT C yMEHBIIEHHEM Pa3Mepa MOJIEKyIl 30HAupoBanus, F™" naceimaercs
JI0 CBOEro MakcuMalibHOTO 3HaueHus npu pazmepe PEG300. B kauectBe npenBa
PUTEIBHOTO BHIBOAA MOXHO NMPUHATH CYIIECTBOBAHNE OCHOBHOTO CYXCHUS Painy
com 0,7 HM 1 (U3-3a BBICOKOTO 3Ha4eHus F™™ (0,4) mpu 5TOoM pagmyce), 4To ero
MO3ULIKS Ha OCU MTOPbI, CKOPEE BCETO, HAXOAUTCS OIMKE K yuc BXOY.
Ham ynpormieHHbIil aHanmm3 mpoBOAUMOCTH OMHOYHBIX KAHAJIOB B IPUCYT CTBUH
MOJIMMEPHBIX HEAICKTPOIUTOB MO3BOJISET CAEIAaTh BBIBO, UTO PAIUYChl JBYX
BXOJIOB KaHajIa IPAKTUYSCKH OJMHAKOBHI M Onn3kH K 1,2-1,3 HM. Takke MOXHO
3aKJIIOYHTh, YTO B KaHAJIE UMEETCS BEIPAXKEHHOE OCHOBHOE CYXKEHHUE C pa TUYyCOM
0,6 - 0,7 aM. M3 3KCIIEpUMEHTOB MO YUC 3AMOTHEHUIO MBI TAK)KE TIPEICKA 3bIBAEM
HaJu4ue BTOporo cyxxeHus ¢ r=0,9 HM, pacroIoxKeHHOTO MEXIY YuUcC BXO I0M U
OCHOBHBIM CyX€HHEM KaHala (puc. 2). UHTepecHO CpaBHUTH MOJTYYEHHBIE
PE3yAbTaThl ¢ KpUCTAIUIOrpapUIECKUMH TaHHBIMU O CTPYKType KaHana (Song et
al., 1996). ABTOpBI 3TOi1 cTaThu pa3NENsAoT CTPYKTYPY KaHayia Ha TpU o0nacTH,
JIBE U3 KOTOPBIX, IIIANKA ¥ CTBOJI, JOPMUPYIOT OTBEPCTHUS KaHANIA U TPAKTYIOTCS B
HaIlIEM UCCIIeIOBAaHUHU KaK yuc U mpauc BXoapl. JlnmnHa mopsl coctasmusier 10 HM, a
paauyc yuc Bxona - 1,4 um. Ha paccrostnuu 3,5 HM OT yuc BXoJa KaHajl JOCTUTaeT
CBOEro MaKCUMAaJIbHOTO paauyca 2,3 HM. Y3Kas 4acTh nopsl ¢ paauycom 0,7 HM
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HAXOIUTCsl BOJNM3M LIEHTpa KaHana. bbulo Takke OOHapyXEHO, 4TO B CTBOJIOBOM
obnactu paguyc nopsl kojednercs ot 0,7 mo 1,2 HM, B 3aBUCUMOCTH OT oObeMa
OOKOBBIX IIETIC aMHUHOKHUCIIOT, KOTOPBIC BBICTYNAIOT BHYTPh MIJIWHIPA PaTAyCOM
1,3 vMm. [laHHO€ omucaHWE KaHajla JAEMOHCTPUPYET 3HAYUTEIIBHOE CXOACTBO C
reOMETPUYECKUMHU OCOOCHHOCTSIMH, YCTAHOBJICHHBIMM B HAIlleM MCCIIEJOBaHUU.
[IpakTyecku BC€ CTPYKTYpHBIE XapaKTEPUCTUKU, TOJYYEHHBIE MOJIUMEPHBIM



30HAUPOBAHUCM, XOPOHIO COINIACYIOTCA C KpHCTaJIJ]OI‘pa(bI/I"IeCKI/IMI/I JaHHBIMHA

(puc. 2).

Puc. 2. IddexTuBHbIN
paauyc KaHaja BIOJb
OCH IOPbI, MOJYYCHHbIH
u3 JTAHHBIX
KpucTajsjiorpa

¢puyeckoro u mnoammMep
HOT0 30HMPOBAHUS.
Jlnuna xawana npeocmas
JleHA 8 HAHOMempax, Hayu
Has om yuc exooa. Cum
sonwl (O, *), coedunennvie
CHJLOWHBIMU TUHUAMU, O€
MOHCMPUPYIom npubIu3u

MenbHbLL NPOPUIL NOPbLI, NOYYEHHbII U3 AHATU3A KPUCTNALL02PADUYECKUX OaH
Hoix (Song et al., 1996). Cepvimu nunusmu npedcmasier npopuis nopsvl o OaH
HbIM NOJIUMEPHO20 30HOUPOosanust. Ilynkmuprhas aunus 0603navaem y4acmox, He
O00CMYNHbIIL O/ UMEPEHUsL NOTUMEPHBIM 30HOUuposanuem. CmpenKu yKazvléaom
HA KI04esble YHACMKU 2eOMempull nopbl.

Hccnedosanue enympenneti 2ceomempuy UOHHO20 KAHANA, CHOPMUPOBAHHOSO
yumonuzurnom Vibrio Cholerae.

[{uToNM3MHBI, TPOAYIIHUPYyEMbIE HEKOTOPBIMU 1TamMmmamu V. cholerae EL Tor,
a Taxke 00IBIMHCTBOM non-O1 mTaMMOB, SBISIOTCS BAXKHBIMH (DaKTOpaMH BH
pyneaTHoctH (Yamamoto et al., 1984; Yamamoto et al., 1986). {lutomuszun V.
cholerae El Tor (VCC) sBnseTcsi paCTBOPUMBIM B BOJI€ OCIIKOM C MOJIEKYJISIP HOM
maccoit 63 x/la, on popmupyeT HeOOIbIIIME TOPHI B MEMOpPaHE KIIETOK-MUIIE HEH
(Zitzer et al., 1993; Zitzer et al., 1995).

ITpoBens

JeTaIbHBIN

IMOJIYYCHHEIX  PC3YyJbTaTOB, MbI

npemioxuwin moaens VCC kanana (puc. 4). 9Ta Mozelb, KOHEUHO XK€, SIBISECTCS
YOPOILEHHOW, HO B OCHOBHOM OHA CONJIACYETCS C JaHHBIMU JJIEKTPOHHOM
MUKPOCKOTIMH, KOTOpbIE TakKXKe YKa3blBAalOT Ha BOPOHKOOOPA3HYIO CTPYKTYpPY

kanana (Zitzer et al., 1997).
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Puc. 3. 3aBucumoctb F* u



F"™ oT ruipoquHaMH4YeCKHX

PaaANyCcOB HEYIEKTPOJIUTOB.
Topuzonmanvnvie cmpenku yka
3616a10M HA 3HAYEHUsL 3AN0JL
Henus 01 yuc (~0,3) u mpanc
secmuoroneti (~0,1) VCC kana
na. Bepmukanvhsie cmpenku
VKA3bl8a10m HA 3HAYEHUSs]
Paouyco8 8 Kpumuieckux
moukax VCC kanana. Pacmeop
cooepxcan 150 mM NaCl, 5 uM
HEPES-NaOH, pH 6,5, 20 %
1121 Kaxcoas mouka nonyvena
nymem nOCmMpoeHusl 2UCMo2pamm pacnpeoenerus kananos (n=80-150) no amniu
myoam 6 Oomcymcmeue u 8 NPUCymcmeuu NoAUMepos.

Puc. 4. CxemaTrnuHoe nzodpa
skeHue crpoennst VCC kanana
U €ro BO3MOKHAasl JIOKAJIN
3aumsi B MeMOpaHe.
Ilpomsisicennoe cysxcenue
A (Ouamempom <1,2 um)
Hauunaemcs om = 6,5 u npooorn
aicaemest 0o = 11 um. Jloxanu
3ayus KaHaia 6 memopane
npeononazaemcs Ha 0OCHOBe
OAHHBIX Haule20 UCCAe008aAHUS U
CX00CMBa MedHcoy UOHHLIMU
Kanaiamu, 00pazo8aHHbIMU
VCC u VCC2 (Krasilnikov et al.,
1992, Zitzer et al., 1995).

Onpeoenenue snympenneii ceomempuu VDAC 6 omxpwimom u 3aKpulmom co
CMOSIHUSIX.

OaHUM U3 U3BECTHBIX CBOMCTB MOHHBIX KAHAJIOB SIBISIETCS MX MOTEHIMAT-3a
BUCUMOCTh. K HacTosIieMy BpeMeHU HAKOMIJIOCh MHOKECTBO CBUICTEIHCTB B
M0JIb3Y TOTO, YTO 3TO CBOMCTBO KaHAJIOB KOPPEIUPYET C UX CTPYKTYPHBIMHU U3ME
HeHUsMU. Bce reomerpudeckne Moaenu, pa3pad0oTaHHbIE 711 ONMCAHUS TAaKOTO
MOBEJICHUSI, MOXKHO YCJIOBHO pa3/ieJIuTh Ha JBa Kiiacca: "0lokupoBka' u "mepe
crpoiika". [Torennuan-3asucumble K KaHasbl SBISIOTCS SPKAM IPUMEPOM IIEPBOIA
mozaenu (Gulbis et al., 2000), a VDAC (Zimmerberg and Parsegian, 1986; Doring
and Colombini, 1985) u koHHEeKCcOHBI (KaHaIbI 1IeNeBbIX KOHTakTOB (Unwin and
Ennis, 1984)) - npencraBuTensiMu BTOPOIA.
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N3mepeHne u3MeHeHus: BHyTpEHHEro o0beMa KaHajla O4eHb MOJIE3HO IS pa3
IPaHUYEHHUS MEXK]Ly 3TUMH IByMs Kilaccamu mozeneid. [IoaToMmy Mbl HCHIOIB30BaIN
OINHMCAHHBIN BBILIE METOJI ACUMMETPUYHOTO T0OABICHUS MPOHUKAIOUINX HEAJIEK
TPOJIMTOB AJI1 U3MEPEHUS U3MEHEHU BO BHYyTpeHHel cTpykTtype VDAC, cdop
MHUPOBAHHOTO MMOPUHOM, BBIJIEICHHBIM K3 MbILIL ObiKa (Porin-31BM).

YtoObl 00HAPYKUTH U3MEHEHHUS MPU NEPEXOJE U3 OTKPHITOTO B HUZKOIIPOBO
asiiee (3aKphIToe) COCTOSHUE, Mbl (DUKCUPOBAJIM JBa pa3HbIX MOTeHUHana. s
aHaJIM3a FreOMETPHUH MPOCBETA KaHAIA B BBICOKOIIPOBOIALIEM (OTKPBITOM) COCTOS
HUU Ha MeMOpaHe pukcupoBaics HeOonbInoi norenuuan (+10 mB) u cobupancs
CHEKTP NPOBOAMMOCTH KaHaJOB. B cilyyae HU3KOIIPOBOISIIETO COCTOSIHUS Ha
MeMmOpaHe ¢pukcupoBanoch Takke 10 MB u, korna kaHan nosiBisiics, MOTEHIHAI
cTynendaro nosbiuaics 10 S0 mB. 910 Be13bIBano nepexox VDAC B 3akpeiToe
COCTOSIHHE MPOBOJIUMOCTH.

DKCnepuMEHTBI TPOBOAWINCH ¢ pazinyHbiMu 1131 o metony, aHanorud Homy
ONMMCAaHHOMY paHee, T.€. U3MEPSIIACh MPOBOJUMOCTh KaHaJIa, KOrna ¢ OJHON
cTopoHbl MeMOpanbl Haxoawics Henponukatouit PEG (PEG4600), a ¢ apyroit
IPOHUKAOLIMHI. Pe3ynbraTsl, NOIyUYeHHbIE )1 Pa3IMUHbIX KaHAJIOB B OTHUX U TEX
KE YCIOBUSX, ObUTH 0000IIEHBI B KyMYJISITUBHBIE THCTOIPAMMBbI U TPOAHAIU3UPO
BaHBI TAKUM K€ 00pa3oM, Kak ObLJIO OMMCAHO BHIIIIE.

Puc. 5. 3aBucumoctp F*
n F"™", mojiydeHHbIX 11st
VDAC B n0JIHOCTBIO OT
KPBITOM COCTOSIHUM, OT
THAPOIMHAMUYECKOTO
A pammyca DI Bepmu
KalbHble Cmpenku 0003Ha
yaom eUUUHbL PAOUYCO8
8 KPUMUYECKUX MOUKax
VDAC. Ha BJIM ¢uxcupo
eanocv +10mB. Pacmeop
cooepaxcan: 1,15 M KCI, 5
mM HEPES, pH 7, 20 %
1101 Kasicoas mouka nonyuena nymem noCmMpoeHust 2UCMOSPaMM pacnpeoeieHus
nposooumocmu kananog (n=70-140) no amnaiumyoam 6 omcymcmeue u 8 npucym
CMBUU NOIUMEPOS.

[TonydeHHBIC BETMYMHBI POBOAUMOCTH KaHAJIOB OBUIM MCIIOJIb30BaHbI IS
pacueta korduirenTa 3amnonHeHus kanajga F(w) HeaieKTpoIuTaMu Mo ypaBHe
HUIO 1, pe3ynbrarhl peAcTaBieHbl Ha puc. 5. Korna kaHam 3amoHseTcs ¢ yuc
CTOPOHBI, HEANEKTPOIUTHI ¢ paguycom Ooinbie 0,94 um He BxoasaT B kaHau (F ~0),
a B nuanasone ot 0,94 1o 0,8 HM Mbl UMEEM PE3KOE YBEIMYECHUE F, Cnenosa



TEJIHO, CO CTOPOHBI yuC BXOJa KaHAJ UMEeeT IUIMHIPUUYECKYIO GOpMY C paany
coMm ~ oT 0,9 no 1,0 uMm. [JanbHeilimee ymenbiieHue r 10 0,6 HM NpUBOAUT K 10
NOJTHUTEIBPHOMY HeOONBIIOMY yBenrueHuto F°°) koTopoe Bce ke ocraercs
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MEHbIIIE, YeM 1. DKCIEPUMEHTHI 10 3al0JIHEHUIO KaHaJla C mpaHc BXOAa MOKa3bl
BaIOT, 4TO Ha 3Toi1 ctopoHe VDAC npocBeT nmopsl UMEET BOPOHKOOOPA3HYIO T€0
MmeTputo. HeGombIas 4acTh KaHaja HAUMHACT 3aMOTHATHCS HENIEKTPOIUTAMU C
TUAPOIUHAMUYECKUM pagnycoM MeHbie 1,92 HM. YMeHbIleHue r MPUBOAUT K
mIaBHOMY yBennueHuto F™™ no Bemuuunsl ~ 0,2 (nus PEG450, r = 1,05 um).
JlanbHeiee yMEHBIIEHHE T CONPOBOXKAAETCSA pE3KUM yBenudenreM F™™, Kak
O0TMEYaJI0Ch paHee, TaKOe TTOBEICHHE 3aBUCUMOCTH F OT r yKa3bIBaeT Ha TO, UTO
mparc BXOJ IMEET KOHUUECKYI0 GopMy C pamnycoM okojio 2,0 HM y BXoja u
cyxkennem 10 ~ 0,9 -1,0 um (pasmep yuc Bxoga VDAC) Ha onpeieIeCHHOM y4acTKe
BHYTPH KaHaja. 3HaYeHUs MPOBOJUMOCTH B HU3KOTIPOBO/SIIIEM COCTOSTHUU OBLITH
TaKKe N3MEPEHbI B IPUCYTCTBHH B pacTBOpax Ha yuc (g.°°) wmu mpanc (g,"™™)
cropoHe kanana [I31" pasHoro pasmepa. Tak ke Kak 1 B CIydae MOJIHOCThIO OT
KPBITOTO COCTOSTHUSI HEOOJIBIITNE HEAJIEKTPOJIUTHI 3HAYUTEIIEHO YMEHBIIAIH TIPO
BOAMMOCTB 3aKkpbIToro coctosiuus VDAC. YBenuueHue ruipoAMHaMUYECKOTO pa
nuyca I19T, maunnas ¢ PEG1000 (r = 0,94 um) mst g.°°u ¢ PEG2000 (r = 1,22 HM)

s g™, BeI3bIBANIO pocT npoBoauMocTH VDAC [0 HOBOIO CTAalMOHAPHOIO

3HaueHus. Mcxoas U3 3TUX pe3yIbTaTOB, MOKHO MPEINOI0XKUTh, YTO MPAHC BXOJ
VDAC mmpe, yeM yuc BXo1 B 000UX COCTOSTHUSIX KaHana. OpHako B
HU3KOIIPOBOIAIIEM COCTOSHUM pa3HUIIA MEXIY pa3MepaMu JIByX BXOJIOB B TIOPY
HaMHOTO MeHble. Bennunna paanyca yuc Bxoga VDAC B 3aKpbITOM COCTOSIHUH
(~0,9 HM), monyueHHas u3 F S-r 3aBucuMocTy (CBETIIbIE KBaJgpaThl Ha pUC. 6),
MOYTH aHAJIOTUYHA 3TOW BEJIMUUHE, YCTAHOBJICHHOM JIJI1 KaHaJIa B OTKPHITOM
cocrostnuu (~1,0 HM, puc. 5). Ha 0CHOBaHMU 3TUX JaHHBIX MBI TIPUILIH K
3aKJIFOYEHUIO, YTO pa3Mep yuc BXoja KaHaya, oopazoBanHoro Porin 31BM,
noJiBepraeTcs ciaadbIM (€CIM TaKOBBIE BOOOIIIE HMEIOT MECTO) H3MCHEHUSIM IIpU
MIEepEeX0/Ie U3 OJIHOTO COCTOSHUS MPOBOJMMOCTHU B APYTOE.

