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BBEJAEHUE

B Tedenue gonaroro BpeMEHHU MPOIECC arperanuud OEKOB MPAKTUYCCKU HE
WCCJICIOBAJIN, CUNTAs €€ CKOPEe HEMPHUATHBIM MPETSITCTBUEM, BO3HUKAIOIINM MPU
U3y4eHUU OEJIKOB, OJHAKO ceiluac curyanusi u3mMeHwiacb. OCHOBHOW MPUYMHON
BCILJIECKA MHTEpeca K ATHUM IpoIeccaM SBISIETCS TO, YTO HAKOIUICHHE OCITKOBBIX
arperaToB B KJIETKE BEJIET K PA3BUTHIO HEHPOIEreHEPATUBHBIX 3a00JICBaHUIA.

B nmocnennue roapl CcTajgo M3BECTHO, 4YTO O€IKM MOTYT OBITh
(GyHKIIMOHATHHO AKTHUBHBI HE TOJBKO B TIOOYJISPHOM, HO W B YACTHUYHO WJIU
MOJIHOCTBIO PAa3BEPHYTOM COCTOSTHUU.

['moOynspHyI0 CTPYKTYPy B HATHBHOM COCTOSSHUM HMEIOT B OCHOBHOM
dbepmenThl - Oenku, (QYHKIMS KOTOPBIX CTPOro JeTepMuHUpoBaHa. benkawm,
B3aMMOJICUCTBYIOIIMM C OOJIBIIIUM YUCIOM MAPTHEPOB, NJsi (DYHKIIMOHUPOBAHUS
TpebyeTrcss ropa3no OoJbias JIAOUIBHOCTh, 1 MAaKPOMOJICKYJIBI TaKUX OCIKOB B
HATUBHOM COCTOSIHMM YACTUYHO WJIU TIOJTHOCTBIO HE CTPYKTYPHUPOBAHBI.

Komnaktabie rnoOymsipHble Oelkd o0pa3yloTcsi B TOM cCiydyae, €clu
TIOJTATICTITH THAS 1eMb oOecrieunBaeT CYIIIECTBOBAHHE CHJTBHBIX
BHYTPUMOJIEKYJISIPHBIX B3aUMOICHCTBUIA.

MHoOTHE 4YacTUYHO WM TIOJHOCTBIO HEYIOPSIJAOYCHHBIE OCITKH MOTYT
00pa30oBbIBaTh KOMIAKTHYIO CTPYKTYPY B KOMILJIEKCaX CO CBOMMHU MapTHEPaMHU,
KOTOpbIE O00pa3ylTCs 3a CYET MEXMOJICKYJISIPHBIX B3aUMOJIEHCTBUNA aTOMOB
TIOJIUTICTITUTHOM TIeTH OeJTka U ero mapTHepa.

MexMoIeKyIIpHble B3aUMOACHCTBUSL OEJIKOBBIX MOJIEKYJ MEXIy CO0O0ii
MOTYT TPUBOJUTHL K OOpa30BaHUIO acCCOIMATOB, aMOP(HBIX arperaros,
aMUWJIOUJIOTIONIOOHBIX ¥ aMIJIOUAHBIX GuOpwI. [ BO3HUKHOBEHHS TaKUX
KOHTaKTOB HEOOXOAMMO Hainuuue ruapodOOHBIX YUACTKOB MOJUIEIITUIHON LIETH,
DKCIIOHUPOBAHHBIX  pacTBopuTento. [loaToMy aMUIIOMIOTEHHAs —arperamus

YaCTUYHO MK IIOJJHOCTBIO HCYIIOPAJOYCHHBIX OeakoB Ooiee BCPOATHA IIO
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CpPaBHEHUIO C TJIOOYJISPHBIMH OCJIKaMW W W3YYCHHE WMEHHO EeCTECTBEHHO
HECTPYKTYPUPOBAHHBIX OCJIIKOB TMPEACTABISIET OCOOBII HMHTEpEC B CBA3U C

M3YUYECHHEM aMUJIOUAHBIX 3a00JIeBaHUM.

Heabro Hamieil paboThl ObUIO BBISIBICHHWE HOBBIX (PAaKTOPOB, BIUSIOLIMX Ha
arperamuio OeJIKOB ¢ €CTECTBEHHO pa3BEpHYTOHl cTpykTypod. Ocoboe BHHUMaHUE
ObUIO yNEJIeHO W3YYEHHMIO TaKUX BO3ACUCTBUN, KOTOpBIE XapaKTepHbI JIs
CUTYAIMH in VIVO.

Jis  mpoBeAeHHUA WCCIENOBaHUM HaMu ObUIO BBIOpaHO 1Ba Oenka ¢
YaCTUYHO Pa3BEPHYTOM CTPYKTYpOW: OBEUYMH MPHOH M Ka3€HHbI MOJOKa. DTH JBa
00BbEKTa SBISIIOTCA TUNWUYHBIMU MPEACTABUTEISIMU JIBYX TIpynn O€IKoB ¢
pa3BEpHYTOM CTPYKTypbl. OBEeUMi NPUOH OTHOCHUTCS K YaCTHYHO HECBEPHYTHIM
OenkoM (IMpUMEpPHO TMOJIOBMHA MoOcienoBaTeslbHOCTH). Kaseunsl  Moiioka
CUUTAIOTCS MAJOCTPYKTYPUPOBAHHBIMH OEIIKAMH.

Br16op npuoHa cBsi3aH MpEIe BCEro ¢ TeM, YTO 3TOT OEJIOK BOBJIEYEH B
pa3BUTHUE psifa HEUpPOACTCHEPATUBHBIX 3a00JjeBaHUN (IIPUOHOBBIE OO0JIE3HU W,
COIJIACHO TMIOCJIEIHUM JlaHHBIM, Oone3Hb Ausblreiimepa). MW3BectHo, uyTo
[aTOJOrMYECcKasl arperanus NPUOHA W €ro IMepexoa B aMWIOUAHYIO (opmy
BBI3BIBAIOT PsJ] INPUOHOBBIX 3a0osieBaHMil. MHTEepec K H3yYEHHIO Ka3eHHOB
00yCIIOBJIEH MPEX/IE€ BCEIO TEM, YTO HEKOTOphIEC U3 HUX, B YACTHOCTH, K-Ka3€HH, B
ONpEJEICHHBIX YCIOBUAX TaKXKe CIIOCOOHBI K OOpa3oBaHUIO AMMWJIOMIHBIX
¢ubpumn. Takum oOpa3oM, Ka3eWHBI SBISIOTCSA MPOCTOH, yHOOHOW U, TJIaBHOE,
JOCTyIMHOM  MOJEJIBHOM  CcHUCTEMOM Uil HCCIEJOBAHMs  arperauuu
HECTPYKTYPUPOBAHHBIX OEJIKOB.

CpaBHeHHE 0COOCHHOCTEH arperaluuu JByX IpyIl O€JIKOB HHTEPECHO €I U
10 TOW NMPUYMHE, YTO 3TU OCJKHU COJEpKaT NMPOTsKEHHbIE ruaApodoOHbIe 00nacTy,
B3aMMOJICHCTBHE MEXKIY KOTOPHIMU MOKET MPUBOJIUTH K (POPMUPOBAHUIO MHIIEILIL.
XOpoI1I0 M3BECTHO, YTO B-KazenH (POpMHUpPYET MUIEIIbl B HATUBHOM COCTOSIHHH,

11



OJTHAKO  B3aMMOCBSI3b  arperanyy, AaMIWIOHWJOTEHHON  TpaHchopMmaruu u
MUIEIUI000pa30BaHus JUIsl Ka3eMHOB M3y4e€Ha Majo, a JaHHbIe O TaKOro pojia
npoiieccax sl IPUOHOB OTCYTCTBYIOT. HE0OXOAMMOCTh HM3y4E€HUS ITUX aCIIEKTOB
arperamyu JIByX Ipynn 0eIKoB ObLIO OJTHOM M3 MPUYHUH BHIOOpA JaHHBIX OOBEKTOB.

[Ipyu w3yueHum arperauuu, aMWJIOUWAOTEHHOW TpaHcpopMaluud H
MUIIETUTI000pa30BaHMs JBYX BEIOpAHHBIX OCTKOB HAMU OBUTH MCIIOJIb30BaHBI TAKWE
THUIIBI BO3JICMCTBUI, KOTOPBIE, C OJJHOW CTOPOHBI, MOTJIM Obl UMETh OTPEIEICHHOE
(GU3MOJIOTHNYECKOE 3HAUYEHHUE, a C JPYrod, OTHOCUJIIUCH Obl K MaJlOM3y4Y€HHBIM
spieHusIM. [lo 3TMM mnpuyWHAM, OCHOBHOE€ BHUMAaHWE OBUIO YJEJIECHO POJH
o0OpazoBanus TUCYIbPUIHBIX CBs3e B (POPMUPOBAHUU aMHJIOMIHBIX arperatoB u
JPYTUX arperaluoHHbIX COCTOsHUI. OCcoOyI0 pOJib 3TU UCCIEAOBAHUS UTPAIOT B
CBS3U C TEM, YTO MpHU psife HEHpOJEreHepaTUBHBIX 3a00JIEBaHUII B COCTaBe
aAMUWIOUJHBIX CTPYKTYp ObUIM HaiiJileHbl O€JKHU, COCIUHEHHbIE AUCYIb(OUIHBIMU
cBs3siMu. M3BeCTHO, 4TO 00pa3oBaHUE KOBAJICHTHON TUCYJIb(MUIHON CBSI3U BHYTPU
WM MEXIy OEIKOBBIMH MOJIEKYJIaMU MOXKET MPUBOAWTh K 3HAYUTEIHHBIM
M3MEHEHUSIM B CTPYKType Oenka. B Haiiem e ciiydae, Korja 3HauyuTeIbHasi 4acTh
MOCJIeI0BATEILHOCTH OeIka 00J1a1aeT rTMOKOCThIO U TIOIBUKHOCTBIO0, 00Opa3oBaHue
TUCYIbQUAHBIX CBA3EH TOJDKHO MPUBOAMTH K «00€3BMKUBaHUIO». M3 Ka3enHOB
TOJIBKO 0OS52- W K-Ka3eMHbl MMEIOT B CBOEM IOCIEIOBATEIBHOCTH OCTaTKH
UUCTEHHA, U B HATUBHOM COCTOSIHUM OHHU IIPEUMYLIECTBEHHO YYacCTBYIOT B
oOpazoBaHuM JUCYIbDUAHBIX CBsi3el. B cocraBe mpuoHa e€cTh JBa oOcCTaTKa
IIUCTEWHA, HO OHU HE YYacCTBYIOT B (DOPMHUPOBAHHHM MEKMOJICKYISIPHBIX
KOMIIJIEKCOB, TaK Kak 00pa3ylT BHYTPUMOJIEKYJSIPHYIO AUCYIb(OUIHYIO CBS3b.
DTa CBSI3b TPYJHO JOCTYIHA W HE pa3pyllaeTcss MpU ACHUCTBUM HEOOJbIIUX
KOHIICHTpAIIMi BOCCTAHABJIMBAIOIIMX areHTOB. TakuM oOpa3om, B Hamiel padore
MBI MIpEeANoarajid UCCiel0BaTh BIusiHUEe 00pa30BaHUs TUCYJIbQUAHBIX CBSI3EH Ha
CTPYKTYpPY M arperaiuio eCTeCTBEHHO pa3BepHYThIX OenkoB. Ha HauanbHOM ATane
paboThl IS WCCICOBAHUSA BIMSHHUS EIUHUYHOW JUCYIbGUIHON  CBS3H
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WCIIOJIb30BAIM MYTAHTHI [-Ka3eMHA CO BCTABKOW IHUCTEWHOB Ha TEpUEPUITHBIX
ydacTKax MOJICKYJIbl. 3aTeM, Ui BBISICHEHHUS BO3MOXKHOTO (DH3MOIOTHYECKOTO
3HaueHUs O0Opa3OBaHWS  JIOMOJHUTEIBHBIX  JAUCYIb(MHUIHBIX  CBSI3€H, MBI
UCIOJIb30BAIM MOJU(PHUKAINIO Ka3eMHOB M NMPHOHA TOMOIMCTEUHTHOJIAKTOHOM,
NPUCYTCTBYIOIIUM B KJIETKaX MPH ONMPEACICHHBIX NMAaTOJIOTMYECKUX COCTOSHUAX. B
CIydae TPHOHA MBI TPEXJE BCETO MPEANojarajd BBISICHUTh, MPUBOAUT JIA
TOMOITUCTEMHUIIUPOBAHUE, KOTOPOE MOMKET MPOUCXOIUTh B (U3HOJOTUYECKUX
YCIIOBHSX, K arperaliiy MpUoHa 110 aMUJIOUTHOMY THITY.

B cmywae mnpuoOHOB MBI pemIMIM  HWCCIICIOBATh TAKXKE  BIASHHC
dochonunuIoB Ha WX arperanuio ¥ aMHIONJAOTCHHYIO TpaHchopmamuio. ITOT
THUIT BO3JICHCTBUS HaMH OBLIT BEIOPAH MPEXKIE BCETO MOTOMY, YTO aMIJIOHOTEHHAS
Tpanchopmanusi ~ MPUOHOB,  3aKPEIUICHHBIX  In VIVO €  TIOMOUIBIO
TITUKO(OCPOTUTTHIHOTO SIKOPST HA HAPYKHOW MeMOpaHe KIIETOK, MPHUOHOB MOXKET

3aBUCETh OT (POCHOIUIUAHOTO OKPYKEHUS.

Ilepen HamMu CTOSIM CIEAYIOLIUE 3a0ayu:

- MHccnenoBate BiusHHE o0OOpa3oBaHMs JIUCYJIb(QUIHBIX CBs3ed Ha
MULEITU3ALHUIO U CTPYKTYPY Ka3euHa;

- HccnenoBate aMHJIOMAOTEHHYHO arperalyi0 IOpHOHA IMOJ JEHCTBUEM
dbochoaunuaos;

- MHccnepoBate BnusiHME o0O0Opa3oBaHUd JUCYJIbPUAHBIX CBS3€H Mmpu

TOMOINUCTCUHUIIMPOBAHNHA HA arpCramnuio Ka3CHHOB U ITPHOHA.

Crnenyer oTMETUTh, YTO paboTa OblIa BBHINOJIHEHA B JBYX J1a0OpaToOpHsX, B
nabopaTopun GyHKIHOHATBHBIX B3auMoiercTBuil 6enkoB Mosioka INRA (Nantes)
ObUIM TIONyYEHbl TMpernaparbl HUCIOJIb3YeMbIX OCJIKOB, TaKXe€ BbIIOJIHEHbI
UCCIICIOBAHMSI 110 JUMEPHU3AIMH U MULEIM3AlUA MYTaHTOB [-Ka3erMHa U 4acTb
paboThl, TOCBAIIEHHAS BIUSHUIO TepMoarperanuu W (QocPOoIUNUI0B Ha
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arperaiuio npuoHa. B maboparopun Omoxumuu xuBOTHOM kieTku PXb nmeHun
A.H. benosepckoro (MockBa) npoBeieHa OCHOBHAsI 4acTh UcciaenoBaHus s dekra

TOMOIUCTCUHUIIMPOBAHW HAa HATUBHBIC KA3CHHbBI U IIPUOH.
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OB30P JIUTEPATYPHI
Mexanusm acpezayuu 6e1xKo6

[Ipouiecc  arperanmu  O€TKOB  ABISETCS  MOMYJSIPHBIM ~ OOBEKTOM
UCCJIEIOBAHMM, TaK KaK arperaThl, KaK BBISICHUJIOCH HEJJABHO, ABJISIOTCS OJJHUM M3
BaXXHBIX MpUpoaHbIX coctosinui Oenka (Fink, 1998, Horwich, 2002). Hanpuwmep,
IKCIIPECCUsl PEKOMOMHAHTHBIX OEJIKOB BEIET K 00pa30BaHUIO TaK Ha3bIBAEMBbIX Tell
BKJIFOUEHMS, W BBIXOJ IIOJIydaeMoro OejKa CHI)KAEeTCsl H3-3a €ro arperauuu
(Mapxkocsin u Kypranos, 2004). Takxe yBeaudeHUE KOJMYECTBA HMCCIEIOBAHUM,
NOCBSILIEHHBIX ~arperanu, ObUIO BBI3BAHO OTKPBITUEM OCOOBIX OEJIKOB -
HIaNIepOHOB, CIIOCOOHBIX €€ MpenoTBpamarb. VX CUHTE3 yBEIMYMBAETCS B Clydyae
TEIJIOBOTO I10KA, BHI3BIBAIOIIETO arperanuio 0eJKoB KJIETKH, a OCHOBHAsI (PyHKIIUSA
- obecrneueHue MPaBHIBHOTO CBOpayMBaHUs OenkoB, (onnuura. MccnempoBanus,
IOCBSILIEHHBIE arperalud MoJIeIbHOrOo Oenka B MNPUCYTCTBUM Oerka, ee
IpeIoTBpallalonIero, Aal0T HMH(OpPMAIUI0O Kak O CaMOM arperauuu, Tak U O
MexaHu3Max paboTel mamnepoHoB (Bumagina et al, 2010, Khanova et al., 2007,
Khanova et al., 2005, Markossian et al., 2009, Markossian et al., 2009).

Ho ocHOBHOM IpUYMHONW HMHTEpeca K 3TOMY IIPOLECCY SABIAETCSA TO, YTO
HAKOIUIEHUE OIpe/IeJICHHBIX OENKOBBIX arperaToB B KJIETKE BEAET K Pa3BUTHUIO
HEHpoJereHepaTuBHBIX ~ 3a0oyieBaHuil. Takue TUIBI —arperaToB  Ha3bIBAIOT
aAMHIJIOMIHBIMH, ¥ OHHM O0JIaJal0T CXOTHOM CTPYKTYpOH JakKe HEeCMOTpPS Ha TO, YTO
OHH MOTYT COCTOSITh U3 pa3iau4HbIXx O0enkoB (Mazzola and Sirover, 2003).

TeruoBast npeHarypanusi OObIYHO COINPOBOXKIAETCS arperauueid OeIKOBBIX
Mosekyd. Takas arperauus SBIIIETCS pE3yJIbTATOM B3aUMOJCHCTBUM MEXAY
HECBEPHYTHIMU MOJIEKYyJlaMUd Oelika, BeIylMX K OOpa30BaHUIO arperaTtoB
HENpaBUWIbHOU (OpPMBI MyTEM «HEBEPHbIX» caunaHuil. [lenatypauus OenaKoB
COTIPOBOXKAAETCSA HKCIIOHUPOBAHUEM TUAPOPOOHBIX OCTATKOB, TO €CTh JBHKYIIEH

CUJIOM arperauuu sBJISIOTCS THIPOPOOHbBIE B3AUMOIEHCTBHUS.
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benkoBeie  arperatel  007aialOT  TOBBIIIEHHONH  CIMOCOOHOCTBIO K
pacceMBaHMIO CBETa IO CPAaBHEHHUIO C HMCXOJHBIMU MOHOMEpaMH, MOITOMY 3a
KMHETHKOW arperauuu 0ejKOB yA00HO CIEAUTH [0 U3MEHEHHUIO CBETOpAacCEesiHUS B
BunuMon vactu cnekrpa (Golub et al., 2009). CornacHo IuTepaTypHBIM JTaHHBIM,
CTporasi IpoNnOPIHOHATIBLHOCTh MEX]Yy ONTUYECKOM IUIOTHOCTBHIO U KOJIMYECTBOM
arperupoBaBllero Oenka HaOmomaeTcd TOINBKO B CTaJuUd  pOCTAa  yXKe
chopmupoBasmuxcs arperatoB (Kypranos, 2002).

[IpuHsATO cuMTaTh, YTO arperauus 3TO HeoOpaTHUMmas peakuus, B KOTOPYIO
BCTYNAIOT N MOJIEKYJ HearperupoBaBIIero Oemka:

k
nP—>p,

rie P,y — arperupoBanHoe cocTosiHue Oellka, a k — KoHCcTaHTa CKOPOCTH N—
Or0 NOPSAKA.

Jlyist MHOKECTBa OCJIKOB Ha KPHBOW arperaruyd MOXHO HaOJt0/1aTh MEepUoj
3anas3AblBaHMsl. DTO O3HAYAET, YTO ATall Pa3BOPAYMBAHUS MPEAUIECTBYET CTaJIUU
arperaiuu.

N—U

I'ne N — HatuBHOe cocTosinue Oenka, a U — pa3BepHYTOE COCTOSIHUE OelKa ¢
ITOBBIIIEHHOM CKJIOHHOCTBIO K arperauu.

K HacrosimieMy MOMEHTY OXapaKTepHU30BaHbl JIBA BO3MOYKHBIX MEXaHH3Ma
pocta arperatoB. llepBblii 3akiro4daeTcss B NPWIMIIAHUU JEHATYPUPOBAHHBIX
MoJIeKyll Oenka K chopmupoBaBmemycs arperary. C MOMOIIbIO aHaAIHM3a
KMHETUYECKUX KPUBBIX ObUIO MOKA3aHO, YTO CYIIECTBYET CTaausl, KOrja MOHOMED
Oenmka mcUe3aeT CO CKOPOCTHIO, MPOIMOPIIMOHATLHON KOHIEHTpamuu Oenka B 1
CTEICHH.

DTOT HpoUEecc MOKHO OMHCaTh C MOMOIIbIO MOJENIN accolMalu OeNKOB,
KOTOpas BKJIIOYAET CTaAnI0 (OPMHUPOBAHUS SJIpa ACCOIMAIINH — dTall HYKJICAINH, a

TAaKKC OBC 06paTI/IMBIX CTaauun: CTAAWIO HYKJICAlTUN
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nM <M,

(M — moHOMEp, M, — IAPO acCOIMAIMK) U CTAIUI0 POCTa accolaTa:

M. +M oM,

C npyroil cTopoHbl, YBEIUYEHHE pa3Mepa arperaroB MPOUCXOIUT IyTEM
CIUSHUA YK€ C(HOPMUPOBAHHBIX.

B onpenenennoit cremenn (opmMa KHHETHUECKMX KPHUBBIX arperamuu
3aBUCUT OT KOHIEHTpamuu Oenka. [[ns Oenka 000704ku BUpyca TabaqHOM
MO3aMK{d OBUIO TIOKAa3aHO, 4YTO B 3aBUCUMOCTH OT KOHIEHTpanuu Oeska
otnuyatorca numutupyromue craauu (Rafikova et al., 2003). Jlng oTHOCUTENIBHO
HU3KUX KOHIIEHTPAIUHA TaKOW CTaJHMel SBISETCS CTaiusl pocTa arperara, a aiis
Oosiee BBICOKMX — CTaAMsI IMPEIIEeCTBYIONICH neHaTypanuu oenka. HTepecHo, 4To
pasMep arperaToB HE 3aBHCHUT OT KOHIIGHTpaluu Oenaka, dYTo ObLIO
IPOJIEMOHCTPUPOBAHO B cilyyae ajikoroiybaeruaporenassl (Kypranos et al., 2002).

Kakue paxTopsl MOTYT BIMSATH Ha IpoLecc arperauu? MoxHO cKka3aTb, 4YTO
K HAM MOXXHO OTHECTH BC€ M3MEHEHHUs B KoH(popMmanuu Oelika, MPUBOIAILINE K
HKCMOHUPOBAHUIO TUAPOPOOHBIX YYAaCTKOB Ha TMOBEpXHOCTH Oenka. Hampuwmep,
U3MEHEHHE TAaKUX MapaMeTpoB cpefbl, Kak pH, MOHHAs cuia Wid TeMmIepaTypa,
MOTYT MPOBOIIMPOBATH arperaiunto 6eakoB. YacTo, 10CTaTOUHO JIHIIL HEOOIBIIOTO
U3MEHEHHUSI KOHIICHTPAIMM MOJEKyJ, 4YTOObl BBI3BaTh arperamuio. B ciydae
MaTOJIOTHYECKUX TPOIECCOB arperanud, MPOUCXOSMIINX B JKUBBIX KIIETKAX,
W3yYCHUE BIVMSHHS PA3IUYHBIX MapaMeTPOB MOXKET JaTh BAXKHYIO HMH(POPMAIUIO

JJIA ITIOHMMaHUA UX MCXaHHU3MOB.
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Ecmecmeenno pazeepnymele oeku

B 1962 rony /lxxon Koynepu Kenapro Bmecte ¢ Makcom Ilepyuem 3a
UCCIIEIOBAHUE CTPYKTYPHI TJIOOYJISApHBIX OenKkoB ObuiM yaoctoeHbl HoOeneBckoit
npemMuu o xumun. Kenapro oOHapy ui HEUTO, Yero HUKTO paHee He BUJIE, - 3TO
ObL1a TpeXMepHasi CTPYKTypa MOJIEKYJIbl Oeska BO Bcel ee ciiokHocTu. Hambonee
NOpa3UTEIbHOH OCOOEHHOCTBIO ITOW MOJEKYJbl Oblia €€ YHOpSAOYEHHOCTh U
MOJIHOE OTCYTCTBUE CUMMETPUHU.

Ceituac Bce 00JbIle AAHHBIX TOBOPST O TOM, YTO CYHIECTBYIOT OCIIKH, HE
o0yalaroIIe XOTh KaKOW-TO YIOPSAOYCHHOM CTPYKTypou. MX Ha3piBaroT
«OenkaMM € pa3ynopsiIOYEHHOW TPETUUYHOW  CTpykTypoi»  (“intrinsically
disordered proteins”, IDP). Amanu3 OenkoBoil ©6a3bl maHHBIX Swiss Protein
Database mnokaspiBaer, uro Oosiee 15 Thicau O€nKOB U3 3TOM 0a3bl MOTYT
colepkaTh HEYMOPSAOYEHHBIE PETHOHBI C IIuHOW Oosiee 40 aMHMHOKHCIOTHBIX
OoCTaTKOB. bosee ThICAYM W3 ITHX OCJNKOB MO MPEJACKA3aHHI0 WMEIOT BBICOKUN
nokazatenb HeynopsigoueHHocTd (Dunker et al., 1998). UntepecHo, yto B
IPOIECCE HBOJIOLUUU IYKAPHUOTUUYECKHE OpPraHu3Mbl «puodpenu» Oonbmie [DP,
yeMm npokapuoThl. Tak, B uccnegoBanuu JlyHnkepa ¢ coaBTopaMu ObUIO U3y4yeHO 29
FEHOMOB U TOKa3aHo, 4to Oosiee 30% »sykapuoTHUUECKUX OCJIKOB COJepKat
HEYTOPSOUYCHHbIE YYAaCTKU TMPOTSHKEHHOCThIO Oonee 50 aMHMHOKHCIOTHBIX
octatkoB (Dunker ef al., 2001).

[Ipu ucnonb30BaHUU PA3TUYHBIX JACHATYPUPYIOIIMX areHTOB WJIH YCIOBUU
(Takux, HampuMmep, Kak TemIeparypa) ObUIM OIpEAeNIeHbl YEeThIpe pa3HbIe
KOH(opMaIuu TIOOYJSIPHBIX OEJNKOB: HATHBHas (MOJIHOCTBIO YHOPSIOYEHHAs),
pacruiaBieHHas riooyna ("molten globule") (Ptitsyn, 1995), ee nmpeniecTBeHHUK —
npea-paciuiapieHHas riaodyna ("pre-molten-globule state") (Ptitsyn, 1995,

Uversky and Ptitsyn, 1996) u nonHocThIO pa3BepHyTast KOHPOpPMAIIHSL.
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PacninaBnenHas rioOyna XapakTepu3yercs OTCYTCTBUEM BBIPAXKEHHOM
KOOTIEPATUBHO IUIABALIEHCS TPETUUYHOW CTPYKTYphI, OJHAKO OEJIOK B 3TOM
COCTOSIHUM MPOJIOKAET COXPAHATH IIO0YIISIPHYIO CTPYKTYPY, Kak ObLIO OKA3aHo,
HamnpuMep, Ha JIaKTaJIbOyMHHE C UCTOJIb30BAaHUEM MaJOYTJIOBOIO PEHTI€HOBCKOIO
paccessnust (Kataoka et al, 1997). Kpome Ttoro, ObUIO yCTAaHOBJICHO, YTO B
COCTOSIHHH pacIuUIaBICHHON r100yIIbI IPOUCXOIUT yBEJIUYCHHE
TUJIPOJMHAMHUYECKOT0o pajauyca Ha 15% 1mo cpaBHEHHIO C HATUBHBIM COCTOSIHUEM,
YTO COOTBETCTBYET yBenuueHuto oobema Ha ~50% (Uversky, 2002).

benku B COCTOSTHUU Npea-pacIuiaBICHHON 17100y IIBI (nmm
«TepepacIviaBIeHo» TI00yIIbl, €ClM aHAIM3UPOBaTh HE CBOpauMBaHue Oenka, a
0oOpaTHBIA TIPOIIECC — €ro pa3BopauMBaHUE) OOJIAAI0T MEHee KOMITAaKTHOM
CTPYKTYpOil, ueM O€JIKM B COCTOSHHMHM PAaCIUIaBIEHHOW TJIOOYyIbel, HO Ooiee
KOMITAaKTHOM, 4Ye€M B pPa3BEpHYTOM cOCTOsSHUU. [IpM CpaBHEHHH C HATHUBHBIM
COCTOSIHHEM, TUAPOAMHAMUYECKUI o0beM 0enKoB B COCTOSIHUU
«TepepacIiaBiIeHo» riI00yJbl BO3pacTaeT B 3 pasa, a B MOJHOCTHIO Pa3BEPHYTOM
coctosinuu — B 12 pa3 (Uversky, 2002).

B cocrosHum «mepepacmiaBieHOW» TINIOOyibl  O€JIKHM  MPOJOJIKAIOT
B3anMMoJieicTBOBaTh ¢ ruApodooHsiM 30HAOM ANS, onHako ciabee, yem B
COCTOSIHUU pacIulaBieHHOM 11100yasl (Ptitsyn, 1995). B nanHOM cocTosIHUM yXKe He
UAET peuyb O TJIOOYyJSApHOW CTPyKType OejKa, MOCKOJIbKY pa3pylIaeTcs 4YacTb
ruipooOHBIX KIACTEPOB, CBA3bIBAaBIINX ANS.

Yerblpe cOCTOSIHUS O€JIKa pa3iMyaroTCsl MO CTENEHU HEYNOpsSJ0YEHHOCTH
CTPYKTYPBI U UX MOKHO JOCTaTOYHO JIETKO OTJIUYUTH APYT OT APYTa, UCIOIb3Yys
HEKOTOpbIe (PU3UKO-XUMHUUYECKHE METOIbI, epeurciiennbie Huxke (Uversky, 2002):

Kpucrannorpadus (ydacTku, KOTOpbIE HE pa3peliaroTcs JaHHBIM
METOJIOM, SIBJISIFOTCSL HECTPYKTYPUPOBAHHBIMH).
I'ereposnepubiii AMP B HECKOIBKUX U3MEPEHUSIX.
Kpyrogoit nuxpousm (K]I) B 6mxkaem Y O.
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KJ]I B nanbHem Y.

['mnponuHaMuYecKUe MapaMeTphl, MOJYYCHHBIC C TOMOIIBIO TEIb-
xpomarorpadun,  CEAMMEHTAIIMOHHOTO  aHAIW3a,  BHUCKO3UMETPUU  WIIU
nuHamudeckoro ceeropaccesiaus (JJIC).

dnyopecieHTHBIE XapaKTePUCTUKU OelKa.

[ToBbIIIEHHAS] TOCTYITHOCTD MTPOTEOIU3Y.

NMMyHOXMUMHYECKHE METOABl (AaHTHTENAa HAa pPa3HBIE COCTOSIHUS
Oenka).

Huddepenumanphas CKaHUpYIOIAs KaJIOpUMETpUs (HaJIU4Me WU
OTCYTCTBHE KOOTIEPATUBHBIX TEIJIOBBIX NIEPEXOJ0B Ha TEPMOTpaMME).

[IpumeHsss HECKOIbKO M3 TEPEUMCICHHBIX BBINIE METOJOB U TOIXOJOB,
MO’KHO JIOKa3aTh HAJIMYME YaCTUYHO CBEPHYTHIX HHTEPMEINATOB OeKa.

OcTaHOBUMCS KPaTKO Ha TEPMHUHOJOTHH, YHMOTpeOIsieMoil miis OeTKoB ¢
YACTUYHO WUJIU MOJTHOCTBIO HEYNOPSAIOYEHHOU CTPYKTYpold. TepMUH «eCcTeCTBEHHO
JeHaTypupoBaHHbIi Oenok» (“natively denatured protein) 6b11 BBeneH 11IBupzom
B 1994 roxy nns toro, uroObl oTian4ath Tay Oenku, oOiagarolye MOBBIICHHON
TMOKOCTBIO M TOJBHUXKHOCTBIO YTIIEPOJHOTO CKEJeTa, OT TIO0OYISpHBIX OEIKOB C
YHOPSIOYCHHON TPETUIHOU CTpyKTypoi (Schweers et al., 1994). JIBa rona cmycts
B pabore Belinpeba moOSBWICS TEPMHH «ECTECTBEHHO Pa3BEPHYTHIN OCIOK»
(“natively unfolded protein™) nns omucaHusi o-CUHYKJIEMHA, MPEICTAaBICHHOTO B
pacTBope mpu (PU3MOIOTHIECKUX YCIOBUAX KakK pa3BepHyThI Oenok (Weinreb et
al., 1996). CymecTBylOT TakXe ajlbTepHATHBHBIE TEPMUHBI — «BHYTpPEHHE
JIeCTpyKTypupoBanHble Oenkm» (“intrinsically unstructured proteins™ (Wright and
Dyson, 1999)) u “BuyTpenne HeynopsimoueHnbsie 6enkm» (“intrinsically disordered
proteins” (Dunker et al., 2001)). B cimy4ae CHHOHMMOB CIEAyeT MPOSBIATH
HEKOTOPYIO aKKypaTHOCTh, T. K. TEPMHUHBI «JeHATypupoBaHHBI» (denatured) u
«HeynopsanodeHHbii» (disordered) MoryT ObITH MCHOJIB30BaHbl KaK CHHOHUMBI U
OMKCHIBATh HAOOP XapaKTEPUCTHYCCKUX KOH(POPMAIMHA IMOJTUNEITUIHOW IICTIH,
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BKJIFOYAIOIINI KOH(OpPMAaIMK € Pa3HOM CTENEHbIO CBEPHYTOCTH: pacIlIaBJICHHAs
rio0yna, mpea-pacijiaBieHHas rolyia u pa3BepHyTas KoHpopManus. TepMUHbI
«IeCTpyKTypupoBaHHbIi» (unstructured) u «pa3sepuyThiii» (unfolded) Ttaxke
SBIIAFOTCS. CHHOHUMAaMH, OJHAKO MPUMEHSATHCA OHU MOTYT TOJBKO B KayecTBE
XapaKTePUCTUKU OTCYTCTBUS KaKOM Obl TO HU ObLIO (MJIM MOYTH Kakoil ObI TO HU
OBLI0) YHOPSAJOUYEHHON CTPYKTYPBHI.

OtcyTtcTBUE Yy OCJIKOB BBIPAKEHHON YIOPSAOYEHHON CTPYKTYpHl TIPH
(U3HOJOTMYECKUX YCIOBUSAX MOXKET OTPakaTb OCOOEHHOCTH UX aMUHOKHCIOTHOMN
NOCJIEOBATENbHOCTA. bBBIJIO yCTAaHOBJIEHO, YTO pa3ynopsI0YeHHbIE 00J1IacTh
JEMOHCTPUPYIOT HEKOTOpbIE 001Me 0COOEHHOCTH MEPBUYHON CTPYKTYPHI, U OoJiee
15000 OenxkoB u3 OenkoBOl 0a3pl maHHBIX SwissProt HazgeaeHbl STUMH
ocobennoctsmu (Romero et al., 1998). OgHoii U3 Takux 0COOEHHOCTEH SBISETCS
HaJIUu4ue  OOJBLIOTO  KOJIMYECTBA  HECKOMIIGHCUPOBAHHBIX  3apsoB  IMpHU
HeWTpanbHbix pH u Hu3Koe coaepkaHue TUAPO(OOHBIX aAMHUHOKHUCIOTHBIX
octatkoB (Gast et al., 1995, Hemmings ef al., 1984).

B coorBercTtBUM ¢ onpeneneHueM TaHdopaa, Mojekyna nojaumepa
o0nazaeT MOMHOCTHIO Pa3yNopsI0YEHHOW KOH(oOpManuen TOorja, KOrja BOKPYT
KKJO0M OTAENIbHO B3STOW CBSI3W TOJMMEpa BO3MOKHO CBOOOJIHOE BpaIlllEHUE,
CBOMCTBEHHOE JJIsi TMOJOOHONH CBS3M B HHU3KOMOJEKYJSIPHOM COCIHMHECHHH.
Pesynbratel uccienoBanuii 6enkoB B 6M TyaHUIUHTHAPOXIIOPUJIE TIOKA3aIH, YTO
B ATUX YCJOBHUAX OCJIKM MOTYT OBITh ONMCAHbI, KAK HE UMEIOILINE YIOPST0YEHHON
ctpyktrypsl (Uversky, 2002). OmHako nmake B TaKuX YCIOBHUSX TIOOYJISIpHBIC
OCNIKM COXPAHSIOT HEKOTOPOE KOJMYECTBO OCTATOYHOW CTPYKTYpHI, T.€.
NOJIUMIENITUIHASA 1EeMb HE JIOCTUTAeT MOJIHOCTBIO Pa3BepHYTOM KoH(opMauuu
(Pappu et al, 2000). Wcxons w3 Ha3BaHUSA, OCIKHM C pPa3ymnopsaOuECHHON
CTPYKTYPOM XapakTEepHU3yIOTCS OTCYTCTBHEM KakKoWl Obl TO HM ObUIO (MJIM MOYTHU
Kakol Obl TO HH OBUIO) YIOPSIOYEHHOW CTPYKTyphl. OHAKO, YYHUTHIBas
BBHINIECKA3aHHOE (a4 WMMEHHO TO, YTO TJIOOYJSpHBIE OCNKM Jake B IKECTKHUX
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JNEHATYPUPYIOUIUX YCIOBHSX HE BCErAa JIOCTUTAIOT IOJHOCTBIO PA3BEPHYTOIO
COCTOSIHHS), BO3HHUKAET PE3OHHBIA BOMPOC: HACKOJIBKO pa3BepHyThl IDP? B
cTpykTypHoM acnekte IDP otnuuaroTcss oT riaoOyispHbIX O€IKOB OOJIbIITUM
TUAPOJMHAMUYECKUM  PAJUyCOM, HHU3KHM  COJIEpKAHUEM  yHOPSIOYECHHOU
BTOPUYHON CTPYKTYpbl U BBICOKON BHYTPUMOJEKYJSPHON IMOABUKHOCTBIO, YTO
cleayeT W3 AaHHbIX, noiaydeHHbIx ¢ nomombio K/, FTIR, AMP, JJIC, rens-
xpoMarorpadur u MHOTUX JApyrux MeroaoB. OnHako nanueie SAMP dertko
nokas3eiBaloT, uTo IDP He 00pasyroT enunyro rpynmy. Tak, Hapsay ¢ OenkaMu, He
COACPKAIMMH YIOPSIAOYECHHOW BTOPUYHOW WM TPETUYHOM CTPYKTYpBI, €CTh
npuMepbl  O€JIKOB, COAEpKAlIUX JAUHAMUYECKYIO, MOABUKHYIO CTPYKTYpy (B
OCHOBHOM O-CIIUPAJIbHYIO WM [-CKJIaquyaTyl0) U Jaxke OEJIKOB, COAEpKalluX
ynopsinouennbie yactu (Uversky, 2002).

Haubonee TouHOl ompenensiomeidl XapakTEPUCTHUKON KOH(GOPMAIIMOHHBIX
COCTOSHMM  SIBJIAFOTCSL ~ TMAPOJMHAMUYECKHE  IapamMeTpbl.  3aBHCHUMOCTHU
THIPOJIMHAMHYECKOTO 00beMa OT JJIMHBI TMOJHUICNTHIHOW I[N IS Pa3HbIX
COCTOSIHUU Oenka (HAaTMBHOE COCTOSIHME, pacIulaBieHHas riao0yna, mpea-
pacruiaBieHHasi TJI00yJa, Oelku, JAeHaTypupoBaHHbie 8M ModeBHMHON wian 6M
I'YaHUJUHTHUAPOXIIOPUIIOM, a TaKXKE €CTECTBEHHO Pa3ylopsI0U€HHbIE OCNKH CO
CTPYKTYpO#, MOAOOHOW MpeA-paciuiaBIeHHOW TIJI00yJde WIA C TOJHOCTBIO
HEYNOPSIAOUYEHHOW CTPYKTYpPOH) OMNMUCBHIBAIOTCS JUHEUHBIMH 3aBUCUMOCTAMHU U
3aMETHO OTJIMYAIOTCS OJHA OT IPYTOM.

JleHaTypupoBaHHas MOJUIIENTUAHASA LENb XaPAKTEPU3YETCs JOBOJIBHO
cienuduyunoit popmoit cnexktpa KJI B manmbHeit ynbpTpaduoneToBoit obnactu. B
obnactu 200 HM (MPEUMYIIECTBEHHO HEYNOPSAJ0YECHHbIE CTPYKTYPbl U YACTUYHO
B-ckmanku) HAOMIOMAETCS 3HAYUTENBHBIA OTPUIATEIBHBIA MAaKCUMyM MOJISIPHOM
AIUTUNITUYHOCTH, a B o0nactu 222 HM (NMIPEUMYIIECTBEHHO O-CIIUPAIN) MOJISpHas
IIUOTHYHOCTD npubmmkaerca k nHymo (Uversky et al., 1999). Oka3anocs, uTo
OYeHb YyNOOHBIM crocoOoMm st pasaenenus [DP Ha moakmaccel siBIsieTcs
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IIOCTPOCHUE 3aBUCUMOCTH MOJSApHOM dyummntudHoctd npu 200 HM 1poTuB
MOJISIPHOM 3JUIMNTUYHOCTH Tpu 222 HM. Takoro pojia mocTpoeHue MNO3BOJISET
pazzenuTh OEnKM Ha 2 JUCKPETHBIX MOJs, OJHO U3 KOTOphIX coaepxkut IDP B
MOJIHOCTBIO pa3zBepHyToM coctosinuu (coil-like), a Bropoe (PMG-like) — IDP B
COCTOSIHMH, MTOJA00HOM Mpe/I-pacIUIaBICHOM TI00yIe.

B.H. VBepckum Opi1  mpoBeaeH monoOHbiii anamu3 100 Oenkos,
oTHOcAmUXcss K cemeiictBy IDP, u3 Hux s 23 OenkoB OBLTM W3BECTHBI
rufpoarHaMudeckue mnapaMmerpbl. Oxaszanocb, uyto i IDP B momHOCTBIO
Pa3BEpPHYTOM COCTOSIHMM 3HAYEHUSI MOJIAPHOW AIUTMINTUYHOCTH  COCTABIISIOT
[0]200 = -18900+£2800 rpag*cm *IMOJb | 1 [0]22, =-1700£700 rpaz:*CMz*zLMOHL'I,
B TO BpeMs KaK B COCTOSHMHM, IOJOOHOM Mpe-paciuiaBieHoN T1io0ye,
[0]200 = -10700+1300 rpax*cm*qmons " 1 [0]x2 = -3900+1100 rpag*cm™* amoms . dtu
JTaHHbIE ObUIA COIOCTaBJIEHBI C Pe3yJbTaTaMH, MOJTYYEHHBIMHU C HCIIOJIb30BAHUEM
TUAPOAMHAMUYECKUX METOJIOB, JJIS TOATBEPKICHUS TPEIJI0KEHHOTO Ccrocoba
paznenenusi IDP na nBa moakmacca (Uversky, 2002). BbiBog, KOTOpBIN MOXKHO
clenaTh, UCTOJIb3ys MOJI00HOE MOCTPOCHUE, TOBOPUT O TOM, 4TO cemelictBo IDP
JIEIUTCS. HA TPYIILY C MPAKTHYECKU IMOJHOCTHhIO JEHATYPUPOBAHHOM CTPYKTYpPOil
(cocrositHue,  MOMOOHOE  MOJHOCTBIO  JICHATYPUPOBAHHOMY  COCTOSIHUIO
mI00yJIIpHOro Oenka) W Ha TPyNIy C OCTaTKaMH BTOPUYHOM WM TPETUYHOU
CTPYKTYpPBI (COCTOSIHHE, TIOJI00HOE TPEea-PacIUIaBICHHON TI00Yye). ITOT BBIBOJI
NOATBEPKAACTCS JAaHHBIMU M3MEPEHUN TUIPOJAMHAMUYECKUX I[apaMeTpoOB U
nanHeiMu SAMP.

OynkuuoHanbHass posib IDP mokeT ObITH CBSI3aHa C HEOOXOJIWMOCTHIO
MJIACTUYHOCTU MOJEKYJIbl Oenka st 3¢G(EKTUBHOTO y3HABAHUSI MOJICKYJI-
naptaepoB (Dunker ef al., 2001). dns nexoropsix IDP 6110 mokazan nepexon u3
HEYMNOPSAOUYEHHOI'O COCTOSIHUS B YIIOPSAOYEHHOE B Mpoliecce (yHKIIMOHUPOBAHUS
(Dunker et al., 2001). [IpencraBisieTcsi BIOJHE BO3MOXHBIM, YTO CYIIECTBOBAaHUE
OCTKOB € pa3ymopsiIOYCHHONW TPETUYHOM CTPYKTYpOH MOXKHO OOBSICHUTH
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BBITOJTHOW TOJBMXKHOCTBHIO CTPYKTYpPhI BO BpeMs Iepexojila TaKhX OCIIKOB W3
HEYTOPSAIOUYEHHOI'O COCTOSIHUS B YIOPSIOYEHHOE 110 CPABHEHUIO C TII00YIISIPHBIMU
oenkamu (Dunker et al., 1998, Dunker et al., 2001, Romero et al., 1998, Wright
and Dyson, 1999). Cpenu BbIroa, KOTOpbIE MOTYT OOECHEYUTH IOJ00HbBIE
0COOEHHOCTH CTPOEHUS, MOKHO BBIICIIUTH CJIEAYIOIIHUE:

CIIOCOOHOCTh ~ B3aMMOJICHCTBOBAaTh C  HECKOJBKMMH  Pa3HbIMU
naptaepamu (Dunker ef al., 2001, Wright and Dyson, 1999);

BO3MOXXHOCTh OOOWTH CTEPUUECKUE OTPAHUYCHUS MPHU CBI3BIBAHUU C
NapTHEPOM M 3HAYUTENIBHO YBEJIMYUTH O00JIACTh KOHTAaKTa IO CPaBHEHUIO C
Oenmkamu, oOamaromuMu xKecTkoi crpykrypor (Dunker et al., 2001, Meador et
al., 1992);

TOYHBIM ~ KOHTPOJIb M MpOCTasg PEryjsilus  TEPMOJIWHAMHUKH
ces3biBanus (Dunker et al., 2001, Wright and Dyson, 1999);

NOBBIIICHHBIA ~ ypOBEHb  CHEUU(PUUECKONH  MaKpPOMOJEKYISIPHON
accormanuu (Dunker et al., 2001);

CHWKEHHOe Bpems u3Hu IDP B kieTkax u, CclieI0OBaTENbHO,
JIOTIOJIHUTEJIbHBIM MEXaHU3M PETyJISIUU BaKHBIX KJIETOUHBIX KackaaoB (Wright
and Dyson, 1999).

B pa6ote II. Tomner ormeuaetcs, uro IDP He 06mamgaroT 3H3MMATUYECKOU
aAKTUBHOCTBIO, T.K. I €€ MPOSBICHUS HEOOXOIUMO TUIOTHO CBEPHYTOE COCTOSTHUS
y4acTKoB  akTuBHOro 1ieHtpa (Tompa, 2002). ABtop BbIIETsAECT 5
(byHKUMOHANBHBIX KjaccoB IDP:

OHnTponuiiHble nenu. Hampumep, nuHkepHas oOsnacth Oenka SNAP-
25, BBIONHSAOMIAS PYHKITUIO 00beTUHEHMS B O€TKe.

Oddexroprl. Hanpumep, kanbnacTaTuH, KOTOPbIH HMHTUOUpPYET
KaJIbIIAMH TIPH IPOBEICHHN CHTHAIOB, OIOCPEI0BaHHBIX HoHamMu Ca’'

«Mycopmmku». Hampumep, Kka3ewHsl, KOTOpele  (QOPMHUPYIOT
KJIACTEPBI, ICHOHUPYIOIINE Kb, U NPEI0TBPAILAal0T CBOPAYMBAHUE MOJIOKA.
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«CoopuIkm». Hanpuwmep, KaJIbJIECMOH, YCKOPSIOIIUI
[IOJIUMEPU3ALUIO0 AKTUHA.

HeynopsinoueHHble yuyacTKu O€IKOB, UTPAIOLIUE ONPEICIIEHHYIO POJIb
B PAa3JIMYHBIX PETYJSATOPHBIX IMpoHeccax (TakuxX, KaK IPOTEOJIUTHYECKOE

pacuierieHne 6eIKOB M0 3TUM Yy4YacTKa WK UX (pochopuianpoBaHue).

Cnenyer, OJHAaKO, OTMETUTb, YTO BbIACICHUE (PEPMEHTATUBHOTO
(YHKIIMOHAJIBHOIO KJIacCca BCE-TAKU BIIOJHE BO3MOXKHO, T.K. €CTh JaHHbIE
OTHOCHUTENBHO JIM30LMMA, Y KOTOPOTO OKOJIO TIOJIOBHHBI MOJIEKYJIBI SIBJISIETCS
HeynopsanodyeHHou, a takxe JHK-tomomszomepassl I, koTopas, kak u nuzonum,
npuHaexuT k cemeiictey IDP. He wuckimodeHo, 4ro co BpemeHeM OyayT
onucansl u Apyrue IDP, obnanaromue pepMEeHTaTUBHONW aKTUBHOCTHIO.

Oco0eHHOCTH, KOTOpBIE JAEMOHCTPUPYIOT OCNKH C pa3ymnopsA0YeHHON
TPETUYHOM CTPYKTYpOH, 3aKiajbiBatoTcsl B Ux nepBuyHoil crpykrype (Uversky,
2002). bouio BeigicHeHo, yto IDP copepkar 3HauMTENBHO OOJBIIEE KOJIMYECTBO
NpOJIMHA, JIM3WHA, CEPUHA, IJIyTaMMHA M TJIYTAMHUHOBOM KHUCJIOTBHI, 4Ye€M
riooynsipusie Oenku. B To ke Bpemsi, colepKaHME TaKMX AMHHOKHCIOT, Kak
TpuntodaH, TUPO3UH, (HEeHUTATAHUH, IUCTEUH, U30JCHIINH, JEHIIMH U aclapardH,
cubHO cHIKeHO B IDP mo cpaBHenuro ¢ rimodymnspubiMu Oenkamu (Tompa, 2002).
Takoro poma nucOanaHC B aMHHOKHCIOTHOM COCTaBE KaK pa3 U OObBICHSET
ornuuyusi IDP ot rnoOynapHbix OenkoB. AHanmM3 aMUHOKHCIOTHOTO COCTaBa
HaIpsMYIO MOKa3bIBaeT, yTo IDP nelicTBUTENBHO CONEpKAT MEHbIIEE KOJIUYECTBO
ruapodobHbIx  amuHOKMCHOT. CregoBarenbHO, OenkoBass — riao0yna  He
cTabmuzupyercs TuIpoPoOHBIMU B3aUMOJICHCTBUSIMHE, & N30BITOYHBIN 3apsi €Il
CUJIbHEE JIeCTa0OUIIM3UPYET CTPYKTYPY MOI0OHBIX OEITKOB.

Takum o6pasom, BaxHbIM mnpu3HakoM IDP sBnsitoTcs BbICOKHMI 3apsn
MOJIEKYJIbI 1 OTHOCHUTEJIbHO HU3Kasi TUIPOPOOHOCTh; OJIHAKO HAI0 OTMETUTh, YTO
UMEHHO 3T HMX OCOOCHHOCTHM O0O0€CHeunBalOT HEKOTOPbIE JOMOJHUTEIbHBIC
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cBoiictBa IDP, a uMeHHO CHOCOOHOCTH MPEAOTBPAIIATh ArPEralMi0 Pa3InYHbIX
oenkoB-cyoctparoB (Uversky et al, 2000). Kak ykaspiBasiock Bbliie, IDP
COJIepKaT MOBBIIEHHOE KOJMYECTBO MPOJIMHA M TIyTaMUHA. JDTH aMUHOKHCIIOTHI
MPEISITCTBYIOT 00pa30BaHMIO BTOPUYHOMN CTPYKTYDBHI, Oy TO
B-cknagku unu o-cnupanui. OqHaKo UMEHHO Uit O€TTKOB C BICOKUM COJIEP:KaHUEM
npojuHa OBLIO MoKa3aHo (GopMupoBaHUE CHEIUPUUECKON BTOPHUUHON CTPYKTYPHI
— JIEBO3aKpyUCHHAsl MOJHUIPOIIMHOBas crivpaib Broporo tumna (I1112) (Williamson,
1994). [TogobOnas cTpykTypa ObLTa onucaHa Jyis OejKa Tay, CHHYKJIeHMHA U Ka3eruHa
(Syme et al.,, 2002). [lannas koH(opmaius MPEANOYTUTEIPHA W BaKHA IS
MOJIEKYJIIPHOTO y3HaBaHUs, T.K. B HEH OTCYTCTBYIOT BHYTpPHIICTIOYCUYHbBIC
BOJIOPOHBIE CBSI3M M OHA JIETKO MEPEeXOauT B Apyrue koHdopmanuu. Kpome Toro,
IPOJUH JIOBOJBHO YacTO BOBJIEKAeTCS B O€JIOK-OENKOBbIE B3aUMOICHCTBUS
(Williamson, 1994). Onnako, B 3Toil «cuibHOU cTtopoHe» IDP ckpeiBaercs u
HeMaJias OacHOCTh, MOCKOIbKY KoH(popmarwus 1112 10BOIBHO JeTKO MEPEeXoauT B
B-ckilagyaTyro CTpyKTypy, a Takke CKIOHHa K oOpazoBanuio amuiousioB (Wright
and Dyson, 1999), uto 610 TOKa3aHO, B YaCTHOCTH, JyIs Oenka Tay (von Bergen
et al., 2000).

B 3aBepmienue storo pasuena o030pa JUTEPATypbl CIEAYET OTMETHTH, UYTO
yCJOBUS, TIPU KOTOPBIX uccienytores IDP, kpaiiHe BaxHBI, T.K. Jake HEOOJIbIINE
U3MEHEHHUSI COCTaBa Cpellbl MOTYT MPUBOAWTh K 3HAYUTEIBHBIM H3MEHEHUSIM
cBoiicTB Oenka. Tak, Hampumep, MPOTHUMO3WH O M O-CUHYKJICHH YaCTUYHO
CBODAYMBAIOTCS B IPHCYICTBHM MOHOB JIBYXBAJICHTHBIX MeETamioB (Zn”")
(Uversky, 2002, Uversky et al., 2002). Tlono6ubie 3¢ dheKThl MOKHO HAOIOIATH

ITPH ITOBBIIIICHUHA HOHHOU CHJIBI, U'3MCHCHHNU pH nT.AO.
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Azpezamm, KaK npuduHa npuoOHHbIX 3abo0neeanuil

N3BectHa CBA3b NOPUOHOB M KX  arperaroB ¢  XpPOHUYECKUMU
HEpoereHepaTUBHBIMH 3a00JI€BaHUsIMH, TAKUMHU KaK CKpEWIn y OBell, ry0uaras
sHIe(aIoNaThsi KPYMHOTO pOraToro cKoTa, a Takxe Kypy, oosesns Kpeiidenbaa-
Axko0a, cunnpom I'epcrmanna-Iltporicnepa-llleiiHkepa nu XpoHUUecKas cemenHast
OECCOHHHUIIA Y YeTTOBEKa.

[Ipuonnslie 3aboneBanus ObuiM u3BecTHbl ¢ Havdana XVIII cronerus wu
OTMHCaHbl OJJTHOBPEMEHHO, M KaK HAacleACTBEHHbIE, M Kak HHpeKunoHusle. K unciy
WH(DEKIIMOHHBIX 3a00J7€BaHUN OTHOCSTCS Takue OOJIe3HH, KaK Kypy, CKpeHnu u
ryOuaTas sHuedaionatusi KOpoB, Toraa kak cunapom Kpeindensaa-Axkodba u
cunapoMm ['epcrmanna-IlITpoiicinepa-llleitHkepa B GOJBIIMHCTBE CIy4aeB UMEIOT
HaCJeICTBEHHYI0 OcHOBY. Ceifuac HW3BECTHO, YTO OOJBIIMHCTBO MPUOHHBIX
OoNie3HEN YenoBE€KAa W JKUBOTHBIX MMEIOT JK30T€HHBIM U TIE€HETUYECKUU
KOMIIOHEHTBI, TO €CTb MMETh OJHOBPEMEHHO KaK HAaCJICACTBEHHOE, TaK U
uH(pexknuonHoe npoucxoxaenue (Ilokposckuii, 2004).

Ha naHHblli MOMEHT BCE HEHpOJereHepaTHBHbIE 3a00JI€BaHUS NPHOHHON
NPUPOJIBI SIBIISIIOTCA HEU3JICYMMBIMU M, B KOHIIE KOHIIOB, HEMHUHYEMO BEIyT K
cMepTH OOJILHOTO.

[IpopbIB B MOHUMAHUU MPUPOJIBI TAHHBIX 3a00JIEBAHUMA MPOU3OMIEN TOJIBKO
B Hayasne 80-x rogoB XX Beka, Korja ObUIO YCTaHOBJICHO, YTO MH(MEKIIMOHHBIN
areHT, BBI3BIBAIOUINI ATH HEHpoJereHepaTuBHbIe 00NIe3HU sBIsieTcst OenkoM PrP
(Oesch et al., 1985, Prusiner, 1994, Prusiner and DeArmond, 1991, Prusiner et al.,
1998). PrP siBnsieTcst HeKpyMHBIM OEJIKOM C MOJIEKYJISipHOM Maccol Becero 23 k/la u
JUTMHOU 254 aMUHOKHCIJIOTHBIX OCTaTKa.

Oynkuun  O0enkoB  PrP 1o  koHma He ycrtaHoBieHbl. Hekortopsie
MCCIIEIOBATENN YKa3bIBaIOT Ha CIOCOOHOCTH PrP cBs3BIBaTH MOHBI MeAM U JPYTHX

JIBYXBAJICHTHBIX MeTauioB (Aguzzi and Polymenidou, 2004). Bricka3siBatoTcs
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TaKKe MNpeanojoxeHus, 4yro PrP moxkeT ywyacTBOBaTh B CUTHAJbHBIX KacKajax
uHaykuu anonto3a (Aguzzi and Polymenidou, 2004). YV MbImie#, JHMIIEHHBIX
KOJMpYoero 3ToT 6enok reHa (PRNP) He oTMe4eHO U3MEHEHUHN B TIOBEJCHUU U
pPEnpOyKTUBHONW aKTMBHOCTH, BMECTE C TEM Ha dHIle(asorpaMMme MPOSBISIOTCS
HapyLIEHUsl JIOJITOBPEMEHHBIX TMOTEHIUAIOB U JedeKTbl B  TOJIABJICHUU
aktTuBHOCTH GABA-3aBUCHMMBIX TOTEHIHATOB. KpoMe 3TOro, y Takux MbIIEH
OMHCAaHbl  ANEKTPOPHU3NOIOTHUECKHE WM3MEHEHHMs] B O00JIACTM  THUIIIOKaMIIa
(Kawabhara et al., 2000).

B knerkax PrP, xak u OOJBIIMHCTBO OENKOB, CHUHTE3UPYETCS B BHUJIEC
NPEAIIECTBEHHUKA, IOJBEPrarollerocs B MOCIEAYIOIIEM MPOTEOIUTUYECKOMY
pacUICIUICHUIO U MOCTTPAaHCISAUMOHHON Monudukauuu. B mpouecce co3peBanus
or Oenka mnpemmecTBeHHUKa PrP mocnenoBarensHo oTtmemisrorcs N-KOHIEBas
CUTHaJIbHAS MOCIEA0BAaTeNIbHOCTh U C-KOHIIEBOM THAPOPOOHBINA CErMEeHT, MOocie
Yero MPHUCOCIUHSETCS TIUKO(pOoCchHaTHIUINHO3UTON, KOTOPBIA HHTETPUPYETCS B
JUTUAHBIA OUCTION M BhIMONHSAET PyHKIMI0O MemOpanHoro skops PrP. bemox PrP
MOKET CYILIECTBOBATh B BUJIE JIBYX KOH(OPMEPOB. PrP¢ — HOPMAaJIbHBIN O€JIOK, U
PrP* — ero undexunonnas popma. [lomazgast B opranusm, PrP* kakuM-To, emé 1o
KOHIIa HE YCTAHOBJIEHHBIM 00pa3oM, MEPEBOAUT MOCTOSHHO MPUCYTCTBYIOIIUN B
HOpPME B KJIETKax M TkaHsax PrP® B ero mudexumonnyio dopmy PrP*, a Taxxe
yBeInuuBaeT mpoaykiuto Oenka PrP B xmerke (Sabuncu er al, 2003). B
pe3yJibTare JTOro IMPOUCXOAUT HAKOIUIEHUE NAaTOTEHHOIO PrP*, MOJIEKYJIbI
KOTOPOT'O arperupyoT, BbI3bIBAs JErE€HEPALUIO TKAHEW MO3ra.

Ha Hacrosimuii MOMEHT NpPOCTpPAHCTBEHHAsI CTPYKTypa HEUH(EKIHOHHOM
dopmer PrP® mompo6HO m3ydeHa, XOTS, ¢ MOMEHTA OTKPBITHS OEIKa OHA JOJIrO
octaBanach HepacmuppoBanHoil. Huszkuii ypoBens skcnpeccun PrP B paznuyunbix
CUCTEMaX, a TakKe €ro IuloXas pacTBOPUMOCTb JIOJrO€ BpeMs Jelalu
HEBO3MOXKHOW pacmm(ppoOBKy €ro TMPOCTPAHCTBEHHOW CTPYKTYpPhl METOJIO0M
pPeHTreHOCTPYyKTypHOro aHanu3a. B 1993-1995 rr. B maGoparopuu S.B. Prusiner
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ObLT TPOBEAEH JETadbHbIA aHali3 BTOPUYHOM CTPYKTYpbl MPUOHOB U HUX
KJIETOUYHBIX TOMOJIOTOB C NMpUMEHeHneM MHppakpacHoh U Dypbe-CreKTPOCKOIUH.
B »TuX paHHUX OSKCIEpUMEHTaxX ObUIO MMOKa3aHO, 4TO HWH(EKIIMOHHBIN PrP>
OTJIMYAECTCS OT HOPMAIBHOI'O PrP¢ npeoOnamanuemM P-cTpyktyp (B PrP¢ ouu
3aHuMaroT Bcero 3% oT oOled JJIMHBI MOCIeA0BATEIbHOCTH, B TO BPEMs Kak B
PrP* ma B-cTpykTypHble yuacTku npuxomurtcs 10 43%) (Huang et al., 1994,
Huang et al., 1995). Ucnonbs3oBanue nanupix IMP-ciekTpockonuu mo3Boiamio Z.
Huang c coagt. (1995) (Huang et al., 1995) nocroBepHo mokasaTh, uTo 110 43%
nocnesoBaTenbHocTH  PrPC mpencTaBieHO  YCTOWUMBOM  O-CIIMpPANbHOM
cTpykTypoil. B mocnenayronme ronbl metoaoMm SAMP  criekTpockonuu  ObUIH
TOJy4eHbl TPEXMEpHbIe MOAend PrP® MHOIMX BHIOB MIICKONHTAIONIHX, B TOM
gucine u uenoeka (Lysek et al, 2005). K HacrosimieMy MOMEHTY METOJOM
PEHTTEHOCTPYKTYPHOTO aHaJIW3a IMOJIYYEHbl MPOCTPAHCTBEHHBIE CTPYKTYPBI C
BBICOKMM pPa3pelIeHneM HEKOTOphIX NpuoHHBIX OenkoB (Haire ef al., 2004, Knaus
et al., 2001, Sawaya et al., 2007).

Ha Pucynke 1 npencraBieHbl COBpEMEHHBIE JaHHBIE O IMPOCTPAHCTBEHHOU
OpraHM3aIlMy TNPHOHHBIX OenkoB. CTpykrypa PrP® MieKONMMTAIOMMX CHIBHO
KOHCEpBaTUBHA M TMPEJCTaBIICHA [BYMsS MPUHIUIIMAIBHO Pa3InYyarolIuMUCS
CTPYKTYPHBIMH JOMeHaMu: N-KOHIEBbIM — HECTPYKTYPUPOBAHHBIM (ocTaTku 23 -
128), u C-KOHIIEBbIM, O00JIAIAIOMKUM CTAOWIBHOW BTOPUYHONM M TPETHUHOMN
ctpykrtypamu (octatku 134 - 231) (Riek et al, 1997). B cocras
HECTPYKTYPUPOBAHHOTO N-KOHIIEBOTO JIOMEHAa BXOJAST JiBa KOHCEPBATHUBHBIX
ydacTka nociieoBaTeabHoCTU. [IepBblii COCTOUT U3 OKTANENTUIHBIX MOBTOPOB (51
- 90) (Riek et al., 1997). Ilpennonaraercs, 4TO 3TOT MOTHUB YY4aCTBYET B U3BECTHOM
JUTSl TIPUOHHBIX OEJNKOB B3aMMOJICUCTBHHM C MOHAMU MEIH, a TAKXKE BO3MOKHO
BOBJICUEH B MPOIECC KOHBEPCUM U 00pa30BaHUsl aMHIIOUAHBIX CTPYKTYp (Brockes,
1999). Bropoii ydYacTOK TpEACTaBIsIeT COOOW BBICOKO KOHCEPBATUBHBIN
ruapodooubIi kmactep (111-134).
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Puc. 1 CtpykTypsl npuoHHBIX O0enkoB (Aguzzi et al., 2008, Prusiner, 1998)

A. CTpyKkTypa o-cupaibHON HEMH(DEKITMOHHOW (OPMBI PEKOMOMHAHTHOTO
PrP (90 - 231) cupuiickoro xomsiuka 1o aaHHsiM IMP cniekrpockonuu. OTmMedeHsl
a-cmpann H1, H2 u H3, B-msoxku S1 u S2. Mexny cnupanssmu H2 u H3
o0o3Hauena aucyibpuaHas cBsi3b (Cysl79 — Cys214). KpacHeiM 1BETOM
0003HaY€H KOHCEPBATUBHBIN TMAPOPOOHBIN yUaCTOK.

b. Cxemarnunoe uzobOpaxenue ctpoeHuss Mosekyibl PrP(29-231). Yyactok
Oenka mnpencTaBieHHbId octaTkaMu 90 — 231 mocTpoeH 1o KoOpAuHATam
CTPYKTYpbI ¢ pucyHka (A). OctanpHas nocieaoBaTeabHOCTh (29 — 90) noctpoeHa
BPYUYHYI0, UCKIIIOYUTENIBHO B LEISAX WUTOcTpauuu. L[Berom 0003HaueH ypoBeHb
HOJIBUKHOCTU CTPYKTYpbl. CHHUM — HauboJiee CTaOUIIbHBIE YYaCTKH, KPAaCHBIM —
Haunbosiee MoIBUKHBIE.

B. Cxema nepBuunoii ctpyktypsl PrP. Ha cxeme 0003HaueHBI MOJTOKEHUS
OCHOBHBIX XapaKTEPHBIX KOHCEPBAaTUBHBIX CAaWTOB B IOCIEAOBATEIBHOCTH
IPUOHHOTO OeNIKa U y4aCTKU €ro MOCTTPAHCISIIMOHHBIX MOAU(DHUKAITHIA.

30



N3HavanbHO MPEIOIAaragochk, 4TO aTa 00J1acTh SBJISICTCS
TpaHCMEMOpPAHHBIM JOMEHOM, OJIHAKO B HACTOSIIEE BPEMSl 3TO YTBEPKICHUE
octaércs cnopHbIM (Aguzzi et al., 2008).

CrpykrypupoBaHHblid C-KOHIIEBOI JOMEH MPEACTABIECH TPEMSI Ol-CIIUPAIISIMU
(H1, H2 u H3), u neOGonpmmMm aHTUNapaJieabHbIM [-1uctoMm. Ilocnemnuii
obpazoBan aAByMms [-Tsbkamu S1 u S2, KOTOpble MO CBOEMY IMOJOKEHUIO B
MOCJIEI0BATEILHOCTH JI€KAT MO pa3HbIe CTOPOHBI OT nepBoi a-crnupanu HI1. Tsxk
S2 m o-cnupanib H2 coenuHeHbl JUIMHHBIM @ IIE€TJIEBBIM YYaCTKOM, KOTOPBIN
oOnagaer KpaliHE BBICOKOM TEIJIOBOM NOJABHKHOCTBIO. COIJIaCHO HEKOTOPBIM
npeanosioxenusm (Bujdoso et al., 2005, Gossert et al., 2005), sTa neTis Takxke
UTpaeT 3HAYMUTENIBHYIO pOJib B mpoliecce kKoHBepcuu PrP B ero mHdpekimoHHyo
dbopmy. Bropuunas ctpykrypa C-KOHIIEBOTO JOMEHA B 3HAYUTEIBHOW CTETICHU
NOABMYKHA M CUJIBHO 3aBUCUT OT pH, TemmepaTypbl, HOHHOH CHJIBI U JPYTHX
ycnoBuit cpensl (Huang et al., 1994, Huang et al., 1995, Prusiner, 1994, Prusiner,
1998). Hanbonee craOuibHBIMH B OTHOIICHUU BTOPUYHOU CTPYKTYPHI SBISIOTCS
JIBa TOCIEIHUX O-chupaibHbiX y4yacTka H2 u H3, cBs3zanHbie Mexay coOoii
JTUCYITb(QUIHBIM MOCTHKOM.

N3 pannux paboT mo aHaiu3y BTOPUYHON CTPYKTYyphl npuoHoB (Huang et
al., 1994, Huang et al., 1995) uzBecTHO, 4TO NpU NEpexo/ie U3 HEMHPEKIIMOHHOH! B
nH(pEeKIMoHHYI0 KoH(popmaruio PrP yrpaunBaeT nmepBoiil o-ciMpaibHBIA Y4aCTOK
HI, KoTOphlii TMOJHOCTBIO TmepexoauT B [-ctpykrypy. Taxxe B pane
DKCIIEPUMEHTOB 1O TIOJYYCHHIO YKOPOUCHHBIX NIPHOHHBIX OCJIKOB ObLIH
YCTAHOBJICHBl T'PAaHULIBI AMUJIOMJOTEHHOTO Y4YacTKa MPHUOHA, KOTOPBIM, BUAMMO,
HEIUKOM TMPUHUMAET ydacTue B (POPMHUPOBAHUU [-CTPYKTYPHOTO MOTHBA
(nmpubnu3utensHo 88-145 ocrarku) (Ghetti er al., 1996, Kaneko et al., 2000,
Kitamoto et al., 1993, Supattapone et al., 1999). Oqnako 10 HACTOSIIETO BPEMEHH
NPOCTPAHCTBEHHAS OPraHM3aIns HHPEKIHOHHOH (hopMbl mpuoHoB PrP> Beé emé
ocTaércsi Hens3BeCTHOU. I[lonHass HEpPacTBOPUMOCTh arperaTtoB PrP* nemaer

31



HEBO3MOXKHOU pacmm(poBKY WX TPOCTPAHCTBEHHOW CTPYKTYpPhl HH OJHUM
CYIICCTBYIOIIUM Ha JaHHBIM MOMeHT MeToioM (Govaerts ef al., 2004).

Tem He MeHee, B MOCJIEIHHME TOJbl Hadyala MOSBIATHCA HH(POpPMALIMS,
KacaromIasicsi HEKOTOPBIX MOAPOOHOCTEH CTPYKTYPhl aMUJIOUTHBIX arperaToB PrP™.
Bcé Oonbiie HOBBIX JaHHBIX CBHUJETENBCTBYIOT O TOM, 4YTO aMHJIOUAHbBIC
GuOpMIIIBL Pa3IUYHBIX AMUJIOUJIOTEHHBIX OEJIKOB, CKOpEE BCEro, MPECTaBIICHBI
napayenbHbiMu  B-ctpyktrypamu  (Der-Sarkissian et al., 2003, Petkova et al.,
2002). Tak ke CTalo M3BECTHO, YTO B AMMIOMAHBIX (ubpmmiax PrP> B-Tsoku
OpUEHTHPOBAHBI NMEepHEHAUKYIIpHO ocu Guodpmmisl (Dobson, 2001, Sunde et al.,
1997).

HenaBno B mabopatopum Prusiner at al. (Govaerts et al., 2004) Obuia
MPEUIOKEHA MOJENb, COIIACHO KOTOPOil ammiommHas Qubpuwmia PrP™
IpEACTaBlIAeT CcO00M  TPEXTpaHHYIO  CTPYKTYpY, COCTOSLIyI0 U3  TpEX
JICBO3AKPYUCHHBIX MapaeNbHBIX P-crimpaneil. OTienbHble MOHOMEphI PrP>
CBEPHYTHl TOJOOHO OejKaM TMpPEeACTaBUTEISIM CEMEHCTBAa OaKTepuaIbHBIX
Tpancepaz u TPEACTaBICHbl JIByMS JIOMEHaMH: [-CTPYKTypHBIM, U 0-
cnupasibbiM (Puc. 2). B-cTpykTypHBIA JOMEH MPEACTABISIET COOOM KOPOTKYIO
MpaBO3aKpy4YeHHYIO [-cnupayib, 00pa3oBaHHy ¢parmeHToM 1enu (89-174).
JIaHHBIN y4aCTOK COOTBETCTBYET yYAaCTKY HECTPYKTYPUPOBAHHOTO N-KOHIIEBOTO
nomena PrPC, Bxmouarommemy B cebst TapohoOHbIil KIIacTep, a TakKe [epBOMY O
criupaibHoMy y4yacTky H1 u oboum B-1spkam S1 u S2 C-koHneBoro gomeHa. A-
CIIMPAJIBHBIA JIOMEH npexacTtaBiieH coupansmu H2 u H3, coeauHEéHHBIMU
TUCYNbQUAHOW  CBA3BIO,  HE  NPETEepPIEBIIMMH  HHUKAKUX  CEPbE3HBIX
KOH(OpPMaMOHHBIX IEPECTPOEK.

[TogoOHO BBIMICYOMSHYTHIM TMPEJCTABUTEISAM CEMEWCTBa OAKTEPHAIBHBIX
Tpanchepas, MOHOMEpbI PrP> MOryT TpHMepH30BaThCS, KOHTAKTHPYS OOKOBBIMH
CTOpPOHAMU B-CcriupaibHBIX JIOMEHOB. B CBOIO 04epeab, TPUMEPHI, CTBHIKYSICh JPYT C
JPYTrOM OCHOBAHUSIMU [-CIIUPATIbHBIX JIOMEHOB, COEAUHSIOTCS B (ulOpmy,
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no100HO MOHETaM B CTONKe. B-crupanbHbie TOMEHBI 00pa3yonmx e€ TpUMEPOB
CIIMBAIOTCS B TPU HENpPEpbhIBHbIE [-crupalid, MpeacTaBlgloNIMe coboil eé
CTPYKTYpHYIO OCHOBY. HecMOTpsi Ha TO, 4TO OKOHYATEIBHO MOJOOHAS MOJEINb
OpraHu3alv¥ aMWJIOUIHOW (UOPMIUIBI TPUOHHBIX OEIKOB HE  SBISETCSA
JIOKa3aHHOW, OHA XOPOIIO COIJIaCyeTcs C JaHHBIMH, TOJYYEHHBIMH METOJaMU
ANEKTPOHHOM MHKpocKonuH, SMP-cnekrpockonuu u PpEeHTTEeH-CTPYKTYPHBIX

HUCCIIEIOBAHUM.

Puc. 2 I'unoretnueckas mojenb cTpoeHus: amunonaHon Gudpusasl PrP (Govaerts
etal.,2004)

A. Ilpeanonaraemasi mpoOCTPAaHCTBEHHAs CTPYKTypa HH(PEKIIMOHHOTO MOHOMEpA
YKOPOUYEHHOro MyTaHTHOro PrP. Yuacrtok, cooTBeTcTBYIOIMIMII ocTaTkam 89 — 174,
dbopmupyeT IneBo3akpyueHHy0 "B-criupanp" (TOKa3aHO JKENTHIM IIBETOM). O-
cnupanpHble  yuyactku H2 wu  H3 He nperepneBalOT  3HAYUTENIBHBIX
KOH()OPMAITMOHHBIX U3MCHECHHM.

B. IIpennonaraemas cTpykTypa Tpumepa PrP™

B. [Ipeamnonaraemas CTPyKTypa aMHIOUHOMN (GpuOpusl PrP>
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Tak »xe, 10 CHX MOp SBJISIETCS HEBBISICHEHHBIM M MEXaHHU3M KOHBEPCUU
HOpMaJIbHOTO Oeyika B ero mHpeKnoHHyw (popmy. B padorax Oomibioro umcia
UCCIIeIOBAaTENECd HAa TMPOTSHKEHUM TOCIEAHUX 15-TM  J€T  BBICKA3bIBAJIOCH
MHOXECTBO THIIOTE3 OTHOCHUTEJIbHO MexaHu3Ma KoHBepcuu PrP u opranumzanuu
nH}peKnnonHoro arenta PrP>. J{ns ymo6cTBa MX PacCMOTPEHHUS CTOUT BBIICINTD
TPU OCHOBHBIX HAINpPABIEHUSA, K KOTOPBIM, MO CYTH, CBOJATCS BCE OCTajbHBIE: 1)
MOJIeNTb MaTpu4HOu cOopku (template assembly) 2) rerepomumepHass MOjaeNb
(heterodimer, or templatedirected refolding model) (Gajdusek, 1988, Prusiner and
DeArmond, 1990), u 3) momenp HekaTalMUTHUYECKON Hykjeanuu (noncatalytic
nucleated polymerization model, NNP) (Come et al., 1993).

CorinacHo Mogeaum MaTpu4yHoH cOopku (puc 3, A), HMH(DEKIMOHHBIM
areHTOM SIBJISIETCSL  3apOJBIIl  AMIJIOUAHOW  (UOPHUILIBI PrP*, ¢ KOTOPBIM
B3aMMOJICUCTBYIOT HOPMaJIbHbIE WJIM YACTUYHO Pa3BEPHYThIE (POPMBI KIETOUHOTO
PrP. Ilocne cBsa3piBanus (QUOPWILIBI C MOJEKYJIOM MNPUOHHOTO Oenka B HEM
IPOUCXOAT CTPYKTYpHbIE U3MEHEHUS, B PE3YJbTATE YErO0 OH CaM IEPEXOIUT B
nHPEeKIMOHHYI0 (QopMy M CTaHOBUTCA 4acThio pactymieit guopwsr (Kelly,
2000).

I'erepoaumepnasi moaesn (puc. 3, b) yrBepxkuaer, 4to PrP* cBs3bIBacTCS
C HOpPMalbHBIM KJIeTouHbIM PrP® mmm ¢ wactmuno pa3sBépHyToii (popmoii PrP*,
obOpa3zys rerepoaumep. B oOpa3oBaBiieiics mape PrP*-PrP*, PrP* HAIPABJIISIET
CBOpauMBaHWE 4YacTUYHO pa3BEépuHyToro PrP* mo mnytu oOpa3oBanus cebe
MOI0OHOTO P-CTPYKTYpHO HACHIMIEHHOTO Oeika. BHOBH 0Opa30BaHHBIN TOCIE
TaKoro B3ammozeiictBus PrP*° B CBOIO 0uepesh MOKET CaM BBICTYIIATh B KAYECTBE
Karanu3zaropa kouBepcun PrP* B wunpexknumonnyro ¢opmy. Bo3moxHBIM
MCTOYHUKOM YaCTUYHO Pa3BEPHYTHIX HMHTEpMenuaToB Qonaunra PrP* muorue
WCCIEeIOBATEIM CYHMTAIOT MOJEKYJsipHble MmanepoHbl (Aguzzi et al., 2008).
CormacHo 3TOM THUNOTE3€ B MPOLECCE KOHBEPCUM BaKHA KHHETHYECKas
cocTaBisitonasi. BBICOKMII aKTUBAallMOHHBIM Oaphep B HOPME HE IMO3BOJSET
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IPOUCXOUTH 3TOMY HPOILECCY CHOHTAHHO CO CKOJIb - JINOO 3aMETHOW CKOPOCTHIO.
OO6pa3oBaHue reTepoIUMEPHOr0 KOMILIEKCA MOHMYKACT DHEPIUI0 aKTHBAIMU Ha

NyTH K 06pa3oBanuio HOBoro PrP%, yBenuumBas cKOpocTh KOHBEPCHH.

