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BBEJEHME

OObenMHEHHBIT MHCTUTYT SICPHBIX UCCIIENOBAHUI ABJIAETCSA YHUKAIbHBIM
MMPOBBIM HAy4HBIM LIEHTPOM, B KOTOPOM COCPENOTOYEHBI AfiepHO-(pU3NIecKme
YCTQHOBKU, TeHEPUPYIOLIVe IOHU3NPYIOLYe M3TYIeHNA C pa3HBIMI PU3NICKIMU
xapakrepuctukamyu. Ha npoTs)KeHuy MHOTUX JIET OH NPUBJIEKAET CIEIaNNCTOB
U3 PasHBIX CTPaH I NMpoBefieHNs (PpyHIaMeHTaTbHbBIX MCCIEOBAHMIT B 00MacTH
He TONbKO GU3UKM, HO 1 Ouonorny. YCKOpeHHbIe 3apsKeHHbIe JaCTUIIbI Pas/ind-
HBIX 9Hepruil cyxar 9pPpeKTVBHBIM MHCTPYMEHTOM B PeIlleHN MHOTYIX aKTyalb-
HBIX IIP06JIeM COBpEeMEHHOIT pauobuonornmu. Yke Ha paHHIX 9Tanax KJIaCCUKN pa-
nuanyoHHoi renetuku — H.B. Tumodees-Pecoscknit, [I. JIu, K. Llummep u ap. —
yKa3bIBa/l Ha HEOOXOAMMOCTD U IVIOZOTBOPHOCTD IPUMEHEHVS NOHU3UPYIOLINX
U3JTy4eHUIT ¢ Pa3HBIMU QU3MYECKUMM XapaKTePUCTUKAMI B PELICHUN (YHOAMEH-
ManvHoLx 3a0a4 PafVaIVIOHHOI 6Momoruy u reHeTnkn. OHY KacaInch BbIACHEHNA
MEXaHU3MOB OMOJIOTMYECKOTO JIeICTBIA VIOHM3UPYIOIX U3TY9eHNIT, MHAYIVMPO-
BAaHHOTO MYTAIJIOHHOTO IIpoliecca, KOHKpeTusanuy (puandecKux COObITHIL, CITy-
JKaIMX MYCKOBBIMM MeXaHy3Mamu popmupoBanus MmyTanuit. Ha Heob6xopmnmocTs
VICIIONIb30BAHMA VMOHM3UPYIOIINX M3TY4eHNII PasHOrO KadyeCTBAa B T€HETUYECKMUX
VICCTIEIOBAHNAX HEOJHOKPATHO YKa3bIBa/IM KITACCUKY KOJIMYECTBEHHOI paaoomo-
nornn. B cBasu ¢ atum H. B. Tumodees-PecoBcknmit mucam: «neMeHTapHbIe JyiC-
KpeTHBIe I3MEHEH 9/IeMEHTapHBIX AMCKPETHBIX KOMIOHEHTOB FeHOTHIIA (TeHOB)
Y BCEX B 9TOM OTHOUIEHMY M3Y49E€HHBIX )KVMBBIX OPTAHM3MOB BbI3bIBAIOTCA BCEMMU TH-
IaMy IOHU3MPYIOIIMX U3/Ty4eHUl, CIefiys IIPU 3TOM OJHOYIAPHOI KPUBON J03a—
3¢ ¢dexT. ONBITHI ¢ U3TYYSHNAMM PA3HBIX MOIJHOCTEI TO3bI ¥ PA3HOI JKeCTKOCTH
NO3BO/IM/IV B 3HAYNMTE/IBHON Mepe KOHKPEeTU3MPOBAaTh TO (PU3NIECKOe SBJICHIE,
KOTOpOe CIY>XUT PU3NYECKVM ITYCKOBBIM MEXaHJ3MOM, BBI3bIBAIOIVIM MYTaI[Ul,
nomnajiaHye B onpeneneHHbiit 3¢ dexTUBHBII 06beM B hopMe OfHOI MOHU3AIIN».