-I' JJTI1 HU3KOTIPOBOIAIIIETO CO
B omimuue 0T yuc BXoaa, 3aBUCHUMOCTh F, ™™ P CTOSIHUSI

(uepHble KBaApaThl Ha puc. 6), CYHIECTBEHHO OTIWYAJIach OT aHAJIOTUY HOMU
3aBUCUMOCTH TPU OTKPBITOM COCTOSIHMM KaHaya (CM. pucC. 5), 0COOGHHO B cllydae
MOJIMMEPHBIX MOJIEKYJI ¢ OONBIIUM TUApoArHaMuYeckuM paguycoM. Korna VDAC
HAXOJUTCSA B 3aKPHITOM COCTOSTHUU, MOJICKYJIbI C PAJINyCOM, PABHBIM WJIH OOJbIIE
1,22 um (PEG2000), He BXOAAT B KaHall. 3aBUCHMOCTh F."™"-r Gomee croxHas,
yem F,S-r, W ee HHCIajaromas 4acTh JIE'KO pa3OMBaeTCs Ha JBa cer' MEHTa
OpSIMBIMH JIMHUSIMUA. MakCUMaIIbHBIN paJinyc mpaHc BXOAa KaHalla B HU3
KOMPOBOJAIEM COCTOSIHUM OJIM30K K ~1,2 HM. DTO 3HaUY€HHUE CYIIECTBEHHO
MEHBIIIE, YeM PaJuyC KaHaiaa B OTKPBITOM cocTosHuH (~2,0 HM). Takum oOpazom,
NEePEeXo] MEXIAY OTKPBITHIM U 3aKPBITHIM COCTOSTHUSIMU NMPOBOJIMMOCTH, B OCHOB
HOM, COITPOBOXKAAETCS U3MEHEHHEM B pa3Mepe paauyca UMEHHO mpaHc Bxona. B



3aKpBITOM COCTOSIHMM CTPYKTypa KaHaja Oirke K popMe HMINHIpa, 10 CPaBHE
HUIO C COCTOSTHUEM BBICOKOM IMTPOBOAUMOCTH. JIJIs1 yCTaHOBIEHUS JIMHBI TUJIUH
Ipudeckoi u koHycooOpasHoit yacteit VDAC B HU3KOIIPOBOSIIIIEM COCTOSIHUU
pe3yabTaThl OBLIN MPOaHAIU3UPOBAHBI TAKXKE KaK JaHHbIE, MOTYYEHHbIC IPU OT
KPBITOM COCTOSIHUU. MBI YyCTaHOBWIIM, YTO JJIMHA [IWINHIAPUYECKON U KOHYCO00
pa3Hoil yacteit paBHa ~2,9 u ~1,7 HM, cOOTBETCTBEHHO. [lony4deHHbIE pe3ynbTaThl
ITOKA3bIBAIOT, YTO OCHOBHBIE TEOMETPUYECKUE U3MEHEHHUSI IIPU IIEPEXOJIE U3 OT-
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KPBITOTI'O B 3aKPBITOC COCTOSAHUC IIPOBOAMMOCTHU IIPOUCXOIAT B mpaHc 4aCTHU Ka

HaJia.

Ha ocHOBE noTy4eHHBIX HAMU JAHHBIX MOYKHO IPEJIOKUTh CXEMAaTUYHOE
reoMeTpUYeCcKoe U300pakeHue kaHaia, oopazoBanHoro Porin 31BM, B oTkpbeITOM
Y 3aKPBITOM COCTOSIHUSIX (pHUC. 7). B OTKPBITOM COCTOSIHUU paalyC UUIUHIpUYE
CKOM 4aCTH COCTaBIsIeT OKOIO 1,0 HM M mMeeT mnHy ~2,5 HM. MeHbpInii paanyc
KOHMYECKOW YaCTH paBeH paauycy NuauHApudeckor. Hanbompimuit panuyc Bo
poHkH (~2,0 HM) HaOmoaeTcs y mparc Bxoaa. JlyinHa 3TOM yacTu KaHajia npu
MepHoO paBHa ~2,1 HM. [lepexon B 3aKpbITOE COCTOSIHUE MPOBOJAUMOCTH COMPO
BOXKJIa€TCA HEOONIBIIMM yMeHbLIeHueM paauyca (ot ~ 1,0 1o ~ 0,9 M) u yBenu
YeHUEM JUIUHBI (0T ~ 2,5 10 ~ 2,9 HM) UIMHAPUYECKON YacTH 3a CUeT KOHYC000

pa3HON mpanc 4acTH KaHaa.

A

Puc. 6. 3aBucumoctsb F ™ 1 F trans

(mosxyyeHnbIx 1is1 VDAC B Hu3
KONPOBOASIIIIEM COCTOSIHIM) OT
TUIPOAUHAMUYECKOT0 paanyca

I2r.

Bepmuxkanvusie cmpenku 0603na
yarm 8eIUUUHbL PpaoUycos8 8 Kpu
muueckux moukax VDAC. Kaoxcoas
MoYKa NOAYYeHa nymem noCmpoeHus.
2UCMO2PaAMM pacnpedeieHusi KaHA108
(n=90-200) no amnaiumyoam 6
omcymcmeue u 8 npucymcmeuu

NOIUMEPO8.

Puc. 7. BuyTpeHHee cTpoeHue

nmpocBeTa
VDAC.

L - onuna xanana, Hauunas om yuc

éxooa (0 um) u 3aKaHYUBAsL MPAHC

6xooom (4,6 nm). Cmpenku u yughpol

0003HaAYaOmM ouamempvl 6X0008

KAHALA 8 OMKPLIMOM U 3AKPbINOM

cocmosnusx. IlynkmupHvie 1iunuu co



cmpellkamu yKasosledrom HA

HA4YajlbHY0 mouKy KOHyCHOMU yacmu

KaHaia 6 omKpovlmom u 3aKpvlimom
COCMOAHRUAX.

Wcnonb3ys Hamum gaHHbie 0 reomeTpun Porin-31BM kaHana u anuHy camoro
KaHana, paBHyto 4,6 Hm (Guo et al., 1995), MoXkHO BBIUUCIUTH 00BEM MTPOCBETA
nocaeaHero. Mul onpenenuiiy, 9To 3TOT o0beM paBeH ~23,3 u ~13,3 HM®JUISL OT
KPBITOTO U 3aKPBITOTO COCTOSIHHSI, COOTBETCTBEHHO. TakuM o0pa3oM, U3MEHEHHUE
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o0beMa Mpu nepexojie KaHauaa U3 OJHOTO COCTOSIHUS B IPYTO€ COCTABIISET OKOJIO
10 am’.

Paznuuusa 6 buoghuzuueckux ceoiicmeax mexcoy MaxkCu-aHUOHHbIM KAHANOM U
VDAC. OcHOBHOW NPUYMHON JIs1 MPEIIOJIOKEHHS], YTO MAKCU-aHUOHHBIA KaHa -
910 MIazmMageMManbHbii VDAC, sBasercs TOT (akKT, 9TO TH JiBa KaHAJIa UMEIOT
oOue O6uogusnueckue cBoicTBa. TeM HE MEHee, CXOACTBO BEChbMa MOBEPXHOCT
HOe U OoJiee JeTalbHas IPOBEpKa ATUX CBOMCTB MPH (DU3UOJIOTHUECKUX YCIOBHSIX
NOKa3ajla CyLIECTBEHHbIE pa3nuuus. JlJis 3TOro Mbl MPOBENHM 3KCIEPUMEHTHI C
VDAC (BbiZIeJICHHBIM W3 MUTOXOHJIPUH TEYEHU KPBICHI) TIPH YCIOBUSX, OIM3KUX K
¢uznonornueckuMm. Mol Bctpounu ero B bJIM u ycraHoBuin, 4To mpoBOAUMOCTh
OJJMHOYHBIX KaHaJOB B HOpPMaJbHOM pacTtBope Punrepa mpubau3uTeNbHO paBHA
530 nCwMm. Dta BennuuHa Ha 30-70% BeIlIe TPOBOAUMOCTH OJUHOYHBIX MAKCH
annoHHbIX KaHayoB (300-400 nCwm) B Takoii xxe cpene (Sabirov and Okada, 2009).
B cummerpuunbix pactBopax KCl npoBogumMocTh MakcH-aHUOHHOTO KaHala U3
knetok C127 naceimaercs yxe npu 2220 MM KCl ¢ K, =590+66 MM. JlanHas 3a
BUCUMOCTb IPOBOANUMOCTH OT KOHIIEHTPALIUH OYEHBb OTINYAETCS OT AaHAIIOTUYHOMN
3aBucumoctu VDAC, yHuTapHas mpoOBOJAUMOCTE KOTOPOTO PACTET JIMHENHO C yBE
mmaenrieM koHnentpanuu KCl Brmmots 10 3,5 M u nocturaet ypoBHs ~10 HCMm 6e3
Kakux-1u60 npusHakoB HackieHus (Colombini, 1986). Takas orpomHas pa3HuIa
B [IOBEJICHUM KaHAJIOB MPEIONaracT NpUHIUIHAIBHO Pa3INYHbI MEXaHU3M HOH
HOT'O TPAaHCIOPTa. DTOT BBIBOJI MOTBEPKAAETCS TAK)KE U TPU CPABHEHUU MOHHOU
cenektuBHOCTU. Cnabast cenektuBHOCT, VDAC 11 mmyTamara OTHOCUTENBHO

= 0,45 + 0,03) mo cpaBHEHHUIO C HAMHOTO 00Jiee BBICO
HOHOB XJIOPA (Pgjyamate/ P KO

CEJIEKTUBHOCTBIO B 3THX K€ IKCIIEPUMEHTAJIBHBIX YCIOBUSAX MaKCU-aHUOH HOTO
KaHana Pgymae/Pei~ 0,2 TOATBEpKIAET HALIE 3aKTIOYEHUE O CYINECTBEHHBIX
OTJIMYUSAX BO BHYTPEHHEM CTPOEHUHU ITUX JBYX IOP.

[ToTeHuMan-3aBUCUMOCTh - €II€ OJHO BAXKHOE CBOMCTBO, KOTOPOE SIBIISIETCS
oOmuM 11t Makcu-aHnoHHOTO KaHana u VDAC. O6a Tuna KaHaJioB 3aKpbIBAIOTCS
npu (UKCAUK TIOJOXKHUTEIBHOTO WM OTpUIlATeNIbHOTO moTeHimana + 50 mMB ¢
BpEMEHHBIMU KOHCTaHTaMu OKoJio 50-100 mc npu +50 mB u 300-400 mc pu -50
MB. Tem He MeHee, BaXXHBIM OTIMYUEM SBISIETCS YPOBEHb MHWHHUMAJIbHOU
MpOBOAMMOCTH. B TO BpeMss Kak MaKCHU-aHMOHHBIM KaHal 3aKpbIBaeTCA



nonHocteio, VDAC Bcerma coxpaHser 3HauuTeNbHYIO 4YacTh (10 40-50%)
npoBoAMMOCTH. Tak Ha3bIBaeMble «3akpbIThiey cocTosHus VDAC obGnagaior K
TOMY € KaTHOHHOH celeKTUBHOCTHIO (Colombini et al., 1996; Colombini, 2004).

BHyTpeHHee cTpoeHHe 3TUX KaHaJlOB TaKXe BeChMa pa3inyHo. Tak, cornacHo
HamuM JanabM (puc. 7), VDAC umeert paauyc yuc Bxona 1 M, a mpanc Bxoga 2
HM, a Y MaKCH-aHMOHHOIO KaHaja pasHula ropa3nao messiie: 1,16 um u 1,42 Hm
JUTSL paJInyCoOB yuc U mpawnc BXona, coorBeTcTBeHHO (Sabirov and Okada, 2004).

Ha ocHOBaHMHU BBIIEU3I0KEHHOTO MOXKHO 3aKJIIOYUTh, YTO MAKCH-aHHUOHHBIM
KaHall ¥ MUTOXOHApHanbHbIA TOpruH VDAC ¢opmMupyroTcs pa3HbIMUA OeIKaMHU.
OnHako 3TOT BBIBOJ OTHIO/Ib HE OTBEPTaeT BO3ZMOXXHOCTH CAMOIO CyLIECTBOBAHUS
VDAC B mmazmanemme.
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B uerBeproi miase «AcciaenoBanne HOH-NPOBOASIIIIMX CBOMCTB U CTPYK TYPbI
HAHOIIOP METOA0M LHMCTEHMH-CKAHUPYIOLIEr0o MyTareHe3a» IpUBEIACHbl JaHHbIC
10 JIEUCTBUIO CYyIb(OTUAPUIIBHBIX peareHTOB Ha MyTaHThl a-1JI kaHana.

HNoHHbIE KaHANBI SBISIOTCS UACATBHONM MOIEIBHOW CHCTEMOU ISl U3YYEHUS
HAHOMNOP, TaK KaK OHM CAMOOPTAHU3YIOTCS U UX CTPYKTYPbl MOKHO H3MEHSTH C
MOMOIIBI0  MOJICKYJISIPHO-OMOJIOTUUECKUX METOonoB. Hampumep, wmeTtox cait
HaANpPABJICHHOIO MYyTarcHe3a MOXKET ObITh MCIIOJIb30BaH JUIsi U3MEHEHHS 4Yuciia U
PacIoIOKEHHUsI OCHOBHBIX 3apsiIOB BHYTPH KaHaja W/WiM BOJIM3M BXOAOB B TOPY.
[TociencTBus TakMx M3MEHEHHMM B CTPYKTypE KaHaia, Kak IPaBUJIO, NPOSBISIOTCS
B MOHHOW CENEKTUBHOCTH U (HhOpME 3aBUCHMOCTU MPOBOAUMOCTH OT MOTEHIIMAA
(G-V) (Noskov et al., 2004; Jordan, 2005). YUToObl yCTaHOBUTH MEXaHU3M TOTO,
KaK 3apsbl OOKOBBIX LIENI€il aMUHOKUCIIOT KOHTPOIUPYIOT CBOMCTBA MOHHBIX Ka
HAJIOB, Mbl U3YUYWJIU MOH-TIPOBOJsIIKE cBoMcTBa o-1J] kaHana, oGpa3oBaHHOTO U
KUM THIIOM TOKCHMHA U €T0 T€HETUYECKH MOIU(DUIIMPOBAHHBIMU MYyTaHTAMH C TIO
CIEAYIOIICH XUMUYECKOU MOAU(DUKAITUCH.

Hamra 3agaya 3akirouanach B ONPEEICHUN BIUSHUS TUIA U PACTIOJIOKEHUS
OCHOBHBIX 3apsJ10B AMUHOKHMCIIOTHBIX OCTAaTKOB Ha CEJIEKTUBHOCTH, IPOBOAUMOCTD
(G) n 3aBUCUMOCTB ITpoBOAUMOCTH OT noteHuumana o-IJI kanana. ITockonbky nep
BUYHAs I1OCJIEA0BATEIBHOCTD JUKOTO THUIIA 0-1J] HE UMeeT HUCTEUHOB, Mbl CUHTE
3UPOBAJIM HECKOJIBKO TOYEYHBIX [UCTEUHOBBIX MYTAHTOB U ONPEAEIUIN HOH-TIPO
BOJISIIIIME CBOMCTBA MYTaHTHOI'O KaHana. MyTaHThl, coepKalNe [IUCTENH, Pa3ie
JIMJIM Ha JIBE TPYIIIHI 10 MO3UIIUHU B B-IIUJIMHIPE CTBOJIOBOTO PETHOHA HAa YCTHBIC U
HEYETHBIE.

J71st TOr0, 4TOOBI KOHTPOJIUPYEMBIM 00pa30M MOIUPUIIUPOBATE AIEKTPOCTA
TUYECKUI Npoduib KaHasia, Mbl HCIIOJIb30BAIIM PEAreHThl, KOTOPbIE B3AaUMOJEH
CTBYIOT C CYJIb(PTUIPMIBHBIMA TPYIIIIAMHA IUCTCHHA U IPUBHOCST MOJTOKUTEITHHBINA
WM OTPUIATEIIbHBIN 3aps/] B €ro OOKOBYIO I1eb. Peakiius 3TUX peareHToB ¢ OOKO
BOH 11enbI0 UcTenHa npeodpasyet -SH rpynmy B -SS-R, e -R — 310 3apsixkennas
gacte: -CH,CH,SO; (MTSES), -CH,CH,N(CH,); (MTSET).



Puc. 8. U3MeHeHHe acHMMeETPHUH

NMPOBOAUMOCTH HUCTEMHOBBIX

MyTaHTOB 0-1JI mox aeiicreueM

CYJb(PruIpWIbHbIX PeareHToB.

Ilocnedosamenvrocms Mymanmos

A cnesa nanpaeso: T129C, G130C,

KI131C, DI127C, G133C, L135C,

GI137C, NI21C, NI139C, S141Cu

G143C. Pacmeop cooepoican: 100

MMKCI, 30 MMTpuc-HCI, pH 7,5. o ocu
abcuyucc-
paccmo,qHueommpchexoaa KaHara.