A Mogent MaTpuUiHOW cBopKU

aha _r"":_
‘ :I . t \ ‘
3apogkiw o

PrPc Mpouecc KoHBEPCHM NPOWUCXOAUT Nocne
nHrekUMOHHONW UBpUNLI casnbisanms PrPE ¢ duGpunnoi

_Fereponuuepuaa mMoaenk Konmepcus npotexaet B coctase dopmupoeaHue
E reTepoaumMepa . arperatos
o € >® ,_»..
WHdeKumMoHHBIN MoHOMEp PrPC NuccoLmaLms

B Mopenb Hykneayuu

) 3apoakiw MHGEKUMOHHOM . ;, :
/' . puBpUnLI

PasHoBeccue M;,,'.}M . -CBH’JI:IBEHHB c chomGpunoit cTabunusmnpyer
PrPS u Prpse nHthe KunoHHywo copmy PrP

r Mopgenk KoHOPMaLNOHHON KOHBEPCUMN

KoHcopMauuoHHO NOABMKHEIE ONUIOMepkI

Puc. 3. Uetsipe ocHOBHBIE MOienT KOHBepcuu proHHbIX 0enkoB (Kelly, 2000)
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HanportuB, ™momennr HekaTtajquTHyeckod HykJgeamum (puc. 3, B)
NpearnojiaraeT, 4YTo B  IPOLECCE  KOHBEPCHUM  pEIIAIONIEH  SABISIETCSA
TepMOJAMHAMHUYECKasl COCTaBIIAOMIAasA. B pamkax 5TOW IMIIOTE3bl, IEPEXO U3 PrP¢
B PP sBisieTcss 0GPAaTHMBIM, OHAKO PABHOBECHE CHIIBHO CMEIIEHO B CTOPOHY
o0pa3oBaHUs PrP°. NH}pexkmoHHbIHI PrP* Moxer cTaGHIBHO CYLLIECTBOBATh
TOJIBKO B BHUJE CTPOrOymHoOpsiJOYEHHBbIX arperatoB. IlosiBneHue B cucreme
HEOOJIBILIOTO (pparMEeHTa TAaKOI'o arperara 3amycKaeT MPOLEecC MPUCOEIUHEHUs K
HEMY CIIOHTaHHO OOpa3yIOUIMXCs MoHOMepoB PrP*, a 3to B cBoO ouepeb
IPUBOJIUT K CABUTY AMHAMHYECKOTO PABHOBECHS B CTOPOHY OOpa30BaHMS HOBBIX
uH(peKMoHHbIX (opM. Takum o0OpazoM, B paMKax 3TOM runoTe3bl HHEKIIMOHHBIM
ATEHTOM BBICTYNAIOT (JParMeHThl AMHIOMHBIX (GuOpumT PrP™.

OTaenbHOrO BHUMAaHUS 3acily’)KMBAaeT TaKK€ aJbTEpPHATHBHAS MOJEIb,
HenaBHo npennoxxenHas Jeffery W. Kelly (Kelly, 2000) (puc. 3 I'), ocHoBaHHas Ha
UCCJIEIOBAHUSX KHHETHMKM KOHBEPCUM NPUOHHOIO Oenka Apoxoked sup3s.
Pemaromryto ponbs B mpouecce xkonBepcuu W. Kelly orBomut (opmupoBanutio
HEKPYIIHBIX OJINTOMEPHBIX HHTEpMeAUaToB. COINIACHO MPEIJI0KEHHON MOJENn
CTPYKTYpPHO  TOJBMKHBIE HEKPYNHbIE arperarbl INPUOHHBIX OEJIKOB B
onpeeNEHHBIX YCIOBUAX CIOCOOHBI TMOO CIIOHTAaHHO OOpa30BBIBaThH B cede siyipa
— 3apoJbIlIM aMHWJIOWJHOW CTPYKTYphl (B Ciyyae CIOHTAHHOIO IIpolecca
KOHBEPCHUH), TUOO CBS3BIBASICH C YXKE€ CYIIECTBYIOIIEH aMHJIOUIHOW CTPYKTYPOH,
npereprieBaTb KOHGOPMAIMOHHbIE TEPECTPORKH U CTAHOBUTHCS YaCThIO pacTyIlen
¢ubpwnbl.  JlumuTupyromei craameil 3TOro mporecca MOXET OBbITh Kak
o0pa3zoBaHHe CTPYKTYPHO MOABUKHBIX OJUTOMEPOB TaK U MX B3aUMOJICWCTBHE C
YHOPSAOYEHHBIM [-CTPYKTYPHBIM 3apOJIbIIIEM, U MEHSATHCA B 3aBUCUMOCTH OT
yCJIOBUM (HAampUMep, KOHIIEHTpAIMu OejKa WM MOHHOM CHJIBI pacTBOpa). ABTOp
Ipeanoiaraet, 4YTo moA00HbIE OJTUTOMEPHBIE arperaTbl MOTYT HPECTaBISATh COOOM

MUIIEITIONO00HBIE CTPYKTYPHI.
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Hecmorpst Ha TO, uro Mmozenp W. Kelly ocHOBaHa Ha ucciaegoBaHUSX
JIPOXKEBOTO MPUOHHOTO Oeika, €€ OCHOBHbIE TIOJIOKEHUS MOTYT OBbITh
HKCTPANOJIMPOBAHbI U HAa MPUOHHBIN Oenok miiekonuraromux PrP. Tak B rpymnmne H.
Rezaei npu HarpeBanuu oBeubero PrP B kucipix ycnoBusix ObUTH TONyYEHBI 2
tuna onuromepHeix arperatoB (Eghiaian et al., 2007, Rezaei et al., 2005), nus
KOTOPBIX METOJOM MAaJOyTJOBOIO pacCeMBaHMs OBLIO YCTAaHOBIEHO, YTO OHHU
aBisitorest 12-tu u 36-tu mepamu PrP. KpatHocTh Kom4yecTBa MOHOMEPOB B TAKHX
arperatax 3-M JOBOJBHO HEIUIOXO COIJIACYeTCd C MOJIEIbI0 aMUJIOUIHON
¢ubpumnet PrP, npennoxennoit Prusiner.

B 0Oonee mo3guelt pabore ObUIO yCTaHOBJIEHO, YTO MpH mepexone PrP B
OJINTOMEPU30BAHHOE  COCTOSIHUE  MPOUCXOJUT  YacTUYHAs  JeHaTypauus
ynopsiio4eHHoro C-KOHIIEBOrO JIOMEHa MPUOHHOTO OeJKa: yTpauuBaeTcs MepBbIi
a-cnupanbHbelii  yyactok HI, wu paspymarorcs BOJOPOAHBIE KOHTAKTHI,
coenubsitone Tsku S1 u S2, cuibHble KOH(QOPMALMOHHBIE W3MEHEHUS
npereprneBaer rmeris, coemuHsromas S2 w H2. Tectel ¢ twodmnaBunom T
JEMOHCTPUPYIOT TOBBIIIEHHOE COJIepKaHUE P-CTPYKTYp B TaKMX arperarax Io
cpaBHEHHIO ¢ HatuBHBIM PrP. [l kpymnmHBIX arperaToB INpH MOBBILIEHUH HX
KOHIIEHTpAaI[MU T[O0Ka3aHa BO3MOXHOCTh HX TpaHchoOpMaluu B aMHIJIOUIHBIC
(uOpUILIBL.

CymectByeT psig paboT, B KOTOPBIX BBICKA3bIBACTCS MPEANOIOKEHHUE, YTO
pazMyHbIe MOJIEKYJISIpHBIE IIANepOHbl, B HOpPME IMpeAHa3HAYEHHbIE IS
NPaBIJIBHOTO CBOpPAYMBAHUA OCJNKOB M MPENOTBPALICHHUS WX arperamnudd, MOTYT
y4acTBOBAaTh B Pa3BUTHHM MNPHOHHBIX 3a0oneBanuii (Bukau and Horwich, 1998,
Carrell and Lomas, 1997). AkTyanbHbIM U HEPEIICHHBIM SIBJIIETCA BOIIPOC O TOM,
KaK IPUOHO- AaMUJIOMJIOT€HHBIE OEJIKM M30€eraloT JeHCTBUS MMPOTea3 U LIarepOHOB.
[Ipeanonaraercs, yto OO B mpolecce (QoJauHra Takux OENKOB 00pa3yroTcs
CTPYKTYphl, HE y3HaBaeMble MIANlepOHAMH, JTMOO arperanus aMUIOUIAHBIX (HOpM
O€JIKOB IPOUCXOAUT 3HAUUTENIbHEE OBICTPEE, YEM MIPOLIECC, B PE3YJIbTaTE KOTOPOTO
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OHM MOTJIK ObI OBITh McTpaBieHbl WK nerpaaupoBansl (Wickner ef al., 1999). C
JIPYrol CTOPOHBI, CBOMCTBO IIAIIEPOHOB CTAOUIM3UPOBATH HHTEPMEAUATHI
dbonarHra MOXET CrOoCOOCTBOBATH MPOIIECCY MEPEeX0jia HOPMAIBHOTO OeJika B €ro
natorennyio ¢popmy (Welch and Gambetti, 1998). Takas runote3a BrnepBbie ObLia
BbicKa3aHa Prusiner at al. (Prusiner ef al., 1998) B xauectBe 00bsAcHeHUs PeHOMEHA
HaOmomasmerocss B uccinenoBanusx Telling et al. (Telling et al, 1994) mo
3apaXCHUIO TPaHCTE€HHBIX MBILIEH YEeJIOBEYECKUM PrP%. Mpimy,
AKCIIPECCUPYIOIINE OJAHOBPEMEHHO W MBIIIUHBIA, W YEIOBEYECKUN TPHOHHBIC
GelIKH, OKAa3hIBATMCh YCTOMUMBBIMU K 3apaKeHHIO deloBedeckuM PrP*, B To
BpeMsi KaK MBIIIH, DKCIPECCHUPYIOIIHE TOIBKO udeioBedeckuit PrPC Gbutn
BOCIIPUUMYHBHI K 3apakeHunto. M3 3TUX pe3yabTaToB CIEA0BAIO, YTO MPUCYTCTBUE
MbirHoro PrP¢ naruGupyer nepexoxn PrPC yenosexa B nu(peknoHHy0 hopmy. B
KauecTBE BO3MOXKHOTO o0ObsicHeHuss Prusiner at al. (Prusiner et al, 1998)
OPEINONIOKNI, YTO KOHBEpcHUs uyenoBedeckoro PrP B opranmsme Mplmy,
IPOUCXOAUT TOCPEICTBOM HEKOEro MBIIIUHOTO Oenka X, SBISIOLIErocs, IO-
BUJIUMOMY, MOJIEKYJIApHbIM ManepoHoM. benok X, BeposATHO, ONOKUpyeTcs
MBIIIUHBIM TPUOHHBIM OEJIKOM, €CIM TaKOBOW OSKCIPECCHPOBAH Y MBIIIIH,
MIOCKOJIbKY MBIIIMHBIN PrP nmeer 6osee BbICOKOE CPOJCTBO K MBILIIMHOMY O€IKY
X, 4eM 4eJIOBEYEeCKHW NPUOH. B pesynbrare 4ero, KOHBEPCHs YEIOBEYECKOIO
IPUOHA B €r0 MHPEKIIMOHHYIO (DOPMY OKa3bIBAETCS HEBO3MOXKHOM.
[Ipennonoxxenue, 4to 6€0K X, y4aCTBYIOIIMI B KOHBEPCHUH HOPMAJILHOTO
npuoHHOrO Oeika B ero HH(QEKIHOHHYI0 (opMy, SBISIETCS MOJCKYJISIPHBIM
1IanepoHoM, KOCBEHHO TMOJTBEpKAaeTcs HapylleHusiMU aktuBanuu  Heat-

shock/stress oTBeTa IpH BHICOKOIT KOHIEHTpamuu PrP> B kietke (Ptitsyn, 1995).

B nonysnsinuy oBer cpeu MHOXKECTBA CYIIECTBYIOIUX OAHOHYKICOTHUIHBIX
nonumMophu3MoB B reHe PRNP, KOIupyloleM MPHOHHBIM O€JIO0K, TOJIBKO TpHU
noguMoppu3Ma HMEIT 3aMETHYK (EHOTUIIMYECKYIO BBIPAKEHHOCTb. JTH
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noIUMOp(U3MBI TPOSBISIOTCS B TpaHCIUpyeMoM Oenke B TpEX mosuuusax: 136,
154 u 171 (Puc.4.). B nmosumuu 136 moxer croare Ala wim Val (A136V), B
nosuniuu 154 Arg win His (R154H), a B nmosumuu 171 Gln, Arg wiu His
(Q171R/H). B ocHOBHOM OHHU BCTPEYAIOTCA B CIEAYIOMIMX KOMOWHAIIUSX B BUJIE 5-
TH ajuieniedl (M3 BO3MOXHBIX 12-TH) MMeHyeMbIX cooTBeTcTBeHHO ARQ, ARR,
AHQ, ARH u VRQ. Ocob6u, romo3urotusle no amiento ARR, npaktudecku
MOJIHOCTBIO YCTOMYUBBI K 3apaKCHUIO CKPEUIIH, B TO BPEMsl, KaK TOMO3UTOThI 1O

amtentro VRQ, HanmpoTUB, B 3HAYUTEINBHOM CTENEHH BOCIIPUMMYUBBI K 3aPaKEHUIO.

Puc. 4. IIpoctpanctBenHas ctpykrypa C-koHueBoro aomeHa PrP osei.
N3o0paxkeHa ckpernu-nojaBepkeHHas u3opopma VRQ. CHHMM OTMEUYEHBI TpHU

(EeHOTUITMYECKH 3HAYMMBIX MOJUMOpduU3Ma.
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[Ipu3Hak yCTOMYMBOCTM K CKPEMIM HACJIEeAyeTCs II0 IPHUHIMIY HEMOJIHOTO
nomunupoBanus (Baylis and Goldmann, 2004), 94T0 TOBOPUT O 3aBHUCHUMOCTH
BOCHIPUMMYHMBOCTH >KMBOTHOTO K CKpPEWNHM OT COOTHOILIEHUS KOHILIEHTpaUun
MPOAYKTOB JTHUX JBYX aJlJieie B KIETKaX M TKAHSAX €ro HEPBHOW CHCTEMBI.
Ocranbubie  ammenu, ARQ, AHQ wu ARH, accouunpoBaHbl € HEMNOJHOU
BOCIPUMMYHMBOCTBIO K ckpeiinu. B psgy ARR, AHQ, ARH, ARQ, VRQ
BOCIIPMMMYHMBOCTD K CKPEHIIM BO3pPACTAET, OJHAKO OHA TAK)XKE CHJIBHO 3aBUCHUT OT
mrramma nadeknrorroro PrP* (Baylis and Goldmann, 2004).

[Tomumophu3MBbI, BIHSIONINE HA BOCIPUUMYUBOCTH K TPAHCMHUCCHBHBIM
sHIedATONATUSIM, UM Ha JUIMTEIIBHOCTh MX WHKYOAllMOHHOTO IEpUuoja, TaKkKe
ObUIM OOHapyXeHbl B TMOMYJSIUSAX MBIIIEH W YeJIOBEKa, OJHAKO CTOUT
MOMYEPKHYTh, YTO TOJHKO B TOMYJSIIIMM OBEIl BCTPEYACTCS alljIesib IOJTHOU
HEBOCIPUUMYHMBOCTH K CKPEHIM, YTO JENaeT OBell YHHUKAJIbHbIM OOBEKTOM
UCCJIEIOBAHHUSI MEXAaHU3MOB JIEKAIIMX B OCHOBE pPa3BUTHS  INPUOHHBIX
3a00JIeBaHUM.

C TOYKM 3peHHs HCCIEAOBAHHMS MEXaHHW3MOB MATOreHe3a MPHUOHHBIX
3a001€BaHUM, MIPEACTABIACTCS BaXXHBIM YCTAHOBUTH MPUHIUIHAIBHYIO Pa3HUILY
MEXIy 3TUMHU JIBYMS IpyIiaMud u30opM oBeuybero rnpuoHHoro Oenka. [Toatomy,
Ha JIAaHHBI MOMEHT, MHOKECTBO MCCIIEIOBAHUW HAIIPaBJICHO Ha BBISBICHUE
paznuuuii B (PU3MKO-XMMHUYECKUX CBONCTBAX MEXAY OSTUMU H30POpMaMHU H
BO3MOXHBIX OTJIMYMII B MEXaHHW3ME HUX KOHBEPCUU B HH(PEKUHOHHYIO (opMy
(Bujdoso et al., 2005, Rezaei et al., 2002, Thackray et al., 2004, Wong et al.,
2004).

[TogpoOHble  CcpaBHUTENBHBIE HCCIAEAOBAHUS  AJUJIEAbHBIX  BapUaHTOB
NPUOHHOTO Oelka oBell ObUIM  TPOBENEHBI  HAIMOHAIBLHOM  HHCTHUTYTE
arpOHOMMYECKHUX HccaeaoBaHui, OpaHius.

B skcnepumenrtax E. Sabuncu at al. Ha KynpType snuTeIMaNbHBIX KIETOK
Rov Obut0 mokazaHo, YTO KIETKH, JKcIpeccupymoomue mnpuoH VRQ, mnocne

40



no6apieHns nH(peKuHOHHOro PrP™ HauMHAIM AKTUBHYIO MPOIYKIHIO IPHOHHOTO
Oenika, B TO BpeMs Kak KJIETKH, dKkcrpeccupyromue ARR, Hukak He pearupoBaiu
Ha 3apaxeHue (Sabuncu et al., 2003). Takum 00pa3oM, OJHUM U3 BO3MOXKHBIX
00BACHEHHI MexaHW3Ma ycToWumBocTH HocuTenen amiens ARR k 3apaxenuto
CKpeHIu, MOoXeT ObITh HHM3KUH ypoBeHb 3Kcrpeccuu npuoHa ARR B oreer Ha
NOSBJICHHUE B KJIeTKe HH(EKIMOHHOro PrP>,

H. Rezaei at al. (Rezaei et al,, 2002) Obu AETAJBHO W3YYECHBI MYTH
neHatypanud v pedonauHra 4eThipéx uzodopm npuoHHoro Oenka osen (VRQ,
ARQ, AHQ u ARR) B mmpokoMm cnekrpe pH wmenbiMm HabOpoM pas3inyHBIX
METO/IOB,  BKIIOYAKOMIMX B  ceds  nuddepeHnraibHy0  CKaHUPYIOIUIYIO
KaJIOPUMETPHUIO, CHSTHE CHEKTPOB KPYrOBOI'O JIUXPOM3Ma, HCCIEIOBaHUE
JTUHAMUKH 00pa3oBaHus B-CTPYKTYp MO U3MEHEHHUIO (hIyopecieHIny TuohIaBuHa
T. B atux ucciegoBaHusx ObUIO TMOKa3aHo, 4To B nuamna3zone pH ot 4,5 no 6,0
AeHatypauus ©u pedoNIuHT BCeX UETHIPEX H30(OPM MPEACTABISIET COOOM
OJIHOCTA/IMIHBIN Mpolecc, B TO BpeMsl Kak 3a MpeaeiaaMu 3TOr0 MPOMEXYTKa Mpu
temreparypax or 65 — 80°C wmabmrogaercs MOSBICHHE CTaOMJIBHBIX
UHTEPMEANaTOB (POIAMHTA.

Kak #nu crpanno, wm3opopmer VRQ wu ARQ, accouummpoBaHHBIE ¢
BOCIIPUMMYHMBOCTBIO K CKPEUITH, JEMOHCTPUPOBAIN OOJBIIYIO TEPMOCTAOMIBHOCTh
u Oosee BBICOKYIO DHEPruUI0 aKTHUBAllUM HAa NYyTH K (HopMUpOBaHUIO
untepmeaunaros ¢onaunra, yem AHQ n ARR, npu Bcex 3nauenusix pH. Takxe,
MOJIy9aeMbI€ B ATHUX JKCIMEPUMEHTAX MHTEPMETUATHI (POJAMHTA Pa3TUYIACh T10
BTOpUYHOU cTpykType. MuTtepmenuatet VRQ u ARQ ornuyanuce npeobiagaHueM
B-ctpykTyp, B TO Bpems kak wuHTepMmenuatel AHQ um ARR 1o crpykrype
MPEACTaBIsIM  co00il HeymopsimodeHHb kiyook. I[lpm pH 4,0 u3odopwmsl,
acCOIMMPOBaHHBIE C BOCIHpPUUMUYMUBOCTBIO K ckpednun (VRQ u ARQ)
JEMOHCTPUPOBAIN 0o0Jiee BBICOKYIO CKOPOCTh OOpa3oBaHUsS HWHTEPMEIHATOB
donaunra, yem accoruupoBanHbie ¢ ycronuuBocThio (AHQ u ARR).
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Oxnaxaenne narepmeauaros (oaunra 10 20°C BbI3bIBaIO (HOPMHPOBAHKE
aMWIOUIHBIX (uOpmi, ¢ BBICOKUM conaepxkanueM [-ctpykryp. CrpoeHue
NOJIYYEHHBIX (PUOPUILL, COAEpk aHUE B HUX [-CTPYKTyp, a TaKKe CKOpPOCTh HX
oOpa3oBaHMs OBbUIM MPAKTUUECKU OJUHAKOBBIMM JJIS BCEX YETBHIPEX aJlIeNbHBIX
BAPUAHTOB.

B cBoeit HemaBHeit pabore H. Rezaei at al. (Tsiroulnikov et al., 2006)
UCCJIeIOBAIIM B3aUMOJICHCTBUE IBYX M30(opM oBedbero nmpuoHHoro 6enka VRQ u
ARR c nonamu meau u 1MHKa. B 3THX SKcnepuMeHTax ObUIO MOKa3aHo, YTO 00a
IPUOHHBIX O€JKa B KOMIUIEKCE C HMOHAMH Meau (OPMUPYIOT pacTBOPHMbIE
IPOTEA30PE3UCTEHTHBIE OJIMTOMEPHI C TOBBIIIEHHBIM CO/IEpXKaHueM 3 cTpyKTyp. B
npucyTcTBuM MOHOB IIMHKa VRQ n ARR 00pa3yroT a-crupanbHble pacTBOPUMbIE
OJINTOMEPBI, TOXKE MPOTEA30PE3UCTEHTHBIE. HUKAaKMX OTIIMYMI B MTOBEJEHUU ABYX
OEJIKOB B 3THUX OMbBITAX BBISIBJICHO HE OBLIO.

B npyroii ananoruunoit padore (Bujdoso et al., 2005) Obina oOHapyxkeHa
3aMeTHasl pa3Hula B MHTEHCUBHOCTU 00pa30BaHus B-CTPYKTYp IABYyMsI BapHaHTaMU
VRQ u ARR npu B3ammopmeiictBum ¢ unoHamu wmeau. Tak npuoH ARR
OPaKTUYECKU HE TpeTeprneBal HUKAKUX  3aMETHBIX  KOH(POPMAIMOHHBIX
u3MeHeHuil, a st VRQ Habmomanocs MHTEHCUBHOE OOpa3oBaHuE [3 CTPYKTYP.
[TpoTUBOPEYMBOCTH ATUX JAHHBIX MOKET OBITh CBSI3aHA C TEM, YTO HUCCIEAOBATENN
IPOBOJMIIM 3TH SKCIIEPUMEHTHI IIPU Pa3HbIX TEMIIEPATYPHBIX YCIOBUSIX.

HecMoTpst Ha cyuiectBoBaHHE OOJBIIOIO KOJWYECTBA PabOT, B KOTOPBIX
UCCIIEAYIOTCS  (DUBUKO-XMMHUYECKHE  XapaKTEPUCTUKUA  PaA3HBIX  aJJIeNbHBIX
BAPUAHTOB MPHOHA OBEL IPU B3aUMOAECHCTBUM C PA3IUYHBIMU HHIYKTOpaM
arperaiyu, 1 akTyajlbHOCTbh TAKOTO POJia UCCIIEJOBAaHUH, ICHOTO MPEJCTaBICHUS O
TOM, YeM U KaK BBI3BIBAETCS criopaauyeckas ¢opma 3aboseBaHMs, HA JAHHBIN

MOMCHT HC CYHICCTBYCT.
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Cmpykmypa u ceolicmea Ka3euHos

OcHOBHBIE O€JIKM MOJIOKA MO CTPYKTYpe U (DYHKLMSIM MOXHO pa3JeiauTh Ha
JIB€ OCHOBHBIE IPYTIIIbI:

- Ka3eHHbl, OPraHU30BaHHbIE B MULEIUIIPHYIO CYCIEH3HIO;

- pacTBOPUMBIE CHIBOPOTOUHBIE OCIKU (aTbOYMUHBI U TJIO0YJIUHBI).

CoeiBopoTouHbIe Oenku cOCTaBiSIIOT 15-28% 0T Bcex OENKOB KOPOBBETO
MOJIOKA, MMEIOT 0ojee KOMIIAKTHYIO CTPYKTYpYy MU OOJBIIYIO YCTOMYHMBOCTH K
JEUCTBUIO MPOTE€a3 MO CPAaBHEHHMIO C Ka3eMHAMM, a TAKXKE JEHATYpUPYIOT NpHU
HarpeBanun g0 100°C. Drta Tpymnma BKIOYaeT O-JIAKTaIbOyMHH U -
JAKTOTJIO0YJIMH, CHIBOPOTOUYHBIM albOyMUH, UMMYHOTJIO0YJIUHBI, JIAKTOPEPHH, a
Tak)ke Takue (DEpMEHTHI, KaK Karajasa, IUJIa3MHH, JIM30IMM, JIAKTOIIEPOKCHIA3a,
niesniouHasi pocdaraza, mpoTeasbl U JIUMA3bI.

KazennoBass ¢pakmus (78% ot Oenka MOJIOKA) BBITIAZAACT B OCAIOK IPH
3akuciieHn mojoka a0 pH 4,6. KopoBbe MOJIOKO COIEpKUT 4 TUIla Ka3E€HHOB
(aS1, aS2, B, k), KOAMPYEMBIX KaXJblii CBOMM TE€HOM. ['€Hbl Ka3emHOB
00beMHEHb B OOLMHA pEeruoH Ha 6 XpOMOCOME, OpraHu3alusi KOTOPOTo
noctaTouHo koHcepBaTuBHa (Ferretti et al., 1990, Gallagher et al., 1994). JIns Bcex
TUIIOB Ka3€MHa OMKMCAHO MHOKECTBO N'€HETUYECKUX BAPUAHTOB.

Tpu rena, KOAMPYIOMUX Ka3eWHBI CO CIIOCOOHOCTBHIO CBS3BIBATH KAJIBIIHIA
(aS1, aS2, B), mpousonu OT OOIIETO MpeaKa Yepe3 BHYTPEHHEE W MEKIE€HHOE
nyOJIMpOBaHUE, a Tak:Ke 0OMeH 3k30HOB (Groenen et al., 1993). B otnuuue oT HuX,
I'eH, KOAUPYIOIUN K-Ka3eruH, HE UMEET TaKOM HIBOJIIOIIMOHHON CBSI3H, HO IIPU 3TOM
UMEET aHAJIOTMYHYIO CXEMY IKCIIPECCUU U HEOOXOIUM ISl 0Opa30BaHUs MULIEILI.

Ka3zeunbl cekpeTupyroTCs KJIETKaMH MOJIOUHOW kene3bl. Bce oHu
CUHTE3UPYIOTCS B BUJI€ MPEAIICCTBEHHUKOB, @ CUTHAJIBHBIN MENTH]T OTIIEIIISETCS

IIPU IEPEHOCE B KOMIUIEKC I 0B K H.
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B warypampHOM MONOKE Ka3eHHBI (OPMHUPYIOT HAIMOJEKYJISIPHBIC
CTPYKTYpHBIE KOMIUIEKCHI JuaMeTpoM 0kojo 180 HM, Ha3bIBacMble Ka3eHMHOBBIMU

MUIICTJIaMH.

JUisi Ka3eMHOB MOXHO BBIICIUTh HECKOJIBKO OOIIUX XapaKTePUCTUK,
ompeensonuX GyHKIIMOHAIBHBIC CBONCTBA:

BBICOKAs CTETNEeHb ruapodoOHOCTH, TPpUYeM THAPOPUIBHBIE U TUAPO(POOHBIE
OCTaTKH PACIIOJI0KEHBI HEPaBHOMEPHO;

Hamnare (GocPOoCepUHOBBIX KIAcTepoB (TocienoBaTenbHOCTh SerP-SerP-
SerP-Glu-Glu) mist dpukcanuu docdaramu Kaabius;

BBICOKOE€  COJECpKaHWUE  PABHOMEPHO  PACIONOKEHHBIX  TPOJIMHOB,
MPENATCTBYIONIUX CBOPAYUBAHUIO B O-CIIUPAIIU U [3-CJIOM MMPUBOAUT K €CTECTBEHHO

pa3BEpPHYTOM CTPYKTYpE.
oS1-xazeun

aS1-ka3eun (Puc.5.) cocraBmsier okono 40% oT Bceil kKa3eMHOBOH (pakiuu
U mpejactaBieH JIByMs ¢opmamu. OHM UMEIOT OJMHAKOBYIO AMHUHOKHCIOTHYIO
nocienoBatenbHOCTh (Grosclaude et al., 1973, Mercier et al., 1971) u otnugarorcs
crenenpto (ochopunupoBanuss. Camblii pacnpocTpaHeHHBIM BapuanT B aS1-
Ka3€UHA COCTOUT U3 199 aMMHOKHCIIOT M UMEET MOJIEKYJISIPHYIO MacCy nopsijaka 23
k/la. TlocmenoBatenbHOCTh  BKIO4aeT 8  ¢GochOCepUibHBIX  OCTaTKOB,
JOKaNu30BaHHBIX B o6Onactu 43-80 a.0., mpuyeM B HTOM CErMEHTE TaKkKe
pacnosaratorcs 12 AOMONMHUTENBbHBIX KapOOKCHIIBHBIX Ipynibl. To €cTh B JaHHOU
o0nacTu menTuaHas 1eMb UMEET 3HAYUTENbHBIN OTPUIIATEIbHBIN 3apsi U CHIBHO
MOJIAPHBIA Xapakrep. [IpoJMHOBBIE OCTATKH pacCHpeiesieHbl MO BCEW LENU U,
OYEBUHO, 3TO CYIIECTBEHHO MEIIA€T 0OPa30BaHUIO YIOPAIOUYEHHOU CTPYKTYPHI.
Bo BrOpuuYHOM CTPpYKType 10 [OaHHBIM PaMaHOBCKOM CHEKTPOCKOIIUM U
MOJEIUPOBaHus MpeodianaoT B-moBopothl: 15% - anbda-cnupanu, 22% - B-ciou,
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45% - B-moBoportsl (Byler et al., 1988, Farrell et al., 2001). To ecTb Bcero okojo
30% mocienoBaTEeAbHOCTH CYUTAIOT CTPYKTYPUPOBAHHOW. AMHUHOKHCIOTHI B
obmactu 100-199 mpeumMyIiiecTBEHHO HEMOJSPHBI M, BUAMUMO, OTBETCTBEHHBI 3a
CKJIOHHOCTh OeJIka K accOlualiH, KOTopas, C JIpYrod CTOPOHBI, OTpaHHYEHa
cwiamMu oTTankuBaHusi (ocdarHbix rpynn. B mpuCyTCTBUM MOHOB KaibIUs, B
KOHIICHTpAIlUSIX,  XapaKTpeHbIX 1  MOJoka, oSl-kazemuH  oOpasyer

HEPACTBOPUMYIO KaJbLUEBYIO COJb.

O (TP e
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Puc.5. Crpykrypa aSl-xkazenna. I'mapodoOHble oOnacTu IOKa3aHbBI
OBAJIbHBIMH, TIOJSIPHBIE - TPAMOYTOIbHBIMH. DochocepuHbl W JU3UHBI B

IIOCJICA0OBAaTCIBbHOCTH BBIACIICHEI.

aS2-xazeun

DTOT Ka3eHH COCTaBiseT Bcero 8% OT Bcel Ka3eMHOBOU (PpaKIiu, COCTOUT
n3 207 aMUHOKHCIOT HMMEET MOJIEKYJIpHYI0 Maccy okono 25 klla. Ero
MIOCJIEIOBATENHHOCTD, 10 CYTH, MPEACTaBILCT cO00i "numomns", y Koroporo B N-
KOHIIEBOM YaCTHU COCPEAOTOYEHBI OTPHUIATENIBHO 3apsbKEHHbIE Tpynbl, a B C-
KOHIICBOM - TMOJOXHUTENbHO 3apsbkeHHble. OH comepxuT 11 ¢ochocepunoBbix
octatkoB (Swaisgood, 1993) wm 2 nucremHa. oS2-Ka3eUuH CIOCOOEH
OPEUNUTUPOBATh MpH ele Ooyiee HU3KUX KOHLEHTPAUUAX KajdblUs IO
cpaBHEHUIO ¢ 0S1-ka3zemHoM. biaronaps Haau4uMiO ABYX LHHUCTEUHOB, STOT Ka3eHH

croco6eH K 00pazoBanuio quMepoB (Rasmussen et al., 1992).
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[-Kazeun

B-kazenn (Puc.6.) cocraBiasier 45% oT o00mIero cojepxaHus Ka3zeHMHOB
(Farrell et al., 2004). HanGonee pacrpocTpaHeHHbIi Bapuant A° coctout u3 209
AMUHOKHUCJIOT U HMMEET MOJEKYJsIpHyto Maccy mnopsaka 24 kJla. On obGnanaer
cpenHeil TuApohOOHOCTHIO, P ATOM CaMOW BBICOKOHM MO CPaBHEHHUIO C JIPYTUMHU
TUTIaMUA Ka3euHOB. Ero MOXHO CYMTaTh MOBEPXHOCTHO-aKTHBHBIM BEIIECTBOM
BCJICACTBUE HAJIMYMs THUAPOPWIBHOW «TOJOBB» W TUAPOGHOOHOrO0 XBOCTA,
MOJTYYAFOIINXCS 32 CUET PacIpeIeTICHUS aMUHOKHCIIOT.

N-konieBoit yyactok 1-41 o4yeHb TMAPOPUIEH M OTPULATENBHO 3apsKEH,
YyTO OOBSICHSETCSI B OCHOBHOM HaimuuueM S ¢ochoCcepubHbIX OCTaTKOB,
JOKaau30BaHHBIX B oOmactu 1-40 a.o. Yyactoxk 49-209, HaoO60poT, OYCHB
ruipopoOEH U COACPKUT OOJIBIIOE KOJIUYECTBO HEHUTPATbHO-3apSKEHHBIX
amuHOKHUCIOT (Swaisgood, 1993). D10 mo3BossieT [-Ka3ewHy acCOUUPOBATH C
JPYTUMHU THIIAMH Ka3eMHOB MyTeM ruapodoOHbIx B3aumojeincTBuii (Kumosinski

et al., 1993).

AT Pl = - .
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Puc.6. Crpykrypa [-xazemna. [uapodoOHBIE 00sacTH  TMOKa3aHBI

OBAJIBHBIMU, IIOJIAPHBIC - IIPAMOYT'OJIBHBIMH. CDOC(i)OCGpI/IHBI N JIM3UHBI B

IIOCJICAOBATCIBHOCTH BBIACIICHHEI.

Uccnenosarenu Creamer et al. (Creamer ef al., 1981) u Caessens et al.
(Caessens et al., 1999) noarBepauiauM C TIOMOIIBIO PA3JIMYHBIX METOJOB
CTPYKTYPHOTO aHaliu3a, 4YTO [-Ka3euH COJEPKUT HEOOJBIINE B MPOIIEHTHOM
OTHOIICHUW YYAaCTKH, OpPTraHW30BaHHBIC B BHJE O-criupayied u B-cimoeB. OgHAKO

O€JIOK COMEePKUT OTHOCUTEIIBHO OOJBINIOE KOJUIECTBO MPOJIMHOBBIX OCTAaTKOB (35
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u3 209, 1.e. 17%), nocratouno yacto oOpasyroomux nenouyku Pro-Pro wiu Pro-X-
Pro, 4To mpuBOAWT K MHOTOYMCICHHBIM [-TOBOPOTaM BO BTOPHYHOU CTPYKTYpE
Oesnka.

Takum  oOpa3omM  MOXHO  CKa3aTh, 4YTO  [-Ka3eMH  SIBIACTCS
MaJIOCTPYKTYPUPOBAHHBIM OEJIIKOM, ¥ MOKHO MPEHAINOJIOKHTh €r0 CIIOCOOHOCTH,
Kak peoMOop(HOro Oesika, K MOACTPAUBAHUIO CBOCH CTPYKTYpPHI K OKPY>KaIOIIUM
ycinoBusiMm (Livney et al., 2004). Takxe P-ka3ewH Jerko MOJBEPKEH Jerpajaluu
IIPY ICHCTBHUH MPOTCOTUTHICCKUX (PEPMEHTOB.

Hecmotpst Ha TO, 4TO TpeTHUYHAsi CTPYKTypa 3TOTO Oelika elle HEeM3BECTHA,
MO>KHO TIPEJIIOJIOKUT BIUSHUE MHOTOYUCIIEHHBIX [3-TTIOBOPOTOB. JlelicTBUTEIHHO,
Kumosinski et al. (Kumosinski et al, 1993) npemnoxunu Mouelb,
MIPEICTABIAIONIYIO -Ka3erH B BUJIE «Kpaba ¢ ABYMS KJICIIHIMIY. DTU «KJICIITHI
SBIISIIOTCS ~ THAPOPWIBHBIMH ~ y4acTKamu,  oOpa3oBaHHBIMH 332  CYeT
TIOJIUTIPOJIMHOBBIX KPUBBIX, C OJTHOW CTOPOHBI, M 32 CYET KOMOMHAIHHA B-CITOEB, O-
crimpalield u B-moBOPOTOB C JPYroil CTOPOHBI. Teno «kpabay MpeacTaBiseT cooou
JIOCTaTOYHO JKECTKYI0 TuApodoOHYI0 CTpykTypy. Takas Mozenp 10 CHUX TOp
OCTaeTCsl TUIOTETUYECKOM, XOTS OHA XOPOIIO COrjacyercs C pe3yJbTaTaMu
MHOTOYHMCIICHHBIX SKCIIEPUMECHTAIBHBIX JTaHHBIX.

I'unpodoOHBIE B3aMMOJEHCTBHUS WTPAOT TMEPBOCTENEHHYIO pPOJb B
CTPYKTYPUPOBAHUHM M JEHATypaluu OENKOB, paBHO Kak M B 00Opa3oBaHUU
OENKOBBIX Teeil. XUMHUYECKOe W HEXMMHUYECKOe M3MEHEHHE MapaMeTpOB CPEIbl
Ype3BhIYAIHO CHJIBHO BIHMSET Ha CTPYKTypy Oenka. C JApyroil CTOpOHBI,
KOH(GOpPMAIIMOHHBIE MPEoOpa3oBaHMsi OCIKOB M HMX CIIOCOOHOCTh K arperamuu
4acTo SBISAIOTCS PE3yJIbTAaTOM O0pa30BaHUA HOBBIX AUCYIb(MUIHBIX CBS3CH.
OOpaszoBaHue W pa3pbiB TAKUX CBSA3CH BIUSIOT HA TaKWE CBOMCTBAa OEJIKOB, Kak
CIIOCOOHOCTh K AMYJIBIMPOBAHUIO U TeHOoOpa3zoBanuto (Okumura et al., 1990). K

TOMY >K€ IUCYIb(QUIHBIC CBS3M OCYUIECTBISAIOT MPHUCOCAUHEHHE TUNa OeIoK-
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0enoK, YTO MPHUBOAUT K OOpa30BaHMUIO Teis Ha TOBEPXHOCTH pasnena (a3
BOJ1a/TATTUIBI.

bnaronaps cBoum amuduiIbHBIM  CBOMCTBaM, [-kazenH oOJagaeT
CIOCOOHOCTBIO K camoaccouuauund B Qopme Muuemt. Takas accouuanus
OCYILIECTBIIICTCS 32 CUET TUAPOPOOHBIX B3aMMOACHUCTBUM, C OJHON CTOPOHBI, U

AIEKTPOCTATUUYECKUX CBs3eil, ¢ Apyroii (Horne, 1998).

Mexny B- n aS1 kazenHaMl BO3MOKHO B3aUMOJEICTBUE Yepe3 KaJblUEBO-
dbochaTHbie MOCTHKH, BCJICACTBHE CHUJIBHOW TOMOJIOTHA COOTBETCTBEHHO B
yuacTtkax 13-21 u 43-80, 6orateix dochocepunamu (Mercier et al., 1971). Kazeun
 He MMeeT IMCTEMHOB B MOCIEIOBATECIbHOCTH, B OTIWYUE OT 0S2-Ka3euHa,
KOTOPBIM OJlarogapsi WX HaJW4duio 00JagaeT CIIOCOOHOCTHIO K JMMEPHU3AINHU B
onpeaesieHHbIX ycnousaix(Rasmussen et al., 1992), a Takxe K-Ka3euHa.

[Tpenyioxkensl 1Be Moaenu (GOPMHUPOBAHUS MHIICIIT: DJLTATICOMTHONU (POPMBI
C CepAIEBUHON W3 CIabO0yIUIOTHEHHBIX TUIPOPOOHBIX C-KOHIIEBBIX YYaCTKOB C
Hapy>KHOH «meBentopoi» n3 N-repmuHanbHbiX yuacTtkoB (Kajiwara et al., 1988);
U chepruyeckux MHUIIEIUT C TJIOTHO YHNAKOBAHHBIMU CaMbIMU TUAPO(GOOHBIMEH C-

KoHIIeBbIMU ydyacTkamu BHYTpH (Leclerc and Calmettes, 1997).

x-Kazeun

Haunbonee pacnpoctpanennsiii BapuanT B coctout u3z 169 aMMHOKUCIOT U
MMEET MOJIEKYJIIPHYIO Maccy okosio 18 kJla. DTOT Ka3emH HMMEET BCEro OJUH
octatok (Gochocepuna u 2 ocrarka 1ucrenHa (Puc.7.), peakTUBHOCTH
IIUCTEMHOBBIX OCTATKOB TaKOBa, YTO MOHOMEP MOXHO OOHApY>XUTh TOJBKO B
BOCCTAHABJIMBAIOUIUX YCJIOBUSIX. B HATUBHOM COCTOSIHUM K-Ka3€UH CYIIECTBYET B
dbopme Tpumepa uiau 0osiee CI0KHOTO OJUTOMEpa, KOTOPBIE, TI0 BCEW BHIUMOCTH,

obOpasyrores 3a cuet aucynbduaHbix cBs3er (Pepper and Farrell, 1982, Vreeman et
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al., 1977). DT0 €IMHCTBEHHBIA U3 KA3€MHOB, KOTOPBI TIMKO3UIMPOBAH, IPUYEM
CTETCHb TITMKO3WIMPOBAHMS M COCTaB INIMKO3MIBHBIX OCTaTKOB HeoaHOpoeH (Doi
et al., 1979, Pujolie et al., 1966, Vreeman et al., 1977, Woychik et al., 1966). B
cpenHeM, B cocTaBe Oenka oOHapyxkuBaeTcsi okoino 1% ramakrossl, 1,2%
rajlakTo3aMuHa, 2,4%  N-auetusHeHpaMUHOBOM KHUCIIOTHI, KOTOpbIE

npucoeaunensl yepes 131, 133, 135 unm 136 ocratku TpeoHuHa.

s s~ — N AC T 2
Lo P W o

Puc.7. Crpykrypa «-kazeuHa. [uapodoOHble 001acTu  TOKa3aHBbI

169

OBaJIbHBIMH, MOJSIPHBIE - TPAMOYTOJIbHBIMU. OcTaTku (HOCHOCEPUHOB U JIN3UHOB B

IIOCJICA0OBAaTCIBbHOCTH BBIACIICHEIL.

[Ipu snexTpodopeTHdeckoM pa3feNeHUN K-Ka3eWH pa3iesseTcss Ha
MHOXECTBO KOMIIOHEHTOB, KOTOpBbIE HMEKOT OJMHAKOBBIM aMWUHOKHUCIIOTHBIN
COCTaB, HO OTJIMYAIOTCA 110 INIMKO3WIMPOBAHUIO, TO €CTh Ha OJHY MOJIEKYJTy Oeika
MoxeT npuxoautscsa 0-3 mosp N-anerwiHelpamMuHOBOM KucaoTel, 0-4 Moib
rajakto3sl U 0-3 Mosp ramakro3amuHa. OOuH M3 BO3MOXHBIX BapUAHTOB
NIMKO3WIMPOBAaHUS TOKa3aH Ha Puc. 8. B 1Byx gpyrux BapuaHTax
IVIMKO3WIMPOBAHUA OTCYTCTBYET IO OJHOMY OCTAaTKy CHAJIOBOM KHCIJIOTHI B

KaXXI0M CJiy4dac.

49



COOH

i
i
\
¢ /CG

/lLH HO CH OH (8] CH
H,C

\
NH
NH /
HO ‘ COOH A ,
OH (o] '

Puc.8. IIpumep yriieBonHOM Lienu K-Ka3euHa.

K-Ka3€UH SIBJISIETCS €AMHCTBEHHBIM U3 Ka3€MHOB, KOTOPBIN OCTAETCs paCTBOPUMBIM
B MIPUCYTCTBUM CYLIECTBYIOIIMX B MOJIOKE KOHIICHTpAI[Mi MOHOB Kajblus. Takum
o0pa3oM, OH MpeAoTBpalaeT Koaryysiuio aSl- u B-kazenHon, GopMupysi BMecTe

C HUMU CTaOMIbHBIC KOMIUIEKCHI U MU CIIIBI.

Hekortopsle cBolCTBa HMCHOJB3YEMBIX B JAaHHOW padore aSl-, B- u -

Ka3enHoB coOpansbl B Tabnune 1.
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Tabmuua 1. Kparkas xapakTepucTuKa Ka3eMHOB

B-kazenH aS1-kazeun K-Ka3enH
Mou. macca, x/la 24 23 19
JnuHa, a.o0. 209 199 169
pl 5.13 491 593
Koaddumument
ruapodoOHOCTH, 6.82 4.48 4.69
kJ>K/MOJIb
Pro, 35 17 20
TIOJIS 16% 8% 12%
Lys 11 14 9
Cys - - 2
Trp 1 (Trp 157) 2 (Trp 179, Trp 214) 1 (Trp 97)
[Mocrrpancn. mogud. | Pochopunnposanme | PocopunupoBanue - | PochopunupoBanue -

- Ser 30, 32, 33, 34,
50,X5

Ser 56, 61, 63, 79, 81,
82, 83, 90, 130, Thr
68, X10

Ser 148, 170, X2
O-TIMKO3WIMPOBAHUE
- Thr 142, 152, 154,
157,163, 186, X0-4

[Mupornyramar - Gln

22

S-S cBs3b - 11-88

Bropuynas | o-cnmpais 7-16% 13-22% 14-23%

CTpyKTypa | B-cmoii 17-26% 7-20% 17-31%
p-moBopoT 15-31% 34% 14-24%

OyHKUMUK Urpaet BaxHyio poib B | ONpeieseT coco6HOCTs | CTabHIM3HpyeT

OTIpeNIeIICHUT
MTOBEPXHOCTHBIX
CBOMCTB Ka3eHMHOBBIX

MHUIIEIIT

MOJIOKA CBS3BIBATD
TPAHCIIOPTHPOBATE PocdaT

KaJbLHs.

o0pa3oBaHNE MUIICILI,
peaoTBpanas
MIPELHITUTAIMIO Ka3EHHOB

B MOJIOKE.
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Obpaszosanue muye

Tombko 10% oT Bcell Ka3eMHOBOW (paklMK HAXOIATCS B COCTOSHUU
MOHOMEpPOB. X OOBIYHO Ha3BIBAIOT CBHIBOPOTOYHBIMU Ka3eMHAMU U HX
COOTHOIIICHHE OTHOCHTEIBHO MOCTOSIHHO. OCHOBHAS J0JII Ka3eHHOB (POPMHUPYET
Ka3eMHOBBIC KOMIUIEKCHI W MHIEIUIBI. OCHOBHBIC (PAKTOPHI, BIMSIOIMIME HA 3TO

paBHOBeCHE, TOKa3aHbl Ha Puc.9.

Mohnomepbl (pacTBOpPUMbBIEC Ka3eMHbI)

H*, -Caz* 4| +H*, +Ca2
+ Liutpar - Unrpar
+®occpar -Gocar
MoHwkeHus MNoebileHne
TeMneparypbl TeMneparypbl

KazenHOBbLIe KOMNIEKChI
A

-H*, -Ca?* +H*, +Ca?*
+ Llutpar - Untpar
+Pocdar -Pocdar
MNMoHwxeHue MopelLIeHKE
TeMneparypbl TeMneparypbl
Muuennel

(kazenHaT Kansuun + chocchaT KanbLUUA)

Puc.9. ®akropsl, Biusione Ha oOpa3oBaHHWE Ka3eMHOBBIX KOMILUIEKCOB H
MULELIL.

Juametp kazenHoBbix Mulies (Puc. 10.) B Mmonoke Bapsupyet ot 50 1o 300
HM, MUK pacnpeaeneHus yactull npuxoautcs Ha 150 am (Banon and Hardy, 1992,
Wade and Beattie, 1997). Ecnu cuutars aumametrp paBHbiM 140 HM, TO 00beM
MUIEIUIBI cocTaBisieT 1,4 X 10° HM3, a BEC YaCTHIIbI OyJIeT MopsaKa 107-10® Ma,
yTo cocTaBiisieT nopsaka 25000 monomepoB Ha muieuty. KazenHoBbIe 4acTUIBI
3HAYUTEIBHO MEHbIIIE JUIUIHBIX INI00YJ, 1HaMeTp KoTopbix cocrasisier 0,1 - 10
MKM. MuUnemisl He IJIOTHO YMaKOBaHbl U MMEIOT BapuaOeIbHYIO IUIOTHOCTh, TO
€CTh CKOpee 00J1aJat0T MOPUCTON CTPYKTYPOIA.

MoHoMepbI aCCOIMUPOBAHBI IPYT C APYTOM 3a CUET CIEAYIOMUX (PaKTOPOB:
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- T'mppodoOHBIE B3aUMOAECUCTBUS, OCHAOJSIONMMECS TPHU CHIDKCHHH
TeMIepaTypbl (MUHUMAJIbHBI TIpU TeMreparype Huke 5°C).

- DJIEKTPOCTaTUYECKHIE B3aUMOICHCTBUS, B OCHOBHOM MEXIY KaJIbITUEM WITH
docdarom kanbius ¢ GochOCEPUHOBBIMU U TITyTAMAaTHBIMHA OCTATKAMH.

- Bogopoausie cs3u.

Tounast cTpykTypa W OpraHu3anus Ka3eMHOBOW MUIICIUIBI JO CHUX IOp HE
OTpeJielIcHa, OJHAKO CYIIECTBYET HecKoibko mojaenei (Banon and Hardy, 1992,

Morr, 1967, Shimmin and Hill, 1964, Waugh et al., 1970).

Puc. 10. DnexrponHas MmukpodoTorpadusi Ka3eMHOBBIX MUIIE B 00€3KUPEHHOM
mosioke (Lut. mo Webb, 1974). Munemnsl 3adUKCUPOBAHBI TIIyTapOBBIM

aBJICTUIOM H 3aTeM OKparieHbl (ochOMOTNOACHOBON KHCIOTOM.
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Fomouucmeunuﬂupoeanue Kak qbu3uwzozuuecr<aﬂ

ROCHMMPAHCAAUUOHHAA MOOUPUKayusa Oe1Kos
T'omoyucmeun, ezo ceoticmea u Memadoauyeckue NpespaujeHus 8 Kiemke

['oMonucTenH sABiseTCsl NPUPOAHONM HEOEIKOBON aMUHOKUCIOTOM, KOTOpast
oOpa3yercs B METa0OJMYECKMX MyTAX MPEBpPALICHUN  CepocoiepKalinx
coequHeHU. Tak, OCHOBHOI NyTh OMOCHHTE3a TOMOLIMCTENMHA TPOUCXOIUT Yepe3
JEMETUINPOBaHHEe MeTHOHHMHA. CyIIecTBYeT TpU OCHOBHBIX IYTH AAJIbHEHUILEro
IIPEBPALECHNAs] TOMOLUCTEUHA: PEMETWIMPOBAHUE 0 METHOHMHA, BXOXKICHUE B
IpoLEecC CHUHTE3a IUCTEMHAa M BBICBOOOXKIEHHME BO BHEKIETOUHYIO Cpendy.
OcHOBHBIE META0OIMYECKUE MMYTH MIPEBPALICHUI FOMOIIMCTENHA OKa3aHbl Ha Puc.
11. IlepeHoc METWNBHBIX TpyHI OCYIIECTBISAETCS BO MHOTHX PEAKLUAX
onocuHTe3a. OCHOBHBIM  JOHOPOM  METWJIBHBIX  Ipynm  sBISIeTCS — S-
aZICHO3UIIMETHOHMH, KOTOPBIN IIPU IIEPEHOCE METUIIBHOW TPYIIIBI IPEBPAIAETCS a
S-ageno3unromonuctent. [lpu ruaponuse S-aaeHo3uaroMonucTenHa pepmMeHToOM
S-aneHO3WIrOMOLUCTENHT UAPOIIa30il 00pa3yrOTCs TOMOLKCTENH U aJI€HO3UH.

JUIsl peMeTUIIMPOBaHUs TOMOLMCTENHA METHIIbHAS TPYIIIa IIEPEHOCUTCS € 5-
MeTuaTterparyapodonara ¢ [OMOIIbIO ~ METHOHMHCHUHTa3bl  WIA  5-
METHIITETPAruaApoPoaaT-roMouCTeHHMETUIATpaHChepassbl, UCIIOJIB3YIOIIUI
BuTaMuH B); B kauectBe KodakTopa. HegaBHO ObuT IpeIokKEH €lle OJUH IyTh
pEMETWIIMPOBAaHUS T'OMOLMCTEMHa B METHOHMH (Antonio et al., 1997),
BKJTIOUAOIMK  oOpa3oBanue romorucrenHTrojakTona (Jakubowski, 1999).
OnHUM U3 HCTOYHUKOB METHOHUHA, a4, CJIEI0BATEIBHO, U TOMOLUCTENHA, SBIISIETCS
BBICBOOOYK TAFOIIIHIACS BO MHOTHUX ciyyJasx N-koHneson METHUOHUH
CUHTE3UPYIOUINXCS OEJIKOB.

Tpanccynb(hupoBaHue TOMOIUCTENHA B IIUCTEMH MPOUCXOIUT IPHU YUACTHH
BUTAaMUH Bg-3aBUCUMON  LIMCTAaTUOHUH-B-CHHTa3bl, KOTOpas KaTaJu3upyeT

KOHACHCAIIMIO C CCPpUHOM O MNUCTATUOHHHA. 910 KpI/ITI/I‘ICCKI/Iﬁ JTaIl
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MeTa0O0JINYECKOT 0 ITyTH, IOCKOJBKY MPHU (PU3HOJOTMYECKHUX YCIOBUAX 3Ta PEAKLHUS
HeoOparuMa. Ha mocnenHem osrame  CUHTE3a MPOMCXOAMUT — PACLICIUIEHUE
LIUCTaTUOHUHA Y-IUCTaTUOHA30M, TOKE BUTAMHUH Bg-3aBUCMMBIM (PEPMEHTOM, /10

IIICTeHHA U 2-0KCOOyTHpaTa.
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Puc. 11. OcHoBHbIE MeTaboIMUeCKUE peBpaleHust romouucrera (Lur. mo
(Medina et al., 2001))

FunepZOMouucmeuHemuﬂ Uu ee pojlb 6 namolocudecKux npoyeccax

['unepromonucrenHemMus sBIseTCS (PaKTOPOM PUCKA JIJIT MHOTOYMCICHHBIX
MaTOJIOTHH, BKJIIOUYas cepJeuHO-cocyaucThie 3aboneBanus (Anderson et al., 2000,
Cavalca et al., 2001, Lawrence de Koning et al., 2003, Spence et al., 2005),
uHcynbT (Yoo and Lee, 2001) u tpom60361 (den Heijer ef al., 1996). [1oBbieHHbIN
YPOBEHb TOMOITUCTENHA TaK)Ke UTpaeT poJib pu AcdhekTax HepBHOU TpyOku (Mills
et al., 1996), noBeIIaeT BEPOSATHOCTh PA3BUTUSL OCIIONKHEHUN NpHU OEPEMEHHOCTU
(Kumar et al, 2003, Nelen et al, 1997) u xoppemupyeT ¢ pa3BUTHEM
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HEWPOJETeHEPATUBHBIX 00JIE3HEH, TaKUX KakK JeMeHIus, Oone3nu llapkuHcona u
Anbrreiimepa (Mattson and Shea, 2003, Obeid and Herrmann, 2006, Seshadri,
2006).

Hopmainbnbiii MeTab0IM3M rOMOITUCTENHA TPpeOyeT HAIMYUsI BUTAMHHOB By
u By, mosToMy ne@uIUT 3TUX BUTAMUHOB MPUBOJUT K THIIEPTOMOIMCTEUHEMUU
(Brosnan et al., 2004).

B kpoBu denmoBeka TOMOIMCTEMH TMPUCYTCTBYET B CBOOOJHON WIH
cBsi3aHHOUM ¢ OenkoMm Qopme. OcHOBHasl (pakivisi TOMOLMCTEMHA B KPOBU 3TO
TOMOIIUCTEHH, CBSI3aHHBIM C OCTaTKaMW JIM3MHOB OEJIIKOB KPOBU, JOJIH
aCCOLIMMPOBAHHOIO C TEMOITIOOMHOM U albOyYMHUHOM COCTaBISIOT 75 u 22%,
COOTBETCTBEHHO, U3 OOLIEr0 rOMOLIMCTEMHUIIMPOBAHHOTO OeJika B KPOBU YEJIOBEKa
(Jakubowski, 2006). He0oispmoe KOIWYECTBO TOMOIMCTEHHA HAXOJHUTCS B
CBOOOJIHOI BOCCTAHOBJIEHHON (opMme, Takke OOHAPYXKUBAIOTCS JUCYIbPUIBI,
TOMOIIUCTUH  H UCTEHHUITOMOIIMCTEHH Mudd et al, 2000).
['OMOIIMCTENHTHOIAKTOH, IPYTrOi METa0OJIUT TOMOIIMCTENHA, COCTABIISET MOPSIAKA
0,29% oT Bcero romolycTerHa B masMe u 28% B Moue.

YpoBeHb TOMOITUCTEMHA B TUTa3ME OMpEEseTCss PsiioM (HaKTOPOB, TaKUX
KaK HEIOCTaTOK BUTaMUHOB rpymnnbl B u ¢onaroB, renernueckue aedeKThl
MeTaboJM3Ma TOMOITMCTENHA, ITOJIOBbIC M TOPMOHAIBHBIE OCOOCHHOCTH, CTapeHUE,
nuabeT, moudeyHas HEeJIOCTATOYHOCTh, TOKCHUYECKHE BO3JICUCTBUS, CBSI3aHHBIE C
KypenueMm. KoHleHTpauuss TOMOLUMCTEMHAa B IUIa3ME€ 3J0POBOTO  B3pPOCIOIO
yejnoBeKa HaxomurTes B mpexaenax 5-15 mMxkM. B Hacrosmee Bpems NPHHSTO
JIeJIeHHE TUIIEPrOMOIIMCTENHEMUN Ha YMEPEHHO BbhIpakeHHY10 (conepkanue Hey B
ceIBOpoTKE OT 16 10 30 MKMOJIB/1T), cpenHen BeipaxkeHHOCTH (31 — 100 MxMoub/in)
u Tsokenyto (Hey 6onee 100 Mxmoitb/i).

KoHueHnTpamusi roMorucTeMHa B ChIBOPOTKE KPOBHU SBIISIETCS PAaHHUM H
YyBCTBUTEIBHBIM MapKepOM HapylIeHU yMCTBEHHOU nesrenbHOCTH. (Gottfries et
al, 1993) IlokazaHo, 4yTO y OOJIBHBIX CO CTAPYECKON JEMEHIMEH M OO0JIE3HBIO
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AnpIireiiMepa KOHIIGHTpAIUsl TOMOIIMCTEWHA TpeBbImaeT HopMmy. OmHuM U3
ONMHUCAHHBIX MEXaHW3MOB HEHPOTOKCHYHOCTH NOMOLIMCTEHHA M €r0 MPOU3BOIHBIX
SBJISIETCS B3auMMOJIEHCTBUE C riayTamaTtHbiMu penentopamu (Boldyrev A.A.,
Johnson P., 2007). Ve npu cpemaHeil THIEProMOIMCTCHHEMUN Yy IAIlUEHTOB
NPOSBIISIIOTCS. ~ HEPBHO-COCYAMCTBbIE ~ OOJE3HM, a  TakkKe  HapyleHUus

nepudepuaeckoro KpoBOOOPaIICHHS.

Hyl’i’ll/l COMOYUCMEUHUIUPOBAHUA benkos

Hekotopsie amuHoani-TPHK-cunTeTassl (METHOHUII-, JICUIIUJI-,
m3oneinuin-TPHK-cunTeTassr) COCOOHEI AKTUBUPOBATH TOMOLIMCTECHUH
npucoenuuenueM ATP, ommbOo4yHO mnpwHUMAas 3Ty aMHUHOKHUCIOTY 3a CBOU
cybctpar. Ha crnenyromeM stame BMECTO MepeHOca TOMOIMCTEHH-a/ICHUIaTa Ha
TPHK bepment IIpeBpalacT AKTUBUPOBAHHBIN TOMOLMCTEUH B
romoructenHTroaakTon (Jakubowski, 1997, Jakubowski, 2001, Jakubowski and
Fersht, 1981, Jakubowski, 1995). 3a cyer »HepruM aHTUIPUIHON CBSI3U
TOMOIIMCTENHUIIAJCHIIIATa 00pa3yeTcsl BRICOKOYHEPreTHIeCKass THOdhUpHAs CBSI3b
TOMOIMCTEMHTUOIIAKTOHA. TakuM 00pa3oM, rOMOLIMCTEMHTHOJIAKTOH CHOCOOEH K
00pa30BaHUIO TENTUIHBIX CBA3EH C aMUHOrpynmnamu Ju3uHOB OenkoB (Puc. 12)
(Jakubowski, 1999). DOrta wmomudukanus NOpPUBOIUT K  YMEHBIICHHUIO
MOJIOKUTENIBHOTO  3apsifa Oenka, a mnosiBiaeHue SH-rpynmbl —yBenTnyuBaeT
BEPOSITHOCTH OJIMTOMEPHU3AIIUN Yepe3 00pa30BaHUEe TUCYIbPUIHBIX CBSI3CH.

I'oMonucTenn  cnocoOeH  akTUBUPOBAThCA IyTEM  MPEBpallCHUs B
romouuctenHun-TPHK.  Ilouemy e oOH cmHocoOeH akTUBUpPOBATbCA U
npucoeaunsatbess Kk TPHK, He dABissich NPOTEMHOr€HHOM amMUHOKHCIOTOH? B
HACTOSILEE BpPEMsI CUMUTAETCS, YTO TOMOLIMCTEWH SBIAETCS MPEANOYTUTEIbHON
aMUHOKMCJIOTON JUIs aMuHoaumiaupoBanusa naunuupytomend TPHK B aykapuorax.

depMeHT, aKTUBUPYIOIIUNA  TOMOIIMCTEWH, HAIMOMHUHAET OaKTEePUATBHYIO
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metnoHWI-TPHK  cuaTeTasy: o00a »3THX (QepMeHTa amuIupyloT  TOJBKO
ununuupytonryro TPHK mnexonuratonux, u o0a ke crnocoOHbl MOIUDUIIMPOBATH
auunupoBannyo uHunuupyromyro TPHK. Ilo cytu, romoumcrennun-tPHK
obicTpo MeTmmpyetcs 10 MeTnoHWI-TPHK ¢ momorisio dhakTopa MeTunupoBaHus
AHAJIOTMYHO TOMY, KaK MPOUCXOAUT IMpeBpalleHre OaKTEepHUalbHOW METHOHMJI-
TPHK B ¢opmunmernonun-rPHK. D10 00BscHsSeT, mouyeMy aKTHBUPOBAHHBIN
TOMOIIMCTEMH  HE  BcTpewaercss B Oenkax.  Ilpeamonaraercs,  4to
TOMOIIUCTEMHTUOJAKTOH  o0Opa3zyeTcss Mpu  HapyUICHUSX  METUJIMPOBAHUS
romouuctenHun-TPHK,  koropsle  moryr  HaOdwogaTeCss B HEKOTOPBIX
3JI0KAYECTBEHHBIX ~ KJIETKaX C HapylIeHUsIMH MeTadoin3Ma  METHOHHMHA
(Jakubowski and Goldman, 1993). Takum oOpa3oM, HOBbIE JIaHHBIC MMOKA3bIBAIOT,
9TO0 00pa3oBaHWE TOMOIMCTEHMHTHOJAKTOHA SBJISETCS 3HAKOM HE OIIMOOYHOMN
aKTHBallMU TOMOLKUCTENHA, & HAPYUIEHUsS METUIMpOoBaHus romourctenHuia-TPHK
1o metuoHun-TPHK (Antonio ef al., 1997). C apyroit ctopoHsl, Onaroaaps cBoei
CTPYKTYPHOM CXOXKECTU C METUOHUHOM, U30JICUIIMHOM U JICHIIMHOM, TOMOLIMCTEUH
MOET AaKTUBUPOBATHCA METHOHWII-, mM3oserumi- u aenumi-TPHK cunterazamu
invivo. OJIHAaKO, KOPPEKTUPYIOLIME  MEXaHU3Mbl  JAaHHBIX  CHHTETa3,
PEeBPAIAIOIINX OMIMOOYHO AKTUBUPOBAHHBIN TOMOIMCTEMH B THOJAKTOH, KaK
IPaBWJIO HE JIONMYCKAIOT TPAHCISLMOHHOIO BKJIFOYEHHS TOMOLMCTEHMHA B OEJIOK.
Ecnmu 61 OOKOBOW pagukal TOMOIMCTEHMHAa ObUT MOAU(MUIIMPOBAH HEOOIBIION
MOJICKYJIOM, YJIydlllaloIIeil ero CBs3bIBaHUE C CaWTOM CHenupUuIHOCTH U
npeAoTBpallatoneld KOPPEKIUI0, TOMOIIMCTENH MOT Obl BKIIIOUATHCSI B O€JIOK MpHU
tpauncisiuuu.  Skyoockumit  (Jakubowski,  2000)  mokazam,  4ro  S-
HUTPO30TOMOLIMCTEHH BKJIKOYAETCS B COCTaB OejKa MpH TpaHcasuuu kak B E.coli,
TaK M B PETUKYJOIHUTaX KpojiWKa. BxirodeHne TromMorucTeMHa B OEJIOK,
OIIOCPEIOBAHHOE S-HUTPO3WIMPOBAHUEM, MOYKET IPOUCXOIUTH B KIETKE IMpHU
HOPMAJIBHBIX ~ YCIIOBHSIX, BHOCS BKJIQJ B TOMOLMCTEHU-WHIYLHPOBAHHBIN
[IaTOr€HE3.
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['oMOLMCTENHTHONAKTOH COJICPKUT BHYTPUMOJIEKYJISIPHY IO
BBICOKOPHEPIE€TUUECKYIO THOI(PUPHYIO CBSI3b. SABnsisich O4YeHb
PEaKIIMOHHOCIIOCOOHOM MOJIEKYJIOM, OH CHOCOOEH alUiIupOBaTh CBOOOJHBIC
aMUHOTPYMIHI OOKOBBIX PAJIMKAIOB apruHUHa U n3uHa. HemaBHO ObLIO MOKa3aHo,
YTO pa3jiuvHble OCJIKH TUIa3Mbl JIETKO TOMOIMCTEMHWIMPYIOTCS, B OCHOBHOM I10
O6okoBeIM memsM gm3nHa u muctenHa (Jakubowski, 1999). Pucynox 12
WLTIOCTPUPYET 00pa3oBaHKHE TOMOIIMCTEMHTHOJIAKTOHA W3 romorucTenHmI-TPHK
U TOMOLMCTEMHUJIMPOBAHUE OENIKOB. [ OMOIMCTEHMHWIMPOBAHUE MOJCIBHBIX
OENKOB, TaKMX KaK TPWUIICHH, MPHUBEJIO K IOJHOW MOTepe WX (epMEHTATUBHOMN
aKTUBHOCTHU. Paznnunbie Mmonudukanum 6elKoB paHee HEOJHOKPATHO CBSI3bIBAJIH C
pazButueM mnarosiorudeckux mpoieccoB (Booth er al.,, 1997, Harrington and
Colaco, 1994). ToMoUMCTEeMHUTUPOBAHHWE SIBISETCA HOBBIM  MPUMEPOM
MOBPEXJIeHUs OeJKa, MpUBOAsIIero K naronoruu. Gubpumiun-1 - ogus u3 0eaKkoB
BHCKJICTOYHOW  COCIWHUTEIHHOM  TKAaHM -  OYCHb  YYyBCTBHTEIEH K
roMorucrenHuaupoBannio. [Ipucyrcreue 6ompmioro konuuectBa EGF-mogo06HbIx
JIOMEHOB B (UOPWIUIMHE W JPYrMX BHEKJIETOUHBIX OelKaX, Y4YacTBYIOUIUX B
KOaryJisillid ¥ TPAHCIOPTE JUMOMPOTEMHOB, KOTOPHIE HAPYIIAIOTCS TpHU
TUIEProMOIIMCTEMHEMHH, MOKAa3bIBa€T, YTO 3THU JOMEHBI MOTYT OBITh MECTaMu
npeanoututTensHoro romouuctenHuaupoanus (Krumdieck and Prince, 2000).
HenaBHo ObUIO mMOKa3aHO, YTO TOMOIMCTEUHTHUONAKTOH SBISIETCS BaKHBIM
KOMITIOHEHTOM MeTa00JiM3Ma rOMOIMCTENHA B KJIETKaX COCYJIUCTOTO 3HJIOTENHNS, B
KOTOPBIX TOMOIIMCTEWH BKJIIOYAeTCS B O€lku, W MacmTad o0pa3oBaHUs
THOJIAKTOHA M TOMOLMCTEUHUIUPOBAHUS OCJIKOB 3aBUCUT OT BHEKJIETOYHBIX
KOHLEHTpaluii romouucrenna, ¢onueBon kucnorsl u JINIBIT (Jakubowski et al.,
2000). Ot nmaHHBIE TOAAEPKHUBAIOT THUIOTE3Y O TOM, YTO METa0OJIMYECKOe
peBpallleHe TOMOIMCTEHHA B THOJIAKTOH U MOJU(UKAIUs OCIKOB MOCIECTHUM
MOTYT WIpaTh 3HAYUATEIBHYIO POJb B  TOMOIMCTCHH-UHIYITUPOBAHHOM
noBpexaeHuu cocyqoB. Kanbuuii-3aBucrmasi roMOIMCTEMHTUOJIAKTOHTUAPOIa3a,
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CBSI3aHHAsl C JIMIONMPOTEMHOM BBICOKOM IUIOTHOCTM B IUJIa3M€ YEJIOBEKa,
MOTEHIIUAJIBHO TIPEACTABIACT COO0OM 3allUTHBIA MEXaHU3M, IPEAOTBpPAIIAOITUN

romoructennunupoBanue (Jakubowski, 2000).
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Puc. 12. Cxema oOpa3oBaHHs TOMOIIMCTEMHTHUOJIAKTOHA U PEAKIHHA
romouucrenHunupoBanus 6enkos. (L{ut. mo (Medina et al., 2001))

B mocnennee necsatwieTde ObUIO MOKAa3aHO, YTO TNOMOIMCTEHHTHOJIAKTOH,
CIIOCOOHBIM «CIIMBATh» OCJIIKA 3a CYET B3aMMOJACHCTBUS C HX JIM3HHOBBLIMH
OCTaTKaMH H TIOCIEAYIOMEero o0pa3oBaHUs AUCYJIb(MUIHBIX CBSI3CH MEXTY
BBCJICHHBIMU CBOOOJIHBIMU CYJIb(PTUIPHIBHBIMU T'PYIIIIAMH, BOBJICYCH B Pa3BUTHE
psfa cepledyHO-COCYIUCTRIX M HeWpOoAeTeHepaTUBHBIX 3a0oneBannii (Jakubowski,
2008, Lawrence de Koning et al., 2003, Mattson and Shea, 2003, Obeid and
Herrmann, 2006, Seshadri, 2006, Spence et al., 2005, Suszynska et al., 2010).
BonpmmHCTBO paboT TakOro poja OCHOBAHO HA BBISBICHUH KOPPEISIIHA MEXKITY
KOHIICHTPAIUIMHU TOMOIIMCTEMHTHOJAKTOHA, TOMOIIMCTEMHA, AaKTHUBHOCTIMHU

(l)epMeHTOB, BOBJICUHCHHBIX B nux MeTa60J'II/I3M, COACPIKaHNEM
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TOMOIIMCTCUHUIIMPOBAHHBIX OCJIKOB, C OJHOW CTOPOHBI, U TEMU WIW WHBIMU
MaToOJIOTHYECKUMHU TiposiBeHusMu ¢ apyrou (Jakubowski, 2008, Lawrence de
Koning et al., 2003, Mattson and Shea, 2003, Obeid and Herrmann, 2006,
Seshadri, 2006, Spence et al., 2005, Suszynska et al., 2010). CymecTByer Takxe
HEOOJIBIIIOE KOJIMYECTBO paboT, B KOTOPHIX In Vitro H3ydYald BIIHMSHUC
MOMU(PUKAIIMA TOMOITUCTEMHTHOJIAKTOHOM HW30JUPOBAHHBIX OEIKOB Ha WX
arperaiioHHoe cocTtostHue u apyrue cBoictBa (Jakubowski, 1999, Paoli et al.,
2010). Hemuorouucnenusie nocieanue padotel (Jakubowski, 1999, Jakubowski,
2008, Paoli et al., 2010) cBUAETEABCTBYIOT O TOM, YTO JaXXe MPU HEOOJBIIOM
BbIXOJIE MOAU(UKAIMU CTPYKTypa H (GYHKIMS Oelka MOTYT 3HAYUTEJIbHO
MEHATHCS. Tak, TOMOIIMCTEHHUIIMPOBAHUE TIPUBOJNUT K arperamnuy TaKux OEIKOB,
kak BCA u apyrue 6enku kpoBu u np. (Paoli et al., 2010). IMeHHO Ha OCHOBaHUU
pe3yIbTaTOB, MOJYYEHHBIX C MOMOMIBIO ATUX JBYX MOAXOIOB, ObUI C/ENIaH BBIBOJ
0 TOM, YTO TMATOJIOTHYECKOE BO3JCHCTBHE TOMOITUCTEMHTHOIAKTOHA 00YCIOBICHO
CTUMYJIUPOBAHUEM arperanuv U (opMUpPOBAHUEM KPYIHBIX arperatoB. OgHAKO
CYILECTBYIOIIHUE pabOThl OMUCHIBAIOT 3TOT 3(PPEKT B OCHOBHOM Ha TIOOYJISPHBIX
Oenkax co CTpOTo ompeerneHHol TpeTuaHou cTpykTypoit (Paoli et al., 2010). [o
MOCJIETHETO0 BPEMEHU HEe ObLIO padoT, MOCBALIEHHBIX MOMOLKCTEUHUIUPOBAHUIO
€CTECTBEHHO HECTPYKTYpHUPOBAHHBIX OEJTKOB, XOTS MPEXKIEC BCETO, UMEHHO OHU
BOBJICUYCHBI B (hopmupoBanue amuiouiHbix cTpykTyp (Thorn et al., 2008, Tompa,
2002). OTu GenKu COCTABISIIOT 3HAYUTEIBHYIO YaCTh MPOTEOMA U UTPAIOT BAXKHYIO
pOJIb BO MHOXECTBE OMOJIOTUYECKHUX TPOIECCOB, BKITIOUAsi HEHPOIereHepaTUBHBIC
u cepaedyHo-cocyauctoie 3aboneBanus (Dunker et al, 2008, Galea et al., 2008,
Raychaudhuri et al., 2009).

[TaTtonorudeckoe BIUSHUE TOMOIIMCTEMHA M TOMOIIMCTEUHTHOIAKTOHA Yepe3
N-roMolUCTEMHUIIMPOBAHUE OEJIIKOB M3YyY€HO B MEHBIIECH CTETEHH BCIEICTBHE
"tpyaHoynoBumoctu" 3¢dekra in vivo. KopoTkas IKuW3Hb U HEBBICOKHE
KOHIIEHTpAIlMd  TOMOIIMCTEMHTHUONIAKTOHA  3aTPYJIHAIOT  KOJMYECTBEHHOE
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onpeneneHue u 3pdexr Moaubukaruu. OgHAKO, IS TONTOXHBYIIUX OETKOB
BO3MOXHA KyMYJISTUBHOCTb, KOTJ]a UIET HaKoIUIeHne Moaudukanuu. Tem Ooee,
YTO B CJIyyae TaK Ha3bIBAEMbIX KOH(POPMAIIMOHHBIX OOJIe3HEH, MaTOJOTHYECKas
KOHBEpCHUS OJIHOM MOJIEKYJbl OelKka MPUBOAUT K TEPEXOay B TAaKOE COCTOSHUE
HOpMalibHBIX OenkoB. B  Hamem ciayyae Kak MoOJelbHbIe Oenku OblLin

HCIT0JIb30BaHbl OBCUMI ITPUOH U Ka3CHH.
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MATEPHAJIBI U METO/bI
Mamepuanw

B paGote ObuiM HMCHONIB30BAaHBI JUMUABI, TOMOILMCTEUHTUONAKTOH, Tpwuc,
ATT, B-mepxanrtostanon, raunepun, MOPS, D/ITA, kymaccu OpWLTHAHTOBBIM
cunuii, JICH, xokrTeln, HHTrHOMTOPOB TMpoTea3, mnporenHasa K, ryaHunuH
ruapoxyiopun, Tuoduasun T, ANS, Konro kpacusiif, moueBuna, CaCl,, KH,PO,
¢upmel Sigma.

I'A®J] u3 MbIm KpoJiMKa OblIa BBIJICJICHA MO KJIACCHYSCKOM METOJ/HKE
(Scopes and Stoter, 1982). MHcnonszyemble KyJabTypbl ¢ IUIa3MUIaMU
PEKOMOMHAHTHBIX OCTKOB OBLIN MPEAOCTABIICHBI JJabopaTopueil (yHKIIMOHATBHBIX
UCCJIeIOBAaHUM OENKOB MOJIOKa TOCYJapCTBEHHOTO WHCTUTYTa arpOHOMHUYECKHX
uccIe0BaHni B ropoae Hanr.

Bce pacTBopsl roToBUIM HAa OUIMCTUIUTMPOBAHHOMN BOJIE.

IHonyuenue paznwvix popm Kazeunos

Pazoenenue wnamuenvix oS1, f, k-kazeunos MonoKa ¢ NOMOUBIO

AHUOHOOMEHHOU Xpomamozpaguu

KazeunnoByro ¢pakiuio kopoBbero moisioka pacteopsuid B 50 MM Tpuc-HCl
oydepe, comepxamem 8§ M moueBunsl, 20 MM JITT, pH 8, B xonueaTpamuu 100
MTI/MJ1, @ 3aTeM HeHTpudyrupoaiu co ckopoctbio 10 000 g B Teuennu 10 MUHYT.

benox nanocunu Ha kononky HR 10/10, 3amonnenHyio HOcuTeneM Source
15Q u ypaBHoBemennyto 25 MM Tpuc- HCI 6ydepom, 4 M moueBuna, 5 MM JTT,
pH 8,2. Omouuto npopoaunu rpaguertom oT 0 1o 0,3 M NaCl B Tom ke 0ydepe,

CO CKOPOCTBIO 3 MII/MUH, U3MEPSISl ONTHYECKYIO TNIOTHOCTH pacTBopa mpu 280 HM.
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[Tomydennsie ¢pakiuu ananusupoBanu ¢ nomoimbio JICH-anekrpodopesa,
dbpakiuu, coaepKalifue YucThie - U K-Ka3eMHbl TPEXKPATHO JUATHU30BAIH MTPOTUB
BOJIbI, a 3aTeM foBoawiIn pH 1o 8 u inodunuzuposany.

Jns pasnenenus aS1- u aS2-Ka3eMHOB HMCIOJB30BaId KaTHOHOOMEHHYIO
xpoMarorpaduro Ha HocuTerae MonoS MO ONMUCAHHOW B JIUTEpAType METOJMKE

(Thorn et al., 2008).