JleiicTBUTENIPHO, UCIIONb30BaHME B IPAKTUKE Pafy0OMOTOTMYECKUX IKCIIe-
PVMIMEHTOB M30TOIHBIX a/l1b(a-MCTOYHNKOB, a O3[JHee HEMITPOHHBIX T€HEPaTOPOB
MO3BO/IM/IO MPUCTYIUTDh K PEIIEHNUIO PsAfla BOIPOCOB, KACAIOIMXCSA MEXaHM3MOB
JIETAJIbHOTO EVICTBUA MOHUSMPYIOLMX M3/Ty4eHMII Ha KJI€TKM Pa3/IN4HbIX Opra-
HI3MOB, Omonorndeckort 3pQeKTMBHOCTN M3TydeHUI PasHOTO KadecTBa, 3aKO-
HOMEPHOCTElI MHAYLMPOBAHHOTO MyTalMOHHOTrO mpouecca. CosfaHue ycKOpu-
TeJlell 3aps>KeHHbIX YacTUIL U MPeXJie BCEIO YCKOPUTeell MHOTO3apASHbIX IOHOB
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IPeJOCTaBMIO IIMPOKIE BO3MOXXHOCTK M3ydeHWs] Hambosee akTyaabHBIX IIPO-
671eM COBpeMeHHOJI pafiMaliOHHON Ouonoruu. JVcnonb3oBaHue MYyYKOB MHOTO-
3apAJHBIX MOHOB, reHepupyeMbix yckoputenamu OVAV, nossonuno cnenu-
amuctaM VIHCTUTYTa pemuTh OfHY U3 LIEHTPAIbHBIX 3ajiad pagnoOmonormym —
npo61eMy OTHOCUTENbHOI Omonormdyeckoit apdexrnsrocTn (OBD) mamydenmit
Pa3HOrO KauecTna.

dynpaMeHTanpHble PaspabOTKM, BBIIOTHEHHbIE B 1a00paTopuy B IIpefbl-
AyliMe TOAbl, MPefCTaB/AITCA BeCbMa IUIOIOTBOPHBIMU P peLIeHUM MHOTUX
npaxkmuueckux 3ada4. HakorieHHbII 9KCIIepYMeHTA/IbHbII MaTepual U UCCIeNo-
BaHus 1o npobneme OB HEOOXOAVMMBI IPY MCIONTb30BAHUY B IIPAKTUKE /IyUe60L
mepanuuy 3710Ka4eCTBEHHBIX HOBOOOPA30BaHMII KOPIYCKY/IIPHBIX U3TyYEHUI BBI-
COKMX 9HEpruil: y4yKoB IIPOTOHOB U MOHOB yIlepoypa. Pagnobuonornyeckme aKc-
IIEPUMEHTHI Ha YCKOPUTEIbHBIX YCTAHOBKAX IPENCTAB/IANTCA BaXXHBIMU IIPU pe-
IIEHNY BOIIPOCOB HOPMUPOBAHUS /Iy4e6bix HAZPY30K Ha MepCOHasI, paboTarommit
B CMEIIAHHBIX [TO/IAX IOHU3UPYIOIVX U3/TyIeHNiT, YTO 0COOEHHO aKTyanbHO B CBSI-
311 C HeOOXOVIMOCTBIO yyeTa CTOXacTUUeCKNX 3¢ (HeKTOB pagualilliOHHOTO BO3/ieli-
CTBUA, MHAYLMPYEMbIX U3/Ty4eHUAMMY, Pa3INYaOLIMICA 110 BeINYNHE TNHETHON
nepenaun sHepruu (JII19).