21063,BJ'ICHI/I€ OTPULATCIBbHBIX 3aps10B B CTBOJIOBOM PETHUOH KaHalla B ClIy4dac
HCYCTHBIX aMUWHOKHUCIIOT YBCIINYMUBAJIO ACUMMCTPHUIO ITIPOBOAUMOCTH KaHalia, a J10-
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OaBJieHHE MOJOXKUTENBHBIX 3apAI0B YMEHbIIANIO0 ee. KpoMe Toro, BIMSHHUE 3TUX
HOBBIX 3apsII0B 3aBUCEIIO OT MOJIOKEHUS MOTUPUITUPYEMOTO IUCTEHHOBOTO
OCTaTKa BHYTpH KaHaja (puc. 8). MyTaHTBHI C Y€THBIMU HOMEPAMH, 32 UCKITIOUE
HueMm G130C, ObLTM HEOCTYIHBI IJI1 PEareHTOB B MPEIBAPUTEIIHLHO CHOPMHUPO
BaHHBIX KaHajax.

Bnusgnaue 1o6aBieHHbIX 3apsA0B HA KATHOH-aHUOHHYIO CEJIEKTUBHOCTh KaHa
JIOB MOKa3aHo Ha puc. 9. B 3TuX skcriepuMeHTax ASUCTBUIO CYIb(DTruapiIbHBIX
pEareHToB MOABEPrajucCh KaHaJbl, MPEABAPUTEIILHO BCTPOSCHHBIE B JIMITHJIHYIO
MeMOpaHy.

O} PexTUBHOCTH HOBBIX 3apsA0B 3aBHCENA OT UX PACIOJIOKEHHUS BJIOJIb OCU
kaHasa. OTHOCUTENBHO ciiabbie 3¢ (eKThl ObUTH 0OHAPYKEHBI JJIS 3apSAI0B, PACIIO
JIOKEHHBIX OJIM3KO KO BXOMy B KaHall. BiusiHue 3aps/i0B yCHIMBAIOCH C PACCTOS
HUeM U Ha 1-1,5 uM oT mpanc Bxona V., 1OCTUrall MAKCUMAaJIbHOW BETUUUHBI ~
+21 MB (MTSET) u -24 MmB (MTSES) ¢ OTHOCUTEIBHBIMU OTHOIICHUSIMH TTPO
HunaeMoctu Py/Pq~ 0,001 u ~ 170, COOTBETCTBEHHO, B TO BpeMsI KaK JTUKHUI THIT
a-I'JI kagana ObLT c1a00 aHMOH-CENEKTUBEH C V., ~ 17,6 MB 1 Py/P ~ 0,46.
MakcuMasnbHbie 3HAaUCHUS V., 111 XUMUYECKU MOJUPUIIMPOBAHHBIX KaHAJIOB
ObLTM OnU3KM K oTeHmany Hepuera npu 3tux ycnoBusx (~ +22 MB u ~ -25 mB

Y AaCUMMET
nns Clu K, coorsercTBenHo). [Tonoxkenune 3apamoB BIUseT Ha V.,

puto G-V kpussix no-pazHomy. [locie nepBoHayaabHOrO pocra V., T0CTUTAET
MaKCHUMyMa U OCTAETCs MOYTH MOCTOSHHBIM (pHC. 9), TOTJa KaKk BEJIMYMHA aCUM
METPUHU, TOCTUTHYB MaKCUMYyMa, ObICTPO YMEHBIIIAETCS 110 MEPE YIaJICHHS OT
mpanc Bxoaa (puc. 8). ITU pe3yNbTaThl MOKa3bIBAIOT, UTO OOIIUN (MHTETPUPOBAH
HBII) 3apsi/i HECET OTBETCTBEHHOCTh 33 KATHOH-AaHUOHHYIO H30UPaTEeIHLHOCTD Ka
Hasa, a 0ajaHC 3apsA0B MEXIy BXOAaMHU MMEET PEeIlarolee 3HaYeHue JIsl Orpe



ACICHUA (bOpMI)I BOJIBT-aMIICPHBIX KPUBBIX.

Puc. 9. Biausinune cyabpruj
PUJIbHBIX PEAreHTOB HA MOTEH
HMaJ peBepCcrH KaHAJIO0B, 00pa

30BAHHBIX HMCTENHOBBIMU MY
TaHTAMU.
Memobpana omvieanace 100 u 300
MM 600HbIM pacmeopom KCI Ha
MPAauc u Yyuc cmopome, COomeem
CMBEHHO, 8Ce Pacmeopwvl cooep
arcanu 30 uM Tpuc-HCI, pH 7,5.
Ilocnedosamenvnocms Mymanmoa
makasi dice, Kaxk Ha puc. 8.

Hoevitl memoo onpedenenusi cmexuomempuu onueomepuvix Hanonop. Ha
NPOTSHKEHUH MHOTHUX JieT o-1J] KaHaa cCuuTan COCTOAIIMM B3 6 MOHOME POB, TaK
KaK 2JICKTPOHHO-MUKPOCKOITNYCCKHE UCCIICIOBAHHS CBHJICTEIIHCTBOBAIN B ITOJIB3Y
UMEHHO TekcamepHoii cTpykTypsl (Olofsson et al., 1988; Hebert et al., 1992).
OmHaKoO PEHTIeHOCTPYKTYPHBIC UCCIICIOBAHUS B COYCTAHUH C XUMHUYECKOM
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MoauduKalren moka3aim, 9To, CKopee Bcero, a-1JI kaHan sBiseTcs: renTaMmepom
(Gouaux et al., 1994). Jlanabie, MOIy4eHHBIC C TTOMOIIBIO ATOMHO-CUJIOBOM MUK
POCKOIHH, ObUTH HECKOIBKO MPOTUBOPEUMBEL. Tak, renTamepHasi MoJieib Obuia
MOJTBEPKIeHA B Xo/e ofgHoro uccineaoranus (Fang et al., 1997), Torna kak pe
symbTarel Apyroro (Czajkowsky et al., 1998) cBuaeTenbcTBOBaIM B O3y 00pa
30BaHMUs B JINIUTHON MeMOpaHe reéKCaMepHBIX CTPYKTYp. B ¢Bsi3u ¢ 3TUM MBI
MPEINPUHSIIN TONBITKY pa3paboTaTh HOBBIM METOJ ONpEIeNIeHUs] CTEXUOMETPUHN
MOHHBIX KaHAJIOB B YCJIIOBHSIX, MAKCUMAJIBHO TTPUOIMKCHHBIX K (Pr3noIornye
ckuM. B 0CHOBE 3TOTO METO/Ia JISKUT IKCIIEPUMEHTATLHOE HAOMIOACHUE TOTO, YTO
B3auMoJielicTBHE cynbpruapmi-crienuduaeckoro pearenra DTNB ¢ nucrenno
BbIMU MyTaHTaMu o-1JI mpoTekaet He 1Mo MPUHIUITY «BCE UM HUYETO», KaK 3TO
HaOmonanock s qudrepuitnoro Tokcuua (Mindell et al., 1994; Huynh et al.,
1997), a ctyneruaro (puc. 10), 9To OTpakaeT Mocaea0BaTeIbHYI0 MOIU(DHUKAITUIO
OCTaTKOB IIMCTEWHA B OTACIBHBIX MOJIEKYJIaX OJJUTOMEPHOTO KaHaia. BpemenHbie
WHTEPBAJIBI MKy CTYNIEHSIMU BapbUPOBAIM OT KaHalla K KaHaly, 4YTO OTpa)kaeT
CTOXaCTUYECKHUH XapakTep npouecca. MakCUMallbHOE KOJIMYECTBO CTYIIEHEH T10
ATAITHOTO YMEHBIIICHUS MMPOBOMMOCTH KaHalla, HaOogaeMoe o] ICHCTBUEM
DTNB, Obu10 paBHO cemu, U 3TO 3apUKCUPOBAHO y 25% OT 00IIIeT0 Ynciaa MOIu
¢unmpoBanHbix 38 kaHaIoOB. YHCIO CTyIIeHEH, HAOMIOJAEMBbIX B IPYTUX CIydasX,
K0J1e0aI0Ch OT YeThIpeX 10 mecTh. CpeaHss BeIMYnHA U3MEHEHHS TIPOBOIMMO
CTH, BBI3BAHHOI'O peareHToM, cocTtasisiia 6,5 = 1,6 nCwm (cpennee 3naueHue u3 226
coObITuii ipu puxcaruu -100 mB). Henb3st oxxunats, 4To CTyneHu OyAyT UACH
TUYHBI B K&KJIOM IKCIIEPUMEHTE, TOCKOIBKY €CTh HECKOJIBKO CITIOCOO0B, KOTO PHIMU



MO>KET IPOXOIUTH peaKkius cyobennuull onuroMmepHoit mopsl (Braha et al., 1997).
TeM HE MeHee, TIEPBBIM U MTOCIIEAHUAN IIard MEXKY ONPEAEITCHHBIMU COCTO STHUSMU

Puc. 10. U3menenus
MPOBOUMOCTH MY
TAHTHBIX KaHAJIOB

A 17C, unayuupoBan
Hble DTNB.

Jleiicmeue DTNB na

OOUHOYHDIL KAHAL.

Pacmeopwi 6 0b60oux

omceKkax si4etKu co

oepoicanu 100 mM KCI,

1 mM ITA u 30 mM

mpuc-HCI, pH 7,5.

UToOBI TPOBEPUTH ATO MPENOIOKEHUE, AMIUTUTYAbI OTACJIBHBIX CTyNEHEH ObLITN
IIpOaHaIM3UPOBAHBI ITOCIIEIOBATEIBLHO ISl BCEX KaHAJIOB, B KOTOPBIX HaOI01a
JIOCh CEMb CTYyIIEHEU. JIeCTBUTEIIBHO, 3aBUCUMOCTb U3MEHEHUS CTAHIAPTHBIX OT-
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KJIOHEHUH CpelHel BETMYMHBI aMIUTATYbl CTYIIEHU OT HOMEpa B MOCIEA0BATEb
HOCTH OKa3aJjlach KOJIOKOJI000pa3HOH. B cOOTBETCTBUU C MpeaCKa3aHUEM, MAKCH
MaJIbHOE OTKJIOHEHHE HaOI0AaIoCh AJis 11aroB 3-5, B TO Bpems Kak maru 1 u 7
UMeJTN HeOOIbIINe OTKIIOHEHUS. TakuM 00pa3oM, CEMUCTYTIEHYATOE CHIYKEHHE
IPOBOAMMOCTH OJMHOYHOTO KaHaja B Halllel SKCIIEpUMEHTAIbHOW CUCTEME OJTHO
3Ha4HO uaeHTuuuupyet a-IJI kanan kak remramep.

B naroit mase «BiusiHMe MOJHAHUOHOB Ha o-1J1 KaHa» NpUBEIEHBI
JTaHHBIe 110 OsIokupoBaHuto o-1J1 kaHaa moJTuaHMOHAMM.

[ MroK03aMUHOIIMKAHBI SIBISIFOTCS TPYIIION CTPYKTYPHO-HEOTHOPOAHBIX 11O
anaHuoHoB (ITA), cnocoOHBIX BIMATH HA IUPOKUN CIIEKTP (PU3NOTIOTHUECKUX
MPOLIECCOB, B TOM UHKCJIE€ TAKUX, KaK pacro3HaBaHUE, afre3us, MeMOpPaHHbBIN
TPaHCIIOPT, aHTU-OaKTepraibHas 3anmuTta. OHU B3aUMOJEHCTBYIOT C hochaTuui
xomuHoM (®X) B mpucyTcTBuu noHoB Ca?’ (Vannucchi et al., 1985) u yuacTyior B
perynsiuu GyHKIIMH HOHHBIX KaHaioB U peuentopos (Van et al., 2006;
Suppiramaniam et al., 2006). Kpome Toro, ectb COOOIIEHUS O TOM, YTO B3aUMO
nerictue [TA ¢ HOHHBIMU KaHaJaMU 3aBUCHUT OT pazMepa mosekyi [TA (Chicoine
et al., 2004). Onnako, neTaibHBIA MexaHu3M BiusiHuA [TA Ha QyHKITMN HOHHBIX
KaHaJOB €lle MJI0X0 U3yueH. [{J1s perenust 3Toro BOnpoca Mbl U3y4miid 3 (eKThl
nByx ThnoB I1A pa3Horo pazmepa Ha npoBoAUMOCTh 0-IJI kaHaoB, a TaKXe 3aBU
CUMOCTb UX BO3CHCTBUS OT COCTAaBA CPE/IBI.

Ecnu Ha memOpane, monuduipoBannoi a-17J1, 3adpuxcupoBars HanpsHKEHUE, TO



TOK MTHOBEHHO YBEITMYMBAETCS, TaK KaK MOHBI MPOXOAT Yepe3 KaHaJIbl, HAX0
JSUIMECS B 3TOT MOMEHT B OTKPBITOM COCTOSIHUH, 3aTE€M TOK HAYMHAET MOCTE IEHHO
YMEHBLIATHCS U3-3a MEPEX0/ia KAHAJIOB B HU3KOMPOBOAAILEe cocTosHME. B
OTCYTCTBHE B OMBIBaIOIEM MeMOpaHy pactsope (pH 7,5) renapuna u nonos Ca”*
¢dukcarus 100 MB-uMITyibcoB HampsKEHUS JTF000TO 3HAKA HE BBI3BIBACT 3HAYU
TEJILHOTO 3aKPBITHS KaHAJIOB, a no0aBieHue [1A B pacTBop 1o o0e CTOPOHBI OT
MeMOpaHbl MaJio 3P PeKTUBHO. 3HAYUTEIbHBIE TOKOBBIE pelaKCalliy HaOI0IaIuCh

3a
TONBKO TOTJIA, KOria B pacTBop nobdasmsics CaCly, mpuuem >¢pdext ITA u Ca**

BHCEJI KaK OT CTOPOHBI TOOABKU, TaK U OT 3HaKa (PUKCUPOBAHHOTO HATIPSIKEHUS.
MBI Takke UCCIIeOBaU BIUSHHAEC JPYTHUX JIByXBaJICHTHBIX KATHOHOB HA MOTECH
nuan-3asucuMocTs o-IJ1 karanos. Koraga B pacTsop mo6asmsamy nonst Mg” u Zn**
B nipucytctBuu 1A, Habmonanuch 3pPexThl, Ka4eCTBEHHO aHaJIOTUYHbIE 3P dek
tam Ca*". EAMHCTBEHHBIM pa3lIMuieM SBIIAIACH CTENeHb YG(GEKTHBHOCTH, C KOTO
PO pa3IUYHbIE HOHBI CIOCOOCTBOBAIIM MTOTCHITNAI-3aBUCUMBIM TIepexoaM Ka
Haja. YBelInYeHne KOHIICHTPAIIMH BCEX TPEX KATHOHOB YMEHBIIAIO MOCTOSHHYIO
BPEMEHH peJIaKcalliy TOKa B MPUCYTCTBUH (PUKCHPOBAaHHOW KOHIIEHTparuu [TA
(puc. 11). ITo a3 pexkTUBHOCTU KATHOHBI MOKHO OBLJIO PACTIONIOXKUTH B CIEAYIOLIEH
nocneoBarensHocTH Zn> > Ca®" > Mg®’, mueHTHYHOI TOM, UuTO HAOIIOANaCch TIPH
UHTHOMpoBaHuU KatnoHamu AeiicTBus o-IJ1 Ha kmetku (Bashford et al., 1986;
Bashford et al., 1988). [{ns Beisicnenust mexanusma Biausinus [1A na o-IJI kananb
MBI ITPOBEITN IKCTIEPUMEHTHI C TerapuHaMu 1 JekcTpaH cyinbdaramu ([C),
MMEIOIIMMHY Pa3HBIA pa3Mep MOJICKYI. B 3THX ombITax MbI HCIIONH30BAIN TEIIAPUH
anpO0ymuH (HepAlb, 4,8 Monekyibl remaprHa CBS3aHbI ¢ OTHONW MOJICKYIION
OBIYBEr0 CHIBOPOTOYHOTO aTbOYMHUHA); TEIIAPUHBI CO CPEAHEN MOJIEKYISIPHOI
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maccoit 18000 r/momns (B Buzme Na-comeit), (Hep); 6000 r/mons (Hep6000); 3000
r/monb (Hep3000); remapun nucaxapuabl ¢ MOJEKYJISIpHOUM maccoit 563 r/monb
(HepDi); JC co cpenneit Mmonekynsapuoir maccoit 500000 r/momps (DS500); 10000
r/mons (DS10); 5000 r/mons (DSS).

Puc. 11. 3aBucHUMOCTH MOCTOSIH
HOW BpeMEHM peJilakCcaliu mpo
BOAU-MOCTH (T) OT KOHIIEHTPA
MM IBYXBAJEHTHBIX KATHOHOB.
A Xnopuovl 08yX6a1EHMHbIX KAMUO
HO8 ObLil 000a6/1eHbl (8 KOHYeH
Mpayusix, YKa3auHvlx Ha ocu aoe
yucc) 8 06a omcexka 00HO8pe
menHo. Pacmeop cooeporcan 100
MM KCI, 6 mxe/mn eenapuna u 10
MM Tpuc-HCI, pH 7,5, n=3-3.

CrocoOHOCTh TeapruHOB OJIOKUPOBATh KaHAJ 3aBUCENIa OT CTOPOHBI MEM
OpaHbl, C KOTOPOI OHU TOOABISTUCH U A(D(PEKT YCUITUBAJICS C POCTOM UX Pa3MEpPOB



U KoHueHTpauuu (puc. 12). Haumensimmii renapus, HepDi, npaktrdecku He
B Ha o-1JI kaHan gaxke mpu KoHIeHTpanuu 2 Mr/mil. Takum oOpazoM, He
cMoTps Ha MeHbIne Kodhduunentsl nuddys3uu, conpumue [TA Gonee adpdex
TUBHBI U BBI3BIBAIOT O0Jiee OBICTPYIO pellakcallnio ToKa. [ enapuHbl, UCIIOIb30BaH
HBIE B HACTOSIIEM UCCIIEI0BAHUN, MOKHO PACTIOJIOKHUTH CIEAYIOIIUM 00pa3oM (B
nopsnke yosianus 3gdpexrusHocT): HepAlb> Hep> Hep6000> Hep3000>>
HepDi.