Tonyuenue pazuvix hopm peKoMOUHAHMHO20 [-Ka3euHa
Oxenpeccusi peKOMOUHAHMHO20 B-Kazeuna

Jlist Bo3oOHOBNeHUs KyabTypbl 100 M OakrepuanbHoit cpeasl LB (Luria
Broth, Sigma), conepsxarieit 100 MKI/MJ1 aMIUITWIUIMHA, 3apaykalid 3aMOPOKEHHOM
KyJbTYpOl U pacTuiu B Teuenue HouH npu 37°C u nepememBanuu 250 06/MuH.
Hnst mponykiuu B 4 1 pepmentep (Bio Console ADI 1025, ynpasnsiemsrii Bio
Controller ADI 1010, Applikon, Huaepnansi), conepxamuii 2 1 6akTepuanbHON
cpenst LB, comepxameit 100 wmxr/mn ammunmwumHa uo 0,7% rimnepuHa,
J00aBJISIN MPEKyJIbTYpy 10 ontudeckoi motHoctu 0,1 mpu 600 uHM 1 200 MK
XKUJKOCTH, TIpeAOoTBpaliatoieid nenooopasosanue (Sigma, Steinheim, I'epmanus).
Ha mnpoTskeHHH BCEro BPEMEHHM pOCTa KYJIbTYPYy OKCHUTE€HHUPOBAIU CKAThIM
BO3JyXOM CO ckopocTthio 4 n/mMuH npu Temmneparype 37°C u cKopocTu
nepememmBanus 600 06/muH. Korjna ontuyeckas IOTHOCTh TOCTUTANIa 3HAYEHUS
0,6, x kynbrype nobOaBimsnu IPTG nmo koHedHo# KoHmeHTpamuu 1 MM s
WHYKIIUHU DKCTIPECCUMU.

[Tocne mpoaykiuu B TeueHHE 3 4acoB, KyJbTypy HEHTpUdyrupoBamu 12
munyT npu 4000g u Temmeparype 4°C. Ocanok, cojepkamuii OakTepuu,
npombiBan Oydepom (50 MM Tpuc-HCl, 0.5 M NaCl, pH 7.4), a 3arem

3amMoOpakuBaiIu A0 Temneparypsl -80°C.
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Ouucmka
Oxempakyus benkos

bakrepuanbHbIil 0CaloK CyCIEHIUPOBAIN B Ju3nupyromeM O0ydepe (25 MM
Tpuc-HCl, pH 8, 8 M wmoueBuHa). baktepum pazpymiaii ¢ HTOMOIIbIO
yIbTPa3ByKoBO 00paboTku 10 ummynbcamu mo 10 cexkyH mpu MaKCHMalbHOM
Hanpspkenun 130 B. 3arem pH nm3ara poBoawid 10 2 € MOMOIIBIO
KOHIICHTPUPOBAHHOM COJISTHOM KHMCJIOTHI JUIsl IPEUUIUTAIIMN HYKJICONPOTEUHOBOM
dbpakuuu. JIuzarel nenrpudyruposanu npu 10000g B Teuenne 25 munyt npu 6°C.
[Tony4yeHHbI cynepHATaHT, COAEPKAIIMN [-Ka3eMH M BHYTPUKJIETOUYHBIE OEJIKH,

xpanuiu npu 4°C 1o xpoMarorpauuecko OUUCTKY.
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Xpomamoepaghuueckas ouucmka
1) Obpamnoghazosas xpomamoepaghus

Ha mnepBom »srame wucnonws3oBamu oOpaTHO(a30Byl0 Xpomarorpaduio,
pazaensis Oenku coriacHo ux ruapodooHoctu. Kononky (HR 16/10) 3anonssuiu
HocuteneM Source RPC 30 (20 mn) u ypaBHoBemmuBanu pactBopureiiem (H,O
95%, aneronutpun 5%, tpudropykcycunas kucnora (TFA) 0,1%, v/v/v). Jluzatsl
nepeq HaHeceHHEM (QHUIBTPOBaIM BO HM30ekaHUE 3arpsi3HeHus KoioHku. [locne
BBIX0/1a C KOJIOHKH HE CBS3ABILKXCS C HOCUTENEM OEJIKOB MPOU3BOIUIN SIIOLUIO
auHelHbIM TpagueHToM oT 30 mo 55% pactBoputens (H,O 20%, arneroHuTpua
80%, TFA 0,08%, v/v/v). Ilnst pabGoThl ¢ KOJOHKOW HCIOJIB30BAIH CKOPOCTH
poITyCKaHus pactBopa 5 mii/mMuH. @pakiuu codrpanu B o0beme 3 Mil.

C OMOILBIO JCH-3nextpodopesa OIpEAEIISIIN bpaxum,
COOTBETCTBYIOIIME THUKY [-kazenHa. M3 xaxmoit dpakumm otbupanm 50 MK,
NOJIBEprajii BhICYIIMBAHHUIO Ha POTOPHOM HCIIapuTese noj BakyymoM (Speed-vac)
B TedueHue 10 MuHyT s u3baBieHus oT aneroHuTpmwia. OcTaBmmiics o0beM
cmemuBanu ¢ 6ydpepom nanecenus (JICH 4%, 2-mepkanrostanon 3%, rimiepuH
10%, 50 MM Tpuc-HCI, pH 6,8) u nanocunu na JICH-anextpodopes B 12% rene.

O®pakiuu, coaepkaime B-ka3ernH, MOMENIald B POTOPHBIN UCTIAPUTEND MO/
BakyyMoM (Speed-vac) B Teuenue 30 MUHYT O MCUE3HOBEHHMS AllETOHUTPWIA U

3aTeM OOBEeIUHSIN TS CIIEAYIONIErO ATama XpoMaTorpaduueckoil O4MCTKH.

66



2) Anuonobmennas xpomamoepaghus

K peaBaAPUTEIBLHO CKOHIICHTPUPOBAHHOM npobe n00aBIsIIN
BOCCTaHABJIMBAIOIINA areHT JAUTHOTPEUuTON (10 KoHueHTpauuu 10 MM) u
MOYEBUHY JI0 KOHEYHOM KOHIeHTpauuu 5 M, 3atem noBoaunu pH mo 8,2 ¢
IIOMOIIIBI0 KOHIEHTPUPOBAHHOIO pacTBopa Tpuca.

[Ipu manHoM 3Hauennn pH [-kazewH 3apspKeH OTPHUIATENIBHO, T.K. €ro
u30dJeKTpuueckas Touka paBHa 5,3. [losToMy ¢ mOMOIIBI0O aHHUOHOOMEHHOMU
xpomatorpaduu ero MOXHO OTAENuTh oT npyrux OenkxoB. Komonky HR 10/10,
coaepxkaimy Hocutenb Source 15 Q, ypaBHoBemmuBaim 25 MM Tpuc-HCI
oydepom, pH 8,2, 4 M mMoueBuHA. DIIONUIO OCYIIECTBISUIM MPU CKOPOCTU 5
Mia/MuH JHeHHBIM TpagueHToM NaCl or 0 mo 1 M B Oydepe. Ilpu stom
OTCJICKUBAIU ONTHYECKYIO TUIOTHOCTH Tipu 220 HM. /{7151 aHanu3a 4uCTOTHI Oesika B
NOJyuyeHHBIX (¢pakiusax ucnons3oBann meron JICH-anekrpodopesa. dpakunu

cobupanu mo 3 M.

3) [losmopnas obpamuogazosas xpomamozpagus

Jlns wm30aBiieHUST OT COJIM TPOU3BOJMIIM TOBTOPHYIO 0O0paTHO(hA30BYIO
xpoMarorpaduro, wucnoib3dys komoHky HR 10/10, 3amonHeHHYIO HOCHUTEIEM
Source 15 RPC. B npobe, noiayyeHHON mOcie aHUOHOOMEHHON XpoMaTorpaduu
nopogwii  pH 110 2 KOHUEHTPUpPOBAHHOW coisiHOM — kuciotod. Ilocne
JIEra3upoBaHUsl HACBIIIEHUEM a30TOM, OYMCTKY MPOBOJAMIIM B TEX K€ YCJIOBHSX,
YTO U MPHU NepBOi 00paTHO(ha30BOIl XpoMaTOorpaduu O CKOPOCTHIO 4 MII/MHUH.

Opakiun 00beMoM 4 MJI, COOTBETCTBYIOIIME MUKY [-Ka3enHa, coOMpaiu u
n30aBIAJIM OT AUETOHUTPUJIA C IMOMOILBIO POTOPHOro wucnapurens. Opakuuu

00BETUHSIIN, 3aMOPAKUBAIIN U JTHO(DUIN3UPOBATIN ATUKBOTAMU 110 1 MT.
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Jlumepuzayua mymanumuvix ¢oopm pekombuHanHmnoz2o f-kazeuna

JInodunuzupoBaHHble PEKOMOUHAHTHBIE (OPMBI B-KazenHa (AUKUM TUI U
IIUCTEUHUIINPOBAaHHBIE MyTaHThI) pactBopsuii B 50 MM Tpuc-HCI Oydepe,
coaepxkamem 80 MM NaCl, 0,05% a3un nHarpus, pH 8,2, no koHeuHOU
koHueHTparuu 20 MxkM. [[ns monydeHus: TPEeUMYIIECTBEHHO IUMEPHBIX (hopMm

oenku nHKyOupoBanu B nmpucyrctBuu 60 MxM H,O,.

Hpomewzus nencuHom u mpuncunom

JIns  u3ydeHHss  CTPYKTyphl  O€jika 4YacTO  HCMOJB3YeTCS  METOJ
OTPAaHUYECHHOTO TpoTeon3a. J[aHHBII METO] MO3BOJSAET CYIUTh O JIOCTYIMHOCTH
pa3IMYHBIX OCTATKOB aHAIM3UpyeMoro Oeika K JeWCTBHIO TIpoTeas, 00
YCTOMYMBOCTHU O€JIKa K PACIICTUICHUIO M O HATMYUU 0OJIee WIM MEHEE YCTOWIMBBIX
K IIPOTEOJIN3Y JJOMEHOB B CTPYKTYype OeJka.

YacTuuHblil TPOTEOIU3 B-Ka3eMHOB OCYILECTBIISUIN NENCUHOM U TPUIICUHOM.
benku (natuBHbIl, aukuii Tun, mytanTel C4, C208, C4-208) B xoHuentparuu 40
MKM B 50 MM Tpuc-HCI 6ydepe, pH 8 mnsa ruaponuza tpuncuaoMm u B 50 MM
ruimHoBOM Oydepe, pH 2,5 miisa rugponnsa nencuHoM. Peakiiyio mpoBoAWIA IpU
15, 37 u 50°C u 3aBepmamu pobapirenueM HCIl mnsa tpuncuna m NaOH s
MEeTCUHa.

[lonmyyenHple  rHUaposM3aThl  aHauW3UpoBamu ¢ nomoulsto  JICH-
anektpodopeza u oOparHOodazoBoit xpomarorpadum (BIXKX), wucmonsiys
aHATUTHUYECKYI0 KOJOHKY Waters Symmetry 30. [lentuasl pazaensiiam ¢ NOMOIIbIO
rpaaveHTa ameronutpwia (ot 95% Bomwel, 5% auneronutpuna, 0,1%
tpudTopykcycHas kuciora k 20% Boubl, 80% aneronutpuia, 0,08%

TpUPTOPYKCYCHASI KUCIIOTA).
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Fomouucmeuﬂwzupoeaﬂue HAMUBHbIX KA3€UHOB

B OonblIMHCTBE 3KCIEPUMEHTOB, €CJIM HE YKa3aHO MHOE, Ui
TOMOLIMCTEMHWINPOBaHUs ucnons3oBanu  10- wmmm  100-kpaTHBI  MOJISIPHBIN
U30bITOK TOMOLIMCTEMHTHOJAKTOHA B pacyeTe Ha OCTAaTOK JIM3MHA Oelka.
["'omonucrennunpoBanue npoBoauiu ¢ 20 MM pactBopom kazeuna (aS1, - u k-
Bapuantel) B 20 MM MOPS 6ydepe, pH 7,5. CBexxenpuroToBiIeHHBIN PacTBOP
TOMOLMCTEUHTHUONAKTOHA JOOABIISIM K pacTBOpy Oejka, 3aTeM KOHTPOJUPOBAIIU
pH, no6asnsas NaOH npu 3akucnenuu. PeakimoHHyt0 cMech MHKYOMpPOBaIl Ipu
37°C B teuenun 20-24 yacoB, U3 JUTEPATYpPHBIX JAHHBIX HM3BECTHO, YTO 3a 3TO

BpEMSsI HEITPOPEArupOBABIINI THOJIAKTOH MOJHOCTBIO THAPOJIU3YETCS.

IHonyuenue paznvix ¢popm npuona
Ikenpeccust

[Ipongykunro BapuantoB ARR m VRQ mnprona oCylIecTBISUIM COINIACHO
meTtoauke, onucanHoi (Rezaei et al., 2000), ucnonb3ys 0akTepUaabHyIO KYJIbTYPY
BL21 DE3 E.coli ¢ nnazmunoit pET 22b+. Jlns Bo300HOBIEHUS KyAbTYyphl 100 M1
oaktepuanbHoit cpenbl LB (Luria Broth, Sigma), comepxameit 100 mxr/mm
aMIUIWUINHA, 3apaKalid 3aMOPOKEHHOM KyJIbTYpOMl M pacTWIM B T€UEHHUE HOYHU
npu 37°C u mnepememmBanuu 250 o0/muH. Jnsa npoaykuuu kK 700 mi
OaktepuanbHoi cpeabl LB, comepxkameit 100 mxr/mn amnunmumaa u 0,7%
[IIMLIEpUHA, J00ABISIN IPEKYIbTYpY 110 onthuyecko miaotHoctu 0,05 npu 600 M.
[TpumepHo yepe3 4 yaca, KOrja onTUYECKasl MIOTHOCTh JTOCTUTaJla 3HAYEHUA 2, K
KyiabType nobaBmsuin 700 M OGakTepuanbHOM Cpellbl W HMHIYLUPOBAIU
skcnpeccuto 6einka ¢ nomotbio IPTG (10 koneunoit konuentpauuu 1 MM). Tlocrne
MPOIYKIIUU B TEYECHUE HOUH, KyIbTYpy HeHTpudyruposanu 12 munyt npu 4000g

u temnepatype 4°C. Ocanok, comepkamiuii 0akrtepuu, npomMmeiBaiu oydepom (50
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MM Tpuc-HCI, 0.5 M NaCl, pH 7.4), a 3areM 3aMOpa)kuBajiu A0 TeMIEpPaTyphl -
80°C.
DKCIEpPUMEHTHI TI0 BepU(PHUKAIUY U ONTHMU3ALNN TPOITYKIIUH TPOU3BOIHIH

B KoHeuHOM 00beme 100 mur.

Ouucmka
Ixcmpaxyus

bakTepuaibHble OCaKu CyCIEHIMpOBaIM B Ju3upytomeM Oydepe (50 MM
Tpuc-HCI, conepxamuii 0,5 mr/min muzommma, 10 MM 3ITA, 0,1% Triton X100,
pH 8, nHaGop murmbuTopoB mporea3 (Sigma)) u WHKyOMpoBaiM B TeyeHue 15
MUHYT nipu Temneparype 37°C u nepeMeniMBaHuu. 3aTeM OaKkTepuu pa3pyliaiu ¢
nomoIelo yasTpa3BykoBorr 00padotku (Fisher Bioblock, Illkirch, ®panmus) 10
umnyibcaMu 1o 10 cexkyHa npu MakcumaiabHOM HanpspkeHuu 130 B. JIuzarts
uentpudyruposanu npu 10000g B Teuenne 12 munyt npu 6°C.

Ocanok, coaepkalMii NPUOH B HEPACTBOPUMBIX TejaxX BKIIIOUEHUS,
npoMbiBain  Tpuwxkael Oypepom (50 MM Tpuc-HCl, pH 8,0), a 3arem
comobunusupoBanu B 0ydepe, cogepxkameM 6 M ryanununaxnopus (50 MM Tpuc-
HCI, 0,5 M NaCl) B teuenun Houu npu 4°C npu nepememuBanuu. Ilocie
ueHTpuyrupoBanuss B teueHun 20 MuHyT co ckopocTthio 10000 g cymepHaraHt

xpanuiu mipu 4°C 10 npoBeaeHus: XxpomaTorpadhuyecKod OUUCTKH.
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Apunnasn xpomamoepagus

XpoMmartorpapuiecKkre OYMCTKH BAPUAHTOB MPUOHA OCYIIECTBIISIIM METOJOM
BBICOKOA()(PEKTUBHOM KUAKOCTHON Xpomartorpaduu Ha cucteme Akta Purifier c
nporpaMMmHbiM  obecniedennem Unicorn  Control (Amersham Biosciences,
Piscatway, CIIIA).

@pakuuu codupaiu ¢ TOMOIIbI0 aBTOMaTHYECKOro Kojuiekropa. Kononku u

HOCHUTEJIU UCIoIb30BaM npou3BoAcTBa Amersham (GE Healthcare).

Paznenenue O6enKOB B JAaHHOM CiIy4yae MPOUCXOIUT Ojarofapsi HaJIU4HIO B
MIOCTICIOBATEIbHOCTH ~ PEKOMOMHAHTHOTO  Oelka THUCTUAMHOBOTO  ydYacTKa,
00Jagaronero BBHICOKUM CpPOACTBOM K HOHaM Hukens. KOJOHKy 3amoiiHsIv
nocuteneM Chelating Sepharose FF (20 mu1), a 3aTteM HachIaay pacTBOPOM
NiSO,46H,0 (0.2M). HenpouHo cBsi3aBIIMECS UOHBI YAAIAIN, IPOMBIBAsI KOJIOHKY
20 MM anerataeiM O0ydepom, pH 4,0, ypaBHOBemmBanu KoJIOHKY Oydepom (20
MM Tpuc-HCI, 0,5 M NaCl, 10 MM umunazon, 8 M moueBuna, pH 7,4). JIuzatsi,
nociie punpTpanuu yepe3 GuiabTpel ¢ auamerpom mop 0,22 MKM, HAHOCHUIU Ha
KoioHky. Ilocie mnpombiBaHuSI KOJIOHKM OydepomM 10 BbIXOJA ONTUYECKOU
IUIOTHOCTH HA TIOCTOSIHHBIM YPOBEHb OCYIIECTBIISIM JTall  pEeHATypaluu
(«pedonuHray) ¢ MOMOIIBIO MPOMBIBaHUS KOJOHKU Oydepom, coaepxammm 20
MM Tpuc-HCI, 0,3 M NaCl, 20 MM umunazon, pH 7,4. benok smoupoBaniu 1 M
UMUIa30IdbHEIM Oydepom, pH 7,4, koTopblii 3amemiaer O€lOK, CBS3aHHBIA C
MOHAMU HUKeld. XpoMaTorpaduio mpoBOIUIN CO CKOPOCThIO 2 MiI/MuH. Dpakuuu
cobupanu B oObeMe 3 M.

Hanuume mnpuona BO (pakmusx, TMOTYYEHHBIX TMPU BBIXOJAE IHKAa,

ananmzuposaiu nmytem J{CH-anextpodopesa.
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Xpanenue

Jlist xpanenusi npuoH nepeBoawid B 15 MM anerar-aMmmonuiinbeiii Oydep,

pH 5,0 ¢ moMomuisto nuanusa, 3aTem JHOPUIN3UPOBAIIH.

Tepmoaepezayus npuona

[lepen arperanueii mpoOsI npuoHa nepesouiu B 20 MM nutpatHslil Oydep,
pH 3.,4. Tepmuueckyro arperauuio IpOU3BOJWIIN, UCIONB3Yys annapaT s TP

(Techne) B nuamazone Temneparypsl mexay 45 u 90°C.

Aepecayus npuona npu 83aumooeticmeuu ¢ hochamuouiuHo3umoIom

dochaTuIMIMHO3UTOJI TOTOBHJIM B CTOKOBOW KOHIEHTpamuu 10 mr/mu,

pPacTBOPsIsi B CMECU METaHOJI-XJIOPO(opMm.

FOMOL}MCI’I’Z@MHU]ZMPOGCZHM@ npuora

B OonpmMHCTBE SKCIEPUMEHTOB, €CIM HE YKa3aHO HWHOE, A
TOMOIIMCTEUHUIIUPOBaHUS UcToib3oBaau 10- u 100-kpaTHBII MOJSAPHBINA U30BITOK
TOMOLIMCTEMHTHUOJIAKTOHA B PacyeTe Ha COJEp)KaHHE OCTATKOB JIM3MHA B O€JKe.
['omouucTennunupoBanue npoBoguian ¢ 20 MkM pacTBOopoM MpuOHA (BapuUaHT
VRQ) B 20 MM MOPS o6ydepe, pH 7,5. CBexenpuroToBICHHBIH pPaCTBOP
TOMOITMCTEMHTHOJIAKTOHA MOOABISUIM K pacTBOpY Oenka, 3aTeM KOHTPOJIHPOBAIU
pH, no6aBnsas NaOH npu 3akucnenuu. PeakiimoHHy0 cMech MHKYOUpPOBAIH TIPH
37°C B Teuenun 20-24 yacoB, W3 JMTEPATYPHBIX JAHHBIX M3BECTHO, YTO 3a 3TO
BpEMsI HEITPOPEArupOBABIINI THOIAKTOH MOJHOCTBIO THAPOJIU3YETCS.

Jlist umutanuu "duznoaoruyeckux" ycloBUN B TEUEHHE MECSIIA K PACTBOPY

TPUXKIBl JT00ABIISIA TOMOIMCTEMHTHOJIAKTOH 10 KOHEYHOUN KoHieHTparuu 100
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MKM, unky6upys npu 37°C. Ilpu stom ucnonszoBanu 42 MKkM pacTBOp MpHOHA B

TOoM ke Oydepe, congepxkamiem 0,03% a3zuna HaTpusl.

Memoowl uccnedosanusn cmpykmypuol 0€1K08 U UX azpezamoas:
JICH-3nekmpogope3 8 noruakpuiamuoHom eeie

Bce wuccnegoBanuss mno guMmepusauuu npoBoaunau  metonom  JICH-
anektpodopesa B 12% rene. Pazaenstomuii rejap uMen ciaeAyrouui coctas: 1 mi
40% pactBopa akpunamuaa; 0,665 ma 2 M Tpuc, pH 8,8; 2,335 mi1 Boabr; 40 MK
JCH 10% ; 40 mxn 10% pactBopa mepcynbhara aMMOHHMS U 8§ MKJ pacTBopa
TEMED. CocraB xonuentpupytouiero remnst: 0,2 mu 40% pactBopa akpuiaMuia;
0,3 mu 0,5 M Tpuc, pH 6,8; 2 ma H,O ; 25 mxa JICH 10% ; 20 mxn 10% pacTtBopa
nepcynbdara ammonus u 4 mxan TEMED. IIpo6sr nomemanu B 6ydep Hanecenus
(ACH 4%, rmunepun 10%, 50 MM Tpuc-HCI, pH 6,8 u cneast 6poMdeHonoBoro
CHHETO)

Paznenenue npoBoamiM ¢ MOMOIIBIO ammapara s dnekrpodopesa (Biorad,
Hercules, CA) B Tpuc-rnumuaooM 0ydepe (50 MM Tpuc, 0, 384 M rnunun, JICH
0,1%) nipu cune Toka 10 MA Ha 0MH renb JUIsl KOHUEHTpUpYolero reus u 20 MA
Ha OJUH rejb Ui OCHOBHOIO Teiisd. B syHKy HaHocwin okoyio 10 MKr KakJoro
oenka.

LI'env-chunompayus

Meton renb-pUIBTpalMM WCHONB30BAIM ISl M3Y4YEHHS OOpa3oBaHUsA
ONUTOMEpPOB U arperatoB mpuoHa. KoJoHKy mans reiab-QuiabTpauuu Ais
BbICOKOA(DpexkTuBHON KuakocTHOM xpomartorpaduu TSK 3000SW (Interchim)
ypaBHoBemmBaiu 20 MM uutpatHeiM Oydepom, pH 3,4. CkopocTh nponyckaHus
Oydepa Oputa 1 mi/muH. HaGop OenKoB-CTaHAAPTOB MOJEKYJSIPHOW MacChl

(Sigma) ucnosib30Bay sl KAJIMOPOBKHU KOJOHKH.
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Memoo ounamuuecxozo nazeproco ceemopacceanus (JIC)

I'maponuHamMuyeckuii auamMeTp NOpPUOHA W KA3eMHOB B HATHUBHOM U
arperupoBaHHOM COCTOSIHMM ObLT u3MepeH Ha mpubope Zetasizer Nano-ZS
(Malvern Instruments, Malvern). 3TOT MeToax OCHOBAaH Ha MPUHIUIIC
JMHAMHYECKOI'0 PaCcCesiHUSl CBETa YaCTUIAMU B YCIOBUSIX CIy4allHOTO TEIJIOBOTO
JIBMDKCHUS.

PactBop Oenka (0OBIYHO B KOHIIEHTpanuu | Mr/mil) mnpeaBapuTesIbHO
¢unbTpoBaniu uepe3 GuiabTpel ¢ guamerpom mop 0,22 mxm. [ kaxmoro
WU3MEPEHUS MPOBONIN 6 CKaHUPOBAHUM. BA3KoCTh U KO3 HUIIMEHT MTPeIoOMIICHUS
NPUHUMAIIM TaKUMHM Ke, KaKk JJIsi BOJBI. YTOJI paccesHus Jia3epHOro Jyua
MCIIOJIb30BAIM WM CTaHAapTHBINA 173°, wim 12,8°, KOTOpHIH JTydllle MOAXOAUT IS
WU3MEPEHUS KPYITHBIX YaCTHUIl B CHJIBHO PACCEUBAIOIICH CHCTEME.

Pe3ynbTaThl paccUMTHIBAIM HCXOAS W3 JIAHHBIX AaBTO-KOPEIUIALIMU C
MIOMOIIbI0 OCHOBHOTO ajroputMma. JlaHHbIC MPEACTaBICHBI B BUJIE paCIpeaCICHUS

I10 pasMcpam.

Kpyeosou ouxpouszm

OcnoBy Metona kpyrooro auxpousma (KJI) cocrtaBisier B3aumojaeicTBue
MOJISIPU30BAHHOTO CBE€TAa C ONTUYECKM AKTUBHBIMU MoOJIEKyJamMu. Paznuunbie
BEIIIECTBA MTO-PAa3HOMY IOIVIOWIAKOT JIEBO- U MPABO-MOJISPU30BAHHBIN CBET. benku
Y HYKJICHHOBBIE KHUCJIOTBI, BCIEJACTBHE OCOOCHHOCTEH MX BTOPUYHOM U TPETHUHOMU
CTPYKTYPbI, MOXKHO U3y4aTh C MOMOIIbIO METOJIa KPYTOBOT'O JUXPOU3MA.

Huxporpad  cmocobeH  W3MEPUTh  Pa3HUIy  MEXKIY  MOJSPHBIMH
Kod(ppuIMeHTaMu MOTJIONICHHS IS JIEBO- M ITPaBO-BpaIlAIONIETro cBeTa BOJH (Ag),
U3MEPSIEMBIE B M'em?

Jpyroii equHULIEd U3MEPEHUSI KPYTrOBOrO AUXPOU3Ma SIBJISETCS MOJIApHAs

IMNTUYHOCTH (0), u3mMepsaemas B rpaaycax u paBHas 3298*Ae. Kpome toro, npu
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UCCJIEIOBAHUM OEJIKOB YacTO MCHOJB3YIOT TaK HAa3bIBAEMYI) MOJIIPHYIO
AJUIMNTUYHOCTh, MPUBEICHHYID HAa OJAWMH AMUHOKHCIIOTHBIA OCTAaTOK, KOTOpas
Takke o003HavaeTcst 6 u paccunuThiBaeTCs o hopmylie:

[6] = (M* 0,)/10*d*C, rne 6, — MossipHas AIUTUNITUYHOCTh B Tpagycax, M —
cpenHsisi MoJIeKyJisipHasi Macca Ha octatok (115 Jla), d — aymHa ontuyeckoro myTu
B cM, C — koHIeHTpauus Oenka B /1. [lodyyeHHast BeMurHa UMEET pa3MEPHOCTD
rpag*cM aMOIb .

Jlig nosydyenus MHGOPMAaLUU O TPETUYHOW M BTOPUYHOM CTPYKTYype OEJIKOB
UCIOJIB3YIOT CIIEKTPBI KPYroBOro nauxpousma B oskHeM (250-300 HM) U 1anpHeM
(<250 uMm) yubTpaduonere, coorBercTBeHHO. Ha cnektp K] B ganwpHei
yibTpadruoaeTOBOM 00J1aCTH BIUSET BTOPUUYHASI CTPYKTypa Oenka (a-criupanu, PB-
CKJIaJIKU U HEYNOPSIOYEHHbIE CTPYKTYpHhI). [Ipu 3TOM a-cniupalibHble CTPYKTYpPbI
MMEIOT OTPUIATENIbHBIE MaKCUMyMbl morjiomieHus npu 222 u 208 HM, a Takxke
MOJIOKUTENIbHBIA MakcuMyM Ha 192 HM; B-ckinagyatbie CTPYKTYphl HMEIOT
OTpUIIATENbHBII MAKCUMYM Ha 215 HM U mojoxuTenbHblil Ha 198 HM (Sreerama
and Woody, 2004).

CrexTpbl KpyroBoro AMXpor3Ma 3aluChIBald MpU JJIMHE BOJHBI 0T 190 1o
250 um Ha npubope Jobin Yvon CD Mark 6 B ktoBere ¢ JUIMHON ONTHYECKOIO

nyTty 0,01 mM. Kakplid CIIEKTp YCpEIHEH U3 IIATH U3MEPEHHM.

Ungpakpacnas cnekmpockonus ¢ npeoopazosanuem Dypve (UK-

CHeKmMpPOCKONusi)

[Ipu npurotosnenun odpaszua ans MK-cnexrpockonuu 200 MkM pactBOp
npuora B 20 MM  MOPS oOydepe, pH 7,5 wunxyOupoBamm ¢
TOMOILIMCTEUHTUOJAKTOHOM B 10-KpaTHOM M30BITKE HA OCTATOK JIM3MHA Oeska Ipu
temneparype 37°C B teuenun 15 wyacos. Ilocnme mpoBemeHus peakiuu OenoK

MHOTOKPATHO AWAIU30BAIA MPOTUB BOJBI, TUODUINZUPOBAIH, 3aTEM PACTBOPSIU
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B D,0. /Insg CHWKEHUS KOJIMYECTBA NMPOTOHOB, BHOCSAIIUX CBOW BKJIAJ B HY)KHOU
oOnacTu cnekrpa, Oelok cHoBa JuoduiIu3upoBain U pactBopsiaun B D,O nmo
KOHEUHOMU KOHIeHTparuu 50 mMr/mit.

JIro6oit Genok mmeer B cpeaHeM Oonee 20000 pe30HAHCHBIX CTETICHEH
cBOOOABI, T.H. HOPMAJIbHBIX KOJIEOATEIBHBIX MOJ, KOTOpbIE CBfA3aHbl C
BHYTPEHHUMH KOOPJAMHATAMH MOJIEKYJI — TAKUMHM, KaK JIJIMHA CBSI3U U YIOJl CBSI3U.
Meton uH(ppakpacHO#l creKTpockonuu ¢ npeodpazoBanueM Dypbe OTHOCUTCS K
KojebarenbHON crekTpockonuu. MH@pakpacHbli CBET MOXKET ObITh MOTJIOLIEH
MOJIEKYJISIPHBIM KOJIeOaHUEM, KOTJla OTHOIIEHHE KOJIeOaHUs U CBETa COBMAMAIOT.
OTHOolleHHE KojeOaHHUs W BEPOATHOCTb IMOTJIOLIEHUS 3aBUCAT OT CWIbl U
HOJIAPHOCTH KOJIEOJNIOIIEHCST CBSI3M — MAapaMeTpoB, KOTOpPbIE MOTYT CHIJIBHO
U3MEHSATBCS IPU PA3JINYHBIX BHYTPU- U MEKMOJIEKYJIIPHBIX BO3/IEUCTBUSIX.

KonebaTtenbHass  CHEKTPOCKONMSI  MCKJIIOUUTENBHO YYBCTBUTEIbHA K
OPOYHOCTH CBA3M W MOXeT 3adukcupoBatb wusMenenuss B 0,02%. U3
CHEKTPaJIbHBIX XapaKTePUCTHK (TIOJIOKEHUE MUKa, IMpUHA UKa U Koddduimenrta
abcopOLMK) MOXKHO M3BJI€Yb UHPOPMALIMIO O CTPYKTYpPE M OKPY>KEHHUH OOKOBBIX
Ipynn aMUHOKHCIOTHBIX OCTaTKOB, O CBSI3aHHBIX JIMTAHAAX WM KOPAKTOpax U O
CTPYKType yIJIEpOJHOro ckenera Oenka. OITO  JAelaeT  KoyieOaTesbHYIO
CHEKTPOCKOMUIO LIEHHOW NS CTPYKTYpHBIX wuccienoBanuii Oenka (Barth and
Zscherp, 2002).

CrnekTpsl 3anucbiBasiv Ha criektpomerpe Bruker Vector 22 (Bruker GmbH,
I'epmanus), oOOpyIOBaHHOM JIE€TEKTOPOM Ha OCHOBE JACHTEPUPOBAHHOIO
TpurmMuuHCYyIbdara. OOpa3lbl TOMOLMCTEMHWIMPOBAHHOTO M KOHTPOJIBHOIO
OeJsika MOMEIAi MEXly ABYMS IUTACTUHKAMH U3 (ropua 0apusi ¢ pa3aeuTeraeM
TonmuHOM 56 HM. J{nma kaxkmoro oOpasma ObuTM CHATHI 128 CKaHMpPOBaHHWI CO
CTIEKTPAJIBHBIM Pa3peleHneM 2 M ¢ MOCIeAyomuM peobpasosanueM Dyphbe.

Jliist 3anicu 1 00pabOTKY JaHHBIX UCTIONB30BaIu mporpammy Bruker OPUS.
[Tociie kOMIeHcaMK BKJIaJa MapoB BOABI U3 KaXKIOI'O CIIEKTPA BBIYMTAIN CIEKTP
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D,O, ymuoxennsii Ha 0,92. HopmupoBaHWE€ HHTEHCUBHOCTH CIIEKTPOB
MPOBOIWIIA 1O IUIOIIAAM TOoJ KpuBOW B oOmactu 1750 cm’! — 1525 cm’ mocne
BbIYUTAHUs 0a30BOM JIMHUMU.

Bropas mpousBoaHas CHeKTpoB ObLla MOJy4Y€HA IOCHE CrIaKUBAHUS IO
anroputMmy Casuikoro-I'oness ¢ momousto nporpammbel Origin 7.5 software
(Origin, Microcal, CIIIA).

OObIyHO IS MACHTU(UKAIMK BTOPUYHON CTPYKTYpPhI OEIKOB HCCIEAYIOT
TaKk HasbiBaeMylo obmacts Amumma 1 (1600-1700 cm™). Tlpu stom MK-crextp
MOXHO Pa3J0XKUTh Ha COCTABHbIE KOMIIOHEHTHI. /{7151 3TOro, BTOPYIO0 MPOU3BOIHYIO
HK-criekTpoB UCHOIB3YIOT ISl UACHTU(MUKAIIMY TOJIOKEHUS MOJI0C MOTIOMEHUS
OT/ACNIBbHBIX CTpYykTyp. J[lanee mpousBoautcs paznoxenue MHWK-crnektpa Ha
COCTaBIIAIONINE KOMIOHEHTHI (KOTOPHIE OOBIYHO OIUCHIBAIOTCS pPaCTpeeICHUEM
[Naycca) ¢ 3agaHHBIMM MaKCUMyMaMH pPAacHOJOXKEeHHsI Toyioc. Pa3Hbie THUIBI
BTOPUYHON CTPYKTYphl UMEIOT MAKCHUMYMbl MOTJIONIEHUS HA Pa3HBIX BOJHOBBIX
yucaax: B-cKiagkaM COOTBETCTBYIOT BOJHOBBEIE yucia 1619, 1627 u 1634 CM'l, a
O-CIIUPAJIIM COOTBETCTBYET IOJIOCA € MAKCUMyMOM morjomieHus 1654 cM
[ToBOpoTam COOTBETCTBYIOT MOJIOCHI C MAaKCUMyMaMu moriionieHus mnpu 1660, 1670
1 1690 cm™'. HeynopsiaoueHHbIi KiyGOK aeT MOI0Cy ¢ MAKCHMYMOM ITOTJIOIICHHS
npu 1640 cm™'. Kpome Toro, cumraercs, uto monoca B obmacti 1680 cM” Moxer
COOTBETCTBOBATh Cpa3y JIBYM CTPYKTypam, moBopoTam u B-cknaakam (Barth and

Zscherp, 2002, Martinez-Rodriguez et al., 2009, Okuno et al., 2006).

@ﬂyopecueHmHa;z CNneKmpocKonus

B nanHoii pabote s M3y4yeHUsS HU3MEHEHUH B CTPYKType O€IKOB
WCIIOJIB30BAIM  KaK COOCTBEHHYIO TpUNTOGAHOBYIO (iIyopecieHuo (s
Ka3eMHOB), Tak U (IyopeclieHTHbIe MeTKU - THOGaBuH T 1 ANS (misa npuoHa u

Ka3CHHOB).
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Kazeunsr umeror ocrarok tpunrtodana B C-koHIeBor obmactu (-ka3euH -
oauH B 157 monokeHnu, K-KazeuH - oauH B 97 mojiokeHnH, oS1-ka3enH - JBa
octatka, B 179 u 214 (mocneaHuit 0CTaTOK) MOJIOKEHUU ), UTO JIETAeT BO3ZMOXKHBIM
U3MEpEeHHE MaKCUMyMa JJTMHBI BOJHBI (puryopecuienninu Tpuntodana (Trp Ay
JlnuHa MakcMMyMa WHCTEHCHMBHOCTH (DIyopecueHIMr TpunTodaHa MEHSETCS B
3aBHUCHUMOCTH OT OKpYXXEHHUS, B KOTOpoM Haxomutcsi Tpuntodan. Korma
TpunTodan mnomamaer B TUAPOGOOHOE OKPYKEHHE, 3TO MPUBOAUT K CHHEMY
CABUTY MakCUMyMa JJIMHbI BoJIHBI QurypecueHuuu (Gryczynski et al., 1999).

CrexTpsl ¢uryopecteHInyn canMany Ha crektpodiayopumerpe FluoroMax-3
(Horiba Jobin Yvon, Longjumeau, France) B uHCTHUTYTE (PU3UKO-XUMHYECKON
ouosornu uMm. A.H. benosepckoro. M3mepenus npoBoauiau ¢ 8 MKM pacTBopoM
kazeuHa B 25 MM ¢docharanom Oydepe, pH 7,5, B kBapiieBoil KioBeTe C JUITMHOU
onTtudeckoro mytu 1 cM npu temneparype 20°C. Hlupuna mienau Bo30yKIaroIIEro
cBeTa U (PIyOpEeCcIeHTHOH IeNn COCTaBIsIa 5 HM, JUIMHA BOJHBI BO30YKIAIOIIErO
cBeTa TpW u3yuyeHUH (IyOpecueHIMn cocTaBisuia 295 HM, CHEKTPHI
(bayopeclieHTHOro cBe4eHHs TpuntodaHa ObUIM 3aMCAHbl B JUANa30HE JUIMH BOJH
300-400 uM, Kaxapi 1 HM.

Meron, OCHOBaHHBIH Ha HW3MEPEHMM HW3MEHEHHUS  (IIyOpeClCHIINH
tuoduaBuna T (THT) mpu ero cBs3piBaHUM C OenKamu, MO3BOJISET HAOIIOAATH
JUHAMUKY  00Opa3oBaHusi  [(-CTPYKTyp  aMWIOUJOTeHHbIX  OenkoB. Ilpu
B3aumonenctBu THT ¢ P-CTpyKTypHbIMU »3JIeMEHTaMH O€JIKOB B CIEKTpE
¢nyopecuenuu THT nosiBasieTCss NONMOJHUTENbHBIA MUK NPU JJIMHE BOJHBI 482
oM. Cnektpsl (uyopecuenuun THT Taxke cCHUMaNM Ha CHEKTPOQPIyOpHUMETpE
FluoroMax-3. Bce okcnepumentsl ¢ THT mnOpoBoauiuch B KBapleBOU
bayopuMeTpUUeCcKON KIOBETE C JUIMHOW OMTHYECKOTO MyTH 1 cM.

CeexenpurotoBieHHbl pactBop THT moGaBisuin k pactBopy Oenka (7-8
MKM Oernka) mepen Ha4aaoM MHKyOaruu Tak, ytoObl konudectBo THT B mpobe B
10 pa3 npeBsbImano konuuectBo O6enka. [locie okoHyaHust MHKyOauy B TEUEHUU 5
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MUHYT CcHuUManu crnektp ¢uayopecuenunun THT npu Ttemmepatype 20°C B
nuariazone ot 460 am 10 600 HM TTpu GUKCUPOBAHHOMN JIJTUHE BOJIHBI BO30YKICHUS
435 uMm. Ilo naTeHcUBHOCTU (DITyOpECLICHIIMU Ha JIJTMHE BOIHBI 482 HM cynuiu o0
WHTEHCHUBHOCTH 00pa30BaHus B-CTPYKTYp B Ipoode.

B cnywae wucnonb3oBaHHMs B KayecTBE  (PIYOPECLIEHTHOIO  30HIA
ruapodobHOoro  kpacutens 1-  anuwnmHOHadramuH-8-cynbponara  (ANS),
PUTOTOBJICHHBIE 00pasipl, cojuepxkamue 3 MKM ka3zenHa, nHKyOupoBaiu ¢ 50-
KpaTHBIM H30BITKOM CBEXENPUTOTOBICHHOTO ANS B TeueHHE yaca B TEMHOTE.
[Tocne oxoHuyaHWsi MHKyOauuu cHUManu crektp d¢uyopecueHmn ANS npu
temmneparype 20°C B nuanazone ot 400 aM 10 600 HM Tpu GUKCUPOBAHHOM JIJTUHE
BOJIHBI BO30yXkAeHUs 365 HM. OTOT 30HA HHTEPECEH TEM, 4YTO IPU €ro
B3aUMOJICUCTBUM €  TUAPOPOOHBIMU  KJacTepaMH, TOSIBISIONMMUCA  Ha
MOBEPXHOCTH OelKa TMpu €ero JeHaTypalud WIA HU3MEHEHUH CTPYKTYpHI,

HaOJIFOIaeTCst pe3Kuid mpupocT diayopectieHmu ANS.

Abcopoyuonnaa cnekmpockonua ¢ Kowneo kpacueim Onsi eviseneHUs

AMUTOUOO8

OnHMM U3 KJIAaCCMYECKHX METOJOB OIPEIEICHUsS aMHWIOUIOB SIBIIAETCS
okpammBaHue kpacurenem KoHro kpacHeiM. M3BECTHO, YTO CHEKTpP MOTJIOIICHUS
kpacutensa Konro KpacHbiil u3MeHsieTcsl Ipu B3aUMOJCHUCTBUU C aMUJIOUIHBIMU
bubpwiaMu — MaKCUMyM TMOJIONIEHUSI caBuraercss oT 498 HM B KpacHYIO
cropony Ha 40-50 um (Frid et al., 2007, Puchtler and Sweat, 1965).

CBexenpuroToBiieHHbI pacTBop KOHro kpacHoro no0aBisuid K pacTBOPY
oenka (2 MKkM KazewH) nepea HadajaoM MHKYOaluu Tak, 4To0bl KoaudecTBo KoHro
Kpacunoro B mpo6e B 10 pa3 mpeBbilano KoiaudecTBO Oenka. [locie okoHuaHus
WHKYyOaIuu B TEUCHUU 15 MUHYT CHUMAJM CIEKTPHI norioiieHus KoHro kpacHoro

B KIOBETE C JUIMHOW ontrudeckoro nmytu 10 mm nipu temneparype 20°C B quana3zone
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ot 400 aM 10 700 HM. [[7151 CHATHSA CIIEKTPOB UCIIOIB30BaIN criekTpodoromerp UV
1601 Shimadzu (SAnonust). Criektp docharHoro Oydepa UCIONH30BAIA B KAUECTBE

KOHTPOJIA U BBIYUTAIN U3 BCCX MMOJTYUCHHBIX CIICKTPOB.

Konuuecmeernnvlii ananuz 6KaroueHus comoyucneurHa ¢ nOMouLbro Memooa

onpedenenusi SH-epynn no Snimany

JUIsl KOJIMYECTBEHHOI'O aHAJIN3a BKIOYEHUSI TOMOLMCTENHA B COCTaB IIPUOHA
U Ka3zenHa ObL1 HCTIoNb30BaH Metoa onpenenenus SH-rpynn no OmiMany (Ellman,
1959). Ilocne mnpoBeaeHuss roMouucTeuHUIMpoBaHus 100-KpaTHBIM H30BITKOM
peareHTa B TeueHue 24 4acoB, B MOJYUYEHHYIO PEaKIIMOHHYIO CMECh JUIsl XOTsI Obl
YaCTUYHOIO PACTBOPEHUS arperaroB JOOABISUIM  TYaHMJIUHTHIPOXJIOPUI O
KOHEeuHO# KoHueHTpanuu 8§ M. 3atem Oenok obecconuBanu Ha KonoHke PD-10
JUISL yalleHusT HU3KOMOJIEKYJISIPHBIX IPOAYKTOB peakuuu. s BOCCTaHOBIEHUS
TUCYIbQUAHBIX CBA3EH OenoKk MHKyOupoBanu B Teuenue yaca npu 50°C ¢ 2 mM -
MEpKaINTO3TaHOJa, 3aTeM JI00aBISUIM TyaHUAMHTUapoxjaopua 10 8 M u cHoBa
oOecconmuBainu Ha kojoHke PD-10. B nonyueHHOM pacTBOpe aHaJIM3MpPOBAIU
yucio SH-rpymnm, no0aBisis B KIOBETY B O€IKOM S-IUTHOOUC-2-HUTPOOEH30MHYIO
kucinory (ATHB) u u3mepsis ontuyeckyro mioTHOCTh nipu 412 um. Jlns pacuera
KOJINYECTBA 00pazyeMoro MHpoAyKTa HCIHOJIb30BAIM KOAIP(GUIMEHT SKCTUHKLNU
13600 M™'em™'. KonmenTparuio Geska onpeaessia mo Metoay bpaadops.

B-ka3erMH HE COJEPKUT B CBOEH IOCIEN0BATEIbHOCTH LIMCTEMHOB, a JBa
HUCTEMHA B COCTaBe NpPHOHAa O0pa3ylT JUCYJIbQUAHYIO CBS3b U HE
BOCCTaHABJIMBAIOTCS MIPH UCIOJIb3yeMoi 00paboTke 2 MM [-MepKanTo3TaHOJIOM,
4TO OBLJIO MOATBEPHKACHO MPOBEIECHUEM AHAJIOIMUHBIX ONEpalui ¢ KOHTPOJIbHOU

npoOoi HATUBHOTO MTPHOHA.
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MCZCC-CI’Z@KWZPOMQWIPM}Z Memooom UOHU3aAYUUU 6 dJIeKmpocnpee

Macc-cnekTpsl MOJIyYeHHBIX PEKOMOMHAHTHBIX (GopM [-KazenHa ObUIH
MOJIYYeHBI METOJOM HOHHU3aIuH d3JeKkTpocnpeeM Ha ammapate LCQ Advantage
(Thermo Finnigan), mo3BOJISIOIIEM pa3AeiuTh HOHU3UPOBAHHBIE MOJEKYJbI B
3aBUCUMOCTH OT COOTHOUIEHUS Macca/3apsii. MoseKkylibl NOMEIIalTCcs B
JIEKTPUUECKOE TIOJIe TI0J] BAaKyyMOM H JETEKTUPYIOTCS B Ta3000pa3zHOM
coctosiHuU. [IpoOBI BBOAWIM CO CKOPOCTHIO 2,5 MKJI/MUH.

Jlanabie oOpabaTeiBamu ¢ momomibio mporpammbl  Xcalibur  (Thermo
Finnigan).

[Tocne crnaxuBaHus NPOU3BOJUIIN BBIOOP CIIEKTPOB B auanazone ot 700 mo
2000 m/z. B aToM ciiydae MOXKHO pPAaCCUMTATh TOYHYH) MOJICKYISPHYIO Maccy
uccienyeMoil modekyibl. MccinepoBaHuss NpoBOAWIM B JTAOOpAaTOpUM Macc-

cnexkrpometpun MHPA B Hanre.

Macc-cnekmpomempusa MALDI TOF

Jlanublii ananu3 ObUT BBIMOJHEH Ha 0a3e TPyNIbl MacC — CHEKTPOMETPHUH
(BIBS) otnenenuss BIA HWHPA, Haur, ®panuus (http://www.angers-
antes.inra.fr/plateformes_et plateaux techniques/plateforme bibs)

JUis ananu3a W3 TOJMAKPUIIAMUIHOTO Telisi Obula BbIpE3aHa IoJioca
TOMOIMCTEHHUIIMPOBAHHOTO TIPUOHA, COOTBETCTBYIOIIAs IUMEpPHOH ¢opme, a
TaKkK€ KOHTPOJIbHBIM HAaTUBHbIA MOHOMep. ['enb mpomeiBanu 25 MM NH4HCO;,
ob6e3BoxkuBai  50% (v/v) pactBopoM aneronutpuiaa B 25 MM NH;HCOs;,
BoccranaBiuBayi 10 MM JITT, a 3aTtem ankunupoBasin 55 MM HooaneTaMuaoMm.
[Tocnie 3TOTO MONOCKHI TeNsl BHICYIIMBAIM Ha BaKyyMHOU neHTpudyre. [Iporeonus
npoBOAMIM B TeueHue Houu npu 37°C, poGaBusis 15 MKi pacTBopa TPHUIICHHA,
MPUTOTOBJICHHOTO ¢ KoHIeHTparueit 12,5 ur/mn B 25 MM NH,HCO; (Promega,

Madison, CIIIA). [Tony4yuBuIytocs cMech MENTUIOB 3aKUCSIM go0aBiaeHueM 1%
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MypaBbMHOW KHCIOTBI M XpaHunu Ipu temreparype -20°C no npoBeaeHus
aHaJIn3a.

WNnentudukanuio nentuaoB NpoBoauiIn Ha MALDI LR Macc-CIEKTpOMETPE,
000py0BaHHOM J1azepoM C JuiuHOM BoJHBI 337 HM (Micromass/Waters). Oaun
MUKPOJUTP 00pa3lia CMeMBaJIX ¢ | MKJI pacTBOpa JUisl MOATOTOBKU MaTpULbl (2,5
I/ o-nuaHo-4-TUAPOKCUKOPUYHAS KHCIOTa, 2.5 1/ 2,5-auruapoxcubeH3oiHas
kucnota, 70% [v/v] ameronutpumia, 0.1 % [w/v] TpudTopyKkcycHas KuUCIOTa) U
BHOCWJIM JUIS aHaiM3a. 3aluCh MacC-CIIEKTPOB MPOBOJIMIM C IOMOIIbIO
ynpasistonieit  mporpammbl  Mass  Lynx  software  (Micromass/Waters).

WccnenoBanus mpoBoauiiv B jabopatopun macc-cekrpomerpun MHPA B Hanre.

QJZGKWIPOHHCI}Z MUKDOCKONnUA

[IpoObl  TOMOIMCTEMHUIUPOBAHHBIX OEJIKOB JUIsi TPAHCMUCCUOHHOMU
AIIEKTPOHHON MHUKPOCKONMHU TOTOBWJIM HakaHyHe. [IpuroTtoBiieHHBIE MHpenaparsbl
OeJIKOB HAHOCWJIM Ha IJIeHKY Formvar, npeaBapuTebHO HAHECEHHYIO Ha MEAHYIO
cetky (200 wmenr). 3aTreM npenapaThl KOHTPACTHUPOBAIM C UCIOJIb30BaHUEM
pearenta Nano-W (Nanoprobes, CIIIA). Ilocie BwIcylIMBaHUSI Ha BO3JIYyXE H
YTOJIbHOT'O HaIbIJICHUs 00pa3Ilbl UCCIE0BAIN Ha IEKTPOHHOM Mukpockorne LEO
912 AB OMEGA (Carl Zeiss, 'epmanusi) B OTAe€ MHKPOCKOIIMM WHCTHTYTA
buszuko-xumMuueckout ouonoruu um. A.H. benosepckoro.

DIIEKTPOHHAS. MUKPOCKOMUS MPEeNapaToB TEPMOArpErHpOBAHHOTO TPUOHA
ObU1a mpoBeneHa Ha Oaze yaboparopuu Mukpockonuu Cenpuxom [Maspom. [ns
TPAHCMHCCUOHHOM  DJIGKTPOHHOM MHMKPOCKONHUM OBUIM  HMCIOJIb30BaHBI  J[BA

BapuaHTa KOHTpacTUpoBaHUA — (ocoBoIbGpPaMOBON KHUCIOTOW M aleTaToM

ypaHa.
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Amomnuo-cunosas MUKDOCKONUA

[IpoObr (c KoOHUeHTpauued Oenka 1 ™Mr/mia) paas  aTOMHO-CHUIIOBOM
MUKpPOCKOIIMM TOTOBMJIM HakaHyHe. [l wuccnenoBaHusi arperanuu IOPHOH
HarpeBanu npu 90°C B teuenuu 1 daca. I[lpurorosinenue mpod misi aHanu3a U
MUKPOCKOTIUs ObLUIM MPOBEJEHbI Ha 0a3e yabopaTopuun MUKpockornuu Ceapukom

["aspom.

Drnyopecyenmuas MUKPOCKONUs

CBeXXenpuroToBJIEHHbI pacTBOp THO(uaBuHa T 100aBIsUIM K pPacTBOPY
romonucrenHuaupoanHoro 6enka (1 mr/mm) B8 20 MM MOPS, pH 7.5 MonsipaoM
u30bITke 20:1. Jlng arperatoB Ka3zeWHa HaONIOJanach BBICOKAs MOJBHXKHOCTH
YacTUll, MO3TOMY 0O0pasubl moMmemanu B cpedy st BkatodeHuss Gel Mount
(Sigma).

OO0pa3upl UcCieIoBadu ¢ MOMOIIbI0 MHBEPTUPOBAHHOIO (PIIyOPECLIEHTHOIO
mukpockorna (Leica DMRB) B oTmene MUKPOCKONWW WHCTHTYTa (PU3HUKO-
xumudeckoil Ouonorun um. A.H. benoszepckoro, ucnons3ys uisi BO30YKIEHUS
¢unbTp BP 450-490 uMm ¢ pazpenurenem ayda RKP 510 u LP>515 um. Hudpossie
dboTtorpaduu ObUIM 3anrcaHbl ¢ MoMoIsi0 kamepsl Nikon DS-1QM u mporpaMmesl

NIS.
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Pacwennenue npomeunaszou K

Anammzupyembie oOpasiel B 20 MM MOPS Oydepe, pH 7.5,
noaBepranu oOpabotke mporemHazoir K B konmentpamuu 0,2 MKr/Ma B
MNPUCYTCTBUM 5 MKM KOHUEHTpauuu UOoHOB Kaibuus npu 37°C. Jljisi OCTaHOBKH
peakiuu K oOpasnam nobasisuii 0ydep mist oopasuos (50 MM Tpuc-HCI, JICH
4%, riuuepun 10%, pH 6,8 u crneast 6pomMdEeHOIOBOTO CHHETO) W MOJBEpPraiiv
KUISYECHUIO B TEUEHHE S5 MUHYT. Pe3ynbTaThl aHaIU3UPOBAIM C TOMOIIBIO

anekrpodopesa o Jlammiu (Laemmli, 1970).
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PE3VJIBTATHI U UX OBCYXJIEHUE
H3yuenue azpezayuu Kazeunoas.
Ilonyuenue npenapamoa:
a) pazoenenue KazeuHo8 MoJioKa

JUist pazieneHusi HATUBHBIX KAa3€MHOB OblIa MCIOJIb30BaHA aHMOHOOMEHHAsI
xpomarorpadust (Mercier et al., 1968). Ha npodune smoruu (Puc.14) moxHO
BUJIETh, YTO C IOMOIIBIO OTHOCHUTEIBHO MPOTSHKEHHOTO TpaJUeHTa XJIOpHIa
HATpUs yAaeTcsl pa3AeNuTh pa3Hble THIBI Ka3enHOB. C MOMONIBIO 3neKTpodopesa
ObUIO MOATBEPXKIEHO, uTO ¢pakuumu nuka A cojepxar [(-ka3euH, B nuke b
oOHapyxuBaeTcsi cMechb 0S1- M 0S2-Ka3eMHOB. K-Ka3eMH COCTOUT M3 OEJIKOB C
pPa3HON CTENEHBIO TIJIMKO3WIMPOBAaHHUS, II03TOMY MPEICTABIEH HECKOIbKUMHU
MUHOPHBIMU TMKamu. Jns pasgenenuss oS1-ka3eMHOB B JaibHedIeM Oblia
UCIIOJb30BaHA KaTUOH-OOMeHHast xpomartorpadguss Ha MonoS HocuTene Mo

onrcaHHoi B muteparype metoauke (Thorn ef al., 2008).
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Puc. 14. Tlpoduns >mronuu npu pa3feieHHH HATUBHBIX KA3€MHOB MOJIOKA
METO/IOM aHHOHOOMEHHOU XpomaTorpaduu.

O®pakius Ka3emHOB MOJIOKa Oblla HaHeceHa Ha Kojonky HR 10/10,
3anoiaHeHHyro Hocutesnem Source 15 Q (10 mi) u ypaBHoBemeHHyo 25 MM Tpuc-
HCl 6ydepom, (4 M moueBuna, 5 mM ITT, pH 8,2). Dmouuto npoBoausiu
rpaguenToM Oydepa, coaepxkamero 1 M NaCl, npu koMHaTHON Temmeparype u
CKOPOCTH 3 MJI/MHUH.
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6) noJjsiy4erue U oducmKka yucmeuHuiIupoearnHvlx MymaHmoe

B nannoii paboTe ObUIM 3KCIIPECCUPOBAHBI U OYUIIEHBI ClIeyoUUe (PopMbI

peKoMOMHAHTHOTO -Ka3enHa:

[MKKit TMN MRELE,ELNVPGEIVESLSSSEESITRINKKIEKFQS ----- FPll,0gV
MyTaHT C4  MGRELC,ELNVPGEIVESLSSSEESITRINKKIEKFQS ----- FPll 05V
MyTaHT C208 MGRELE,ELNVPGEIVESLSSSEESITRINKKIEKFQS ----- FPIC ,5eV

MyTaHT C4-208 MGRELC,ELNVPGEIVESLSSSEESITRINKKIEKFQS ---—- FPIC gV

B ciydae pekOMOMHAHTHOTO Ka3erHa Iocie JIu3uca OakTepuil UCIOJIb3YyETCs
CyNepHaTaHT, COACP KAl 3HAUUTEIbHbIE KOJIMYECTBA BHYTPUKIETOYHBIX OEJIKOB
u  HykiIeunHoBelix  kucior. Ilocme  mepBoro 2Ttama  oOpatHOda3zoBOM
xpoMarorpaduueckoil OYMCTKH, MOXHO BHUAECTh, YTO Ha MPOQWIC IIIONUU
OTCYTCTBYET 4YETKO BbIACICHHBIM ocHOBHOM mHK (Puc. 15). Opnako mo
pesynbratam JICH-3mekTpodopesa MOHITHO, YTO Ka3eWH AIIOUPYETCS B TUAIIa30He
40-50% pactBopuTtena. Dpakiuu, oOOoranieHHbIE B-Ka3eHMHOM, TaKXe COJEpKat
MHOTO JAPYTHX OEJIKOB.

Bropoii sTan ounctku, aHMOHOOMEHHass XpomaTtorpadus, MO3BOJIMIA HAM
n30aBUTHCS OT OCTaBIIMXCS 3arps3usomux OenkoB. Ananmusz rens JCH-
anekTpodopesa MOJATBEPKIAET, YTO Ka3eUH JIIIOUPYETCS B OCHOBHOM IHKE MpHU
18% Oydepa B (Puc. 16) Y3kas u cummerpuuHas GopmMa MOJIYYSHHOTO ITHKA

TAKIKC YKAa3bIBAIOT HA YUCTOTY IIOJIYUCHHOI'O OeJika.
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Puc. 15. TIpoduip >m01nn Mpu 04UCTKE OaKTEpUATbHBIX JIM3aTOB METOIOM
obOpaTtHodazoBoi xpomaTorpaduu

bakrepuanbhplii nu3aT HaHOCWIM Ha KojdoHky HR 16/10, 3anmonHeHHYIO
HocuteneM Source RPC 30 (20 mu1) u ypaBHOBemeHHyw0 pactBoputeiaem A (H,O
95%, aneronutpun 5%, TFA 0,1%, v/v/v). Daonuio OCyIIeCTBISIN JTUHEHHBIM
rpagueHTom ot 25% no 60% pactBopurensa B (H,O 20%, aueronutpun 80%, TFA
0,08%, v/v/v) Ipu KOMHATHOI TeMIepaType U CKOPOCTH 5 MJI/MUH.
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Puc. 16. [lpodpunb smronum O€NKOB, MOJYYEHHBIH NMPU AHMOHOOMEHHOM
xpomartorpadun (ppakiuu mociae NepBO CTATUN OUYUCTKH

[IpeaBapuTtenbHo ouniieHHas ppakius, odoramneHHas peKOMOMHAHTHBIM [3-
Ka3enHoM, Obula HaHeceHa Ha kojoHky HR 10/10, 3amonHeHHyr0 HOcCUTEIeM
Source 15 Q (10 mu) u ypaBuoBemennywo 0ydpepom A ( Tpuc-HCI 25 MM, pH 8,2,
4 M moueBuHa). Dmtonuto ocymiectBisuin 6ydpepom B ( Tpuc-HCI 25 MM, pH 8,2,
4 M moueBuna, NaCl 1 M) npu KOMHaTHOU TeMIlepaType U CKOPOCTH 5 MJI/MHH.
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Ilocne 3TOM cTaguM OYMCTKA Ka3eWH HAXOJIWUTCA B JIEHATYPHUPYIOLIUX
ycioBusx (4 M ModeBMHA) M COJEPXKHUT 3HAuUMTENbHYI0 KoHueHTpauuio NaCl.
Tperuii 3Tan ouncTtku — obOpatHo(dazoBas xpomarorpadus - MO3BOJIAET yAAIUTH
3TH KOMIIOHEHTBI U3 OKpYXXEHHs OelKa M MEPEeBECTU €ro B COCTOSHUE, YA0OHOE
JUISE THO(QMIIM3ALMK M TIOCJIEAYIONIEro XpaHeHus. benok aimonpyercs ¢ KOJOHKU
npu 50% pactBopuTenss B, Takke Kak M NpU NEPBOM OYHCTKE C IOMOIIBIO
obOpaTtHodazoBoit xpomatorpaduu. (Puc. 17.)

Hannune nucremna Ha N-KOHIE TMpeAnonaraer BO3MOXHOCTb
00pa3oBaHUsl JUMEPOB MEXKIYy MoJieKyJamu Oenka. OJHaKO HCMOJIb30BaHUE
JaHHOM XpomaTtorpaduu Mo3BOJISIET HAM M30eXaTh AUMEpHU3aluu, T.K. npu pH 2

peakTUBHOCTh SH-rpymnm oyeHp HU3Kas.
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Puc. 17. Ilpoduns »saonuu MpU OYUCTKE PEKOMOMHAHTHOIO Ka3eHHA

MeTo/10M 00paTHO(a30BOM XpomaTorpaduu

PexomOunanTHbIN KazenH HaHocuiau Ha koiloHKy HR 16/10, 3anmonnenHyro
HocuteneM Source RPC 30 (20 mu1) u ypaBHOBeuieHHyto pactBoputeineM A (H,O
95%, aneronutpun 5%, TFA 0,1%, v/v/v). DIOmu0 OCyIIECTBISIN JTUHEHHBIM
rpaaueHToM oT 25% 1o 60% pactBoputens B (H,O 20%, aneronutpun 80%, TFA
0,08%, v/v/v) Ipu KOMHATHO# TeMIEepaType U CKOPOCTH 4 MJI/MUH.
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Macc-cnekmpomempus

JInst  moATBEpXKIAEHUS  TOro, 4YTO  MOJIy4eHHble O€IKH  3TO
JNEUCTBUTEIBHO HWCKOMBIE MYTaHThl [-Ka3enmHa, OBUT OCYILECTBIEH Macc-
CIIEKTPOMETPUYECKUN aHAIN3 C MTOMOIIBI0 HOHHM3ALUMU 3JieKTpocnpeeM. CoriiacHo
nosydyeHHbIM pesyiabratroM (Tabmuma 2, Puc. 18), MomekynspHble Macchl
aHAJIM3UPYEMbIX  O€JIKOB  COOTBETCTBYIOT  TEOPETUYECKUM 32  BBIYETOM
MOJIEKYJIIPHOI Macchl OJIHOW aMUHOKUCIOTHI - METHOHHMHA. Takas 0COOEHHOCTb
MPOIIECCUHTA XapaKTEpHA JIJIsl UCIIOJIB3yeMO peKOMOMHAHTHOM cuctemsl B E. coli.
Takum o0Opa3oM, 3TO OTCYTCTBME METHOHWHA MNPUOIIKAET PEKOMOMHAHTHBIN
O0eslok K HaTUBHOM (opMe, Tak KaKk B HATUBHOM [3-Ka3eWHE 3TOT METHOHUH

yAansieTcs MyTeM MOCTPAHCISIIMOHHON MO (DUKAIUH.

93



Tabmuua 2. Maccel MONMy4YeHHBIX [}-Ka3eMHOB B CPAaBHEHUU
TEOPETUUECKUMHU.
MW Tteop. MW Tteop. MW skem.
oe3 Met
WT BCN 23714.5 - 23711
BCN C, 23 747,17 23 596.5 23610
BCN C,pq 23761,6 236124 23624
BCN Cy_n0g 23 735.7 23 586.5 23604

Retative Abundance

Puc. 18. Macc-ciekTp 0JJHOTO U3 MOJIYYEHHBIX MyTaHTOB [-Ka3enHa

C
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Hccneoosanue ceoiicme mymanmog
Lumepuzayusa N- u C-KOHYe8bIX MyMAaHmMos8 Ka3euhda

B nabopatopun QpyHKIMOHAIBHBIX B3aUMOJCUCTBUI OEIKOB MOJIOKA ObUIH
CO3/IaHbI MYTaHTHI -Ka3enHa co BcTaBkamu nuctenHa Ha N- u C-KoHIaX, KOTOpBIE
OBLIM MCIOJIb30BaHBI B Hamiel pabore. Hanuune muctenHa Ha nepudepuun Oenka
MO3BOJISIET UCCIENOBaTh IMpolecc aAumepuzanuu. K ToMy ke, Tak Kak
(GyHKIIMOHATIbHBIE CBOWCTBA Ka3eMHAa IPU ITOM H3MEHSIOTCS, TaKHE MYTAaHTHI
MPEICTABIAIOTCS WHTEPECHBIM OOBEKTOM [IJISi M3YYCHHS XapaKTepHBIX s [3-
Ka3erHa MPOIECCOB MUIICTUTM3AINH U arperainu.

bruta uccnegoBana ckopocth auMepusanud N- u C-KOHIIEBBIX MYTaHTOB
Ka3emHa TNpHU pa3NuyHbIX Temneparypax. [IpoObl HHKYyOMpoOBamu B pa3HBIX
oydepax (ucnomb3yembiii Oydep ormeder nona kaxasiM reiem, 0,1 M Tpuc-HCl
oydep, pH 6,8, DATA 1 MM umu 50 MM docdatnsiii 6ydep, pH 6,8, DATA 1
MM) npu 60°C, 25°C u 4°C.

Anamus rens JICH-smextpodopesa (Puc. 19) mokaspiBaeT 3HAYUTEIIBHBIC
OTJIMYUSL B CKOPOCTH JTUMEPHU3ALMHU JBYX M3ydaeMbIX MYTaHTOB. C-KOHIIEBOU
MyTaHT o0OJaJaeT 3HAYUTEIbHO 0oJiee BBIPAXKEHHOM CHOCOOHOCTBIO K
auMepu3alu, 4eM N-KOHIIEBOH B 000MX MCIIOJIb30BaHHBIX Oydepax.

Pasymeercs, peKOMOMHAHTHBIN Ka3eHH JUKOTO THUIA HE TUMEPHU3YETCS MO
NPUYUHE OTCYTCTBUS LMCTEHHA U MIPUBEICH B KAUECTBE KOHTPOJIS.

3aBHCUMOCTh CKOPOCTH PEaKLUU OT TEeMIIepaTypbl MOJUUHSETCA OOIIeMYy
JUI BCEX XMMHUYECKUX PEaKIil ypaBHeHHIO AppeHnyca. CKOpOCTh JUMepU3aluu
B 00oux Oydepax pacTeT ¢ yBeqW4eHHEM TeMIiieparypsl, a npu 4°C obpa3oBanue
JUMEPOB MPOUCXOAUT YPE3BbIUAMHO MEIJIEHHO. Te TuMephl, KOTOphIE BUJIHBI Ha
refsx, 3TO JAWMEpHI, YXKE€ HaxoJsllhecss B Tpemaparax Oeilka Ha MOMEHT

pactBopeHusi. B mpomecce ke auMepuzaluU IOCIE PAcTBOPEHHUS, C HAIleH

95



VCXOJHOU TOYKH, B UCCIEyEMBIN POMEKYTOK BPEMEHH YBEINYECHUS KOJIUYECTBA
JUMEpa HE MPOUCXOIHNT.

Kunernueckue kpusbie numepunszannu C- u N-KOHIIEBOTO MyTaHTOB Ka3€HHA
ObUIM  MOJIy4EHbl  METOJOM  HHTEIPUPOBAaHUS  ONTHYECKOH  IUIOTHOCTH
cootBercTByOIMX Monoc Ha JICH-anekrpodope3e ¢ MOMOIIBIO MHPOrpaMMbl
OneDScan. Onucanue TMOJYYEHHBIX JAHHBIX OBLJIO MPOBEACHO METOJIOM
HEJIMHENHOU perpeccuu. Kunernueckue KpUBBIE JUMEpU3aIUHU
anIpOKCUMHUPOBAIUCH YPaBHEHHEM, COOTBETCTBYIOIIUM 3aBUCHMOCTH
KOHILICHTPALIMM TNPOAYKTAa pPEaKkUMU IEpBOro MOpsaKa OT BpeMeHu: A = a *
(1 — e~*t). Peaknust auMepu3arusl OMMCHIBAETCS KMHETHKOH BTOPOTO MOPSIKA.
OpHako, AMMEPU3ALUH, 110 BCE BUIMMOCTH, MPEAIIECTBYET KOH(POPMALIMOHHBIN
nepexosl Oenka, KOTOPBIH MOXET OBITh CKOPOCTBIMMHUTUPYIOIIECH CTaJHEeH.
[Tockonbky B Hamied paboTe Mbl HE CTaBUIM 1€Jlb ONHUCAThb KUHETUKY
JUMEpHU3aluy, JJid  allpoOKCMMalud ObUIO  HMCMOJIB30BAHO  KUHETHUYECKOE
ypaBHEHUE, Jaroiiee Ooblliee COrJacOBaHUE C HKCIEPUMEHTAIbHBIMU JTAHHBIMH.
[IpencraBiieHHbIE KpPUBBIE HOCSIT CKOpEE WIUIFOCTPATUBHBIA  XapakTep U
UCIIOJIB3YIOTCS B paboTe i1 CpPaBHEHMSI CKOPOCTEH JMMEpPHU3ALMH MEXKIY
MYyTaHTAMH.

HanexHnast annmpokcumanus KHHETUYECKUX KPUBBIX Obuia moiyyeHa ais 60
u 25 rpagycoB B ¢ocharnom Oydepe (Puc.20). B ocranpHBIX ciaydasx MeTOX
HEJIMHEWHOW PpErpeccur [Jajl HEOIpPEACIEHHbIE AaHHbIE MO NPUYMHE CUJIBHOU
JMHEWHOW 3aBUCUMOCTM BXOJHBIX JaHHBIX. Pe3ynpTarel anmpokcuManuu
npeAcTaBlieHbl B Tabnuie 3, U3 KOTOpOM ciemayer, 4to mpu 25 rpagycax C-
KOHIIEBOM MYyTaHT JuMepusyercsa npumepHo B 10 pa3 Owictpee, ueM N-KOHIIEBOM.
[Ipn Temmneparype 60 rpagycoB KOHCTAHTBI CKOPOCTH IUMEPHU3ALNN PA3JIMYAIOTCS

emie cuibHee (moutu B 20 pas).
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Tabmuua 3. OueHOYHbIe 3HAUEHHS] KOHCTAaHT CKOPOCTH AUMEPU3ALUU

MYTAHTOB Ka3CHHA IIPpU PpA3JIMYHLIX TCMIICPATYypax.

Temnepamypa, k, mun™
°C Mymaum C4 | Mymanm C208
25 0,004 0,04
60 0,008 0,148

Takum obpaszom, mpu Temmeparypax 25 u 60°C numepusarusi C-KOHIIEBOTO
MyTaHTa C208 MpOMCXOIUT 3HAYMUTENBHO Jerde, yeM N-KoHUeBoro myranra C4.
[Ipm sTom mpu Temmeparype +4 rpamyca pasHuULla B CKOPOCTH HUBEIHUPYETCH.
Jlorn4yHO NPEANONIOXKUTh, 4YTO NpH Aumepusaunu N-koHuesoro myrtanra C4
B3aMMO/JICHCTBUE MOJIEKYJ Oyner OCJIOKHEHO AJEKTPOCTATUYECKUM
OTTAJIKUBAHUEM OJHOMMEHHO 3apsKEHHBIX y4acTKoB. Torja kak aumepusanus C-
KOHIIEBOIO MyTaHTa obiserdaercs ruapo@oOHbIMU B3aumojeicTBusiMu. llpu

INOHWXCHHUUN TCMIICPATYPbl OHU OCJIA0NSAIOTCSA U CKOPOCThL JUMCPU3AlIUK ITaJacT

(Puc. 21).
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Puc. 19. Pesynmprar  JICH-a:mexTpodopesa, WJUTIOCTPUPYIOLITHN

JUMEpU3aIii0 PeKOMOMHAHTHBIX KazemHoB npu pH 6,8 u Temmeparypax 4°C,
25°Cu 60°C

60°C — dochartuslii Oydep : 60°C — Tpuc-HCI Oydep :
1,2,3-WT,0, 10 mun, 1 4. 1-WT.

4,5,6—-C208,0, 10 mun, 1 4. 2,3,4—-C208,0, 10 mun, 1 4.
7,8,9—-C4,0, 10 mun, 1 4. 5,6,7—C4,0, 10 mun, 1 4.
25°C — docdarublii Oydep : 25°C — Tpuc-HCI Oydep :
1,2,3,4—-C208,0,1 4,104, 24 4. 1 -WT.
5,6,7,8—C4,0,14, 1049, 24 4. 2,3,4—-C208,0, 14,48 4.
9 - WT. 5,6,7-C4,0,1 4,48 4.
4°C — docdaTHbli Oydep : 4°C — Tpuc-HCI Oydep :
1,2,3,4—-C208,0,1 4,10 9, 24 4. 1 -WT.
5,6,7,8—C4,0,14, 109, 24 u. 2,3,4—-C208,0, 1,48 u.

5,6,7-C4,0,14,48 u.
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Puc. 20. Kunernuyeckue kpuBble auMmepusanuu mytantoB C4 u C208 [-
kazenHa B 50 MM ¢ocdarnom Oydepe, pH 6,8, DJITA 1 MM nipu 25 (A) u
60°C (b).
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MyTtanT C208
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Puc. 21. CxeMa numepu3alvuy UCTEMHUIMPOBAHHBIX MyTAHTOB
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Mynemumepuzayus 0sovinoco mymaunma C4-208

Hanmuuue paByX HHMCTEMHOB Ha KOHIAX OEJNKOBOW MOJEKYJbl MpUaeT
MyTaHTy [-kazenHa C4-208 NOBBILIEHHYIO CHOCOOHOCTh K MOJUMEPU3ALHMHU U
JIeJIaeT €ro UHTEPECHBIM O0BEKTOM JJI U3YUEHHUS MPOoIecca MUIICILTU3AIINH.

B nannoii pabote Oblia MoKa3aHa BbICOKAsl PEaKIMOHHASI CITIOCOOHOCTh 3TOM
MyTaHTHOM (hopMBbI Oelika, YTO XOPOIIO BUIHO Ha 3ekTpodoperpamme (Puc. 22).
Vxe npu pacTBOpeHUU OeJIOK 0OHAPYKUBAETCS B Pa3HBIX MOJIUMEPHBIX (hopmax, a
yepe3 2 yaca MOHOMeEpHasi (popma mpakTudecku ucuezaeT. [lo Bcelt BUIUMOCTH,
Takol  Oelok  MOXeT  (QopMUpOBaTh  JJIMHHBIE  IEMOYKH,  00Opasys
BBICOKOMOJIEKYJIIPHBIE CIIUTBIE MOJIUMEDBI.

HNuTepecHoil 0COOEHHOCTBIO 3TOTO0 MYTaHTa OKa3ajlach CHOCOOHOCTh K
dbopmupoBaHui0 (HOPMBI C KaXyIIeHcs MOJEKyJIsIpHOH Maccoit okosio 20 k/la.
Hcue3HoBeHne  ATOM  MOJIOCHI  OpW  J100aBIEHUM  [B-MepKanmTo3TaHOJIa
CBUJETEIBCTBYET O TOM, 4YTO 3Ta (opMa He SABISAETCSA MPOAYKTOM TUApoIin3a. Mbl
npeanojaraéM, 4Yro 3TO MOXET ObITh KoJbleBas ¢opMa C aHOMaJIbHOU
ANEKTPOGOPETUUECKON MOJIBUKHOCTBIO. BO3MOXKHOCTH TaKOro B3aWMOJICUCTBUS
CBUJICTEIBCTBYET O TMOKOCTHU OTHAENbHBIX YYaCTKOB MOCIEAOBATEIIBHOCTH U HX

CIOCOOHOCTH B3aUMOJIEHCTBOBAThH APYT C IPYTOM.
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Puc. 22. ICH-anextpodope3 myTtantHoil ¢popmbl B-kazenna C4-208 mocie
TIOJTUMEPHU3AIHH.

JInodgunusupoBaHHbli pekoMOMHAHTHBIN B-kazenn C4-208 pacTBopsiiu B 50
MM Tpuc-HCIl, pH 8.2, 80 MM NaCl, 0,05% a3un HaTpus, A0 KOHEUHOU
koHueHTparuu 20 MxM u nipu 37°C B teuenue 0, 1, 2, 4, 20 yvacos (1, 2, 3, 4, 5,
COOTBETCTBEHHO, 7 — mpoba uyepe3 48 wyacoB, BOCCTaHOBJIEHHas [3-
MEPKaINTO3TaHOJIOM.
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Hsyquue GIIUAHUA dwwepusab;uu Ha npoyecc 06pd30661HM}Z muueii

memooom JIJIC

C momomipl0 MeToJa AWHAMUYECKOTO JIa3epHOT0 CBETOpAccesHus ObLIO
U3Y4YeHO BIIMSHHE JUMEpU3alui Ha (GOpPMHUpPOBAHHME KAa3€MHOM  MHUIEIIL
['upponvHaMUyYecKUil JuaMeTp MOHOMEpPOB Ka3eWHa COCTaBIIET OKOJO 7 HM, a
JTUaMETpP 00Pa3yIONINXCSI MUIICIIT COCTABIISIET MPUMEPHO 24-26 HM.

Ha Puc. 23 MoOXHO BuUAETb, 4YTO OTCYTCTBHE (ochopunnpoBanus y
PEKOMOMHAHTHOTO [-Ka3eWHa MPAKTUYECKH HE OTPaKaeTcsl Ha CIMOCOOHOCTH K
MULICJJIM3alMY, HE3HAYWTEJIbHO YBEJIMYMBAas TEMIEpaTypy Iepexoja B
MHULIEIUISIPHOE COCTOSIHME. N-KOHIEBOM MyTaHT C4 HEMOHCTPUPYET OTCYTCTBHUE
BIIMAHUS HAa KPUBYIO MULEIUIM3ALMHU, KaK B JAUMEPHOH, TaK U B MOHOMEpPHOU
dbopwme.

[Ipu sTom numepuzanusi o C-KOHLEBOMY OCTAaTKy LIMCTEMHA MPUBOIUT K
OIyTUMOMY OOJIETUYEHUIO MUIIEIUIU3AIMU, KOTOPOE CHUMAETCs JoOaBiieHueM [3-
MEpKaIrTo3TaHoJIa.