[TnanHbl 10 OCBOEHUIO JA/IbHETO KOCMOCA BbIIBUTAIOT HOBbIE 3aJa4yl, pelllaeMble
CIIEIVIa/IICTaMU B 00/TaCTV KOCMU4eCKOli paduobuonoeuu. B cBsA3Y ¢ 9TUM UCIIONb-
30BaHMe 6a306vix ycmanosok OVIAV paccmampusaemcs kKak YHUKATbHAS 603MOH -
HOCMb MOOENUPOBAHUSL O61L0NI02U1eCK020 0elicMBUT KOCMUYECKUX 8U008 U3TyUeHUT.
K HacToA1eMy BpeMeHy CTAHOBUTCA SICHBIM, YTO B XOJj€ MMIOTUPYEMbIX MEXIIIA-
HETHBIX II0JIETOB BBICOKYIO OIACHOCTD JUIsI 9KUITaXKeil Kopabsieil MOTyT IpefiCTaB-
JIATD TsDKEJIble 3apsyKeHHbIE YaCTUIbI, BXOAIINE B COCTaB Ia/TaAKTUYECKNUX KOCMU-
YeCKuX /ydeit. [[1anasoH sHeprui 4acTuL, MPUXOAAINX 13 TTyouH [amakTnky, Kak
U3BECTHO, KpaliHe IIMPOK M MPOCTUPAETCA 10 CBEPXBBICOKMX HEPIUI MOpPALKa
1020 5B. O6ecreunTdb 3aMUTy OPraHN3Ma OT UX MOBPEX/AIOLIETO JIe/ICTBUSA METO-
faMy pU3NIECKOI 3aLUThl B O/ypKaiier mepCcrueKTuBe He MPeCTaBIIsieTcsl BO3-
MOXHBIM. [ToaToMy MopiepoBaHye OMOTOTMYECKOro AeICTBUS KOCMUYECKIX BI-
[IOB M3/Iy4€HNII Ha YCKOPUTENbHBIX YCTAHOBKAX IIO3BOJIAET PelIaTh ¥ 3TY Ba)KHbIe
IpaKTUYecKue 3aa4yt KOCMIYEeCKOI pago61onornn.

B m3pmaHUM IpefcTaBlIeHbl MaTepMasbl, Kacawouyecs GopMupoBaHUA U pas-
BUTYUS PaJVOOMONIOTNYECKUX VICCNIENOBAaHUII Ha YCKOPUTEIbHBIX YCTAaHOBKAX
VHcTUTyTa B TeYeHMe HECKONbKUX AecATmwieTnit. OHM [JalOT, KaK MbI HafieeMcs,
JIOCTaTOYHO sICHOE TIpeficTaBjIeHye 00 OCHOBHBIX HAallpaB/IeHMX paboT B 3TOM 06-
JIACTH.



ITEPBBIE PAIVIOBMO/TIOTTYECKWE OKCIIEPVIMEHTDI
B OVIAN

ITepBbie papgmobuonornyeckue sKcrepuMeHTbl B OObeIMHEHHOM MHCTUTYTE
sapepHbix uccnegoBanuit (OVISINM) 6pimm Havatsl B gamekoM 1959 1. Ha 6-MeTpo-
BOM IIPOTOHHOM CUHXPOLUKIOTpoHe Jlabopartopum simepubix npobmem (JIAIL).
OTM MCCIefOBaHNA NPOBOAWIN COTPYAHUKY Ta00paTOpuM pagoTOKCUKONIOINN
U KIVMHMLOUCTBL VIHCTUTYTa TUTMEHBI Tpyfa M NpOoQecCHOHaIbHBIX 3aboreBa-
it AMH CCCP nop pykoBoAcTBOM 3aBepylolieil nmabopaTopueit mpocgecco-
pa O.b.Kypnanpackoit n gupekTopa MHCTUTYTa akajemuka A.A.JleraBera. B Ha-
qaje 1960 r. Ha Teppuropun JISII 6b1a opranusoBaHa maboparopHas 6aza 3TOro
MHCTUTYTa, CMOHTMPOBAH Ma/IeHbKuI «DUHCKMI» TOMUK BO aBope JlabopaTopun
HEJTPOHHON (PM3VKI PALOM C Tellepb yyke OBIBIINM IIaBVIbOHOM (U3NYECKIX U3-
mepenuit JISII (on cymectByet go cux nop). V1 Ha aToit 6ase Hauamy paboTaTh Iep-
BbIe COTPYLHMK, IOCTOSHHO >XyBYIye B JlyOHe, CO CTaTycoM IPUKOMaHIVPOBaH-
HbIxX K JIAIL Ilepepn nccnegoBaTeIbcKUM KOJIJIEKTUBOM CTOS/IN 33[Ja4ll CPaBHUTEIb-
HOJI OLIEHK! BO3MEVICTBYUA Pa3HbIX 103 IPOTOHHOIO M V-M3JTy4Y€HNII Ha OpraHN3M
9KCIIePYMEHTA/IbHBIX KMBOTHBIX. [To/TydeHne Takoro popa JAHHBIX CIY)KUIO ObI
Heo6xoyMort 6a3oit 111 paspabOTKM Mep IO CHVDKEHMIO CTEIIEHV BPEIHOTO BIM-
SHMS KOPITYCKY/IAPHBIX M3/Ty4eHNUI Ha OPraHM3M 4YelloBeKa U B MTOTe IJIA CO3Ja-
HYS1 HOPMATUBOB JUIsI IIEPCOHa/Ia, PabOoTaloIIero B CMEIIaHHbBIX HOMAX MOHUSUPY-
IOIIVX U3Ty4eHNIL.