A A

Puc. 12. Bausinue ITA Ha nocTosiHHY10 BpeMeHu peJiakcanuu o-1J1 kaHaJos.
3asucumocms NOCMOSHHBIX BPEMEHU PerlaKcayuu Om KOHYEeHMpayuu 2enapuHos 8
yuc (A) unu mpanc omcexe (bB) suetiku. Cniownsle TUHUU NPOBEOEHBL CO2NACHO
VPABHEHUIO CEA3bIBAHUSL, UCX0O5L U3 NPEONONONCEHUSL O CYULECMBOBAHUU 8CE20 00
HO20 cauma cesa3vieanus, n=3-3.

JlexcTpaH cynb(aTbl TAKXKE OKa3bIBAIOT BIMSHUE HA MOTEHLIUA-3aBUCUMOCTh
a-1JI kanana. OddextuBHocts [JC yBennuuBaercs ¢ yBEIMYEHUEM UX PA3MEPOB:
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BennuuHbl Cs, 6butH paBHbl 220,0 + 30,0 mxr/mi (DSS), 7,2 £ 1,5 mxr/mn (DS10) u
1,7 £ 0,3 mxr/mn (DS500). JIC umerot G0JbIIYI0 OTPULIATENIBHYIO TIJIOTHOCTD 3a
psiaa, YeM renapuHbl, HO OHU 3HAYUTEIHHO MeHee YPPEKTUBHBI 110 BO3IEHCTBHUIO
Ha o-IJI kaHan. D10, cKOpee BCero, CBA3aHO C Pa3IMUUSIMUA B CTPOCHUU MOJIEKYJT
JEKCTpaH Cylb(aroB U renapruHoOB.

[TA, okazaBmuch y Bxoja B a-IJI kaHan, BXOAUT BHYTPb U OJOKUPYET €ro.
Opnako Bompoc, mouyemy, yeM Ooiibliie MOJeKyasipHblid Bec 1A, Tem Oonee oHU
sadextuBHbI (puc. 12), ocraercs OTKpbITBIM. W3 muTepaTypsl U3BECTHO, YTO (hoc
domunuasl, Bimoyas X, BzaumoneiictBytor ¢ I1A (Sagrista et al., 2000; Huster et
al., 1999) Tonpko B NPUCYTCTBUU JIByXBAJIEHTHBIX KATUOHOB, TAK KaK 3TH KaTHOHBI
00pa3yroT MOCTUKH MEXKIY OTPHUIATeIbHO 3apsDKeHHBIME (hochaTHRIMU TpymIaMu
dochomumuaos u cyasparaeivMu rpymmamu [TA (Huster et al., 1999). Kpome Toro,
SKCIEPUMEHTANIbHBIE JaHHbIE CBUIETENILCTBYIOT O TOM, uTo [1A BoOOIIE U rena
PHUH, B YaCTHOCTH, IPOAOIDKAIOT UMETh OTPHIIATENbHBIN 00wt 3apsa gaxe B 100
MM Ca®" pactBope. Tak Kak [/ IeHCTBHA reapiHOB Ha KaHAI TpebyeTcs IpH
CYTCTBHE JIByXBaJCHTHBIX KATHOHOB, MbI MTPEATNOIOKUIN BO3MOXXHOCTh TOTO, YTO



ITA cBsi3pIBatoTCsS ¢ MEMOpPaHOIl B COOTBETCTBUM C MEXaHU3MOM KaJIbIIUEBBIX MO
CTHUKOB, NpeuiokeHHbIM B uTeparype (Huster and Arnold, 1998; Huster et al.,
1999).

CasspiBanue [TA ¢ nunocomamMu BbI3BIBAET IMOSBICHUE OTPULIATEBLHOTO
(-oTeHIMAaIa Ha UX TOBEPXHOCTH. UTOOBI MPOBEPUTH, ABISICTCS JIK TO )K€ CaMOe
BEPHBIM U ISl TENAPUHOB, a TAKXKE JJIs IPOBEICHHS KOJIMYECTBEHHON OLIEHKU CBS
3pIBaHMA UccieayeMbix [TA ¢ MmeMOpaHoii, Mbl u3Mepwin (-nioternman ®X ymmo
COM B OTCYTCTBHE U B IIPUCYTCTBUU TE€IIAPUHOB Pa3HOTO pa3mepa. brimo o6Hapy
’KCHO, UTO IrerapruHbl YMEHBIIAT (-noreHiman @X JUIMOCcoM OT CIIerKa MOJI0KH
TEJTBLHOTO 3HAUCHHMS (B OTCYTCTBUE renapuna) 1o ~ -24 MB (puc. 13A). Uem
OoJibile OBUTH MOJIEKYJIbI TEMAPUHOB, TEM OOJIBIIIE OKA3bhIBAJIOCH UX BIUSHUE HA
(-oTeHnmal. 3aBUCUMOCTD (-TIOTSHITHAIIA JTUITOCOM (pHc. 13A) OT KOHIIEHTpAIHH
renapuHa HaMOMUHAET CXOIHYIO 3aBUCUMOCTD IelapuH-UHIYITUPOBAHHON 0JI0
kaael o-1JI kanana (puc. 12). CymectByeT Koppesius Mex1y 3pGeKTUBHOCTHIO
renapuHoB (nipeAcTaBieHHon kak Cs)) B 3TUX ABYX cucTeMax (puc. 13b).

DT pe3yNbTaThl O3BOJSIOT MPEAOI0KUTH, YTO CHIIbHASI 3aBUCUMOCTD OJIO Kabl
KaHajia 0T MOJIEKy/IsipHOTO Beca [1A oOnsicHseTcs cBsizpiBanueM [1A ¢ mem OpaHoii.
IToxoxe, 94TO Ha MEPBOM 3Tarle B3auMoelcTBUs kaHana ¢ [TA-uonomM, nocieaHui
CBA3BIBAETCA C MeMOPaHOii ¢ momopio Ca’ -MOCTHKOB, 4TO IPHBOAUT K
MOBBIIICHUIO JIOKAJIbHON KOHIIeHTpatuu [1A BOMM3M MeMOpaHbl U, TaKUM 00pa
30M, BOKpYT 0o0acTv BXo/a B KaHajl. biim3ocTh BXoia B KaHa K TOBEPXHOCTH
MeMOpaHbl YBEJIHMUHUBAET BEPOSATHOCTH TOTO, YTO TOTOK MOHOB OyAeT 3a010KHPO
BaH [TA. Cranmmonapnas koHuentpaius [1A ymensinaercs nenuneitno (Peitzsch et
al., 1995) no mepe ynaneHus: oT TOBEPXHOCTU MeMOpaHbl BIUIOTh J0 €€ 00bEMHOI0
3HaYeHus. B pesynbrare, npu oHOI 1 TOM ke KoHUueHTpauuu [1A B o0beme pac
TBOpa UX 3 (PeKTHBHAS CTallMOHAPHASI KOHIICHTpALUs JOKHA OBITh HAMHOTO
BBIILIE Y mpanc BX0Ja (KOTOPBIA MPAKTUUECKH CONTPUKACAETCSI C MOBEPXHOCTHIO
MeMOpaHbl), 4eM y yuc Bxoja (yIaJIeHHOTO OT MOBEPXHOCTH MEMOpaHbl) KaHaa.
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[Tocnennee 0OBACHSET, KaK pa3HUIIA B PACCTOSTHIHA MEXAY MOBEPXHOCTHIO MEM
OpaHbl ¥ BXOIaMU B KaHAJl MOXET ONPEENATh 3aBUCUMOCTh 3 dexruBHOCcTH [TA
OT CTOPOHBI 100aBKH. CBOOOAHBIC MOJMMEPHBIE MOJIEKYIIBI CITy4aifHBIM 00pa3oMm,
B pe3ynbrare quddy3un, MOryT HOAXOJUTh KO BXOy B KaHall, a 3aTeM (BTOpou
sTan B3aumojencTeus [1A/kanain), BXons MOTeHIMAI-3aBUCUMBIM 00pa3oM, 010
KMPOBATH IOCIJIETHAMN.



A

Puc. 13. 3aBucumocTh (-nmoTeHIMAaNa
JIMIIOCOM OT KOHLIEHTPAIIUM FeNMapUuHOB (A) M KOppeJsiuus Mexay
KOHLeHTpauue moay 3¢ ¢exkra renapuHoOB NPU AeiiCTBUM HA JTUIIOCOMbI M HA
o-IJI kanaasl (b). n=3-5

B mecroit mase «MccienoBanue dnacruyeckoi neopmanun o-IJ1 ka
HAJIA) MIPUBE/ICHBI JIAaHHBIC, MTOTYUYCHHBIC PU UCCIICIOBAaHUM OIOKUpoBaHUs o-1J1
KaHaJa 3apsHKeHHBIM KpayH/K  KOMILIEKCOM.

['eoMeTpuyeckre O0COOCHHOCTH BHYTPEHHETO CTPOCHHS MOPbl MOHHBIX KaHa
JIOB B MOJHOCTBIO OTKPBITOM COCTOSIHUM CUYUTAIOTCS, KaK IMPaBWIO, HE 3aBHUCS
IIMMH OT TOTEHIHaNa. XOTS 3TO MPEIINOJIOKEHHE OOBIYHO BEPHO, KEJIATEIHHO
ObUTO OBbI OMpeAeNUTh €ro orpaHuueHus. [loTeHuan-uHIyIUpOBaHHAS DJIaCTUYC
ckas jaedopManus MOXKET MPOSBISATHCS B W3MEHCHUH TPAHCIIOPTHBIX CBOWMCTB Ka
Haja, 4TO 0COOCHHO Ba)KHO B Cydae MOJICKYJ C pa3Mepamu, CPaBHUMBIMU C JUa
MeTpoM MOpbl. OYEBUAHO, YTO KaHAJBI C SIPKO BBIPAKEHHOW HEIMHEMHOCTBHIO 3a
BUCUMOCTHU TOKa OT HAIPSIKEHUS SIBJISIOTCS HauOoJiee BEPOSITHBIMU KaHIUIaTaMu
Ha obOnaganue 3pdeKramMu FMEKTPOCTPUKIIUHU, XOTS, KOHEUHO, HEIMHEMHOCTh caMa
no cebe He 00s3aTENBPHO O3HA4YAeT SIEKTPOCTPUKINIO. UTOOBI HMcclaenoBarh 3Ty
npoOsieMy, Hy>KeH OJJUHOYHBIN MOHHBIN KaHAJI C XOPOIIIO U3BECTHON CTPYKTYpOH H
COOTBETCTBYIOIIHNKN MOJICKYISIpHBIN HHCTpYMeHT. [1oaTomy Mbl BeiOpanu o-IJI ka
HaJl, a IPeACTaBUTEIb OONBIION ceMbH KpayH-3¢upos, 1,4,7,10,13,16-rekcaokca
UKIJI00KTaH (18-kpayH-6) ¢ MonieKynsipHbIM pazmepoM (~ 1,15 HM B auamerpe),



O4YeHb OJIM3KUM K pa3Mepy caMoil y3KOi 4YacTu Topsl (IuaMerp ~ 1,2 uMm), Obu1
BBIOpAH B KQU€CTBE MHCTPYMEHTA JJIS OIEHKH BO3MOXKHBIX U3MEHEHUH B KaHAJIE.
Ha puc. 14 noka3ano, 4To npyu CUMMETPUYHOM 00aBieHuu 18-kpayH-6 B 4M
pactBop KCl MmakcumyMm Or1okupoBKH KaHaa Habmomaercs npu pukcanuu -70 MB.
brnokupyrommuii apdexr 18-kpayn-6 cunbHO acumMmeTpuueH. Korma on
n00aBIsIeTCs TOJNBKO B mpanc 0TceK, 3QMEKT MPaKTHUECKHA HEOTIUYUM OT CUM-
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METpPUYHOTO fo00aBieHus. B To xe Bpems, nobasieHue 18-kpayH-6 TOIBKO B yuc
OTCEK BIIMSET HAa MPOBOAMMOCTh O4€Hb c1ab0. Takoe moBeneHne yKa3bIBaeT Ha TO,
4TO OJIOKUPOBAHME CBA3AHO C 3apsKEHHBIM KpayH/K KOMIUIEKCOM, KOTOPBIA JIETKO
JOCTUTAeT MECTa CBSI3bIBAHUSI CO CTOPOHBI mpaHc BXoja B KaHal. Komruiekc
TPAHCTIOPTUPYETCS A0 caiiTa CBSI3bIBAHUS MTOCPEACTBOM MPHUI0KEHHOTO MOTEHIIU
aja, 60JbIIas 4acTh KOTOPOTO IMaJIaeT B CTBOJIOBOM oOnacTu kaHana. Ha puc. 15
MPUBEJICHA 3aBUCUMOCTb BEPOATHOCTH TOTO, UTO CAWT CBSI3bIBAHUS HE 3aHST

18-kpayH-6, oT norennuana. BepostHocts Obuta paccuntana, kak p [i,=1—- A/ A,
rae Al - KpayH-UHIyUMPOBAaHHbIE U3MEHEHUS B CPETHEM TOKE, MPOTEKAIOIIEM
gepe3 kaHasl U Ai - yMeHbIIICHHE "MTHOBEHHOTO'" TOKa, HHAYIIUPO BAHHOE

<

Puc. 14. Biausinue cummer
pu4yHOi 100aBkM 18-kpayH-6 B
4M pactBop KCl Ha npoBoau
A MocThb o-1J1 kaHnaJa.
IIpeocmasnen pezyniemam mu
NUYHO20 IKCNEPUMEHMA HA 00U
HOYHOM KaHaie.

Puc. 15. 3aBucumMocThb BeposiT
HOCTH «He 0JIOKHPOBAHMS» KA
HaJsa 18-kpayH-6 or ¢pukcupo
A BAHHOI'0 NOTeHUMa A, [[yHk
MUPHAS TUHUS - HAUTYYUAS an
NPOKCUMAYUsi N0 MOOenU
Woodhull onsa bnoxuposarusi
MOKA OOUHOYHBIM dJleMEHMAp
HbIM 3aps0om (Ypaeuerue 2).
CnnowHas 1uHus - annpoxkcuma
Yusl ¢ NOMOUBIO MOOUDUYUPO
BAHHOU MOOEeNU, 8 KOMOPOU
npeononazaemcs ynpyaas oe
dopmayus 6 3agucumocmu om



Quxcuposanno2o nomenyuaa.
n=3-5

Jlnst aHanu3a mporiecca OJIOKMPOBaHUS MBI MCIONB30BaH Moaenb Woodhull
(Woodhull, 1973; Hille, 1992) B o60o6mennom Buae (Tikhonov and Magazanik,
1998). Hekoropble W3 OCHOBHBIX TPEOOBaHWN K MPUMEHHMOCTH STOTO ITOIXO/a
COCTOAT B TOM, YTO OJIOKaJia MPOBOJUMOCTH PEAreHTOM HE SBJISETCS PE3yIbTaToOM
KOOTIEPATHBHBIX aJUIOCTepUUIeCKuX d(H(PEKTOB Mpu N3MEHEHUN KOH(POpMAITUN
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Oenmka ¥ 9TO OJOKHUPYIOIINE MOJEKYNBI ACHCTBYIOT HE3aBUCHMO JpPYT OT JIpyTra, 3a
WCKITFOUEHUEM WX KOHKYPCHIIMH 3a CaWT CBsI3bIBaHUA. J[aHHBIE, TpUBEIACHHBIC B
pabore (Bezrukov et al., 2004) u Hamm cOOCTBEHHBIE PE3YJbTAThl MO3BOJISIOT
NPEITOI0KHUTH, YTO 3aBUCUMOCTD, TIPEJCTABICHHAS HA pUC. 15, HAXOAUTCS B MOJT
HOM COTJIACHH C 3TUMU TpeOoBaHusIMU. OrpaHUUYeHUE, HaJlaraeMoe PaBHOBECHOM

TepPMOIMHAMHKOI Ha KOHCTaHThI cKopocTH (%2
00

01
k k k k, nugexc 0 OTHOCUTCS K
1,= __
HYJII0  OPUIOKEHHOTO  IMOTEHIMana), HW3BECTHO KaK  MHKPOCKOIIHYECKast
00paTUMOCTh WIJIM JIOKAJIbHOE paBHOBecHe. M3-3a 3TOro orpaHuYeHus, B Clydaec
CUMMETPHYHOTO J00aBICHUS OJIOKAaTOpa TOKA B BUJC OJMHOYHOTO 3JIEMEHTApHOTO
3apsiia, BEPOSITHOCTH TOTO, YTO KaHaJ He 3a0J0KHPOBaH, MOKET OBITH ONMKCAaHA KaK
byHKIHs Oe3pa3MepHOro MOTEeHIInaja W =¢e / kT(¢ - TpancMeMOpaHHBIIH

MOTCHIIMA, € - 3aps AIEKTPOHA, k - mocTosiHHast bonbiMana, T - abCoIrOTHasS

TeMIeparypa):
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SIBJISIOTCS JIOJISIMU TIOTEHIMAa, (PUKCHPOBaH
MOTEHIIMAIa KOHCTAHTHI, O, 0,, K 0,

HOTO Ha MeMOpaHe, KOTOPbIE COOTBETCTBYET MOJIOKEHUIO yuc Oapbepa, MUHUMYMY
u mpanc 6apbepa; C- KOHUEHTpauus 0JI0KaTopa.