JIBoiiHOM MyTaHT dS(QQPEKTUBHO TMOIMMEPU3YETCs, OOHapyKuMBas Ha
annekTpodopese Bce BO3MOXKHBIE onuromepbl. [Ipu 3TOM KpuBas MULIEIUIM3ALUU
3HAUYUTEJILHO CJBUHYTA B CTOPOHY MEHBIIUX TemmepaTryp - ¢gakrudecku ¢ 10-15

rpatycoB OEJOK MPEICTaBIICH B PACTBOPE B BUE CAMOACCOIIUATOB.
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Puc. 23. 'uapoaunHaMudeckuiit TuaMeTp MUIEIUT -Ka3eMHOB, MOTYUYEHHBIH C
MOMOIIBI0 METO/Ia TMHAMUYECKOTO CBETOPACCESTHUA

JInodpumuzupoBannusie 6enku pactBopsid B 50 MM TpucHCI, 80 MM NaCl,
pH 8,2 1o xoneynou konuentpaunu 20 MkM. /[ nomydeHus npeuMyIIECTBEHHO
TUMEpHOW (OpMBI MYTAHTHBIE O€IKM WHKYOMpPOBadd B TMPHUCYTCTBUHM CIA0OOTO
okucinurensa (60 MkM mnepekucbio BoJOpoJa) B TeueHue cytok npu 37°C.
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N3yueHue BAUSHUS AUMEPU3ANNU M MULEIUIM3AIUU HA BTOPUUYHYIO CTPYKTYpPY
Ka3enHa MeToioM kpyroBoro nuxpousma (KJI)
CrexTpbl KpyroBoro AUXpOM3Ma HATUBHOTO U PEKOMOWHAHTHBIX Ka3€MHOB

UMEIOT TUIUYHYIO JUISI HECTPYKTYPUPOBAaHHBIX 0eikoB (hopmy. OMHAKO TaKKe BO
BCEX TMOJYUYEHHBIX CIEKTpPaX MOXKHO HaOM01aTh HEOOJIbIIOE KOJUYECTBO O~
cnupasied u P-cnoeB. Ilpum Ttemmneparype 22°C, korja Ka3eMH B pPacTBOpE
HaXOJUTCS €lIe MPEUMYIIECTBEHHO B MOHOMEPHOM COCTOSIHUM, MHUHUMYM
SJUIMINTUYHOCTH HMMEET 3HaueHue okono -28 000 mig HAaTHBHOTO KasewHa U
YMEHBIIIAETCS B A0COIIOTHOM 3HAYEHUH JJIsl MyTAaHTHBIX (JOPM B Py AUKUN THII,
C4, C4-208, C208 no 3nauyenus -22 000 (Puc. 24.).

MuHUMYM SJUTMOTHYHOCTH HATUBHOTO W PEKOMOWHAHTHOTO [-Ka3ewHa
JUKOTO THUIA HaxoauTcss Ha jaiauHe BojaHbl 199 am (Puc. 24.). To ecthb
dbochopunupoBanue HaATUBHOTO Oe€jka MPAKTUYECKU HE OKa3bIBACT BIIMSIHUS Ha
BTOPHYHYIO CTPYKTYpy KazenHa. OIHAKO I TUMEPHBIX M TOJUMEPHBIX (opM
HaOmomaercst casur ot 199 go 202 vm. Ha olOoramenue 3tux Qopm -
CIIUPAJIbHBIMUA 3JEMEHTAMH CTPYKTYpPbl YKa3bIBa€T IOJIOKUTEIBHOE 3HAYEHUE
AIUIMNITUYHOCTH MPHU JITIMHE BOJHBI 190 HM.

[Tpu noBeiiennn Temneparypsl 10 38°C paBHOBECHE MEXKIYy MOHOMEPHOU U
MULEUISIpHON (opmoii cMmemaerca B cTopoHy Mmunemi. Ha Puc. 25. moxHO
BUJIETh, YTO B MHUICIUIIpHONW ¢dopme (popma CHEKTPOB MYTaHTOB aHAJIOTHYHA

CHEKTPY HATUBHOTO OeJIKa.
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-20000 -

200 220 240 260
A, HM
Puc. 24. CnexTpsl KpyroBoro Iuxpous3ma B AaJIbHEM YJbTpaduoiiere s
MOHOMEPHOTO (HE€ MHUIICJJIU30BAHHOI0) COCTOSIHUSI pa3HbIX ¢GopMm [-Ka3enHa
(HATUBHBIN - YEPHBIN, TUKUN TUN - KpacHbld, C4 - 3enensiii, C208 - xentsiii, C4-
208 - cunwuii) ipu Temmneparype 22°C.

JInopunmsupoBannsie B-kazennsl pactBopsin B 50 MM Tpuc-HCI, pH 8,2,
80 MM NaCl, 0,05% a3un nHatpus, 10 KOHEYHOM KoHUeHTpauuu 20 MKM u
uHkyoupoBanu ¢ 60 MM H,0, npu 37°C B Teuenue 24 yacoB st oOpa3oBaHuUs
TUMEpOB (ITOJIMMEPOB B ciydae BoitHoro myTtanta C4-208).
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Puc. 25. CnexTpsl KpyroBoro Iuxpous3ma B AaJIbHEM YJbTpaduoiiere s
MUIICJJTM30BAHHOT'O COCTOSHUS Pa3HbIX (opM [-KazenHa (HATHBHBIA - YCPHBIM,
TUKUi tun - KpacHelid, C4 - 3enenwiii, C208 - xentwiii, C4-208 - cuHuii) npu

temneparype 38°C.

JInodunuszupopanusie B-kazennsl pactBopsuii B 50 MM Tpuc-HCI, pH 8.2,
80 MM NaCl, 0,05% a3un HaTpus, 10 KOHEYHOH KoHIeHTpauuu 20 MKM u
unkyoupoBamu ¢ 60 MM H,0O, ipu 37°C B Teuenue 24 yacoB 1t 0Opa3oBaHUs
JUMEPOB (ITOJIMMEPOB B ciiydae ABoiHOro myranta C4-208).
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PasnojxeHne CHeKTpOB Ha COCTABISIOMIME U MOMydeHUsT MHPOpMAIUU O
BJIUSIHUM JUMEPHU3ALMA U MUIEIUIIPU3ALMA HA BTOPUYHYIO CTPYKTYpY P-Ka3enHa

npooaw ¢ nomompbio  K2D  Hatepner-pecypca  (http:/www.embl-

heidelberg.de/~andrade/k2d/). Tlockonbky maHHBIA METOJ TMpETHA3HAYEH IS

CTPYKTYPUPOBAHHBIX OCJIKOB, MPUMEHATh €ro JJisid KOJWYECTBEHHOM OIICHKHU
BTOPUYHOUN CTPYKTYpPhl pa3BEPHYTHIX OCIKOB CIEAYET C OCTOPOKHOCTBIO, CKOpee
KakK IT0Ka3aTelb Ka4YeCTBECHHBIX N3MEHCHUHN U TSHICHIIMH.

B Ta6auue 4 u Ha Puc. 26. npeacrabieHo paznoxkeHue crnektpoB K mms
MOHOMEPHBIX U MUIEIUIIPHBIX (DOPM HATHBHOTO M PEKOMOMHAHTHBIX [3-Ka3eUHOB.
HecmoTtpst Ha puOAM3UTENIBHOCTh KOJIMYECTBEHHON OIIEHKH, MOYKHO CKa3aTh, YTO
JUMepU3alsg W TOJMMEpPHU3alMsl MPUBOJUT K YBEIWYCHUIO O-CIIUpaJied B
CTPYKType Oenka sl BCceX MyTaHTHBIX (popMm. OTHOBPEMEHHO CHHIKAOIICECs
KOJIMYECTBO [-CJIOEB yKa3bIBa€T HA TO, YTO HE MPOMCXOJIUT CTPYKTYPHU3ALMH TIO

aMUJIOUHOMY THITY.
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HAaTUBHBIM  JluKui TUI C4 C208 C4-208

a-criupand, % 29 28 38 39 40
B-caou, % 28 31 17 16 16
Heopr. yuactku, % 43 41 45 44 44

Tabmuma 4. Pasnoxkenme K] crnexkrpoB pasHbIX (GOpM Ka3eMHOB B

HEMHUIICJUIIpHOU (popme

EEN anbda - cnupanb
mmm GeTta - crnon

50 | I HeCTPYKTYP. YYacTKu T
[ I | T I 7

3 40 - 40 | I
o
>
E 30 30 -
>
E 20 | 20 1
= 10 - 10 -

0 0

Hatue. WT C4 C208C4-208 Hatue. WT C4 C208C4-208

Puc. 26. Paznoxenne KJ[ cnexkrpoB pasHeix ¢opm [-kazenHa B

HEMHUIICJUIIPHOM (CJIeBa) U B MUIIEUISIPHOM (cripaBa) popme
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Ilpomeonusz mpuncunom

[IpoTeonn3 mnuieBapuTEIbHBIMU (pepMeHTaMU ObLT  OCYIIECTBICH IS
UCCIICIOBAHUSI BJIUSHUS JUMEpPU3AllMM U TOJUMMEpU3AllMd Ha CTPYKTYypy H
cBoricTBa [-kazeuna. Hcmons3yembie cooTHomieHus (epment/cyoctpar (E/S)
NPUBOJAT K TUAPOIU3Y 0 YCTOMYUBBIX K JCHCTBUIO TPUIICHMHA YK€ mociie 1 yaca
unkyOaruu (Puc. 27.). Ha snexpodoperpamme (16,5% monmakpuaMuHbIA TeIb)
MO>KHO BHJIETh, YTO JUIsl BCEX (POPM Ka3zernHa OCTAlOTCS JBa MENTHUIa C Maccoil ~6 u
~5 k/la, koTopbie cooTBeTcTBYIOT nentusiam 49-97 (5319 la) u 114-169 (6362 la)
(Puc. 28.). B HauanpHOM TOYKE 70 JI0OaBIEHUS TpUIICKMHA BUIHO, uTo C4 n C208
HAXOJATCSA MPEUMYUIECTBEHHO B TUMEpHOU ¢opme, a nBoriHOM MyTaHT C4-208 B
ITOJIMMEPHOM.

Hannuune nucrenna Ha N-KOHILE NPUBOAUT K MOSBJIEHUIO JOMOIHUTEIBHON
pa3MbITOM mosnockl ¢ Maccor okosio 10 x/la y myrantoB C4 u C4-208, y myTanra
C208 Takas 1moJjioca OTCyTCTBYET.

O6pa3zoBaHue »HTOrO OOJIBIIOTO TMENTHUJA HE OOBICHACTCS HaIuYueM
"yIBOEHOTO" menTuaa BCIECACTBUE HAJIWYWs CaWTa PACIICIUIEHHAS B CAMOM Hadalie
MOCJIE0BATENIBHOCTH, U JaXe €clu OH 'copsTaH" B JuUMepe, macca TakKoro
nenTua JobkHa ObITh okojio 5, a He 10 k/la. CienoBatenbHO, MPU CIIMBAHUU

qcpe3 N-KOHCH IMOABJIAIOTCA HCAOCTYIIHBIC JIA PACIICINICHHUA YIAaCTKH.
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Puc. 27. Pacmennenue pasusix ¢opm P-kazenna WT(A), C4-208 (b), C4
(B), C208 (I') B cpaBHeHMH C paclIeIUIeHHEeM HAaTUBHOTO [-Ka3ewHa (cripaBa Ha
KaXJIOM Tejie, TPU JIOPOKKH ).

JInopunmsupoBannbie B-kazennsl pactBopsuid B 50 MM Tpuc-HCI, pH 8, no
KoHeYHOW KoHmeHTparuu 40 MkM u mHKyOMpoBanu npu Temneparype 37°C ¢
TpuricuaoM B cootHomenuu E/S (pepment/cyberpar) T1 = 0,2%, T2 = 0,5%.

| |
RELEELNVPGEIVESLSSSEESITRINKKIEKFQSEEQQQTEDELQDKIHPFAQTQSLVY
1 ————————— o o o o o + 60

PFPGPIPNSLPQNIPPLTQTPVVVPPFLQPEVMGVSKVKEAMAPKHKEMPFPKYPVEPFT
61 ————————— o o o o o + 120
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121 ————————- Fom o Fom o Fommmm o Fom o Fommmm o + 180

| |
PQRDMP 1 QAFLLYQEPVLGPVRGPFPI 1V
181 ————————- A T 209

Puc. 28. Caiitbl paciienieHus TPUIICUHOM [3-Ka3enHa.
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C nmomompl0  aHanMTHYeCKOM — oOpatHodazoBoit  BOXKX  Owuin
pOaHAIM3UPOBAHbl MCXOJAHbIE O€NKH, a 3aTeM W ruaposnszarel. Ha nmpoduie
smonuu (Puc. 29) MOXXHO BUIIETh, YTO HATUBHBINA [-KazeuH OoJiee ruapoduiieH,
YeM MYTaHThl, TaK KaK OH OJJIoupyeTcss Npu Oojiee HHU3KOH KOHLIEHTPALUU
alleTOHUTpUiIa. IT0 00BsACHAETCS BKIaIOM (pochopuanpoBaHusi, HATUBHBIN OEI0K
uMeeT 5 octaTkoB GochOpHOIl KUCIOTHI Ha N-KOHIIE.

Haubonee ruapodumibHbIil XapakTep, Aake MO CPAaBHEHUIO C HATUBHBIM,
umeer numep C208, BEpOATHO, B ATOM ClIydae IPOUCXOIUT MAKCHUMAJIbHAs
KoMnakTu3anuus ruapo@oOHsix "xBocToB". Hambomnee ruapodoOHBIE CBOMCTBa
npoaemoHcTpupoBasl C4 (aumep M HEOOJBIIOE IJIEYO MOHOMEpA), a TaKKe
MoHomepHas popma C4-208.

Ha Puc. 30 mpeacraBien npoduias 3IIIOIMUU TENTHAOB Mocie 4 Yacos
paciuerieHust TpurcuHoM B cooTHoweHuu 0,5%. BugHo, yTo B 1enom npoduin
UJCHTUYHBI, OJHAKO €CTh HEKOTOpble OTiIMuusA. HexoTopble menTuipl HATUBHOTO
B-xa3enHa cMelleHbl B 00JacTh MEHBIIEH KOHIEHTPALMU alleTOHUTPUIIA, BUAUMO,
310 (ochopuiiipoBaHHble NENTUAbL. VHTEpECHO, YTO HET 3aMETHBIX OTIMYUN
mexay C4, C4-208 u HATUBHBIM, KOTOPBIC HAOJIOMAINCH HA AJIEKTpodopese B
Bujie Oosiee KpynHoro nentuaa. OgHaKko MOXKHO BUJIETh Ba OoJiee ruaApO(HIbHBIX
nentuga y C208, 4TO COOTHOCHUTCA C AQHAJIOTMYHBIM €ro IOBEJECHHEM Ha

npeapayieM nmpoduiie pa3aeneHus Mebix OeIKOB.
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Puc. 29. Ilpodwne smroruu pasubix (GopMm [-Ka3eHHOB (aHATIUTHYECKAS

BOXX, obpatHodazoBas xpomarorpadus)
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0.00 A ' — ; . .
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Puc. 30. IIpoduns smronmu pasgeneHus MENTUIOB TOCTEe PACIICIUICHUS
pasubix (opm B-kazenHoB TpuricuHoM (aHamutudeckas BOXKX, oOpaTHodazoBas
xpomMarorpadusi)

JInodunmsupoBannsie B-kazennsl pactBopsuid B 50 MM Tpuc-HCI, pH 8, no
KoHeuHOU KoHieHTparuu 40 MkM u uHKyOupoBanu 4 4daca mpu Temmeparype
37°C ¢ tpunicudom B cootHotenuu E/S 0,5%.
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Pacmenﬂeﬂue nencuHom

Pacmieriienne nencuHOM nNpoBOAMIM B KuciIoM cpene ¢ pH 2,5 nmns
CO3/IaHMsI ONTUMAJILHBIX YCIIOBUI (hepMeHTY. B 3TUX yCIIOBUSIX, COTJIACHO JAHHBIM
JUUIC, B-xa3enH He crocoOeH 00pa30BbIBATh MUIIEILIHI.

Ha snexpodoperpamme ruaponuzaroB (Puc. 31) MOXHO BUIIETH, YTO s
BCEX PEKOMOMHAHTHBIX (opM [-Ka3zemHa XapakTEpPHO HAIWYUE TEeNTUIa C
MOJIEKYJISIpHOM Maccod okojo 6,5 kJ[a, OTCYTCTBYIOIIEro y HATUBHOTO Oelka.
Hamnune "ynBoeHHOro" 3a cuer CIIMBKM NENTHIA MaJIOBEPOSATHO, TaK KaK OH
onuHakoB Wy gauMmepa C208. DOrtor mentux ObUT BBIpE3aH U3 Telsi U
IpOaHaIu3upOBaH ¢ nomoinpio macc-cnekrpomerpun (MALDI TOF). Tak, nocine
nerncuHonm3a, Obul wmaeHtuduimpoBan nentun 32-49, OTMEUYEHHBIA KEITHIM
useroM Ha Puc. 32. CnenoBarenbHo, OTCYTCTBUE (POCPOPUIUPOBAHMS TPUBOJUT K

CHWMKCHUIO JOCTYITHOCTHU N—KOHHGBOFO pEeruoHa ajid paCuiCrijICHUA IICIICUHOM.
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Puc. 31. Pacmennenue nerncunom pa3usix Gopm f-kazenna WT(A), C4-208
(B), C4 (C), C208 (D) B cpaBHEHUHU C pACIICIUICHUEM HATHUBHOIO [-Ka3ewHa
(crpaBa Ha KaXkJIOM TeJie, TPU JOPOXKKH).

JInodpunuzupoBanubie [-kazeuHbl pacTtBopsuii B 50 MM  IMIIMHOBOM
oydepe, pH 2,5, no xoneunoi kounentpanuun 40 MkM u WHKYOMpOBaJIU TIPU
temriepatype 37°C ¢ nencunom B cootnomennu E/S P1 = 0,05%, P2 = 0,1%.

11
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Puc. 32. Caiitbl pacuienieHus NencuHoOM [B-Ka3enHa.
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Ha Puc. 33. M0oxHO BuIAETh MPOGWIH SIIOMUN TUAPOIU3ATOB [-Ka3eHMHOB
nocJse 4 4acoBOro npoTeonn3a ¢ nerncuHoM B cootHomeHuu 0,1%. Kak u B ciyuae
pacuieruieHus MEeNCUHOM, NPO(QUIN COBMAIAIOT 32 HEKOTOPHIMU UCKIIFOUECHUSIMH.
CHoBa HaOmomaroTcs Oojiee  TUAPOPWIbHBIE TENTUALI Yy  HATHUBHOTO
dbochopuaupoBaHHOrO OEIKA.

OpnHako cHOBa He ynaercss OOHAPYKUTh MENTH], KOTOPBINA MPOSBIAETCS Ha
anekTpodopese, BUIAUMO, ITOT IMENTHA 00JaJacT MOX0Xed ruapodoOHOCTRIO U
MaCKHPYETCsl APYTUMH.

Ha Puc. 34. npencraBnensl mpoduiau 30MUN THAPOIU3ATOB Mocie Ooee
MSTKOTO MPOTEOJU3a MENCUHOM. AHaIu3upys Npoduiivd, MOXKHO BHJIIETh, YTO
BOCCTaHOBJICHHE JAUMEPHBIX "yJIBOEHHBIX" MENTHUIOB HE BO3Bpauaer npoduiu
MYTaHTOB K MNPOQMI0 JIUKOrO THIA, TO €CTh BCTaBKa I[MCTEHHA OKa3bIBAET

HCKOTOPOC BJIHMAHNC HA FH,ZIpO(i)I/IJIBHOCTB IMOJIYUYCHHBIX IICIITUIOB.
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—— C4 gumep

— C208 gnmep
—— C4-208 nonumep

0.054
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Puc. 33. Ilpodunp smronuu pasnencHus MENTHAOB TOCIE PaCHICTUICHUS
pazHeix ¢Gopm [B-kazemHoB mnerncuHoM (aHanmtHueckas BOXKX, obOpatHodazoBas
xpomatorpadus)

JInopunuzupoBanHbie [-kazeuHbl pacTtBopsuii B 50 MM IMIIMHOBOM
oydepe, pH 2,5, no koneunoit konnenrpanuu 40 MmxkM u unkyOupoBanu 4 yaca
npu temmneparype 37°C ¢ nernicunoM B cootHorenuu E/S 0,1%.
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Puc. 34. Ilpodunp smronuu pasneiacHus MENTHIOB TOCIE PaCIICTUICHHS
pasHbix (Qpopm P-kazenHoB mencuHOM ©60e3 (A) W B TOpPUCYTCTBUU -
mepkanTodTaHosa (b) (ananutuueckas BOXKX, obparHodazoBast xpomarorpadus)

JInodunuzupoBaHHble [-kazewHbl pacTBopsiii B 50 MM rIMIIMHOBOM
oydepe, pH 2,5, 1o koneunoi konuentpauuu 40 MM u uakyOupoBanu 1 yac npu
temiepatype 37°C ¢ nencunom B cootHomenuu E/S 0,05%.
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Fomouucmeunuﬂupoeanue HAMUGHbBLIX KA3€UHO6 MOJI0KA

Oco0eHHOCTH TOMOITUCTEUHUINPOBAHUS €CTECTBEHHO Pa3BEPHYTHIX OCITKOB
OBUIH UCCIIeIOBAHBI HAMHU B JAHHOW 4acTH pabOThI, B TOM YHCJIE, Ha IPUMEPE TPEX
OCHOBHBIX MOJIOYHBIX  Ka3eWHOB: oSl-ka3emHa, Kk-KazeMHa U [}-Ka3euHa,
OCHOBHBIE€ CBOMCTBA KOTOPBIX CyMMHpOBaHbI B Tabnuiie 1. C oHO# CTOPOHBI, BCE
TPH HCCIEJOBAHHBIX HAMH Ka3eMHa OTHOCATCS K TPYIIEe OCIKOB C YacTHYHO
HeynopsigoueHHou cTpykrypoi (Thorn et al., 2008, Tompa, 2002), a ¢ apyro#,
MPEICTABIAIOT TPU MPUHIUIUAAIBLHO PA3HBIX KJIacca HEYMOPSIOYCHHBIX OCIIKOB:
aS1-ka3zenH He oOpa3yeT MUIENJ, K-Ka3eWH XOTS UM He 00pa3yeT MHUIEII, HO
MOXXET JTUMEPU30BaThCS WM OJIMTOMEPU30BAThCS 3a CYET MPUCYTCTBUSA
Cynb(OTUAPWIBHBIX TPYMI, a [-KazeuH (OpMHUpPYET MHIICIUIBI, Oiaromapsi CBoe
ampudunbaoctu  (Horne, 2002) u takxke cuumraercs "peoMopdHbIM", TO €CTh
MOJICTPAUBAIOIINM CTPYKTYPY MoJ okpykeHue, oenkom (Holt and Sawyer, 1988).
Takum 00pa3om, UCIIOJIB30BAaHUE TPEX PA3HBIX KIIACCOB €CTECTBEHHO Pa3BEPHYTHIX
OCTKOB TIO3BOJISIET OIICHUTHh BKJAJ CTPYKTYpHOH oOpraHu3anmuu OETKOBBIX U
HaI0CTKOBBIX CTPYKTYp B (hopmupoBaHue arperatoB. Hamm ObUT Takke W3ydeH
UHAYCTpUANbHBIA [-Ka3euH, NpeJICTaBIAOMMA co00M cMmech [-Ka3zeMHa U K-
Ka3eHWHa, B KauecTBE 00BEKTa, CBOMCTBA KOTOPOTO Hanbosiee OJIM3KK K CBOMCTBAM
TIOJIBEPTAIOIINXCSI TOMOIUCTCHHIIIMPOBAHUIO CMECE MOJIOUYHBIX Ka3eHHOB, a
Tak)kK€ K  CBOWCTBAM  MOJMOEIKOBBIX  HAIMOJICKYJSPHBIX  CTPYKTYD,
MPUCYTCTBYIOIUX B OMOJIOTMUECKUX >KUIAKOCTAX. [IpoBenenue maHHON pabOTHI
HEOOXOAMMO Uil TIOHMMaHHWS  TIPOILIECCOB, KOTOpPBIE MPOUCXOMAT  TPHU
TOMOIIMCTEUHUIIMPOBAHUN €CTECTBEHHO Pa3BEPHYTHIX OCIKOB, (OPMHUPYIOITUX
HagMosekyJsipubie cTpykTypsl (Farrell ef al., 2006, Horne, 2002), 1, ocobeHHO, HX
poiii B (DOPMHUPOBAHMHM aMHJIOMAHBIX CTPYKTYyp. Kpome Toro, ciemyeT Taxxke
OTMETHTh, YTO KOPOBbE MOJOKO M CHIBOPOTKA COJEPKAT MUKPOMOJISIPHBIC

KoHIIeHTparuu N-cBsi3aHHOTO ¢ OenkoM romonucTenHa (Jakubowski et al., 2008),
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U, CJIEI0BAaTEIbHO, TAKOTO POJA MPOLECCHl MOTYT MMETh Ba)KHOE 3HAUYECHHE IS
PEryJsIIMM  NTOTPEOUTENBCKUX CBOMCTB MOJIOKA (CTAOMIBHOCTH 3MYJIbCUOHHBIX
CBOMCTB TMpH XpaHEHUU, OCOOEHHOCTH CTBOpaXuBaHUs, 3(PPEKTUBHOCTH
OTJIEJIEHUU CBIBOPOTKH M T.1.). He MeHee BaKHO y4UThIBaTh BO3MOKHOE BIIUSHUE
N-cBs3aHHOIO ¢ O€JIKOM rOMOLMCTENHA, IPEXKIE BCET0 Ka3euHa, HA OCOOCHHOCTH
NIEpEeBApUBAHUS M BCACBIBAHMS JPYTHX OEIKOBBIX KOMIIOHEHTOB IHIIH, BKIIIOYas
TaKHe aMUJIOUIOT€HHbIE Oenku, KaK IIPUOHBI. Hccnenosanue
TOMOLMCTEUHUIIMPOBAHUS OTIENbHBIX KA3€UMHOB U UX CMEcel HEOOXOUMO TaKKe
JUTS TIPOBEACHUSI UCCIIEIOBAaHUM IO MOJU(UKALNN CBOWCTB MOJOYHBIX MPOIYKTOB
C IMOMOUIBI0 I'€HHO-WHXEHEPHBIX Ka3€MHOB, BIMSIOLUIMX HA HUX arperanuoHHOE

COCTOSAHHUC.

Takum o0pa3om, B JaHHOM 4YacTh padOTHl OBLIO MCCIECIOBAHO BIIHMSHUE
FOMOLMCTEHHUJIMPOBAHUS HA arperalMoHHOE COCTOSIHUE W aMUJIOMJIOI€HHBIE
IpEBpAIllEHUs] Pa3HBIX KIJIACCOB  M30JMPOBAHHBIX MOJIOYHBIX Ka3e€WHOB, Kak

NpeaCTaBUTENIeH €CTECTBEHHO HECTPYKTYPHUPOBAHHBIX OETIKOB.

Xapakmepucmuka UCNOJIb30OBAHHBLX Npenapamoe Ka3euHa

B nannoii paGote ObUTM MCMOJIB30BaHbI HAaTUBHBIE aS1, B- M K-Ka3euHsI,
MOJIyYCHHbIE TIPU XPOMATOrpauyecKoM pa3/ieICHUU Ka3eMHOBOW (pakuuu
KOPOBBETO  MOJIOKa, a Takke Tmpemapar [-kazemHa  HHIYCTPUATBLHOTO
npoucxoxaenus. Ha Puc. 35. npencraBieHsl pe3ynbTaThl 3yeKTpodopesa

UCIIOJIb3yEMBbIX OEJIKOB.
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Puc. 35. Dnexkrpodoperpamma 4eTbIpex MpenapaToB Ka3enHOB.

JCH-3nexTpodope3 B HEBOCCTAaHABIMBAKOLIUX YCIOBUAX MPOBOAUIU B 12%
MOJIMAKPUIIAMUJTHOM Tesie. M - Mapkepbl MOJIEKYJISIpHBIX Mace (24-66 k/la); B-CN
— HatuBHbIN B-kazeun; Pi-CN - B-xazemH uHayctpuanbHOil ounctku; K-CN - K-
kazenH; aS1-CN - aS1-xa3eus.
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Puc.36. TemmepaTypHas 3aBUCUMOCTb THAPOJMHAMUYECKOTO TUaMeETpa
Ka3ewHOB. 3MepeHHus MpOBOAWINA METOAOM JIMHAMHYECKOTO JIA3€PHOTO
cBeTopaccestHus ¢ pactBopamu kazewHoB (1 mr/min) B 25 MM docdatHOoM Oydepe,
pH 7.5. aSl-kazeun (1, ), B-xazeun (2, O), k-kazeun (3, A), Pi-ka3euH
UHAyCTpUaabHOU ouncTku (4, @).
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bnaronaps 3HAYUTEIBHOMY 00oTaIeHNIO AMHUHOKHCIIOTHOM
MOCJIEIOBATEILHOCTH Ka3eMHOB IMPOJIMHAMU, BCE OHHU 00JIalal0T aHOMAaJIbHOU
ANEKTPOYOPETUUECKON MOJBUKHOCTBIO, TO €CTh JIEMOHCTPUPYIOT KaXKYILIyHCS
MOJIEKYJIIPHYIO Maccy BhbIiie Teopernueckoit (19, 23 u 24 xJla nns k-, B- u aS1-
Ka3euHa, COOTBETCTBEHHO). OCHOBHOI OOBEKT NAHHOTO MCCIEIOBaHMS [-Ka3enH
NPaKTHYECKU TOMOTEHEH IO JaHHBIM 3JeKTpodopesa, a aSl-Ka3euH COIEPKUT
HEKOTOpO€ KOJIMYECTBO MHUHOPHBIX KOMIIOHEHTOB. Hanbonee rereporenex
npenapar K-Ka3euHa, OJHAKO 3TO OOYCJIOBJIIEHO HE NPHUCYTCTBUEM IPUMECEH.
Hanuune HECKOJBKMX TMOJOC TMpEeXAEe BCEro CBSI3aHO C O00pa3oBaHUEM
TUCYIbQUAHBIX CBSI3eM MEXIy MOJEKyJIaMH OeJika, TaKk KaK K-Ka3euH B Ipoliecce
ouncTku mnoxasepraercss BoccTaHoBieHuro 50 MM JITT B Teuenue yaca mnpu
HarpeBaHWM, a TIOTOM B Tpolecce Xxpomarorpadud U MOCIEAYIOIMIHUX
JMOo(QUIN3AIMU, XPAHEHUS U PACTBOPEHUS YaCTHUYHO oyiuromepusyercs. Kpome
TOr0, HEPABHOMEPHOE TIJIMKO3WIHUPOBAHUE K-KAa3€MHA TAKXKE MPUBOAUT K
IIOSIBJIEHUIO PA3MBITBIX MOJIOC.

B ungycrpuanbHoM mpenapare -ka3zerMHa MPUCYTCTBYET JTOMOJHHUTEIbHAsS
II0JI0CAa C MEHBUIEHM MOJIEKYJSIPHOM MAacCoOM, KOTOpasi HE SBISIETCS IPOAYKTOM
nporeosinia -kazenHa (aHTUTENA MPOTUB [-Ka3erHa HE B3aUMOJECHCTBYIOT C HEM)
M 10 MOJICKYJISIPHOM Macce COOTBETCTBYET K-Ka3eMHy. Mbl monaraem, 4YTO
VICIIOJIb30BAHHBIM HAMHU MPENapaT UHAYCTPUAIBHOIO Ka3€MHA COAECPKUT IMPUMECH
K-Ka3€MHa, TIOCKOJbKY W3BECTHO O B3aUMOJCWUCTBUM MEXKAY JBYMS HTHUMH
oenkamu. Hcxomss w3 Puc. 35 ¢ momompio mporpammbl OneDScan Onina
NOACUYMTaHA YUCTOTA Mpenapara UHAYCTPUAIBHON OYUCTKH - 73%.

Ha cnenyromem pucyHke MpeaCTaBICHbl JAHHBIE O BIUSHUU TEMIIEPATYPbI
Ha M3MEHEHHME arperaiMoHHOrO0 COCTOSIHUSL TPEX THUIIOB KAa3€WHOB, a TAKKE
WHYCTPUAIBHOTO Ka3erHa, MPEe/ICTABISIONIET0 B-Ka3enH ¢ MPUMEChI0 K-Ka3euHa.
Kak crmenyer m3 mpeacTaBiIeHHBIX pe3ynbTaToB, 110 JaHHBIM [[JIC ouwnmieHHble
npenaparhbl J-Ka3enHa B 3aBUCUMOCTH OT TEMIIEPaTypbl MOTYT HAaXOJIUTHCS KakK B
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dbopme MoHOMEpA, TaK U MUIEI, AS1-Ka3enH He GopMHUpYET MUIIEI, a K-Ka3euH
crocobeH (opMHUpOBaTh OJIMTOMEPHI Oylarojaps HaJIMUYUIO JBYX LMCTEUHOB B
cocTaBe MoJieKyJbl. Pa3mepsl yactull J-ka3emHa MHAYCTPUAIBHONW OYMCTKH BBILLE
4eM pa3Mepbl OYMILIEHHOro [-Ka3emHa, BEPOATHO, 3a CUET €ro YacTUYHOU
arperaluu ¢ K-Ka3euHOM, MPUYEM y MHAYCTPUAJIBHOTO Ka3e€HHA YBEJIMYUBAETCS
TeMIlepaTypa Mepexoja B COCTOSTHUE MHULIEIUI, a caM NEPEXOJ MPOUCXOIUT Ooliee

IUTABHO, TAK)KE, BEPOSITHO, U3-3a OOJIbINIEH rereporeHHoCcTH cuctemsl (Prc.36)

H3menenue acpecayuoHHoco COCMOAHUA Ka3euHoe nocie

cOMOoYyuUCmeuruIupoearnus

WN3MeHeHne arperaquoOHHOIO COCTOSIHMS KAa3€MHOB B IIPOLiECCE  HX
MOAU(PUKALMA TOMOLIMCTEUHTHOJAKTOHOM OBLIO HCCIEAOBAHO C TOMOIIBIO
merona JICH-anexkrpodopesa U na3epHOro JUHAMHYECKOIO CBETOPACCESIHUS.
[IpoBeneHne SKCIEPUMEHTOB B  HEBOCCTAHABIMBAIOIIMX  yciloBUAX  (0e3
no0aBlieHUs [-MEpKanTo3TaHOJda WIM JIPYTUX HU3KOMOJEKYJSIPHBIX THOJIOB)
NO3BOJISUIO BBIIBUTH OJIMTO- M IOJHMMEPHbIE (OPMBI Ka3eMHOB, B KOTOPBIX
OTJIETIbHbIE MOHOMEpHI OBbUIM COEIMWHEHBl JUCYJIb(PUAHBIMU CBS3SIMU MEXIY
CyJIb(QTrUuIpIbHBIMUA TPYNIIAMH TOMOIIMCTEMHOB, BBEJEHBIX 10 OCTATKaM JU3UHA.
B cnyuae «-ka3enmHa Ju- M OJMIOMEpPhl OOpPA30BBIBAINCH TaKXKe 3a CYET
TUCYIbQUIHBIX CBS3EM MEX]y €ro IIMCTEMHOBBIMH OcTaTKaMmu. s monudukanuu
OeITKOB MCIOJIb30BaIN 3HAYUTENbHBIN H30bITOK peareHTa, 10- u 100-kpaTHBIN Ha
KKl OCTaTOK JIM3MHA B MOJIEKYJIe, YTOOBI MOJYYHUTh JOCTATOYHO BBICOKYIO
creneHb Moaudukauu. FM3BeCTHO, YTO TOMOLMCTEUMHTHONAKTOH B PacTBOpE
HecTaOWJIeH M 4YacTb €ro THUJPOJIU3yeTcs W NpeBpaliaeTcs B TOMOIMCTEHH,
HecrocoOHbI  MoaudunupoBath NH,-rpynmel.  [lo  sTolt  npuuuHe s
3pdexkTuBHON MomudUKaMM B TEUEHHE BCEro JKCIEPUMEHTa TpeOyroTcs

3HAYMTEIIbHBIC H30BITKH pcarcHra.
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W3 npusenennsix Ha pucynke 37 (A, b, B, I') anextpodoperpamm crnenyer,
4yTO0 MOAMGUKAIMSA MPUBOAUT K OOpPA30BAHUIO JUMEPOB, a TAKKE OJUTOMEPOB
paznIuYHOM MOJeKyJIsipHON Macchl. [Ipoucxonut Takxke o0pa3oBaHUE KpPYIHBIX
arperaTtoB, KOTOpbIE MPAKTUYECKH HE BXOISAT B KOHLIEHTpHUpYHOIMM renb. Takoe
noBeZieHuEe HaOJIoaeTcsl JJig BCEX TPEX HATHUBHBIX KAa3E€MHOB, a TaKXKe s
WHyCTPUAIBHOTO Ka3eMHa, MPUYEM BHJHO, UTO MPU BO3PACTAHUU KOHIICHTPAIUU
TOMOIIMCTEMHTHOJIAKTOHA 3HAYUTEIBHO YBEIMYMBACTCS KOJIMYECTBO KPYITHBIX
arperaTtoB, KOTOpble HE BXOIAT B Teiib. B mpoiecce monudukanumy pacTtBoOp
CTAHOBUTCS ONAIECLUMPYIOIIUM, MHPU HITOM HE MPOUCXOIUT OECrnopsI0UHON
arperaiui 1o Ttumy npeuunutanuu. OgHAaKO Tochae IEeHTpUQPyrupoBaHUs
onajecupyronmx pactBopoB kazeuHa (10 mun npu 13 000 oGopoToB) Gomblas
qyacTh Oesika ocaXkJlaeTcsi, a B CylepHaTaHTe C MOMOILbIO 3J1eKTpodopesa yaaercs
00HaAPYKUTh HEOOJIBIIIOE KOTMYECTBO MOHOMEepHOTO Oenka (Puc. 37, J1, 1-4).

O06paboTKa OCaJKOB B JOCTATOYHO JKECTKHX yCIOBHUSX (kurmsiaeHue B 720
MM [B-mepkantostanone u JJCH B Teuenue 10 MuH) MO3BOJISET MPAKTUUYECKU
MOJIHOCTBIO TIEPEBECTH BCE (DOPMBI Ka3€MHOB (IMMEPHI, OJJUTOMEPHI U arperaThl) B
ucxoaaeie MoHOMepHBIe (opmbl (Puc. 37 A, b, B, I', nopoxkm 4), dro
CBUJICTEIBCTBYET O TOM, YTO HaOJro/aeMasi arperanus Bbl3BaHa 0O0pa3z3oBaHUEM
mucynbGuAHbIX cBsi3ed. OnHAKO BEPOSATHO, YTO B OOpa3oBaHHE arperaToB
BOBJICYCHBI HE TOJIBKO AUCYIb(UIHbIE CBs3H. [[oTHOTO pa3pyllieHus arperaroB He
MPOUCXOUT MOCJIE UHKYOaIuu ocajkoB -kazenHa B 2 MM [(-MepkanTo3TaHosie B
TeyeHHe yaca npu Ttemmneparype 40 rpagycoB, a Takke B 8M
IYaHUJUHTHAPOXJIOpUIEe ¢ jJoOaBieHue  [-mepkanTolTaHona.  Beicokas
YCTOMYMBOCTh OEIKOBBIX OCAJKOB K 3THM, JOCTATOYHO XKECTKUM BO3ICHCTBUSM,
SIBJIIETCSI IEPBBIM yKa3aHUEM Ha (OPMUPOBAHUE AMIIIOUIO-TIOAOOHBIX arperaTon

IIpu rTOMOIUCTCUHHUIINPOBAHNN B-KaBCI/IHa.
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Puc.37. DnekrpodoperpaMmMbl rOMOIIMCTEMHIIIMPOBAHHBIX KA3€UHOB.

I'omonucrennunupoBanue aSl-kazeuna (A), B-kazeuna (b), k-xazeuna (B)
u [i-kazenHa wunHpyctpuanbHoi ouncTku (I') ObUTO TIpoOBeneHO WHKyOaruen
kazenHoB (I  wmr/mMmm) B 25 MM ¢ochatHom Oydepe, pH 7,5, ¢
TOMOLHUCTEMHTUOIIAKTOHOM B TeueHHE 24 4acoB. 1: KOHTPOJIbHBIE KAa3€WHBI, 2:
Ka3enHbl, MOAu(uUIpoBaHHbie 10-KpaTHBIM U30BITKOM (B pacdeTe Ha OCTAaTOK
JU3WHA) TOMOIIMCTEMHTHOJIaKTOHa, 3: Ka3euHsl, MoaudumnupoBaHusie 100-
KpaTHBIM M30BITKOM (B pacdeTe Ha OCTATOK JIM3MHA) TOMOLKUCTEUHTHUONAKTOHA, 4:
Ka3euHbl, MoaupuurpoBanubie 100-kpaTHbIM M30BITKOM (B pacueTe Ha OCTaTOK
JU3UHA) TOMOIIMCTEMHTHOJNAKTOHA C IMOCJEIYIOIMM BOCCTaHOBJIEHUEM [3-
MepkanTodTaHosioM (720 MM).

() DnexrpodopeTrueckuil aHaau3 CyNepHATAHTOB, IOJYYEHHBIX IIPH
FOMOIIMCTEMHWIMPOBAHUM Ka3enHOB. ['oMouncrennuiaupoBanue oS1-kazeuna (1),
B-xazenna (3), k-xazewna (2) and Pi-ka3zenHa UHAYCTPUAITBHONW OYNCTKH (4) OBLIO
poBeeHo MHKyOaruein kazenHoB (1 mr/mi) B 25 MM ¢ocdatnom Oydepe, pH
7,5, ¢ TOMOIHMCTEMHTUONAKTOHOM B TeueHHe 24 yacoB. CylepHaTaHThI MOJTY4YEHbI
¢ momo1pio neHTpudyruposanus npu 13000 o6/mMuH B Teuenue 10 MUHyT.
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W3mMeHeHue arperalioOHHOIO COCTOSIHUS Ka3€MHOB ObLIO M3YYEHO TaKkKe C
MOMOIIBIO METOJIa TMHAMHYECKOTO JIa3epHOro cBeTopaccesHus. [IpuBeneHnbie Ha
Puc. 38 pjaHHBle T1OKa3bpIBalOT, YTO B COOTBETCTBUM C pe3yJbTaTaMu
3IIEKTPOPOPETUUECKOTr0 aHAIN3a, FTOMOLMCTEMHUIIUPOBaHUE B-Ka3eMHOB NPUBOIUT
K uX arperanuu. B ciydae ouwMieHHOro [-kazerHa o00pa3oBaHUE arperatoB
HAOMIOJaeTCsl TpU TOMOIIMCTEHMHUIMPOBAHUU €r0 MOHOMEpHBIX  (opm (Tpu
temriepatype 10°C), a Takke cQOPMUPOBAHHBIX W3 HEro MUIE (MpU
temrepatype 50°C). Arperanusi MOHOMEpPHBIX (POpPM HACTyMaeT MO3JHEEe, YeM
MULEIUISIPHBIX, OJHAKO O5TO MOXET OBITh O0OYCIOBICHO HE OCOOEHHOCTAMHU
MoauduKanuKu (-Ka3eMHa B JIBYX COCTOSIHUSIX, a MPOCTO €€ 3aMeJICHHEM Ipu
Oonee HMU3KOM TemmepaType. Ha 3To ykas3pIBalOT SKCIEPUMEHTHI MO YCKOPEHUIO
arperanuu aS1-ka3euHa, HE o0pa3yroiero MHLIEILT, pu
TOMOIMCTEMHUIIMPOBAHUM TPU BBICOKOM TemIiiepaType (JaHHbIe HE MPUBEICHBI).
Arperanus -kazenHa npu MOAU(PUKALIMN IPOUCXOTUT CKauykooOpasHo (uepe3 120
MUH TIOCJIe Hadyayia MHKYOalluu) U MPUBOIUT K (GOPMUPOBAHUIO KPYITHBIX YACTHII,
pa3Mepbl KOTOPbIX HEBO3MOXKHO OINPEACIIUTh B CTAHAAPTHBIX YCIOBUSAX IPU YTJe
HaOmoaenuss 173°. PasMepwsl 3Tux arperaroB, omnpejeneHHble npu yrie 12,8°
coctaBysitoT  okoo 1000 wM. Ilpu roMOUMCTEUHUIMPOBAHUU 0OS]1-Ka3zenHa
00pa3yroTcs YaCcTUIIbI TAKOTO k€ pazmepa — 6osiee 1000 um. OnpeaenuTs pa3mMepsl
arperatoB npu MoOAU(UKALUKM K-Ka3eMHa HE YNaeTcsi M3-3a TeTepPOreHHOCTH
CUCTEMBI, B KOTOpO#, BEpOSITHO, MPHUCYTCTBYET OOJBIIOW HAOOp arperatoB
pa3HOro pazMepa, BO3MOXHO, HaXOJAUIMXCS B JTMHAMHUYECKOM PAaBHOBECHH.

Haubonee yA00HBIM 00BEKTOM TUTSt U3Y4YCHUS BITUSIHUS
FOMOLMCTEUHUIIMPOBAHUE HA arperamuio Ka3eMHOB OKa3ajcs UHAYCTpPUAIbHBIN [3-
Ka3eHH, CKayKooOpas3Has arperauusi KOTOPOro, BEpPOSITHO, NMPEAOTBpaIlaeTcs K-
kazeuHoM. [IpuBenennsie Ha Puc. 39 nanHble MOKa3bIBAIOT, YTO MPHU TEMIIEPAType
10°C B mpemapaTe MpHUCYTCTBYET UCKIIOUUTEIHLHO MOHOMEpPHas ¢popMa Ka3enHa, a
npu 50°C — wmmunemwrapuas. B mpucyrctBum  10-kpatHOro  m30BITKA
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TOMOIIMCTEMHTHOIAKTOHA BO3HUKAET JBa Tuma arperatoB (okosno 30 u 120 uwm).
JlanbHeiiliee MOBBINICHHE KOHIIEHTpauuu Moauduuupyromero arenra (mo 100-
KpaTHOTO H30bITKA) CTUMYJHMPYET arperamuio B O0OMX cCllydasX, MpUYeM Mpu
BBICOKOW TeMIieparype pa3Mmepnl arperatoB jocturaror 1000 BM (yrom 12
rpagycoB). [locie oTaeneHus KpYIHBIX arperaToB B CYyNEpHATaHTE OCTAOTCS
OJINTOMEPHI C pa3MEpPOM OKOJIO 43 HM.

Taknm oOpazom, MO>KHO ceaTh 3aKJII0YEHUE, 4TO
FOMOLMCTEUHUIIMPOBAHUE  JIEUCTBUTENIBHO  NPUBOAUT K  (POPMUPOBAHUIO
CBSI3aHHBIX JAUCYIb(QUIHBIMHU CBA3SIMU arperaToB JJIs BCEX THUIIOB HCCIEAOBAHHBIX
Ka3€MHOB, NPUYEM yCTOMYMBOCTh K JEHCTBUIO JICTEPIEHTOB Aarperaros,
c(OpMHUPOBAHHBIX U3 [-Ka3€MHOB, YKa3bIBA€T HA BO3MOXKHOCTh OOpa3oBaHUs
aMIJIONI0-TIOJOOHBIX CTPYKTYp. CneayeT Takke OTMETUTb, YTO HECMOTps Ha
CXOJICTBO JACHCTBUS MOAM(UKAIMK Ha Ka3eHHbI, arperanus KaKIOro M3 HHX
uMeeT cBou ocoOeHHocTH. OCOOEHHO BaXKHO TO, YTO MapaMeTphl arperamnuu
U3MEHSIOTCA MPU CMELIMBAaHUU JBYX THUIIOB Ka3eMHOB (IO KpaiiHel mepe, - u K-
Ka3€MHOB), YTO HEOOXOIMMO YUUTHIBATh IPU SKCTPAMOISIUU IKCIIEPUMEHTATbHBIX
JAHHBIX, IIOJyYEHHBIX HAa OYMUICHHBIX Ka3eMHAaX, HAa MHOTOKOMIIOHEHTHBIE

CHUCTCMBEI.
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Puc. 38. T'mmpomuHamMuuecKuii JauUaMETpP TOMOIMCTEHHUIUPOBAHHBIX
arperatoB aS1- u [B-Ka3enHOB.

W3mepenust mpoBOIMIM METOJAOM JUHAMHYECKOTO Ja3epHOr0 CBETOPACCESHUS C
pactBopamu kazenHoB (1 Mr/mi) B 25 MM dochataom Oydepe, pH 7,5. Peakiuro
TOMOIMCTEMHUIIMPOBAHNS MHULIMUPOBAIM A00ABIEHUEM MPSAMO B KiOBeTy (Tociie
u3Mmepenus kontpois) 100-kpaTHoro u30bITKa (B pacuere Ha OCTATOK JIM3UHA)
TOMOLMCTENHTUOIIAKTOHA. TOYKHM, COOTBETCTBYIOUIME M3MEPEHUSIM C YIJIOM
paccestHust 173°, moka3aHbl 3aKpallleHHbIMM CUMBOJIAaMU, C YTJIOM paccesiHus 12,8°
- mycTtbIMU. J{ns B-kazenmHa skcnepumeHTsl npooawin npu 10 °C (kBaapatel) u
npu 50 °C (kpyrm).

(A) T'omouucrenHunupoBaHHblid oS1-kazenH, MoauduuupoBaHHbld mpu 50°C
(MoHoMmepHas ¢opma), 1 - yron paccesuus 12,8° 2 - yron paccestHust 173°.

(b) 'omonmcTennunupoBaHubii -kazenH, 1 u 2 - moguduupoBanusiii npu 10 °C
(MoHomepHas popma), ¢ yrimamu paccesaust 12,8° u 173°, coorBeTcTBEeHHO, 3 U 4 -
moauduiupoBanasid pu 50 °C (munemnsl), ¢ yrnamu paccesaus 12,8° u 173°,
COOTBETCTBEHHO.
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Puc. 39. Pacnpenenenue ruipoAMHAMUYECKOr0 AUAMETPa YacTull J-Ka3ernHa
WHYCTPUAIBHON OYMCTKU Ipyu romouuctennunupoBanuu npu 10°C u 50°C.

N3mepenust OPOBOIWIM  METOAOM  JUHAMUYECKOTO Ja3epHOTO
CBeTOpaccestHusl ¢ pactBopamu kazenHoB (1 mr/min) B 25 MM docdatnom Oydepe,
pH 7,5, mpu 10 °C (neBas cropoHa, UCXOAHO B MOHOMepHOU dopme (A) u mipu 50
°C (mpaBas crtopoHa, wucxogHo B (Gopme wmunemn (A)). Peakmuro
TOMOIMCTEMHUIIMPOBAHKS MHULIMUPOBAIM A00ABIEHUEM MPSAMO B KiOBeTy (Tociie
u3mepenus kouTpodsi) 10- (b) u 100-kpatnoro (B) n30biTka (B pacyeTe Ha OCTATOK
JIM3UHA) TOMOILIMCTEeMHTHONAKTOHA. [IpeacTaBieHsl cTaTUCTUUYECKUE anHbie u3 10
U3MEPEHUN JUIsi KOHTPOJIbHBIX OenkoB W 60 M3MepeHuil B TeueHue 3 4acoB IS
TOMOIMCTEUHUITUPOBAHHBIX.
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B nmanpheiimeit paboTe MBI HCCIEIOBANHM TJaBHBIM 00Opa3oM [-Ka3ewH, Kak
HanOoyiee MHTEPECHBIM O00BEKT, o0OJamamIleli CcrnocoOHOCThIO (OPMUPOBATH
MUIIEJUTBI ¥ B3aUMOJICUCTBOBATh C IPYTHUMH Ka3eMHAMH, a TAKKE MHIYCTPHATbHBIN
B-kazewH, MO CyTH MTPEACTaBIAIONIMK cO00N cMech [-KazenHa W K-Ka3eWHa H
MO3BOJISIONIUMNA UMUTHUPOBATH CUTYyallMd, KOTOPble MOTYT HaOJIIOJAThCA 1n VIVO.
OcTanpHbIC Ka3eWHBI MBI UCIOJI30BAIM B KAQ4€CTBE KOHTPOJS U IS YIPOIICHUS
WHTEPIPETALUUA PE3YJIHTATOB, MOJYYCHHBIX C HEOUYHUIICHHBIMH Mpenaparamu [3-

Ka3€urHa.

Konuuecmeennoe onpeéeﬂenue COdep.?fCClHM}Z ocmamkKose comouyucnieurHa 6

npenapamax f-xaseuna

OmnpeneneHue KOJIMYECTBA OCTAaTKOB T'OMOLIMCTEHHA, BKIIOYEHHBIX B [3-
kazeuH mnociae 120 wMuHyTHOM wuWHKyOaumu co 100-kpaTHBIM H30BITKOM
TOMOLIMCTENHTHOIAKTOHOM, IIPOBOIAIIN C HIOMOILBIO TUTPOBAHUS
cynbbruapwibHeix rpynn JTHB. Jlns storo moauduuupoBaHHbI [-Ka3enH
oOpabateiBasii 8M ryaHUAUHTHAPOXIOPHUIOM, 3aTEM MOABEPTaIN 00ECCOTUBAHUIO
Ha KosoHke PD-10 nns ypaneHuss ocTaTkoB CBOOOJHOTO TOMOLMCTEMHA U
HENpopearupoBaBIIer0 THOJIAKTOHA. [lomydeHHbI O€loK HWHKYOUpoBaJd B
npucytctBur 2 MM [-MepkanTosTaHosia B TeueHue vaca npu temmeparype 40°C
JUIl BOCCTAHOBJIEHHS CYJIb(IUIPWIBHBIX TPYII FOMOLIMCTEMHOBBIX OCTAaTKOB, U
CHOBa mojBeprainu obecconuBanuio. s onpenenenns SH-rpynn ucnonb3oBanu
¢pakuuu U3 Hayana MMKa, cojepkauiero Oenok. VM3mepeHus npoBogwiId IpU
JUIMHE BOJHBI 412 HM, 1 pacyeToB ucnodbp3oBaiu € = 13 600. beuio nokasano,
YTO B OTUX YCJIOBHUSX NpPU TOMOLMCTEHHWIMPOBAaHUM [-Ka3enHa B CpEIHEM
BKJIFOYaeTcs 1,5 OCTaTkoB roMOLMCTEMHA HAa MOHOMEp KazenHa. OJHako, Ha

CcaMOM ACJIC 3(1)CI)CKTI/IBHOCTB BKJIFOUEHHSI MOJKET OBITH HECKOJIBKO BBIIIIC, TaK KakK
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4acThb arperaTtoB HE pacTBOpsieTcs daxke B 8M  TI'yaHUIMHTUAPOXJIOPHUIE U HE

MOJKET OBIThH I[MpOoaHaAJIM3NPOBAHA B 3TOM JOKCIICPUMCHTC.

H3mepenue  cobcmeennou — mpunmoganosou  ¢ayopecyeHyuu - u
UCNOb306aHUE  (DIIYOPECYEHMHBIX 30H008 0Nl BblAGIEHUs CMPYKMYPHBIX

UBMEHEeHUU KA3eUHO8 npu comoyucmeurHuiupoearnuu

JI1s aHanmm3a U3BMEHEHUM B CTPYKTYPE TOMOLIMCTEMHUIUPOBAHHBIX Ka3€MHOB
ObUIO HCCIENOBAaHO H3MEHEHHME TMapaMeTpoB (IyopecleHInn COOCTBEHHOTO
ocTarka Tpunrtodana, 3aBUCSIIMX OT €ro MUKPOOKpYx eHusl. Bce kazenHbl UMEIOT
octatku Tpuntodana B C-koHIIEBOI o6sactu (B-ka3euH - ouH B 157 mosioxeHuu,
K-Ka3enH - oAuH B 97 mojoxxeHuH, oSl-ka3emH - aBa ocrtarka, B 179 m 214
MOJIOKEHUH), YTO JEJNAeT BO3MOXKHBIM HM3MEpPEHHWE MaKCHUMyMa [JIMHBI BOJHBI
ceeuenuss Tpuntodana (Trp Aya). Tlockonbky (iyopeciieHTHas CHEKTPOCKOIHUs
npenacrasisger uHGopMmaluioo o0 OKpYyKEHUU TpunrtodaHa, TO MOKHO HAOIIOIATh
CTPYKTYpHBbIE W3MEHEHHs OejKa B MpOIECCe pa3BOpaYMBaHUA, AMCCOLMALINU,
oqMromMepuzanuu M arperanuu. CMenieHWe B CUHIOKO 00JacTh YKa3bIBaeT Ha
BO3HUKHOBEHHUE THAPOPOOHOTr0 OKpY:KeHUsI TpunTodaHa U Hao00poT. B maHHBIX
SKCIIEPUMEHTAaX Mbl HUCCJEIOBAJM TOJIBKO CIBHUI MakcuMyMa (iryopecueHuuu
TpunToaHa, TaK KaK CIOXHO CICAUTh 3a W3MEHEHUSMH WHTEHCHUBHOCTHU
dbayopecueHIuu TpunTodaHa M3-3a U3MEHEHHUsI CBETOpACCEIHMs Oelka MU3-3a €ro
arperarum.

Jnst ananu3a BIMSIHUST MUIIEIUIM3allMd Ha XapakTep Mojuduxanuu ObUIo
MIPOBEJICHO FOMOIMCTEMHUWINPOBAHUE B-kazenHa (OUYHIIIEHHOTO u
WHyCTPUAIBHOTO) Mpu pas3Heix Ttemneparypax (10°C - monomep, 50°C -
mutnesuibl). [lpenapater aS1- U K-ka3eMHOB He 00pa3ylOT MHIIEII, HO U3MEpPEHUE

TAKKC TIPOBOAWIJIM IIPHU JBYX TCEMIICPpATypax: oS1-ka3enH WCIIOJb30BAIM B
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Ka4yecTBE KOHTPOJISI, a K-Ka3euH — C Lebi0 0ojiee OJHO3HAUYHON MHTEpIpeTaluu
JAHHBIX M0 UHAYCTPHAIIBHOMY [3-Ka3enHy, COJAEpKalleMy MPUMECh K-Ka3enHa.
brulo mokazano, uYTo B chayyae oSl-kazemHa CIOBUT MaKCHMyMa
dayopeceHIIMn MPaKTHYEeCKH OTCYTCTBYEeT Mpu o0eux Temreparypax. [ms
HCXOJTHOTO OYMILIIEHHOTO [-Ka3ernHa XxapakTepHo Oojee ruapoduIbHOe OKPYKEHUE
OCTaTKOB TPUNTO(aHa, YTO CBUJECTEIHCTBYET 00 UX KCIIOHUPOBAHUU B PACTBOP, a
IPY TOMOIIMCTEUHIIMPOBAHNY HAOIOAACTCS CABUT MakCuMyMa (IyopeciieHITNU B
cuHoio obnacte (Puc. 40), oco0eHHO mnpu BBICOKOH Temmepatype,
CHOCOOCTBYIOIIEH MHUIIEIIO00Pa30BaHUIO M (POPMUPOBAHUIO KPYITHBIX arperaTos.
B npemaparax «-kazenHa TpuntoaH MCXOJHO HAXOJUTCs B Oojee
ruapo@oOHOM OKpY)KEHHWH, 4YeM B JBYX JpPYrMX Ka3euHaX, a BBEJCHHE
rUAPOGUIBHBIX OCTATKOB TOMOIIMCTEHMHA MPHUBOJMUT K BBHIPAKECHHOMY CIIBHUTY B
KpacHylo obOnacte. B ciywae wunaycTpuanbHOro [-kazewHa, COAEpIKaIIETro
3HAYUTENbHYI0 TNPUMECh K-Ka3eWHa, CIEKTp TpunTodaHoBoil QiayopecueHunn
3aHUMAET MPOMEKYTOYHOE TOJIOKEHHUE, & TOMOIIUCTEHHWINPOBAHUE TTPUBOIUT K
CABHUTY B CHHIOIO 007acTh. MI3MeHeHus criekTpa GuryopecieHIInl TpunrodaHa npu
TOMOLMCTEUHUIIUPOBAHUN  CIIO)KHOW  CMECH  JABYX  Ka3eWHOB  TPYAHO
UHTEPIPETUPOBATH OAHO3HAYHO, HO UCXOJHBIN CIIEKTP UHAYCTPUATHHOTO Ka3enHa

XOpOoHIo KOppCIMpyeT C JaHHBIMHU, IMOJTYHYCHHBIMH I HHAWBUAY AJIbHBIX OEJIKOB.

132



360 - O KOHTPOJIbHbIN Ka3euH
% 358 Vv B lomoumct. npu 102C KasenH
§_ 356 —/ B [omoumct. npm 502C KazeunH
& 354 -
g 352
% 350 id
g 348 ¥V
$ 346 id
fg 300 ]

342 . .

aS1-kasenH B-KkaszenH Bi-KaseunH K-Ka3euH

Puc. 40. PacnonoxeHue MakcuMyma COOCTBEHHOW (IIyOpecleHIINH
TpuntodaHa B TOMOLIIUCTEMHUIUPOBAHHBIX Ka3eMHAX.

['omoumcTenHMIpOBaHNE MPOBOJMWIM C PacTBOpaMM Ka3zeuHoB (1 mr/mu) B
25 MM docdataom Oydepe, pH 7,5, mpu 10 °C (cepsie cronbuku) u npu 50 °C
(uepnble cTONOUKHM) uHKyOammei co 100-kpaTHbIM H30BITKOM (B pacuere Ha
OCTAaTOK JIN3MHA) TOMOLMCTENHTHUONIAKTOHA B TeueHue 24 yacoB. 3HaYeHUs i
KOHTPOJIbHBIX Ka3€MHOB MMOKa3aHbI O€JIbIMU CTOJIOUKAMH.

Hcnonvzosanue guyopecyenHmuuvix 30H008 015 GbIAGIEHUS  CIPYKMYPHbIX

UBMEHeHUU KA3eUHO8 NPpUu 20MOYUCEUHUTIUPOBAHUU
Dnyopecyenyus muognrasuna T

dnyopeclieHTHBIN  KpacuTedb THOGIaBUH T  sABIsEeTCS  MapKepoM
aAMUJIOUJIOTCHHBIX CTPYKTYp, OJHAKO TaKKe CYHMTAETCs, YTO OH CIOCOOCH
CBSA3BIBaThCS C MuUlEIApHbIMU dopmamu Oenka (Kumar et al., 2008). U3
NpuUBEICHHBIX Ha Puc. 41 naHHBIX ClieAyeT, YTO OYMIIEHHBIA W WHAYCTPHUATbHBIN
B-ka3zewHBl TPAKTHUYECKHM HE B3aUMOACHCTBYIOT ¢ TuodimaBuaoM T HH B

MOHOMEpHOH (opme, HU B MunewapHoi. s aS1- U k-Ka3emHOB XapaKTEPHO
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I0CTaTOYHO 3(P(PEKTUBHOE CBSI3bIBAHHE (IIYyOPECHECHTHOW METKH C HAaTHBHBIMU
dbopmamu.

[Tpy TOMOIIUCTEMHUIUPOBAHNHN BCEX Ka3eMHOB HAOIIOIAETCS 3HAUUTEIHHOE
YBEJIMYCHHE MHTCHCUBHOCTH (hIIyOPECIEHIIMU CBSI3aHHOTO ¢ OelkoM THOo(hIaBHUHA
T (Puc. 42). Ins ananusza BIUSHUSA MUIEIUIM3alMM HA XapakTep MoJauduxanuu
ObUIO TIPOBEJCHO TOMOIMCTEHHWJIMPOBAHUE JBYX IpenapaToB [-Ka3eMHOB IpHU
paszubix Temmepatypax (10°C - monomep, 50°C - munemnsl s -ka3euHa). B
Ka4ecTBE KOHTPOJIS MCTONB30BAIN 0S1-Ka3erH, KOTOpble HE 00pa3yloT MHULIEI,
YTO TO3BOJMJIO YCTAaHOBUTHb, Kak BIMSIET Ha MOAU(UKAIHNIO caMO MO cebe
u3MeHeHue Temneparypsl. Okazajlioch, YTO TOMOILMCTEHMHWIMPOBAHUE Ka3eHHOB
npu temmepatype 50 rpaaycoB BBI3BIBAET 3HAUUTENBHO OOJBIIEE YBETUYCHUE
UHTEHCUBHOCTH (uryopecueHun THo(piaBuHa T, yem mnpu Temneparype 10
IpaycoB.

OpnHako, Tak Kak 3TO XapaKTepHO JUIS BCEX THUIOB Ka3eWHa, TO JAHHBIN
3¢h(deKT BEpOSTHO HE CBsI3aH C MHUIIEIII000pa3oBaHUEM, a OOYCIIOBIEH IMPOCTO
yBenmudeHueM d3(eKkTUBHOCTH MOAM(UKAIMKA TPH TMOBBIIEHUH TEMIIEpPaTypHl.
bbulo mokaszaHo, 4YTO MoOcCie UEHTpU(YrHpOBaHHUS TOMOLMCTEMHUINPOBAHHBIX
npenaparoB MHTEHCHUBHOCTb (DIyOpPECHEHIIMM B CYyNEpHATaHTE HE3HAYUTEIIbHO
OTIINYAETCS OT KOHTPOJBHOM, TO €CTh BCe (POPMBI Ka3€MHOB, B3aUMOICHCTBYIOIIINE
¢ THO(IABUHOM, HAXOSATCS B arpeTUPOBAHHOM COCTOSIHUU U OCAXKAAIOTCSL.

Jns cBszaBiierocst TuogaasuHa T pu B3aMMOACHWCTBUN C aMIJIOUIHBIMU [3-
CTPYKTypaMu HaOJIOaeTCsl XapaKTepHBIM KPAacHBIA CIBUT, MPUYEM Yy Ka3eHHOB
MaKCHUMYM CJIBUTAETCsl CUJIbHEE B KPAaCHYIO 00JIacTh, IO CPABHEHHUIO C U3BECTHBIM
JUISl aMUJIOUJIHBIX OEJKOB CIBUIOM 10 MakcuMmyMa QuiyopecueHuuu Ha 480 HM
(Ban et al., 2003).

[Ipu cpaBHeHHMM peE3yJIbTATOB, MOJYYEHHBIX IPHU PaA3HBIX TEMIlepaTypax,

OCHOBHAsl CJIO)KHOCTb COCTOHUT B TOM, YTO NP MpoBeaeHuu peakuuu npu 10°C
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CKOpPOCTh MoaupuKanuu OyIeT 3aMEeTHO HHXKE, YTO W HaOmomaercs 1o
WHTCHCUBHOCTHU ()IIyOPECIICHITHH.

CpaBHEHHE OYMIIICHHOTO [-Ka3erMHa M MHIYCTPHAIBHOTO IMOKAa3bIBACT, YTO
nocienquuit  Monudummpyercs mMeHee 3(HEKTUBHO MO CPaBHEHUIO C HATHUBHBIM,
4TO OCOOEHHO BBIpaXEeHO Npu Momudpukanmuu mnpu temmneparype S50°C. Takxke
MPOUCXOJUT CHBUT MaKCHUMyMa (QUIyOpECICHIIMM B O0OWX CIydasX, HO C
MOHOMEpPOM OH MeHee BhIpaxkeH. OHAKO CIIOXKHO CKa3aTh, 00YCIOBJICHO JIU 3TO
MEHBIITUM BBIXOJIOM MOJIU(DHUKAIINN WIN pa3HUIICH MOHOMEP-MHUIIEIIA.

Takum 00pa3om, MOMy4YEHHBIC MAaHHBIE IO W3MEHEHUIO (IIyOpECICHIINH
THO(IJIaBUHA KOCBCHHO CBHJICTEIBCTBYIOT 00 aMWIIOUIO-TIOJOOHOM H3MEHEHHU
CTPYKTYpPhI ~ arperaToB  Ka3ewWHa TMpud  OOpa30BaHUM  MHOXKECTBEHHBIX

TUCYIb(QUIHBIX CBS3EH.
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Puc. 41. Cnextpsr ¢uyopecuennun diayopectueHuu tuoduasuHa T (B
YCIOBHBIX eMHUIIAX ) JUTSt HATHUBHBIX u MOAUGUIIMPOBAHHBIX

romouucrenHTronakToHoM npu 10°C u 50°C ka3enHoB.

['oMonucTenHUIMpOBaHe MPOBOAWIN C pacTBOpaMu Ka3zenHoB (1 Mr/mi) B
25 MM docdataom Oydepe, pH 7,5, npu 10 °C (tonkas nunus) u npu 50 °C
(Tonctas nunus) nHKyOanuen co 100-kpaTHBIM U30BITKOM (B pacyeTe Ha OCTAaTOK
JIM3WHA) TOMOLIMCTENHTHOIAKTOHA B Te€UeHHUE 24 4acoB.
(A) B-kazeunnl: 1: cBoOoaubiil THO(IaBUH T, 2 M 5: KOHTpONbHBIE -Ka3eUH U
Bi-kazenH WHAYCTpHAIbHOM OYHMCTKH, 3 W 6: [P-xkazeun wu [i-KazeuH
UHIYCTPUAIBHON OYMCTKH, roMouucTenHuauposansie npu 10 °C, 4 m 7: 3-ka3zeun
U [Ji-Ka3euH MHAYCTPUAIbHONW OYUCTKH, roMoIucTenHmpoBanbie npu S50 °C.
(b) aS1-ka3zeunsi: 1: ceoOoaubii THODMaBUH T, 2: KOHTpOIBHBIHA oS 1-kazeuH, 3:
aSl-ka3zeuH, romouucrenHwivpoBansii 1npu 10 °C, 4: aSl-kazewun,
roMmouuctenHunupoBanbii mpu 50 °C.
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1,6E+06 - Ocso6oaHbIN THT

KOHTpOAbHbIM Ka3enH + THT
1,4E+06 B Moaud. npu 102C KaseuH + THT
B Mogmd. npu 502C KazenH + THT

1,2E+06 +

1,0E+06 -

8,0E+05 -

6,0E+05 -

4,0E+05

NHTEHCUBHOCTb G/IyOpPEeCLEHLUN, OTH. ea.

2,0E+05 -

0,0E+00

aS1-KasenH B-kasewnH Bi-kaseunH

Puc. 42. 3Hauenne UHTEHCUBHOCTU (PIIyOpECLEHIIMN CBOOOHOTO U Ka3eHH-
cBa3aHHoro Tuoduasuna T npu ayuHe BoaHbI 480 HM.

['oMorucTenHuIMpOBaHe MPOBOJAWIN C pacTBOpaMu Ka3ewHOB (1 Mr/mi) B
25 MM docharaom Oydepe, pH 7,5, npu 10 °C (TemHo-cepbie cTonOuKu) u mpu S0
°C (uepnble cTonbuku) uHKyOarmeit co 100-kpaTHbIM H30BITKOM (B pacyeTe Ha
OCTAaTOK JIN3MHA) TOMOLMCTENHTHUONIAKTOHA B TeueHue 24 yacoB. 3HaYeHUs IJs
cBoOoaHOro TModuaBuHa T TMOKa3aHbl OENBIMH CTOJIOWMKAMHM, JUISI KOHTPOJBHBIX
Ka3euHOB C THO(IaBUHOM T - CBETJIO-CEPBIMU CTOJIOMKAMH.
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Dnyopecyenyusi ANS

M3BecTHO, YTO NpH CBA3BIBAHUM apOMAaTHYECKOro xpomodopa 1-
anunuHo-8-HadraneHcynbponara (ANS) ¢ HemomsapHeiMH oOOnacTsMH Oejka
CHEKTp KpacuTensi CIBUTaeTCs B CHHIO 00JacTh W HMHTEHCHUBHOCTH
dbayopecueHIIuM 3HaUUTENIbHO Bo3pactaeT (Matulis et al., 1999, Slavik, 1982).
Cunpnoe cpoactBo ANS k Oenky B COCTOSIHUM PaCIIaBIECHHOW TI00YIIbI
00yCIIOBJIEHO TIOTEPE TPETUUHOUM CTPYKTYphl (Semisotnov et al., 1991). Tak kak
WCCJIEIOBAHHBIE HAMU Ka3€WHbI HE 00JIaal0T YETKOM TPETUYHOM CTPYKTYpOil, TO
cnektp ANS gomkeH ObITh H3HAYaNbHO CIABUHYT B CHHIOIO 00JIacTb.
JleficTBUTENBHO, KaK CIEIYET U3 MPUBEICHHBIX HAa Puc. 43 u Tabnuiie 5 1aHHbBIX, B
OPUCYTCTBHUM 0S1- M K-Ka3¢MHOB IHPOUCXOJIUT 3HAYUTEIBHOE YBEJIMYEHUE
MHTEHCUBHOCTH €ro (hJIyopecleHIIy U CUHUN CABUT MakCUMyMa (hJIyOpecIeHIUH.

Onnako mapametpsl piyopectieniind ANS B nmpucyTcTBUUM 000UX TUTIOB [3-
Ka3eMHOB MPAKTUYECKU HE U3MEHSIOTCS, BEPOSITHO, U3-3a TOT0, YTO FUAPOPOOHBIE
«XBOCTBD» 3THUX Ka3eMHOB B3aMMOJEHCTBYIOT JpPYr C JPYroM, 4YTO MEIIAeT
cBsi3biBaHMIO ¢ ANS.

[Ipy roMOUUCTEMHUIUPOBAHUM, TPOBEJACHHOM Tnipu Temneparype 50°C,
IPOUCXOJIUT BBIPAKEHHOE YBEJIMYEHUE MHTEHCUBHOCTU (uiyopecueHunn ANS u
CUHMI cIBUT (IyOpecLEHLMH, YTO TOBOPUT OO0 YBEIMYEHUHU JIOCTYIIHOCTU

ruipodoOHBIX 00IaCTel Ka3eHHOB MTPU TOMOIIUCTEMHUIMPOBAHUU.

138



2,50E+06 OcBoboaHbIn ANS
‘?J.: KOHTPO/IbHbIN KasenH + ANS
E 2,00E+06
s B Moaud. npu 509C KaseunH +
> ANS
I
S 1,50E406 |
@
Q.
o
=3
s —
o 1,00E+06
B o
o
I
<
S — _— — —
T 5,00E+05 ”
|_
I
=

0,00E+00 . T . 7

aS1-kasenH B-kaseunH Bi-kasenH K-KaseuH

Puc. 43. 3naueHne UHTEHCUBHOCTH (PIIYOPECIIEHIIMM CBOOOIHOTO U Ka3eHH-

cBsi3anHoro ANS nipu iuHe BoJHbI 480 HM (HE MaKCUMYM).

["'oMorucTenHUINpPOBaHKE MPOBOJAWIN C pacTBopaMu Ka3zenHoB (1 Mr/mi) B
25 MM docharaom Oydepe, pH 7.5, npu 50 °C mnakyOarnueir co 100-kpaTHBIM
M30BITKOM (B pacueTe Ha OCTAaTOK JIM3MHA) TOMOIIMCTEHHTHOIAKTOHA B TeUeHHe 24
yacoB. 3HaueHust i cBoOomHoro ANS mokasaHbl O€JIBIMH CTOJIOMKAMH, IS
KOHTPOJBHBIX  Ka3zemHOB ¢ ANS -  ceppiMu  CcTONOMKAMH, IS
TOMOLIMCTENHUIIMPOBAHHBIX Ka3eMHOB ¢ ANS - yepHbIMH CTOJIOUKAMU.

Tabmuna 5. Cneurn makcumymoB ¢iyopectieHIun ANS npu CBSI3bIBAaHUU C

TOMOLUCTCUHUIMPOBAHHBIMU Ka3CHAMMU.

Maxkcumym ¢aryopecrienninu ANS mociie CBA3bIBaHUS C
TOMOUMCTEUHUIMPOBAHHBIMU Ka3€UHAMHM.

Amax ANS + KOHTpOJIBHBIN Amax ANS + monud. mpu 50°C
Ka3eHuH, HM Ka3eHnH, HM
Ogi-Ka3enH 508.4 +0.3 500.3 +£0.3
B- xazeun 527.8+0.1 504.3£0.2
Bi- ka3zenH 524.5+0.1 505.6 £0.2
K-Ka3euH 519.6 £0.1 512.5+0.2
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Bzaumooeiicmeue kazeunos c kpacumenem Koneo Kpacnwim

N3BecTHO, uTO criekTp moromieHus kpacutenst Konaro KpacHelit u3amensercs
IPY B3aWMOJICHCTBUH C aMWJIOUIHBIMHU (HUOPIIIIAMHA — MAaKCHMYM TIOTJIONICHUS
casuraercs ot 498 HM B kpacHyto cropony Ha 40-50 um (Frid et al., 2007, Puchtler
and Sweat, 1965). M1 ucciienoBanu o0pa3ibl BCEX Ka3eMHOB MOCIEe MOAU(UKAIUU
TOMOIIMCTEUHTHOIAKTOHOM.

bei10 mokazaHO, YTO y BCEX TOMOIMCTCHHIJIMPOBAHHBIX B OIMCAHHBIX
BEIIIIE YCIOBUSAX Ka3eWHOB MUK cBoOoaHOr0 Konro KpacHoro mpomangaer, ogqHako
BBIPAKEHHBIX U3MEHEHUN CIIEKTPATIBbHBIX XapaKTEPUCTUK BBISIBUTH HE yIAa€TCS.

HckimroueHneM SBISETCA K-Ka3eWH, JJII KOTOPOro paHee Oblla IOKa3aHa
CrocoOHOCTh K (popmupoBanuto amuinonanbix Guopumn (Ecroyd et al, 2008,
Lencki, 2007). B TeueHne HECKOJIBKMX YacOB IIOCJIE Hadaia MoIu(UKauu K-
Ka3eMHa TOMOIIMCTCHHTHOJIAKTOHOM HE YIAeTCS BBISBUTh  BBIPAKEHHBIX
u3MeHeHuil cnekrpa norjomenus Konro Kpacunoro. Opnako 6oriee amurTenbHas
Moaudukauus (24 yaca) K-Ka3eMHa MPUBOJUT K TOSBICHUIO YETKOrO IHKa
NorJIonieHus ¢ MakcuMymMoMm okojio 540 um (Puc. 44), 4ro yka3plBaeT Ha

NOCTEeNeHHOe (POPMUPOBAHUE AMUIIOUIOTEHHBIX CTPYKTYP.
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Puc. 44. Cnekrpsl nornomenuss Konro KpacHoro mnpu CBsA3bIBaHUH C
TOMOLIMCTENHWINPOBAHHBIM K-Ka3€HHOM.

Kazeun (1 mr/mi) romonucrenHuiaupoBaiu B 25 MM ¢dochataom Oydepe,
pH 7.5, unkyOupyst co 100-kpaTHbIM H30BITKOM T'OMOLMCTEUHTHUONAKTOHA B
pacuere Ha octaTok jusuHa npu 5S0°C B Teuenue 3 (romybOas auHus) U 24 4acoB
(cunsist muHUs). CriekTp cBoO6oHOr0 KOHro KpacHOro rnokasaH cepoi MyHKTHPHON
JIMHHUEHN, KOHTPOJIBHBIN K-Ka3€UH B NPUCYTCTBMU KOHro KpacHOro noka3aH 4epHOM1
IIYHKTUPHOU JINHUEN.
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Hsyquue MOpd)OJZOZMM COMOYUCMEURUNIUPOBAHHbBIX Acpecamos KA3eUHOE8 C

HOMOWBIO (PyOpecyeHMHOU MUKPOCKONUU

st UCCIICJIOBAHMUS Mopdonoruu MOJTy4YEHHBIX nocie
TOMOLIMCTEHHWIMPOBAHUSL ~ arperaroB  Ka3eMHOB ~ ObUIa  HCIOJIb30BAaHA
dyopecuieHTHas MHKpOCKONUsi B mpucytctBum  TuoduaBuna T. Tak, Ha
npencrabieHHbix (pororpadusx (Puc. 45) MoxHO BHIETh, 4TO (Iyopeciupyer
MMEHHO CBSI3aHHBINM C arperataMu THO(JaBUH, TOrJa Kak CBOOOJHBIN THO(hIaBUH
¥ HEeTIpOpearnpoBaBIInii 6eok He GiryopecuupyroT (GOH OCTaeTCs YEPHBIM).