B e xe rogpl B CCCP BO3HMK psifi aKTya/JbHBIX 3aJlay, CBSI3aHHBIX C Haya-
JIOM KOCMMYECKO! 3pbl ¥ OCBOEHMEM OKO/I03€MHOTO KOCMMYECKOTO IPOCTpPAH-
crBa. OcTpast HeOOXOAMMOCTb OBICTPOTO pelIeHNs ITUX 3ajad CTUMY/IMPOBaa
IpOBefjeHNe IVPOKOMACIITAOHBIX Pa0OMOIOTNYeCKUX UCCIEOBAHUII I B KO-
HEYHOM WTOTe oIpefenyaa (ppOHT BBHINOTHAEMBIX paboT Ha ycraHoBkax OVIAN.
3amylieHHbIe B TOT IT€PUOJ MICKYCCTBEHHBIE CIYTHUKM 3eM/IM U KOCMUYECKIe KO-
pabmu 0OHapPYXMIN BBICOKUI YPOBEHbD J103 MOHU3UPYIOWINX U3TyIeHUI B OKOJIO-
3eMHOM KOCMUYECKOM IIPOCTPaHCTBe. BBIACHIIOCH, 4TO B KOCMOCE IIPUCYTCTBYIOT
pasIMYHbIe BUIBI MOHUSUPYIOIINX U3TyIEeHNI, MEIOLVe C/IOXKHBIN 3aps/IOBbII U
SHepreTH4ecKuii creKTpol. [Ipy MoaroToBKe MepBHIX MONTETOB KMBOTHBIX U 4€JIO-
BeKa B KOCMOC He ObI/IO SICHOCTM B TOM, KaK OyZyT BecTu ce0s KUBbIe OpPraHU3-
MBI B YC/IOBUAX MHOTOKOMIIOHEHTHOTO PaJVIallIOHHOTO BO3/Je/ICTBYA, B TOM YMCIIe
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IIpY JeICTBUU IIPOTOHOB BBICOKUX 3HEPIUii, reHepupyeMbix COMHIEM U MCXOMA-
myx u3 rmy6ouH lamakTvkn. PemnTh 3Ty 3afady cTaso BO3MOXKHBIM B Ha3eMHBIX
YCIOBUAX, 00my4ass 6monornmdeckue o6beKThl Ha IepBoM B JlybHe 6-MeTpOBOM
YCKOpuUTe/e IIPOTOHOB, TEHEPUPYIOLIEM ITy4KM IIPOTOHOB C SHepruen o 660 MsB.
Llenbio TaHHBIX PabOT ABIATOCH YCTAHOBJIEHNE BE/IMYMHBI OTHOCUTEIBHO 6110710~
ruveckoit addexkrusroctn (OBI) MPOTOHOB BBICOKOIT IHEPTUH, T. €. HEOOXOANMO
ObI/IO YCTaHOBUTD, HACKOJIBKO 60siee (111 MeHee) 3 deKTUBHBI BLICOKOIHEPreTHY-
Hble IIPOTOHBI 110 CPABHEHMIO C PEHTT€HOBCKUM WM V-U3/Ty4eHNeM IIpU JeliCTBUI
Ha >KUBble OpraHu3Mbl. IIpy KpaTKOCPOYHBIX MO/IETAaX B OKOJIO3€MHOM KOCMMYe-
CKOM IPOCTPAHCTBE pafiMallIOHHasA OIIACHOCTh OOYCIOB/IEHa B OCHOBHOM IIPOTO-
HaMM, COCTAB/IAIIIMMI U3/TydeHMe painallMOHHOTO TosAca 3eM/IM WIN TeHepUpy-
eMBIMU B pe3y/bTaTe XpoMocdepHbIX Bcmbliek Ha Connije. Hambonpimit Bkap,
BHOCAT IIPOTOHBI C 3HepruAMu B auanasone 100-700 MsB. Tlostomy nepsooue-
penHOI 3afadeil CTAaHOBMIOCH VICCIIEOBAHE BIVIAHNA NIPOTOHOB Pa3HbIX SHEPINI
Ha OpraHy3M YeloBeKa U MONCK CIIOCOOO0B 3aIUThl KOCMOHABTOB OT MX HETaTUBHO-
T'O B/IMSHUS BO BpeMs IIOJIETOB.