[IpuHrMasi BO BHUMaHUE BHYTPEHHIOIO T€OMETPHUIO KaHalla, JaHHbIE, OMyOIH
xoBaHHbIe pyrumu aBropamu (Howorka and Bayley, 2002) u Hamm coOCTBEHHBIE

) 6sut0 mpuHsATO paBHbIM 0,8. Eciu me
OIICHKH, pacCIoJIOKeHHe yuc Oapwepa (J,

) HEe (PpUKCUpPOBATH, TO OH, YAIlEe BCETO, MPHU
CTOpacmojioKeHue mparc O6apwbepa (J,

HHUMACT HEPCAJIbHOC OTPULATCIILHOC 3HAYCHUC. Tak 4TO MBI IIPUHAIN, YTO 5tpaBHO

HYJII0, TIOCTaBUB Oapbep MMEHHO Yy mpaHc BXoAa B KaHai. B pesynwrare, sTa

- JI0NIl TpaHCMeEM
(GYHKIMST COAEPKUT TOJIBKO TPU CBOOOJHBIX MapameTpa: d,

OpaHHOTO MOTEHIMaNa, KOTOPbI ACHCTBYET Ha OJIOKUPYIOUIUI KOMIUIEKC, 8 TaKkKe
napametrpbl 4 U B. Haunydiine annpokcumalyyd ypaBHEHUS (2) [Uisl TaHHBIX Ha
puc. 15 nokazaHbl MyHKTUPHBIMH JIMHUSMU. JDTH TEOPETUUECKUE KPUBBIE HE TOUHO
OMKCHIBAIOT JIKCHEPUMEHTAIbHBIE TOYKH, HO 3TO HE CBS3aHO C OTHOCUTEIHHO
OONBIIMMH OIIMOKAMU U3MEPEHUN MPHU MaJbIX U MOJOXKHUTEIBHBIX HANPSIKEHUSIX.
YToObl MOTYUYUTH JIydIllee COTNIacue ¢ MOEIbI0, Hal0 MPUHATH ONHO (WK 00a) u3
craemyromux asyx npeanonoxkenuit: (I) 3apan xpayn/K 'kommiuekca Gonblie, 4em
enunauia; (II) mpunoxeHHbI MOTEHIIMAN MPUBOAUT K CTPYKTYPHBIM AehOopMaIfsam
MOPBI U, KaK CIEACTBUE, K U3MEHEHUSIM B3aUMOJCUCTBUS 18-KpayH-6 C MOpOM, 4TO
HE y4uThIBaeTca Gpopmynoi (2).
YToObI BHIOPATh MEXKY 3TUMH JIByMS IPEOIOKEHUSIMU, 3aMETUM CHaJaJIa:
TBEPO0 YCTAHOBJICHO, YTO KOMILUIEKC MKy 18-KpayH-6 U noHAMU Kalus 00pazy
etcs B npornopiiuu 1:1 (Rounaghi et al., 1997), Tak 4To npeanoiioxkeHne «o1H 3a
P Ha OAMH OJOKUPYIOIINIA KOMIUIEKC) BIOJIHE ONpaBaaHo. /aHHbIe, mpeacTas-
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JeHHbIE Ha puc. 15, Mody4yeHbl MpHU CPaBHUTEIBHO HEOONBIION KOHIICHTpPAIIUU
18-kpayn-6. Takum oOpa3oM, TMEpBOE W3 HAIIUX MPEAMNOI0KESHUH MOXKET OBITh
IIPOUTHOPHUPOBaHO. BTOpOoe 3akirodgaeTcss B TOM, YTO OTPHULATEIBHBIN MOTEHINAI
yYMEHbIIAeT BBIXOAHOW Oapwep mns 18-kpayH-6 C yuc CTOPOHBI KaHaia 3a CUET
YBEIMYEHUS pa3Mepa "TeoMeTpudYecKH y3Koro Mecra". JIeCTBUTENBHO, €CIIH pa
JINYC CY>KEHHS B TOYHOCTH PAaBEH WJIM MEHbIIIE, ueM paauyc 18-kpayH-6, 6apbep



OCCKOHEYHO BENIMK M MOJIEKYJIA KoMILIekca kpayH/K ™ He MOYKET IIPOMTH KaHaJl.
Ecnu pagnyc cyeHusl yBEIMUUBAETCS IPU OTPULIATEIbHBIX TOTEHIIMAJIAX, TO BBI
cota 0apbepa ObICTPO YMEHBIIAETCS, UTO oOeryaeT Bbixo/ 18-kpayH-6 U3 kaHana
C yuc CTOpoHbL. B 3T0i1 Moguukamm Moaenu napaMmerp B SBIsSeTCs MOCTOSTH
HBIM, a TapaMeTp 4 Teneps ABiseTcs GyHKIUEH MOTeHINala U YBETUYUBACTCS
npu pUKCALUK OTPUIIATENILHOTO HanpsbkeHus. B kauecTBe ofHOM U3 BO3MOXKHO
CTEH onucaHus TITYOUHBI SIMbI U/WJIM U3MEHEHUS Oapbepa MPUIOKEHHBIM IMOTEH
IIMAJIOM MBI BEIOpAJIN SHEPTHUIO B3auMoieiicTBus Ban-nep-Baansca mexay
kpayn/K komiiekcom u crenkamu opsl. Torna paauyc-3aBUCUMBbIE B3aUMOJIEH
CTBHUS MO>KHO BBIPA3UTh YEPE3 N3BECTHHIE KOHCTAHTHI NOTEHIMANA JIeHHapaa
Jl>xoHca juist mapbl Bogopoa-soaopon (Allen and Tildesley, 1989). Ilpennonaras
PEATUCTUYHYIO 3aBUCUMOCTh PaJinyca NEPETSHKKU OT MOTEHIMaa, KOTopas Kaye
CTBEHHO COBMECTHMMA C U3BMEHEHHUSIMU TPOBOAMMOCTH KaHajia, Mbl IPUXOIUM K pa
3YMHOMY COIVIACHIO MEXAY MPEACKA3aHUEM MOJENH U Pe3yJIbTaTaMu SKCIIEPUMEH
ToB. [Ipu TakoM Mojx0/1e HAMU YCTAHOBJIEHO, YTO TOJBKO MPEATOIoKEeHNEe 00 U3
MEHEHUHU Oapbepa MO3BOJSET COOTHECTH CAUT CBSI3BIBAHUSA C Y3KOM YaCThIO OPbI
(0,,~0,7) 1 oueHn masieHbkoe (~ 0,08 HM) dITaCTUYHOE U3MEHEHUE pauyca dTOU
YacTH KaHaja CIOCOOHO U3MEHUTh SHEPIHIO CBA3M MPUMEPHO Ha JABE €IUHULIBI kT
Y YCTPAHUTDh PACXOKIECHUE MEXIY MPEACKA3aAHUSIMU MOJEIN U 3KCIIEPUMEHTaMU.
KpuBas, mpoBeaeHHas C y4eTOM TaKMX U3MEHEHUI BO B3aUMOAEHCTBUU | 8-KpayH 6
U TIOpBI, IOKa3aHa Ha puc. 15 crutomHon auHuel. JleiicTBuTenbHo, (pakTuyeckas
BEJIMUMHA YBEITMYCHHSI PAJNyCa, BRI3BAHHOTO MOTEHIIMAJIOM, 3aBUCUT OT IPHUOIH
KEHUSI, KOTOpOE UCTIONIb3yeTcs st cuil Bau-nep-Baansca. Hanmpumep, 66110 moka
3aHo (Parsegian, 2005) nis reomeTpuii "uauHap B uauHape" win "cdepa B
cepe", uTO B3aUMOICHCTBUE MOXKET OBITh BHIPAXKEHO KaK 0OpaTHasi 3aBUCUMOCTb
BTOpOU cTeneHu. PaccunThiBast 3Ty 3aBUCUMOCTh, MOXKHO MOJyYUTh OOMBININE U3
MeHEeHHs paauyca. Takum o0pa3oM, Hallla TUIIOTE3a O POJIH IEKTPOCTPUKIIUU B
TPaHCIOPTHBIX cBOMcTBax o-1J] kaHana mo3BosIeT OOBSICHUTH HAOIIOIAEMYIO IO
TEHIMaJ-3aBUCUMOCTh KaK OCTaTOYHOM aCUMMETPUHU MTPOBOAUMOCTH, TaK U OJI0
KkupoBaHug 18-kpayn-6 (puc. 15). B 00oux ciyyasx npeanoyiaratorcs mocTenex
HbI€ HENPEPBIBHBIE AACTUYHBIE U3MEHEHUS B CTPYKTYPE HOHHOI'O KaHaja, IIpo
NOPLIMOHAIBHBIE TPUIIOKEHHOMN CUJIE. DTO MPUHLIUIHNAIBHO OTINYAETCS OT U3
BECTHBIX "BOPOT KaHAJIOB", KOTJ]a MHAYLIMPOBAHHBIE MOJIEM KOHPOPMAIIMOHHBIE
M3MEHEHUS SBJSIOTCS TUCKPETHBIMU U YACTO YIOMHMHAIOTCS KaK IIPOLIECCHI TUIIA
"Bce wiu HUuYero'". B HallleM HcciieI0BaHUU MbI TPEANON0KHIIN, YTO BUTUMBbIE
U3MEHEHUS B PaJNyCe MOPHI MO/ JEUCTBUEM MPUIIOKEHHOTO 3JIEKTPUUECKOTO TOJIS
SIBJISIFOTCS JIOKAJIbHOW DJIEKTPOCTPUKIIUEN. MBI MOKEM IIPEIIOKUTH BO3SMOXKHYIO
MEXaHHUCTUYECKYIO MOJIEIb IIACTUYHOM Aedopmaliiu B 30He cyxeHus o-1J] ka
Hana, rae Lys147 nepememaercs npu ¢pukcauuy NOTeHIMANA, yBEIUYUBAs 1A~

56

METp KaHaja B 3TOW MO3UIIMK U 00JIerdasi, TeM caMbIM, BbIXoJ 18-kpayH-6, korma
OTpHULATEIbHBINA 3HAK MOTEHIMANIa (PUKCUPYETCS Ha yuc CTOPOHE, UM YMEHbIIIasl
JUaMeTp KaHaja U 3aTpyIHsAs TpaHcnopT 18-kpayH-6 npu puKcalu Moa0Ku
TEIBHOrO MoTeH1uana. TeM He MeHee, TPUBEACHHBIE OLIEHKH IMOKA3bIBAIOT, YTO



TUII0TE3a 3JICKTPOCTPUKIINY, BBIIBUHYTAs B HAIIIEM MCCIICIOBAHUH, SIBIISICTCS 10
CTaTOYHO MPaBIONOI00HOA.

BbIBO/IbI

1. BriepBblie MOAMGMUITIPOBAHHBIM METOAOM MOJIUMEPHOTO 30HIUPOBAHUS
YCTAHOBJIEHO, YTO:

a) TuaMeTphl IByX BXxoa0B o-1JI kaHana 6Iu3Ku Ipyr K ApYyry U paBHbl 2,6/2.4
HM (yuc/mpanc). o-I'JI kanam uMeeT 2 y3KUX ydacTKa: OCHOBHOE CY)KEHUE
auameTpoM 1,3 HM, pacnoioK€HHOE TPUMEPHO B LIEHTPE KaHalla U BTOPOE, 1A
MeTpoM 1,8 HM, pacmiofio’keHHOE OJMKE K yucC BXOAY B KaHA,

0) nuameTtp yuc Bxona VCC kanana paseH 1,9 uM, a mparc Bxona 1,6 HM,
BHYTPH KaHaja UMEETCS OJTHO CyKEeHHUe AuameTpoM 1,2 HM;

B) JAMAMETPBl yuc U mparc BXoJoB MOHHOTO KaHaia VDAC B BBICOKOIIPOBO
namem cocrosHun paBHbl 2,0 m 4,0 HM, coorBercTBeHHO. lIpm mepexone B
HUBKOIIPOBOJSIIEE COCTOSTHME JHUaMETPbl O0OMX BXOJOB YMEHBINAIOTCS W
CTaHOBATCA paBHbIMU 1,8 U 2,4 HM, cOoOTBETCTBEHHO. CyMMapHOE€ YMEHbIIEHUE
o6beMa KaHana paBHO ~10 HM®, 4To cocTapnseT okono 40% oT obmero o6bema
MOPBL.

2. [lertanbHO€ cpaBHEHHUE, IPU (PUZHOIOTMUECKUX YCIOBUSIX, OMOPU3NIECKUX
CBOMCTB Makcu-aHMOHHOTO KaHana u VDAC mokasano, 4to oHU (POPMHUPYIOTCS
pa3HBIMU OeJIKamMHu.

3. BrmiepBble, METOJOM LUCTEUH-CKAaHUPYIOIIETO MyTareHes3a, JOKa3aHo, 4YTO
noOaBiieHre B CTPYKTYpy a-1J] kaHama JOMONHUTENBHBIX OTPULIATEIBHBIX 3apsI0B
M3MEHSAET €ro cnabo AaHMOHHYIO CEJNEeKTHMBHOCTh HA CHIJIBHO KaTHOHHYIO, a
no0aBlieHWe TOJOXHUTENBHBIX 3apsA/IOB  3aMETHO YBEIWYMBACT AaHUOHHYIO
CENEeKTUBHOCTh. CTENEHb ATHUX HM3MEHEHUN 3aBUCUT KaK OT paJuyca KaHaia B
TOYKe J00aBJIEHHS HOBOTO 3apsja (YTO MPEUMYLIECTBEHHO BIUSET HA MOHHYIO
M30UpaTEeNbHOCTh), TAK W OT PACIOJOKEHHUS 3apsA0B BIOJIb NPOAOIBHOM OCH
KaHasa (B OCHOBHOM H3MEHSET BOJBT-AMIEPHYIO XapaKTEPUCTUKY). ITHU
pe3ynbTarhl JIEMOHCTPUPYIOT, 4YTO CYMMAapHBIM 3aps] CTEHKH TIOpbl HECET
OTBETCTBEHHOCTh 3a KAaTMOH-aHUOHHYKO CEJIEKTUBHOCTh o-IJI kanHama, a
MOJIOKEHHE 3apsAjla y BXOJa B TMOpY SBISIETCS OCHOBHBIM  (DAKTOPOM,
onpenesonuM (HopMy BOITBT-aMIIEPHBIX KPUBBIX.

4. Pa3zpaboTaH HOBBIII METOJ| OINpPEAETCHUS CTEXHOMETPUH OJIUTOMEPHBIX
MOHHBIX  KAaHAJIOB, OCHOBAaHHBIM TOJBKO Ha  AJIEKTPOPHU3NOIOTHYECKUX
n3MepeHuax. C moMoOIIbI0 HEr0 yCTaHOBJIEHO, uTo o-IJI kaHan, copMupoBaHHBIM
B OMCIIOMHON TUMUIHON MeMOpaHe, SBISETCS TeNTaMepoM.
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3. yCTaHOBJ'IeHO, 4dTO MOJICKYJIa IIOJIMAHHOHA BXOAUT B IIOPY 3a CUCT
QJICKTPOCTATHYCCKUX CHII H (1)I/IBI/I‘I€CKI/I 6J'IOKI/Ipy€T MMPOXOKACHUEC HOHOB.



BepOHTHOCTB 6J'IOKI/Ip0BaHI/ISI o-I'JI kaHana morMaHMOHAMHU 3aBUCHUT:

a) OT TPUCYTCTBUS U KOHIICHTPAIMH JIByXBaJCHTHBIX KAaTHOHOB, KOTOPHIC IO
3 (EKTHBHOCTH pacHoNaraloTca B clenyromeil mocnenoparensaocT: Zn® > Ca*
>M g2+;

0) OT KOHIIEHTpAIlM{, MOJCKYIIPHOW MacChl W CTPYKTYpPHI IOJTHAHHOHOB;
3¢ (HEKTUBHOCTD BIMSHUS TIOJTMAHUOHOB HA KaHAJl KOPPEITUPYET C UX BIUSHUECM Ha
{-noteHIman MeMOpaH;

B) OT CTOPOHBI J100aBKU MOJIMAHMOHOB, UX J00aBKa CO CTOPOHBI MPaHC BXOIA
KaHaja Oornee 3(PQPEKTUBHA, YTO CBSI3aHO C ACUMMETPHUYHBIM cTpoeHHeM o-1J1
KaHaJja.

6. BmepBrie nokazaHo, 4TO (DUKCHUPOBAHHBIH Ha MeMOpaHe MOTEHIIHUAI
BBI3BIBACT AMMacTUYECKyto Aedopmaruio o-1J1 kaHanma, 9T0 0OBACHSAET OCTAaTOUHYIO
ACHMMETPHIO €r0 BOJIBT-aMIIEPHON XapaKTEPUCTUKU MPU BBICOKUX KOHIIEHTPALIUSIX
COJIM U 3aBUCHUMOCTbH €ro OJIOKMPOBKHU KOMIUIEKCOM 18-KpayH-6 ¢ KaTHOHOM Kajus
OT MOTEeHIMAaNIA.
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ANNOTATION OF DOCTORAL DISSERTATION

Topicality and relevance of the dissertation topics. One of the major
problems in modern biophysics is to study the relationship of structure and
function of ion channels formed by proteins. On one hand, the ion channels are
nanoscopic pores which exhibit selectivity to ions, ability to selectively transport
through the membranes different molecules or respond to them by changing their
own properties. On the other hand, some organisms (including highly pathogenic
ones) produce proteins that are capable to spontaneously integrate in the host cell
membrane and form there ion channels de novo. Not only clinical symptoms of
various infectious diseases, but also compositions of medium in which the cells
and bacteria exist depend on these proteins. Therefore, nanopores formed by
proteins attracted attention of researchers of all over the world, both in terms of
basic principles of biophysical and physiological functioning of living cells, and
from the practical aspect, as there are ideas for their use as nano sequencers,
components of nano-filter, biosensors and other nanodevices. The data on what
structural characteristics affect nanopore functioning and how selectivity depends
on their structure and amino acid composition may help in designing nanopores
with predetermined properties.