B cinyuae aS1- u B-ka3eMHOB HaOJIOJAIOTCS MPAKTUYECKU TOJIBKO KPYIHBIE
YacTHUIbl MPaBUIbHON cepruueckoir Gopmbl, 1UaMeTpoM 2-3 MHKpoMeTpa. Y K-
Ka3erHa XapaKTep arperanmuy HECKOJbKO IpYroi, MOMyJsLus arperatoB Oosee
pa3HOpPO/HA, Hapsly C KPYHHBIMU BCTPEUAIOTCS Takke OoJiee MEJIKUE arperarsl
HEMPaBUIBHOW (QOpPMBI. DTO CBUACTEIBCTBYET O TOM, YTO arperamus K-Ka3enHa
UAET 10 HECKOJbKO HHOMY IIyTH, YTO COIJIaCyeTCsl C OTCYTCTBHEM CJBHUTa
MakcuMyMa (prryopecieHnnu COOCTBEHHOTO TpunTodaHa Jjisl TOr0 TUMA Ka3ernHa
U C JaHHBIMH O (OPMHUPOBAHMM TOCTE TOMOIMCTEHMHUIUPOBAHUS AMMIOHIHBIX
bubput (o 1aHHBIM 00 MU3MEHEHHH creKTpoB morionieHus Konro KpacHoro).
WupyctpuanbHblii -Ka3eWH MOCIE TOMOIIMCTCHMHUIMPOBAHUS HE JaeT CTOJb
TOMOTE€HHON momynsiuuu cepuyecKux YacTUll, KaK OUYMLICHHBIA [-Ka3euH, a
COJIEPKUT HabOp chepruuecKuX YacTULl U HEMPABUIIBHBIX YAaCTHUI] Pa3HOIO pa3Mepa.
Takum 00pa3om, Kak U B Clydae MCCIEIOBAaHUS APYTMMU METOJaMH, MapaMeTphl
UHAYCTPUAJIBHOTO Ka3€uHa, COJEp)Kallero IpPUMECh K-Ka3eMHa, 3aHUMAIoT

IMPOMCEIKYTOYHOC ITOJIOKCHUEC MEKAY OYNIIICHHBIM B—Ka?;eI/IHOM U K-Ka3€HHOM.
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Puc. 45. DnudnayopecreHTHasT MUKPOCKOMHUS TOMOIMCTEHHUINPOBAHHBIX
aS1-kazenna (A), x-kazeuHa (b), matuBnoro (B) m wumnHaycrpuamsHoro (I) B-
KazeuHa B NOpucyTcTBUU Tuo(duaBuHa T mocine 24-4acoBOil peakuuu ¢
roMouucTenHTHONakTOHOM mpu 50°C. PaMkaMu moka3aHbl yBEIMYEHHBIE B 5 pa3

dbparMeHTHI.

Tpancmuccuowcm NNEKMPOHHAA MUKPOCKONUA 2OMOYUCMEUHUIUPOBAHHBIX

Ka3euHoe

C nomonurpo (IyopeciieHTHOM MHUKpPOCKOINUK ObUIO MOKAa3aHO HalW4Hhe B
TOMOIIUCTEMHWIMPOBAHHBIX —TIperaparax arperaroB, CIHOCOOHBIX CBSI3bIBATh
trodnaBuH T, OJIHAKO pa3perieHrue METO/Ia HE MO3BOJUIIO MOJTYYUTh JOCTATOYHO
JAHHBIX O CTPYKTyp€ MOJy4YeHHBIX arperaroB. C momoibio ¢iayopecleHTHOM

MHKPOCKOIINH OBLI0 IIOKa3aHO, YTO CTPYKTypa IIOJIYYCHHBIX arperaroB
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paznuyaeTcs s pasHbix kaszenHoB (Puc. 45). Hamm Opuio mokazaHo, 9TO K-
Ka3euH, B OTJInyue OT aS1- 1 f-Ka3erMHOB 00pa3yIolIuii arperaTbl CO CBOMCTBAMU,
XapakTepHbIMU JJIsI aMHJIOUI0B (creruduueckoe cBsizbiBaHue Konro KpachHoro),
dbopMHpyeT MPU TOMOIMCTEUHWIIMPOBAHUU PA3HOPOHYIO TOIMYJISIUIO arperaToB
(Puc. 45). DnexTpoHHass MUKPOCKOMNUS TMOKa3alia, YTO FOMOIMCTEUHUINPOBAHUE
mpoBonupyeT (hopmMupoBaHue K-KazeMHOM (PUOPHIUT JUIMHOW B HECKOIBKO COTEH
HanometpoB (Puc. 46 I, ]JI), koTopble 3areM CKIOHHBI OOBEAMHITHCS U

dbopmMupoBaTh arperatbl JIUAMETPOM OT HECKOJIbKHUX COTEH HAHOMETPOB JI0

HECKOJIbKUX MUKpomeTpoB (Puc. 46 b, B).

Puc. 46. ®dnyopecuentnas (A) u osnektponHas (b-E) wmukpockonus
FOMOLMCTEHMHUIMPOBAHHOIO  K-Ka3eMHa  mociae  24-4yacoBOM  peakuuum ¢
romouucrenHtuonaktonom npu  37°C. A-JI - TrOMOUMCTEeHMHUJIMPOBAHHbBIE
npenaparsl, E - KOHTpOIbHBIN Ipenapar.
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B koHTponpHON mpoOe K-Ka3euH NPUCYTCTBYET B BHJE HEOOJBIINX
acconuaTtoB auamMeTpoM okosno 10-20 HM, YTO COOTBETCTBYET JaHHBIM,
MOJIYYEHHBIM C TIOMOIIBIO U3MEPEHUS TUAPOJUHAMUYECKOrO JUAMETPa METOJI0OM
JUIC. AmnamoruyHble 4YacTHUIbI Takke OOHApYyKHUBAIOTCS BOKPYT arperatoB B
rOMOIMCTEMHUIIMPOBAHHBIX MperapaTax, HO OHU HE CBSI3bIBAIOT THO(hIaBUH T.

Kak Obuio moxazano ¢ mnomompto Merona JUJIC wu  ¢ayopecueHTHOM
MUKPOCKOIIUHY, TOMOIIMCTENHUIIUPOBAaHNE [-Ka3enHa MPUBOAUT K (DOPMUPOBAHUIO
chepuueckux arperatoB jguamerpom 1-2  MxM. [-Kazeun ckioHeH K
caMOOpraHu3alud B MHUIEIUIBl  guameTpoM okoio 20 HM. C nOMOIIbIO
AJIEKTPOHHOM MHUKPOCKONUU MOXHO BHJAETh, 4YTO (OPMUPYIOUIUECS MpHU
TOMOLMCTEUHUIIMPOBAHUM c(hepruyeckue arperarbl cocTosT u3 muues (Puc.47 I).

[Tpu 5TOM B KOHTPOJIBHOM TTPOOE TaKKEe MPUCYTCTBYIOT MUIICILIIBI.

Puc. 47. ®nyopecuentnas (A) u onexkrponHas (b-E) mmxpockomms

FOMOLMCTEHUHUIIMPOBAaHHOrO  [-KkazenHa  mocie  24-4acoBOMl  peakuuu ¢
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romouucrenHTuonaktonom npu  37°C.  A-JI - TrOMOUMCTEHMHUJIMPOBAHHbBIE
npemnaparsl, E - KOHTpOJIbHBIN ITpenapar.

B cinydae aSl-kazemHa mo JaHHBIM CBeTOpaccesiHus U (pIyOpecUeHTHOM
MHUKPOCKOIIMM IPU TOMOLMCTEHHUIMPOBAHUU  (POpMUpPYIOTCA  chepuuecKue
arperatbl JIMamMeTpoM 1-2 MKM, OJHAKO MO PE3yJbTaTaM JJIEKTPOHHOU
mukpockonuu (Puc. 48) »Tm arperatsl MOTYT OBITH JIBYX BHUJOB, CIUIOIIHOW
ctpykrypel (I) u u3 gubpumio-nonobusix crpykryp (b, B, ). Ilockonbky
FOMOLMCTENHUIMPOBaHHbIA 0S1-Kka3emH He cBsA3bIBaeT creunduuecku KoHro

KpaCHBIﬁ, B OTJIMYUU OT K-Ka3€CWMHA, OAHO3HAYHO HHTCPIPCTHPOBATDH ITOJIYYCHHBIC

JAaHHBIC HC IIPEACTABIIACTCA BO3MOKHBIM.

Puc. 48. ®nyopecuentnas (A) u osnexrponHas (b-E) muxpockomnus
FOMOLIMCTEMHUIIMPOBAHHOTO  aS1-ka3emHa mocine 24-4acoBOW peakuud ¢
romonucreuHTuogakronom 1npu  37°C. A-JI - TrOMOUMCTEHMHWIMPOBAHHBIC
npenaparsl, E - KOHTpOJIbHBIN ITpenapar.
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Hecmotpst Ha TO, YTO TOMOIMCTEMHUIUPOBAaHUE OETIKOB OBUIO OOHAPYKEHO
Oosee pecsaTH JieT Ha3ajJd, MU B3aMMOCBS3b PAa3BUTHS psiia MAaTOJIOTUH C
MOBBIIIICHUEM KOHIIGHTPAIlMM TOMOILMCTEMHA ¥ TOMOILMCTEMHTHOJIAKTOHA HE
BBI3bIBAET CEPbE3HBIX BO3PAKEHUH, OJHAKO MOJIEKYJSIPHbIE MEXaHU3MBbI,
OPUBOASIINE K  IMATOJOTMYECKUM  M3MEHEHHSIM  OCTAlOTCAd  IPAKTUYECKU
HEM3BECTHBIMU. JIMIIb HEJAaBHO OBLIO MOKA3aHO, YTO TOMOLMCTECHHHINPOBAHUE
OOBIYHOTO  TJIOOYJISIpHOTO Oenka — OBIYBETrO CHIBOPOTOYHOTO albOyMHUHA — HE
TOJIBKO BBI3bIBAET €r0 arperamuio, Ho U MPUBOAUT K (POPMHUPOBAHUIO aMUIOUJIO-
NOJO0OHBIX CTPYKTYpP, OKa3bIBAKOIINX TOKCHYECKoe naeiicTBue Ha kieTku (Paoli ef
al., 2010). Oxnako Takoro poaa (OPMUPOBAHHME AMIIOUJHBIX CTPYKTYp W3
OOBIYHBIX OENKOB MPOMCXOAUT YPE3BbIYAHO MEIJIEHHO - B TEUEHHE HECKOJbKHX
JHEH M Jaxe Heaenb. B TedeHwe 3TOro BPEMEHM, €CTECTBEHHO, ITPOUCXOIMT
JIeHATypalys U YaCTUYHAsl arperamus UCXOAHbIX, HeMOAU(PUIIMPOBAHHBIX OEIKOB,
a TOMOLIMCTEMHWINPOBAHHBIE OCNKU CTUMYJHPYIOT 3TH MPOLECCHl W, BEPOSITHO,
JeNaloT ux Oojee YMNopsAOYEeHHBIMH, BBICTYIAas B KauyeCTBE «3aTPaBKW» A
dbopmupoBanust aMusiouaHbIX Gudpust. [lo cymiecTBy B 3ToM ciydae, gaxe MNpu
MOAU(PUKAIIIH HCXOIHO TJI00YJISIPHBIX OeJKOB, HaOrogaeTCs
TOMOIMCTEMHUIIMPOBAHUE PA3BEPHYTHIX (XOTs Obl YACTUYHO) OENKOB, a 3aJIeprKKa
C BO3HHKHOBEHHEM aMUJIOUTHBIX (QopM 00ycJOBIE€HA HEOOXOAUMOCTHIO

MPEIBAPUTEITLHOTO Pa3BOPAUYUBAHUS YIIOPSAOUYEHHON OEITKOBON CTPYKTYPHI

MOXHO TPEANONI0KUTh, YTO TOMOIMCTEHHUIUPOBAHUE OCIIKOB, KOTOPHIC
W3HAYaJbHO CKJIOHHBI K (DOPMHPOBAHUIO AMIJIOMIHBIX CTPYKTYp, a 3TO, Kak
MIPABUJIO, €CTECTBEHHO HECTPYKTYPHPOBAaHHBIE OCIKH, JOHKHO TPUBOAUTH K
0oJiee OBICTPBIM M TITYOOKHM M3MEHEHHUSIM MX CBOMCTB. B0o3M0XkHO, Momudukarus
MOXKET BBI3BIBaTh TaKXKe IOSBJCHUE Oojiee NPOuYHBIX (GuOpmur ¢ Ooiee
BBIPOKCHHBIMUA aMUJIOWIHBIMU CBOMCTBAMH, 3a CYET JOTOJHUTEIBHBIX CIITHBOK

,Z[I/ICYJ'IB(l)I/II[HBIMI/I CBA3SAMHU MCIKAY BKIIIOUYCHHBIMH OCTAaTKaMH I'OMOLIMCTCHUHA. Bce
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BBIICCKA3aHHOC IMOKAa3bIBACT, YTO AJIA U3YUCHUA POJIM TOMOIUCTCUHWINPOBAHUA B
N3MCHCHHH q)YHKHI/IOHaJIBHBIX CBOMCTB O€iIKOB HamboJyiee BaKHBIMH OOBEKTaMH

SIBJISIIOTCSI €CTECTBEHHO-HECTPYKTYPUPOBAHHBIC OCIIKH.

B npencraBnenHoil paboTe Mbl MPOBENIH CPAaBHUTEIBHOE HCCIIEIOBAHHE
0COOEHHOCTEH TOMOIMCTCHHWJIMPOBAHUS TPEX THUIIOB MOJIOYHBIX Ka3eWHOB, TaK
KaKk, C OJHOW CTOPOHBI, OHH BC€ O00JagalT OOIMPHBIMH YYaCTKAMU
HEYTIOPSAOUYCHHON CTPYKTYPHI, & C IPYTO, UMEIOT CIelu(uIecKrue 0COOCHHOCTH.
Tak, K-ka3ewHBl CKJIOHHBI K JUMEpHU3aluu Ojarojaps TPHUCYTCTBUIO JBYX
OCTaTKOB IMCTEMHAa, a B JPYrUX Ka3euHax CyJb(QTruIpuibHble TPYyMIbI
OTCYTCTBYIOT. [-Ka3eWHbI (DOPMUPYIOT MHIICIUIBI, B OTJIMYHME OT ABYX APYTHX
tunoB kazenHoB (Horne, 2002). Kpome Toro, ka3erHbl OTIIMYAKOTCS 1O CTEIEHU
ruipopoOHOCTH M TMOCT-TPAHCISAUMUOHHBIM MojudukanusM.  CpaBHUTEIbHBIN
aHAJIM3  PA3MMYHBIX  KA3€WHOB  IIO3BOJISIET  COMOCTAaBHUTH  IOCJICACTBUS
TOMOITUCTEMHUIIUPOBAHUS C OCOOCHHOCTSMU TPEX TUIIOB HECTPYKTYPHUPOBAHHBIX

OEJIKOB.

B nameii pabore Ob110 TTOKa3aHO, YTO TOMOIIMCTEHHWIMPOBAHHUE K-Ka3eHHa
MPUBOJUT K €0 arperanuu 1 K (POpMUPOBAHUIO aMUJIOMAHBIX CTPYKTYp. Paszmepsl
00pa3yroNIMXCsl arperaTtoB CiIoKHO omnpeaennth meroaom JJIC m3-3a BbICOKOH
IreTEPOreHHOCTH  O0pasylomencss  CMeCH, a  HM3MEHEHUS  Pa3IudyHbIX
(bIyopeceHTHBIX TapaMeTPOB K-Ka3eWHa HE CTOJb BBIPAKEHBI, KaK JJIS JAPYTHUX
Ka3€UHOB. DTO, BEPOSATHO, CBSI3aHO C TEM, UYTO OJIUTOMEPU3AIUS KOHTPOJIBHOTO K-
Ka3ernHa 3a cueT 00pa3oBaHMs AUCYJIbGUIHBIX CBA3EH MEXKIY €ro COOCTBEHHBIMU
OCTAaTKaMH ITUCTEHHA BBI3BIBACT TaKME M3MEHEHUs (DITyOPECIIEHTHBIX apaMeTpPOB,
Ha (POHE KOTOPBIX TPYJIHO OIEHUTHh BKJIAJl TOMOITMCTEHHHJIMpOBaHUS. (OHAKO,
TOJILKO TIPU B3aUMOJICHCTBUU C arperMpOBaHHBIM TOMOIMCTCUHWIMPOBAHHBIM K-
KAa3€MHOM TMOSIBJISIOTCS BbIPAXKEHHbIE H3MEHEHMs crekTpa KoHro kpacHoro —

cABUT NuKa noryomeHust ot 498 1o 540 HM, KOTOPBIA XapaKTEPEH AJIsl KPACUTEIS,
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CBS3aHHOTO C aMHWJIOJHBIMH (puOpmiamMu. DTH pe3yJabTaThl MOATBEPXKIAIOTCS
HaOMOAeHUSIMU O (OPMUPOBAHMM JOCTATOYHO KPYIHBIX ACHUMMETPUYHBIX
arperaToB, B3auMOAeHCTBYOIMX ¢ THOGIaBUHOM T, 10 JaHHBIM (PITyOopeceHTHON
MHUKpPOCKONUU. MOXXHO NpPEaNnoNoKUTh, YTO B OCHOBHOM OCOOEHHOCTHU
(dopMupoBaHus AMUJIOUHBIX CTPYKTYP K-Ka3€MHOM pu
TOMOLMCTENHUIIMPOBAHUN OOYCJIOBJIEHBl NPHUCYTCTBUEM B HEM COOCTBEHHBIX
OCTaTKOB IIUCTEMHA, OOpa3oBaHHME AUCYIbGUIAHBIX CBS3€H MEXIY KOTOPBIMU
co3fiaet 0oJsiee ynopsI0YEHHbIE CTPYKTYPhI, UEM MPHU CIIy4aliHOM B3aUMOJICUCTBUU
MEXIy CyIb(PrupuabHBIMU TPYIIAaMU BBEACHHBIX MPH MOAU(DUKAIIMH OCTATKOB

OUCTCHUHA.

NHoe moBeneHne nmpu roMOIIMCTEUHIIIMPOBAHUYN XapaKTepHO I - u aS1-
KazemHOB.  XOTsA o00a  TUMAa  Ka3eMHOB  arperupyroT B Mpolecce
TOMOIIMCTEHHUIIUPOBAHUS ¢ 00pa30oBaHUEM KPYITHBIX YACTHII, pa3MepPOM OKOJo 1
MUKpPOHA, OJJHAKO MPU dTOM He 00pasyeTrcs aMUIOUIHBIX (GuOpMLI, 001anaromX
CIIOCOOHOCTBIO M3MEHSITh CIEKTphl Toriomenus KoHro kpacHoro, wiu
00pa3oBBIBATH BBIABISIEMBIE C TOMOIIBIO (DIIYOPECIIEHTHOW W DJICKTPOHHOU
MUKpPOCKOIIUU CTPYKTYphl. B o00oux ciyyasx o0pa3yroTcsi CHUMMETpPUYHbBIC
chepuueckue 4acTUllbl CXOAHOTO quameTpa (1-2 MukpoHa), B3aUMOJICUCTBYIOILINE
¢ ¢uyopecuentasiM Kpacutenem TtuoduaBuHom T (THT). [ns obomx ka3zenHOB
nocjie  TOMOLMCTEMHWIMPOBAHUS  XapaKTepHO 3HAYUTEIBHOE  YBEJIMYCHUE
CIOCOOHOCTH B3aMMOJEHCTBOBAaTh C QuiyopecteHTHBIMU Kkpacutemsimu (THT u
ANS) u wu3MeHATh uX (IIyOpPECIIEHTHBIC XapaKTePUCTUKH.  OTH JIaHHBIC
YKa3bIBaIOT Ha  YBEJIWYCHUE COJCpPKAHMS  [-CKIAq4aThlX CTPYKTYyp B
00pa3yIomuxcsl arperarax, Ho He MO3BOJSIOT CJieJaTh BBIBOJ O (hOPMHUPOBAHUU
aMUTOUAHBIX GUOpWLT (B OTIMYME OT CHUTyallud C Kk-kKazenHoM). Cremyer
OTMETHTh, YTO 3aBUCUMOCTh J(PGEKTHBHOCTH arperamui OT KOHIICHTPAIluU

100aBIIEHHOTO TOMOIIMCTENHTHOIAKTOHA HMEET CKaukooOpa3HbIii xapakrep. [lpu
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HU3KOM CTeneHu MOAM(UKALMK arperaTbl MPaKTUYECKH HE O00pasyroTcs, a HX
dbopmupoBaHue MpoucxoAuT npu godapieHun 100-kpaTHOro M30BITKA peareHTa.
[Ipu TakoM wu30bITKE peareHTa B [}-Ka3eMH BKJIO4aeTcss okosno 1,4 wmouei
TOMOIIMCTEHHA Ha MOJb Oenka. O4eBHJIHO, YTO B 3TOM Cllydae XOTs Obl 4acTb
MOJIEKYJl ~HMMEeT JB€ CyJIb(OruApWibHbIE TPYIIbl, HEOOXOAUMBIC A
dbopMupoBaHUA ITUMEPOB, a MOCJIEAYIOIas arperamnus MPOMCXOAUT KakK 3a CUeT
BO3HMKHOBEHUS B3aMMOJICUCTBUI MEXTy TUAPO(DOOHBIME caliTaMu Ka3eMHOB, TaK
U 3a CYeT JOIMOJHUTENbHbIX JUCYJIb(DPUIHBIX CBA3EH MEXKIYy MOJIEKyJaMHu,
MOIU(ULIMPOBAHHBIMU OoJiee 4YeM Mo ABYM ocrtaTkaMm. OueBHIHO, YTO MO
MOSIBJICHUSI XOTS Obl y YacTH MOJIEKYJ Ka3eMHa JBYX OCTaTKOB T'OMOIIMCTEHHA

HUKaKOM arperaigv HE IpOUCXOOUNT.

[IpakTH4YeCKH €OUHCTBEHHBIM OTIMYUEM MEXAY ABYMS THUIAMU Ka3€HMHOB
ABIICTCS  BBIPAKEHHOE M3MEHEHHE TMOcie MOAu(UKauuu  COOCTBEHHOM
¢ryopecueHIM y B-Ka3erMHa U OTCYTCTBUE TaKOI0 U3MEHEHHUA y aS1-Ka3enHa, 4To
CKOpee yKa3bIBaeT Ha CTPYKTYPHbIE OCOOCHHOCTH JIBYX OCJIKOB, 4eM Ha 3(PeKThl
roMourcTenHuanpoBanus. CielyeT 0JHaKO 3aMETHTh, YTO HECMOTPS HA TO, YTO B
ciydyae PB- u aSl-kazeMHOB He yJaeTcss OOHAPYKUTh SBHBIX aMUJIOUIHBIX
¢ubpuin, oagHako oOpasyroluecs arperarbl  00JaJal0T OY€Hb BBICOKOMN
ctabmibHOCTRIO.  [Ipocto  paspymenue  aucynb@uAHBIX  CBsi3ed  [3-
MEpPKAaNTO3TAHOJIOM HE  NPUBOAUT  JE3UHTErpAllMM  arperaroB, Kak H
UCIIONb30Banue 6 M ryaHuIuHruApoxiaopuaa. TOJIBKO KHIISTYEHUE arperaroB B
NPUCYTCTBUM  BBICOKMX KOHIEHTpALMM JeTepreHta u [-MepKanTodTaHoJia
IPUBOJUT K TMOSBICHUIO MOHOMEPHBIX (DOPM, OJJHAKO AK€ B TaKUX YCJIOBHSIX HE
yAaeTcsl JOCTUTHYTh MOJHOTO pa3pylLIeHHUs arperaroB. JTO I0O3BOJISET CAENIATh
BBIBO/I, YTO YCTOMYMBBIE arperaTbl FTOMOLIMCTEHUIIMPOBAHHBIX Ka3€MHOB XOTS U HE
AT aMWJIOUMJHBIX (UOpWIUT (32 MCKIIOYEHUEM K-Ka3eMHOB) OJHAKO OHHU

CITOCOOHBI K (hOPMUPOBAHUIO aMUJIOUIOTIOI0OHBIX CTPYKTYP.
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MBI TakKe TMOMBITAINCH YCTAHOBHUTH, BIHSET JH CyOMOJEKYyJsIpHAS
OpraHu3alMs CCTCCTBEHHO-PA3BEPHYTHIX OCIKOB Ha 3¢ (PEeKTUBHOCTL U
MOCJICJICTBUS. TOMOIMCTEHHUIUPOBaHus. CpaBHEHUE JBYX THIIOB Ka3eWHOB —
GbopMUPYIOIIET0 MHUIICIIIBI -Ka3eMHa WU HECIMOCOOHOro K MHISUIM3anuu oS1-
Ka3eMHa — HE TMO3BOJIMJIO BBISBUTH KaKOH-JIMOO 3aKOHOMEPHOCTH IIpHU
MUIIETUPOBAHINI MOHOMEPHBIX U MUIISIUIIPHBIX ()OPM KAa3eMHOB. XOTS CpPaBHEHUE
MOAU(MUKAIIUK MOHOMEpa HM MHICIUT [-Ka3ermHa OCJOXKHSICTCS BIHUSHUEM
TEMIIepaTypbl HE TOJHLKO Ha MHICIUIM3aUI0, HO © Ha A(OPEKTUBHOCTH
MOIU(UKAIMK, OJHAKO JTOMOJIHCHHUE ATUX NAaHHBIX pe3yibTaTaMu Moaudukanuu
oS 1-Ka3erHOB MO3BOJISIET CACNIATh BBIBO, YTO (JOPMUPOBAHUE MUIIEIUT HE BIUSACT
Ha CBOKMCTBa OOpa3yIONIMXCS arperatoB. BeposTHO, TOMOIMCTCHHHINPOBAHUIO
MOJABEPralOTCS B OCHOBHOM MOHOMEpPHBIC (DOPMBI Ka3eMHOB, TaK Kak
MOJIM(UKAIHMS Ka3eHMHOB B COCTABE MUIICIUT MOXKET OBITh 3aTpyJHEHa (OCOOCHHO
OCTaTKOB JIM3WHA, KOTOPHIC JIOKAJIM30BaHbl THAPOPOOHBIX caiiTax) wu3-3a
CTEPUYCCKHUX MPEMATCTBHN W pacrpeeicHuss MOAU(PUIMPYIOMIETO areHTa MEXIy

ruapoduibHO ¥ TuApodoOHOM hazamu.

OTHnenbHOTO  PACCMOTPEHHUS  3aCHY)KHBAIOT  JKCIEPUMEHTHI C  TaK
Ha3bIBACMbIM MHyCTPHAIBHBIM Ka3€MHOM, KOTOPBIH IO CYIIECTBY MPEACTABIISCT
coboit  cmech PB- u  K-kazenHoB.  DmyopecieHTHbIE  MapaMeTphbl
TOMOILIMCTCHHUIIMPOBAHHOTO HHAYCTPUAIBHOTO Ka3eWHa IMPEICTABIISIOT COOOM
CpelHee 3HAuCHUE MEXKIY IapaMeTpaMH HW30JIMPOBAHHBIX Ka3eHMHOB. OIHAKO
oOpasyromiuecss arperatbl 0O0JIaJal0T CBOWCTBAMH, OTJIMYHBIMH OT CBOMCTB
UCXOIHBIX Ka3eWHOB. Tak MpH TOMOIMCTCHHUIMPOBAHUM HWHIYCTPUATBHOTO
Ka3eHHa yJIaeTCsi OOHAPYKUTh JIOCTATOYHO CTAOWIIBHBIC arperatbl OTHOCHUTEIHHO
HeOonbioro pasmepa (Puc. 39), omiuuarommecs OT KpPYIHHBIX arperaToB
MOIU(UIMPOBAHHBIX - 1 aS1-ka3enHOB. [[MTenbHas UX UHKYOAIUs PUBOINT K

(I)OpMI/IpOBaHI/IIO ACUMMCTPHUYHBIX arp€raroB, 4YTO YKa3bIBA€CT Ha TO, 4YTO
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no0aBliecHHE CKJIOHHOTO K aMHJIOWIHM3AIMU K-Ka3eWHa CYIIECTBEHHO H3MEHSET
CBOMCTBA arperatoB. DTO HAaOIIOJCHUE PEICTABISAECTCS HAM JOCTATOYHO BAXKHBIM,
TaK OHO YKa3bIBAa€T HAa BO3MOYXHOCTH HANPABJICHHOTO BO3JICHCTBUS Ha IMPOIECCHI
dbopMHupoOBaHUS ~ arperaroB  MyTeM  J00aBICHUS K  WHIUBUIYyAIBHOMY
TOMOIMCTEMHUIIMPOBAHHOMY O€JIKY JPYroro rnapTHepa ¢ 3aJaHHbIMU CBONCTBAMHU.
Tak, B ciydyae no6aBieHus K -Ka3eHHy K-Ka3enHa OMPEACIISIONIUM MOKET OBITh
CIIOCOOHOCTH TIOCIIETHETO OOpa30BBIBATH OJIMTOMEPHI HE TOJBKO 3a CUeT
TOMOIMCTCHHUIIMPOBAHUS, HO M Oiarofaps HaJU4YHIO COOCTBEHHBIX IHCTEHHOBBIX
ocTatkoB. McciemoBaHne Takoro poja TMPOIECCOB BAXKHO IS TMOHUMAaHUS
MEXaHU3MOB BO3HMKHOBEHHS aMUJIOMJIHBIX CTPYKTYp B KIIE€TKaX, KOTOPOE
MPOUCXOAUT TIPH TIyTEM BOBJEYCHUS B arperamdi0 HE TOJIbKO CaMHX
aMUJIOUJIOTEHHBIX OelIKOB (PB-aMuiionia, CUHYKJIEHHA, MPUOHOB), HO U OOBIYHBIX
KJIETOUHBIX O€JKOB (OCOOEGHHO TE€X, KOTOPbIE COJEP:KaT OOJBIIOE KOJIMYECTBO
CyTb(PTUIPUIBHBIX TPYII). MBI INITAHUPYEM MPOAOKUTh JaHHBIC UCCIICIOBAHUS C
UCIIOJIb30BAaHUEM TOJIYYCHHBIX HAaMU pEKOMOMHATHBIX (opMm [-ka3euHa,
coJiepKaliX BKJIIOYCHHBIC B PA3IUYHBIX TOJOKCHHSIX OCTaTKW ITUCTEWHA, IS
TOTO 4YTOOBI MOAPOOHO W3YYUTh BKJIAJ OOpa3oBaHUS  JIOMOJHUTEIBHBIX
TUCYIbQUAHBIX CBSI3€M, a Takke JUMEpPU3alMh Ka3eMHOB, HA MPOIECCHI
dbopMHUpPOBaHUS AMIJIOUIAHBIX CTPYKTYpP TIPH TOMOIMCTCHHIIMPOBAHUU. ITO
MO3BOJIUT KaK CO3/1aTh MOJCIHU JJIsl M3yUYCHHs] aMIJIOUOTEeHEe3a, TaK U MOJIONTH K
HAIPaBJICHHOMY TIIOMCKY COCIWHEHWW, TMPENITCTBYIOMUX  (HOPMUPOBAHUIO

aMUJIOUIAHBIX CTPYKTYP.

Kpome Toro, Tak kKak W3BECTHO, YTO B KOPOBHEM MOJIOKE U CHIBOPOTKE
MOJIOKa COJIEPKATCSI MUKPOMOJISIPHBIC KOHIIEHTPAIIMH T'OMOITMCTCHHIIIMPOBAHHBIX
oenxoB (Jakubowski et al., 2008), To oueBHAHO, YTO Takass MOAUPUKAIIASI MOKET
UMETh Ba)XXHOE 3HAYCHUE ISl PETYJSIUA TIOTPEOUTEIIbCKUX CBOWCTB MOJIOKA

(cTaOUIBHOCTH ~ OMYJBCUOHHBIX  CBOMCTB TMPU  XPaHEHUH, OCOOECHHOCTH
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CTBOpaXKHUBaHUS, 3(PGHEKTUBHOCTh OTACICHUH CBHIBOPOTKHM H T.J1.). TaKxke,
MCCIIEIOBAHUE TOMOLMCTEUHUIIMPOBAHUS OTACIBbHBIX KAa3eMHOB M HX CMeceu
HEO0OXOIMMO TaKXe JIJIsl MOJYyYSHUST MOIU(PUIIMPOBAHHBIX MOJOYHBIX MTPOJAYKTOB C
IIOMOIIBIO TTOJYYEHHBIX HAMU I'€HHO-WH)KCHEPHBIX KAa3€MHOB, BIMSIOLIMX HA HX

arperaifmoOHHOC COCTOAHUC.
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CyMMupysi Bc€ BBIIIECKa3aHHOE, 110 TIOCBSIIEHHOW HCCIIEJOBAHUIO

arperaiiu Ka3¢MHOB YaCTHU pa6OTBI MOJXHO PE3IOMUPOBATL:

1.

MyTanTsl -kazenHa co BcTaBkaMu nuctenHa Ha N- u C-koHuax o0agaror
CKIIOHHOCTBIO K aumepusanuu, npuuem C-xkoHueBoi wmyrtant C208
nuMepusyeTcs Jierdye N-KOHIIEBOTO.

Jumepuzanus C-KOHIIEBOIO MyTaHTa NPUBOAUT K CHUXKEHHUIO TEMIIEpaTypbl
MULIECITU3aUU.

[TonydyenHble MyTaHTBl TIPU HU3KUX TeMIepaTypax JIEMOHCTPUPYIOT
HEOOJBIIOE MepepacipeieieHue CTPYKTYPUPOBAHHBIX YUYaCTKOB B CTOPOHY
YBEIIMYEHHUS OL-CITUPATICH.

JluMepuzanys HE OKa3blBaeT 3HAYMUTENIBHOTO BIMSHUS Ha CKOPOCTh
IPOTEOJIM3a Ka3eMHa TPUIICUHOM U METICUHOM.

Jumep C208 obmnamaeT Hambosiee THAPOPMIHBHBIMU CBONCTBAMH, JaXKE IO
CpaBHEHUIO ¢ (HOCHOPHUINPOBAHHBIM HATUBHBIM [3-Ka3€MHOM.

Mytanthaeie dopmel C4 u C4-208 nemoHCTpHpyrOT Oosiee TuApodoOHBIC
CBOMCTBA B CPAaBHEHUU C HATUBHBIM [3-Ka3€MTHOM U JUKUM THUIIOM.
['oMorucTenHUIMpPOBaHEe HATUBHBIX KAa3€MHOB MPUBOIUT K 0OPa30BaHUIO
KPYIIHBIX arperaTtoB pasMepom 2-3 HM, CHMMETPHYHBIX YaCTHUL IPABUIbHOMN
chepuueckoit popmer B ciydae aS1- u [-Ka3eMHOB, © HECHMMETPHYHBIX
PA3HOPOJIHBIX arperaToB, COCTOSIIUX U3 aMUJIOUIHBIX (GUOPWILI, B Cllydae
K-Ka3eHnHa.

['oMoucTeMHUIMPOBAHUE HATUBHBIX KA3€MHOB MPUBOJUT K BKIIOUEHHUIO B
cpenHeMm 1,5 ocCTaTkoB TOMOIMCTEMHA B COCTaB Oejika, YTO MPUBOAUT
00pa30BaHMIO AUCYIb(UIHBIX CHIMBOK MEXKIY MOJIEKYJIaMH OeJKa.

JI1s1 Ka3eMHOB MOCJE TOMOIMCTEUHUIMPOBAHUS XapaKTEPHO 3HAYUTEIbHOE
YBEJIMYEHHE CIOCOOHOCTH B3aUMOJECHCTBOBaTh C  (IyOpecleHTHBIMU
kpacurensimu  (THT w  ANS) u wusMeHaTp uX (QIIyopecueHTHbIE
XapaKTEPUCTHUKHU, YTO YKA3bIBAET HA U3BMEHEHUE UX CTPYKTYPBHI.
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10.

11.

12.

Munemnuszanus [(-ka3erMHa HE OKAa3bIBAa€T CYLUIECTBEHHOI'O BIIMSHHSA Ha
xapakTep U 3QPEeKTUBHOCTH TOMOLUUCTEUHUITNPOBAHUSI.
['OMOLMCTENMHUIUPOBAHHBIA ~ K-Ka3€MH  BbI3bIBACT  cHenupuyeckue
U3MEHEHHUsI CHEKTpoB mnorjomeHuss KoHro kpacHoro, xapakTepHbIE ist
AMUJIOUJIHBIX CTPYKTYP.

['oMoLMCTENHUIMPOBAHNE HWHAYCTPUAIBHOIO [-Ka3eHHa, COJEPKAILEro
IpuMech  K-Ka3euHa, I[PUBOJUT K  TOJYYEHUIO  arperaroB ¢

IIPOMEKYTOYHBIMU CBOMCTBAMH.
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H3yuenue azpezayuu npuona
Tonyuenue u evioenenue peKoOMOUHAHMHO20 068e4be20 NPUOHA

[Tpu sxcnpeccuu B E. coli mpuoH NposiBiseT CBOIO CKIOHHOCTb K arperaiuu
Y HaKaIlJIMBAeTCsl B HEPACTBOPUMBIX TejlaX BKIIIOUEHUS, MOATOMY HE0O0XoauMma
craausa npenoynctku. Ha 3ToM  cragum  Tena  BKIKOYEHHUS  OCAXKAaIU
neHTpudyrupoBanueM W comroOunm3upoBayii B 6 M pactBOpe
TYaHHJIUHTHApOXJIOpUaAa. B pesynprate momydaercss ¢Gpakmus, 3HAYUTEIHHO
oborareHHass PEKOMOMHAHTHBIM TPHOHOM H COJIepXKalas BHYTPHUKJICTOYHBIC
[MUTOIUIA3MATUYECKHE O€JIKW B  HEOOJBIIOM  KoJmdecTBe. Hamuume B
PEKOMOMHAHTHOW TOCE0BATEIIBHOCTH TUCTUAMH-O00raToro y4acTka ITO3BOJISIET
OYHMCTUTHL OEJIOK B OJHY CTaJWI0 Ha KOJOHKE C XeJaTupyrolmei cedaposoi,
naceimenHoit nonamu Ni (*1) (Rezaei et al., 2000).

Ha npodwute smromuu, moaydeHHOM IPH U3MEPEHUH ONTHYSCKOM TUIOTHOCTH
npu 280 HM, MOXHO BHAETh OCHOBHOW muK (Puc. 49, oTMeuyeHO CTpEeKoil).
Anamu3 ¢ nomouipto JICH-anektpodopesa noarBepamn, utro 3Ta (ppaxuus
COOTBETCTBYET PEKOMOMHAHTHOMY IIPUOHY.

OueHb BakHO COOJIIONATH MPABUJIBHBIC YCJIOBUS XpaHEHUS MOJYyYEHHOTO
Oenka, T.K. OH 00JlajaeT O4YeHb CHUJILHON IPEAPACIIOIOKEHHOCTHIO K arperau,
MIOATOMY HE PEKOMEHAYETCSl 3aMOPaKUBAHHUE.

Brixoa u3 ogHOro nurpa GakTepuallbHOW KYJIbTYpPhl B CPEIHEM COCTABJISICT
20 mr. Hamu Obumm skcnpeccupoBanbl U ounineHsl Bapuantel PrP ARR u PrP

VRQ.
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Puc. 49. Ilpoduns smromuu npu xpomaTorpadudecKoil OUUCTKE MPUOHA U3
OaKTepuaNTbHOTO JIN3aTa

@pakuusi, coaepxkalias pa3BEpPHYTHIM OEJIOK IOCJIE H3BICYEHHUS W3 Tel
BKJIIOUEHUS, OblJlTa HAHECEHAa Ha KOJOHKY C Xenartupymomen cedaposoit (20 mi),
HACBHIIIICHHYI0O MOHAMHU HUKEJS U ypaBHOBelleHHYI0 Oydepom A (20 MM Tpuc-
HCI, 0,5 M NaCl, 10 MM umupgazon, 8 M moueBuna, pH 7,4). Ilocne smronuu
(bpakuuy HeCBsA3aBIIMXCS OEJIKOB KOJOHKY IpoMbiBaiu 0ypepom B (20 MM Tpuc-
HCI, 0,3 M NaCl, 20 MM umunazon, pH 7,4) nns nas yaajieHuss MOYEBUHBI U
BOCCTaHOBJICHHSI CTPYKTYpPBI MpUOHA. Dtouuio npousBoauiu 6ypepom C (1 M
umuazolt, pH 7,4) npu KOMHATHOM TeMmIiepaType.
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Cnenyer OTMETHTh HCKIIOUHUTEIBHYI0 BaXXHOCTh IIOJIHOM pereHepaluu
KOJIOHKHU TIOCJI€ €€ MCII0JIb30BaHUsl (BKJIIOUYAIOLIYIO YAAJCHUE HUKENS, OTMbIBAHHUE
IM NaOH, HOBO€ HachIllIEHHE HUKEJIEM) M HCIOJIb30BAHUSI PEAKTUBOB BBICOKOM
YUCTOTHI, 0€3 MpuMeceil MeTaljioB, T.K., B MPOTHUBHOM Cly4yae, HE MPOUCXOIUT
CBsI3bIBaHUE O€JIKa C HOCUTENEM, U O€JOK MPAaKTHUYECKU LIETUKOM IOSBISETCS BO
dpakiuy HecBsi3aBUIMXCA OenkoB. Takke HEKeTaTeNbHO HCIONb30BAHHE METU
BMECTO HHKENIs, T.K. MeIb 00JaAaeT OONbIIMM CpPOJCTBOM K IPHOHY, Ye€M K
rpymnmnam HOCUTENIS, U JlajbHeiiee n3dapneHue 0eika OT CBI3aHHON MeIU KpaiiHe

3aTpyAHEHO.

HUccneoosanue mepmoazcpezauuu npuoHa, noJiyueHue u xapakmepuauui

CBOUCHE MATIBIX NAMOI0CUUECKUX ojltuecomepos

N3BecTHO, uTO MONMMOPGU3M OBEYBETO MpUOHA B nmo3unusax 136, 154 u 171
MPOSABIIAETCS B PA3JUYHOM — TOBBIICHHOW WJIM IOHWXEHHOW YCTOMYMBOCTHU K
CKPOWIIH.

I 136 154 171 .

puon VRQ (Val ™, Arg ™", Gln ') BapuaHT siBJIsIeTCS HauOojee CKpenIm-

136 154 171
, Arg ~", Arg ") nposBiseT

YyBCTBUTENbHBIM, TOra Kak amuienb PrP ARR (Ala
YCTOMYUBOCTH K 3TOM OO0JIE3HHU.

bbulo moka3aHO, 4YTO MNPUOH CHOCOOEH K O00pa3oBaHUIO CTAOMJIBHBIX
PacTBOPUMBIX AMUJIOMIOTEHHBIX HHTEpMEAUATOB B ycioBusax pH< 4,5 u pH> 6,0,
OpUYEM TaKHE Majble OJUIOMEpbl OO0JIaJal0T MOBBIIIEHHON HH(EKIHUOHHOCTHIO
(Rezaei et al., 2002, Rezaei et al., 2005, Simoneau et al., 2007).

B nannHoli wactu pabOTHl MBI MOMBITAINCH UCCIEAOBATh, MO KAaKOMY MyTH

UJET arperanus B ciiydae TepMooOpabOTKH, B3aUMOACUCTBUS C PoCPOIUTIUIaMHU,

a TaKXke Npu 00pa30BaHUM AUCYIb(UIHBIX CBSI3€H TPU TOMOIIMCTEMHUIMPOBAHUU.
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JUis aHanmM3a MOJy4YaeMbIX OJUMIOMEPOB HCHOJB30BAIA METOJ Tellb-
bunsrpanuu (BXX).

Ha Puc. 50 npencraBneHsl pe3ynbTaThl MOTYYEHUS] MaJIbIX arperatoB JJis
CKPOUTIU-YCTOWYMBOTO U CKPIUIHU-TIOJABEP)KEHHOTO BAPUAHTOB OEIKOB B KHUCIIOU
cpene. W3BecTHO, YTO mpu Takoil 00pabOTKE JTOJKHBI OOPa30BBIBATHCS
IPOMEKYTOUHBIE MaJIble OJIMroMepsbl 1ByX THNOB (Rezaei ef al., 2005).

JlanHbiii MeTos 00J1ajaeT XOpOIIO M3YYEHHOM BOCHPOW3BOJAUMOCTHIO TIPH
HEUTpaJIbHbIX 3HaueHusxX pH, Torga kak B HalleM cilydae HEOOXOJIUMO padboTaTh
opu 3HauuTenbHO Oosyee kucinou cpene — pH 3,4. K coxkaneHuro, B JaHHBIX
YCJIOBUSIX MPOUCXOAMUT B3aUMOJCHCTBUE OEJIKOB-CTaHJIAPTOB C HOCUTENEM, JIMOO
*e 3TH OEJKH HEIOCTAaTOYHO CTAOWJIbHBI, MOTOMY YETKas 3aBUCHUMOCTb MEXKIY
00bEMOM DIIIOIMU M MOJEKYJISIPHOW Maccol He OOHapy>KMBaeTcs, YTO HE
MO3BOJISIET MMOCTPOUTH KaTUOPOBOUYHYIO KPUBYIO U OLIEHUTh MOJIEKYJISIPHYIO Maccy
MOJIyYEHHBIX arperaTos.

OpnHako, U3 TaHHOTO PUCYHKA BHUJIHO, YTO IIPY PaBHOM BPEMEHM HarpeBaHMUsI
ckpeinu ycrtoiluuBblii BapuaHT ARR Obictpee oOpasyer Oosee KpynHbIe
OJINTOMEPBI, UEM CKpEeHIU-noaBepxeHHbI VRQ.

C nomouipto mMetona JIC MOXHO BUIETh, YTO pa3MeEpPbl arperatoB Ipu
TaKOM HarpeBaHuUU COCTaBIAOT okosio 16 u 33 um (Puc. 51), torga xak npu
bopMHUpPOBaHUN TPOMEKYTOUHBIX OJIMTOMEPOB B CIAOOIICTIOYHON Cpesie pa3Mmep
COCTaBJISIET 7,5 HM.

Kak yxe ObuUIO CKa3aHO, OJHUM H3 METOJOB, CBUIETEIHCTBYIOIIHX 00
aMUJIOUJIOTEHHOCTH Oenka, siBiisieTcs (hayopecueHIus cBa3aHHoro tuodaasuna T.
Ha Puc. 52 MOXHO BUIETh, YTO TEPMOATPErUPOBAHHBIE MAJIbIE OJIUTOMEPHI IPUOHA

CBSI3bIBAIOT THOGIaBHH T M BBI3BIBAIOT €0 (PIIyOPECIICHIIHIO.
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50. Ilpodumm smronmu BapuantoB ARR (cmeBa) m VRQ (cmpasa)

npuoHa Ha kojoHke TSK 3000SW (I'enb-punbrpanus, BOXKX).

Hcnonb3oBanu pactBop Oenka ¢ kouuentparuedn 0.5 mr/man B 20 MM

HaTpuii-uiutpatHoM Oydepe, pH 3,4. Harpepanu npu Temmneparype 60°C B TeueHue

30 MHH, KOHTPOJIb ITOKA3aH YEPHBIM LIBETOM, arperarsl - KPaCHBIM.
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Puc. 51. T'mapoamHamMuyeckuid AuMaMETp MaJIbIX OJUMIOMEpPOB IPUOHA
(BapumanT VRQ), moiydyeHHBIX C TOMOIIBIO TepMmoarperauuv B Kuciouh (A) u
HertpansHol (b) cpene.

A - 40 mxM npuon B 20 MM uutpatHom Oydepe, pH 3,4, narpeBasiiu B
teueHne 15 munyT npu 60 u 90°C.

b - 40 MmxM npuon B 20 MM MOPS 6ydepe, pH 7,2, narpeBanu B TeUeHUE
60 munyT mipu 65°C.
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Puc. 52. Cnekrpol dayopecuennuu TuodiaBuaa T (B YCIOBHBIX €IMHHIIAX )
JUIsl  HaTUBHOTO (TyHKTUPHAs JIMHUS) W TEPMOArperupoBaHHOIO IPHOHA

(crutoIHAs TUHHUS).

60 MxM npuon (BapuanT VRQ) B 20MM MOPS 6ydepe, pH 7,2, HarpeBanu
npu 65°C B TeUeHUHU yaca.
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9ﬂeKmp0HHa}Z MUKPDOCKONUA azpecanios npuoHa

JUis  aHanmu3a CTPYKTYypbl TIOJYYEHHBIX MPU HAarpeBaHUU arperaToB
UCIIOJIb30BAIM TPAHCMHUCCUOHHYIO 3JIEKTPOHHYI0 MHKpOCKONHWI0. B maHHOM
cilyyae npoBoAwIM 00padoTKy Oenka npu temmneparype 90°C B TedeHuu yaca.

IIpy wuUCHONB30BaHUM TPAHCMUCCUOHHOM JJIEKTPOHHOM MUMKPOCKOIIUU
MO’KHO BHJIETh HECTPYKTYPHUPOBAHHYIO O€JIKOBYIO CE€Th, MPUYEM HE3aBHCHUMO OT
METO/Ia KOHTpacTupoBaHHs: 0e3 KoHTpactupoBanus (Puc. 53A), ¢ momomibro
KOHTpacTupoBanus pochoonbdpamonoii kucnoror (Puc. 53b) u amerara ypana
(Puc. 53B). luamerp HaOt0aeMbIX HEOPraHW30BAaHHBIX (UOPUIT COCTaBISET
okosio 50 um (Puc. 53). B ciayuyae KOHTpacTUpOBaHHUS al€TaTOM ypaHa MOKHO
BUJIETh OTJIEJIbHBIE arperaTbl pa3mMepoM Takxke okosno 50 HM. Takum oOpasom,
MO>KHO MPEANOJI0KUTD, YTO CETh 00pa3yeTcs U3 TAKUX arperaros.

[loka3aTesbHO, YTO AaTOMHO-CHUJIOBasi MMKPOCKONMS Jajna CXOJHBIE
pesyabrarel (Puc. 54). Takke MOXXHO BHJAETh CETh (PUOPHILT JUAMETPOM OKOJIO
100 HM, 4TO HECKOJIBKO OOJIbIIIEe TUaMeTpa HaOJII01aeMOr0 NMPU TPAHCMUCCUOHHON
JIEKTPOHHOM MHUKPOCKONMHU. BeposiTHO, 3TO MOXHO OOBSICHUTH pa3HULEH
METOJOB, OJTHAKO Pa3Mep BCE-TAKU COMTOCTABHM.

B cnenyroniem omnbiTe MCHOJIB30BAIM MpenapaTr MpHUOHA, HAarpeBaeMblid B
tedyeHue 30 muayT Tipu 90°C. Takass oO0paOoTKa HE BBI3BIBACT MPEUUNUTAIINH,
OJIHAKO IO3BOJISIET BUJIETh 00pa30BaHKE arperaTos.

[Tpo6el 151 MUKPOCKOMUU OBLIM KOHTpAcTHpoBaHbl (PochoBonbdpamoBoit
kuciorod. Yerko BugHo (Puc. 55), 4TO OTCYyTCTBHE arperaroB B KOHTPOJIAX
CMeHsieTca UX 00pa30BaHUEM B NMPOOAX MOCIIE HArPEeBaHUS.

B ucnonp3yempIX yclOBHAX HarpeBaHMs arperamus HaOJrolaeTcss Kak AJis

CKpEHUIU-TIOIBEP>KEHHOT0 BAPUAHTA, TaK U JJI CKPEUITH-yCTOMYHUBOTO.
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Puc. 53. ®otorpaduu arperupoBaBmiero PrP VRQ, mnomydennsie c
IIOMOIIIBIO TPAHCMUCCUOHHOM AJIEKTPOHHON MUKPOCKOIIHUH.

PrP VRQ (1 mr/mn B 20 MM natpuit-tiutpatHom 6ydepe, pH 3,4) HarpeBanu
npu 90°C B TeueHue yaca.

A — 06e3 koHTpacTupoBanus; B — koHTpacTupoBanue GpocdoBoiabdHpaMoBoit
kucinoToi; C — KOHTPaCTUPOBAHUE ALETATOM YPaHa.

Puc. 54. ®otorpadum arperupoBaBmiero PrP VRQ, mnonydennsie c
MOMOIIIBI0 aTOMHO-CUJIOBOM MUKPOCKOIIUH.

PrP VRQ (1 mr/mn B 20 MM natpuit-iutpatHom 6ydepe, pH 3,4) HarpeBanu
npu 90°C B TeueHme dYaca. B pamKy BbIFICICH YBETWYCHHBI (PparMeHT,
ITOKa3aHHBIM CIIPABA.
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PrP ARR xoHTpOsB

PrP ARR nocne nHarpeBanus PrP VRQ nocne narpeBanus

Puc. 55. ®ororpaduu nproHa, MoaydeHHbIE C TIOMOIIBIO TPAHCMHUCCHOHHOM
3JIEKTPOHHON MUKPOCKOIIUU.

PrP VRQ u ARR (1 mr/mn B 20 MM Hatpuii-itutpataom Oydepe, pH 3,4)
HarpeBanu npu 90°C B teuenue 30 MUHYT.
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Hccneoosanue eqruanus 1unuoo8 Ha AmMul0u002eHHY1I0 KOHBEPCUIO

[lenpro qaHHOW YacTH pabOTHI OBLIO UCCIICIOBAHUE BIUSHUS MULCIUTSIPHBIX
¥ CyOMUIIEIIISIPHBIX KOHIIEHTpaIuii (ochONUNII0B HAa arperaliui0 MOHOMEPHBIX U
OJINTOMEPHBIX (OpPM MPHUOHA, a TaKXKe Ha Iepexoj INMpUOHA B KoH(opmaruio,
oboramennyto B-ciaosimu. [Ipeamnonaranock, YTo MPUOH CIIOCOOCH K arperamnud B
MPUCYTCTBUH PA3TMYHBIX KOHIEHTpaui (HochOoNUnuIoB u3-3a JOTMOTHUTETHHBIX
rupo@oOHbIX B3auMojAecTBUM. Takke Mpennojarajioch, 4To 3apsj JUIMHIO0B
OYCHb BXKEH JJIS TIPOIECCa arperaiuu.

Kpome Toro, cobctBeHHBIN TITUKOPOCHOIUIUAHBIN SKOPb MPUOHA BIIUSCT
HAa AaMWIOUJOTeHEe3, IIOCKOJIbKY cKpeinu-popma mnpuona 0e3 GPIl-skops
oTJIM4aeTcs 0oyiee MHTCHCUBHBIM oOpazoBaHueM (GuOpuiu1 oT (popMbl, UMErOIIEH
GPI-saxops (Chesebro et al., 2005). Ilpeanonaraercs, 4To TIMKOGHOCHOTUTTHIHBIN
SKOPb HAMPSAMYIO B3aWMOJICHCTBYET C OCIKOM W TEM CaMbIM BIHUSET Ha
obpazoBanue ¢GuoOpwLI. Bo3MoxkHO, 4TO JaUNHIBI, T0H00HO cobcTtBeHHOMY GPI-
SKOpIO TPUOHA, CIIOCOOHBI HAINPAMYIO BIUATH HAa aMUJIOHWJIOTCHE3, BBI3bIBAS
arperanuio nIpuoHa. 3akperuieHue npuona ¢ nomoupo GPI-skops mo3BossieT kak
MUHMMYM YaCTHYHO MPEAOTBPATUTH €0 arperaiuio, OTIeNss MPUOH OT JIUIIUJIOB.
Takum 00pa3oM MOXKHO cHeJiaTh 3aKJIIOUYEHHE O TOM, YTO OTHEJCHUE MPHUOHA OT
MeMOpaHbl ¥ CBOOOAHAS IMHPKYJSALNUS CIOCOOHBI TOBBICUTH WHTEHCHUBHOCTH
00pa3oBaHUsI arperaTos.

C yueTroM BCEro BBINIECKA3aHHOTO, WHTEPECHBIM  IIPEICTABIIACTCS
NOATBEPKACHUE BIIMSHUS PA3IMYHBIX KOHIICHTpaIui (ochaTuanaInHo3uTONa Ha
arperamyio  OJMTOMEPOB TPHOHA, TOKCUYHOCTh KOTOPBIX OblUIa HEJaBHO
obnapyxena (Silveira et al., 2005, Simoneau et al., 2007). B 1o xe Bpems,
UMEETCSl BEPOATHOCTh TOTO, YTO B MHUIEIUIAPHBIX KOHIEeHTparusax (500 mxM)
dbochaTUIMIMHOZUTOI MOXKET B3aUMOJEHCTBOBATH C MOHOMEpPAMH MPHOHA IIO-

ApyromMy, 4€M B HCMHLICJ/IIAPHBIX. Takum 06pa30M, MbI CpaBHHUBAJIN BJIHUAHHC
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pa3HBIX KOHIEHTpaluii (ochonunuaoB Kak HAa MOHOMEpPHYIO, Tak M Ha
OJIUroMepHyto (opMy npuoHa. Taxke ¢ MOMOIIBI0 MCCIEA0BaHUS U3MEHEHUI BO
BTOPUYHON CTPYKType MpUOHA MoJ AeicTBUEM (HOChOIMIUAOB MPEaNnoaraioch
YCTaHOBUTH, SBIIAETCSA JIM arperauus OpuoHa mnoxa jeiictBueM (Hochoaunuaos
aAMHJIOMJIOT€HHOI.

Takum oOpazom, B JaHHOW 4YacTH paloOThl OblIa M3ydeHa pPOJb
bochoaMIUIHOTO OKPYKEHHS B PETYJIALNNA KaK aMUJIOUJOTEHHOW KOHBEPCUH, TaK

" arp€raTtHoro COCTOsIHU:A IPHOHA.

Pazmep npuon-nunuonwix acpecamos

Jlns ucciienoBaHusl B3aMMOJCHCTBHM IPHOHA W JIMIKIO0B OBLIT BBIOpaH
dbochaTuAMIMHO3UTON, 3AMETHO CTUMYJIMPYIOIIMHA arperaiuo NpruoHa.

Hcxons u3 AaHHBIX JUHAMHYECKOTO JIA3€PHOTO CBETOPACCESIHHS, MPHUOH B
pacTBope IMpeacTaBiIsieT co00H MOHOMEp C TMAPOAMHAMMYECKUM auaMmerpoM 4,8
oM (Puc. 56.). [Ilocne wunkyOamuum 20MkM npuona ¢ 500 wmxM
docharugunmunoszurona npu 37°C Habmomasoch 00pa30BaHHE PACTBOPUMBIX
arperaTtoB ¢ rufpoguHaMmudeckum auametpoM S0 uMm (puc. 56). Pasmep arperaTos
He wu3MeHsercs B TedeHne 20 yacoB WHKyOammu C JunuaoM. B nmaHHOU
KOHIIEHTpaIuu caMm (HochaTuIuInHO3UTON 00pa3yeT MUIICIIIbI AHAMETPOM 8,7 HM
(Puc. 56, nyuktupnas nauHus). Takum 00pa3oM, MOXKHO MPEANOJI0XKHUTb, YTO B
JaHHBIX  YCJIOBHUAX  MPHOH oOpa3dyeT  CMENIaHHbIE  MHUIEIIBl €
dbochaTuaAMIMHO3UTOIOM.

Kak yxe ymomMuHanoch paHee, IpUOH 00pa3yeT HEPACTBOPHMBIE arperaThl
npu wuHkyOammu co 100 MM docharumununosurona. Takoi xe sddexr
Ha0Ir01aeTCs M IpU KOHIeHTpauu hochaTuaunmHo3uTona, pasaoi 50 MmxM (2,5-
KpaTHBIA MOJIbHBIM H30BITOK (hOCHATHIANIMHOZUTONA OTHOCUTENBHO MpHOHA). B

ITUX KOHILEHTpAIUsAx (ocPaTUAMIMHOZUTONA U3MEPSIEMBIM TUAPOIMHAMUYCCKUAN
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arametp yactul gocturaet 530 HM cpas3y Mociie CMEIIUBAHUS MPUOHA C JIMUAOM,
yBenuuuBasck 10 1720 HMm nocne wHkyOanuu B TedeHue 10 munyt (Puc. 56).
JlanbHeilre u3MepeHus AMaMeTpa 4acTHLl He MPECTaBISI0TCS BOZMOXHBIMU W3-
3a OplcTporo BbIMajeHuss ocanka. IlogoOHoe moBeneHUE MpUOHA CTaJIo
HEOXKMJIAaHHBIM, TOCKOJIbKY €ro cMecb ¢ ©Oonee Bbicokoir (500 wmkM)
KOHIIeHTparueil  (ochaTUAUINHO3UTONA TIOJHOCTBIO  pacTBOpUMA. MOXKHO
MPEANOI0KUTh, 9TO OOIBIION U30BITOK (ochOoIUNUIa B MUIIEIUIAX MPEMATCTBYET
0€eJI0K-0eIKOBBIM B3aUMOJEHCTBUSAM, TEM CaMbIM IPEIOTBpAIlasl arperaimio.

[Ipu ymenbiieHun KoHHIEHTpamuu (Qochomunuaa g0 S5 MM, dTO
COOTBETCTBYET COOTHOILIEHUIO (POCPaTUAWIMHOBUTOL:IPUOH = 1:4, TaKxke
HaOnro/anack ObICTpasi arperamusi MpUOHA, OJIHAKO OOpa3yroIIUMecs YaCTUIIbI
OCTABAJIMCh PACTBOPUMBIMH HECMOTPS HA TO, YTO UX CPEIHUN JUAMETP JOCTUTAIl
615 um uyepe3 15 munyT, u nmoutu 1000 HmM yepe3 120 MHHYT mocie Hayasa
uHkyOanuu (Puc. 56). HHrepecHo, YTO NpH YMEHBUIEHUH KOHLIEHTPALUU
dochatuammmuosutona eme B 10 pa3, 1.e. mo 0,5 MKM u MOJIAPHOTO
COOTHOWIEHUS (pochaTuamInHO3UTO:IproH = 1:40, OblcTpas arperamusi Mo-
IpeKHEMY MMelsla MecTo. [Ipu Takux ycCIOBHSIX NMPUOH OCTABAJICS B MOHOMEPHOMU
dbopmMe B TeueHue MepBbHIX 15 MUHYT MHKyOaluu, 3areM oOpasys arperarbl
nuamerpoM 100 Hm yepe3 30 munyT, 1 350 HM 4yepe3 120 mMuHYT mocie Havana
unkyOaruu (Puc. 56). [lpu xonnentpanusx ¢ocharuamnunosurona ot 0,5 mxkM

10 50 MkM oOpa3zoBaHue MUIIEIUT HE HAOJI01aJIOCh.
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Puc. 56. T'mapoaunamuyeckuid AuamMeTp 4YacTHL], OOpa3yloIIMXCi IpH
B3aMMOJICHCTBUM HATHBHOTO MOHOMepa mpuoHa ¢ dochatuammmaozutoaom (OU)
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Puc. 57. T'mapoauHaMuyecKuil OuUaMeTp YAacTUL, OOpasyrolmxcs mpu
B3aMMOJCHCTBUM MaJIbIX TEpMOAarperaroB mnpuoHa ¢ (ochaTUAMINHOZUTOIOM B

Pa3HBIX KOHOCHTpAUAX.
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Panee OpuUTO mMOKa3aHO, 4YTO TEpMHUYECKas JE€HATypalus MpPHOHA NpH
HEWTpaJbHbIX 3HaueHUsAX PH ¢ mocimenyromuM OXJaXIACHUEM J0 KOMHATHOW
TeMIlepaTypbl  NPUBOAMT K  OOpa3oBaHMIO  OEJIKOBBIX  arperatoB ¢
amMuwiIouoreHHbIMu  cBoiicTBaMu (Rezaei et al., 2002). Onuromepnsie (GOpMbI
IpUOHA OBbUIM TOJyYEHbl IPpU HarpeBaHuu ero a0 65°C B Teuenue 1 vaca mpu pH
7,2. AMUIOUIOTEHHOCTh MEPEX0/1a MOATBEPKAANACH U3YUEHHEM (IIyOpECLEHIINN
tuodnauna T. B mpucyrcTtBum amumouaHou (opmbel npuoHa tuodiaaBuH T
MPOSIBIISICT TOBBIIICHHYIO MUHTEHCUBHOCTH (PIIyOpPECHEHIIMH ¢ MAaKCUMYMOM IpHU
490 um (Puc. 57). Pazmep uvactui mproHa Iocii€ TEPMUYECKOH JeHATypauuu
Bo3pactaeT ¢ 4,5 10 9 um (Puc. 57), yTo COOTBETCTBYEeT OOpa3OBaHUIO paHEe
HaOmonaBmuxcs onuromepoB (Rezaei ef al., 2002, Simoneau et al., 2007).

beino uccnenoBano BiausiHue (QocPaTHAMIMHOZUTONA HA Pa3Mephl TaKUX
arperatoB. bbuio ycraHoBieHo, uto 0,5 MkM ®UW He wusMeHser pasMmepa
onmromepoB. MukyOamus npuona ¢ 5 wim 500 MxkM ¢ocdaruaunmHo3uToNA,
HallpOTUB, BBI3bIBAECT YyBeIMYeHUEe pasmepa wyactun a0 200 u 250 HM,
coorBeTctBeHHO (Puc. 57). HWnkybauus c¢ 500 MxM OU npuBogut K
CYIIIECTBEHHOMY POCTY HaOmtoaeMoro pasmepa mutei ¢ 8,7 go 50 am (Puc. 57).
Takum  oOpa3zoMm, Tmpu  UHKyOaluu C  BBICOKUMH  KOHLEHTpAaIUsIMU
docharuaunrnozuTona o0pa3yrOTCsl CMEIIaHHbIE MHIEIUIBI, MPEAOXPaHSIONINE

MIPUOH OT U30BITOYHOM arperaiuu.

Bmopuunas cmpykmypa acpecamoé npuorna

N3menenus BTOPUYHOMU CTPYKTYPBHlI, MPOUCXOAIINE npu
dbochaTuAMIMHO3UTON-3aBUCUMON arperaiuy npuoHa, uydanuck merogom KJI B
nanbHeM yibTpaduoiiere (nannbie [lupynsaukosa K.). Ha cnexrpax K] (mannsie
HE IPHUBEACHBI) BUHO, YTO XapaKTepHas I MPUOHA o-CIIpaibHas KoH(popmaus

MPAKTUYECKU HE U3MEHSIeTCS TMpu O0Opa30BaHUM KPYIHBIX arperatoB TOJ
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neiicteuem 0,5 wmu 5 MM  ¢docdatuaununosurona. HampoTtus, B ciiydae
HEOOJIBIIINX arperaToB, MOJYYEHHBIX MpH B3auMojehcTBHHM mpuoHa ¢ 500 MM
®U, HabnrogaroTes CeKTpaIbHbIC MIPU3HAKH MEpeXo/ia o-crupajieii B -muctel. B
Tabauie 6 IPeACTaBICHO OTHOIICHHUE MOJISIPHBIX SJUTUNTAYHOCTEH 0;)81m/02070m,

XapaKTCPU3YIOIICC U3MCHCHHUC KOJINYCCTBA B-JII/ICTOB.

[Ipuonnsie arperatsl, oOpa3zyromiuecss B mnpucyTctBuu 0.5 u 5 MM
dbocharuaAMIMHO3UTONA JAEMOHCTPUPYIOT OTHOMICHUE 07181m/0207mm, OJM3KOE K
XapakTepHOMY JUIi MOHOMEpHO# ¢GopMbl mpuoHa. HampoTuB, ans arperaTtos
npuoHa, oopazytouuxcs B npucyrctBur 500 MM ®U xapakTepHbI MOBBIIICHHBIE
3HAYEHUS! OTHOWICHUS 0518nm/02070m, OTBEUAIOIIME YBEIWYEHHUIO cojepkaHus [3-
ctpykryp (Tabnuma 6).

NurepecHo, uto arperaThl HEOOJBIIOIO pa3Mepa cojepkar Oouiblie [3-
JUCTOB, 4yeM OoJsiee KpymHble 4acTullbl. Buaumo, oOpazoBanHue B-CTpyKTyp MO
KaKUM-TO MPUYMHAM 3aMEJUICHO B Cilydae OBICTpOi arperanuy mpuoHa. MoKHO
TaKXe MPEANOJ0XUTh, YTO OOpa30BaHUE arperaToB HEOOJBIIOIO pa3Mmepa U
OTPAaHUYECHHOE YHUCJIO MEXKMOJEKYJSIPHBIX B3aUMOJICUCTBUN MPEANOUYTUTEIbHBI
JUISl UBMEHEHU BO BTOPUYHOM CTPYKTYPE IMPHUOHA.

N3BecTHO, uyTO TyOuarasi HSHIE]aTonaTus BbHI3BIBACTCS HAKOIUICHHEM CHIIBHO
arperupoBaHHBIX HEPACTBOPUMBIX (opMm mpuoHa. B maHHOW yactu pabOTHI
UCCJIEIOBAJIUCh B3aUMOJICUCTBUS PA3IMYHBIX KOHLIEHTpauui (ochonunuaos ¢
MOHOMEPHOH W TEpMOArperupoBaHHON oJMroMepHou (opmamu mpuona. beuio
00Hapy>XEeHO, YTO arperanus IpUOHa MPOUCXOJIUT OYEHb OBICTPO J1aXKe MPU OYEHb
HU3KOM MOJISIPHOM OTHOUEeHUH npuoH:unua = 1:50 (0.5 MxM ¢ocdonunuaa). B
ciyyae MosibHOro otHomeHuss 2.5:1 (50mMkM nunupa) arperauusi NpUoOHa
COMpOBOXKAaeTcss  00Opa30oBaHMEM  HEPACTBOPUMBIX  CTPYKTyp.  OjaHako,
B3aMMOJCHICTBHE MOHOMEPHOW WM onuromMepHoi ¢gopmsl mpuona ¢ 500 MxM
munuaa (MonbHOE oOTHomieHue 25:1) mpuBOaUT K 00pa3oBaHMIO HEOOIBIIMX
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pacTBOPUMBIX arperaToB (WJIM CMEIIAHHBIX YAaCTHI[), COAEp)KaHUE P-CTPYKTYp B

KOTOPBIX 3aMCTHO ITOBBIIICHO.

Tabmuma 6. Xapakrepuctuueckoe Uil [-CI0€B COOTHOIMICHUE 0;)g:/0207um

HJIs1 CUCTCMBI ITPUOH - @OC@)&THHHHI/IHOQ/ITOH.

KoHnenTpanus 0 /o
ocoaruaunmuHO3UTONA, 218w 207
MKM
0 0.97
0.5 0.92
5 1.02
500 1.38
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[IpoBeneHHoe wHccienOBaHUE IMOKAa3bIBA€T, UTO arperanus I[pUOHA
POUCXOJUT HE3aMEUIUTENIbHO TMpPU  B3aUMOACHCTBUU ¢  (ochoumuaamu,
0COOEHHO C bochaTuIUITHMHO3UTOIIOM, dbocdatugHo KHCJIOTOM,
dbochatummTanonamuHoM u  dochatuamicepuaoM. OTCI0la MOXKHO ClenaTh
BBIBOJ O TOM, 4TO 3apsan ¢docdhonunuaa He SBIAECTCS TJIaBHBIM (PaKTOPOM,
BIUSIONIMM  HA  arperamnui  npuoHa.  MHTEpecHO  OTMETHTh,  4YTO
dochatuamnmuaosuTon U (pocharupumdTaHONAMUH  Jlaxke B HEOOIBIIMX
KOHIICHTPAIUSAX BBI3BIBAIM OBICTPYIO arperaiydio MOHOMEPHOTO MpuoHa. beicTpas
arperarysi HaOJrOAalach BIUIOTH 10 KOHIEHTparuil junuaoB 0,5 u 5 MM,
COOTBETCTBYIOIIMX MOJIbHBIM cOooTHomeHussM 1:40 u 1:4, m npuBoguna K
oOpazoBanuio KpynHbix yactul auamerpoM 300-1000 um. CynpamonekyisipHbie
CTPYKTYpBI, 00pa3oBaHHbIC (pochommuaamMu, B 3TUX yCIOBHUAX HE HAOIIOIAIUCH.
Bo3Mo03kHO, 4TO 3TO SIBISETCS CIEACTBUEM OTpaHUYEHHUI METO/a TUHAMUYECKOIO
Ja3epHOTO CBETOPACCESIHUS. YUHUTHIBAS, YTO PeaJbHbIC KOHIICHTPAIMH JIUITHATHBIX
YaCTHUI[ MOTYT OBITh 3HAYUTEIILHO MEHBIIE B3SITHIX KOHIIEHTPAIMA CBOOOJIHOTO
aunuaa, HaOmrogaeMasi ObICTpasi arperanusi MpuoHa MOXKET O3HayaTh, YTO IOCIE
HAYAJIBHOTO KOH(OPMAIMOHHOTO TIepexoja IPUOHA, BBI3BAHHOTO JIHITUIOM,
JanbHeHIas arperamus IpoucXoIuT 0e3 yyacTus mocieaHero. Jpyrumu ciioBamu,
B3auMoielicTBrEe ¢ (GOCHATUIMIMHOZUTOIOM WiH  (pochaTuamIdTaHOIAMHHOM
JaeT OeNKy CHOCOOHOCTh B3aMMOJICHCTBOBATH C '"HOPMalbHBIMHU'" MOJIEKYJaMU
MpUOHa, Jenas ux 0osee CKIOHHBIMU K arperanuu. OOpa3oBaBIIMICS OJUTOMED, B
CBOIO OYepeilb, B3aUMOJCHCTBYET C APYTUMH MOHO- WM OJIUTOMEpPAaMH, YTO B
KOHEYHOM MTOre MPUBOAUT K MOMEHTAJbHOM arperamuu. JTy Peakliui0 MOKHO
Ha3BaTh IIEMMHOW, TIOCKOJBKY TIOCJI€ TEPBOr0  KOHTaKTa TMPUOHA C
dbochaTUAMIMHO3UTOIOM BCE CBOOOJHBIE MOJEKYJBl TPHOHA MPHOOPETAIOT
CBOMCTBA MPUOHA, CBSI3aHHOTO C JIMITHIOM U PEKPYTUPYIOTCS B OOJIBIIINE arperaThl.
Takoli mexaHM3M coriacyerca ¢ "OelIKOBOH" T'MIOTE30M, COIJacHO KOTOPOWU
HEOOJBIITNE KOJTUYECTBA MH(DEKIIMOHHBIX arperaToB MPUOHA CIOCOOHBI BHI3BIBATH
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TpaHchopMamo HOPMAIBHOTO MPHOHA 0€3 TOMOIIN IPYTUX MosieKya. OueBUIHO,
JUNUABI, W B TEPBYIO oOuepelb COOCTBEHHBIH TIUKO(DOCHOTUNIUAHBIA SKOPb
NPUOHA, WTPAIOT BAXHYIO POJb B I3TOM MEPEXOJAE, MOIYJIUPYS arperamroHHbIC
CBOMCTBA IIPUOHA.

B 3KkBUMONISIpHBIX COOTHONIEHUSIX MpuoH:pochomunun HabI0aaeTCs
MOMEHTAJIbHOE BBHINAJICHHE B OCAJOK KaK MOHOMEpPHOH, TaKk W OJUTOMEpPHOU
dbopmbl ipriona. OHAKO, MPU YBETUYCHUH KOHIIeHTpaimu Gocdomunuga B 10 pas,
T. €. 10 500 MKkM, iproH 00pa3yeT HeOONbIINE PACTBOPUMBIE OUTOMEpHL. B Tex
KEe yCIOBUSAX HaOmomaercs oOO0pa3oBaHME JIMIMAHBIX MHIEUT.  MOXHO
MPEANOI0KUTh, YTO BKIIOUYEHUE MPUOHA B CMEIIAHHBIE MUIEIUIBI MPEJOTBPAIACT
oOpa3oBaHue 0oJiee KPYMHBIX arperaToB. Y 4acTKH MPUOHA, BOBJICUECHHBIC B OEIOK-
OENKOBBIE B3aMMOJICHCTBUS, MOTYT OBITh 3aKPBITHI TPU B3aUMOJEHCTBUU C
JUTUIAMH.

JIornd4HO  TPENIONOXKUTh, YTO THAPOGOOHBIE B3aUMOJICHCTBUA  C
anmaTUYIeCKON IENbI0 UTPAlOT BAXKHYIO POJIb B WHAYKIIMU arperanuu Oenka.
Jlpyrue munuabl, B 9aCTHOCTH KUPHBIE KUCIIOTHI, TAKKE CTUMYJIUPYIOT arperaiuio
npuoHa, oAHako uXx 2¢dekT 3aMeTHO cijabee MO  CPAaBHEHHIO C
dbochaTtuamdTanonaMuHoM W dochaTUAMIMHO3UTOIOM. Bunumo, npupona u
OKpYy)KeHHE anmu(paTUIECKON IENMd TaKKe BIHSIIOT Ha CBOWCTBA IMOJyYaeMBIX
arperaTos.

W3y4yeHne BTOPUYHOM CTPYKTYpPBHI arperatoB MproHa MOKa3ai0 MpaKTHIECKU
MIOJTHOE COXPAHEHUE O-CIIUPATBHBIX CTPYKTYP B KPYITHBIX arperarax, moJry4acMbIxX
npu B3auMojiericTBuu mpuoHa ¢ 0,5 wm 5 MKM QocdaTuauanHO3UTONA.
HamportuB, HeOonblune arperarbl, mnoiaydaemble B mnpucyrctBuu 500 mxM Pl
JEMOHCTPUPYIOT TOBBIIIICHHOE COJAEpX)aHUE [-CTPYKTYp, XapakTepHOE s
aMwiIouHbIX ¢dopMm npuoHa. Takum oO0pa3oMm, HeOrpaHWYEHHAs arperamus
WHTHONpYET 00pa3oBaHHE AJIEMEHTOB P-CTPYKTYpBI, JTUOO ASCTaOMIM3HPYET ee.
OOpa3zoBaHue dJIEeMEHTOB [-CTPYKTypbl Oosee d3(PGPEeKTUBHO MPOUCXOAUT B
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HEOONBIINX arperatax. JTO MOXKET OBITh OOIIMM CBOMCTBOM NMPHOHA, MOCKOJBKY
TaKOW e CTPYKTYPHBIM mepexoi HaOIoJaeTcsl y HeOOIbIINX arperaToB MpHoHa,
cBsi3aHHbIX ¢ Meabto (Tsiroulnikov et al., 2006). OnHako, HECMOTPS Ha arperamuio
U TIOBBIIICHHOE COZepKaHue B-CTPYKTYp, arperarsl, 00pa3yromuecs Ipu KOHTAKTe
¢ (docharununuHo3uTONOM, HE NPUOOPETAIOT YCTOWUYMBOCTU C JICUCTBUIO
nporenHasbl K U MOryT OBITh THIPOJIM30BAHBI, TO €CTh HE SIBIISIIOTCS MCTUHHO
aMUJIOUAHBIMHU.

Panee ObUIO TNOKAa3aHO, YTO B OIpPEAEJIECHHBIX YCJIOBHUSX TEPMUYECKAS
J€HaTypalurds MOHOMEPHOrO MPHOHA MPUBOJUT K OOpPa30BaHUIO OJIMTOMEPOB C
amunonaHbIMU cBoMicTBamu (Rezaei et al., 2002). Takue onuroMepsl, B OTIIMYUE OT
0oJiee KPYMHbBIX arperaroB, HanboJjee HeHPOTOKCUYHBI in ViVo.

HeGomnpmme arperatsl mproHa, aMUJIONIOTEHHBIE CBOMCTBA KOTOPBIX OBLIH
MOATBEPKIEHBI C MOMOIIbIO ¢uryopecteHn TuodiaaBuHa T, Takxke CIOCOOHBI
U3MEHATh CBOM arperaiMoHHble CBOWCTBA B MOPUCYTCTBUU (HOCHOIUIIHIOB.
WukyOarus Takux cTpykTyp ¢ 5 u 50 MkM dochaTuaANINHO3UTOIA TPUBOIUT K HX
JNajJbHEHIIEH arperaluuy, OJHAKO KOHEYHBIM pa3Mep arperaroB OKa3bIBaeTCs
MEHbIIIE, YEM B CIy4ya€ MOHOMEPHOTI'O IPUOHA B TE€X K€ YCIOBUAX. bbUIO MOKa3aHo,
yto nipucyrcrBue 0,5 MxkM ®U He BiMseT Ha pa3Mmep arperatoB. bosee BbicOKue
KOHIIEHTpauu (OCPOIUNUAOB BIUSIOT HA arperanvi HHBIM obOpazom. B
npucytctBur S00MkM ®OU npanbHeiimas arperaiusi HEOONBIIMX OJUTOMEPOB
npyuoHa He Halmojanach, MNPEANONOXKHUTENIbHO H3-32 B3aUMOJEHCTBUS €
mutiesiaMu OU win BKIIIOUEHUS! TPUOHA B MULICILIBI.