B xope 06cy>xmeHms Bceil COBOKYITHOCTY BOIIPOCOB B PYKOBOJSAIIVX OpraHax
CTpaHbl ObUIa BBIpabOTaHa NporpaMMa VICC/IENOBAHUII M IYTH €e peannsaljuiu.
B nexabpe 1963 r. B MockBe co3faH VIHCTUTYT MeAMKO-OMONMOrMYecKX IpobieMm
Munucrepcrsa 3gpaBooxpanenus (VIMBII M3) CCCP, BosriaBiseMblil akaieMu-
koM A.B.JlebenyuHCcKMM, 1 clleiMazbHOE MOfpasJieieH1e, PyKoBOAuMOe mpodgec-
copom [O.I. IpuropseBbim. B [ly6ne mpu JIAIT OVISIV 3apaborana crauyoHapHas
nmaboparopus — ¢uman ogHoro n3 noppasgenennit VIMBII, kotopas sBmsnace,
10 cyTH, 6230711 151 IpOBefeHNs paboT 10 0OTYUYeHMIO PAa3TNIHBIX OMO/IOTMYeCKUX
00BEKTOB pasHbIMI BUJJaM MOHM3MPYIOINX u3nydeHuit. Ha cuaxpounkiorpone
IPOBOJVI/IV 9KCIIEPUMEHTBI IO 0OTy4eHNI0 Pa3HBIX XMBOTHBIX (KPBIC, MBIILIEN, CO-
6ak 1 gaxxe 00e3bsIH), PACTUTE/IbHBIX 00BEKTOB, @ TAK)Ke KY/IbTUBUPYEMBIX KII€TOK
MJIEKOIIUTAIOMINX U Y€I0BEeKa IIPOTOHAMM C SHepruAMM OT 25 o 645 MaB. Ipynma
¢usukoB VIMBII obecrieunBana BbIBefieHNEe ITyYKOB IIPOTOHOB C Pa3HbIMU 9HEPIHU-
AMU U JJO3UMETPUIO IIpY 06TydeHuy 61000 BEKTOB, MCIONb3Ys OIOKM TKaHEIKBU-
BaJICHTHBIX ITOIJIOTUTENIEA.

Ha sToM yckopurene NpOBOAWIN CBOM OIBITHI HE TONBKO COTPYLHUKMU
VIMBII, vo n cnenyamuctel n3 apyrux umHcturytop AH CCCP, AMH CCCP,
Munsgpaa CCCP. B coorBerctBun ¢ pazpaborannoit B AH CCCP mporpammoit
«VIHTepKOCMOC» B 9TUX pabOTax IIMPOKO yYacTBOBAIN YIeHbIE U3 IPYTUX CTPAH —
bonrapumn, Benrpun, I'TP, Ilonbmu, Pymbinnm, Yexocnosaxkumn.