In international publications, scientists noted that knowledge about the struc
ture of protein nanopores and its impact on their properties, can help both in the
development of modern medicine and the development of nanodevices used in
modern devices. Most researchers believe that a-hemolysin (a-HL) is the most
promising ion channel as a basis of these instruments, and therefore, a large num
ber of papers devoted to the studies of the properties of this channel have been
published. The ability of a-HL to form water-filled transmembrane pores in bilayer
lipid membranes was first discovered over 35 years ago in Uzbekistan.

This dissertation research to a certain extent is the implementation of the tasks
stipulated by the Joint Statement between Uzbekistan and Japan signed in
February. Compliance of the investigation with Priority Directions in Science
and Technology of the Republic of Uzbekistan. This study was performed
according to the priority directions of development of science and technology of
the Repub lic, V: «Agriculture, biotechnology, ecology and environmental
protection». Review of international scientific research on the topics of
dissertation. Research addressing the relationship of structure and function in
protein pores us ing modern methods are being carried out in the world leading
research centers and higher educational institutions including the University of
Manitoba (Italy), Co lumbia University, University of Chicago, University of
Maryland (USA), Na tional Institute for Physiological Sciences (Japan), Institute of
Biophysics of Cells (Russia).

As a result of research carried out in the world on the structure of the protein



nanopore, a number of scientific results have been obtained including: the pro
posed structural model of the voltage-dependent anion channel (VDAC) and its
functional features (University of Manitoba, University of Maryland), a crystal
structure of the cytolysin of V. cholerae El Tor (Columbia University), the finding
that the a-HL is a heptamer and its crystal structure (University of Chicago).
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In the world, the studies on ion channels are being performed in a number of
priority areas including the relationship of structure and function in mechanosensi
tive and TRP channels, studies on the potential-dependent changes in the internal
structure of the channels, which can be found upon the influence of various organic
molecules which affect the properties of the nanopore, the studies of the channels
formed by toxic proteins focused on the study of a-HL and porins of Mycobacte
rium smegmatis, which are the most promising in terms of creating new nano se
quencers.

Degree of study of the problem. Synthesized by the bacterium Staphylococ
cus aureus, a-HL is currently one of the most studied and promising proteins that
form a nanopore. Therefore, the protein is an ideal model system in the studies of
nanopores whose structure can be altered by molecular biological techniques, for
example, by site-directed mutagenesis, through which one can alter the number and
location of the main charges inside the nanopores and/or at the pore entrance. The
scientific works of foreign scholars, prof. H. Bayley and Dr. J. Kasianowicz, stud
ied in detail the internal structure of the nanopore formed by a-HL and its influ
ence on the passage of various molecules directly into the lipid membrane. Cytoly
sin V. cholerae El Tor has been studied in detail under the guidance of prof. S.
Bhakdi. The voltage-dependent anion channel of natural membranes, which plays
an important role in the transport of molecules across cell membranes, as well as in
apoptosis has been studied in detail by Prof. M. Colombini. The maxi anion
channel has been studied by a team led by prof. Y. Okada.

The study of 1on channels in our country have been performed under the lead
ership of akad. B.A. Tashmukhamedov, professors P.B. Usmanov and R.Z. Sabi
rov. Particularly, a-HL and the latrotoxin of the Black Widow Spider venom have
been investigated and a number of new toxins acting on the membrane lipid back
bone and blocking the sodium channels of excitable membranes of vertebrates and
arthropods have been identified.

Relation of the Dissertation to the thematic scientific research plans of the
Institution. This work has been carried out in accordance with the research themes
of the Laboratory of Molecular Physiology, Institute of Bioorganic Chemistry of
the Academy of Sciences of Uzbekistan within the fundamental research projects:
"The study of geometrical parameters of the water pore of ion channels formed by
several protein toxins and proteins isolated from natural membranes and some abi
ogenic factors" (1997-1999); F-4.1.3 "Studying the properties of ion channels and
transporters in artificial and natural membranes and their role in regulation of cell
volume" (2003-2007); FA-F3-T112 "Biophysical mechanisms of regulation of the
volume of animal and plant cells" (2007-2011); FA-F5-T080 "Molecular Physiol



ogy and Biophysics volume-activated ion transport" (2012-2016). Also, within the
research topics of the Laboratory of Membrane Biophysics of the Department of
Biophysics and Radiobiology of the Federal University of Pernambuco (Brazil) and
within the framework of the Memorandum of collaboration between the Insti tute
of Bioorganic Chemistry of the Academy of Sciences of Uzbekistan and the
National Institute of Physiology of Japan.
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The aim of research work is to conduct structural and functional analysis of
nanopores formed by different proteins.

Tasks of research work in connection to the purpose of investigation:
determination of the radius of the pores along the axis of an ion channel;
determination of radii of water pores formed by VDAC in its high- and low
conducting states;

development of a new method of determination of the stoichiometry of na
nopores; studying by cysteine-scanning mutagenesis the effects of different amino
acids that constitute the molecule of a-HL on the ion-conductive properties of na
nopores;

probing, by cysteine-scanning mutagenesis, the effects of chemical modifica
tion of amino acids on the channel ion-conductive properties;

studying the effects of polyanions and crown ethers on ion-conducting prop
erties of the a-HL nanopore;

testing the hypothesis that maxi-anion channel belongs to a family of VDAC
proteins.

The object of study is the ion-conductive nanopores formed by proteins.
Subject of research - the dependence of the properties of the nanopore on the
protein structure and amino acid composition.

Methods of research. We used modern electrophysiological and biochemical
methods of research, such as the formation of bilayer lipid membranes by the
method of Mueller and Montal-Muellerl, measuring the electrical parameters of the
membranes in a voltage-clamp mode with full computer control, methods for iso
lating proteins, as well as the method of cysteine-scanning mutagenesis. Computer
program Origin, versions 5 and 8.6 were used for data analysis; for building the
molecular models, we used the programs Swiss-PDBViewer, Ver. 3.7 and CS
Chem3D Pro (CambridgeSoft, Cambridge, MA).

Scientific novelty of the dissertation work includes the followings: for the
first time, using the method of asymmetric application of non-electro lytes, it has
been shown that the changes in the pore radius along the axis of the ion channels
can be detected;

it was found that the radius of the VDAC ion channel changes upon transition
from one to other conduction state;

it was found that the properties of ion channels depend not only on the sign of
the charge of the charged groups distributed within a channel, but also by their lo
cation along the longitudinal axis of the channel;



a novel method for determining the stoichiometry of channels formed in situ
has been proposed;

it is established that the maxi-anion channel does not belong to the family of
VDAC proteins;

for the first time, it was demonstrated that blocking of ion channel by poly
anions depends on their size and concentration of divalent cations; it was found
that the potential clamped on the membrane causes an elastic de formation of the
a-HL pore.
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Practical results of the study. A new method of determining the
stoichiometry of oligomeric nanopores in situ, which allows to determine the
stoichiometry of the 1ion channels in conditions as close as possible to the
physiological has been proposed.

Reliability of the results is based on the fact that the experimental results
were obtained by using modern methods of investigation. The conclusions were
made based the results processed using the modern methods of mathematical
statistics.

The scientific and practical value the study results. The data presented in
this work are primarily of fundamental interest because they allow identification of
protein-dependent properties of nanoscopic pores and their relation to the structure
and amino acid composition, and thus help to create nanopores with properties re
quired for the creation of various nanosensors. The results obtained will find prac
tical application in nanotechnology as a basis for development of nanosensors,
nano sequencer components, nano-filters, biosensors and other devices used in
modern devices; they are of interest for the pharmaceutical, biomedical research to
develop nanoscopic pore blockers.

Implementation of results into practice. The new biophysical methods of
determination of structure of ion channels under physiological conditions: have
been acknowledged by the SOKENDALI University and the National In stitute for
Physiological Sciences and employed for the studies of structure of pro tein
nanopores (Reference of the SOKENDAI University of March 10, 2016, Ja pan,
Kanagawa). The new biophysical methods have also been acknowledged by the
Academy of Sciences of Uzbekistan (Reference of the Ac. Sci. RUz of March 10,
2016). These methods allow determination of the radius of oligomeric ion channels
and establishing their stoichiometry.

Base on the changes of ionic current through protein nanopores, at the De
partment of Biophysics and Radiobiology of the Federal University Pernambuco,
Brazil, a nano-sensor has been developed, which allows detection of highly toxic
proteins — microcystins (Reference of May 2, 2016 of the Department of Biophys
ics and Radiobiology). This nano-sensor gives a possibility of determination of cy
clic peptide toxins in hemodialysis systems.

Approbation of the work. The results of the studies were presented at the XI
XVIII and XX Annual Meetings of the "Federation of Societies for Experimental



Biology» (FESBE) (Brazil, 1996-2003, 2005); 43", 44™ and 48" Annual Meetings
of the American Biophysical Society (USA, 1999, 2000, 2004); IV Biophysical
Congress of the Southern Cone (Campinas, Brazil, 2000); 4™ International Work
shop on pore-forming toxins (Trento, Italy 2000); 5™ International Seminar on the
pore-forming toxins (Mainz, Germany, 2004); 87" Annual Meeting of Japan Soci
ety of Physiologists (Morioka, Japan, 2010).

Publication of the research results. On the dissertation theme, 38 publica
tions including 14 primary research papers, all in international journals recom
mended by the Supreme Attestation Commission of the Republic of Uzbekistan for
publication of basic scientific results of doctoral dissertations.

The structure and volume of the thesis. The dissertation consists of an In
troduction; six Chapters, Conclusion, and the List of the used references. The vol
ume of the thesis is 198 pages.
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MAIN CONTENT OF DISSERTATION

In Introduction, the urgency and demand of the theme of dissertation is em
phasized, the purpose and problems, and also an objects of research are formulated,
conformity of research to Priority Directions of Development of Science and
Technologies in the Republic of Uzbekistan is stated, scientific novelty and practi
cal results of research are formulated, reliability of obtained results is proved, the
theoretical and practical importance of the obtained results is described, practical
applications of the research results are noted, and information on previously pub
lished works and dissertation structure is presented.

In the first chapter, ""Structure and properties of the investigated channel
forming proteins", a detailed review of the literature dealing with all the na
nopores studied in this thesis is presented, the information about their structure and
functions is provided, and the modern data on the structure and properties of pro
tein channels studied in this thesis is given.

The second chapter, "Preparation of channel-forming proteins and meth
ods of their investigation", describes in details methods for obtaining of all used
proteins and clearly outlines the employed electrophysiological methods.

In the third chapter, ""The polymer probing of ion channels", the results of
research to determine the ion channel radius are presented.

Synthesized by the bacterium Staphylococcus aureus, the exotoxin a- hemoly
sin is a water-soluble monomer. The polypeptide constitutes a 293-residue single
chain protein with a molecular mass of 33.2 kDa. Seven molecules of a -toxin form
one transmembrane channel (Gouaux et al., 1994).

To gauge the size of each entrance of the a -toxin channel and to probe the
geometry of the channel lumen, we measured the channel conductance with poly
meric nonelectrolytes added to the cis or trans side of the BLM. With this purpose,
we calculated the averaged conductivities of major pools of single ion channels in
the presence of test non-electrolytes at cis (g ) or trans side (g™™) of the channel.
For more precise estimation of the pore size, we analyzed the dependence of pore



filling on the polymer hydrodynamic radius. To deduce pore structural features, we
introduced the polymer filling factor, F(w), which describes the ratio of the pore
length that is accessible to a polymer of a given molecular weight, w, to the total
pore length L. Under equilibrium conditions (symmetrical application of poly
mers), a filling factor of 1.0 would correspond to equipartitioning, that is, to a large
pore in the presence of small polymers that occupy all of the volume of the pore
with a concentration equal to that in the bulk. Filling factor F (w) was calculated
by the following equation (Krasilnikov et al., 1998):
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where g, and ¥, is the channel conductance and solution conductivity in the
presence of impermeant polymers, g(w) and X(w) is the channel conductance and
solution conductivity in the presence of polymers of different molecular weight, w.
As expected, the filling, F (fig 1.), is dependent on the hydrodynamic radius of
polymer molecules. In both cases, the maximum values of F observed in the pres-
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ence of the smallest nonelectrolyte are close to 0.6. In this case, there is no con
striction inside the channel lumen that is narrow enough to stop the flux of glycerol
molecules through the pore. When polymers with larger hydrodynamic radii were
used, we observed significantly different values for F“ and F™®, indicating an
asymmetry in the o -toxin channel geometry. In both cases, the dependence of
filling on the hydrodynamic radius of polyethylene glycols (PEG) shows a biphasic
behavior, which, in the case of a cylindrical geometry, suggests the presence of a
constriction(s) in the channel lumen.

Ftrans

Fig. 1. Dependence of F** and
on polymer hydrodynamic radii.
The error bars are equal to or smaller
than the symbols used. Arrows indicate
the radii values at critical points. The
solution contained 100 mM KCI, 5 mM
Tris / citrate, pH 7.5, 20% PEG. Each
point is obtained by plotting histo
grams of the distribution of the channel
amplitudes (n = 150-300) in the ab
sence and presence-polymers.



In the cis filling experiments, the lowest level of filling (F* ~ 0) is observed
for the largest PEG used. Molecules with radii larger than 1.22 nm do not enter the
channel from the cis entrance at all. It can be seen (Fig. 1) that a decrease in poly
mer size leads to a progressive, but biphasic, increase in filling. This behavior sug
gests that the size of the channel pore does not change smoothly from cis to trans
opening. Three straight lines can fit this part of the dependence (from right to left).
The first line fits a pronounced slope observed for molecules, the radii of which
varied from 0.9 nm to 1.22 nm. The second line fits a relatively long plateau of the
dependence with F** =0.36. The third line fits the slope of the dependence that is
measured for molecules with sizes between those of glycerol and PEG300 (r
=0.31- 0.6 nm) when filling increases from 0.36 to its maximum value of 0.6. We
argue that the interception between the first line that fits the slope of the falling
part of F* dependence and its lowest invariant part (F**= 0) gives the radius (1.26
nm) of the channel cis opening. The interception between the first and second lines
(0.9 nm) gives the radius of the first constriction as seen from the cis side opening.
Polymers of this and smaller sizes fill the part of the pore between this and the
second (with a smaller aperture) constriction, with partitioning independent of
their size. Their size gets smaller than the aperture of the second constriction at the
intersection of the second and third lines at 0.6 nm. Thus, we first deduce the
decrease in the channel radius from 1.25 nm to 0.9 nm; then after this point, the ra
dius stops decreasing until the main constriction (r =0.6 nm) is reached. The pres
ence of a relatively long intermediate invariant part of the dependence with F°*
=0.36 means that molecules of PEG with hydrodynamic radii varying from 0.9 nm
to 0.6 nm are equally effective in filling the channel pore. Their penetration
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along the pore axis is restrained by the major constriction. The relative position of
this constriction, as seen from the cis side opening, can be approximately estimated
by the ratio of filling value for this plateau and its maximum value (Krasilnikov et
al., 1998) as 0.36/0.6= 0.6.

In the trans filling experiments, polymer partitioning also shows biphasic be
havior (Fig. 1), although it is much less expressed. As in the case of cis filling ex
periments (see above), molecules with radii larger than 1.22 nm do not enter the
channel from the trans opening at all (F***=0). Complete polymer exclusion from
the pore is observed for almost the same PEGs as for the cis filling. This demon
strates that the size of the trans opening is close to the size of the cis opening.
Again, a decrease in polymer size leads to a progressive increase in filling. The de
creasing part of the dependence F™" can be divided into four regions approxi
mated by four straight lines. The first (from right to left) line fits an extended slope
observed for molecules, the radii of which varied from 0.8 nm to 1.22 nm. The in
terception between this line and the lowest invariant part of the dependence F™"
indicates the radius (1.24 nm) of the trans opening of the channel.

In the range of sizes between glycerol and PEG300 (r 0.31— 0.6 nm), for the



reasons that we do not know, F™ and F°* differ qualitatively. While cis filling still
grows as probing molecule size decreases, trans filling saturates to its maximum
value at the size of PEG300. The biphasic features of the frans filling are poorly
expressed. Among the tentative conclusions would be the existence of the main
constriction of 0.7 nm radius. Its position along the pore axis would be predicted as
close to the cis opening of the pore because of the high filling value (0.4) at this
radius.

Our simplified analysis of the single-channel conductance in the presence of
polymeric nonelectrolytes allows us to conclude that the radii of two openings of
the channel are practically equal and are close to 1.2—1.3 nm. We also infer that the
channel has a main constriction with a radius of 0.6 — 0.7 nm. From the cis filling
experiments, we predict the presence of the second constriction (with =0.9 nm),
which is situated between the cis opening and the main constriction.