[TonyuyeHHbIe pe3ynbTaThl MOKA3bIBAIOT, YTO MOJIEKYJIbI JIUIMUI0B, OCOOEHHO
cooctBeHHbld GPI-skOph TIpHOHA, MOTYT BIMATH HAa aMUJIOUIOTEHHBIC CBOMCTBA
Oenka. B 3aBUCMMOCTH OT KOHIIEHTpanuu, GocOIUUIBI MOTYT COBEPIIIEHHO IO~
pa3HOMYy BIMATH Ha OO0pa3oBaHHWE AaMWIOUJOTEHHBIX  CTPYKTyp. Tak,
dbochaTUAMITMHOZUTON B HU3KUX KOHIIEHTPAIMSIX BBI3BIBACT OBICTPYIO arperamurio
KaK MOHOMEpHOTO, TaK W OJIMTOMEPHOTO MpuoHa. B ciyuae MoHOMepHOH (HhOpMBbI
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arperaiysi He COMPOBOKIAETCS MOBHIIIICHUEM COJACpKaHUS [-CJI0eB B OenKe, 4To
corjlacyercss ¢ MMEIOUIMMHUCS JIMTeparypHbIMU naHHbIMU (Silveira et al., 2005,
Simoneau et al., 2007). Beicokue koHueHtpauuu Junuaa (500 MM, BeIe
KPUTUYECKON KOHIIGHTPAIlMM MHUIIEIUIO00pa30BaHMs) MPHUBOAAT K COBEPIICHHO
npotuBononoxHomy sddexry. Ilepexogq u3 o-cnupalibHOM K [-IUCTOBOMU
n3oopmMe HaOMIOJAeTCS B CIydyae MOHOMEPHOTO TMPHOHA, YTO XapaKTEPHO IS
00pa3oBaHMs aMIJIOUJIOTEHHBIX CTPYKTYp. Takue CTpyKTyphl, O BCEH BUAMMOCTH,
BKJIIOYAIOTCS B CMellaHHble OenkoBo-(dochonunuanbie yactulpl. OnuromepHsie
dbopMbl TIpHOHA HE OO0pPa3yIT KPYIHBIX arperartoB B MPUCYTCTBHU BBICOKUX
KOHIEHTpaIuil (pocoUIUI0B, OJJHAKO MOX0XKUM 00pa3oM B3aUMOJEHCTBYIOT C
muteuiaMu - pochatuaminHo3uToda. CIea0BaTeIbHO, MOXKHO 3aKIIOYUTh, YTO
dbochomunuabl B HUZKUX KOHIICHTPALUSX BBICTYNAIOT B POJIU MEAHATOPOB
WHTEHCUBHOW arperamyyi MOHO- U OJUTOMEpPHBIX (OpM NPHUOHA, MOHWXKAs HX
MaTOJIOTHYECKOE BIWsSHWE. B TO ke BpeMs, BBICOKHE KOHIICHTPAIIUU
bochOTUHUIOB CTUMYJIUPYIOT MPOIECC aMIJIONUIOTCHE3A.

3akperieHue npuoHa B MmemOpaHe ¢ mnomolbio GPI-skops MoxkeT kak
MUHAMYM YaCTHYHO TPENOTBPATUTh KOHTAKT JUCTAIBHOTO (pparMeHTa ¢
JUNUAAMU MEMOpaHbl M C CaMHUM SIKOPEM, MpeAoXpaHssi OENOK OT arperaiuu.
HampotuB, BBICBOOOXKIECHHE TPHOHA W3 MEMOpPAHBI MOXKET MPUBECTH K €ro
HEKOHTPOJUPYEMOMY B3aUMOJICHCTBUIO C JIMMHJIAMH MEMOpaHbl, TE€M CaMbIM
MOBBIMIAs PUCK 0Opa30BaHMsI arperaToB C TMOBBIMICHHBIM COJCP)KaHUEM [3-CIIOEB.
Bo3moxxHO, B KIETKax CyIIeCTBYeT HEKas CTaOWIM3UpYIOMas CHCTEeMa,
npenoTBpamiatonias npsiMor koHtakT GPl ¢ mpuoHoM B ciyyae oCBOOOXIEHUS

MOCJIIHETO U3 MEMOpPaHHBI.
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Hccneoosanue AMUIOUOO02EHHOIL KoHeepcuu, 6bI36AHHOU

comouyucmeurnuiuposarnuem

B naHHO# yactu paboOThI Mepe] HaMH CTOsJIa 3aJa4ya POBEPUTH, BbI3bIBAET

JM TOMOLMCTEHHUIIMPOBAHUE AMWIOHWJIOTCHHYIO arperanuio IpUOHa, a TaKKe
U3YUYUTh BIUSHUE 00pa3oBaHus IUCYIb(GUIHBIX CBSI3€W Ha arperaiuio npuoHa. Ha
BO3MOXKHOCTh TakoW MoJau(pUKaluu B (DU3HOJIOTHUECKHX YCIOBHIX YKa3bIBAIOT
cienyronme GhakThl:

e PrP pacnonoxen Ha Hapy»XHOW KJIETOYHOU MeMOpaHe

e Bpewms nonyKU3HHU NPUOHA Y MIIEKOIIUTAKOMINX COCTABIAET 5,5 4acoB

e MounekyJa nproHa coaepkut 10 ocTaTKOB JIU3MHA

o ['emarosHuedannueckuii Oappep MPOHUIIAEM JJISI TOMOIIMCTEHHA

IloomeepoicOenue u kawecmeenHoe onpeoeenue Mooupurayuu

Hamu Obumo mokazaHo, 9To Tpu J00aBJIICHHH TOMOIMCTEMHTHONIAKTOHA K
pacTBOpPY MPHOHA MPOMCXOAMUT €ro arperanus, MPOSBISIONIASCS B yBEIUYCHHUH
MYTHOCTH pacTBopa. Jljisi aHanm3a oO0pa3yoIIUXCcsl arperatoB Mociie UHKyOaluu
TOMOIIMCTEUHTHUOIAKTOHA C TIPHOHOM PEaKIMOHHYIO0 CMECh MEHTPU(DYTrupoBaInd U
aHAJIM3UPOBAIIM KaK OCa/oK, Tak u cynepHaTtanT. Ha Puc. 58 moxHo BuaeTh, uTO
npu aHanuize ocaaka ¢ nomomibio JCH-anextpodopeza mno Jlhmmiau B
HEBOCTAHABJIMBAIOUIMX YCIOBUAX (JOpOXKKa 3) BBISABISAECTCS NPUOH B BHUE
MOHOMEpOB, TUMEPOB U JIPYTUX OJMIroMepoB. B TO ke Bpems B CylnepHaTaHTe
IIPUOH OCTAETCA B TAKOM K€ MOHOMEPHOU (opMe, KaKk U B KOHTPOJIBHOM 0OpasIie.
OTU NaHHBIE CBUJAETEIHCTBYIOT O TOMOIIMCTEMHWIMPOBAHUM TPHOHA, TaK Kak,
Oylarogapsi MOsIBIICHUIO CBOOOAHBIX SH-rpyImin u3-3a BKIIOYEHUS TOMOIIMCTEUHA B
coctaB Oenka, MPOUCXOAUT HUX accouuanus 3a cuer oOpa3oBaHUs
MEXCYOBETUHUYHBIX IUCYITb()UIHBIX CBsI3EH. Kpome TOTO,
TOMOIIMCTEUHTHONAKTOH TakXke CrmocoOeH pearupoBath ¢  SH-rpymmamu
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HOBOIIPHCOEAMHEHHOTO TOMOIIMCTENHA. TakuM 00pa3oM, TOMOLIMCTENH B COCTaBe
Oesnka MoxkeT oOpaszoBaTh IUCYIb(uUA aMOO0 C JApPyrod MoOJEKyJol Oenka, 4To
OPUBOJUT K arperanuu, JIUOO MpopearupoBath ¢ TOMOIIMCTEMHTHOJIAKTOHOM H
OCTaThCsl B PACTBODE.

Jpyrum MNpU3HAKOM Haduuusi MOAU(UKAIIMK B COCTaBe Oe€liKa SBIISIETCS
XapaKTepHOE pa3MbITHE OEJIKOBOW TMOJNOCHL, OOBACHAEMOE T€TEPOreHHOCTHIO
MOJIYYCHHBIX MPOIYKTOB. B aMHUHOKHCIOTHON TMOCIENOBATEILHOCTH TMPUOHA
HacuuThiBaeTcss 10 OCTaTKoB IM3MHA, CIIEIOBATENBbHO, MOXXHO TMpEenojararhb
MHO>KECTBEHHOE TOMOIIMCTEHHWINpOBaHue. Bee momyuennbie 23 dexThl ncye3aoT
npu 100aBJICHUH B MPOOBI 7151 AeKTpodopesa f-MepKanToITaHoIIA.

I'munepansaerun-3-gocarneruaporenaza (CADJl), wucnons3yemass B
KauecTBE KOHTPOJS, MPU TEX IKE YCIOBUSAX JIEMOHCTPHUPYET OOIIMPHYIO
arperaiuio, COINPOBOXIAIOUIYIOCS HMCUE3HOBEHHEM OejKka B CyNEpHATaHTEe U
NOSIBJIIGHHEM B ocajike MylbTUMEpHBIX ¢opM (Puc. 58). Ilpu stom momudukanms
NpPaKTUYECKU HE BIUsAEeT Ha akTUBHOCTb ['AD]], koTopas coxpaHsieTcs Ha
NPOTSHKEHUU 24 9acoB, YTO TOBOPUT O TIOBEPXHOCTHOM XapakTepe MOAU(PUKAIIAH,
TaK KaK KpUTUYECKHM JIJIS1 KaTajanu3a OCTaTOK JIM3MHA OCTAETCS HEJIOCTYITHBIM.

[TockonbKky  ucmonb3yemble g MoOAU(PHUKAUMKA  KOHIEHTPALMH
TOMOIIUCTEMHTHOJIAKTOHA 3HAYUTENIHO MPEBBIIIAIOT (hU3HOJIOTHYecKHe, Oblia
clellaHa  TIOTMBITKAa  MPOAHAIM3UPOBATH  HamW4yMe  MOAU(UKAIMU  TpU
UCTIOJb30BaHUU Topa3o Ooee HU3KUX KOHIIEHTpalui pearenrta. beuio mokasaHo,
9TO MOAM(UKAINS MPUOHA HU3KUMHU KOHIIEHTPAIUSIMU TOMOITMCTEMHTHOIAKTOHA

(100 MmxM) nmpuBoAUT K 00pa30BAHUIO aHAJIOTUYHBIX POIYyKTOB (Puc. 59).
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Konuuecmeennoiui ananus aqbgbekmueﬂocmu 6KJIIOYEHUA comoyucmeuHa 6

NpUoH

OnpeneneHre KOJMYECTBA OCTATKOB TOMOLMCTENHA, BKIIFOUEHHBIX B MPUOH
rnocie 24 4acoBOU WHKYOarmu c 100-kpaTHBIM U30BITKOM
TOMOLIUCTEUHTHOIAKTOHA, MIPOBOJIAIIU C OMOILBIO TUTPOBAHUS
cyneprunpmwibabsix rpynn JTHB. [Ins srtoro  MoauduiupoBaHHBIA TPHOH
obpabatbiBasii 8M TyaHMIMHTHAPOXJIOPUAOM B TeueHue yaca npu 37°C, 3atem
obOecconmuBanu Ha KkojoHke PD-10 i ynaneHuss oOCTatkoB CBOOOJHOTO
TOMOIIMCTEMHA M HEMpOpearupoBaBIlero THOJIakTOHA. [lomydeHHblii  Oenok
MHKYOUpOBaJIM B MPUCYTCTBUM 5 MM [(-MepKanTo3TaHoja B TEUEHHUE yaca Mpu
temriepatype  40°C s BOCCTAHOBIEHUS  CyJIb(PTUAPWIBHBIX  TPYIII
TOMOIMCTEMHOBBIX OCTaTKOB, JOOABISUIA TyaHUJAMHTUIPOXJIOPUI U CHOBA
nojasepranu obecconuBanuto. Jnsg onpenenenus SH-rpynn  Mcnoiab3oBaiv
¢pakuuy U3 Hayana MHKa, cojepkauiero Oenok. VM3mepeHus mpoBOAWIM TNpU
JUIMHE BOJHBI 412 HM, 1 pacyeToB ucnop3oBanu € = 13 600. beuio nokasano,
YTO B JTHUX YCJIOBUSAX HPU TOMOUMCTEMHWIMPOBAHHHM TMPHUOHA B CpPEIHEM
BKJIIOYAETCsl 2 OcTaTka rOMOILIMCTEMHA Ha MOHOMep mnpuoHa. OaHaKo, HA caMOM
nene 3 (HEKTUBHOCTh BKIIOUEHHUS MOXKET ObITh HECKOJIBKO BBIIIE, TaK KaK 4acTb
arperaToB He pacTBOpseTCs Jaxe B 8M TI'yaHMIMHTMAPOXJIOPUAE U HE MOXKET
ObITh MPOAHATM3UPOBAHA B 3TOM OJKcrnepumeHnrte. [IpoBeneHue aHaIOTHYHBIX
MaHUMYJSIUN ¢ KOHTPOJIbHBIM HEMOAU(PUIIMPOBAHHBIM MPHUOHOM II0Ka3ajio, YTO
BOCCTaHOBJIeHHE 5 MM [-MepKanTodTaHOJIOM HE MPUBOAUT K BOCCTAHOBJICHUIO
BHYTPEHHEH NUCYNbPUIHON CBSI3U MEXAY ABYMS COOCTBEHHBIMU LUCTEMHAMU B

COCTaB€ MPHUOHA.
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Puc. 58. DnexTpodoperpamma bpakuuii IpUuoOHa npu

rOMOOUCTCUHHUIIMPOBAHUU.

[Tpoduns JICH-anmektpodopesa B 12% I[TAAI' B HEBOCCTaHABIMBAIOIIUX
YCIOBUSX npu Moau(pUKATUN MpUuoOHa u TJIMIEpaIbAeTU/I-3-
docdarneruporeHazbl roMOLMCTEUHTUOIAKTOHOM B 100-kpaTHOM H30BITKE Ha
OCTAaTOK JIN3WHA. | — HATUBHBINA NPUOH 10 MOJAU(DUKALNK, 2 — CyIepHATaHT MOCIe
Moau(UKaLMK, 3 — 0Ca0K Nociie MoauuUKaIum, 4 — 0caiok 1nocjiae Moaupukanuu
npu o0paboTke -MepKanTo3TaHOJIOM, 5 — TIIMLEpAIbAECTUI-3-
docdaraerunporenaza 10 Moaudukalum, 6 — cyrnepHaTaHT Mociae MOIU(UKAIUH,
7 — ocasioK mociie MOAU(UKAIIHH.

Puc. 59. DOnekrpodoperpamma (Qpakiuii npuoHa TpU MOAUPUKAIIH
HU3KHUMH KOHIIEHTPALUSIMUA TOMOIIMCTEMHTHOJIAKTOHA.

[Ipodune JJCH-3nextpodopeza B 12% ITAAI' B HeBOCCTaHABIMBAIOIINX
YCJIOBHUSIX TIPU MOIU(DHUKAIMKA TPUOHA TPHXKABl TOMOIMCTEUHTHOJIIAKTOHOM B
konumyectse 100 MkM pearenTa B TeueHuun | mecana, 37°C. 1 — HaTUBHBIN NPUOH
10 moaudukanuu, 2 — 0cajoK mociae Moaudukanuu, 3 — CYNEpHATAaHT MOCIe
Moau(pUKALTUU
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Ananuz nanuyus comoyucmeurHa 6 cocmaee MO@MQI)ML;MPO@GHHOZO npuoHa

Memooom macc-cneknipomempuu

JI1st moATBEpKAEHUS BKJIFOYEHUS TOMOLMCTEMHA B MOJIEKYJIbl IPUOHA OBLI
MPOAHAIM3UPOBAH JTUMEPHBIH TPOIYKT PEaKIMd TOMOIUCTCUHUIUPOBAHUS B
CpPaBHEHHMU C KOHTPOJIEM METOJIOM Macc-crekTpoMeTpuueckoro ananmmsza (MALDI-
TOF). OOpasupl, BbIpe3aHHbIE W3 Telsl mocie siekTpodopesa, oOpabdoTanu
BOCCTaHaBIMBAOIIMM SH-Tpymnmbel peareHTOM, 3aTeéM aleTaMHuJOM JJId HX
OJIOKMPOBKH, TMOJBEPIJIM PACIICTUICHUIO TPUIICUHOM. Pe3ynbTarhl aHaiuza
npeacTasieHbl Ha Puc. 60 u Ta6auue 7. J{ns MmoauduinpoBaHHOTO MPUOHA TOCIIC
paclleryieHusl TPUIICMHOM  MpEANnojaraii HaJIWu4yue TMenTHUAOB C  Maccoi,
OTJIMYAIOIICHCS OT TaKOro K€ KOHTPOJIBHOTO Ha Maccy roMmouucTerHa. Bcero B
KapTe pacuieIyieHUus TPUIICMHOM aMHHOKHUCIOTHOHM TOCJI€IOBATEIbHOCTH MPUOHA
CYIIECTBYE€T  BOCEMb  JIM3UHCOJACPKAIIMUX  MEeNTUA0B. Tpu  KOPOTKHX
nocinenoBarenbHoctTn (K, LCK, TNMK) wu oauH UIMHHBIA  TENTH]
(YPPQGGGGWGQPHGGGWGQPHGGGWG
QPHGGGWGQPHGGGGWGQGGSHSQWNKPSKPK, 58 aMHHOKHCIOT) He
aHAJTM3UPYIOTCS JaHHBIM METOJOM, TaK KaK MacChl OIpeIeiIsieMbIX MENTHIOB
o KHBI OBITH 00s1ee 820 u meree 3000 Jla.

Takum 00pa3oM, W3 MPHUCYTCTBYIOMIUX B MpHoHE 10 OCTAaTKOB MpU JaHHOM
METOIUYECKOM TOJXO0J€ MOXKHO OIPEIACITUTh TOMOIMCTEUHIIMPOBAHUE TOJIBKO 5
ocrtatkoB — 26, 29 u 188, 197, 207. Ilpm aHaim3e NENTUIIOB, COAEPKALIMX
JIN3UHOBBIE OCTAaTKU 26 u 29, ObLI0 ITOKa3aHo, 4yTo B mentuaax 27-40 u 26-40 ne
ObLJIO OOHAPYXKEHO NpU3HAKOB Moaudukanuu. Takxke 3To oTHOcUTCA K 188
OCTaTKy, JUIi KOTOPOTO pe3yJibTaThl aHajiu3a HE TMO3BOJWIM OJHO3HAYHO
YTBEPXKIATh HAIMYNE TOMOIIMCTEMHUIIUPOBAHHS.

Yerko nokazana momudukanus 197 u 207 ocTaTKOB JHM3WHA. DTH OCTATKU

TOMOOUCTCUHIINPYIOTCA U AJIKHIIMPYIOTCA KOI'Ja HAXOOATCA BHYTPH IICIITUIOB C
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IOPOIYLIEHHbIMH caiiTaMu TpurncuHoausa (nmentupn 189-207 mna 197 ocratka u
nentux 198-211 must 207 ocrartka, a takxke nentua 189-211 nius o60ux ocTaTKoB).
K coxanenuto, B TMOCIEAHEM Cllydya€ HEBO3MOXXHO MPOJEMOHCTPUPOBATH
OJIHOBPEMEHHYI0 MOAM(PUKALUI0 000MX OCTaTKOB, KaK TaK MOJIEKYJIIpHas Macca
TaKOI'o MEeNTH/Ia BEIXOJIUT 32 Mpeielibl UyBCTBUTENbHOCTH pudopa (3000 [a).

['omonmcrennunupoBanuble octatku 197 um 207 oOHapyXeHBI Takke Ha
KOHIIaX KOpOTKUX nenTuaoB (189-197 u 198-207), uTo noATBEpKAAET CHEIAHHOE
paHee 3akntoueHue o0 ux moaupukanuu. Cieayer OTMETUTh, YTO BO BCEX CIIydasix
HAOMIOJaeTCsl YAacTUYHBIA TPUINCHMHOIM3 Oelka B caidTax, CoOJEpKaIIux
FOMOLIMCTEMHUJIMPOBAHHBIE  OCTATKA  JIM3WHA, O 4YE€M  CBUAETEIbCTBYET
MPUCYTCTBUE HEMOIUDUIIMPOBAHHBIX W MOJIUPUIMPOBAHHBIX MENTHUAOB. IJTO
yKa3blBae€T, C OJHOH CTOPOHBI, HA BO3MOXHOCTb TPHUIICMHOJIM3A IIO
TOMOLIMCTEMHUJIMPOBAHHBIM OCTaTKaM JIM3WHA, a C JpPYyrol, Ha HEIMOJHYIO
MOIM(UKAIMIO IPUOHA MO BCEM UACHTHU(PHUIIMPOBAHHBIM OCTaTKaM JIU3MHA.

Takum oOpazoM, Hamu OBUIO OOHAPYKEHO TOMOIIMCTEMHWIMPOBAHUE TIO
197, 207 wu, Bo3MOXHO, 188 ocrarkam JM3uWHA, TpUYEeM MoAU(PHUKAIUU
MOABEPrajiach TOJIbKO YaCTh OCTATKOB B MOMYJIALIMM MOJIEKYJ nproHa. OueBUAHO,
4YTO Takas MoauduKauus SBISETCS AOCTaTOYHOW Jisi 0Opa30BaHUs IUMEPOB,
KOTOpbIe OBUTM TMOJBEPrHYTHl aHanu3y. Bo3MoxxHO, uYTO 0Oo0ee KpymHBIC
accouuaThl TOMOLMCTEMHUJIMPOBAHHBIX MPHOHOB IMOJBEPraioTcst Oosiee IMOIHON

MOAU(DUKALIUH.
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Puc. 60. IloarBepknenue Hamuuusg MOAUGPUKAIMU C IOMOIIBIO Macc-
CIIEKTPOMETPHUH.

AHallM3 MOCIE0BATEIbHOCTA OBEYbEro mpuoHa (0a3a maHHbiXx Swiss Prot, Ne
P23907) [www.expasy.org] c¢ mnomouipto mnoaydeHHsix mnocie MALDI-TOF
¢dbparmenToB. [lokazana noaHopazMepHas OCIeA0BaTEIbHOCTh AMUHOKHUCIIOT ¢ 23
1o 234 ocratku (6e3 curHaibHOr0 N-KOHI1EBOTO U C-KOHIIEBOTO MENTUIOB).

Bce BO3MOXXHBIE CalThl pacHICIUICHUS TPUICUHOM YKa3aHbl CTPEIKAMH.
JIn3uHbl OTMEYEHBI CepbIM I[BETOM, MoauduuupoBanHeie 197 u 207 ocrtaTku
nu3uHa ooBeneHbl. [ToguepknyThie nentuasl ( 3 kopotkux LCK (23-25), K (26),
TNMK (110-113) 1 oquH JIMHHBINA:
YPPQGGGGWGQPHGGGWGQPHGGGWGQPHGGGWGQPHGGGGWGQGG
SHSQWNKPSKPK (58 ocratkoB ¢ 52 mo 109)) HemocTymHbI JUIsl aHaliu3a
BCJIEJICTBUE OTPAHUYEHUI METO/IA.
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Tabnuna 7. AHanu3 TOMOLMCTEMHUIMPOBAHUS MPUOHA OCYILIECTBIISUIA C
NoMOIIbI0 TenTua0B, moidydeHHbIX npu MALDI-TOF anammze. (baza maHHBIX

Swiss Prot, Ne P23907) [www.expasy.org]. #MC - 9uciao mpomyiieHHbIX CalTOB

PaCIICILICHUA TPHUIICHHOM, JIN3HUHbI ITOKa3aHbI JKUPHBIM IHpI/I(bTOM u

MOJYCPKHYTHBI, HUCTCUHBI IIOKA3aHbI KYPCUBOM U JKUPHBIM H_IpI/I(l)TOM.

) in ) modi‘fied ) modified and )
posion 4G pepidesequence | "o | comro | oY | pertde | ety | wier | epiier
sample (+117) (+117457)

27-40 0 | RPKPGGGWNTGGSR 1426.73 + + 1543 91 - 1600.93

26-40 1 | KRPKPGGGWNTGGSR 1554.82 + + 1672.00 - 1729.02

27-51 1 | RPKPGGGWNTGGSRYPGQGSPGGNR 2497.22 - - 2614.40 - 2671.42

26-51 2 | KRPKPGGGWNTGGSRYPGQGSPGGNR | 2625.31 - - 2742.49 - 2799.51
172-188 | 0 | YSNONNFVHDCVNITVK* 2051.96 - - 2169.14 - 2226 16
172-197 | 1 | YSNONNFVHDCOVNITVKQHTVTTTTK® | 3049.48 | N/A N/A 3166.66 N/A 3223 68 N/A
189-197| 0 | QHTVTTITK 1016.54 + + 1133.72 + 1190.74
189-207 | 1 | QHTVTTTTKGENFTETDIK 2151.06 + + 2268.24 - 2325.26 +
198-207 | 0 | GENFTETDIK 1153.54 + + 1270.72 + 1327.74 +
198-211| 1 | GENFTETDIKIMER 1682.81 + + 1799.99 - 1857.01 +
189-211| 2 | QHTVTTTTKGENFTETDIKIMER** 2680.32 + + 2797.50 + 2854.52 +

* Macca nenTua0B BIYKUCIICHA C YUETOM aJKHUJIMPOBAHUS OCTATKOB IIUCTEHHA.
*%  Hamuume  menTtwaoB € ABYMS — TOMOIMCTCHHIJIMPOBAHHBIMH U
ATKWJIMPOBAHHBIMU OCTaTKaMH HE MOKET OBITh OIpPE/IEIICHO B CHUJTY MPEBBIIICHUS

aumuTa maccel 3000 [la.

184



Aepeeauuﬂ npuoHa 6 npoyecce COMoyuCmeuHuIUpoeaHusl

Arperanuio O€IKOB HCCIEIOBAIM METOJIOM JAMHAMUYECKOTO Ja3epHOro
cBeropaccessHusi. Ha Puc. 61 MoxxHO BUaeTh, uTo Moaudukanus B ycaoBusx 100-
KpPaTHOTO M30BbITKAa TOMOIMCTEMHTHUOJIAKTOHA HAa OCTAaTOK JIM3MHA Oelika BEIeT K
00pa30BaHUIO KPYMHBIX (C TUIpOAMHAMUYECKUM AuamerpoM okosio 1000 Hw)
arperatoB npuoHa. OOpa3oBaHHE arperaToB HE SIBJSETCS CIEICTBUEM HU3MEHEHUS
OKpY>KE€HHUs OEJIKOBBIX MOJIEKYJ, TaK KaK HCIIOJIb30BAaHHE B Kauye€CTBE KOHTPOJIS
AHAJIOTMYHBIX KOJMYECTB LIMCTEHMHA HE MPUBEJIO K YBEIWYEHHUIO pa3Mepa YacTHUI]
(manubie He mokasanbl). [Ipu ucnonp3oBaHuKM OoJjiee HU3KUX KOHUEHTparuil (50-
KpPaTHBIN M30BITOK TOMOIIMCTEMHTHUOIAKTOHA Ha OCTAaTOK JIM3MHA OeJliKa) peareHra,
pa3Mep arperaToB HECKOJIBKO YMEHbIIAETCs (IO HECKOJbKUX COTEH HAHOMETPOB),
a MPHU UCIONB30BAHUU 25-KpaTHOTO H30BITKA B KMHETUKE PEAKUUU MOSIBIISIETCS
Jar-nepuosi, TO €CTh arperaTbl HAYMHAIOT TMOSBIATHBCS TOJIBKO IIOCIE Yaca
WHKYOaIuu C peareHTOM.

[Ipu uccnenoBaHuu MoBeeHUs NpHOHA B yciaoBUsX 10-kpaTHOTro M30bITKA
peareHTa Ha OCTAaTOK JIM3MHA, OBUIO IOKAa3aHO, YTO B TaKUX YCJIOBHSIX HE

MIPOUCXOIUT OBICTPOI arperaium.
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Puc. 61. I'mgponnHamMuyeckuii AuaMeTrp TOMOLMCTEMHUIMPOBAHHOIO MpHU
pa3HBIX KOHIICHTpAIUsAX ToMouucteuHTuonakroHa (1 - 10-kpaTHbli HW30BITOK B
pacuere Ha OCTaTOK JM3WHa Oenka, 2 - 25-kpatHbid, 3 - 50-xpatsbiid, 4 - 100-
KpaTHBIM) TMpUOHA, TOJYYEHHBIH C TOMOIIBIO METOJIa JUHAMUYECKOIO

CBCTOPACCCAHMUA.
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H3yuenue uUsMeHeHuu 60 8MOPUUHOU cmpyKmype

COMOYUCMEURUIUPOBAHROCO0 NPUOHA

JIJIst TeTeKIMu U3MEHEHHU B CTPYKTYpEe MOIU(DHUIIMPOBAHHOTO MPUOHA OBLT
UCIIOJIb30BaH MeTOj MH(pPaKpacHOW CHeKTpockomuu ¢ npeodOpazoBanueM Dypne
(Puc. 62). B cniekTpe 6eika aHaTM3UPOBAIIA NIEPBYIO aMuIHYI0 Tiosiocy 1610-1690
cM’', KoTOpast cooTBeTcTBYeT KonmeGammsim cBsizn C=0. Kaxmpii o6paser ObLI
THIATETLHO 00€CCOJIeH, YTOObl HCKJIIOYUTH BKJAaJ CBOOOJHOrO TOMOIMCTEHHA,
PacCIIOI0KEHUE OCHOBHBIX MUKOB MHTEHCUBHOCTH KOTOPOrO YKa3aHO CTPEJIKAMH.
JIBa kommnoHenTa Ha 1613 u 1690 HM pacmog0oXeHbl TOCTATOYHO OJM3KO K IMHKaM
B-cioeB, HO Bce-Taku pazgenumbl. Moauduxanus 10-kpaTHBIM  H30BITKOM
TOMOLIUCTEMHTHUOJIAKTOHA BEAET K 3HAUYUTENIbHBIM H3MEHEHUSM BO BTOPHYHOMU
CTpYKType Oenka. M3 moiaydeHHBIX CHEKTPOB BHUJIHO, YTO HATUBHBIA MPUOH JlaeT
IIMPOKUIl THK C MakCMMyMoM 1650 cM™', 4TO COOTBETCTBYeT HAIMUHMIO O-
CIIMPAJIEN U HEOPIraHU30BAHHOM CTPYKTYPBI.

Ha cnextpe roMonucTeMHUIMPOBAHHOTO MPUOHA MOSIBISIOTCS JBE MOJIOCHI,
pacnonoxenssie Ha 1617 u 1678 cM', KOTOpble IIOKA3bIBAIOT HATMYHE
aHTUIIApaUIeNIbHBIX [-cioeB. B TO ke BpeMs HWHTEHCUBHOCTH IIOJIOCHI,
XapakTepu3yrouien o-Crupaid 1 HEOPTaHU30BAHHYIO CTPYKTYPhI, CHHXKAETCS.

Pacronoxenne muka Hmke 1620 cM' ToBOpHT O (OPMHPOBAHHH Ooliee
CUJIBHBIX BOJIOPOJHBIX CBSI3¢M B MEXMOJICKYJSIPHBIX [-CJIOSAX, YTO SIBJISIETCS

XapaKTePUCTUYHBIM MPU3HAKOM JJI1 aMIOUIHBIX CTPYKTYp (Nilsson, 2004).
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Puc. 62. HopmamuzoBanusie MK-crekTpsl ¥ uX BTOpbIE NPOU3BOJHBIC
(BHM3Y) HATUBHOrO (TOHKas JIMHUS) U TOMOIUCTEHMHWIMPOBAHHOTO (TOJCTas

JIMHUS ) IPUOHA.
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Amunouoozennas Koneepcus MOOUPUYUPOBAHHO20 NPUOHA

XapakTepHOl ~ CTPYKTYpHOM OCOOEHHOCTbIO MPUOHA SBJISETCA  €ro
CIIOCOOHOCTh K MAaTOJIOTMYECKOMY W3MEHEHHUIO BTOPUYHOW CTPYKTYphl. Ilepexon
O-CTIUPAJIBHBIX  3JIEMEHTOB IOCJIEI0BATEILHOCTH B [-CIOWHBIE CTPYKTYpbI
CONMPOBOXKAAETCSI 00pa30BaHUEM AMMJIOMAOTEHHBIX arperaroB, TO €CThb IPHOH
npuoOpeTaeT  CBOMCTBO  TpaHC(OMUpOBaTH  HOPMalbHBIM  OCJIOK B
KOHBEPTUPOBaHHbIM. OJHUM M3 METOJOB, NO3BOJSIOIMIMX HCCIEIOBATh TAKUE
CTPYKTYypHbIE HW3MEHEHHUs, SBIACTCA M3yUYeHHE CIEKTPOB (ryopecueHunu
trodnaBuna T. Tuodnasun T npu B3auMoaeCTBUU C aMUIIOUIOT€HHBIM TPUOHOM
npuobperaer MakcumyM (Quiyopecuenuuu npu 495 Hm. Takxke u3BecTHa
criocoOHOCTh THOQuIaBuHA T (iryopecimpoBaTh Npu BKIOYECHUU B MHIICIIISIPHBIC
CTPYKTYypbl. JIJIsi CpaBHEHHSI Mbl MCIOJIb30BajJy YIOMHUHABIIMECS PaHEE YCIOBUS
TepmMooOpaboTku mpuoHa — HarpeBanue npu 80°C B Teuenue 2 munyT. Ha Puc. 63.
IPEJCTaBJICHbI CIIEKTPHI (PIyOpECLEHIMN TOMOLUCTEMHIIINPOBAHHBIX OEJIKOB MpHU
BO30Y>KJIEHUH CBETOM C JIJIMHOM BOJIHBI 435 HM. B ciiyyae moaudukanuu npuoHa
100-xpaTHBIM M30BITKOM IOMOIIMCTEMHTHOJAKTOHA B pacyeTe Ha OCTaTOK JIM3MHA
MO>KHO BHJIETb UHTEHCUBHOCTH (PIIyOPECIICHIIMH, COMTOCTAaBUMYIO C KOHTPOJIbHOMH,
TO €CTh MOYHO CJENaThb BBIBOJA, YTO T'OMOLIMCTEMHWJIMPOBAHHE IPUBOJIUT K
aMHJIONIOTeHHOM KoHBepcuu Oenka. Ilpu 10-kpaTHOM M30BITKE peareHTa MOKHO
BUJIETh, 4YTO (IYOPECLEHIMSI BbIIIE KOHTPOJbHOM, HO HAMHOTO MEHbIIE
¢ryopecueHIN TepMOoarperupoOBaHHOTO MPUOHA, TO €CTh CTENEHb MOAU(PUKALIUU

3HAYUTCIIbHO HHXKC.
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Puc. 63. Cnektpsl ¢uyopecuenun tTuoduaBuna T (B yCIOBHBIX €IWHUIAX)
JUIL HATUBHOTO Y MOAM(PUIIMPOBAHHOI'O TOMOIIMCTEUHTHOJIAKTOHOM ITPHOHA.

[IpencraBnensl cnekTpbl GayopecuieHun npuoHa npu 100-kpaTHOM
(crutomHast  ymHMA) W 10-kpaTHOM  (NIyHKTUpHAs  JIMHUS)  U30BITKE
TrOMOIMCTEMHTUOJIIAKTOHA, KOHTPOJIb IMOKa3aH TOYKaMH, JUJIsi MpUOHAa J00aBlieH
criekTp TepMoobOpaboranHoro mipu 80°C B TedeHun 2 MHHYT Oeika
(I TPUXTTYHKTUPHAS JTUHUSA).

97 [ S— KonTponn I'oMo1Ti cTEMHIIM pOBaHHbIIi Tepmoarp.
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Puc. 64. VYcroHyuMBOCTH TOMOLMCTEMHWIMPOBAHHOTO  IMpPUOHA K

pacienieHuro nporenHaszom K

[Tpoduns JICH-anexktpodopesa B 12% I[TAAI' B HEBOCCTaHABIMBAIOIIUX
YCIOBUSX npu o0paboTke HaTUBHOTO, MOAU(PUITTPOBAHHOTO u
TEPMOArperupoOBAHHOrO IPUOHA NMpoTenHa3on K.

190



Tlosviuenue ycmoﬁqueocmu COMOYUCMEURUIUPOBAHHOCO npuona K

Oeticmsuto npomeunaszvl K

[Iporeomn3 mporenHaszon K sABnsercd OOHMM M3 HMHAMKATOPOB IIEpEXona
IpUOHAa B NATOJOrMYECKYI0 KOH(pOpMalMio, Tak Kak oOorauieHHas [-ciosamu
dbopMa NEMOHCTPUPYET TMOBBIIIEHHYI0 YCTOMYMBOCTh K PACIHICIVICHUIO ASTUM
dbepmenTom. Mpbl uccneoBaNiM  AaKTHBHOCTH pacuieruieHusi mnpotenHazoil K
TOMOIIMCTEMHWIMPOBAHHOTO IIPHUOHA B CPaBHEHUM C TEPMOArperMpOBAHHBIM,
TaKXKe Kak B ciaydyae u3mepenus: guyopecuennuu tuodnasuna T. beuto mokazano,
4yT0 MOAU(UKALKSA MPUOHA IPUBOJUT K 3aMETHOMY YBEIMYEHUIO YCTOWYMBOCTHU
oenka (Puc. 64), naxe uepe3 40 MUHYT oOCTaerci HETUAPOIUZOBAHHBIM
3HAYUTEIBHOE KOJIMYECTBO MOHOMEPHOM MOJTHOPA3MEPHOU bOopMBI.
['OMOIMCTEMHUIIMPOBAHHBIA TIPUOH MEHee JOCTyNeH Juisi mnporeuHassl K B
CPaBHEHUHU C TEPMOOOPAOOTaHHBIM, Y KOTOPOTO yXe yepe3 15 MUHYT KOJINYEeCTBO

MOHOMEPHOH (OPMBI 3HAYUTEITHLHO CHIKEHO.

Mopdgonocus acpecamos comoyucmenuIupo8aHHo20 NPUOHA

Mopdonoruto 00pa3oBaBIIUXCSA B TEUEHUE 72 4acoB
TOMOIIMCTEUHUIIMPOBAHUS HAONIOMAM € TOMOIIBI0  (a30BO-KOHTPACTHOU U
bayopecuieHTHOM MHUKpockonuu. DiyopecueHirs CBS3aHHOTO C TMOJTYyYEHHBIMU
gacturamu TrodaBuHa T TO3BOMISET MOTYYUTh HHGOPMAITHIO O pa3Mepe, popme
u Mopdosorun arperaroB, B oTiauuuu ot Metonxa JIJIC, xoropwli maer
YCPEAHEHHBIN pa3Mep YacTull 0e3 yueTa uxX reOMEeTPHH.

B xoHTponprHOM o0O0pasiie MPUOH HAXOAUTCS B HATUBHOM MOHOMEPHOM
COCTOSIHMM, He CBs3biBaeT THO(maBuH T W He oOOHapy>KuUBaeTcs Mpu
UCIoiab30BaHuu (iryopectieHTHOM Mukpockonuu. [locne 24 yacoB MHKyOanuu ¢
TOMOIMCTEUHTHONAKTOHOM T1pH 37°C B mpoOe MOKHO BHJIETh 00pa30BaHUE YaCTHII

¢ pazmepoMm okojo 1 MM (Puc. 65), 4TO XOpOIIO COOTBETCTBYET JaHHBIM,
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nosryaeHHsIM MeTozioM JIJIC. B Toxe Bpems B 00pasiie HabmomaeTcst o0pa3oBaHue
JUIMHHBIX (UOPHIITT C HECKOJBKO CHUKEHHOM MHTEHCHUBHOCTBIO (DiryopecueHInu
10 CPABHEHMIO C arperaramu.

B TeueHun BpeMEHHM MOXXHO BUJIETh PAa3BUTHE IMPOIECCa arperanuu, nocie
48 u 72 yacoB unkyOanuu (Puc. 65 b u B) arperatbl AeMOHCTPUPYIOT TCHICHIIUIO

K JalpHeWIed arnomepanuu u (HOPMUPOBAHMIO KPYIMHBIX APEBOMOJOOHBIX

CTPYKTYP, COCTOSIIIMX W3 (PUOPUILT U arperaTos.

A b B

Puc. 65. ®ororpadgur roMOIUCTEMHUIMPOBAHHOIO MPUOHA B TeueHue 24
(A), 48 (b) u 72 (B) wacoB mHKyOanum ¢ TOMOLMCTECHHTHONIAKTOHOM. CBepXy
npejacTaBiieHa ¢uyopecteHnus tTuodaasuHa T, cHU3y - u3o0paxeHue B (azoBoM

KOHTpACTe.
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TpaHCMMCCMOHHa}Z IJIEKMPOHRHAA MUKPOCKONUA 2OMOYUCMEUHUTIUPOBAHRHO2O

NpUOHQ

C mnomomp0 MeTona (pIyopeclHeHTHON MHUKPOCKONHMHA B MPHUCYTCTBUU
thuodnaBuHa T ObUIO MMOKa3aHO, YTO MNPU TOMOIUCTEHHWIMPOBAHUU MPHUOH
dbopMHpyET KpyIHbIE arperatbl JuaMeTpoM OKoJio 1-2 MKM, KOTOpble IpHu Oojee
JUTUTEILHON MHKYOAIMM CIIOCOOHBI COOMPAThCS B APEBOBUJIHBIC CTPYKTYpPHI (PHC.
65). [ns Oosiee AETAJIBHOTO HCCIEAOBAHMS CTPYKTYpPbl MOJYYEHHBIX arperaTtoB
TaK)K€ HCII0Jb30BaJIM TPAHCMHCCHOHHYIO 3JIEKTPOHHYIO MUKpockonuto. Ha Puc.
66 MOXHO BHUAECTb, YTO TMPU HCIOJIB30BAHUM 25-KpaTHOTO  M30BITKA
TOMOLIMCTEUHTHUONAKTOHA MPUOH (OPMUPYET arperartbl C IUIOTHOW CTPYKTYpOH,
Ipy TIOBBIIEHWW KOHIIGHTpAlMu peareHra 10 S0-KpaTHOM MPOUCXOJUT
yBEJIMYECHHE PAa3MEpPOB arperatoB U ux 'ciumnanue" npyr ¢ apyrom. Ilpu stom
BOKpPYI arperaToB MOXHO BHUICTh HEMOAM(PHUIMPOBAHHBIA TPHUOH B BHJIE
amopdubx omnoxenuit (Puc. 66 JI), Takue ke CTPYKTYphl MOXXHO BHUJIETH B

KOHTpoJbHOH npobe (Puc. 66 E).
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Puc. 66. DnekTpoHHass MUKPOCKOIHS TOMOLUMCTEMHUIMPOBAHHOIO MPHOHA
nociie 24-4acoBOl peaklMM C TOMOLMCTEHMHTHOJNAakToHOM npu 37°C. A-b -
TOMOIIMCTEUHUIIMPOBaHHBIC 25-KpaTHBIM M30BITKOM peareHTa mpemnapatsl, B-I' -
TOMOLMCTEUHUIMpPOBaHHbIe S50-KpaTHBIM HM30BITKOM peareHTa npemapatsl, [ -
obmacte B MomuduimpoBaHHOM Tpemapare A (yka3zaHa BBIJICIICHUEM),
MOKA3bIBAKOIIAsl  OKPYKEHHME TIOMOLUMCTCHHWIMPOBAHHBIX arperaroB, E -

KOHTPOJIBHBIN TTpernapar.
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Ponv HEeKomopbslx JU3UHO6 NPUOHA 6 obecnevyenuu yCI’I/ZOI/?'-lI/IGOCWlM €eco

CMpYKmMypbl

IIpn aHamm3e TpPEXMEPHOW CTPYKTYphl CTPYKTYPUPOBAaHHOW 4YacCTH
MOCJIEIOBATEILHOCTA ~ MPUOHA  OOHApYyX EHO, YTO BCE OCTaTKU JIM3MHA
SKCIIOHUPOBAHbI B PAcTBOpP M JOCTYHHBI Il Moaudukaruu. J[Ba u3 HHUX
Y4acTBYIOT B TOJJIEPKAHUU CTPYKTypbl Oenka - jauszuH 207 oOpasyer colyieBor
MOCTUK ¢ riyramatoMm 149, moBblmas crabuinbHOCTh 3-eii cnupanu (Puc. 67.).
Jlmzun 197 B3ammogmelcTBYyeT ¢ rayramaroM 199, moaaepskuBas KoH(OpMAIUIO
neii. CpaBHUB CTPYKTYpbl MOHOMEPHOM M TMMEPHOM (OpMBI MPHUOHA, MOKHO
NPEANOJIOKUTh, YTO TIPU JTUMEPU3ALUKN U3MEHSIETCS KOH(OpMalKsi UMEHHO 3TOU
nemm. Takum o6pa3zom, Mmoaudukanus au3uHa 197 HOMKHA TPUBOIUTH K
JecTabuiv3alui HaTUBHOM KOoH(pOpMalMu NpuoHa W o0Jierdyatbh €€ IMepexojl B
MATOJIOTHYECKYIO (opMy.

VuursiBasg BaxHocTh 197 u 207 nu3uMHOB B NOAACPKAaHUM HATUBHOMU
CTPYKTYpbl TMPHUOHA U TIOJYYEHHbIE MAacC-CIEKTPOMETPUUECKUE JIaHHbIE,
noATBepkaaromue Hanmmuue Mmoaupukanuu 197 u 207 1u3MHOB, MOKHO C/ENIaTh
BbIBOJ OO0 Yy4YacTUM OTHUX OCTATKOB B CTPYKTYpHBIX H3MEHEHMsIX OeJka,

MMPOUCXOAAIUX ITPU TOMOIUCTCUHHUIIMPOBAHUU.
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Puc. 67. TpexmepHas CTpyKTypa CTPYKTYpPUPOBAHHOIO yYacTKa MPHOHA

(PDB ID 1uw3)
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B naHHOM yacTy WCCAENOBAHUS NPEANONAraloCh UCCIEA0BATh BO3MOKHBIN
3¢pPeKT TOMOLMCTEHHUJIMPOBAHUS B  IMATOJOTHMYECKOHW  aMUJIOMJAOTEHHOU
Tpancopmanuu mpuoHa. [IpuHuMas BO BHHMaHUE JaHHBIE O B3aUMOCBS3U
(Koppensiii) BBICOKOTO YPOBHSI TOMOIIMCTEMHA W TOBBIIMICHHONW BEPOSITHOCTU
pa3BUTUS HEHpOJIereHepaTUBHBIX 00JIe3HEH, JaHHBIA BOIPOC MPEACTABISACTCS
aKTyaJbHBIM U UHTEPECHBIM.

[IpennoxenHbrii  SIKyOOBCKMM MEXaHM3M IATOJOTHYECKOrOo JeHCTBUS
TOMOIIUCTEMHA 4Yepe3 €ero axkTUBHOE MPOU3BOJAHOEC T'OMOIIMCTEUMHTUOIAKTOH
0€3yCIIOBHO CHOCOOEH NPOBOLMPOBAaTH M3MEHEHUS B CTPYKTYype U CBOMCTBAX
O€JIKOB, YTO MOJATBEPIKIEHO B MHOTOYHMCIICHHBIX pab0Tax Ha ATy TEMY.

bbuio mokazaHo, 4ro MoAMQUKALMS in Vitro HW30BITOYHBIM KOJUYECTBOM
TOMOITUCTEMHTHOJAKTOHA TPUBOJUT K arperanuu Oejlka W H3MEHCHHIO €ro
(bUBUKO-XUMUUYECKUX  CBOMCTB. I[lOBBIIIEHHE YCTOMYMBOCTH K  JACHCTBHIO
nporenHassl K u 3HaunTenbHOe yBenuueHue ¢dayopecueHuuu tuoduaBuna T
CBHJICTEIIBCTBYIOT 00 aMUJIOMJOTCHHOM XapakTepe H3MEHEHUW B CTPYKType
MOAU(PUIUPOBAHHOTO MPUOHA.

Onnako, pasMep u MOP(QOJIOTHS IMOJYYCHHBIX arperaToB HE COBCEM
COOTBETCTBYIOT TUIIUYHOMY JUIsl TTPUOHOBOM TpaHchOpMaIlUM THIy arperaiuu.
3HauMUTENbHAs YaCTh arperaToB MpPEJICTaBIsAeT coO00W "HaHM3aHble" HAa (PUOPUILIBI
chepuyecKkrue 4YacTHUIbI, CKIOHHBIE B TEUYEHHWHM BpPEMEHH OOpa3OBBIBaTH CYIEp-
arperatbl, W WMMEHHO JJId HUX XapakTepHa ycwieHHas ¢IyopecueHIus
tuodnaBuna T.

OueBHIHO, YTO HCHOJB3YEeMbIe i1 MOAUGUKAIIMU  KOHIICHTpAIlUU
TOMOITUCTEMHTUOJIAKTOHA 3HAUUTENIBHO MPEBBIMIAIOT (PU3MOIOTHUUECKHE, OIHAKO
BCJICJICTBHE reTepOreHHOCTH MOAU(DUKAITUH HCTI0JIb30BaHUE HHU3KHUX
KOHIICHTpAIlMi CHJILHO 3aTpyAHseT oOHapyxkeHue »¢dexra. Hcnonp3oBanue
HU3KUX KOHIICHTpAaluid mpu OOJbLIEM BpPEMEHU peaklUMu HE OINpaBAaHO
BCJIEJICTBUE BBICOKOM CKOPOCTH THAPOJIN3a TOMOLIMCTENHTHOIAKTOHA. OIHAaKO, TaK
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KaK in vivo MoauduKanus MOXET HaKaluIMBaThCs Omarofaps "IoiaroXuBydecTH"
IPUOHA, JAHHBIA MOAXOJ s M3y4eHUs MOoJIU(UKALMM HA YPOBHE CTPYKTYpbI
OeJKa IpeCTaBIseTCs ONPABIAHHBIM.

Takum oOpa3zom, B JaHHOM HCCJIEIOBAaHUM ObUIM TMOJIY4YEHBI JaHHbIE,
CBUJETEIBCTBYIOIIUE O TOM, YTO NMPU MOAU(PUKAIMN THOJIAKTOHOM I'OMOIIMCTEUH
crnoco0eH BcTpaumBaThbesl B cocTaB Oenka. IIpu MCHosIb30BaHUMM 3HAYUTEIBLHOTO
U30BbITKa THOJIAKTOHA 3TO MPHUBOJUT K arperanuu Oenka, MpUYeM IOJy4YeHHbIE
arperatbl JI€MOHCTPUPYIOT CTPYKTYpHBIE HW3MEHEHHUs, XapaKTEepHbIE IS
amMuiiouIHOM TpaHchopmaruu. CyMMHUPYs, MOKHO 3aKJIFOUNUTh, YTO MPUOH MOKET
HOJIBEPTraThCsi T'OMOLMCTEUMHUIIMPOBAHUIO, KOTOPOE CHOCOOHO MPHUBOIUTH K

aMUJIOUJIOTEHHBIM U3MEHEHUSAM B €70 CTPYKTYPE.
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BbIBO/1bI

. [Ipp BBegeHMM OCTaTKOB LMCTEMHAa B [-Ka3eMH OH NOpUOOpeTaeT
CHOCOOHOCTh K aumepusauuu, npudyeMm C-xkoHueBod wMytanT C208
nuMepusyeTcs 6oiee dpdexkTuBHo, yeM N-koHieBoi C4.

. 'oMouucrennunupoBanre HATUBHBIX OS1- U [-Ka3eMHOB MNPUBOAMUT K
(GOopMUPOBAaHUIO KPYIHBIX C(HEPUUECKUX arperaTtoB, COJEPKalINX Ka3eHuHbI
C HW3MEHEHHOW CTPYKTYpOH, a TIOMOLMCTEMHWIMPOBAHHBIN K-Ka3eHH
JEMOHCTPHUPYET aMUJIOUI0TIOA00HBIE CBOMCTBA U (hopMUpYeET HUOPUILIBI.

. Tepmoarperauus npuoHa HPUBOAUT K aMHUJIOMJIOTEHHOW TpaHCcOopMaluu
yepe3 00pa3oBaHUE MaJIbIX OJINTOMEPOB.

. B 3aBucumoct oT KOHIEHTpamuu, (ocPaTUAMINHOZUTON MOXKET OO0
IPUBOJUTH K aMUJIOWJOTEHHON arperaluu NpuoHa B Clly4ae MULEIIISIPHBIX
koHreHtpauii (500 MmxkM), mubo BBI3BIBaTH 00pa3oBaHUE KPYIHBIX
aMOp(HBIX arperaToB ¢ HEM3MEHEHHOW CTPYKTYPOW i KOHIICHTPAIMMA
0,5 — 50 MmxM.

["'oMonucTenHUIMpPOBAHKE IpHOHA IPUBOJIUT K arperaruu,
CONPOBOXKAAIOIIEHCS ~ M3MEHEHHUSAMHM  CTPYKTYpPbl  aMUJIOUJOTE€HHOTO

Xapakrepa.
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Introduction

Homocysteine thiolactone, which after substitution of e—amino functions of
lysyl residues forms disulphide bonds between the introduced sulthydryl groups
hence cross-linking substituted protein molecules, was recently shown to be
associated with a number of pathologies [1-7].

Most of these reports are based on the strong correlation between contents of
homocysteine and of its thiolactone, activities of enzymes involved in their
synthesis and the excessive presence of homocysteinylated proteins and
occurrence of various pathologies[1-7]. Less numerous studies of the effect of
modification of purified proteins with homocysteine thiolactone in vitro,
demonstrate marked affect of this modification on the aggregation state and
other properties of substituted proteins [8, 9]. Some reports [1, 8, 9] suggest that
protein functions and structures can be changed considerably by
homocysteinylation. For example, homocysteinylation induces aggregation of
such proteins as bovine serum albumin (BSA) and other blood proteins [9]. The
data obtained by Paoli et al. [9] indicate that plausible pathologic role of
homocysteine thiolactone could be due to the aggregation and the formation of
large protein aggregates it induces. Until now, homocysteinylation of globular
proteins with well defined tertiary structures was studied. Not much is known
about the impact of homocysteinylation of Intrinsically Unstructured Proteins
(IUPs) on their structures although some of them like for example prions [10,
11], can be involved in the formation of amyloid structures even without being
modified. IUPs constitute a significant portion of the proteome and play an
important role in many biological processes [12-14]. One of recent studies
demonstrate that homocysteinylation of ovine prion, which is also classified as
an IUP, leads to the formation of amyloid-like structures (submitted). The study

of the impact of the homocysteinylation of such IUPs as are caseins [10, 11] was
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carried out in the present work using as substrates 3 main bovine caseins

(alphaS1, beta and kappa), the properties of which are summarized in Table 1.

On one hand, all the caseins investigated belong to the group of IUP [11]. On
the other hand, each of them has somehow different properties: ag;-casein and
k-caseins do not form micelles, whereas the latter is capable of di- and
oligomerization owing to the presence of cysteines and their sulthydryl groups
in kappa-casein sequence. Beta-casein is forming micelles thanks to its
amphiphilicity [15] and is also considered to be “rheomorphic protein” [16].
Impact of homocysteinylation of industrial beta-casein, containing a mixture of
beta- and kappa-caseins was also studied, as bound together caseins that may be
homocysteinylated as such in milk. The aim of this part of the study was to
understand what happens with the folding after homocysteinylation of I[UPs such
as caseins forming in unmodified state large supramolecular structures [15, 17]
and to understand the role of homocysteinylation in the formation of even more
complex casein structures.

It should also be highlighted that cow milk and whey contain micromolar
concentrations of protein N-linked homocysteine [18]. Homocysteinylation of
dairy proteins may influence milk functional properties during processing,
storage, clotting, whey separation effectiveness, etc. One should also consider
the possible influence of protein N-linked Hcy, first of all in case of caseins, on
the digestion and the intestinal absorption of different food components
containing dairy proteins. Homocysteinylation may also modify immuno
reactivities of  homocysteinylated caseins. An  investigation  of
homocysteinylation of individual caseins and their mixtures is an essential initial
step before the study of modifications of whole milk and of diverse dairy
products that can be altered by increased aggregations and changed interactions

of composing them most important “core” proteins [15].
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Materials and Methods

Materials

L-Hcy-thiolactone, HCI, thioflavin T, ANS, Congo red and MOPS were
purchased from Sigma (St. Louis, MO, USA). Industrial B-CN extracted from
bovine milk by rennet coagulation and solubilization at 4 °C was purchased from

Lactalis (Laval, France).

Purification of caseins
Native alphaS1-, beta- and kappa-caseins were purified according to a two-step
purification procedure [19]. Fresh bovine milk was defatted by centrifugation

and casein fraction was precipitated at pH 4.6. Casein enriched pellet was

isolated by centrifugation (5860 % g, 8400 rpm, 60 min, 4 °C), washed,
lyophilized, and stored at —20 °C until use. Whole casein fraction in
concentration 100 mg/ml was prepared in 20 mM Tris-HCI1 buffer, pH 8,
containing 8 M urea, 20 mM dithiothreitol, and centrifuged at 10000 g during 10
min. Supernatant was loaded on the column, filled by Source 15Q and
equilibrated by 25 mM Tris-HCI, 4 M urea, 5 mM DTT, pH 8.2. Linear gradient
0 - 0.3 M NaCl in the same buffer, performed elution of proteins. After detection
on SDS-PAGE, fractions containing pure beta- and kappa-caseins were dialyzed
against water three times. After addition of NaOH to pH 8, proteins were
lyophilized. For purification of alphaSI-casein from mix with alphaS2-casein
previously described procedure of cation-exchange chromatography on MonoS
resin was applied [15] with the same preparation of lyophilized product. Protein
bands of eluted fractions were detected on SDS PAGE after Coomassie blue

staining and their purity was judged to be greater than 95%.

N-Homocysteinylation
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Studied caseins (1 mg/ml) in 25 mM potassium phosphate, pH 7.5 were
modified with Hcy-thiolactone (10- and 100-fold molar excess / one lysyl
residue) at 10 °C and 50 °C for 24 h. AlphaS1, beta and kappa-casein molecules
contain, respectively, 14, 11 and 9 lysyl residues. The reaction mixture was
centrifuged and the pellet was washed with buffer to remove low-molecular-
weight compounds. Initial casein concentrations were determined with Bradford

assay.

SH-groups determination by Ellman's assay

The fraction containing homocysteinylated beta-casein was solubilized in § M
guanidine hydrochloride and desalted passed through PD-10 desalting column.
Casein fraction was treated with2 mM beta-mercaptoethanol and incubated for 1
h at 40 °C. Then, the reaction mixture was passed again through a PD-10
desalting column in order to separate the modified beta-casein from
homocysteine released from beta-casein-mixed disulfides. The quantities of thiol
groups in control and in homocysteinylated beta-casein were measured using
dithionitrobenzoic acid, the Ellman's reagent [20]. The absorbencies of the
samples were measured at 412 nm, using a 10-mm- path-length cuvette. The

amount of 5’ -nitrothiobenzoate released was calculated from the molar

extinction coefficient of 13,600 Mlem™.

Dynamic light scattering (DLS)

DLS experiments were carried out by using Zetasizer Nano-ZS apparatus
(Malvern Instruments, Malvern, U.K.). Laser wavelength was 532 nm. Size
distribution by number was used for interpretation of results. DLS
measurements were carried out at 10 °C and 50 °C using 1 mg/ml caseins in 25
mM phosphate buffer, pH 7.5. In case of studies of aggregation after N-

homocysteinylation, hydrodynamic diameter of caseins was measured at 10 °C

221



or 50 °C and Hcy-thiolactone was added directly into the same cuvette. The
hydrodynamic diameters of caseins were measured in triplicate. Each
measurement corresponded to five auto-correlation functions recorded during 40
s. The viscosity and the refractive index of the solvent were those of water,
known to change with the temperature. The index of protein was set at 1.45,
independently of the temperature. The angle of the laser beam was 173° or
12.8°, depending on aggregative status of sample. Each measurement was an
average of 5 runs, 30 s each. Data sets obtained were analyzed using the

Malvern DTS software.

Fluorescence spectroscopy

Fluorescence spectra were measured using Hitachi F-4500 spectrofluorimeter
fitted with a right angle holder. The slit widths were set at 5 nm in emission and
5.0 nm in excitation pathways. Homocysteinylated caseins prepared as described
above were placed in quartz cuvettes with optical pathway of 1 cm. The spectra
were collected in triplicate at temperature 20°C. Emission spectra were recorded
between 300 nm and 450 nm, every 1 nm, with excitation wavelength set at 295
nm. The fluorescence emission of tryptophanyl residue shows a blue shift when
its local environment becomes more hydrophobic. The scan speed was set at 60

nm'min’.

Thioflavin T fluorescence

Freshly prepared water solution of thioflavin T was added to 8 uM
homocysteinylated caseins in 25 mM phosphate buffer, pH 7.5 at a molar ratio
of 10:1. Thioflavin T was incubated for 5 min with protein samples before the
measurements. Spectra of thioflavin T fluorescence were acquired on Hitachi F

4500 spectrofluorimeter at 20°C using an excitation wavelength of 435 nm.
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ANS fluorescence

For the ANS experiments, 3 uM casein samples were incubated at 20 °C with a
50-fold molar excess of freshly prepared ANS for 60 min in the dark before the
analysis. For the acquisition, the excitation was fixed at 365 nm and the
emission was collected between 400 and 600 nm at 20 °C, using a 10-mm-path-
length cuvette. Spectra of ANS fluorescence were acquired with a Hitachi F

4500 spectrofluorimeter.
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Congo red binding assay

Freshly prepared water solution of Congo red was added to 2 uM
homocysteinylated caseins in 25 mM phosphate buffer, pH 7.5 at a molar ratio
of 10:1. Congo red was incubated for 15 min with protein samples before the
measurements. Spectra of Congo red absorption were acquired using UV 1601
Shimadzu spectrophotometer (Japan) at 20°C with a 10-mm-path-length cuvette.

The buffer spectrum was used as blank and subtracted from all other spectra.

Epifluorescence microscopy

Freshly prepared water solution of thioflavin T was added to homocysteinylated
casein solution (1 mg/ml) in 20 mM phosphate buffer, pH 7.5 in a molar ratio of
20 : 1. Samples were included in GelMount media (Sigma) and observed with an
inverted fluorescence microscope (Leica DMRB) using band-pass excitation
filter 450 - 490 nm, reflection short pass beam splitter RKP 510 and long pass
filter >515 nm. Digital pictures were acquired using a Nikon DS-1QM camera

and NIS software.

Transmission electron microscopy

Modified proteins were absorbed onto Formvar film, attached to 200-mesh
copper grids and contrasted with Nano-W reagent (Nanoprobes, USA). After
air-drying, the specimens were shadowed with carbon and examined using an
LEO 912 AB OMEGA electron microscope (Carl Zeiss, Germany) operated at
100 kV.
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Results

Characterization of used caseins

Objects of the present work include native alphaS1-, beta- and kappa-caseins
obtained by chromatographic purification of cow milk alpha S1, beta and kappa
caseins were as shown by PAGE close to homogeneity and also industrially-
purified beta-casein contained only small amounts of kappa casein (results not
shown).

All caseins have somewhat aberrant electrophoretic mobility because of the
excessive amounts of prolyl residues constituting about 1/6 of their all amino
acid content. When separated electrophoretically they demonstrate higher
masses than it could be expected (19, 23, and 24 kDa for k, 3, and a.g;-caseins,
respectively). According to the electrophoretic results the main object of this
study, beta-casein, 1s homogenous, while alphaS-casein preparation contains
small amounts of minor components. Although kappa-casein preparation shows
the highest heterogeneity, it is not caused by impurities. During purification,
kappa-casein preparation is reduced with 50 mM DTT (1 h, heating). However,
it undergoes partial oligomerization by formation of intermolecular disulphide
bonds during chromatography, storage and dissolution, what accounts for the
presence of multiple bands on the gel. Furthermore, irregularities in kappa-
casein glycosylation lead to band smearing.

Electrophoresis of the industrial preparation of beta-casein shows an additional
band with lower molecular mass. Given the absence of anti-beta-casein antibody
reactivity, this band cannot be regarded as a proteolytic fragment of beta-casein.
The exhibited molecular mass of the additional band corresponds to kappa-
casein. Since an interaction between these two proteins is known, we presume
that the used industrial beta-casein preparation contained some kappa-casein as

well. The analysis of electrophoretic lane of industrial beta-casein  with
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OneDScan program allowed to asses the purity of the industrial beta-casein
preparation to be close to 73%.

Figure 1 illustrates the temperature dependence of the aggregation of three
different casein types and the industrial casein preparation. According to the
DLS data, beta-casein can exist either in monomeric or in micellar forms
depending on the temperature. AlphaS1-casein is unable to form micelles, while
kappa-casein can form oligomers because its molecule contains cysteyl residues.
The industrial beta-casein preparation shows the formation of larger particles
compared to purified beta-casein what is caused by its partial co-aggregation
with kappa-casein. This partial heterogeneity of the industrial beta-casein
preparation is also the probable cause for the smoother transition to micellar

state at higher temperature.

Homocysteinylation induces aggregation state shift in caseins

Changes of aggregation of studied caseins after their homocysteinylation were
investigated by SDS-electrophoresis and by dynamic light scattering (DLS). The
experiments were carried out in a non-reductive medium, therefore allowing the
observation and identification of oligo- and polymeric casein forms composed of
monomeric casein molecules connected with disulphide bonds between
homocysteine sulthydryl groups introduced by homocysteinylation In case of
kappa-casein, its dimers and oligomers can also be formed by the intrinsic
cysteyl residues. Excessive amounts of homocysteine thiolactone, namely 10-
and 100-fold per lysyl residue, were used for casein modification in order to
achieve significant substitution. Homocysteine thiolactone is known to be
unstable in aqueous solutions, being hydrolyzed to homocysteine, which is
unable of modifying amino groups. This justifies the use of excess of

homocysteine thiolactone in protein modification in water media.
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Electrophoretic data (Figures 2A-C) indicate the formation of casein dimers and
oligomers of different masses after modification. Large aggregates hardly
entering the stacking gel are also formed. Such behavior is observed in case of
all three native caseins, as well as in case of the industrial beta-casein.
Additionally, an increase in large aggregate content is observed together with an
increase in homocysteine thiolactone concentration. The solution becomes
opalescent after the homocysteinylation but the precipitation is not seen.
However, centrifugation for 10 min at 14000 rpm causes a significant protein
precipitation (some quantity of monomeric protein can be still found in the
supernatant, Figure 2-D).

The monomeric casein can be restored with a severe treatment (boiling in 720
mM [-mercaptoethanol (BME) and SDS for 10 min) indicating that the observed
aggregation is caused by the formation of disulphide bonds.

Another aggregation mode beside disulphide bond formation exists since beta-
casein aggregates are not fully degraded neither upon incubation with 2 mM
BME at 40°C for 1 h, nor in 8 M guanidine hydrochloride with added BME, and
not even in the sample buffer. That high resistance to severe reductive
conditions might indicate that some portions of the aggregates formed upon
beta-casein homocysteinylation are of amyloid-like nature.

DLS was also applied to the investigation of changes of aggregation of caseins.
Consistent with the electrophoresis data, DLS experiments had shown beta-
caseins to form aggregates upon homocysteinylation (Figure 3B). In case of
purified beta-casein, aggregates are formed upon homocysteinylation of both
monomeric (at 10°C) and micellar (at 50°C) forms. Compared to the micellar
form, aggregation of monomeric form takes longer time. However, it might be
explained by slower kinetics of modification of beta-casein at lower temperature
rather than by different features of modification of monomeric and micellar

forms. An acceleration of aggregation observed in higher temperatures such as
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the homocysteinylation of non-micellizing alphaS1-casein (data not shown)
confirms this. Beta-casein aggregation occurs step-like upon modification (after
120 min from the beginning of incubation) and leads to formation of large
particles whose size could not be determined by the standard DLS
measurements at the angle of 173°. At the scattering angle of 12.8°, the size of
these particles was found, however, to be about 1000 nm. AlphaS1-casein
homocysteinylation yields particles of the same size - about 1000 nm (Figure
3A). In case of kappa-casein, the size of the particles formed after the
homocysteinylation cannot be determined due to their heterogeneity. Probably,
it forms a large number of diversely sized aggregates remaining in a dynamic
equilibrium.

Industrial beta-casein, step-like aggregation of which is inhibited by kappa-
casein, was found to be the most convenient object for the study of the influence
of the homocysteinylation on aggregation. The data presented in Figure 4 show
that at 10 °C the sample consists solely of monomeric molecules of beta casein,
whereas at 37 °C it contains a mixture of monomers and micelles. Two
populations of aggregates are formed upon addition of 10-fold excess of
homocysteine thiolactone, measuring 30 and 120 nm in diameter, and at 10 °C a
small amount of monomers coexists with these aggregates. Further increase of
concentration of homocysteine thiolactone up to 100-fold excess stimulates
aggregation both at 10 °C and at 37 °C. Moreover, the aggregates formed at 37
°C are as large as 1000 nm (detected at scattering angle of 12°), and after their
separation, oligomers sized about 43 nm remain in the supernatant .

Thus, one can conclude that homocysteinylation does lead to the formation of
disulphide-linked aggregates in case of all the investigated caseins and the
stability of the aggregates formed by beta-casein in detergents suggests the
formation of stable amyloid-like structures. It should also be noted that despite

the similarity of the modification with homocysteine thiolactone of studied
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caseins, their aggregations show the distinctive features for each type of studied
casein. The change in aggregation parameters after mixing two types of caseins
(what is true at least for beta- and kappa-caseins) is of great importance and
should be carefully considered in case of a possible extrapolation of the data
obtained with purified caseins to such multi-component systems as is milk or
derived foods.

Beta-casein properties were investigated as the principal casein object, which is
forming micelles and interacts with other caseins, and also with industrial beta-
casein containing small amounts of kappa-casein what put it closer to
composition of caseins “in vivo”. Other caseins were used as controls and for

the interpretation of results obtained for industrial beta-casein.

Quantitative determination of homocysteine residues in beta-casein samples.

The quantity of homocysteine residues introduced into beta-casein upon the
treatment with 100-fold excess of homocysteine thiolactone for 24 h was
determined by titrating sulthydryl groups with DTNB. Modified beta-casein was
treated with 8 M guanidine hydrochloride and then desalted on a PD-10 column
in order to remove free homocysteine and the intact thiolactone from the protein.
The sample was then incubated with 2 mM BME for 1 h at 40 °C in order to
reduce sulthydryl groups in homocysteyl residues, and then were desalted one
more time. Initial fractions of the casein peak were collected and used in SH-
groups determinations. Photometric measurements were carried out at A = 412
nm, and the molar extinction coefficient used in calculations was € = 13600. It
was shown that in conditions used for homocysteinylation of beta-casein the
average quantity of substituting SH-groups per casein molecule equals to 1.45 +

0.1. However, the effectiveness of modification might be higher, because some
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of the aggregates cannot be dissolved even in 8 M guanidine hydrochloride and

thus cannot be analyzed by the used method.

Study of protein structure by intrinsic and extrinsic fluorescence markers
Fluorescence of tryptophan fluorophore depends to great extent on its close
microenvironment. Hence the measurement of the evolution of the Trp
fluorescence spectra can provide informations about the structural changes in
homocysteinylated caseins folding. All studied bovine caseins have tryptophan
residues - one Trpl57 in beta-casein, one Trp97 in kappa-casein, and two Trp
(Trp179 and Trp214) in alphaSl-casein. Fluorescent spectroscopy provides
informations about environment of tryptophan and it allows the monitoring of
structural changes of protein structure during folding-unfolding, dissociation,
oligomerization and aggregation. Blue spectral shift indicates the increase of
hydrophobicity in Trp environment. In the performed experiments only the
changes of maximum of tryptophan fluorescence was monitored, because of
light scattering from aggregates changing the fluorescence intensity.

In this study, the homocysteinylation of two different molecular forms of beta-
casein was analyzed, such as homocysteinylation of monomeric beta-casein
form at 10 °C and homocysteinylation of micellar beta-casein form at 50 °C.
Isolated alphaS1- and kappa-caseins are unable to form micelles in used
conditions, but also in their case the measurements were carried out in two
temperatures of homocysteinylation. The results obtained previously at 50 °C
for alphaS1-casein served as control of the results obtained for industrial beta-
casein containing also some kappa-casein.

It was shown that in case of alphaS1-casein shift of fluorescence maximum is
undetectable in both temperatures of homocysteinylation. In contrast, the
tryptophan in native beta-casein is placed in more hydrophilic environment

being more exposed to the aqueous medium. Homocysteinylation of native beta-
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casein leads to blue shift of fluorescence maximum (Figure 5), in particular in
high temperature, when micellization and formation of big-size aggregates is
occurring.

Tryptophan in kappa-casein 1is initially placed in more hydrophobic
environment. Homocysteinylation of kappa-casein results in significant red shift
of its tryptophan fluorescence maximum. In case of industrial beta-casein, which
contains some kappa-casein, Amax of tryptophan fluorescence is seen at
intermediate wavelength and homocysteinylation leads to its blue shift. Hence, it
is difficult to explain changes of fluorescence spectra for a mixture of these two
unstructured caseins, but the fluorescence spectrum of industrial casein
correlates well with data obtained for individual beta- and kappa- unmodified

caseins.
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Study of extrinsic fluorescence of homocysteinylated caseins for detection of

structural changes

ThT fluorescence upon binding with homocysteinylated caseins

Labeling with fluorescent dye thioflavin T is one of the known markers for
amyloidogenic structures, but thioflavin T also binds to micellar forms of
proteins [21]. It can be seen from results presented in Figure 6 that native and
industrial beta-caseins do not interact with ThT. In contrast, despite the fact that
they are unable to form micelles in these conditions, native alphaS1- and kappa-
caseins show quite strong binding of ThT.

After homocysteinylation of all studied caseins, significant increase of
fluorescence intensity of protein-bound ThT (Figure 6) was observed. Both
(native and industrial) beta-caseins were modified in different temperatures (at
10 °C for monomeric state and at 50 °C for micelles) to allow the analysis of
influence of monomeric or micellar state on specific character of
homocysteinylation. AlphaSl-casein was treated in the same manner as a
control, because it is unable to form micelles. Thus, it is possible to check
temperature effect on the homocysteinylation itself. It was found that
homocysteinylation of caseins at 50 °C induces higher fluorescence intensity of
ThT as compared with homocysteinylation at 10 °C.

However, while this effect was observed for all studied caseins, it is rather
associated with the increase of temperature and, as a consequence, with higher
yield of modification being independent from micellization. It was shown that
after centrifugation of the homocysteinylated samples the intensity of
fluorescence in supernatant is slightly different from initial, so all the interacting

with ThT derivatives of caseins aggregate and precipitate.
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The binding of ThT with amyloid structures leads to specific red shift of its
fluorescence maximum to 480 nm [22]. In our case for caseins ThT fluorescence
maximum shifts to 485 nm (Figure 7).

Comparison between native and industrial beta-caseins shows that native beta-
casein is more susceptible to modification, in particular at temperature 50 °C.
Thus, obtained from ThT assay fluorescence results implicitly point to amyloid-
like character of folding changes of studied caseins after formation of disulfide

bonds between their homocysteinylated forms.

Measurements of ANS fluorescence after its binding with homocysteinylated
caseins

It is known that binding of aromatic chromophore I-anilinonaphthalene-8-
sulfonic acid with non-polar regions of protein leads to blue shift of its
fluorescence maximum and raise of its fluorescence intensity [23, 24]. Known
strong affinity of ANS to proteins in "molten globule" state is caused by the lack
of tertiary structure [25]. As long as studied caseins do not have well-defined
tertiary structure, their ANS spectra should have blue shift. As it can be seen in
Figure 8 and Table 1 in presence of native alphaS1- and kappa-caseins
fluorescence maximum of protein-bound ANS has a blue shift and consequently
the increase of ANS fluorescence intensity is observed.

Nevertheless, ANS fluorescence in presence of both (native and industrial) types
of beta-caseins remains constant. It can be explained by the possibility that the
interactions between hydrophobic "tails" with each other block the interactions
of beta casein with ANS.

Homocysteinylated both forms of beta caseins in temperature 50 °C demonstrate
significant increase of ANS fluorescence and a blue shift of its maximum. So, it
can be assumed that homocysteinylation results in rearrangement of protein

structure and increase of exposed hydrophobic regions in modified beta casein.
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Congo red absorbance when bound by homocysteinylated caseins

It is known that visible absorbance spectrum of dye Congo red specifically
changes after interaction of Congo red with amyloid fibrils [26, 27]. Such
interaction results in red shift of absorbance maximum from 498 nm by 40-50
nm. Spectra of all homocysteinylated caseins in presence of Congo red were
studied. It was shown that in case of homocysteinylated caseins alpha and beta
peaks of free Congo red disappears and intensity of absorbance increases, but
there is no appearance of well-defined other peak except in case of
homocysteinylated form of kappa-casein, which capacity to form amyloid fibrils
is already known [28, 29]. During 3 h after addition of homocysteine thiolactone
it could be found some raise of the absorbance. Long-time incubation leads to
the formation of distinct peak at 540 nm (see Figure 9). So, it can be assumed
that homocysteinylation of kappa-casein leads to progressive formation of

amyloid structures.

Study of the morphologies of homocysteinylated casein aggregates by
fluorescence microscopy and transmissional electron microscopy

Morphology of homocysteinylated casein aggregates was investigated also by
fluorescence microscopy in presence of thioflavin T. Presented on the Figure 10
pictures show that thioflavin T fluoresces only when associated with
homocysteinylated casein aggregates. In case of alphaSI- and beta-caseins
mostly huge regular spherical particles with diameter about 2 pm are observed.
Kappa-casein produces different kind of aggregation with variable sizes of
aggregates. Beside big kappa-casein aggregates there are also small particles of
irregular shapes. This result indicates different modes of aggregation after
homocysteinylation for kappa-casein and is coherent with previously obtained

spectroscopic data. In case of tryptophan in homocysteinylated kappa-casein the
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peak of its fluorescence maximum remains stable, in comparison with alphaS1-
and beta-caseins. Also peak of Congo red absorbance with homocysteinylated
kappa-casein is characteristic of amyloid fibrils.

Comparing with native beta-casein, industrial beta-casein demonstrates less
homogenous population of aggregates, but also contains some spherical particles
and amorphous small aggregates. Therefore, these data confirm that industrial
beta-casein adopts intermediate aggregative state between pure forms of native
beta- and kappa-caseins.

Although the presence of ThT binding aggregates in homocysteinylated
samples was shown with fluorescence microscopy, the resolution of the latter
was insufficient to give information on the structure of the aggregates. As it was
shown by TEM, homocysteinylation provokes the formation of kappa-casein
fibrils measuring ~100 nm in length (Figure 11, A3), capable of coalescing and
forming supramolecular structures ~100-1000 nm in diameter (Figure 11, Al-
A2). Consistently with DLS-derived hydrodynamic diameter, kappa-casein is
present in the control sample in the form of small (~10-20 nm) associates (data
not presented). Similar particles are found around the aggregates in
homocysteinylated samples, although they don't bind ThT.

As it was shown with DLS and fluorescent microscopy, homocysteinylation of
beta-casein leads to formation of spherical aggregates of 1-2 um in diameter. B-
casein is prone to self-assembly into micelles of ~20 nm in diameter. TEM
shows that the aggregates formed upon homocysteinylation are made of micelles
(Figure 11, B), that also are present in the control sample. In the case of
alphaS1-casein, DLS and fluorescent microscopy present evidence of spherical
aggregates of 1-2 pum in diameter formed upon homocysteinylation. However,
according to TEM (Figure 11, C), these aggregates can be divided into solid-
(C1) and fibril-structured (C2-C3). Since homocysteinylated alphaS1-casein,
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unlike kappa-casein, does not specifically bind Congo Red, one cannot

unambiguously interpret the obtained data.

Discussion

Despite that protein homocysteinylation was first discovered more than 10
years ago [8] and that the connection between the development of several
pathological processes and the elevated levels of homocysteine and
homocysteine thiolactone is well established [2-6], the molecular mechanisms of
the homocysteinylation remain unknown. It was recently shown that
homocysteinylation of a well structured globular protein, such as bovine serum
albumin, not only induces its aggregation but also leads to the formation of
amyloid-like structures toxic to cells [9]. However, the formation of amyloid-
like structures from globulins occurs very slowly. During this time, denaturation
and partial aggregation of the native unmodified proteins occur spontaneously.
Homocysteinylation of proteins stimulates and accelerates these processes acting
as an inducer of the formation of amyloid fibrils or of aggregates of less ordered
type.

The slower kinetics of HCy-mediated formation of amyloid-like structures
by globular proteins can be explained by slow and sporadic unfolding of
ordered globulins.

One can presume that the homocysteinylation of proteins able to form
amyloid structures (usually IUP), should lead to faster and deeper changes of
their properties. It is possible that modification can lead to emergence of fibrils
that are more stable and more amyloid-like thanks to the additional disulphide
bonds generated by the introduced cysteine residues. All the above shows that
intrinsically unstructured proteins (IUPs) can be of importance in study of the

role of homocysteinylation and changes of protein functional properties.
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Moreover, the study of the homocysteinylation of ovine prions (also classified as
[UP) (submitted) shows that prion modification leads to its instantaneous
aggregation and to the rapid formation of amyloid structures, what is coherent
with observations reported by Paoli et al [9].