Msy4gannuch peakumy pasHbIX KIETOYHBIX ¥ TKaHEBBIX CHCTEM Ha BO3Jeli-
CTBME OCTPOro, (PPaKkIMOHNPOBAHHOTO U XPOHUYIECKOTO IPOTOHHOTO OO/Ty4eHNs.
VccnepoBanoch Takxe MOAUQUIMpYIOLee BIMsAHNE Pa3HbIX BULOB (PU3NYECKNX U
XVMMUYECKMX areHTOB Ha pajuanyoHHble 3¢ dekTrl. bonpmoi o6beM paboT Obi1
BBIIIOJIHEH I10 OLIEHKe pafialliOHHON OMACHOCTM NPU KPAaTKOBPEMEHHbIX U JI/IN-
Te/IbHBIX KOCMIYECKVIX I10JIeTaX Ye/IoBeKa, pabOThI IT0 YCTAHOB/IEHNIO OMYCTUMBIX
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ypOBHeit 00/y4eHns, Beach pa3paboTka MeTO0B GU3NIECKO 3aLIUThI OT KOCMU-
YeCKoll pafialiyy u T. JI.

B 1967 r. usman nepsblit cOOpHUK cTateil «Buonornyeckoe meiicTBME MPOTO-
HOB BBICOKMX 9Hepruii» nop pepakuyeit I0.T.Ipuropresa, rae 661 060611eHBI
pe3ynbTaThl uccnenopanuit Ha cuaxpounknorpone JIAII OVIAN. Ilo nonydeHHBIM
MaTepyanaM 3alUIIeHbl MHOTME NEeCATKM KaHAMJATCKUX M JJOKTOPCKUX Jyccep-
TalMit, HAIIMCaHbl MHOTOYNMCIEHHBIE CTaThbU M MOHOTrpaduim, MOCBSIIeHHbIe 9TO
npobieme. AHa/u3 MOTYYEHHBIX JAHHBIX 110 PeaKIUy K/I€TOK U TKaHEeBBIX CUCTEM
OpPraHN3MOB II0OKa3as, YTO IO CBOEMY BO3[JEJICTBUIO IIPOTOHBI BBICOKUX SHEPTUIL
aHaJIOTMYHbI BO3JEVICTBUIO 97IEKTPOMArHUTHBIX BUIOB M3/Iy4E€HUIT — V- I pEHTTe-
HOBCKUX jy4eil. OfHAKO OTMEUYEeHO IOBBILIEH)e OTHOCUTENIbHON O61MOI0rNuecKoit
3¢ deKTUBHOCTY IIPOTOHOB IIPYU CHIDKEHUY UX 9Hepruu fo 25 MaB u Hike.

B ycnoBusAx #AUTENTBPHBIX KOCMUYECKVX IIOJIETOB HayuOONBLIYIO ONACHOCTD,
KaK OKa3ajloCh, MOXKET IPENCTABIATh TaJlaKTU4YeCKOoe KOCMMYECKOe W3Iyde-
Hue (I'KW). bsuto Beisicueno, uro 'KV cocTouT U3 mpakTudecku Bcex 3/IeMEHTOB,
COCTaB/IANIVX Nepuopndeckyo Tabmny JI. V1. Menpeneea. Hanbomnbumit Bkmag
B MHTETPAJIbHBIN MOTOK TsKenbIX Anep KV BHOcAT Afpa rpynnsl yriepoga 1 >xe-
7ie3a, YCKOPEeHHbIe B KOCMOCE [JO TUTAaHTCKUX SHePruil. XOTs MOTOKM 3TUX YaCTUL]
HeBe/MKM (3a TOf 1oJIeTa BHe MarHUTOCQepsl 3eM/IU OHM COCTABJIAIOT IIPYMEPHO
10° cM~2), MX MOBpEX/AMlee BAMsAHNE HA OPTaHU3M MOYKET ObITh KpaliHe Hebma-
TONPUATHBIM. VI3ydeHre 0coOeHHOCTelT 6MOTOTMYeCcKOro AeICTBYUSA TSXKEbIX 3a-
PSPKEHHBIX 4acTUIL ¥ TeM CaMbIM MOJe/IMPOBaHME BAUAHNA HA JKMBbIE CUCTEMbI
apep 'KV MOXHO 6BUIO OCYILIECTBIATh B TOT IEPUOJ Ha YCKOPUTENE TSXKETbIX
noHoB Y-300 Jlabopatopuu saepubix peakuuit OVISV. I. H. ®népos akTMBHO OA-
fiep>xan obpamienne pykosopgureneit VIMBIT — akagemuka B.B.Tlapuna u Bckope
cmeHuBuIero ero akajgemuka O.I.Tasenko, 1 mpemocTaBuiI BO3SMOXXHOCTb IPOBO-
IUTDH Pagyo6MOIorndecKye 9KCIePYMEHTbI Ha 9TOM HelaBHO 3aIyIIIeHHOM B 9KC-
IUTyaTalIo0 YCKOPUTETIE.