Let us compare our findings with crystallographic data on the channel struc
ture (Song et al., 1996). The authors divide the channel structure into three do
mains, two of which, Cap and Stem, form the channel openings defined, respec
tively, as cis and trans in our study. The channel pore length is 10 nm and the ra
dius of the cis opening is 1.4 nm. At 3.5 nm from the cis opening, the channel pore
reaches its maximum radius of 2.3 nm. The narrowest part of the pore, with a ra
dius of 0.7 nm, was established to be near the channel center. It was also found that
in the stem region, the pore radius varies from 0.7 to 1.2 nm, depending on the
volume of the side chains that protrude into the 1.3-nm-radius cylinder. Just from
this description of the channel one can see a significant likeness with the geomet
rical features established in our study (Fig. 2).
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Fig. 2. The apparent ra
dius of the o-HL
channel pore along the

pore  axis from
crystallographic  and
A polymer probing

studies. Channel length
is shown in nanometers,
starting from the cis
opening. Symbols (O, *),
joined by solid lines mark
the approximate profile

of




the pore deduced from analysis of crystallographic data of Song et al. (1996) for
Cap and Stem regions. Striped lines visualize the pore profile from polymer prob
ing. Arrows indicate key points of the pore geometry.

Study of the internal geometry of the ion channel formed cytolysin Vibrio
Cholerae. Cytolysins produced by some strains of V. cholerae EL Tor, and a ma
jority of non-O1 strains are potential virulence factors (Yamamoto et al., 1984;
Yamamoto et al., 1986). Cytolysin V. cholerae El Tor (VCC) is a water soluble
protein with a molecular mass of 63 kDa, and forms small pores in the membrane
of target cells (Zitzer et al., 1993; Zitzer et al., 1995).

Fig. 3. The dependence of F** and
F"" on the hydrodynamic radii of
nonelectrolytes. Horizontal arrows
indicate filling values for the cis
(~0.3) and the trans (~0.1) vestibules
of the VCC channel. Horizontal ar
rows indicate the values for filling of
the cis (~0.3) and trans entrance
(~0,1) VCC channel. Vertical arrows
indicate the values of the radii at the
critical points VCC channel.

The solution contained 150 mM NaCl, 5 mM HEPES-NaOH, pH 6.5, 20% PEG.
Each point is obtained by plotting the histograms of the distribution of channels
amplitudes (n = 80-150) in the absence and presence of polymers.

In our experiments, we measured conductance of the channel in the solutions of
non-electrolytes in contact with the cis or trans entrance of the channel, while the
non-penetrating non-electrolyte (PEG2000) is on the opposite side of the chan nel.

For exact values of the radii of the channel entrances and examining its inter nal

geometry, we analyzed the dependence of the parameter of channel filling F (w)

on the hydrodynamic radius of non-electrolytes (Fig. 3). After the detailed analysis
of these results, we proposed a model VCC channel (Fig. 4). This model,
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of course, is simplified, but basically it is consistent with the data of electron mi
croscopy, which also assumed a funnel-like channel structure (Zitzer et al., 1997).

Fig. 4. An inside view on the VCC1
channel lumen and possible chan
nel localization in membrane. The

stretched constriction (diameter <1.2

A nm) is appeared from =6.5 nm to =11



nm of the channel length. Channel
localization in membrane was de
duced based on the similarity be
tween ion channels formed by VCCI
and VCC?2 (Krasilnikov et al., 1992,
Zitzer et al., 1995).

Determination of the intrinsic geometry of VDAC in the open and closed state.
Protein pores (ion channels) possess several properties such as conductance, selec
tivity and gating. There are growing indications that the electrical properties of
single ion channels, called ,,,,gating™*, are correlated with its structural modifica
tions. All geometric models developed to describe this behavior can be roughly di
vided into two classes: ,,,,blocking™* and ,,,,rearrangement™. It appears that voltage
dependent K channels are a striking example of the first model of gating (Gulbis
et al., 2000), while VDAC (Zimmerberg and Parsegian, 1986; Doring and
Colombini, 1985) and gap junction (Unwin and Ennis, 1984) are representatives of
the second model of gating.

Measurement of changes in the internal volume of the channel is very useful
in distinguishing between these two classes of models. Therefore, we used the ap
proach described above, which is based on the distribution of non-electrolytes, for
measuring the changes in the internal structure of the VDAC channel formed by a
porin from bovine muscles (Porin-31BM). To find the changes in the interior of the
open channel and its low-conducting (closed) state, we applied two different po
tentials. To analyze the geometry of the lumen of the channel in a highly conduct
ing (open) state, we applied relatively small potential of 10 mV and spectrum of
channel conductance was collected. In order to analyze the channel lumen geome
try in a low-conductance state, the bilayer was initially clamped at 10 mV. When a
channel appeared, its conductance was measured and the potential was changed to
50 mV. This caused VDAC to switch to its low-conductance state.

Experiments were conducted with different PEGs according to the method
similar to that described above, i.e. channel conductivity was measured when one
side of the membrane was exposed to an impermeant PEG (PEG4600), and the
other one — to a test PEG. The results obtained for the various channels in the same
conditions were summarized in cumulative histograms and analyzed in the same
manner as described above. The obtained channel conductances were used to cal
culate the Filling factor of the channels F (w) for non-electrolytes using Equation
1. The results are shown in Fig. 5.
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Fig. 5. The dependence of F* and
F"*™, (obtained for VDAC-channels
in fully open state) on the hydrody
namic radii of PEGs. JVertical ar

rows indicate the radii values at criti
cal points of VDAC-channel. On BLM



was fixed +10mV. The solution con

tained: 1.15 M KCI, 5 mM HEPES,

pH 7, 20% PEG. Each point is ob

tained by plotting histograms of the

distribution channel amplitudes

(n = 70-140) in the absence and pres
ence of polymers.

When the channel is filled from its cis side, adding smaller PEGs (at PEG hy
drodynamic radii of 0.94 to 0.8 nm) leads to a sharp increase in F. Hence, from the
cis opening, the channel lumen appears to be a cylinder with a radius of ~ 0.9 to
1.0 nm. However, if this cylinder is the narrowest part of the VDAC channel, the
method used here cannot reveal the structural features of the channel behind this
constriction. A further decrease in # up to 0.6 nm, leads to an additional small in
crease in F°* that continues to be much smaller than 1.

The trans filling experiments suggest that the frans side of VDAC lumen has
a funnel-like geometry. A small part of the channel is filled when the hydrody
namic radius of PEG is less than 1.92 nm. The decrease in » leads to a smooth in
crease in F"™" which reaches ~ 0.2 for PEG1450 (» = 1.05 nm). A further decrease
in 7 leads to a sharp increase in F. As noted above, such behavior of the F - r de
pendence suggests that the trans opening of the channel lumen has a conic geome
try with radius of about 2.0 nm at the opening tapering to ~ 0.9 -1.0 nm (the size of
the cis side of VDAC lumen) somewhere inside the channel.

We then examined the apparent radius of each opening of the channel in low
conductance state in the presence of differently sized PEGs in the cis (g.) or in

wans) Slde of the channel. As for the fully open state, small PEGs con
the trans (g,

siderably decreased the conductance of the ,,,,closed™ states of VDAC. Increasing
the hydrodynamic radius of PEG caused the VDAC conductance to increase until a
new steady-state value was reached at PEG1000 (r = 0.94 nm) for g and at
PEG2000 (r = 1.22 nm) for g.™". These results suggest that the trans opening of
the VDAC channel is wider than the cis opening at both the low and high conduct
ance states. However, in the low conductance state, the difference between the two
pore opening sizes is much smaller. The apparent value for the radius of VDAC cis
opening in low conductance state, (~0,9 nm), obtained from F.*-r dependence
(open squares in Fig. 6), is almost similar to that determined for this opening in the
high conductance state (~1,0 nm, fig. 5). We conclude that the size of the cis
opening of the Porin 31BM channel undergoes a weak (if any) alteration during the
transition between the two conductance states.

70

Fig. 6. The dependence of F*
and F"", (obtained for



VDAC-channels in low con
ductance state on the hydro
dynamic radii of PEGs.
Vertical arrows indicate the ra
dii values at critical points of
VDAC-channel. Each point is
obtained by plotting histograms
of the distribution channel am
plitudes (n = 90-200) in the ab
sence and presence-polymers.

The trans F wans-T T€lation for the closed state (filled squares in Fig. 6), how

significantly different from that determined for the channel in the high
conductance state (see Fig. 5), especially for polymer molecules with large hydro
dynamic radii. When VDAC is in its low conductance state, molecules with r equal
to and larger than 1.22 nm (PEG2000) are not able to fill the channel. The relation
F."™"_r is more complex than the F_ “-r, and its decreasing part was fitted with two
straight lines. The maximum radius of the ¢trans opening of Porin 31BM chan nel in
low conductance state was estimated to be ~1.2 nm. This value is considera
bly smaller than that for the channel in the high conductance state (~2.0 nm).
Hence, the transition between the high and low conductance states is mainly ac
companied by a change in the frans opening. In this state, the channel structure
looks more cylindrical than it appears to be in its high conductance state. To estab
lish the lengths of the cylindrical and funnel-like parts of VDAC channel in the
low conductance state, the results were analyzed as the results obtained for the
high conductance state. In this way, we found that the tentative lengths of the cy
lindrical and funnel-like parts are ~ 2.9 and ~1.7 nm, respectively. Cumulative re
sults demonstrate that the main geometrical change takes place at the trans part of
the channel during transition from high to low conductance state. Using our data
on the geometry of the Porin-31BMchannel and taking the length of the channel as
4.6 nm (Guo et al., 1995), the volume of the channel lu men can be calculated. We
found it to be ~23.3 and ~ 13.3 nm’for the high and the low conductance states,
respectively. Hence, the volume change during channel transition between these
two states is around 10 nm’.
From these data, the model depicted in Fig. 7 emerges as a geometrical repre
sentation of high and low conductance states of the Porin 31BM channel. In high
conductance state, the radius of the cylindrical part is about 1.0 nm and the length
1s ~ 2.5 nm. The smaller radius of the conic portion is equal to the radius of the cy
lindrical part. The larger radius of the funnel (~ 2.0 nm) is observed at the frans
opening of the channel. The length of this portion of the channel is estimated to be
2.1 nm. It appears that the channel transition to low conductance state is accompa
nied by a small decrease in the radius (from ~1.0 to ~ 0.9 nm) and an increase in

ever, 18
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the length (from ~ 2.5 to ~ 2.9 nm) of the cylindrical part of the channel at the ex
pense of the frans funnel-like part.
Fig. 7. An inside view on the
VDAC channel lumen at high
and low conductance states. L is
the channel length starting from
the cis entrance (0 nm) and end
ing at the trans entrance (4.6 nm).
Dashed line represents the central
A axis of the lumen. Arrows and
numbers indicate apparent diam
eters of the channel openings in
high and low conductance states.
Dotted lines with arrows indicate
the starting point of the funnel
part of the channel in high and
low conductance states.

Differences in the biophysical properties between maxi-ion channel and
VDAC.

The main reason for considering the maxi-anion channel as plasmalemmally
expressed VDAC was that the two channels shared common biophysical proper
ties. However, the similarity is very superficial and more detailed inspection of
these properties under physiological conditions showed significant differences. For
this purpose, we carried out experiments with VDAC (isolated from rat liver mito
chondria) under conditions close to physiological. We reconstituted it into the
BLM and found that the conductivity of single channels in normal Ringer's solu
tion is approximately 530 pS. This value is about 30-70% higher than the conduc
tivity of single-maxi anion channels (300-400 pS) in the same medium (Sabirov
and Okada, 2009). At higher salt concentrations, the maxi-anion channel conduct
ance is known to saturate at 580—640 pS with K, of 77-120 mM (Hals et al., 1989;
Hurnak and Zachar, 1994; Schlichter et al., 1990). Meanwhile, we recorded the
single VDAC amplitude of 4100 pS in 1 M KCl, and it is well known that further
increase in salt concentration leads to a linear increase in VDAC conductance up to
the level of ~10 nS without any saturation (Colombini, 1986). Such an immense
difference in channel behavior suggests a principally different mechanism of ionic
transport in these two pores. This inference is supported by comparison of the ionic
selectivity of these two channels. In many cell types, the maxi-anion channel ex
hibits superb discrimination for anions over cations. Poor selectivity of VDAC for

=0.45+0.03 t h better di
glutamate over chloride (Pyyamate/Pc ) compared to much better dis

crimination with Pgyumae/Pci~ 0.2 observed under the same experimental condi
tions for the maxi-anion channel confirms our conclusion on crucial differences in
the interior of the two channels.

Voltage-dependent gating is yet another important property which is common



for the maxi-anion channel and VDAC. Both channels inactivated at positive and
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negative voltages above app. £ 20 mV with time-constants of about 50-100 ms at
+50 mV and 300-400 ms at =50 mV. However, an important difference is the de
gree of inactivation. While the maxi-anion channel closes completely, VDAC al
ways retains a large portion (up to 40-50%) of its amplitude. The so-called
“closed” state has preferential selectivity for cations (Colombini et al., 1996;
Colombini, 2004).

The internal structure of these channels is also quite different. Thus, according
to our data (Fig. 7), VDAC channel has a radius of cis entrance 1 nm and ¢rans en
trance 2 nm, while maxi-anion channel difference is much smaller: 1.16 nm and
1.42 nm radii cis and trans input respectively (Sabirov and Okada, 2004).

Based on the above considerations, we conclude that maxi-anion channel and
VDAC are unrelated proteins. However, this conclusion by no means rejects the
possibility of the plasmalemmal VDAC expression itself.

In the fourth chapter, '""The study ion-conductive properties and structure
of the nanopore by cysteine-scanning mutagenesis", presents data obtained by
cysteine-scanning mutagenesis.

Ion channels are an ideal model system for the study of nanopores because
they self-assemble and their structures can be altered using molecular biological
techniques. For example, site-directed mutagenesis can be used to change the
number and location of fixed charges inside the channel and/or near the pore en
trances. The effects of such changes to the channel structure are generally reflected
in the ion selectivity and the shape of the G-V relationship (Noskov et al., 2004;
Jordan, 2005). To learn more about how charged amino acid side chains control the
properties of ion channels, we studied the conducting properties of the channel
formed by a-HL and genetically engineered mutants.

Our objective here was to determine the significance of the type and location
of fixed charges for the selectivity, conductance (G) and G-V dependence of the Q-
HL channel. Because the primary sequence of wild-type a-HL has no cysteines,
we produced a number of point cysteine mutants and determined their effects on
the conducting properties of the a-HL channel. We subsequently chemically modi
fied these novel cysteine side chains with water-soluble sulthydryl-specific rea
gents. Mutants containing cysteine were divided into two groups according to their
position in the B-cylinder stem region into even and odd.

In order to modify, in a controlled manner, the electrostatic channel profile,
we used reagents which react with sulthydryl groups of cysteine and introduce a
positive or negative charge in its side chain. The reaction of these reagents with a
reduced cysteine side chain converts the —SH group to —SS-R, where R is the
charged moiety: -CH,CH,SO; (MTSES), -CH,CH,N(CH;);"(MTSET).

Addition of negative charges inside the channel region of the stem in the case of
odd amino acids increased the asymmetry, and the addition of positive charge re
duced the asymmetry. Furthermore, the impact of these new charges depended on
the position of a cysteine residue to be modified within the channel (Fig. §8). Mu



tants with even numbers, except for G130C, were inaccessible to reagents in the
preformed channels. Effect of added charges on the cation-anion selectivity of
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channels shown in Fig. 9. In these experiments, the preliminarily reconstituted in a
lipid membrane channels were subjected to the action of sulthydryl reagents. The
effectiveness of the novel charges was dependent on their location along the
channel axis. Relatively weak effects were found for charges located close to the
channel opening. The effect of charges increased with distance, and, at a dis tance
of I nm to 1.5 nm from the trans opening, V,,, was maximal at ~ +21 mV
(MTSET) or at -24 mV (MTSES), with relative permeability relationship Pg/P¢; ~
0.001 and ~ 170, respectively. These values are close to the Nernst potentials (~
+22 mV and ~ -25 mV for Cland K”, respectively). Note that the wild-type a-HL
channel was weakly anion-selective with V., ~ +7,6 mV and Px/Pq ~ 0.46. Thus,
the derivatized a-HL channels are highly selective for anions or cations depending
~utha nicn afitha totendaoad abheesn Charges located further in the pore interior

> on selectivity.

Fig. 8. The effect of sulfhy
A dryl reagents on the a-HL
cysteine mutant channel rec
tification. 7he sequence of
mutants from left to right is
T129C, G130C, K131C,
DI127C, GI33C, L135C,
GI137C, N121C, N139C,
S141C, and G143C. The dis
tance from the trans pore en
trance.

Fig. 9. Effects of sulfhydryl
reagents on the reversal poten
tial of channels formed by sin

gle cysteine o-HL mutants.
The membrane is bathed by 100
A mM and 300 mM KCI aqueous
solution on the trans and cis
sides, respectively, and all so
lutions contained 30 mM Tris
HCI, pH 7.5. Mutant sequence
is the same as in Fig. 8.