This study present the results of a comparative study of the structural
consequences of homocysteinylation of three different bovine caseins, as
members of different types of IUP (some of their properties are shown in Table
2). All of them have large portions disordered structure, however, differ
somewhat in functional properties. Thus, kappa- and alpha S2- caseins are prone
to aggregation due to the presence in their sequences of 2 cysteine residues,
while beta- and alphaS1-caseins have no sulthydryl groups. Unlike two other
studied caseins, beta-casein is forming micelles [15]. Additionally, these caseins
differ in hydrophobicities and post-translational modifications. The comparative
analysis allows for the correlation of the impact of the homocysteinylation on
the molecular properties of three types of bovine caseins.

The obtained results (Figure 9) show that the homocysteinylation of kappa-
casein leads to its aggregation and to the formation of amyloid structures. Due to
a high degree of their heterogeneity, the size of the formed aggregates cannot be
determined by the DLS method. The changes of various fluorometric parameters
in homocysteinylated kappa-casein are less significant compared to other
caseins. It is possibly due to the natural oligomerization of kappa-casein in
control samples, which occurs by the formation of disulphide bonds between the
intrinsic cysteine residues and to the induced by such oligomerization changes
of spectral properties. This is making difficult the estimation of the contribution
of homocysteinylation to kappa casein folding by fluorimetry. However, the
change in the Congo red absorbance spectrum and its maximum blue shift from
498 to 540 nm characteristic for the binding of Congo red with amyloid fibrils

(Figure 9) occurring only after its interaction with homocysteinylated kappa-
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casein. These findings are confirmed by the formation of large asymmetric
kappa casein aggregates, which, according to the fluorescence microscopy
pictures (Figure 10), are interacting with Thioflavin T. Also fibrillar structure of
these aggregates was confirmed by TEM. Hence it is clear that that the
homocysteinylation of kappa-casein induces the formation of amyloid
structures. This can be attributed to the presence of the intrinsic cysteines and to
the presence of the introduced Hcy residues. After the formation of disulphide
bonds between them imposing stronger organization of the resulting structures
than what could be expected from completely random disulphide bond
formation fibrillar aggregates are formed.

Homocysteinylation of beta- and alphaS1-caseins has different structural
outcome (Figure 10). Despite the fact that both of these casein aggregate
forming big particles with size about 1 um, they do not form amyloid fibrils
(Figure 10). This can be deduced from their absorbance spectra in presence of
Congo red (Figure 9) and from the microscopic pictures of their aggregates
(Figure 10). These caseins (alpha S1 and beta) aggregate forming regular
symmetric spheres with similar diameter (1-2 um) and when homocysteinylated
they interact with fluorescent marker ThT. Binding of fluorescent dyes ThT and
ANS and the resulting fluorometric spectral changes indicate that
homocysteinylation of alphaS1- and beta-caseins provokes different folding
changes from what is observed in case of homocysteinylated kappa-casein
(increase of proportions of beta-sheets). In contrast to what is observed with
homosteinylated kappa-casein they do not fold into of amyloid fibrils.

It should be mentioned that homocysteinylation of caseins has
heterogenous and “stick-slip” nature. Low concentrations of homocysteine
thiolactone do not induce aggregation. It can be assumed that the modification
yield is not strong enough to be detected by the used techniques. Formation of

described aggregates occurs when 100 fold excess of homocysteinyl lactone per
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each lysyl residue is used. In such conditions the incorporation of about 1,4
mole homocysteine per mole of beta-casein is observed by the DTNB analysis.
Apparently, in this case at least a portion of homocysteinylated casein
molecules has two sulfthydryl groups. This is sufficient for the dimerisation and
the initiation of aggregation. However, the induced aggregation is driven also by
the interactions between hydrophobic sites on caseins and through additional
disulfide bonds between molecules with more than two homocysteinyl residues
on their surfaces. It is evident that aggregation doesn't start before at least part of
casein molecules incorporate adequate amount of homocysteinyl residues.

There is practically no difference between homocysteinylation of alphaS1-
and beta-casein, except in changes of their tryptophan fluorescences for
modified beta-casein in contrast to modified alphaS1-casein (Figure 5). This is
rather due to their initial structural differences than to the effects of
homocysteinylation. Despite the stability of their homocysteinylated aggregates
amyloid fibrils formed from modified alphaS1 and beta-caseins were not found.
Simple reduction of disulfide bonds doesn't lead to total disintegration of
aggregates, as well as solubilization by 4 M guanidine hydrochloride. Only the
strong heating (boiling) of aggregates in presence of high concentrations of beta-
mercaptoethanol and detergents results in re-apparition of monomeric forms, but
even in these conditions complete destruction of aggregates can not be
accomplished. One can presume that although resistant aggregates of
homocysteinylated caseins do not form amyloid fibrils (with exception of kappa-
casein), but demonstrate some amyloid-like characteristics especially as their
stabilities are concerned.

Also in this study an attempt was made to determine the effect of sub-
molecular organization of IUP on efficiency and character of
homocysteinylation. Comparison between two different types of caseins: beta-,

which is capable to form micelles, and alphaS1, which is unable to micellise,
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did not reveal any difference between homocysteinylations of monomeric and
micellar forms of caseins. Comparison between monomeric and micellar form is
complicated by temperature effect, which influences not only on the
micellization, but also the yield homocysteinylation. Nevertheless, comparison
of these data with the results of homocysteinylation of alphaS1-casein allows to
conclude that the micellization does not have any influence on the outcome of

homocysteinylation nor on the properties of homocysteinylated aggregates.

Experiments with industrial beta-casein, which is a mixture of beta- and
kappa-caseins, are of particular interest. Fluorescent spectra of
homocysteinylated industrial beta-casein show intermediate properties when
compared with of isolated caseins. Spectral and molecular properties of
homocysteinylated aggregates show different paterns from spectra and
molecular properties of native caseins. So, in case of homocysteinylated
industrial beta-casein in contrast to alphaS1- and beta-caseins, in DLS studies
(Figure 4) quite stable aggregates of relatively small size were revealed. Long-
term incubation of these structures leads to formation of asymmetric aggregates,
and these results confirm that the presence of susceptible to amyloidization
kappa-casein can influence significantly the final properties of aggregates.

These observations are important because they indicate the possibility of
somehow directed influence on the formation of aggregates by
homocysteinylated proteins by the addition of other protein with predetermined
molecular properties. So, in case of addition of kappa-casein to beta-casein, the
capacity of kappa-casein to oligomerize not only after the homocysteinylation,
but also due to existence of his own cysteyl residues, can be crucial.
Investigation of such proces could be important for better understanding the
induction of apparition of amyloid structures in the cells, which could occur

also thank to the recruitement of not only amyloidogenic proteins themselves
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(beta-amyloid, synuclein, prions), but also normal cellular proteins (especially
with a lot of sulthydryl groups) initially unable to fibrillate. Detailed study of
impact of supplementary disulfide bonds and dimerization of caseins on
homocysteinylation mechanism and its amyloidogenic properties should help to
create models for amyloidogenesis and for more efficient of compounds
preventing the formation of amyloid structures.

It should also be mentioned that cow milk and whey contain micromolar
concentrations of protein N-linked homocysteine [18] and that
homocysteinylateded dairy proteins might influence milk functional properties

during storage, clotting, whey separation effectiveness, etc.

One should also consider the possible influence of protein N-linked Hcy,
first of all in case of caseins, on digestion and intestinal absorption of different
food components containing dairy proteins. An investigation of
homocysteinylation of individual caseins and their mixtures is an essential initial
step before the study of modifications of whole milk and diverse diary products

that can be altered by increased aggregation of input proteins.

Present study shows using milk caseins as model proteins, that N-
homocysteinylation of natively unfolded proteins provokes essential structural
changes and somehow "directed" aggregation 1in comparison with
homocysteinylated globular proteins. Instead of unordered aggregation,
alphaS1- and beta-caseins form regular symmetric spheres, whereas kappa-
casein forms some amyloid-like fibrillar structures. Fluorometric measurements
of extrincic and intrinsic structural probes reveal increase of easily accessible
hydrophobic regions in protein structure in all studied caseins and typical for
amyloid transformation of N-homocysteinylated kappa-casein. In conclusion,
the results, reported in current study, could be useful forbetter understanding of

mechanisms underlying protein condensation pathologies and changes of
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technofunctional properties connected with incorrect unfolding and amyloid-

type aggregation.
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Table 1.

Fluorescence maxima of ANS after binding with homocysteinylated caseins.

Amax ANS + control casein, nm

Amax ANS + Hey 50°C casein, nm

as-CN 508.4+0.3 500.3+£0.3
B-CN 527.8£0.1 504.3 £0.2
Bi-CN 524.5+0.1 505.6 £ 0.2
K-CN 519.6 £ 0.1 512.5+0.2
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Table 2.

p-casein aS1-casein K-casein
Molecular weight, kDa 24 23 19
Sequence, aa 209 199 169
pl 5.13 491 5.93
Hydrophobicity, 6.82 4.48 4.69
kJ/mole
Pro, 35 17 20
% 16% 8% 12%
Lys 11 14 9
Cys - - 2
S d a-helix 7-16% 13-22% 14-23%
siil(l)(l:ltuizy B-sheet 17-26% 7-20% 17-31%
B-turn 15-31% 34% 14-24%
in deommination | Importantrolein | SR
Functions of the surface the capacity of'milk formation,

properties of the
casein micelles

to transport calcium
phosphate

preventing casein
precipitation in milk
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Legend to the Figures

Figure 1. Temperature dependence of hydrodynamic diameters of caseins
particles.

Measurements were performed via Dynamic Light Scattering method with
casein solutions (1 mg/ml) in 25 mM phosphate buffer, pH 7.5. aSI1-CN (1,
squares), B-CN (2, empty circles), k-CN (3, triangles), Bi-CN (4, full circles).

Figure 2. SDS-PAGE analyses of N-homocysteinylated caseins.
N-Homocysteinylation of aS1-CN (A), B-CN (B), k-CN (C) and Bi-CN (D)
caseins was performed by incubation with Hcy-thiolactone for 24 h. 1: control
caseins, 2: caseins after modification with 10-fold excess (per lysine) Hcy-
thiolactone, 3: caseins after modification with 100-fold excess (per lysine) Hcy-
thiolactone, 4: caseins after modification by 100-fold excess Hcy-thiolactone
and the subsequent reduction with beta-mercaptoethanol (720 mM).
Modification was performed using 1 mg/ml casein solutions in 25 mM
phosphate buffer, pH 7.5. Electrophoresis of the samples was performed in 12%
SDS-PAGE.

(E) SDS-PAGE analyses of supernatants of N-homocysteinylated caseins. N-
Homocysteinylation was performed by incubation with 100-fold excess of Hcy-
thiolactone for 24 h. Supernatants were obtained with centrifugation at 13000

rpm for 10 minutes. 1: aS1-CN, 2: k-CN, 3: B-CN, 4: Bi-CN.
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Figure 3. Hydrodynamic diameter of homocysteinylated caseins particles.
Measurements were performed using 1 mg/ml casein solutions in 25 mM
phosphate buffer, pH 7.5. The reactions were initiated by adding 100-fold excess
of Hcy-thiolactone directly into the cuvette. Data points obtained at scattering
angle of 173° are shown with full symbols, in case of scattering angle of 12.8° -
with empty symbols. For B-CN experiments were performed at 10 °C (squares)
and 50 °C (circles)

(A) Hey-aS1-CN, modified at 50°C (monomeric form), 1 - at scattering angle of
12.8° 2 - at scattering angle of 173°

(B) Hcy-B-CN, 1 and 2 - modified at 10 °C (monomeric form), at scattering
angle of 12.8° and 173°, respectively, 3 and 4 - modified at 50 °C (micelles), at
scattering angle of 12.8° and 173°, respectively.

Figure 4. Distribution of hydrodynamic diameters of industrial B-casein
particles upon homocysteinylation at 10 °C and 50 °C.

Measurements were performed using 1 mg/ml casein solutions in 25 mM
phosphate buffer, pH 7.5 at 10 °C (left side, initially in monomeric form (A))
and at 50 °C (right side, initially in micellar form (A)). The reaction was
initiated by adding of 10- (B) and 100-fold (C) excesses of Hcy-thiolactone
directly into the cuvette. Statistical data from 10 scans for controls and from 60

scans during 3 hours of homocysteinylation are presented.

Figure 5. Changes of Trp fluorescence maxima of homocysteinylated
caseins.

Homocysteinylation of casein solutions (I mg/ml) in 25 mM phosphate buffer,
pH 7.5, was performed at 10 °C (gray bars) and at 50 °C (black bars) by
incubation with 100-fold excess of Hcy-thiolactone for 24 h. Control caseins —

white bars.
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Figure 6. Fluorescence spectra of ThT interacting with homocysteinylated
caseins at 10°C and 50°C.

Homocysteinylation of casein solutions (1 mg/ml) in 25 mM phosphate buffer,
pH 7.5, was performed at 10 °C (thin line) and at 50 °C (thick line) by
incubation with 100-fold excess of Hcy-thiolactone for 24 h. (A) B-caseins: 1:
free ThT, 2 and S: control B-CN and Bi-CN, 3 and 6: Hcy-f-CN and Hcy-pi-
CN at 10 °C, 4 and 7: Hcy-B-CN and Hcy-Bi-CN at 50 °C.

(B) aS1-caseins: 1: free ThT, 2: control aS1-CN, 3: Hcy-aS1-CN at 10 °C, 4:
Hcy- aS1-CN at 50 °C.

Figure 7. Intensity of fluorescence at 480 nm of free and casein-bound ThT.
Homocysteinylation of casein solutions (1 mg/ml) in 25 mM phosphate buffer,
pH 7.5, was performed at 10 °C (dark gray) and at 50 °C (black) by incubation
with 100-fold excess of Hcy-thiolactone for 24 h. ThT free - white bars, control

caseins + TnT — gray bars.

Figure 8. Intensity of fluorescence at 480 nm of free and casein-bound ANS.
Homocysteinylation of casein solutions (I mg/ml) in 25 mM phosphate buffer,
pH 7.5, was performed at 50 °C by incubation with 100-fold excess of Hcy-
thiolactone for 24 h. ANS free - white bars, control caseins + ANS — gray bars,
Hcy-caseins+ANS — black bars.

Figure 9. Congo red absorbance spectra of homocysteinylated kappa-

casein.
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Homocysteinylation of casein solutions (1 mg/ml) in 25 mM phosphate buffer,
pH 7.5, was performed by incubation with 100-fold excess of Hcy-thiolactone at
50 °C for 3h (black thin line) and 24 h (black thick line). Congo red free - gray

dashed line, control kappa-casein + Congo red - black dashed line.

Figure 10. Epifluorescence microscopy of homocysteinylated caseins.
Microphotographs of aS1-CN (A), k-CN (B), B-CN (C) and Bi-CN (D) in the
presence of thioflavin T after 24 h of incubation with Hcy-thiolactone at 50 °C.

White frame shows 5-fold zoom of selected image.
Figure 11. Transmission electron microscopy of homocysteinylated caseins.

Microphotographs of k-CN (A), B-CN (B), aS1-CN (C) after 24 h of incubation
with 25-fold excess of Hcy-thiolactone at 50 °C.
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Modification of protein lysyl residues by
homocysteine (Hcy)-thiolactone generates
proteins with altered structure and function,
and has been linked to human pathology,
including brain diseases. To test a hypothesis
that N-homocysteinylation causes
amyloidogenic  conversion, ovine prion
protein (PrP) was modified with Hcy-
thiolactone and its  physico-chemical
properties were studied. N-Hcy-PrP formed
multimers, which precipitated from the
solution. Mass spectrometry analyses showed
that at least K197 and K207 residues of PrP
were the site of N-homocysteinylation. In
dynamic light scattering measurements, large
aggregated N-Hcy-PrP particles of 1 pum
diameter were observed. These structures
exhibited increased resistance to proteinase K
digestion, and enhanced ThT-binding
fluorescence, which are characteristic of
amyloid prion. CD and infrared spectroscopy
measurements showed increased content of
beta-sheet structures in N-Hcy-PrP relative to
unmodified PrP. Epifluorescence microscopy
in the presence of thioflavin T revealed
cluster-like aggregates of N-Hcy-PrP. Taken
together, data indicate that the N-
homocysteinylation causes amyloidogenic
transformation of PrP in vitro, which is likely
to contribute to amyloidogenesis in
neurodegenerative diseases in vivo.

Mechanisms underlying neurodegenerative
diseases of amyloidogenous nature are not fully
understood. Although the role of genetics in
inherited Alzheimer and Creutzfeldt-Jacob
diseases is well-established, causes of sporadic

and infectious neurodegenerative diseases such
as senile Alzheimer and prion protein diseases
are less clear. An interrelation between
Alzheimer and prion protein diseases was
recently discovered for the beta-amyloid peptide
capability to interact with prion protein which is
located at the surface of neurons (1,2). Although
the detailed mechanism for processes that follow
such interaction is still unclear (3), interactions
between beta-amyloid peptide and its precursors
with normal and infectious prion protein forms
are likely to affect the onset and development of
these diseases.

The causes of low susceptibility to
infectious spongiform encephalopathy and its
long latent period in humans are still unknown.
In the case of SO called
“conformational/condensation diseases”
pathological conversion of a single protein
molecule triggers the transformation of normal
prion protein molecules. Pathologic prion
aggregation is believed to be the cause of scrapie
in sheep, spongiform encephalopathy in cattle,
and hereditary Creutzfeldt-Jacob disease in
humans. Pathologic transformation of a prion
protein is accompanied by enrichment in -layer
content and by its decrease of susceptibility to
proteolysis (4). Amyloidogenic transformation
of prion proteins proceeds under specific
conditions of pH and temperature through a
stage of small oligomer formation (5).
Submicellar lipid concentrations and copper ions
can induce rapid prion conversion into amyloid
(6-8). The available data thus suggests that
multiple factors contribute to PrP aggregation
and pathogenic conversion, making the search of
new ways to regulate these transformations via
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disease-associated compounds even more
important.
Clinical studies have linked elevated

homocysteine (Hcy) levels with Alzheimer’s
disease (9). One possible, albeit unproven,
mechanism underlying this link is protein N-
homocysteinylation by Hcy-thiolactone (10). N-
homocysteinylation introduces sulthydryl groups
on proteins, which increases the protein’s
susceptibility to aggregation and stabilizes the
aggregates (11,12). An attractive hypothesis is
that protein N-homocysteinylation is
contributing to amyloidogenic transconformation
of PrP. Aside from being an important factor in
prion disease development, N-
homocysteinylation might also play a certain
role in Alzheimer disease progress by altering
the above-mentioned beta-amyloid peptide
interaction with prion receptors.

Hey is a natural non-protein sulfur-
containing amino acid. It is normally
metabolized to methionine by remethylation or
to cysteine by trans-sulfation. In addition,
aminoacyl-tRNA synthetases metabolize Hcy to
the thioester Hcy-thiolactone (13-16), which
further reacts with proteins by forming iso-
peptide bond with g-amino groups of protein
lysyl residues. This reaction induces changes in
protein structure and function (11,12,14,17-20).

Hyperhomocysteinemia is caused by
genetic  and/or  nutritional  deficiencies.
Hyperhomocysteinemia is categorized as mild
(16-30 uM), moderate (31-100 uM) and severe
(> 100 uM) (21). Elevated Hcy levels are
associated with increased incidence of
cardiovascular diseases including atherosclerosis
and thrombosis (22,23), pregnancy disorders
(24) and with neurodegenerative pathologies
such as dementia, Parkinson and Alzheimer
diseases (9,25,26). Plasma Hcy level is an early
and sensitive marker of mental disorders (27).
Interaction with glutamate receptors has been
suggested as a mechanism of Hcy neurotoxicity
(28). However, the propensity of N-Hcy-proteins
to aggregate (12) and accumulation of elevated
levels of N-Hcy-protein in several human
pathologies (e.g., cystathionine beta-synthase or
methylenetetrahydrofolate reductase deficiency)
(29) suggest that N-Hcy-protein aggregates
could also contribute to Hey neurotoxicity. The
normal prion protein is exposed on the outer side

of cellular membranes and neuronal membranes,
in particular being linked to them through a
glycophospholipid anchor. The half-life of PrP
in mammals is of the order of hours, long
enough to be modified by Hcy-thiolactone,
whose synthesis is greatly enhanced in
hyperhomocysteinemia in humans. Because of
its neutral character (pK=6.67), (30), Hcy-
thiolactone freely crosses cell membranes (18)
and is also expected to cross the blood-brain
barrier, which is known to become compromised
in hyperhomocysteinemia (31).

The aim of the present study was to
examine how N-homocysteinylation of PrP with
Hcy-thiolactone affects the protein’s structure
and ability to aggregate.

Experimental Procedures

Materials-L-Hcy-thiolactone.HCI,
thioflavin T, proteinase K (PK) and MOPS were
purchased from Sigma (St. Louis, MO, USA),
trypsin from Promega (Madison, WI, USA).
Glyceraldehyde-3-phosphate dehydrogenase
(GAPD) from rabbit muscles was purified as
described (32).

The variant PrP VRQ (V136, R154, Q171)
23-234 (full-length amino acid sequence without
N-terminal signal peptide and C-terminal
peptide, with one additional seryl residue on the
N-terminus) of ovine PrP was expressed and
purified following a procedure previously
described (33). Before each experiment, freeze-
dried PrP was dissolved in 15 mM sodium-
acetate buffer, pH 4.5, and transferred into the
desired buffer by elution on a Sephadex-G25
desalting column.

N-Homocysteinylation- PrP (20-200 uM) in
20 mM MOPS (or 25 mM potassium phosphate),
pH 7.5 was modified with Hcy-thiolactone (10-
100-fold molar excess/ one lysyl residue (one
PrP molecule contains 10 lysyl residues)) at
37°C for 24 h. The reaction mixture was
centrifuged and the pellet washed with buffer to
remove low-molecular-weight compounds. As a
control, GAPD was modified under the same
conditions.

N-homocysteinylation was also carried out
with 42 uM PrP in 20 mM MOPS, pH 7.5,
0.03% NaNj3 at 37°C by adding Hcy-thiolactone
3 times to a final concentration of 100 uM
during 1 month period.
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Initial and final PrP concentrations were
determined with Bradford assay.

Dynamic light scattering (DLS)- DLS
experiments were carried out by using Zetasizer
Nano-ZS apparatus (Malvern Instruments,
Malvern, U.K.) equipped with 173° optics for
detection of scattered intensity. Laser
wavelength was 532 nm. Size distribution by
number was used for interpretation of results.
DLS measurements were carried out at 37°C
using 20 uM protein in 20 mM MOPS buffer,
pH 7.5. For studies of aggregation after N-
homocysteinylation, hydrodynamic diameter of
native PrP was measured at 37°C and Hcy-
thiolactone was added directly into the same
cuvette. Each measurement was an average of 5
runs, 30 s each. Data sets obtained were
analyzed using the Malvern DTS software.
Epifluorescence microscopy- Freshly prepared
water solution of thioflavin T was added to 43
uM homocysteinylated prion solution in 20 mM
MOPS, pH 7.5 in a molar ratio of 20:1. Sample
was observed with an inverted fluorescence
microscope (Leica DMRB) using band-pass
excitation filter 450-490 nm, reflection short
pass beam splitter RKP 510 and long pass filter
>515 nm. Digital pictures were acquired using a
Nikon DS-1QM camera and NIS software.
Transmission electron microscopy - Modified
and control ,mds proteins were absorbed onto
Formvar film, attached to 200-mesh copper grids
and contrasted with Nano-W  reagent
(Nanoprobes, USA). After air-drying, the
specimens were shadowed with carbon and
examined using an LEO 912 AB OMEGA
electron microscope (Carl Zeiss, Germany)
operated at 100 kV.

Infrared spectroscopy (IR)- PrP (200 uM in
20 mM MOPS, pH 7.5) was modified with Hcy-
thiolactone used at a ratio of 10 molecules for
one lysyl residue at 37°C for 15 h. After
modification, control and N-Hcy-PrP samples
were lyophilized twice and resolubilized in
appropriate amounts of D,O to give a final
protein concentration of 2.1 mM.

Spectra were recorded using a Bruker
Vertex 70 spectrometer (Bruker GmbH,
Germany) equipped with a DTGS (deuterated
triglycine sulfate) detector. The samples were
placed between two BaF, windows separated by
a spacer of about 5 um in thickness. All the 128

scans with a spectral resolution of 2 cm™ were
collected at 20°C and subjected to Fourier
transformation after one level of zero filling.

Bruker OPUS software was used for data
recording and processing. All spectra were
compensated for water vapor contribution. A
compensation for D,O contribution was obtained
by subtracting its spectrum multiplied by 0.92
from each sample spectrum. An elastic baseline
was subtracted in the amide region (1750 cm™ —
1525 cm™) and the spectra were normalized to
the integral intensity of the amide I band. Second
derivatives were calculated after 5 point
Savitsky-Golay smoothing using Origin 7.5
software (Origin, Microcal, Ma, USA).

Thioflavin T fluorescence- Freshly prepared
water solution of thioflavin T was added to 7
uM N-Hcy-PrP in 20 mM MOPS, pH 7.5 at a
molar ratio of 10:1. Thioflavin T was incubated
for 5 min with protein samples before the
measurements.  Spectra of thioflavin T
fluorescence were acquired with a Hitachi F
4500 spectrofluorimeter at 20°C using an
excitation wavelength of 435 nm.

Mass-spectrometry- Mass-spectrometry
analyses were carried out by the platform
“Biopolymers-Interaction-Structural ~ Biology”
located at the INRA Centre of Angers-Nantes,
France (http://www.angers-
nantes.inra.fr/plateformes_et plateaux techniqu
es/plateforme bibs).

The protein spots were excised, washed
with 25 mM NH,HCO;, dehydrated with 50%
(v/v) acetonitrile in 25 mM NH4;HCO;, reduced
with 10 mM dithiothreitol (DTT) and alkylated
with 55 mM iodoacetamide. The gel bands were
further washed and dehydrated as described
above and finally dried in a vacuum centrifuge.
The proteins were digested overnight at 37°C by
addition of 15 pl of trypsin, 12.5 ng/ml in 25
mM NH4HCOs3). The resulting peptide mixture
was acidified with 1% (v/v) formic acid and
stored at —20°C until analysis.

Protein identification was performed by
MALDI-TOF mass spectrometry. Analyses were
performed with a MALDI LR instrument
equipped with a conventional 337 nm laser
(Micromass/Waters). One microliter of the
sample was mixed with 1 pl of the matrix
preparation (2.5 g/l a-cyano-4-hydroxycinnamic
acid, 2.5 g/l 2,5-dihydroxybenzoic acid, 70%
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[v/v] acetonitrile, and 0.1 % [w/v] trifluoroacetic
acid) and deposited onto the MALDI sample
probe. Mass-data acquisitions were piloted by
the Mass Lynx software (Micromass/Waters).

Digestion by Proteinase K (PK)- Protein
samples (20 uM in 20 mM MOPS, pH 7.5) were
incubated with 0.2 pg/ml PK in the presence of 5
uM Ca® ions at 37°C. Proteolysis was stopped
by the addition of Laemmli buffer (without beta-
mercaptoethanol) to the samples and by the
instant boiling of the sample during 5 min.
Effectiveness of 99.5% of PK inactivation was
confirmed by using synthetic substrate Suc-Ala-
Ala-Pro-Phe p-nitroanilide. Further 15% sodium
dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and consequent
staining of gel with Coomassie blue R-250 were
then performed. Five microgram of protein was
charged on each lane.

RESULTS

The modification of PrP by Hcy-
thiolactone. After addition of Hcy-thiolactone,
PrP solutions become opalescent, suggesting
aggregation. The insoluble and soluble PrP
forms were separated by centrifugation and
analyzed by SDS-PAGE. The emergence of
prion oligomers upon homocysteinylation was
confirmed by non-reducing SDS-electrophoresis
using unmodified ovine PrP as controls.
Glyceraldehyde-3-phosphate dehydrogenase
homocysteinylation was performed in order to
obtain a positive control. Fig. 1a shows that PrP
was present as mono-, di-, and oligomers in the
pellet (lane 3). Lane 2 shows that the PrP
molecules remaining in the supernatant are in the
same monomeric form as the control sample of
native unmodified PrP (lane 1).

Treatment of the aggregated form of N-
Hcy-PrP with beta-mercaptoethanol resulted in
disappearance of dimer and polymer bands on
the gel (lane 4), which is likely due to the
reduction of disulphide bonds between N-Hcy-
PrP. Another feature of the modification is a
characteristic smear visible in lane 3, which
indicates heterogeneity of the products. One can
assume that introduction of N-linked Hcy into
the protein structure increased its ability to form
multimers due to oxidation of free SH-groups of
the introduced Hcy.

In experiments using 100 pM final
"physiological"  concentration @ of  Hcy-
thiolactone, added three times during one month,
the formation of similar oligomeric forms in the
pellet was observed on SDS-PAGE (Fig. 1B,
lane 2).

There are 10 lysyl residues in the primary
structure of prion, 3 of which are located in the
structured domain. According to known PDB-
structure (1UW3) the latter lysyl residues are
exposed to solvent and thus are accessible for
modification.

GAPD which contains 6 lysyl residues per
molecule, was also modified by Hcy-thiolactone.

After modification all GAPD aggregated
and was present in the pellet (Fig. 1C, lane 7)
but not in the supernatant (lane 6). Furthermore,
the content of disulphide-linked dimers and
oligomers in homocysteinylated GAPD is
notably lower compared to that in prion. This is
probably due to the feature of tetrameric
molecule modification. The latter is likely to be
capable of aggregation even upon the formation
of a single disulphide bond between two
tetramers, i.e. in a case when only 2 of 8
subunits are bound covalently.

Identification of homocysteinylated lysyl
residues in PrP by MALDI-TOF analysis

The dimeric product obtained by N-
homocysteinylation of PrP was analyzed by
mass-spectrometry (MALDI-TOF) and
compared with unmodified control PrP. Samples
were cut out from the gel, treated with DTT,
then with iodoacetamide to block SH-groups of
cysteyl residues and incorporated homocysteyl
residues, and digested with trypsin. Since the
sample homogeneity is crucial for mass-
spectrometry analysis, only the part of a band
strictly corresponding to the dimer was analyzed.
The results of the analysis are shown in Table 1
and Fig. 2.

We expected to detect peptides that differ
from these in control samples by the mass of
added N-linked Hcy in the products of tryptic
digest of N-Hcy-PrP. Only 8 tryptic peptides of
PrP contain lysyl residue. Our analytic method
detects peptides with molecular masses in a
range between 820 and 3000 Da. Because of this
limitation, 3 short: LCK (23-25), K (26), TNMK
(110-113) and one long peptide sequences :
YPPQGGGGWGQPHGGGWGQPHGGGWGQ
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PHGGGWGQPHGGGGWGQGGSHSQWNKP
SKPK (58 residues from 52 to 109) cannot be
detected.

Therefore, only 5 out of 10 lysyl residues in
PrP are accessible to homocysteinylation
analysis, namely residues 26, 29, 188, 197 and
207. Revising peptides containing 26 and 29
lysyl residues, we didn't found peptides with
molecular mass, which fits to molecular mass of
peptide after homocysteinylation and alkylation
(+117+57).

Only two analyzed peptides contain 188
lysyl residue: 172-188 and 172-197. Presence in
the sequence of cysteine 182 will include
alkylation in the molecular mass of peptides. So,
peptide 172-197 has molecular mass more than
3000 Da and cannot be identified. Peptide 172-
188 was not found either in native, or in
homocysteinylated state. Observed miscleavage
can be explained as specific property of
digestion of this site by trypsin.

Modification of 197 and 207 lysyl residues
has been properly confirmed. Analysis of
peptides with miscleavages (peptide 189-207 for
lysine 197 and peptide 198-211 for lysine 207,
and also peptide 189-211 for both) shows that
these residues were homocysteinylated and
alkylated. Unfortunately, it is impossible to
observe the double modification of peptide 189-
211 because in this case molecular mass of the
modified peptide exceeds the upper bound of
sensitivity which is 3000 Da.

Homocysteinylated residues 197 and 207
were also found at the end of short completely
cleaved peptides (189-197 and 198-207). It is to
be mentioned that in all cases we can see partial
trypsinolysis in sites with homocysteinylated
lysines, as evidenced by presence of modified
and unmodified peptides. On one hand, it can
indicate a possibility of trypsinolysis at the sites
with modified lysines. On the other hand,
homocysteinylation was incomplete for all
identified lysyl residues.

Therefore, homocysteinylation of 197 and
207 lysyl residues was discovered, however the
modification was non-homogenous and only
partial. It is obvious that such degree of
homocysteinylation is sufficient for dimer
formation. In our case only dimeric form was

analyzed, but it is quite possible that the degree
of modification could be higher in case of larger
associates of homocysteinylated prion.

Prion aggregation induced by N-
homocysteinylation. Protein aggregation was
investigated with laser dynamic light scattering.
Fig. 3 illustrates that PrP modification with a
100-fold Hcy-thiolactone excess leads to the
formation of large aggregates (hydrodynamic
diameter of ~1000 nm) in case of proteins with
partially stable tertiary structure such as PrP and
GAPD. Aggregate formation is not caused by
alteration of protein oxido-reductive
environment, because increase in particle size
was not detected when applying the same
amount of cysteine as a control. The study of
protein behavior after modification with smaller
amount of Hcy-thiolactone (10-fold excess per
lysyl residue) has shown that prion protein and
GAPD do not undergo rapid aggregation, which
can be measured by DLS during 20 h. Such a
long time was selected because it has been
demonstrated that under these conditions, all
Hcy-thiolactone has reacted (12).

N-Homocysteinylation leads to changes in
PrP secondary structure (IR spectroscopy).
Fourier transform infrared (FTIR) spectroscopy
was used to detect the increase in B-sheet content
since it is a characteristic feature of PrP
amyloidogenic conversion. IR spectra of
proteins show a characteristic band in the range
of 1610 — 1690 cm™, which corresponds to the
Amide 1 vibrations (mainly C=0O stretching
vibration). The energy of this vibration is
sensitive to the secondary structure of the
protein.

Each sample was extensively dialyzed to
eliminate possible effects of free Hcy, which
absorbs in the same spectral region.
Nevertheless, an IR spectrum of Hcy was
acquired as a control (data not shown, peak
positions are indicated by the arrows on Fig. 4).
It shows two components at 1613 cm™ and 1690
cm™, which is close to the p-sheet peaks but far
enough to be resolved. It could be shown that the
contribution of Hcy to the acquired protein
spectra is negligible.

Modification of concentrated PrP (200 uM)
leads to significant changes in the secondary
structure of PrP even with 10-fold excess of
Hcy-thiolactone per lysine. At the same time
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using 10-fold excess of Hcy-thiolactone per
lysine with 20 uM PrP didn't allow to see
considerable changes by DLS and fluorescence
methods.

Spectra of native and N-Hcy-PrP are shown
in Fig. 4. The broad band is a superposition of
several amide I vibrational bands of different
secondary structures. Second derivatives were
used to enhance the resolution of the spectra and
reveal the principal band components of the
complex spectra. According to the broad peak at
1650 cm™, native prion protein is mainly
composed of o-helices and random coil
structures. The spectrum of N-Hcy-PrP shows
two bands located at 1617 cm™ and 1678 cm™,
what is typical of the presence of anti-parallel B-
sheets. At the same time, the intensity of o-
helical and random coil vibrations decreases.
Peak location below 1620 cm™ is likely to be
caused by stronger hydrogen bonding in
intermolecular B—sheets, which is representative
for amyloid fibrils formation (34). The IR
spectra clearly indicate that the protein,
consisting mainly of random coils in its native
form aggregates upon incubation with Hcy-
thiolactone leading to the formation of amyloid
fibrils, stabilized by intermolecular beta-sheets.

Amyloidogenic conversion of modified
prion protein. The ability to cause pathological
secondary structure change in normal protein is a
distinctive feature of PrP. A transition from
alpha-helical to beta-sheets dominant structure is
followed by the formation of amyloid
aggregates. Thioflavin T fluorescence at 495 nm
is a diagnostic test for amyloid structures.
Because sheep PrP forms stable unfolding
amyloidogenic  intermediates at elevated
temperature, we have used thermal treatment
(heating to 80°C for 2 min with subsequent
cooling to 20°C) (35) to obtain a positive
control.

The fluorescence spectra (Aex. = 435 nm) of
thioflavin T in the presence of N-Hcy-PrP are
shown in Fig. 5. A significant increase of
thioflavin T fluorescence was observed for PrP
modified with 100-fold Hcy-thiolactone/lysyl
residue. Thioflavin T fluorescence in the
presence of N-Hcy-PrP was similar to the
fluorescence in the presence of heat-treated
unmodified PrP. These observations suggest that
N-homocysteinylation leads to amyloidogenic-

like conversion of PrP. PrP modification with 10
Hcy-thiolactone/lysine was less efficient in
inducing thioflavin T fluorescence.

Resistance of N-Hcy-PrP to proteinase K
digestion. Beta-sheet enriched (amyloid-like)
forms of prion protein are resistant to PK. Such a
resistance may serve as an indicator of structural
transition of PrP. We studied the susceptibility
of N-Hcy-PrP to PK digestion relative to that of
PrP amyloid obtained by heat-treatment of
native PrP.

We found that N-Hcy-PrP  became
significantly resistant to PK. After 5 min
incubation with PK, control native PrP was
completely hydrolyzed (Fig. 6), while a
significant amount of a full-size monomeric
form was still detected even after 40 min of
digestion of N-Hcy-PrP. Even monomeric N-
Hcy-PrP was more resistant to PK digestion as
compared with heat-induced amyloid form,
which shows significant decrease in full-size
monomer content after 15 min proteolysis (Fig.
6). The observed peptide patterns are partially
similar for both cases but not completely
identical because of the presence of disulfide-
bonded prion multimers.

Morphology of N-Hcy-PrP aggregates.
Morphology of PrP aggregates formed after 72 h
of modification with Hcy-thiolactone was
monitored by phase contrast and epifluorescence
microscopy. Epifluorescence of thioflavin T in
the presence of PrP aggregates allows getting
information about size, shape and morphology of
particles in contrast to the DLS, which gives
only averaged sizes without any data about the
geometries of particles.

In the initial state, PrP is native, monomeric
and invisible by microscopy due to its small size
and absence of thioflavin T fluorescence. After
24 h of reaction with Hcy-thiolactone at 37°C,
intensively fluorescent particles of about 1 um
diameter appeared (Fig. 7A), what is in
agreement with DLS data. In the same time, long
fibrils with relatively small fluorescence levels
were formed in the sample. After 48 and 72 h
(Figs. 7B and C, respectively), these structures
showed a tendency for a further agglomeration
and reorganization into cluster-like structures.

Transmission electron microscopy was used
in order to further explore the structure of the
aggregates. Fig 8 shows, that upon treatment

268



with a 50-fold excess homocysteine thiolactone,
opaque aggregates are formed. The intact prion
protein can be seen as amorphous deposits,
similar to those seen in control sample (data not
shown). Thus, both used techniques reveal
aggregation of prion upon homocysteinylation,
however, no fibril structures are formed upon
extensive modification.

DISCUSSION

This study provides evidence that N-
homocysteinylation affects the amyloidogenic
transition of PrP. Even in case of "physiological"
concentrations (100 uM), Hcy-thiolactone
demonstrates ability to provoke such a transition.
Dimerization, oligomerization and aggregation
of PrP begin to occur within minutes after
addition of Hcy-thiolactone, despite that
amyloidogenic structural transition takes hours.

Because elevated Hcy is present in patients
with neurodegenerative amyloid diseases, the
analysis of the consequences of N-
homocysteinylation of PrP is of substantial
interest for study of both prion diseases and
Alzheimer’s disease that is probably related to
prions.

It is well established that N-
homocysteinylation induces significant changes
in  protein  structures and  properties
(11,12,18,19,36) and that N-linked Hcy is
present in human proteins (37,38). Other studies
have linked N-Hcy-protein with human
pathology by  demonstrating  increased
accumulation of N-Hcy-protein in cystathionine
beta-synthase and methylenetetrahydrofolate
reductase deficiencies (29), and in kidney
disease  (39). Major  pathophysiological
consequences of protein N-homocysteinylation
include increased susceptibility to
thrombogenesis (caused by N-Hcy-fibrinogen,
(40) and an autoimmune response elicited by N-

Hcy-proteins, associated with stroke and
coronary artery disease (41-44).

The amyloidogenous effect of
homocysteinylation was recently proven on the
serum blood albumin. However, such

transformation requires 10 mM Hcy-thiolactone
concentration and takes about 7 days (45).
Obviously, true amyloidogenic proteins
such as prion, which 1is susceptible to
transformation under treatment by numerous

relatively nonspecific factors, could appear as a
target for homocysteinylation.

The current study demonstrates that
modification of PrP, in opposite to normal
proteins, occurs faster and is possible even with
"physiological"  concentrations of  Hcy-
thiolactone. This could indicate the possible
reason of sporadic form of prion pathology and
regulate its development and severity.

The presence of normal PrP on the neurons
surface and its potential engagement into
Alzheimer's disease could also point out that
homocysteinylation could be involved in
pathogenesis of both diseases.

Our present data show that in vitro
modification with Hcy-thiolactone causes PrP
aggregation and alters its physico-chemical
properties. Resistance to proteinase K digestion
and increase in thioflavin T fluorescence suggest
that changes in properties of N-Hcy-PrP are of
an amyloidogenic nature. However, size and
morphology of the aggregates obtained do not
correspond exactly to the expected sizes and
morphologies of typical PrP amyloidogenic
forms. A significant fraction of the aggregates
appears as spherical particles beaded on the
fibrillar structures. This fraction tends to form
super-aggregates in time, and the increased
thioflavin T fluorescence appears to come from
these super-aggregates.

Hcy-thiolactone concentrations used for PrP
modification in the present study (millimolar)
are significantly higher than physiologic values.
An increase of the time of exposure with 3
repeated additions of much lower (micromolar)
Hcy-thiolactone concentrations lead to similar
changes as for excessively modified PrP
revealed by SDS-PAGE. It should be noted that
N-Hcy-PrP is likely to accumulate in vivo due to
relatively long half-life of PrP and increased

resistance of N-Hcy-PrP to  proteolytic
degradation.
One of the possible mechanisms of

dimerization of PrP was a swapped form of the
3" o-helix (46). The available 3D structures of
both monomer and dimer forms of PrP were
analyzed in order to find possible causes of
sheep prion dimerization upon N-
homocysteinylation. It is readily seen that all of
the lysyl residues are exposed to the solution and
thus available for modification. We have also
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found 2 lysyl residues that apparently contribute
to the stability of the native form of prion protein
via salt bridges. Namely, lysine 207 interacts
with glutamate 149 improving the spatial
stability of the 3r® spiral; lysine 197 also takes
part in stabilizing the native form of the prion
protein via interaction with glutamate 199 (Fig.
9), thus fixating the coil conformation.
Conformational changes are inevitable during
the transition from native to dimeric forms of
protein. Additionally, both K197 and K207
obviously contribute more to stabilizing the
monomeric form of the PrP and thus cannot be
considered as essential to the dimer stability.
Summarizing all of the above with
experimentally confirmed modification of K197
and K207 residues, one can conclude that N-
homocysteinylation can enable the PrP to enter a

pathogenic pathway by disabling one or more of
the electrostatic interactions essential for
maintaining the monomeric structure.

A note should be made that not every
solvent-exposed lysyl residue undergoes
homocysteinylation thus pointing towards
specificity of this process. This data correlates
well with the observation that only 4 of 60 lysyl
residues are modified upon homocysteinylation
of BSA (45).

In conclusion, our data show that PrP is
susceptible to N-homocysteinylation of e-amino
groups of lysyl residues with Hcy-thiolactone,
which leads to aggregation. The aggregates
exhibit structural changes similar to those
observed for amyloidogenic forms of PrP.
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FIGURE LEGENDS

Figure 1. SDS-PAGE analyses of PrP and GAPD N-homocysteinylated with Hcy-thiolactone.
Electrophoresis of unreduced samples was performed in 12% SDS-PAGE. A: N-Homocysteinylation by
100-fold excess (per lysine) of Hcy-thiolactone for 24 h, 1: native PrP, 2: supernatant after modification,
3: pellet after modification, 4: pellet after modification, reduced by beta-mercaptoethanol, B: N-
Homocysteinylation of PrP with "physiological" concentrations of Hcy- thiolactone during 1 month, 1:
control PrP, 2: pellet after modification, 3: supernatant after modification. C: N-Homocysteinylation by
100-fold excess (per lysine) of Hcy-thiolactone for 24 h, 1: native GAPD, 2: supernatant after
modification, 3: pellet after modification.

Figure 2. Ovine prion sequence analysis (Database Swiss Prot, Ne P23907) [www.expasy.org] is
performed using peptides obtained from MALDI-TOF analysis. The full-length amino acid sequence is
showed from 23 to 234 a.a. (without N-terminal signal peptide and C-terminal peptide). All possible sites
of trypsinolysis are showed with arrows. Lysyl residues are labeled with grey color. Underlined peptides
(3 short: LCK (23-25), K (26), TNMK (110-113) and one long peptide sequences
YPPQGGGGWGQPHGGGWGQPHGGGWGQPHGGGWGQPHGGGGWGQGGSHSQWNKPSKPK
(58 residues from 52 to 109)) are inaccessible for analysis because of restrictions of the method. Modified
Lys 97 and Lys,¢7 are encircled.

Figure 3. Hydrodynamic diameter of protein particles with and without addition of Hcy- thiolactone: A —
proteins (diamonds - PrP, circles — GAPD) with (full) or without (empty) 100-fold excess of Hcy-
thiolactone, B — proteins (diamonds - PrP, circles — GAPD) with (full) 10-fold excess of Hcy-thiolactone.

Figure 4. Normalized transmission IR-spectra (top) and their second derivatives (bottom) in the amide I
range of native PrP (thick line) and N-Hcy-PrP (thin line). From the left to the right dotted lines
correspond to the position of bands associated to B-sheets (B), a-helices (o), random coils (r) and anti-
parallel intermolecular B-sheets ().

Figure 5. Fluorescence emission spectra of thioflavin T in the presence of N-Hcy-PrP. Fluorescent spectra
of native (dotted line), N-homocysteinylated with 10-fold excess (“native”) of Hcy-thiolactone (dashed
line), 100-fold excess of Hcy-thiolactone (solid line) and heat-aggregated PrP (dot-dashed line).

Figure 6. Susceptibility of N-Hcy-PrP, native heat-aggregated, and native untreated PrP to proteinase K
digestion. Conditions of proteolytic reactions are described in Materials and Methods section.
Electrophoresis of unreduced samples was performed on 12% SDS-PAGE.

Figure 7. Epifluorescence microscopy of N-Hcy-PrP in the presence of thioflavin T after 24 h (A), 48 h
(B) or 72 h (C) of reaction with Hcy-thiolactone at 37°C. ThT fluorescence images are shown in the

upper, phase contrast images shown in the lower.

Figure 8. Transmission electron microscopy of N-Hcy-PrP after 24 h of reaction with 50-fold excess of
Hcy-thiolactone at 37°C.

Figure 9. Structure of the C-terminal part of monomeric PrP. Salt bridges formed by lysines and
glutamates, namely K197 and E199 (A) and K207 and E149 (B) are shown in licorice.
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Table 1

Prion modification analysis performed using peptides obtained from MALDI-TOF analysis. (Database

Swiss Prot, Ne P23907) [www.expasy.org]. #MC - number of miscleaved sites, lysines are shown in bold

and underlined, cysteines are shown in bold and italic.

) in ) modified ) modified and )
poson aME|  peptdasequence | PSS | comra | N | pepde | ey | sed | e
sample (+117) (+117457)

27-40 0 | RPKPGGGWNTGGSR 1426.73 + + 1543.91 - 1600.93

26-40 1 | KRPKPGGGWNTGGSR 1554.82 + + 1672.00 - 1729.02

2751 1 | RPKPGGGWNTGGSRYPGQGSPGGNR 2497.22 - - 2614.40 - 2671.42

26-51 2 | KRPKPGGGWNTGGSRYPGQGSPGGNR | 2625.31 - - 2742 49 - 2799 51
172-188 | 0 | YSNQNNFVHDCVNITVK* 2051.96 - - 2169.14 - 2296 16
172-197 | 1 | YSNONNFVHDCVNITVKQHTVTTTTK* | 3049.48 | N/A N/A 3166.66 N/A 3223.68 N/A
189-197 | 0 | QHTVTTTTK 1016.54 + + 1133.72 + 1190.74
189-207 | 1 | QHTVTTTTKGENFTETDIK 2151.06 + + 2268.24 - 2325.26 +
198-207 | 0 | GENFTETDIK 1153.54 + + 1270.72 + 1327.74 +
198-211| 1 | GENFTETDIKIMER 1682.81 + + 1799.99 - 1857.01 +
189-211| 2 | QHTVTTTTKGENFTETDIKIMER** 2680.32 + + 2797 50 + 2854 52 +

* Peptide mass was calculated given the alkylation of cysteyl residues

** Presence of peptides with two homocysteinylated and alkylated residues cannot be determined for
their mass exceeds 3000 Da.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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ABSTRACT: Lacking phosphorylation, WT [-CN, C208 -CN,

C4 f-CN and C4 -CND exhibited significantly lower
chaperone-like activities than native 3-CN. Dimerization of
C208 3-CN with two distal hydrophilic domains

considerably improved its chaperone-like activity in

As a member of intrinsically unstructured protein family, [3-
casein (f-CN) contains relatively high amount of prolyl
residues, adopts noncompact and flexible structure and

exhibits chaperone-like activity in vitro. Like many

; . ) . comparison with its monomeric form. The obtained results
chaperones, native -CN does not contain cysteinyl residues P f

and exhibits strong tendencies for self-association. The ez sty el ol

chaperone-like activities of three recombinant 3-CNs wild e e e e
type (WT) -CN, C4 f-CN (with cysteinyl residue in

position 4) and C208 f-CN (with cysteinyl residue in

hydrophilic domain as important functional elements in
enhancing the chaperone-like activity of native 5-CN.
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position 208), expressed and purified from E. coli, which,
consequently, lack the phosphorylated residues, were
examined and compared with that of native -CN using

insulin and alcohol dehydrogenase as target/substrate This article was originally published online as an accepted
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were compared with those of their monomeric forms.
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dues because the host does not realize post-translational
phosphorylation.” In this aspect it reminds one of the forms
of human f-CN differing from bovine -CN by its heteroge-
neous phosphorylation from zero (f-CN-0P) to five (f-CN-
5P) phosphates per casein molecule.’

f-CN contains a short N-terminal hydrophilic polar domain,
carrying most of the protein’s net charges (mostly negative) and
a prominent C-terminal hydrophobic domain. Thus, the pri-
mary structure of f-CN has a highly amphiphilic character.*
This is playing a crucial function in aggregation and micellisa-
tion processes of this casein.” Due to combination of flexibility
and amphipaticity, f-CN acts also as a surfactant molecule in
solution.® Hence, this protein as a natural detergent and good
emulsifier is suitable for use in a variety of food products® and
may play also protective roles in milk and in mammary gland.

Polypeptide chains of beta and alpha s, casein molecules
are very mobile in solution and are neither random coil
structures nor regularly folded globular proteins. Under
physiological conditions, similarly to many other unfolded
or poorly folded proteins, caseins are classified in the groups
Natively Unfolded (NU)’ or Intrinsically Unstructured Pro-
teins (IUP),® which are known for their non compact and
highly flexible structure, as well as for transient or permanent
binding to several different (mostly hydrophobic) partners.”
Recently, it has been recognized that some IUPs also display
chaperone activity probably by a more primitive mechanism
than well-defined energy-dependent protein chaperones.’

As many other members of NU protein class, f-CN con-
tains relatively important amounts of glutamine and proline
(15% instead of statistic 1/20 = 5%).” These differences par-
tially explain the lack of rigid (alpha and beta) structures in f3-
CN in aqueous solutions.'’ In contrast to a uniform distribu-
tion of prolyl residues observed throughout the chain of og,;-
CN, the prolyl residues are concentrated primarily in the
hydrophobic C-terminal portion of f-CN, which is particu-
larly rich in Pro-Pro or Pro-X-Pro sequences.'' It was pro-
posed that -CN is a theomorphic (from the Greek rheos—
stream and morph—form) protein because it is dynamic and
its conformation is flexible adapting to the media.'* Conse-
quently, f-CN structure cannot be defined as either a globular
or a random coil structure. More recent studies have also sug-
gested existence of persistent regular structures in segments of
B-CN molecule.' As predicted by secondary structure algo-
rithms, N- and C-termini of 5-CN have propensities to adopt
alpha helical and f-structure, respectively.'' It has been
observed that heating can increase structuring of f-CN."?

Recently, a novel function for caseins has been proposed
as “molecular chaperones” protecting many proteins includ-
ing whey proteins against heat, chemical and UV light-
induced aggregations.'*'> Despite lack of sequence similarity
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between caseins and small heat shock proteins (sHsps) or
clusterins, these proteins share many structural similarities.'®
As molecular chaperones, caseins have been shown to act in a
manner very similar to intracellular sHsps and the extra cel-
lular protein clusterin.'” They have distinct hydrophilic and
hydrophobic domains enhancing solubility in aqueous media
and allowing binding lipophilic molecules, respectively.'®
Many chaperones are dynamic and heterogeneous proteins
with extensive regions of little or unordered structures often
self-associating in micelle-like aggregates.'” sHsps have sub-
unit masses in the range of 16-43 kDa but mostly exist as
large heterogeneous aggregates of 300-1000 kDa. Clusterin is
expressed as a 75-80 kDa hetero dimeric protein, which later
exists in a high range of aggregate states.*’

The dynamics of association and dissociation of subunits
between monomer and aggregate states is considered to be
important for control of chaperone action of sHsps and clus-
terin.?! The dissociated form (monomer state) of these pro-
teins has been suggested to be the main chaperone active spe-
cies rather than their aggregate states. The subunit exchange
is likely to be also important in regulating chaperone
action.” The individual caseins also have strong tendencies
for self-association.”>**

The distinct amphiphilic character of f-CN causes this
protein to associate into soap-like micellar structures in a re-
versible manner.”> Similarly to sHsps and clusterin, the dy-
namics of association and dissociation of -CN between
monomeric and micellar states, which is affected by physico-
chemical condition, may influence the chaperone-like func-
tions of caseins. The dynamics of micellar structures of
caseins may facilitate chaperone-like actions via this mecha-
nism and subunit exchange between caseins and substrate
proteins may regulate their chaperone-like action.

In absence of intrinsic phosphorylated residues, amphi-
philic character of -CN, and consequently its solubilizing
properties and antiaggregation (chaperone-like) activity of
this casein will be changed. In this study, chaperone-like
activities of native f-CN and of three recombinant -CNs
(WT B-CN, C4 B-CN, and 208 -CN) were examined using
bovine pancreatic insulin and alcohol dehydrogenase (ADH)
as the target proteins. To mimic Gemini (Bis) surfactants,
which have considerably greater solubilizing capabilities than

conventional surfactants®®>’

and to find out the importance
of N-terminal and/or C-terminal domains as possible func-
tional elements in chaperoning activities of f-CN, two
recombinant f-CNs (C4 f-CN and C208 f-CN) were first
covalently dimerized individually. Then their chaperone-like
activities were examined in the same experimental set up.
The recombinant -CNs in monomeric form and also C4 f5-

CND (dimer with two distal hydrophobic domains), exhibit
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Table I Sequence of the Used Primers

N-Terminal Hydrophilic Domain of [3-Casein Molecular Forms
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Primer name Sequence (5'— 3') Mutation
BCASO1 ACATGCC ATG GGA AGA GAG CTG GAA GAA CTC

BCAS14 GATATACC ATG GGA AGA GAG CTG TGT GAA CTC AAT E,—»C
BCAS5C3 NNNNNNAAGC TTA GAC AAT AAT AGG GAA GGG

BCAS3C-Rev NNNNNNAAGC TTA GAC ACA AAT AGG GAA GGG Lg—C

Start (ATG) and stop (TTA) translation codons are underlined.
Mutated codons are indicated in bold italicized letters.

only relatively weak chaperone-like activities when compared
with chaperone-like activity of native -CN. Surprisingly, a
significant chaperone-like activity was observed in case of
C208 p-CND, which possesses two distal hydrophilic
domains.

MATERIALS AND METHODS

Materials

Crystallized and lyophilized equine liver ADH and bovine pancre-
atic insulin were purchased from Sigma Aldrich. Dithiothreitol
(DTT) and other chemicals were of analytical grade (Sigma Aldrich)
and were used without further purification. All solutions were pre-
pared with double distilled water and were kept at 4°C before use.

Purification of Native Bovine -CN

Purification of bovine f-CN was performed according to a two-step
purification procedure.”®**° Briefly, fresh bovine and camel milks
were defatted by centrifugation (5000g, 7720 rpm, 15 min) and
casein fraction was precipitated at pH 4.6. Casein enriched pellet
was isolated by centrifugation (5860g, 8400 rpm, 60 min), washed
three times with distilled water, lyophilized, and stored at —20°C
until use. One gram of lyophilized powder of whole casein fraction
(WCF) was dispersed in 60 mL of 20 mM sodium acetate buffer, pH
6.6, containing 4M urea, 35 mM EDTA, 10 mM f-mercaptoethanol
and 1 mM PMSE. After centrifugation at 45,000¢ for 20 min, the su-
pernatant was mixed with DEAE-cellulose (10 g of pre-equilibrated
DEAE-cellulose already dispersed in 50 mL of the same buffer) for
30 min on a shaker at 4°C. A mixture containing DEAE and WCF
was applied to a chromatography column and flow through (FT)
was collected in two equal parts (FT1 and FT2). The column was
washed twice with 40 mL of the same buffer and the eluted fractions
were collected as W1 and W2. The results of SDS-PAGE (15% acryl-
amide gel)30 showed that fractions FT1, FT2, and W1 contained
mostly f-CN. These fractions were dialyzed twice against 2 L of im-
idazole buffer, pH 7.3, containing 10 mM f-mercaptoethanol and
0.01% sodium azide. Protein sample was dialyzed further against 1
L of the above buffer containing 4M urea and then loaded on anion-
exchange column (DEAE-cellulose) pre-equilibrated with imidazole
buffer, pH 7.3, containing 10 mM f-mercaptoethanol and 4M urea.
Retained proteins were eluted by application of a linear NaCl gradi-
ent of 0-0.25M in the same buffer. The eluted fractions were ana-
lyzed using SDS-PAGE (15% acrylamide gel) and the fractions con-
taining pure ;-CN were collected and dialyzed against 50 mM phos-
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phate buffer, pH 7.5, before use. Protein bands were detected on
SDS PAGE by Coomassie blue staining.

Mutagenesis of Bovine }-CN

The expression vector pET21-BCasA,, a kind gift of Dr. Roger Clegg
(Hannah Research Institute, Ayr, UK), encoding WT -CN (A2 var-
iant) was used as template in a PCR-based mutagenesis strategy.
Mutated f-CN cDNAs were synthesized by PCR using primer
described in Table I. BCASO1 and BCAS14 contained Ncol restric-
tion upstream from the translation start ATG codon, and BCAS5C3
and BCAS3C-Rev contained HindIIl restriction site downstream
from the translation stop TAA codon. BCASO1 was used in combi-
nation with BCAS3C-Rev to mutate the isoleucyl residue at position
208 in a cysteinyl residue; BCAS14 was used in combination with
BCAS5C3 to introduce a cysteinyl residue at position 4 in replace-
ment of the glutamic acid residue. Amplification was performed in
a Touchgene gradient thermocycler (Techne, Princeton, NJ), using a
mix of 4 ng of DNA, 25 pmol of each dNTPs, 37 pmol of both pri-
mers (Cybergene, Evry, France), the buffer supplied with the DNA
polymerase and 1 U pfu Turbo Polymerase (Stratagene, La Jolla,
CA) in a total volume of 50 uL. The program cycling conditions
were as follows: 20 cycles of 1 min at 94°C, 1 min at 50°C, and 2
min at 72°C. PCR fragments were subcloned in the pGEM(-T Easy
vector (Promega, Madison, WI) and sequenced (Millegen, Toulouse,
France). The plasmids containing the correctly mutated ¢cDNAs
were amplified. These cDNAs encoding mutated /-CN were intro-
duced in the pET21-d expression vector (Novagen, EMD Bioscien-
ces, San Diego, CA) by using Ncol and HindlIII restriction sites to
give pfCN-C4 and pSCN-C208 expression vectors. Restriction
enzymes were purchased from New England Biolabs (Beverly, MA).

Expression of the Recombinant 5-CNs in E. coli

The recombinant f/-CNs were produced in a 2 L Bioreactor. Twenty
milliliter of an overnight pre culture was used to inoculate the 2 L of
Terrific Broth medium. The culture was performed at 37°C with air
flow-rate of 4 L/min and a stirring speed of 600 rpm -CN expres-
sion was induced at 0.6 Agy by adding isopropyl -D-1-thiogalacto-
pyranoside to 1 mM. After 3 h of cultivation, the cells were har-
vested by centrifugation at 3000g for 30 min and washed in phos-
phate buffered saline. The resulting pellets were kept at —80°C at
least overnight.

Purification of Recombinant -CNs

The purification of the recombinant -CNs (WT, C4 and C208) was
performed as follows. The bacterial pellet from a 2 L culture was
thawed at ambient temperature in 20 mL of lysis buffer (8 M urea,
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50 mM Tris-HCI, and 0.5M NaCl). Sample was sonicated three
times during 30 s with an ultra sonicator at full power (130 W). The
sonicated sample was then centrifuged at 22,000¢ for 30 min. The
supernatant was applied to a reversed phase (RP) chromatography
on a HR16/10 column containing 30 RPC gel. The column was
equilibrated with solvent A [95% H,0, 5% acetonitrile, 0.1% tri-
fluoroacetic acid (trifluoracetic acid (TFA))]. Proteins were eluted
with a linear gradient of solvent B (20% H,O, 80% acetonitrile and
0.08% TFA). The semipurified protein was then further purified by
anion-exchange chromatography. The separation was performed on
15 Q gel packed in a HR 10/10 column in a 25 mM Tris-HCI buffer,
4M urea with an increasing concentration of NaCl (from 0 to 1M).
The recombinant f-CNs were then further purified and desalted by
final RP chromatography on a HR 10/10 column with 15 RPC gel.
The purity of the -CN samples was examined using SDS-PAGE
analysis (12% acrylamide).

The Oxidation/Dimerization

The dimerization experiments of 20 M of each mutant casein (C4
f-CN and C208 f}-CN) were performed in 50 mM Tris-HCl buffer,
pH 8.2, including 80 mM NaCl and 60 uM H,0, under sterile con-
ditions and with agitation at 37°C. The experiments were followed
for 24 and 72 h for C208 -CN and C4 f-CN, respectively.

Quantification of Chaperone-Like Activities of

Different -CNs
The ability of different -CNs to prevent aggregation of ADH and
insulin was considered as a sign of their chaperone-like activities.
The aggregation was detected by the measure of increase in absorb-
ency at 360 nm as a function of time, using an UV-Cary (Varian,
Model 1E) spectrophotometer equipped with a 10-cell-holder and
Le Pelletier temperature controller. The light scattering in each cu-
vette was recorded automatically every 1 min. All measurements
were performed in 25 mM sodium phosphate buffer, pH 7.2. For
quantitative estimation of chaperone-like activities of different
caseins, k; - Ay, was derived from the aggregation curves, with the
assumption that, as proposed by Kurganov,”' aggregation follows
completely first order kinetics. Ay, is the limiting value of absorb-
ance (A) at t — oo and k is the rate constant of the first order reac-
tion. The k; - Ay, product is the initial rate of aggregation and it is
expressed in units of absorbency per time unit. To quantify chaper-
one-like activities of the caseins at different molar ratios of chaper-
one/target protein, k; - Ay, of each experiment was divided indi-
vidually per (k; - Ajm)o of the control experiment (absence of
casein) and subtracted from unit (one). The resulting values varied
from zero (in the absence of casein) to one (where k; - Ajj,, = 0).
These values, increasing from 0 to 1 with the increase of chaperone/
substrate casein ratio, can be correlated directly with the chaperone-
like activities of the studied caseins.

In brief, the following formula was used for quantification of
chaperone-like activities:

Chaperone-like activity = 1 — (k; - Ajim)/(ki - Aim), (1)

The percentage of chaperone-like activities was obtained by multi-
plying the obtained values by 100.
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RESULTS AND DISCUSSION

Dimerization of C4 and C208 -CNs

Molecular chaperones interact preferentially with certain
folding intermediates of substrate/target proteins. Their
hydrophobic interactions play a crucial step in chaperoning
function.’ Since several chaperones are functioning through
binding and the release of substrate proteins, consequently,
faster binding and faster release may be linked with flexibil-
ities and efficiencies of contacts and recognitions between
hydrophobic domains of chaperones and target proteins. The
C-terminus of -CN contains many apolar residues (con-
veying high hydrophobicity) and considerable amount of
prolyl residues (contributing to its flexibility and braking any
alpha or beta structures).'>**> Thus, not only the hydropho-
bicity of C-terminal but also the structural flexibility and the
presence of polyproline II (PPII) structures in this region are
responsible for the efficient chaperone-like activity of differ-
ent forms of f-CN.*?

C4 B-CN and C208 B-CN have been shown to dimer-
ize.>* The dimerizations of C4 f-CN and C208 -CN were
carried out in 50 mM Tris-HCI buffer, pH 8.2, containing
80 mM NaCl and 60 puM H,O, under agitation and in
sterile conditions at 37°C. At this pH thiol groups are
adopting the conjugate base forms (R-S™) suitable for the
oxidation.

SDS-PAGE of dimerized C208 f-CN indicates much
faster kinetics of its oxidation/dimerization compared with
dimerization rate of C4 -CN (Figures 1B and 1C). Almost
complete disappearance of monomeric form during 24 h
for C208 f-CN (Figure 1C) is connected with appearance of
dimeric band of the comparable intensity. The use of H,0,
leads to formation of small quantities of other polymeric
forms due probably to unspecific oxidation of His and Trp
residues. In case of C4 (-CN it takes 72 h to obtain the
same ratio dimer/monomer. This could be due first to
greater mobility of C-terminal segment of S-CN, which
leads to faster binding to aggregation prone conformers and
might be important in antiaggregation activity of this pro-
tein. Besides flexibility of C-terminal domain of f-CN, the
position of cysteinyl residue may play a role in the faster
kinetics of dimerization. Since cysteinyl residue of C208 -
CN is placed in the hydrophobic part of casein, hydropho-
bic-hydrophobic interactions of two C208 f-CN molecules
would bring their thiol into proximity and therefore facili-
tate disulfide bond formation. So, the differences in polar-
ities of microenvironments of the cysteinyl residues in C4
f-CN and C208 8-CN may be additional factors responsible
for the differences observed in kinetics of dimerization
between the mutant caseins.

Biopolymers
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FIGURE 1 SDS-PAGE profile of dimerization experiments of mutant f-casein. (A) SDS-PAGE
profile (gel 12%) in reducing conditions, after purification of different f-CN samples. (B) and (C)
nonreducing SDS-PAGE profiles of dimerization experiments of C4 f-CN and C208 -CN, respec-
tively, at different incubation times. The experimental conditions for dimerization of mutant f-CN
are described in Materials and Methods. The /-CNM and f;-CND represent monomeric and di-

meric forms of mutant /-CN, respectively.

Chaperone-Like Activities of Recombinant f-CN

Aggregation can be considered to be a hydrophobically
driven interaction of unfolded protein molecules, which is
responsible for the formation of agglomerates of irregular
form, resulting of incorrect protein-protein contacts.>
Aggregations can be associated also with aberrant interac-
tions with metal ions, changes in environmental conditions
such as pH, temperature, chemical modification (oxidation

and proteolysis), specific mutations and misprocessing phe-
nomena.’® It has been reported that early aggregates interact-
ing with cellular membranes, causing oxidative stress and
increase in free calcium can impair fundamental cellular
processes what can lead to the decrease of cellular viability
and eventually to cell death.”® Consequently, aggregations
present serious problem and may be the causes of many so
called aggregation diseases such as Alzheimer’s, Parkinson’s,
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FIGURE 2 Chaperone-like activities of native JCN and the monomeric form of mutant fCN.
(A) Percentage of chaperone-like activity of f-CN versus different f-CN/insulin molar ratios. (B)
Percentage of chaperone-like activities of f-CN versus different f-CN/ADH molar ratios. In (A)
and (B) the symbols B, [], A and A represent native ;-CN, wild type f-CN, C4 -CN and C208
B-CN, respectively. The percentage of chaperone-like activity was obtained according to the for-

mula described in Materials and Methods.

and Huntington’s, Creutzfeldt-Jakob disease, cataract and
type II diabetes.”®”” Therefore, chaperoning machinery is
necessary to rescue living cells from toxicity of unfolded pro-
teins and from harmfulness of their aggregates. Molecular
chaperones are a large group of structurally unrelated pro-
teins whose function is to interact with destabilized proteins
preventing their aggregation and enabling their correct fold-
ing.”® As mentioned before, several properties of caseins are
similar to those of other chaperones in particular sHsps and
clusterin.'”

In this study, native bovine f-CN and three recombinant
B-CN (WT B-CN, C4 f-CN, C208 B-CN)** were used for
comparison of the dependence of chaperone-like activities.
ADH (1.87 uM) and insulin (43 uM) were used as the target
proteins and the experiments were performed in 25 mM
phosphate buffer, pH 7.2. Aggregation of ADH and insulin
was induced under thermal (60°C) and chemical (20 mM
DTT) stresses, respectively. Different molar ratios of casein/
insulin (0.00, 0.015, 0.030, 0.060, and 0.120) were applied to
compare chaperone-like activities of native and mutant
casein samples (Figure 2A). When using ADH as target,
casein/ADH ratios were 0.00, 0.20, 0.41, 0.83, and 1.66
(Figure 2B). The increase in absorbance in all of the kinetic
curves is connected with the growth of aggregates formed at
the initial stage of aggregation. In this study it was supposed
that aggregation rate constant (k;) follows a first order
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kinetics and k; was obtained from the initial stages of the ki-
netic curves.”

The antiaggregative (chaperone-like) activities of the f-
CNs were quantified using parameter k; - Ay, product. The
K, - Ay product as proposed by Kurganov’' is useful for
the quantitative estimation of chaperone activities in vitro.
Both k; and Ay;,,, were decreased in the presence of the casein
chaperones as they were calculated from the kinetics curves.

Decreases in the Ay, value in the presence of chaperone
are due to the binding of denatured protein by chaperones.

Aggregation is preceded by the stage of unfolding of native
protein molecule (N — U) and unfolded state exposing
hydrophobic moieties is more prone to aggregation (U —
Agg).

When it is bound to chaperone, denatured protein mole-
cule is eliminated from aggregate.*’

Chaperones interact preferentially with the protein in
unfolded states and by doing so reduce the rate constant of
aggregation. Using equation-1 described in the Material and
Methods section, the percentage of chaperone-like activity
of f-CN applied in this study was quantified in different
molar ratios to the substrate/target proteins. It was demon-
strated, using insulin and ADH as substrate/target proteins,
that WT f-CN exhibited considerably lower chaperone-like
activity than native f/-CN (Figures 2A and 2B). Native (-
CN molecule contains phosphate center (5 phosphorylated

Biopolymers



residues) in the N-terminal region, which is absent in the
recombinant forms.>”® The net-charge of bovine -CN at
physiological pH is —13***° and the lack of the phosphoryl-
ated residues in WT f-CN diminishes considerably its net-
charge. The reduction in the bulk negative charge on each
molecule should result in decrease of amphiphilicity so
essential for solubilization (maintenance in solution of
unfolded substrates) and hence for the chaperoning func-
tions of this protein.

As many other chaperones, f-CN does not contain cys-
teinyl residues. The high frequency of prolyl residues and the
absence of cysteinyl residues in the primary structures bestow
more open and flexible structures to chaperones.*' In this
study two recombinant -CNs containing cysteinyl residues
(C4 and C208) were studied and compared with native and
WT p-CNs for their chaperone activities (Figures 2A and
2B). When DTT-induced insulin aggregation system was
applied, the chaperone activity of C4 f-CN and C208 f-CN
was significantly lower than that of native bovine f}-CN. As
seen in Figure 2A, chaperone-like activity of C4 f-CN was
comparable to that of WT f-CN whereas C208 /-CN exhib-
ited lower chaperone-like activity than WT f-CN. As
expected, the presence of DTT prevents the dimerization of
these recombinant caseins. Thus incorporation of cysteinyl
residue in f-CN has no significant effect on chaperoning
functions in the case of monomeric C4 f3-CN, whereas it
decreases chaperone activity of monomeric C208 f-CN,
when insulin was used as target protein.

When thermal-induced ADH aggregation system was
studied, the mutant caseins (WT, C4 and C208) exhibited
significantly lower chaperone-like activities than native f-CN
and the chaperone-like activity of C4 f-CN was almost com-
parable to that of WT BCN. The C208 3-CN exhibited simi-
lar chaperone activity as observed when insulin was used as
substrate/target protein with the exception that at the highest
C208 f-CN/ADH molar ratio, a significant antiaggregation
activity was seen (Figure 2B). This casein form has faster
dimerization kinetics; SDS-PAGE performed under nonre-
ducing condition revealed the presence of significant
amounts of dimerized C208 SCN when its higher concentra-
tion was applied (data not shown). The relatively high tem-
perature (60°C) used to induce aggregation of ADH could
also enhance the process of dimerization.

Chaperone-Like Activities of Dimeric

C4 -CND and C208 -CND

Protein charges are uniformly distributed in og;- and os,-
CN, whereas -CN and x-CN have well distinct polar and
apolar regions what is at the origin of their amphiphilic char-
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FIGURE 3 Chaperone-like activity of dimeric SCN. Different
concentrations of dimeric -CN were applied to examine their
chaperone-like activities with ADH (1.87 uM) as target/substrate
protein. The symbols A and A represent C208 -CND and C4 f3-
CND, respectively.

acters.* B-CN is a highly amphiphilic molecule containing
two distinct segments in its primary structure with a hydro-
philic () N-terminal part and a hydrophobic (¢) C-termi-
nal part, along with a cluster of five phosphoseryl residues
in the N-terminal domain.” According to the primary struc-
ture, hydrophilic-hydrophobic pattern of native f-CN,
C208 -CND and C4 -CND can be symbolized as “y-¢”,
“Y-@-p-Y” and “@-y-y-@”, respectively. Thus, C4 f-CND
and C208 B-CND, which are dimerized by covalent associa-
tion in dimers polar or apolar ends of these monomers creat-
ing a sort of palindrome structures, are doted with two
hydrophobic or hydrophilic ends, respectively.

Similar to a-crystalline chaperone, f-CN acts as a surfac-
tant molecule.”*® Recently dimeric or Gemini surfactants
made from two surfactant monomers linked by a linker or
spacer moiety have attracted attention.””*® So, the palin-
drome dimers of recombinant -CNs (C4 and C208) could
be considered also to be similar to such bis-surfactants.

In this study, the chaperone-like activities of dimeric
recombinant §-CNs (C4 -CND and C208 ;-CND) were an-
alyzed using ADH heat-induced aggregation systems.

When compared with its monomeric state, C208 f;-CND
(double hydrophobic central cluster and hydrophilic extrem-
ities) exhibits a considerably greater chaperone-like activity
(Figures 2A and 3) whereas there was almost no significant
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FIGURE 4 Temperature-dependent chaperone-like activities of
native f-CN and dimeric f-CN. The temperature-dependent chap-
erone-like activities of native -CN and dimeric /-CN were meas-
ured at 50 and 60°C, with ADH (1.87 uM) used as target protein.
The symbols rectangles ([] and H), triangles (A and A) and circles
(O and @) represent native ;-CN, C208 -CND and C4 ff-CND,
respectively. Black and white colors represent two different tempera-
tures in which the experiments were performed (60 and 50°C,
respectively).

difference between chaperone activities of monomeric and
dimeric forms of C4 -CN (central polar cluster and hydro-
phobic extremities). Similarly to mammalian sHsps in which
the flexible C-terminal end is responsible for chaperone
1942 the hydrophilic N-terminal domain of f-CN may
play a crucial role in determination of its chaperone-like ac-
tivity.

action,

Temperature Dependent Chaperone-Like

Activities of Native -CN and Dimeric Proteins
Increased temperature induces dissociation of some sHsp
aggregates, such as o-crystalline and enhances chaperone ac-
tivity, suggesting that a dissociated form of sHsp is the active
chaperone species.** In the case of a-crystalline, elevated
temperature led to an increase in rate of exchange of subunits
and to a concomitant enhancement of chaperone activity.*>~**
The chaperone-like activity of bovine -CN, C208 -CND
and C4 f-CND was measured at 50 and 60°C using ADH
(0.18 uM) as target protein. The data presented in Figure 4
show that these caseins exhibit greater chaperone-like activity
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at 50°C than at 60°C. Effect of temperature was more pro-
nounced in the case of C208 f-CND as compared with other
forms of -CN. Since association of the caseins is tempera-
ture-dependent, when temperature increases, a greater por-
tion of native f-CN associates. Thus, similarly to what was
described in the case of sHsps or clusterin, the associated
forms of -CN can be also considered to be chaperone inac-
tive because after association the hydrophobic C-terminal
domain of -CN monomer, necessary for interaction with
partially unfolded substrate protein, could be hidden inside
of the supra molecular assemblies. f-CN as a mild surfactant
has high surface activity due to its amphiphilic nature and
loose structure that leads to good emulsifying properties.®
The higher surface activity, the less of surfactant is needed to
perform a function.”” As shown previously, during heating
f-CN undertakes conformational changes that leads to com-
paction of its C-terminal domain. Since elongation of poly-
mer chains increases the surface activity of conventional sur-
factants, then temperature-induced compaction of C-termi-
nal domain and consequently smaller surface activity could
be considered as further reasons for poorer chaperone-like
activity of f-CN at the higher temperature. Weaker chaper-
one-like activity of the dimeric form of mutant -CN might
be also explained by its temperature-induced compaction
decreasing its surface activity and chaperoning functions at
the elevated temperature. Inaccessibility of chaperone func-
tional elements at elevated temperature might be also consid-
ered to be one of the causes for the decrease of temperature-
dependent chaperoning functions of the dimeric SCN.

Chaperone-Like Activity of Native -CN at Constant
Molar Ratios to Substrate/Target Proteins and at
Wide Range of Concentrations

It has been reported previously that the dynamics of associa-
tion and dissociation of subunits is important in regulating
the chaperone action of sHsps and clusterin.*® In the mono-
meric state the chaperone binding sites are exposed and
available for interactions with the destabilized target proteins
when this functional region is buried in the chaperone inac-
tive aggregated species. Consequently, chaperone activities of
these caseins can be affected by their transition between
monomeric and oligomeric states. As reported previously, -
CN undergoes a temperature-induced concentration-
dependent micellisation process in which hydrophobic inter-
actions are the principal associative forces.*’” Since associa-
tion of f-CN monomers is a concentration dependent pro-
cess,*® when f-CN concentration increases, greater portion
of this protein can oligomerize. Consequently, at greater con-

centrations of S-CN, weaker chaperone-activity could be

Biopolymers
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FIGURE 5 The antiaggregation activities of bovine f/-CN against insulin and ADH in constant
molar ratios and wide concentrations range of chaperone/target protein. Different concentrations
of /-CN/target protein with the same mass ratio (1:1) were applied: 0.05 mg/mL (a), 0.1 mg/mL
(b), 0.25 mg/mL (c), 0.37 mg/mL (d), 0.5 mg/mL (e), with insulin and ADH used as target. DTT
(20 mM) was used to induce aggregation of insulin at 40°C (A), whereas heat aggregation of ADH

was induced at 60°C (B).

expected. To examine this hypothesis, different concentra-
tions of native f-CN [2.08 uM (0.05 mg/mL), 4.16 pM (0.10
mg/mL), 10.41 uM (0.25 mg/mL), 15.41 uM (0.37 mg/mL),
and 20.83 uM (0.5 mg/mL)] were applied to prevent aggrega-
tion of either 8.62 uM (0.05 mg/mL), 17.24 uM (0.10 mg/
mL), 43.10 uM (0.25 mg/mL), 63.79 uM (0.37 mg/mL) and
86.20 uM (0.50 mg/mL) insulin or 0.625 (0.05 mg/mL), 1.25
uM (0.10 mg/mL), 3.12 uM (0.25 mg/mL), 4.62 uM (0.37
mg/mL) and 6.25 uM (0.50 mg/mL) ADH (Figures 5A and
5B). In all these experiments, molar ratios of f-CN/insulin
and f-CN/ADH were constant being 0.241 and 3.33, respec-
tively. Experiments were performed at 40 and 60°C using in-
sulin and ADH as substrates, respectively. In control experi-
ments in the applied experimental conditions using f/-CN
alone, the optical density change at 360 nm was followed and
it was negligible (data not shown).

At higher concentrations, when the mass of both casein
and target proteins increased, ;-CN exhibits weaker chaper-
one-like activity (Figures 5A and 5B). Since the ratios of f3-
CN/target protein applied were constant, then at the higher
concentrations of f/-CN/target protein, a greater portion of
casein chaperone could be assembled in the associated or mi-
cellar forms. Thus, as observed in the case of sHsps or clus-
terin, the associated form of -CN might be also considered
as a chaperone inactive form because after association the
hydrophobic domain of -CN monomer, necessary for the
interaction with unfolded substrate proteins are buried inside
of the supra molecular assemblies.