Hapo 3ameTuTb, 4TO IIOCTAaHOBKA PafnMOOMOIOrNYECKNX IKCIEPUMEHTOB Ha
yckoputene Y-300 6b1a HEIpOCTON 3ajadeil. DHEPIUs TSAXKENbIX MIOHOB, TeHEPU-
PYeMBbIX ycKopuTeneM, He npesbimiana 10 MaB/myknon. JIna nposeienus pajgyuo-
OMONOTMYeCKX 9KCIEePVMEHTOB Obl/Ia CO3[jlaHa YCTAaHOBKA, KOTOpas II03BOJIATIA
TPAHCIIOPTUPOBATh IYYKM YCKOPEHHBIX sAfep B arMocdepy. C ee IIOMOIBI0 MOX-
HO OBIIO OCYILIEeCTB/IATD MPELVSVOHHYI0 JO3MMETPUIO YaCTULL, X C YIETOM TOTO,
4TO NMPOOErn YCKOPEHHBIX MOHOB B TKAHAX JKMBBIX OPTAaHM3MOB He IIPEBBIIIA/IN
300 MKM, IpMIIIOCh pa3paboTaTh CIENMA/TbHYI0 TeXHUKY IIPUTOTOB/IEHUA OMO-
JIOTMYeCKNX 00pas3IoB (MOHOCION KJIETOK) Iy obOmydeHusA. B skcrepmmeHTax
Ha MUKPOOPraHM3MaX, K/I€TKaX MJIEKONMTAIMINX B KY/IbType, TKaHAX POrOBUILIbI
MENKIX TabopaTOpPHBIX >KMBOTHBIX ObITa OTMeYeHa BbICOKas Oumomornyeckas ad-
(beKTUBHOCTD TSDKE/IBIX MOHOB 110 CPABHEHUIO C Y-JIy9aMy ¥ IIPOTOHAMU BBICOKMX
9Hepruil 10 MHOTUM TeCTaM, B TOM 4MC/Ie IO KPUTEPUIO MHAYKIUY OBPEXXeHNI
XPOMOCOMHOTO alllapaTa KIeTOK M/IEKOIUTAOLX.