The position of the novel charge affects V,,, and the asymmetry of G-V curves



differently. After an initial increase, V,,, remains large and nearly constant (Fig. 9).
In contrast, the change in the asymmetry vanishes quickly with distance from the
trans pore entrance (Fig. 8). The results suggest that the net (integrated) charge is
responsible for cation-anion selectivity of the a-HL channel whereas the balance
of charges between the openings is crucial for determining the G-V curves.
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The new method of determining the stoichiometry of oligomeric nanopores.
For many years, a-HL channel has been considered to consist of six monomers, as
electron-microscopic studies mainly testified in favor of the hexamer structures
(Olofsson et al., 1988; Hebert et al., 1992). However, X-ray crystallography
studies in combination with chemical modification have shown that, most likely, a
HL channel is a heptamer (Gouaux et al., 1994). Data obtained with atomic force
microscopy have been somewhat contradictory, however. Thus, whereas the hep
tamer model was confirmed in one study (Fang et al., 1997), results from another
investigation (Czajkowsky et al., 1998) favored dominance of toxin hexamers in
lipid bilayers. Therefore, we attempted to develop a new method to determine the
stoichiometry of the ion channels under conditions as close to physiological as
possible. The grounds of this method are based on the experimental observation
that the interaction of sulthydryl-specific reagent, DTNB, with cysteine mutant o
HL does not occur on the principle of "all or nothing", as observed for diphtheria
toxin (Mindell et al., 1994; Huynh et al., 1997), but rather happens in steps (Fig.
10) which reflect the sequential modification of the cysteine residues in a single
oligomeric channel molecules. Time intervals between the steps varied from chan
nel to channel, reflecting the stochastic nature of the process. The maximum num
ber of steps in the gradually decreasing channel conductivity observed under the
action of DTNB was equal to seven, and this was observed in 25% of the total
number of 38 modified channels.

Fig. 10. Change in
the conductivity of
the mutant channels
I7C, induced by
A DTNB. Action of
DTNB on a single
channel. The solutions
in both compartments
of the cell contained
100 mM KCI, 1 mM
EDTA and 30 mM
Tris-HCI, pH 7.5.

The number of steps observed in other cases ranged from four to six. The



mean magnitude of the changes in conductance produced by the reagent was 6.5
+1.6 pS (mean of 149 events at -100 mV fixed). The steps are not expected to be
identical in each experiment because there are several ways in which subunits can
be permutated about the multiple-fold axis in heteromeric pores (Brahaet al.,
1997). However, the first and the last steps are between defined states and should
be more homogeneous. To test this prediction, the amplitudes of the individual
steps were analyzed consecutively for all channels in which seven downward steps
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were observed. Indeed, there was a bell-shaped dependence of standard deviation
on the step sequence. In accordance with prediction, the maximal standard devia
tion was observed for the steps # 3-5, whereas steps 1 and 7 showed the smallest
deviations. Thus, the seven-step reduction of the conductivity of single channel in
our experimental system unequivocally identifies the a-HL channel as the hep
tamer.

In the fifth chapter, "The Effects of polyanions on the alpha-HL chan
nel", described the effect of polyanions on the conductivity of a-HL channel.
Glycosaminoglycans, structurally heterogeneous polyanions (PAs), are known to
contribute to a wide range of physiological processes including recogni tion,
adhesion, membrane transport, anti- bacterial defense. They interact with
phosphatidylcholine in the presence of Ca*" (Vannucchi et al., 1985) and are impli
cated in ion channel and receptor regulation (Van et al., 2006; Suppiramaniam et
al., 2006). Moreover, there are reports indicating a size-dependent interaction of
PAs with ion channels and membranes (Chicoine et al., 2004). However, the de
tailed mechanism of PA influence on ion channel function is poorly understood. To
address this issue, we studied the effects of two types of differently sized PAs on
the ionic conductance of a mesoscopic ion channel formed by a-HL in planar lipid
bilayer membranes, and the dependence of their activities on the composition of
the medium.

When a-HL-modified membrane clamped at certain voltage, the current in
stantaneously increases as the increased voltage drives ions through the channels,
and then the current diminishes as the channels transited to lower conductance
states. If buffer (pH 7.5) does not contain neither heparin nor Ca*", application of
100 mV-voltage pulses of either sign to the cis compartment failed to induce sig
nificant channel closure. Heparin alone added to solutions on both sides of the bi
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layer had no detectable effect. Only when CaCl, was also added, there were note

worthy current relaxations observed in response to voltage pulses. Other divalent
cations were employed to examine the ionic specificity of heparin effect on volt
age-dependent gating of ST channels. When Mg”" and Zn*" were used (Fig. 11),
heparin exhibited effects that were qualitatively same as those seen in the presence
of Ca*". The only difference observed was the efficiency with which different ions
facilitated the transition. The efficiency follows the sequence Zn**> Ca*" > Mg*",
identical to that observed for inhibition of the effects of ST on cells (Bashford et
al., 1986; Bashford et al., 1988).



Fig. 11. Dependence of the
relaxation time of the conduc
tion (T) on the concentration
of divalent cations. Chlorides
A of divalent cations were added
(at the concentrations indicated
on the horizontal axis) to both
compartments simultaneously.
The solution contained 100 mM
KClI, 6 mg/ml heparin and 10
mM Tris-HCI, pH 7.5, n=3-3.

To clarify the mechanism of PA effects on a-HL channels, experiments with
differently sized heparins and dextran sulfates (DS) were performed. All PAs used
demonstrated potent inhibitory activities against a-HL channel. In these experi
ments, we used a heparin-albumin (HepAlb, 4.8 heparin molecules linked to one
molecule of bovine serum albumin); heparins with average molecular weight
18000 g/mol (as Na-salts), (Hep); 6000 g/mol (Hep6000); 3000 g/mol (Hep3000);
heparin disaccharides of molecular weight of 563 g /mol (HepD1i); DS with an av
erage molecular weight of 500,000 g/mol (DS500); 10000 g/mol (DS10); 5000 g /
mol (DS5). The ability of heparins to block the channel depended on the side of
the membrane to which they were added, and the effect increased with in creasing
their concentration and size (Fig. 12).



A

Fig. 12. Influence of PA on a-HL
channel current relaxation time constant. Relaxation time constants for the o-HL
channel blockage are plotted as a function of heparin'’s concentration in the (4) cis
or (B) trans compartment of the chamber. Solid line, best-fit of a one-site-binding
equation, n=3-35.

The smallest heparin, HepDi, virtually had no effect on a-HL channel even at
a concentration of 2 mg/ml. Thus, despite the smaller diffusion coefficients, large
PA cause more effective and faster relaxation of currents. Heparins used in the pre
sent study could be ranked as follows (in order of effectiveness): HepAlb> Hep>
Hep6000> Hep3000 >> HepDi.
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DS also caused the a-HL channel current decrease. The effectiveness of DS
species increases with their size: the 1Cs, values were 220.0 £ 30.0 mg/mL (DS5),
7.2 £1.5 mg/mL (DS10), and 1.7 £ 0.3 mg/mL (DS500). DS have a larger negative
charge density than the heparins, but they were significantly less effective against
the a- HL channel. The difference between PAs topologies most likely accounts
for this result.

PA appears to enter and occlude the a-HL channel. However, the question of
why the larger molecular weight PA is more effective at reducing the channel con
ductance (Fig. 12) remains unclear. It is known that phospholipids, including PC,
interact with PA (Sagrista et al., 2000; Huster et al., 1999). Binding PA with phos
pholipids does not occur in the absence of divalent cations. These cations form



bridges between negatively charged phosphate groups of the phospholipids and the
sulfate groups on PA (Huster et al., 1999). Moreover, the data suggest that PA, and
heparins in particular, continue to possess a negative net charge even in 100 mM
Ca®" solution. Because heparins also require the presence of divalent cations in the
bulk to affect the channel, we considered the possibility that heparins bind to the
membrane, in agreement with the calcium-bridge mechanism suggested in (Huster
and Arnold, 1998; Huster et al., 1999).

Polyanion-binding to liposomes confers them a negative {-potential. To verify
whether the same is true for heparins and to quantify the binding of these PAs to
the membrane, we measured the {-potential of PC liposomes in the absence and
presence of differently sized heparins. We found that heparins decreased the PC
liposome (-potential from slightly positive value (in the absence of PA) up to ~—24
mV (Fig. 13A). The larger heparins were more effective. The dependence of
liposome C-potential (Fig. 13A) on heparin concentration resembles that for hepa
rin-induced a-HL channel current blockade (Fig. 12). There is a strong correlation
between the effectiveness of heparins (presented as the ICs;) in these two systems
(Fig. 13B).

A

Fig. 13. (-Potential of liposomes in the
presence of growing concentrations of heparins (A) and the correlation between
equi-effective concentration of hep arins against liposomes and a-HL channels (B).
n=3-3.
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These results suggest that the binding of PA with the membrane might ac
count for the strong dependence of the channel blockade on PA molecular weight.
It appears that at the first step of PA-ion channel interaction, PA binds to mem
brane via Ca®"-bridges, resulting in higher local concentrations on and near the
membrane and thus around the a-HL pore entrance area. This proximity to the pore
entrance increases the probability that, at the right polarity, the pore ion flux would
be inhibited by the polyanion. The steady-state polyanion concentration decreases
nonlinearly (Peitzsch et al., 1995) with distance from the surface, down to their
bulk value. As a result, at the same bulk concentration, the effective steady-state
polyanion concentration should be much higher at the #rans (which is closer to the
membrane surface) than cis (which is far from the membrane surface) entrance of
the channel. The latter clarifies how the difference in the distance between the
membrane surface and the entrances of the channel may determine the sidedness in
PA effectiveness. Unbound polymer can occasionally approach the channel en
trance by diffusion and then (at the second step of PA/ion channel interaction) en
ter the pore in a voltage-dependent manner and block it.

In the sixth chapter "Investigation of elastic deformation a-HL channel"
presents data obtained with blocking o-HL channel charged crown / K complex.
Geometrical features of the channel lumen in the fully open state are usually
assumed to be voltage-independent. Although this assumption generally works, it
1s desirable to realize its limitations. Voltage-induced elastic deformations may
manifest themselves in the changes of the channel transport properties that are par
ticularly important in the case of molecules with a close fit to the channel pore di
mensions. It is clear that channels with a profound non-linearity of their current
voltage characteristics are likely candidates for the electrostriction effects, though
the non-linearity per se does not necessarily mean electrostriction. To approach this
problem, one needs a single ion channel with a well-known structure and
appropriate molecular tools. For this purpose, we chose the channel formed by
a-HL and a representative of a large family of crown ethers,
1,4,7,10,13,16-hexaoxacyclooctane (18-crown-6), as a tool to evaluate a possible
change in the a-HL pore because its molecular size (~1.15 nm in diameter) is very
close to the size of the narrowest part of the a-HL pore (diameter of ~1.2 nm). Fig.
14 shows that at 4 M KCl, for symmetric crown application, the major blockage is
observed when the applied voltage was close to —70 mV. Blocking ef fect was very
asymmetric. When the crown is present in the trans compartment only, the effect is
practically indistinguishable from symmetrical addition. In con trast, the presence
of the crown on the cis side was felt only slightly and only at high positive
potentials (data not shown). This behavior indicates that the blockage was due to
the charged crown/K complexes, which easily reach the binding site from the trans
side. The complex is driven onto the binding site by the applied po tential most of
which drops in the area of the channel stem.

Fig. 15 gives the voltage dependence of the probability that the binding site is



not occupied by the crown for 4 M KClI solutions. The probability was calculated
aspli,=1- A/A, where Alis the crown-induced change in the average current
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through the channel and Aiis the reduction of the “instantaneous” current induced

Fig. 14. Effect of symmet
rical (to both sides of the
membrane) addition of the
crown to 4 M KCI mem
A brane-bathing solutions on
o-HL channel conductance.
Result of typical experiment
with the same single channel
is presented.

We applied the Woodhull model (Woodhull, 1973; Hille, 1992) in its gener
alized form (Tikhonov and Magazanik, 1998) to analyze the voltage dependence of
the crown block. Some of the main requirements for the validity of this approach
are that the blockage of the conductance by a reagent is not a result of cooperative
allosteric effects of changing protein conformation and that the blocking molecules
are independent from each other, except for their competition for the same binding
site. The data presented in (Bezrukov et al., 2004) and our own results suggest that
the data in Fig. 15 are in perfect agreement with these requirements.

Fig. 15. Probability that the
channel is “not blocked” by
the crown as a function of
applied voltage at three
crown concentrations.
A Dashed lines are best fits by the
Woodhull model (in its gener
alized form) for a blocker car
rying a single elementary
charge, Eq. (2). Solid lines are
best fits of a modified model
that included the elastic defor
mation. n=3-3.

The restriction imposed by equilibrium thermodynamics on the rate constants
(2
00



0

k k k k, where subscript 0 refers to zero applied voltage) is known as micro
1,=__
scopic reversibility and local equilibrium. Because of this restriction, in the case of
symmetrical application of a blocker carrying a single elementary charge, the
probability that channel is not blocked can be described as a function of dimen
sionless voltage potential, e — the elementary

W =¢e / kT($ — the transmembrane
charge, k— the Boltzmann constant, 7— the absolute temperature):
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stant; J,, J,, and o, are fractions of the membrane field which correspond to the lo
cation of the Cis barrier, energy minimum and the 7rans barrier; C is the blocker
concentration, same on both sides of the channel.
Taking into consideration the inner channel geometry, data published by oth
ers (Howorka and Bayley, 2002) and our own estimation, the location of the cis

: : 1
barrier, J,, was taken to be equal to 0.8. If the Trans barrier location (5,) was a

lowed to be free, it take unrealistic negative values. Therefore, we need to assume
oto be equal to zero by placing the barrier exactly at the 7Trans opening. As a re
sult, this function contains only three free parameters: ,, d, a fraction of transmem
brane potential that is assumed to be felt by the blocker molecule, 4, and B .



The best fit of Eq. (2) to the data in Fig. 15 is shown by dashed lines. It is seen that
the theoretical curves do not accurately describe the experimental points. Rel
atively large error bars at small and positive voltages do not jeopardize this conclu
sion. To obtain better agreement with the model, one has to accept one (or both) of
the two assumptions: (i) the charge of the crown/K "complex is larger than one; (ii)
the applied field introduces structural deformations of the pore interior thus
changing the crown-pore interactions in a way that is not accounted for by Eq. (2).
To choose between these two assumptions, we first note that it is firmly es tablished
that a 1:1 complex is formed between the crown and potassium ion (Rounaghi et
al, 1977), so that assuming one elementary charge per blocker mole cule is well
justified. Moreover, the data in Fig. 15 represent rather small crown
concentrations. Therefore, the first explanation can be safely ruled out. The second
possibility is to assume that the negative voltage reduces the barrier for the crown
exit to the cis side of the channel by increasing the size of the “geometric bottle
neck”. Indeed, if the radius of the constriction is exactly equal to or smaller than
the radius of the crown, the barrier 1s infinite and crown molecules can not cross
the channel. As the constriction radius is increased by negative voltages, the height
of the barrier quickly decreases thus allowing crowns to exit the channel from the
cis side. In this modification of the model, parameter Bis constant, but parameter
Ais now a function of voltage, increasing towards negative voltages. As one of the
possibilities to describe the depth and/or the barrier variation with the applied
voltage, we choose the energy of van der Waals interactions between the crown/K*
complex and the pore wall. Then, we express the radius-dependent interaction
through the known constants of Lennard-Jones potential for hydrogen-hydrogen
pairs (Allen and Tildesley, 1989). Assuming realistic dependences of the con
striction radius on voltage that are qualitatively compatible with the channel con
ductance change, we arrive at a reasonable agreement between the model predic-
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tion and experiment. Using this approach, we found that the only assumption about
the barrier variation allows to correlate the binding site with the narrowest part of
the channel pore (d,, ~0.7) and that a very small (~0.08 nm) field-induced elastic
change in the radius of this part of the channel is able to change the energy of
binding by a couple of £7*s and to remove the discrepancies between the model
predictions and the experiment. The curves accounting for such changes in the
crown-pore interactions are shown in Fig. 15 as solid lines. In fact, the actual value
for the voltage-induced increase in the radius depends on the approximation that
one uses for van der Waals forces. For example, it was shown (Parsegian and
Weiss, 1974; Parsegian, 2005) that for “cylinder in a cylinder” or “sphere in a
sphere” geometry0 the attractive term of the interaction can be expressed as the
inverse second power of the separation. Assuming this dependence, we can obtain
larger radius changes. So, our hypothesis on the role of electrostriction in the a-HL
transport properties allows us to explain the observations on voltage-dependence of
both the asymmetry of the residual conduction and blocking by the crown (Fig. 15)
in a unified manner. In both cases, the supposed elastic changes in the ion channel



structure are gradual, continuous, and proportional to the applied force. This is
principally different from the well-known “gating” where the field-induced
conformational changes are discrete and frequently mentioned as “all or none”
processes. In our study, we assumed that the apparent change in the pore radius
under the applied electric field is the result of local electrostriction. We can suggest
a possible mechanistic model of the elastic deformation at the constriction zone of
a-HL channel where Lys147 could be displaced under voltage thus increasing the
channel diameter at this position and facilitating the crown exit when a negative
voltage is applied on the cis side or decreasing the channel diameter and make the
crown transport difficult when a positive sign of voltage is applied. Certainly, this
is only a mechanistic model. Nevertheless, these estimates show that the
electrostriction hypothesis put forward is plausible.

CONCLUSIONS

1. Using the modified method of polymer probing, it was shown for the first
time that:

a) the diameters of the two entrances of the a-HL channel are close to each
other and equal to 2.6-2.4 nm (cis/trans); the channel has two narrow portion: the
main constriction has a diameter of 1.3 nm and is located approximately in the
center of the channel, whereas the second one has a diameter of 1.8 nm and 1s lo
cated closer to the cis entrance of the pore;

b) the diameter of the cis entrance of VCC channel is 1.9 nm, and that of the
trans entrance is 1,6 nm; there is a constriction inside the channel with a diameter
of 1.2 nm;

c) the diameters of the cis and trans entrance of VDAC ion channel in its
high-conductance state are 2.0 nm and 4.0 nm, respectively. Upon transition to the
low-conductance state, the diameters of both entrances decrease and become equal
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