Biopolymers
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CONCLUSIONS

The highly charged N-terminal domain containing the phos-
phate centre makes bovine f-CN strongly amphiphilic. The
expressed in E. coli recombinant f-CNs lack the phosphoryl-
ated residues what decreases their amphiphilicity. Weaker
chaperone-like activities of recombinant f3-CNs, compared
with native casein, demonstrate importance of phosphoryl-
ated residues in amphiphilic nature and antiaggregation
activities of proteins. Considerably, greater chaperone-like
activity of C208 f-CND as compared with C4 -CND point
to significant role played by N-terminal hydrophilic domain
of f-CN in its chaperoning functions. Weaker chaperone ac-
tivity of f-CN at higher temperatures and at higher concen-
trations at the constant ratio of chaperone/target proteins
demonstrates the importance of dissociation and association
of f-CN in chaperoning mechanism of this casein, indicating
the importance of the hydrophobic segment in protein-pro-
tein interactions.
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The transformation of prion protein (PrP) into its insoluble amyloid form correlates with neurodegeneration
in transmissible spongiform encephalopathies. PrP is connected to the neuronal membrane by a covalently-
linked glycosylphosphatidylinositol (GPI) anchor. The current study demonstrates that phosphatidylinositol
and phosphatidylethanolamine in low concentrations (0.5-50 pM) stimulate rapid unlimited aggregation of
PrP. At a higher concentration (500 uM), lipid particles prevent the formation of large PrP aggregates and
induce an increase in the 3-sheet structure content of PrP protein. Thus, the liberation of PrP from the

Keywords: . . . R L. . . .
Prion protein membrane and its direct interaction with its own GPI moiety, as well as with membrane lipids, can promote
Amyloid the formation of aggregated structures of PrP. The phospholipids studied are also able to upregulate the

aggregation of oligomeric PrP forms (12-mers and 36-mers), the neurotoxicity of which has been reported
recently. Low phosphatidylinositol concentrations induce these oligomers to form aggregates of smaller size
when compared with aggregates formed directly from monomers. The inhibition of extensive aggregation
observed at a high concentration of phosphatidylinositol (500 uM) results in both the formation of amyloids
from PrP monomers and the interaction of protein molecules with lipid micelles. Thus, phospholipids are not
only involved in the aggregation of prion monomers and their amyloidogenic conversion, but also regulate
the aggregative status of prion oligomers already formed. Consequently, depending on their micellar status,
phospholipids can either promote amyloidogenic conversion and conserve neurotoxic oligomeric forms (lipid
micelles) or mediate the formation of large-size amorphous aggregates (non-micellar phospholipids).

© 2008 Elsevier B.V. All rights reserved.

Phosphatidylinositol

1. Introduction Recently it has been proposed that the neurotoxicity of PrP rich in

beta-sheets may depend on its aggregative status, and oligomeric

Transmissible spongiform encephalopathies are fatal infectious
neurodegenerative disorders such as bovine spongiform encephalo-
pathy, scrapie in sheep and goats, and Kuru and Creutzfeldt-Jakob
disease in humans. The suspected causative agent of these diseases is
PrP5¢, a highly aggregated amyloid isoform of the host-encoded “prion
protein” (PrP) [1]. While the cellular PrP€ isoform is predominantly
alpha-helical, PrP5¢ is characterized by a higher proportion of beta-
sheet structure. Factors presumed to influence the transformation of
monomeric alpha-helical PrP¢ into aggregated PrP*¢ rich in beta-
sheets are pH, metal ions, DNA, other proteins and traces/infection of/
by PrP€ itself.

Abbreviations: PrP, prion protein; PrPS, cellular isoform of PrP; PrP%¢, scrapie isoform
of PrP; PrP, recombinant ovine PrP; GPI, glycosylphosphatidylinositol; Pl, phosphatidyli-
nositol; MG, 1-oleoylglycerol; TG, 1,2,3-trioleoylglycerol; PA, phosphatidic acid; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PS, phosphatidylserine; SM,
sphingomyelin; CH, cholesterol; SA, stearic acid; OA, oleic acid; PK, proteinase K;
SDS-PAGE, Sodium dodecyl sulfate-polyacrylamide gel electrophoresis; DLS, dynamic
light scattering; CD, circular dichroism; MOPS, 3-(N-morpholino) propane sulfonic acid
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E-mail address: haertle@nantes.inra.fr (T. Haertlé).

1570-9639/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbapap.2008.12.002

forms consisting of 12 or 36 monomers appear to be the most toxic
compared to monomers and/or aged fibrils [2,3]. Therefore, it is
important to investigate factors that can affect the transition from PrP®
to PrP5¢ and influence the aggregation of native monomers and PrP
oligomers, thereby changing the toxicity of prion protein.

PrP is a membrane-bound protein, with a molecular weight of
about 23 kDa, connected to the cell membrane by a glycosylpho-
sphatidylinositol (GPI) anchor. It is associated mainly with cholesterol-
and glycosphingolipid-rich lipid rafts [4]. It has been demonstrated
that the GPI anchor plays a role in the pathogenesis of prion diseases
since PrP>¢ lacking the glycolipid moiety has a greater propensity to
form amyloid fibrils than does the protein with GPI[5]. The GPI anchor
is thought to interfere with the ability of PrP to form fibrils, interacting
directly with the protein or limiting its mobility by attaching PrP to the
membrane. This observation is confirmed by the inability of PrP to
transform into PrP5¢ in a cell-free system where PrP is associated with
raft membranes until the GPI anchor is cleaved [6]. Other data indicate
that the interaction with lipid membranes of recombinant PrP devoid
of the GPI anchor changes the protein structure and its aggregation [7-
9]. Membranes composed of phosphatidylserine, as well as other
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negatively-charged phospholipids, induce a rapid formation of
amyloid fibrils by a variety of proteins [10,11]. Presumably, the role of
lipids in such protein transformations consists in lowering the pH in
the close vicinity of these membranes leading to the formation of
amyloid structures on their surface. Amyloid-3 (AR) peptide, suspected
of being responsible for the onset of Alzheimer's disease, also interacts
with phospholipid membranes. Moreover, AR peptides penetrate
membranes and form pores, and this process results in the acquisition
of a-helical structures by peptide molecules [12,13]. The presence of
cholesterol reduces the penetration of AR into membranes, displacing
the equilibrium towards the formation of p-sheeted fibrils on the
membrane surface [13].

The main goal of the current study was to investigate the influence
of submicellar and micellar phospholipid concentrations on the
aggregation of monomeric and oligomeric PrP forms and also on PrP
conversion into a beta-sheet-rich conformation. It was proposed that
monomers of PrP could aggregate in the presence of different
concentrations of phospholipids because of hydrophobic interactions
and that the lipid charge would probably be essential for such
aggregation.

Moreover, the GPI anchor of PrP influences amyloidogenesis since
PrP%¢, lacking the glycolipid moiety, forms amyloid fibrils more
intensively than the protein with GPI does [5]. It was assumed that
GPI might interact directly with the protein thereby influencing fibril
formation [5]. Moreover lipid molecules, as well as the GPI moiety of
PrP, could directly influence amyloidogenesis, inducing PrP aggrega-
tion. Anchoring PrP by GPI could preserve it from aggregation, at least
partially, by separating the protein from lipids. Therefore, the
liberation of PrP from the membrane and its “free circulation” could
increase the formation of aggregated structures.

Hence, it was interesting to verify the effect of different
phosphatidylinositol concentrations on the aggregation of PrP
oligomers, the toxicity of which has been observed recently [2,3]. At
the same time, phosphatidylinositol micelles (500 uM phosphatidy-
linositol) may interact differently with oligomers of PrP. Therefore, the
effects of phospholipids on both the native PrP monomers and
oligomers were compared. In addition, the interactions with lipids
may stimulate the conversion of prion protein into a beta-sheet-rich
form. Consequently, the secondary structure changes during interac-
tions were studied in order to define better the type of conversion of
PrP, which proved to be amyloidogenic, as will be seen in the results.

Thus, the phospholipid environment may play an important role in
the regulation of both the amyloidogenic conversion of prions and
their aggregative status.

2. Results
2.1. PrP aggregates in the presence of lipids
20 uM PrP (ovine PrP-V136R154Q171) was incubated with

different lipids at 37 °C for 20 h. Fig. 1 shows the SDS-PAGE pattern
of protein after incubation with 500 uM 1-oleoylglycerol (MG), 1,2,3-

kDa
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Fig. 1. Aggregation of 20 uM PrP after incubation with 500 uM lipids at 37 °C
for 20 h. 0 — sample without lipids, MG — 1-oleoylglycerol, TG — 1,2,3-
trioleoylglycerol, PA — phosphatidic acid, PI — phosphatidylinositol from aqueous
stock solution, PI* — phosphatidylinositol from ethanol stock solution, PC —
phosphatidylcholine, PE — phosphatidylethanolamine, PS — phosphatidylserine,
SM — sphingomyelin, CH — cholesterol. Std: standard of molecular mass.
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Fig. 2. Size of PrP particles obtained after incubation of 20 uM PrP without and with
different concentrations of lipids at 37 °C. (A) PrP (W), PrP +0.5 uM PI (@), PrP +5 uM
PI (A), PrP +50 uM PI (V), PrP +500 uM PI (), and size of lipid micelles at 500 uM PI
(P>, dashed line). (B) PrP (M), PrP +0.5 uM PE (@), PrP +5 uM PE (A), PrP +50 pM PE
(W), PrP +500 uM PE (<), and size of lipid micelles at 500 pM PI (», dashed line).

trioleoylglycerol (TG), phosphatidic acid (PA), phosphatidylinositol
(PI), phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylserine (PS), sphingomyelin (SM), and cholesterol.
Protein samples were not heated before loading on the gel in
order to preserve acquired structures. PrP formed aggregates after
interaction with PI, PE and, to a lesser extent, with PA and PS.
Moreover, PrP formed insoluble aggregates with 100 pM PI, PA, and
PE (but not 500 uM), and at both concentrations of PS. To further
investigate the size of the formed aggregates, the Dynamic Light
Scattering (DLS) method was used.

2.2. Size of PrP-lipid aggregates

Because of the significant level of aggregation stimulated by PI and
PE, these two phospholipids were chosen for further investigation of
PrP-lipid interaction.

PrP in solution represented a monomeric molecule with a diameter
of 4.8 nm, as demonstrated by DLS measurements (Fig. 2). After the
interaction of 20 uM PrP with 500 uM PI at 37 °C, the formation of
soluble aggregates with an average diameter of 50 nm was observed
(Fig. 2A). Aggregates remained unchanged during at least 20 h of
incubation with lipid. At this concentration, PI forms stable micelles or
bilayer particles with a diameter of 8.7 nm (Fig. 2A, dashed line).
Hence, it may be assumed that, under these conditions, PrP forms
mixed micelles with PL

As mentioned above, PrP formed insoluble aggregates after
incubation with 100 pM PI. The same effect was observed with
50 uM PI (2.5-times molar excess of PI over PrP). DLS measurement of
particle diameter demonstrated the formation of 530-nm aggregates
immediately after the mixing of protein with lipid. After 10 min of
incubation, the particle size reached 1720 nm (Fig. 2A). Further
measurements were impossible due to the rapid precipitation of
protein. Such a rapid precipitation was surprising since PrP was fully
soluble at a higher concentration of PI. Apparently, the prevalence of PI
molecules over PrP in the case of 500 uM PI (micellar structures)
blocked the sites of protein-protein interactions.

When the concentration of lipid was decreased to 5 uM (PI/protein
ratio of 1/4), PrP again aggregated rapidly but remained soluble
despite the large size of the formed particles, which attained an
average diameter of 615 nm after 15 min and reached almost 1000 nm
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after 120 min of incubation (Fig. 2A). Surprisingly, when the PI
concentration was decreased 10 times, down to 0.5 pM, ie. in a
proportion of 1/40 with protein, the rapid aggregation of PrP was still
observed. At this PI/PrP ratio, PrP remained in monomeric form during
the initial 15 min of incubation with PI, but then the protein
aggregated rapidly reaching a diameter of 100 nm after 30 min and
350 nm after 120 min of incubation (Fig. 2A). At 0.5-50 uM PI, the
formation of lipid particles was not detected by the DLS method.

Similar behavior of PrP in the presence of lipid was observed when
PE was used instead of PI (Fig. 2B). After 2 h of incubation with 0.5 and
5 uM lipid, the formation of PrP/lipid aggregates with diameters of
460 and 1100 nm, respectively, was observed (Fig. 2B). After
incubation with 50 uM PE, the protein precipitated but, in the
presence of 500 mM PE, stable soluble 250-nm aggregates were
formed (Fig. 2B). At the same time, PE formed particles by itself with a
diameter of approximately 20 nm at 500 pM concentration. Thus, lipid
charge was not the major factor influencing PrP aggregation. Never-
theless, it should be noted that PrP aggregates formed in the presence
of 500 uM PE were larger than those resulting from the interaction
with 500 pM PL.

It has previously been demonstrated that heat denaturation of PrP
at neutral pH and subsequent cooling to ambient temperature results
in the formation of protein structures with amyloid properties [14].
Oligomeric forms of prion were obtained at pH 7.2 by heating PrP for
1 h at 65 °C. The transition into amyloidogenic forms was confirmed
by ThT fluorescence studies. In the presence of amyloidogenic PrP,
Thioflavin T (ThT) displays an increased emission intensity with a
maximum at 490 nm (Fig. 3). The particle size of thermally denatured
PrP increased from 4.5 nm to 9 nm (Fig. 4A), consistent with the
formation of previously observed oligomers [2,3].

The influence of PI on the size of such oligomers was examined.
0.5 uM PI did not change oligomer size. In contrast, incubation with 5
and 50 pM PI resulted in a further increase in particle diameter up to
200 and 250 nm, respectively (Fig. 4A). Incubation with 500 uM PI led
to significant growth in the size of the observed lipid micelles from
8.7 nm to 50 nm (Fig. 4A). Thus, incubation with the highest
concentrations of PI, and the possible formation of mixed particles
with lipid, protected PrP from excessive aggregation.

The influence of stearic (SA) and oleic (OA) acids on PrP
aggregation was investigated in order to check whether the
aggregating effect of small concentrations of phospholipids was
highly specific for PrP or if other lipids, like fatty acids, could also
induce PrP aggregation. Fig. 4B shows that, at 0.5 pM, both SA and OA
provoked the rapid formation of protein aggregates with diameters of
18 and 190 nm, respectively. However, such aggregates were unstable
and PrP returned to a monomeric state after 15-30 min of incubation
(Fig. 4B). On the other hand, at 20 uM of both fatty acids (equimolar
concentration with protein) PrP was found in aggregates with a

70 4
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Fig. 3. Fluorescence emission spectra of ThT in the presence of native monomeric 7 pM
PrP (dashed line) and amyloidogenic PrP oligomers.

A
£
< Lt FrP monomer (m)
E PrP oligomer (%)
L 100 FrP oligomer+ 0.5 ph PI ()
% PrP oligomer+ 5 WM PI (&)
T 40 FrP oligomer + 50 pM PI{¥)
Q@ PrP oligomer+ 500 pM PI («)
-‘é’ 500 pb PI(, dashed line)

1
& 0 30 60 9 120

time, min

B
£ ” %
S 10008 gt PP (m)
@ i PrP+0.5 pM SA (A)
T 400l PrP+20 uM S4 (o)
£ PrP+0.5 uM OA ()
= PrP+ 20 pM OA (0)
o 104 PrP+20 pM SDS (*)
o
-E T
& 0 30 60 90 130

time, min

Fig. 4. Size of PrP particles obtained after incubation of 20 uM PrP without and with
different concentrations of lipids at 37 °C. (A) PrP monomer (M), PrP heat-denatured
oligomer (%), PrP oligomer +0.5 uM PI (@), PrP oligomer +5 pM PI (A ), PrP oligomer +50 pM
PI(V), PrP oligomer +500 uM PI (), and size of lipid micelles at 500 uM PI (P>, dashed line).
(B) PrP (M), PrP+0.5 LIM SA (A ), PrP +20 1M SA (@), PrP+0.5 iM OA (A), PrP +20 1M OA (O),
PrP +20 M SDS (*).

diameter of around 200 nm. At this concentration, micelles of OA and
SA were observed with diameters of 80 and 120 nm, respectively.
Thus, it is evident that the influence of these fatty acids on PrP
aggregation is not as strong as that of PI and PE.

The aggregative capacity of small concentrations of amphiphilic
molecules like SDS was also tested. It was reported recently that SDS
provokes the oligomerization and modification of the secondary
structure of PrP [15,16,17]. However, such structural alterations were
observed only if SDS was at least in 5-fold or higher excess over the
protein concentration. 0.5 uM SDS did not produce any effect on the
PrP monomeric state but at 20 pM SDS (equimolar concentration with
protein) protein aggregated rapidly and formed particles with
diameters between 500 and1000 nm (Fig. 4B). Thus, the aggregation
of PrP generally occurs following its interaction with a small amount
of lipid. Such a transition is most effective in the case of PI and PE.
Apparently, the nature of the fatty acid chain in the phospholipid
molecule influences the size of the PrP aggregate.

2.3. Secondary structure of PrP aggregates

Alterations in PrP secondary structure arising from PI-dependent
PrP aggregation were studied by CD in far UV. Fig. 5A, B
demonstrates that the typical a-helical conformation of PrP was
only slightly changed in the large PrP aggregates obtained with 0.5
or 5 uM PIL In contrast, small-size aggregates of PrP with 500 uM PI
displayed a spectral indication of an «-helix—3-sheet transition
(Fig. 5C). Table 1 presents the ratio 6218 nm/6207 nm Characterizing the
changes in B-sheet content. PrP aggregates formed in the presence of
0.5 and 5 uM PI displayed a 6218 nm/6207 nm ratio similar to normal
monomeric PrP. In contrast, protein aggregates formed in the
presence of 500 uM PI displayed an increased 6218 nm/6207 nm Iatio,
i.e. a higher content of 3-sheet structure. Thus, surprisingly, small-
size aggregates featured a greater content of 3-sheet structure than
larger aggregates. Apparently, the formation of 3-sheet structures is
inhibited in big, rapidly-aggregated PrP particles. The effective
transition of secondary structure might require the formation of
small aggregates and the limitation of intermolecular protein-
protein interactions.
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Fig. 5. CD spectra of 20 pM PrP pre-incubated for 60 min at 37 °C with different
concentrations of phosphatidylinositol: (A) — 0.5 uM, (B) — 5 uM, (C) — 500 pM (dashed
lines). PrP without lipids is shown as a solid line on all the spectra.

2.4. Immuno-labeling of PrP aggregates

To reveal which part of the PrP molecule could be involved in the
interaction with lipids and/or in intermolecular protein-protein
interactions, Western blot of proteins incubated with different
concentrations of PI at 37 °C for 2 h was performed. Fig. 6
demonstrates that at 0.5, 5, and 50 uM PI, both monomeric PrP and
its aggregates were recognized by the monoclonal antibody F99/97.6.1,
specific for the PrP C-terminus. At 500 pM PI, a diffuse signal
corresponding to monomeric PrP was observed and the binding of this
antibody to PrP aggregates was strongly diminished (Fig. 6). Surpris-
ingly, the antibody 66.100b3, specific for the PrP N-terminus,
recognized PrP aggregates in the single case when the protein was
incubated with 5 pM PI (Fig. 6). It should be noted that this antibody
has a much weaker affinity for the N-terminal epitope than that of
F99/97.6.1 for the C-terminus. Such results indicate that aggregates
formed in the presence of 5 UM PI possessed exposed N-termini,
which were even more accessible to the antibody than the N-terminal
part of monomeric PrP. In contrast, in insoluble PrP/50 uM PI or in
small-size PrP/500 UM PI aggregates, the N-termini are inaccessible.
The absence of signal at 0.5 uM PrP (Fig. 6) could be explained by the

Table 1
0218 nm/60207 nm ratio characteristic of the content of 3-sheet structure in PrP

Concentration of PI, uM 0218 nm/0207 nm

0 0.97
0.5 0.92
5 1.02
500 1.38

Increase in PB-sheet structure in PrP after 60 min of incubation with 500 uM
phosphatidylinositol at 37 °C.
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Fig. 6. Interaction of 20 pM PrP and its aggregates obtained after incubation with
different concentrations of phosphatidylinositol at 37 °C for 2 h, with antibodies F99/
97.6.1 and 66.100b3 specific for the PrP C- and N-terminus, respectively.

dissociation of aggregates in the conditions of SDS PAGE, i.e. in 0.1%
SDS. Therefore, in small-size PrP/PI aggregates, both termini of the
protein molecule, probably shielded by lipids, became almost
inaccessible to antibodies.

2.5. PK susceptibility of PrP aggregates

Resistance to PK hydrolysis is characteristic of amyloid PrP
structures. PrP aggregated in the presence of different ratios of PI
was exposed to PK hydrolysis. No increase in PK-resistance was
observed for PrP aggregates formed in the presence of 5 or 500 uM PI
(Fig. 7). A slight increase in PK-resistance was displayed when PrP was
incubated with 50 pM PI (Fig. 7). Since PrP was insoluble in such
conditions, this increased resistance to proteolysis could be explained
by an impaired accessibility of the protease to substrate molecules.
Nevertheless, the protein precipitate was completely solubilized at the
end of the reaction. Thus, even PrP aggregates relatively rich in 3-
sheet structure lacked PK resistance.

3. Discussion

Transmissible spongiform encephalopathies are provoked by the
accumulation of highly aggregated insoluble forms of PrP. The
interactions between different concentrations of lipids (mainly
phospholipids) with native monomeric PrP and its oligomeric form
produced by heating were investigated in this study. It was observed
that the aggregation is surprisingly rapid even at the very low lipid/
PrP ratio of 1/50 (0.5 uM lipid concentration). At 50 pM lipid (lipid/
protein ratio of 2.5/1) PrP formed insoluble structures. In contrast, at
500 puM lipid (lipid/PrP ratio of 25/1), monomeric and oligomeric PrP
formed small-size soluble aggregates (or mixed particles with lipid)
with, however, a marked increase in B-sheet structure content.

The current study demonstrates that PrP instantaneously aggre-
gates after interaction with phospholipids, especially with PI, PA, PE,
and PS. Thus, lipid charge is not the main factor influencing PrP
aggregation. Surprisingly, PI and PE in small concentrations also
caused rapid aggregation of monomeric PrP. The aggregation was
rapid even when the concentration of phospholipid was 0.5 and 5 uM,
i.e. in lipid/PrP ratios of 1/40 and 1/4, respectively, and resulted in the
formation of large aggregates, 300-1000 nm in diameter. Phospho-
lipid super-molecular structures were not detected under these
conditions probably because of the limitations of the DLS method.
Taking into account that the real concentration of lipid particles can be
much smaller than the concentration of free lipid used in this study,
the rapid aggregation of PrP implies that, after the initial lipid-induced
transformation of the PrP molecule, further aggregation occurs
without lipid, i.e. the interaction of PI (PE) with the PrP molecule
gives the protein a propensity to interact with other “normal” PrP
molecules and makes them more prone to aggregate. In their turn,
newly formed oligomers interact with other molecules or oligomers,
resulting in instant PrP aggregation. This process can be regarded as a
type of “chain reaction” since, after the initial event of PrP-PI(PE)
interaction, all free, non-bound with PI (PE) PrP molecules acquire the
properties of lipid-bound PrP and are recruited into the big aggregates.
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Fig. 7. Susceptibility of PrP to proteinase K digestion. Protein samples (20 uM) were pre-incubated without or with 5, 50, or 500 uM phosphatidylinositol for 60 min at 37 °C. Std:
standard of molecular mass. Conditions of proteolytic reactions are described in the Materials and methods section.

Such a mechanism is in agreement with the “protein only” hypothesis,
according to which small amounts of infective aggregated PrPsc
particles are able to catalyze the transformation of all normal PrP¢
without the help of other molecules. Apparently, lipids, and firstly the
GPI anchor of PrP, could play an important role in directing such
transformations and hence modulating the PrP aggregating
properties.

At equimolar PrP/PI(PE) concentrations, phospholipid provoked
the instant precipitation of monomeric and oligomeric forms of PrP.
Surprisingly, when PI concentration was increased 10 fold, i.e. to
500 pM, PrP formed small-size soluble oligomers. At such lipid
concentrations, the formation of lipid micelles was detected. It can
be assumed that, under these conditions, PrP joined with lipid
molecules to give so-called mixed lipid particles, which protected it
from further aggregation. Lipid molecules can shield PrP regions
responsible for intermolecular interactions. The fact that PE has the
same effect on PrP aggregation as PI indicates that the lipid charge
and alterations in pH on the surface of lipid particles are not the
major factors influencing protein aggregation, as has previously been
assumed. Hydrophobic contacts with lipid aliphatic carbon chains
probably also play an essential role in the induction of protein
aggregation. Other types of lipid molecules, namely fatty acids,
stimulated PrP aggregation as well, but their effect was much weaker
than that observed in the case of PI and PE. Apparently, the nature of
the lipid aliphatic chain moiety can influence the properties of the
aggregates formed.

The study of the secondary structure of PrP aggregates revealed
that the a-helical structure remained practically intact in large-size
aggregates obtained as a result of the interaction of monomeric PrP
with 0.5 or 5 pM PI. In contrast, small-size PrP aggregates formed in
the presence of 500 uM PI displayed an increased content of 3-sheet
structure, characteristic of amyloid PrPS¢, Thus, unlimited aggregation
inhibited B-sheet structure formation or destabilized such a type of
secondary structure. The transformation from alpha to beta structure
appears to be relatively slow or unstable and more effective in small-
size aggregates. Formation of B-sheet structures in small oligomers
may be a general feature of PrP since the same type of secondary
structure transition has been observed in small-size copper-bound PrP
aggregates [18]. Despite the aggregation and the increased amount of
[-sheet structure, all PrP aggregates formed after the interaction with
PI did not acquire any PK resistance and could be hydrolyzed, i.e. all
PrP aggregates were not truly amyloid.

The study of the interaction of aggregates with antibodies specific
for the N- and C-terminal parts of the PrP molecule revealed that the
protein N-terminus was highly exposed to the environment in the
case of aggregates obtained with 5 uM PL The accessibility of the N-
terminus for antibody recognition was even greater in aggregates than
in the monomeric molecule. In contrast, N-termini were hidden in
insoluble or small-size aggregates obtained with 50 or 500 uM PI,
respectively., In such aggregates, the N-terminal part is probably
involved in interactions with lipids and in intermolecular protein-
protein interactions. The C-terminus of PrP remained accessible to
antibody in aggregates obtained with 50 uM PI, but recognition was

inhibited in the case of 500 uM PL It can be concluded that both
termini of the PrP molecule, but especially the N-terminus, are
involved in the organization of protein-lipid particles and possibly in
the formation of the increased content of 3-sheet structure, which
was observed in small-size PrP-PI aggregates.

It has previously been shown that, in certain conditions, heat
denaturation of monomeric PrP results in the formation of oligomers
with amyloid characteristics [14], and these forms, in contrast to large-
size aggregates, are mostly neurotoxic in vitro.

Small-size aggregates of PrP with amyloid properties confirmed
by ThT fluorescence spectra were also able to change their
aggregative status in the presence of phospholipids. Incubation
with 5 and 50 uM PI led to further aggregation of such PrP structures,
as in the case of monomeric PrP, but the size of the formed particles
was smaller than that of aggregates resulting from the interaction of
monomers with PI. 0.5 uM PI did not have any effect on the aggregate
size. Higher concentrations of phospholipids had a different
influence on PrP aggregation. In the presence of 500 uM PI, further
aggregation of small-size PrP oligomers was not observed, probably
due to the interaction with PI micelles or the incorporation of PrP
into these micelles.

The results obtained demonstrate that lipid molecules, especially
the GPI moiety of PrP, can influence the amyloidogenesis of the
protein. Intrinsically, depending on their concentration, phospholi-
pids can exert radically diverse effects on the formation of
amyloidogenic structures. Thus, low PI concentrations provoke a
rapid extensive aggregation of both monomeric and oligomeric forms
of PrP. In the case of monomers, aggregation was not accompanied
by the formation of 3-sheet structures, which is consistent with the
literature data [2,3]. High concentrations of lipid (above CMC) led to
the opposite final effect. The transition of the alpha-helical structure
to the beta-sheet isoform was observed in the case of monomeric
PrP, which is characteristic of the formation of amyloidogenic
structures. Such structures were apparently incorporated into
mixed protein-phospholipid soluble particles. Oligomeric forms of
PrP did not form large-size aggregates in the presence of high
concentrations of phospholipids, but demonstrated similar interac-
tions with PI micellar structures. Consequently, it can be concluded
that low concentrations of phospholipid mediate the extensive
aggregation of mono- and oligomeric forms of PrP thereby lowering
their pathological influence, while high concentrations stimulate the
amyloidogenic processes.

The existence of the identical effect of PE on protein aggregation
should be highlighted since this phospholipid is the major component
of lipid membranes in the brain. Anchoring PrP by GPI could preserve
it, at least partially, from aggregate formation by separating the distal
fragments of the PrP molecule from membrane lipids and its own
glycolipid moiety. In contrast, liberation of PrP from the membrane
can result in unhampered PrP-lipid (GPI) interactions and hence
increase the risk of formation of aggregated and (3-sheet-enriched
proteo-lipid structures. It is possible that a stabilizing system exists in
the cell that prevents the direct contact of PrP with GPI if PrP is
liberated from the membrane.
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4. Materials and methods
4.1. Materials

Recombinant ovine variant PrP-V136R154Q171 was prepared and
purified as previously described [19]. Lipids, proteinase K, MOPS, and
all other chemicals were purchased from Sigma Chemical Company,
St. Louis, MO. 10 mg/ml lipid stock solutions were prepared in ethanol
except for phosphatidylserine prepared in chloroform and phospha-
tidylinositol soluble in water.

4.2. Dynamic light scattering (DLS)

Experiments were performed using a Zetasizer Nano-ZS device
(Malvern Instruments, Malvern, UK.). Laser wavelength was 532 nm.
This device is equipped with 173° optics for the detection of scattered
intensity. Size distribution by number was used for interpretation of the
results. Measurements were made at 37 °C using 20 UM protein in 20 mM

MOPS buffer, pH 7.2. Each measurement was an average of 5 runs of 30 s.

4.3. Circular dichroism (CD) spectra

Protein samples were pre-incubated without or with different
concentrations of Pl at 37 °C for 60-120 min before measurements. CD
spectra were recorded from 190 to 250 nm on a Jobin Yvon CD Mark 6
spectropolarimeter in a 0.2-mm-pathlength cuvette. Measurements
were made at 37 °C using 20 uM protein in 20 mM MOPS buffer, pH 7.2.
Each spectrum was an average of three scans.

4.4. Fluorescence spectra

ThT binding assays were performed by adding freshly-prepared
ThT stock solution in water to 7 pM PrP samples in 20 mM MOPS
buffer, pH 7.2, at a molar ratio of 10:1. Fluorescence measurements
were performed on a Hitachi F 4500 spectrofluorimeter at 20 °C using
an excitation wavelength of 435 nm.

4.5. Western blotting

Protein samples were pre-incubated without or with different
concentrations of PI at 37 °C for 120 min. PrP and its aggregates were
immuno-labeled using mouse monoclonal antibodies 66.100b3 specific
for the sequence K*°RPKP*° of the PrP N-terminus [20] and F99/97.6.1
specific for Q??°YQRES?% of the PrP C-terminus [21]. Working dilutions
of antibodies were 1:1000. Samples for electrophoresis were prepared in
0.1% Laemmli buffer without heating with the aim of preventing protein
aggregates from dissociating. After electrophoresis, proteins were
transferred onto nitrocellulose membrane Hybond™-ECL™ (Amersham
Biosciences). After blocking and 1 h of incubation with primary anti-PrP
antibodies, membrane was washed and incubated with a secondary
anti-mouse IgG antibody (Fc specific) coupled to horseradish peroxidase
(Sigma) for 30 min. After the washing step, 10 ml of ECL Advance™
Western Blotting Detection Kit (Amersham Biosciences) was applied for
1 min. Membrane was exposed for 1-2 min to Hyperfilm™ ECL
(Amersham Biosciences), then the film was developed and fixed using
Kodak GBX Developer and Fixer solutions.

4.6. PK digestion

Protein samples were pre-incubated without or with different
concentrations of PI at 37 °C for 120 min before enzymatic hydrolysis.
PK digestion of PrP was performed in the presence of 5 ug/ml (0.15 uM)
PK and 0.5 mg/ml (20 pM) PrP in 20 mM MOPS buffer, pH 7.2, at 37 °C.
Proteolytic reaction was stopped by the addition of Laemmli buffer to
the samples and instant boiling for 5 min. The effectiveness of 99.5%
PK inactivation was confirmed by using the synthetic substrate Suc-

Ala-Ala-Pro-Phe p-nitroanilide. 15% SDS-PAGE and consequent stain-
ing of gel with Coomassie Blue R-250 were then performed. 5 pg of
protein was applied in each lane.
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3-Casein (3-CN) is a milk protein widely used in food industries because of its mild emulsifying properties
due to its amphiphilicity. However, the elements determining its micellization behavior in solution and
interfacial behavior at the air-water interface are not well known. In order to study how the forced
dimerisation influences functional properties of 3-CN, recombinant wild-type 3-CN was produced and distal
cysteinylated forms of recombinant 3-CN were engineered. We show that 1) cysteinylated 3-CN formed
mainly dimers bridged by disulfide bonds; 2) the process of dimerization adds to the micellization process
with temperature and is poorly reversible; 3) covalent disulfide linkage forms at the air-water interface at

a lower temperature than in bulk. In conclusion, the location of the cysteinylation in the C-terminus or
N-terminus or both is of importance for the properties of 3-CN.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Caseins are the most abundant milk proteins (80%). Their consump-
tion in food products covers a large range of applications from cheeses
and yoghurts to oil-in-water emulsions (Damodaran, 1997). The out-
standing emulsifying properties of commercial caseinates are due to the
strong surface activities of their two major components, osq- and 3-
caseins (Dalgleish, 1997). 3-Casein (3-CN) is one of the most abundant
caseins (Southward, 1989; Wong et al, 1996). p-CN is a single
phosphorylated polypeptide of 209 amino acids residues (molecular
mass of ~24 kDa) (Grosclaude et al., 1973) lacking cysteinyl residue. Its
N-terminal fragment consists mostly of hydrophilic residues. This part of
the molecule contains also all the phosphoseryl residues whereas the
C-terminal portion is mainly hydrophobic (Rollema, 1992). B-CN is
classified in the super family of Intrinsically Unfolded Proteins (IUPs)
(Tompa, 2005). Indeed, although some fragments of 3-CN have a
propensity to fold in distinct secondary structures, the presence of
numerous prolyl residues (1/6 of all amino acids) regularly distributed
over its sequence, destabilizes any structured fragments and creates the
so-called random coil spatial organization of the 3-CN molecule (Creamer
et al, 1981; Kumosinski et al., 1993). Other concepts concerning the
folding of B-CN suggest that it is not a random coil but rather a
rheomorphous protein adopting a partially randomized structure.

* Corresponding author. UR 1268 Biopolymeéres Interactions Assemblages, INRA, F-44300
Nantes, France. Tel.: 433 2 40 67 50 91; fax: +33 2 40 67 52 44.
E-mail address: haertle@nantes.inra.fr (T. Haertlé).

0734-9750/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.biotechadv.2009.05.011

According to this hypothesis, 3-CN and also other caseins, would rather
adopt conformations imposed by their environment and protein-protein
interactions rather than by medium only (Holt and Sawyer, 1993).

-CN is a flexible and amphiphilic protein, which can concentrate
at hydrophobic/hydrophilic interfaces and acts as a surfactant in
solution. At the air/water interface, the hydrophobic part of B-CN
forms trains of amino acids (Cassiano and Areas, 2003; Husband et al.,
1997; Van Hekken and Strange, 1993). In aqueous solutions, it self-
associates and forms colloidal aggregates (micelles) (Berry and
Creamer, 1975; Andrews et al.,, 1979; Evans et al., 1979; Schmidt,
1982; Leclerc and Calmettes, 1997; De Kruif and Grinberg, 2002;
Mikheeva et al.,2003; O'Connell and De Kruif, 2003). The association of
[3-CN is reversible, dependent on temperature, pH, ionic strength and
3-CN concentration.

Several attempts to modify the primary structure of 3-CN were
undertaken in order to check the importance of different segments of
protein sequence as a factor determining its association (Berry and
Creamer, 1975; Evans et al,, 1979; Caessens et al., 1999; Farrell et al., 2002;
O'Connell et al., 2003). Modifications of the hydrophobic C-terminal and
of the hydrophilic N-terminal parts of 3-CN molecule, chemically or by
site-directed mutagenesis, induce many changes in its micellization
properties. For instance, duplication of the six N-terminal amino acids
(REELEL) of bovine 3-CN (Gangnard et al., 2007) or reversal of the charges
in the central portion in human p-CN (Bu et al, 2003) resulted in
important changes in association properties. It has been shown that
phosphate groups lead by phosphoserines located within the N-terminus
are not essential for micellization but their absence impairs the
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temperature-dependant association of bovine p-CN (Gangnard et al,
2007).

Heterologous protein expression is a powerful tool to produce
modified proteins. In the present study, wild-type (WT) and mutants
-CN were produced in Escherichia coli. As this host does not realize
post-translational modifications, produced 3-CN was not phosphory-
lated. Cysteinyl residues were introduced either at the N-terminal or at
the C-terminal end of B-CN, or at both extremities by site-directed
mutagenesis, allowing after oxidation, the formation of disulfide bonds
between monomers. Disulfide bonds stabilize protein structure and
influence the physico-chemical properties as well as functionalities of
proteins. For instance, the foaming capacity of lupine seed protein
(Pozani et al., 2002), the persistence of viscous and elastic properties of
gluten (Shewry and Tatham, 1997), and the modification of interfacial
properties of B-lactoglobulin (Kim et al., 2005), are modulated by
disulfide bond formation. The aim of this work was to place cysteinyl
residues in B-CN sequence and study the effects of “oriented”
organizations imposed by the covalent disulfide bonds on the self-
association and the behavior at the air-water interface of 3-CN.

2. Materials and methods
2.1. Mutagenesis of bovine 3-CN

The expression vector pET21-BCasA,, a kind gift of Dr. Roger Clegg
(Hannah Research Institute, Ayr, UK), encoding WT 3-CN (A2 variant)
was used as template in a PCR-based mutagenesis strategy. Mutated
3-CN cDNAs were synthesized by PCR using the following primers:
BCASO01 5’-A CAT GCC ATG GGA AGA GAG CTG GAA GAA CTC-3’; BCAS14
5’-GATAT ACCATG GGA AGA GAG CTGTGT GAA CTC AAT-3'; BCAS5C3 5'-
N NNN AAG CTT TTA GAC AAT AAT AGG GAA GGG-3'. BCAS3C-Rev 5'-N
NNN AAG CTT TTA GAC ACA AAT AGG GAA GGG-3' (translation start and
stop codons are in bold italicized characters and mutated codons are
underlined). BCASO1 and BCAS14 contained Ncol restriction upstream
from the translation start ATG codon, and BCAS5C3 and BCAS3C-Rev
contained HindllIl restriction site downstream from the translation stop
TAA codon. BCASO1 was used in combination with BCAS3C-Rev to
mutate the isoleucyl residue at position 208 in a cysteinyl residue;
BCAS14 was used in combination with BCAS5C3 to introduce a cysteinyl
residue at position 4 in replacement of the glutamic acid residue, and
BCAS14 was used in combination with BCAS3C-Rev to introduce
cysteinyl residues at both positions 4 and 208 (Fig. 1). Amplification
was performed in a Touchgene gradient thermocycler (Techne Inc.,
Princeton, NJ, USA), using a mix of 4 ng of DNA, 25 pmol of each dNTPs,
37 pmol of both primers (Cybergene, Evry, France), the buffer supplied
with the DNA polymerase and 1 U pfu Turbo Polymerase (Stratagene, La
Jolla, CA, USA) in a total volume of 50 piL. The program cycling conditions
were as follows: 20 cycles of 1 min at 94 °C, 1 min at 50 °C and 2 min at
72 °C. PCR fragments were sub-cloned into the pGEM-T Easy vector
(Promega, Madison, WI, USA) and sequenced (Millegen, Toulouse,

nBCN RELE,ELNVPGEIVESLSSSEESITRINKKIEKFQS-- - -- FPIL,,V
WIBCN  MRELE,ELNVPGEIVESLSSSEESITRINKKIEKFQS----- FPII, vV
BCNg,  GRELC,ELNVPGEIVESLSSSEESITRINKKIEKFQS----- FPIL, .V
BCNgye GRELE,ELNVPGEIVESLSSSEESITRINKKIEKFQS----- FPIC,, V
BCNgyn0s GRELC,ELNVPGEIVESLSSSEESITRINKKIEKFQS----- FPIC,,,V

Fig. 1. Sequences of native, recombinant wild-type and mutated 3-CN. The N-terminus
and C-terminus of wild-type (wt) and mutated recombinant 3-CN are shown and
compared to the sequence of native (nat) 3-CN. Additional residues are indicated by
underlined italicized letters and cysteinyl residues introduced in bold-underlined
letters. The position of the mutated residues is indicated as well as phospho-seryl
residues.

France). The plasmids containing the correctly mutated cDNAs were
amplified. These cDNAs encoding mutated [3-CN were introduced in the
pET21-d expression vector (Novagen, EMD Biosciences, San Diego, CA,
USA) by using Ncol and HindlIlI restriction sites to give pBCN-C4, ppCN-
C208 and pPRCN-C4-208 expression vectors. Restriction enzymes were
purchased from New England Biolabs (Beverly, MA, USA).

2.2. Preparation of native and recombinant proteins

Purified native bovine p-CN (A2 variant) was isolated from bulk
milk from Prim'Holstein cows. WT and mutated 3-CN production was
achieved in E. coli BL21-DE3 strain (Promega) with expression vectors
PET21-BCasA;, pRCN-C4, ppPCN-C208, pBCN-C4-208 encoding wild
type P)-CN (WtP)-CN) and mutated P)-CN: P)-CNc4, B'CNCZOS, B'CNCAL—ZO&
respectively (Fig. 1). All four recombinant caseins were produced and
purified using the same protocol, as previously described (Gangnard
et al., 2007) and their purity was checked by SDS-PAGE.

2.3. Alkylation and digestion

Recombinant 3-CN were diluted at the concentration of 1 mgmL ™!
in a degassed buffer containing 50 mM Tris-HCl, pH 8.2, 10 mM
dithiotreitol (DTT), 6 M guanidium chloride and incubated 1 h at 45 °C.
lodoacetamide was added to 50 mM final concentration and the mix
was incubated for 30 min at room temperature in the dark. The
reaction was stopped by addition of 0.1% (v/v) tri-fluoro-acetic acid
(TFA). Carbamido-methylated samples were purified by reversed
phase chromatography (Nucleosil Cig 3.9%x 150 mm column, Waters
SAS, Guyancourt, France) and eluted in 0.08% (v/v) TFA, 80% (v/v)
acetonitrile. TFA and acetonitrile were evaporated under vacuum.
Carbamido-methylated proteins (100 pL at 0.16 pg mL™') were
digested with a molar ratio of 0.5% trypsin (Promega, Madison, USA)
for4 h at37 °Cin the dark. The reaction was stopped by addition of 0.1%
v/v formic acid. Digestion products were analyzed by mass-
spectrometry.

2.4. Mass spectrometry

Mass spectra of recombinant caseins and products from tryptic
digestion of alkylated recombinant caseins were performed by
electrospray ionization in an ion trap spectrometer (LCQ Advantage,
Thermo-Fisher, San Jose, USA), equipped with an electrospray
ionization source and operated in the positive ion mode. Protein
samples were solubilized at a concentration of 5 nmol mL™ " with an
aqueous mixture of water and acetonitrile (1:1, v/v) acidified with 0.1%
formic acid. Samples were infused into the mass spectrometer at a
continuous flow rate of 2.5 puL min~ . Mass data were acquired using
the X-Calibur software (Thermo-Fisher) on the mass-to-charge (m/z)
range 600-2000. Mass spectrometry analyses were performed within
the RIO platform “Biopolymers-Interaction-Structural Biology” located
at the INRA Center of Nantes (UR1268, Biopolyméres Interactions
Assemblages. INRA. F-44300 Nantes).

2.5. Oligomerization assays

Lyophilized recombinant 3-CN were solubilized in 50 mM Tris-HCl,
pH 8.2, 1 mM EDTA, 0.05% (w/v) NaN3 at a concentration of 1, 5 and
10 mg mL™ '. They were incubated at 4 °C or 20 °C with or without the
addition of NaCl (till 100 mM final concentration). Polymerization
degree was analyzed by loading 5 pg of proteins on 12% SDS-PAGE in
reducing (in the presence of 3% [3-mercaptoethanol) or non-reducing
conditions.
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2.6. Dynamic light scattering (DLS)

Hydrodynamic diameters of the different supramolecular states
of recombinant 3-CN were measured by DLS using a Zetasizer Nano
ZS (Malvern Instruments Ltd, Malvern, UK). Lyophilized 3-CN
(0.5 mg mL™!) were solubilized in 50 mM Tris-HCl, pH 8.2, 80 mM
NaCl for 24 h at 4 °C. Samples of 3-CN were transferred to low-volume
spectroscopic plastic cells and put in a thermostated instrument
changing temperature from 20 °C to 50 °C or from 50 °C to 20 °C by
steps of 5 °C (equilibration time 10 min). The experiment was realized
inthe absence and in the presence of 3-mercaptoethanol (molar ratio
3-mercaptoethanol/protein =1000). The hydrodynamic diameters of
produced B-CN were measured in triplicate. Each measurement
corresponded to five auto-correlation functions recorded during 40 s.
The viscosity and the refractive index of the solvent were those of water,
known to change with the temperature. The index of protein was set at
1.45, independently of the temperature. The angle of the laser beam was
173°. The CONTIN method was used to calculate the radii from the auto
correlation data. The experiment was realized in duplicate for each
sample.

2.7. Fluorescence spectroscopy

Fluorescence spectra were measured with a Hitachi F-4500
spectrofluorimeter fitted with a right angle holder. The slit widths
were setat 2.5 nm in emission and 5.0 nm in excitation pathways. 3-CN
were solubilized as described above and the concentration adjusted to
0.5 mg mL™ " They were placed in quartz cuvettes with optical
pathway of 1 cm. The spectra were collected in triplicate at
temperatures varying from 20 °C to 50 °C or from 50 °C to 20 °C
every 5 °C. After each measurement the temperature was stabilized for
15 min. Emission spectra were recorded between 315 nm and 390 nm,
every 1 nm, with excitation wavelength set at 298 nm. The
fluorescence emission of tryptophanyl residue shows a blue shift
when its local environment becomes more hydrophobic (Lakowicz,
1999). The scan speed was set at 60 nm min~ .

2.8. Characterization of 3-CN at the air-water interface

Interfacial properties of the different 3-CN were characterized at
the air-water interface on a Langmuir trough (Nima 601, Nima
Technology, England) equipped with a Wilhelmy plate for monitoring
the surface tension. The film pressure is defined as the difference
between the surface tension measured at the air-liquid interface and
the surface tension measured at the air-liquid interface covered by the
protein film. The area occupied at the interface by 3-CN is modulated
by means of two movable Teflon barriers. It corresponds to the reverse
of the surface density and was recorded simultaneously with the film
pressure. It was calculated per molecule according to the data deduced

from mass spectrometry. The curves exhibiting the film pressure
versus the area are called isotherms of compression. Experiments were
conducted as follows. One day before the measurements, lyophilized
B-CN were solubilized at a concentration of 0.5 mg mL™ ' in 50 mM
Tris—HCI, pH 8.2, 80 mM NaCl during 24 h at 4 °C. 3-CN samples (70 pL
at 0.5 mg mL™ ! checked by UV-visible spectrometry at 280 nm) were
spread on the sub-phase (500 mL of 50 mM Tris—HCl, pH 6.8 containing
80 mM NaCl) maintained at 17 °C. We took care to spread the protein
solution in the same way for all measurements in order to avoid
discrepancies due to the formation history of the film. After 30 min of
equilibrium, the film was compressed and decompressed with a speed
of 40 cm min~ . The temperature was then increased to 33 °C
(temperature measured in the subphase) and the film was left for
45 min till equilibrium. The film was once again compressed then
decompressed.

3. Results and discussion
3.1. Characterization of recombinant 3-CN

As compared to native 3-CN, the sequence of wtR-CN encoded by
the expression vector has a N-terminal additional methionyl residue
and sequences of cysteinylated 3-CN have an additional N-terminal
M-G dipeptide. From mass spectrometry spectra of recombinant
proteins produced in E. coli, the measured molecular mass of wtp-CN
was similar to the theoretical mass whereas in the case of all other
mutated 3-CN a D of —131.5 g mol~ ! was observed between mea-
sured and theoretical molecular masses (data not shown). This
difference corresponds to the excision of the N-terminal methionine
in the mutated caseins. Consequently, as compared with native 3-CN,
produced mutated 3-CNs have only one N-terminal additional glycyl
residue (Fig.1). The presence of a glycyl residue just downstream from
the N-terminal methionine in proteins produced in E. coli is known to
induce the frequent elimination of the methionine (Hirel et al., 1989).
The addition of cysteinyl residues in the sequence of the mutated p-
CN has also been confirmed by measuring the molecular mass of
carbamido-methylated derivates of the different mutant proteins
(data not shown). The purity of produced wtf3-CN and its mutants was
higher than 95% as attested by mass spectrometry.

3.2. Study of cysteinylated 3-CN polymerization

Samples of native B-CN, wtp-CN and all three mutated 3-CN were
dissolved and immediately loaded on SDS-PAGE or incubated at 4 °C for
24 h before SDS-PAGE analysis under reducing and non reducing
conditions (Fig. 2). After incubation, in non-reducing conditions,
native 3-CN and wtPp-CN showed a unique band on the gel at about
23,000 Da (Fig. 2A) indicating that both proteins are present as
monomers in solution. In the same conditions, immediately after

A M Nat Wt B C4 C208C4-208 C4 C208C4-208 (%  C4 G208 C4-208 C4 C208 C4-208
97 400\
66 200 - Polymers
45 000 - - 4— Dimer
31 000 -
- - - - o ww . <4+— Monomer
21 500 - - <+— «Intra »
14 400 -
[ —
(e g, sl

p- p- P+

B B

Fig. 2. Polymerization of recombinant and mutated (3-CN. Lyophilized (3-CN solubilized at 1 mg mL~" in 50 mM Tris-HCl, pH 8.2,1 mM EDTA, 0.05% sodium azide were analyzed on 12%
SDS-PAGE immediately (B) or after 24 h incubation at 4 °C (A and C) inreducing (3-+) and non-reducing (3—) conditions. Nat = native B-CN, Wt = wt3-CN, C4 = 3-CNc4, C208 = 3-CNc308
and C4-208 = 3-CNc4-208. M: molecular mass marker (“Low Molecular Range”, Bio-Rad Laboratories, Hercules, CA, USA).
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Fig. 3. Influence of protein concentration, temperature and ionic strength on recombinant and mutated 3-CN polymerization. Lyophilized 3-CN¢,0s mutant was solubilized in 50 mM
Tris-HCI, pH 8.2, 1 mM EDTA, 0.05% sodium azide and incubated 24 h before analysis on 12% SDS-PAGE in reducing (3+) and non-reducing (3—) conditions. (A) Protein was
solubilized at various concentrations (1, 5 and 10 mg mL™'). (B) Incubation was performed at 4 °C or 20 °C with (+) or without (—) the addition of NaCl (100 mM final

concentration).

dissolution or after 24 h incubation at 4 °C, all mutant caseins showed
the same predominant visible band on the gel (Fig. 2B and C),
indicating that mutant 3-CNs are mainly present as monomers in
solution. Nevertheless, much thinner additional bands of higher
relative mass were also distinguished in the case of single mutants
3-CN¢4 and 3-CNcaos, as well as very thin bands of lower relative mass
and higher relative mass in the case of the double mutant 3-CNc4_20s.
The analysis, in the same conditions, of the samples obtained after 24 h
incubation at 4 °C, showed an increased intensity of the additional
bands (compare Fig. 2B and C). Because all p-CN mutants are
monomeric in reducing conditions, these bands could be attributed
to the formation of PB-CN dimers (all mutants) and larger R-CN
polymers (double-mutant only) by disulfide bond linkage. In the case
of the double mutant 3-CN¢4.o05 the band with a lower relative mass
disappearing in reducing conditions can be attributed to a “circular-
ized” form of 3-CN due to intra-molecular disulfide bond formation.

The proportion dimer/monomer was almost identical in both cases
indicating that, in the applied conditions, the position of the cysteine
has not great influence on disulfide bond formation. Longer incuba-
tions at 4 °C did not allow to observe higher proportion of dimers or
polymers (only in the case of the double mutant) indicating that the
equilibrium of the reaction has been reached within 24 h.

In order to increase the dimerization and polymerization yields of
mutated B-CN, experiments were repeated by increasing the protein
concentration up to 10 mg mL™ !, the temperature to 20 °C and the
ionic strength to an equivalent of 100 mM NacCl. As shown in Fig. 3, in
the case of 3-CNc,0s, None of these factors had a significant effect on
the yield of dimer formation. Thus, they did not influence significantly
the disulfide bond formation yield. The same results were obtained
with 3-CNc¢4 and B-CNcg4-208 mutants (data not shown).

3.3. Characterization of cysteinylated 3-CN micellization by DLS

DLS results show the micellization behavior of B-CN (wt and
mutated) in solution at 0.5 mg mL™ ' as a function of temperature (from
20 to 50 °C), in oxidative and in reducing conditions (Fig. 4). In non
reducing conditions, at low temperatures, in all studied samples, 3-CNs
are characterized by an hydrodynamic diameter (Dy) of particles of
about 8 nm at 20 °C, that corresponds to the expected size of the
monomer (Fig. 4A). During these experiments, the population and the
size of dimers (and oligomers) could not be distinguished precisely since
Dy represents the size of the sphere that encompasses the molecule. As
temperature increased, Dy shifted to higher values ranging from 22 to
28 nm in all the samples. The population with larger size corresponds to
micellization of monomers appearing at a critical temperature. In the
case of wt3-CN, micelles appeared at 30 °C with a Dy reaching 22 nm at

50 °C. In the case of cysteinylated 3-CN, micelles appeared at a lower
temperature (just above 20 °C). In this case, the value of Dy at 50 °C (24~
28 nm) was a little bit larger than that observed in the case of wtf3-CN.
The behavior of wtR-CN was identical in the presence or absence of a
reducing agent indicating that it has no effect on wtp3-CN micellization
(Fig. 4B). In reducing conditions, cysteinylated 3-CN had a similar
behavior to that of wtp3-CN indicating that the differences observed in
oxidative state were not due to the presence of cysteinyl residues in their
sequences but rather to the presence of disulfide linked dimers and
oligomers of 3-CN.
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Fig. 4. Hydrodynamic diameter of recombinant wild-type and mutated 3-CN. The Dy of
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The reversibility of the phenomenon was studied in non-reducing
and reducing conditions (Fig. 5). The micellization of wtB-CN was
totally reversible in both conditions (Fig. 5A). In non-reducing
conditions the micellization of 3-CNco0g Was only partially reversible
(Fig. 5B) and the micellization of 3-CNc400g8 Was poorly reversible
(Fig. 5C). Indeed, after cooling from 50 to 20 °C the Dy obtained were
16 nm and 22 nm for B-CNc¢0g and B-CNc4-20s, respectively, instead of
8-10 nm before heating from 20 to 50 °C. On the contrary, the
micellization of those mutant proteins was totally reversible in
reducing conditions, indicating that the observed effects are due to
the formation of disulfide bonds between protein monomers. Il can be
speculated that formation of disulfide bond between 3-CN molecules
during the micellization process stabilizes the overall micelle struc-
ture. The results obtained with 3-CN¢4 in non-reducing conditions are
not shown because the heating of the protein at 50 °C (duration of
about 30 min) caused the irreversible precipitation of the protein. It
should be indicated that this single mutant protein generated larger
micelles with higher formation rate in non-reducing conditions than
the B-CNcoog single mutant (Fig. 4A). In the case of 3-CN¢4 mutant it

can be speculated that precipitation is caused by cross-linking of
adjacent micelles by disulfide bond formation.

In conclusion, these DLS experiments demonstrate that the
formation of dimers or polymers by disulfide bonds modifies (even
radically in the case of 3-CN¢4) the temperature-induced micellization
behavior of 3-CN in solution.

3.4. Characterization of cysteinylated 3-CN micellization by fluorescence
spectroscopy

B-CN contains a tryptophanyl residue in position 143 of its
sequence. The value of A\,.x Trp depends on the environment of the
tryptophanyl residue. A change in the environment (more or less
hydrophobic) due to the modification of the structures (secondary
and/or tertiary) of the protein causes a shift of the Ay« Trp wave-
length. In the case of wt3-CN, Anax Trp was observed at 20 °C (Fig. 6A).
The heating of the protein from 20 °C to 50 °C caused a shift of the
Amax Trp values from 347 nm to 341 nm. This demonstrates the more
hydrophobic Trp143 environment at 50 °C than at 20 °C. 3-CN¢z0g and
P-CNca-208 presented similar curves of Ayax Trp variations (Fig. 6A)
during heating in comparison to wtf3-CN. However, their A« Trp were
slightly smaller than that of pB-CN indicating that, whatever the
temperature, Trpi43 is in a more hydrophobic environment in mutants
than in wt3-CN. No full measurement of Ay,2x Trp could be performed in
the case of 3-CN¢4 because at temperature higher than 40 °C the solution
became slightly opalescent, confirming the DLS observations. Under
reducing conditions (Fig. 6B), wt3-CN, 3-CNc20g and 3-CN¢4_208 Showed
similar Apax Trp profiles confirming that the differences observed with
3-CNc20s and B-CNc4.208 as compared to wt3-CN are mainly due to the
formation of disulfide bonds.
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Fig. 6. Changes of A\pax Trp of recombinant wild-type and mutated 3-CN. Apax Trp of
WtB-CN (-[J-), p-CNeaog (- =) and -CNego0s (-O-) diluted at 0.5 mg mL™ ! in 50 mM
Tris-HCl, pH 8.2, 80 mM NaCl was measured by fluorescence spectroscopy as a function
of temperature (20-50 °C) in non-reducing (A) and in reducing conditions (B).
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Fig. 7. Reversibility of aggregation of mutated B-CNs measured by fluorescence
Spectroscopy. Amax Trp of wtB-CN (A), B-CNc20s (B) and B-CNcg-20s (C) diluted at 0.5 mg
mL~"in 50 mM Tris-HCl, pH 8.2, 80 mM NaCl was measured in non-reducing (white
filled symbols) and in reducing conditions (black filled symbols) as a function of
temperature from 20 to 50 °C ([J) and then from 50 to 20 °C (A).

The reversibility of 3-CN micellization has been also investigated
by spectrofluorimetry (Fig. 7). In non-reducing conditions, the
changes of wtp-CN structure during micellization are totally rever-
sible during the cooling (Fig. 7A). In the same conditions, 3-CNcz0s
and 3-CNc4.208 behaved differently (Fig. 7B and C). During cooling,
Amax T1p did not recover its initial value indicating that micellization of
mutated B-CN is not fully reversible, especially for 3-CNc4.203 When
Amax Trp remains lower than that observed in the case of 3-CNczgs. In
reducing conditions, all proteins behaved the same. These observa-
tions agree well and confirm data obtained by DLS. The reversibility of
3-CN micellization was particularly impaired when cysteinyl residues
were added in its sequence, especially in the case of the two mutants
3-CNc4-208 and B-CNes. Reinforcing the hydrophobic interactions in
the C-terminal part of the molecule (B-CNcyog mutant) did not
produce so strong effect. The more pronounced one was obtained
when two N-terminal extremities of 3-CN were linked, indicating that
electrostatic interactions between the N-terminal extremities of 3-CN
molecules have a destabilizing effect on 3-CN micelle.

It must be pointed out that the variation of the Ay.x Trp with
temperature does not match the variations in size, especially for
wtp-CN. In this case, Dy values increased around 30 °C whereas the
values of A,ax Trp decreased just above 20 °C. It means that the structure
of proteins begins to change already before the appearance of first
micelles and/or dimers.
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Fig. 8. Isotherms of compression at 17 °C of native 3-CN (M), wtp-CN (CJ), B-CN¢4
(0),p-CNcaos (A) and (3-CNea-20s (9).

3.5. Interfacial properties of mutated 3-CN

3.5.1. Isotherms of compression

Interfacial properties of 3-CN¢4, 3-CNc20s, B-CNcg-20s, WE3-CN and
native 3-CN were compared at 17 °C and 33 °C in non-reducing
conditions where 3-CN mutants display different aggregative proper-
ties in bulk. The isotherms of compression at 17 °C are shown in Fig. 8. It
appears clearly that each modification performed on p-CN leads to
a modification of the surface activity of proteins. The main features are
as follows: (i) wtR-CN covers a larger surface area than native 3-CN
and mutants; (ii) p-CNczpg and B-CNcg.20g display similar isotherms
of compression on a wide range of area and pressures; (iii) 3-CNc4
covers a larger surface area than the two other mutants 3-CNc4.208
and B-CNcyps; (iv) the slopes of the isotherms of the three mutants are
similar, indicating that the compressibilities of the layer are different. As
the decompression isotherms overlapped the compression isotherms,
the organizations of the different forms of B-CN at the air-water
interface could be considered as reversible in the investigated pressure
range. This allowed us to perform the isotherms of compression at 33 °C
with the film spread at 17 °C. Increasing temperature from 17 to 33 °Cdid
not modify the surface activity of proteins, even for mutants (Fig. 9). We
would have expected to get a reduced area by increasing temperature
since the formation of intra molecular disulfide bonds would impair the
unfolding of casein that is known to be very flexible. However there is no
reduction of area. The decrease in area is observed only between the
different forms of caseins.

In salt concentration conditions used (80 mM NacCl), the attractive
and repulsive interactions are screened by the salt. Hence, the changes
in interfacial behavior observed between wt33-CN, 3-CNc4, 3-CNcoos
and P-CNc4.208 can not be explained by the differences in charges
carried by all forms of 3-CN. However, the small differences in the
sequence must be kept in mind. The lack of phosphorylated sites on the
hydrophilic part of wtB3-CN and the appearance of an additional

Film pressure (mN.m'")
oo

10

Area (nm?/molecule)

Fig. 9. Isotherms of compression at 33 °C of native 3-CN (M), wt-CN ((J), 3-CN¢4 (O),
3-CNcaos (A) and 3-CNea-20s (§)-
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Fig. 10. Elastic modulii at 17 °C of native 3-CN (M), wt>-CN (J), 3-CN¢4 (O), B-CNeaos (A)
and B-CNca-20s (¢) as a function of the film pressure.

residue enables it to occupy better the interface. The lack of
phosphorylated sites decreases the interactions with water. The
peptides without phosphorylated sites, as well as the additional apolar
methionyl residue are less in contact with water and place themselves
preferentially at the interface, thus increasing the occupied area in
comparison to native 3-CN. The replacement of methionine by glycine
increases the polarity at the N-terminus and decreases the number of
large apolar residues in mutants. This tends to decrease the area
occupied by mutants at the interface in comparison to wt3-CN. The
replacement of a large apolar residue, isoleucine, at the position 208 for
a smaller apolar cysteine does not change significantly the polarity of
the C-terminus part but can reduce slightly the area occupied at the
interface. These two changes could explain the smallest area occupied
by 3-CNcaos and B-CNcy-208 at the interface. The introduction of the
cysteinyl residue in position 4 in replacement to the residue glutamate
contributes to decrease the polarity at the interface. In the case of 3-
CNc4, the changes act in opposite directions in comparison to wtR-CN
and may explain the smaller decrease in area at low pressures and the
increase in area at high pressures. However, the shift in area is too large
(up to 7 nm?/molecule) to claim that two residues among 209 amino
acids are responsible for such a decrease. We assume that the
spreading of molecules at the interface promotes, even at low
temperatures, the formation of S-S bonds owing to the better opening
of the structure at interfaces. If so, the smaller area for B-CNc,g and
3-CNc4-208 can be explained by the formation of disulfide bonds among
the apolar groups located at the interface. The dimerization by C208
cysteine residues brings in contact hydrophobic ends of caseins and
creates in some sense an extra “hydrophobic core” that prevents caseins
to evolve freely at interfaces. The dimerization by C4 cysteine residues is
also thought to occur. It concerns the N-terminus part weakly or not
located at the interface and for which the experiments performed at the
air-water interface are less sensitive. This idea is supported by the fact
that at higher rate of compression, the area occupied by 3-CN¢4 is higher
than that of wt3-CN. This can be understood in considering that the
force (proportional to pressure) required to decrease area is higher
between molecules bound by S-S bonds than devoid of inter molecular
disulfide bonds. This corroborates also the fact that the slopes are
identical at high pressures for 3-CN¢4 and 3-CNc4.208 on one hand and
identical at low pressures for 3-CNcz0g and 3-CN¢4-205 0n the other hand.
As a consequence, both locations of cysteinylation may act on compacity
at the interface but at different interfacial densities. The graft of cysteinyl
residues at several positions may also induce changes in organizations at
the air-water interface that are well seen in considering the surface
elasticities.

3.5.2. Surface elasticity

The elastic modulii E of the different forms of 3-CN (Fig. 10) were
deduced from Fig. 8, according to the relation E= — A*dn/dA where A
is the interfacial area and m the surface pressure. The shapes of the
curve showing E versus 1 for all 3-CN forms are characterized by one or
two local maxima. The physical meaning of the first local maximum

was recently confirmed for native form of 3-CN as the signature of the
beginning of the train and loop formation (Noskov et al., 2007).
Because 3-CN is a flexible polypeptide with no tertiary structure and
insignificant secondary structure, 3-CN is schematically represented as
a multiblock copolymer with a few hydrophilic and hydrophobic
blocks (Aguie-Beghin et al., 1999; Aschi et al., 2001; Hambardzumyan
et al., 2003; Noskov et al., 2007). Its adsorption is usually described as
the formation of pancakes (Graham and Phillips, 1979; Gau et al., 1994;
Mellema et al., 1998; Aguie-Beghin et al., 1999; Aschi et al., 2001; Cicuta
and Hopkinson, 2001; Patino et al., 2001; Hambardzumyan et al., 2003,
2004; Maldonado-Valderrama et al., 2003; Benjamins et al., 2006). The
surface layer is essentially constituted as trains without loops. The
increase of surface concentration leads to a repulsion of adsorbed
segments and to an increase in the surface elasticity. When the film
pressure further increases, some hydrophilic segments begin to be
displaced from the proximal region of the surface layer and forms
trains and loops. The film relaxes and the surface elasticity decreases.
The formation of the first maximum is usually explained by a
conformational transition from all trans conformation to trains with
tails or loops (Graham and Phillips, 1979; Gau et al., 1994; Mellema
et al,, 1998; Aguie-Beghin et al., 1999; Aschi et al., 2001; Cicuta and
Hopkinson, 2001; Hambardzumyan et al., 2003, 2004; Maldonado-
Valderrama et al., 2003, 2005; Lucassen-Reynders et al., 2004; Noskov
et al, 2007). The further increase of the film pressure brings the
hydrophobic parts in contact with each other and the surface elasticity
increases again. When the hydrophobic parts start to penetrate into
the subphase, the elasticity decreases again (Noskov et al., 2007).
Having in mind the description of the conformational change of native
3-CN molecules at the interface, it is possible to discuss the changes
observed in Fig. 10. The modifications performed on recombinant and
mutant forms of 3-CN molecules affect essentially the appearance of
the second local peak that is associated to the squeezing out of more
hydrophobic segments. It shifts to lower film pressure values in
proportions depending on the localization of the modified sites. For
wtp-CN, the second maximum of the elastic modulus appears as a
shoulder of the first one, i.e., at lower film pressures. Thus the lack of
phosphorylated sites as well as the additional methionyl residue
contribute to the increase of interactions between the hydrophobic
parts within the molecule, and thus to reduce the pressure of
squeezing out from the interface. The cysteinylation shifts the second
peak to higher film pressures in the order R-CNcz0s~PB-CNcg-208 <
-CNc4. This can be interpreted by the steric constraints generated by
the S-S linkage. In the case of cysteinylation in position 4, the S-S bonds
are located deeper in water but act at high film pressures on the
compressibility of the protein layer. For the cysteinylation in position
208, the S-S segments are present with apolar residues at the air-water
interface and favor the formation of an extra hydrophobic core that is
removed in water during compression.

Table 1
Main features of recombinant 3-CN and mutant forms in the bulk and at the air-water
interface.

Protein Bulk properties between Interfacial properties
20 and 50 °C
Micellization Micellization Interfacial properties
reversibility (Referred to wild-type)
wtp3-CN 30 °C +4++
3-CNcg 25 °C — Covalent disulfide linkage
underneath the interface
More or less compact
3-CNc20s <25 °C aF Covalent disulfide linkage
at the interface
More compact
3-CNc4-208 <25 °C +/— Covalent disulfide linkage

at the interface
More compact
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4. Conclusions

The introduction of cysteinyl residues within the N-terminus and/
or the C-terminus parts of 3-CN induces the dimerization (single and
double mutants) and polymerization (double mutant) of the molecule
by covalent disulfide linkage. All results are summarized in Table 1.
Mutants showed micellization behavior different from wt3-CN that is
temperature-controlled. The reversibility of 3-CN micellization was
particularly impaired in the presence of cysteinyl residues. In contrary
to bulk properties, the interfacial behavior was not sensitive to
temperature. The interface seems to promote the dimerization of
mutants at lower temperature than in the bulk. The obtained results
may imply that cysteines should be considered as critical residues in
the modulation of 3-CN aggregation and surface properties with the
cysteinylation of either its N- or C-terminus part or both of them.
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Summary

Intrinsically Unstructured Proteins (IUP) constitute a large protein family of
various functions. Of this family, so-called amyloidogenous proteins are of the
most interest because changes in their spatial structure can induce their aggregation
into amyloid fibrils and also a transformation into forms capable of destabilize
native structures and functions in native proteins. The aim of the present work was
to investigate the role of disulfide bonds in aggregation and amyloidogenous
transformations of 1UPs, and aso to determine new factors influencing these
processes. Ovine prion protein and cow milk caseins (including recombinant and
mutant forms) were chosen as the objects of investigation. The native spatial
organizations of the prion protein and caseins was demonstrated to define their
behavior in aggregation and amyloidogenous transformations. For example,
experiments with purified preparations of beta-casein have shown that point
mutations of seryl to cysteyl residues make beta-casein able to form dimers. C-
terminal mutant was found to dimerise more easily than the N-terminal mutant.
Using homocysteinylation as a method of introducing additional cysteyl residues
into studied proteins allowed to discover particular aggregative modes in different
caseins (aphas;, beta and kappa) after their homocysteinylation forming
sometimes amyloid-like structures. The influence of various factors, such as
temperature, presence and concentration of phospholipids, and homocysteinylation
on the aggregation of recombinant ovine prion protein was investigated.
Phospholipids were found to induce either amyloid-like or non-amyloid prion
protein aggregation depending on their concentration. The influence of
homocysteinylation on aggregation found in the present work raises question if the
pathological effects observed in hyperhomocysteinemia are not connected with the

emergence of amyloid aggregates of prions and other |UP.
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Résumeé

La famille des Protéines Intrinsequement Déstructurées englobe de
nombreuses protéines aux fonctions diverses. Certaines de ces protéines peuvent
changer de structure et sagréger sous la forme de fibrilles amyloides. Certaines
transformations amyloides générant des agents pathogenes suscitent un intérét
particulier. L’objectif de cette thése était de mettre en évidence les facteurs ayant
une influence sur I'agrégation et la transformation amyloide des proténes
naturellement flexibles et surtout, d'étudier le réle des ponts disulfure dans ces
processus. Les caséines du lait bovin, sous formes natives, recombinantes et de
mutants, et la proténe prion ovine ont été choisies comme objets de ce travail. Le
repliement initial des casénes et de la protéine prion prédétermine leur potentiaité
a sagréger et a se replier parfois auss sous forme amyloide. Les expériences
menées avec les mutants recombinants de la caséine béta, dans lesquels certains
résidus de sérine ont été mutés en cysteines ont montré que la caséine béta mutée
de la sorte acquiert la capacité a se dimériser. Le mutant possédant un résidu de
cystéine en position N-terminale dimérise plus facilement et plus rapidement que le
mutant ayant la cysteine introduite en position C-terminae. L’introduction de
résidus cystéyle par homocystéinylation des proténes pour a permis d'observer les
différents modes d'agrégation des différentes caséines (alphag;, béta et kappa) ainsi
gue laformation, parfois, de structures amyloides.

L'étude de l'agrégation des proténes prion recombinantes ovines apres
chauffage, en présence de concentrations différentes en phospholipides et apres
homocystéinylation a montré qu'en fonction de la concentration, les phospholipides
peuvent orienter I'agrégation de la protéine prion vers un repliement amyloide ou
autre. L'homocysteinylation de la protéine prion ovine n'a quune influence
amyloidogene. Ceci permet de formuler une hypothese selon laguelle certains
effets pathol ogiques observés dans | e cas des hyper homocysténémies peuvent étre
causés par l'apparition d'agrégats amyloides des IUP apres leur
homocysteinylation.
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Pe3rome

EctecTBeHHO pa3BepHyTbhle O€IKH, MPECTABISAIOT COOOW MHOTOYUCICHHOE
ceMelcTBO OenkoB ¢ pasHooOpasHpiMu  (yHKmusMu.  OcoOblii  MHTEpec
MIPEICTABIISIOT TaK HA3bIBAEMbIC aMUJIOWJIOTCHHBIC OCIKU, U3BMEHEHHE CTPYKTYPhI
KOTOPBIX MPUBOJUT K UX MATOJIOTMUYECKOW arperalud B aMWJIOWJIHBbIE (PUOPUILIBI,
a TakKe K BO3HUKHOBEHHIO MH(EKIIMOHHBIX (OPM, MPOBOLMPYIOUIUX HAPYIICHUS
CTPYKTYpbl U (PYHKUIMH HOpMalibHBIX OenkoB. Lleablo JaHHOW pabOThl OBLIO
BBISIBJICHWE HOBBIX (DAKTOPOB, BIUSIOMIMX HAa arperanuio U aMUJIOWIOTCHHBIE
npeBpalieHust OEIKOB C €CTECTBEHHO Pa3BEPHYTON CTPYKTYPOM, U, PEXKAE BCETO,
U3ydeHUe poJin oOpa3oBaHUs JUCYIb(DUAHBIX CBsI3ed B 3THUX Mpoleccax. bbuio
BBIOpaHO JBa OOBEKTa: OBEUMH NMPHUOH M Ka3eMHBI KOPOBHETO MOJIOKa (BKIOYas
PEKOMOMHAHTHbIE U MyTaHTHbIe (GOpMbl). bBbIJIO TPOAEMOCTPUPOBAHO, YTO
WCXOJIHAsI CTPYKTYpHAasl OpraHU3alysl MPHOHOB M Ka3€MHOB MPEHOINPENETIsIeT HX
MOBEJICHUE B TPOIECCE arperanud W aMWIOWJOTCHHBIX NpeBpamieHuid. Tak, B
AKCIIEPUMEHTAX C OUMIIEHHBIMH MpenapaTraMu peKOMOMHAHTHBIX (opM [} -KazenHa
ObLJIO TOKAa3aHO, YTO MPHU TOUEYHBIX 3aMEHAX OCTATKOB CEpUMHA HA I[UCTEUH [3-
Ka3euH MPUOOpETaeT COCOOHOCTh K JuMepu3aluu, rnpuyemM C-KOHIIEBOW MYTaHT
TAMEPU3YETCs jerye, yeM N-KOHILIEBOH. Hcnonp3oBanue
TOMOIIMCTCUHWIIMPOBAHUS, KaK MHCTPYMEHTA I BHEJPCHUS OCTATKOB IIMCTCHHA,
MO3BOJIWJIO BBISIBUTH OCOOEHHOCTH arperanuu pasHbIX THUIOB Ka3€MHOB MOJIOKA
(anpaSl, 6eta u kamma) mocjiae Takol Moau(uUKaIuy, U IPOJAEMOHCTPUPOBATH UX
CIOCOOHOCTH K (POPMUPOBAHUIO AMUIIOUIOTIOIOOHBIX CTPYKTYD.

brina wuccnenoBana arperaius peKOMOWHAHTHBIX OBEYBMX NPHOHOB TIOJ
JNEUCTBUEM TakuX (aKTOpPOB, KaK TeMIlepaTypa, pa3IudyHble KOHIICHTPAIUU
dbochonmunuioB, a Takke rOMOLIMCTEUHWINPOBAHUE. BBIJIO yCTaHOBJIEHO, YTO, B
3aBUCMMOCTH  OT KOHLEHTpauuu, (ochoaunuasl CrnocoOHbl  HAMpaBIlATh
arperaiio MpUOHAa IO Pa3HbIM MNYyTSIM: KAaK C NATOJOTMYECKUM HW3MEHEHHEM
CTPYKTYphI, Tak U 0e3. OOHapyKeHHOE B paboTe aMIIOUIOTEHHOE BIIUSHUE
TOMOIIMCTCUHWIIMPOBAHUSI HA arperaryio MpUoHa MO3BOJIAET MPEINOIOKUTh, YTO
HaOJIoaeMble TIPU TUNEPTOMOIIMCTEMHEMUHN MaTojJoruyeckue 3¢(exTsl MOryT
ObITh CBSI3aHBI C TIOSIBJICHUEM AaMMJIOMJHBIX arperatoB IMPUOHOB U JIPYTUX
€CTECTBEHHO-PA3BEPHYTHIX OeJIKOB nociie ux MOAU(pUKALIMH
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baaromapuocTu

Xouy mnoOnarogaputh CBOEro HAy4dyHOTO pykoBoAuTels Bramumupa
N3pannesnya MypoHIa 3a MOTPSICAIOIIMK CTWIb PYKOBOICTBA, HEOLUECHUMYIO
MIOMOIIb U TIOJIJIEPIKKY BO BpeMsi pabOTHI.

Bonbiioe ciacu0o BceM cOTpyIHUKaM OTaeNa bBuoXuMuu >KUBOTHOM KIIETKH
3a Temyr arMocdepy B J1abOpaTopu W TOTOBHOCTH MOMOYb. S paaa, 4ro MHE
IPUIILIOCH paboTaTh U npocTo obmarbes co [lImansraysen Enenoit BuktopoBHoid,
HaneroBoii Mpunoit  HuxomaeBHoil, AcpusHu  PeruHoit  AOpaMOBHOMH,
[To3nHsIKOBOM Haranbei BacunwseBnoi, CeBOCTBIHOBOU Wpunon
AnexkcanapoBHor, OnbkuHoit IOmueit JleonmpgoBuoii, CtoroBeiMm Cepreem
Bnagumuposuuem, Kypasckum Muxaniom JIbBoBUueM.

Taxke xoremoch OBl MOOJAroJapuTh CBOEro (DPAHIY3CKOTO HAYIHOTO
pykoBoautenss Toma DpTie 3a TEIUIbI NMpUeM B €ro jabopaTopuu, Temy H
00BEKTHI JUCCEepPTAllUM, TOMOIb U MPEJOCTABICHHbIE BO3MOXKHOCTU. bosblioe
crnacu00 BCEMY KOJUIEKTUBY JIa0OpaTopuul (PYHKIIMOHAIBHBIX B3aUMOJCHCTBUN
MoJIOUHBIX OenkoB, Kan-Mapky Lllo6epy, M3abens bponnek, Auurpe Pabecone u
MHOTOYHCJICHHBIM CTa)KepaMm J1labopaTopuu 3a TOTOBHOCTh IMOMOYb M TEILIYIO
atmocdepy. OrtnenpHoe cracu6o Mumens JlanbrappoHao 3a TepreHue u
TOTOBHOCTh MOJENUTHCS 3HAHUSIMU, B TOM YHUCJE 3a JOCTUTHYTBIA Mporpecc B
u3ydeHun @paniy3ckoro s3pika. Crnacu6o HWBamy Illyasery 3a momoms B
OCBOEHHUU HOBBIX METOJOB, €r0 KPUTUKY M >KEJIAHHE CIOCOOCTBOBATh HAYYHOMY
nporpeccy. Takxke xoTenocsk 0bl modmarogaputh cekperapss Kpuctun 3a momonis B
pELIEHNH MHOTOYUCIIEHHBIX OPTaHU3ALMOHHBIX CII0KHOCTEM.

bnarogapro cBolo ceMbl0 — poauTened, OpaTa M MyXa 3a TMOMOIIb,

TCPIICHUC, BHUMAHHUC U ITIOAACPIKKY.