[ToMrmo crenyuamucToB B 06/1acTM KOCMMYECKOi pajmobmonornyu Ha 6Gase
OMAN paborana rpynma pagnoO6M0OIOroB — COTPYAHMKOB Bcecors3HOro oHKO-
norumyeckoro HayyHoro nentpa (BOHI) AMH CCCP. B 1966 r. mo nHunmaruse
B.II. [IxxenenoBa Ha cuaxpouuknoTpone JISAIT OVAN 6p11m HavaThl paboTHI 1O CO3-
pauyio nepsoro B CCCP npoTOHHOrO MeAUIIMHCKOTO Iy4Ka IS OOMyd4eHNs OH-
KOJIOTMYeCKVX 60/MbHBIX. [pyniry ¢pu3nkoB, 3aHMMaBIINXCA 3TOM MIPOOIeMOit, BO3-
r1aBs coTpyaHuk JIAIT O. B. CaBueHKO, OT OHKOTIOTMYECKOTO [jeHTpa paboToit py-
KOBOJVJI 3aBeYIOLINIT OTAE/IeHNEeM Ty4eBolt Tepanuy npodeccop V. V. Pynepmas.
Bckope 6bU1 cO3aH IPOTOHHBIN ITy4OK, HA KOTOPOM HeoOX0VIMO OBIIO IPOBECTH
HepBble IPeIK/INHIYeCKe Pafno00oIorndecKne uccnefoBanns. s aTux uccue-
nosanuit B BOHI] 6bima mpurnamena Ha paboTy u3 VIHCTUTYTa I'MIMeHBI TPyAa
u npo¢3aboneBaHnil Ipymnma COTPYSHNKOB, IIOCTOSHHO paboTaoumux B [lyOHe u
3aHVMMAIOLINXCS MCCIeSOBaHMEM OMOIOTMYECKOTO AeCTBYS IIPOTOHOB BBICOKMX
sHepruii, Bo rmase ¢ C.IL JpMoHeHko (Torma eme KaHAUAATOM OMOIOTMYECKUX
Hayk). B BOHII 6b11a co3nana naboparopusi pagno6oIorny omnyxoieit, COTpya-
HVIKV KOTOPOJI paboTamy B TECHOM KOHTAaKTe C 1yOHEHCKOII IPYIIIIOIL.

Papgno6uonornyeckue uccnefoBanys Ha IPOTOHHOM MeIMIIMHCKOM ITy4Ke Ha-
yanuch B 1968 1. B akcniepuMeHTax, IPOBOAVMBIX Ha K/I€TOUHBIX KY/IbTYPax U XKI-
BOTHBIX-OITYXOTIEHOCUTE/IAX, OBV OIpefie/ieHbl OCHOBHbIE Pafyo0MoIornyecKe
IapaMeTpbl IPOTOHOB ¢ 3Heprueit 180 MsB, 4To 1amo BO3MOXHOCTb B CKOPOM Bpe-
MEH! HayaTb JIy4eBoe JieueHe OONMbHBIX.

CrepyomyM STaloM MCCAEOBAHUIT NyOHEHCKMX Pafiuo6MOI0TOB-OHKOIO-
roB OBUIO M3y4YeHMe OMOIOTNIeCKOTro HNeICTBMS /T~ -Me30HOB Ha Iy4Ke, CPOopMIM-
POBAaHHOM Ha ToM >xe yckopurene JIAIL by momydyeHbl NpuopuUTETHIE JaHHbBIE
10 BEJIMYMHE OTHOCKUTENIbHOI OMONMOrn4eckoit 3QpGeKTUBHOCTY ¥ KUCTIOPOJHOTO
k03¢ PuIyeHTa 3TOr0 BUsia U3TyYeHNU A, KOTOPOE, KaK IO/IaTalin, MOXKET OKa3aTbCs
3¢ (deKTUBHBIM IIPM MCIIOTb30BAHNUY B JTy4eBOII Tepalny oIryxoseit. BriocrencTeym
IpeIPUHNMAIICh VICCTIEIOBAHNA OMOTOINYECKOTO JIeICTBMA HEITPOHOB CBEpPX-
BBICOKMX 3SHEpPIuil C JajJbHUM HPUILETOM MCIOIb30BAaHUA 3TOTO BUIA YaCTHUI]
py 00Ty4eHNN PaiOPe3VCTEHTHBIX KPYITHBIX OITyXOJIeBBIX 0Opa3oBaHMUIL

Ily6HeHcK1e pafno61onory paboTanu B HOCTOSTHHOM KOHTaKTe C MOCKOBCKI-
MM KoyuteraMmu. VIccemoBaHUAMY TO-TIPeXHEMY PYKOBOAWI TeIepb yxe mpodgec-
cop C.II SIpmonenko. CoBMeCTHO ¢ KojuteraMu 13 MOCKBBI TPOBOAMINCH PabOTHI
II0 9KCIIEPYMEHTA/IbHOMY 0O0CHOBAHUIO METO/A ITMIIOKCHPAVOTEePAIINY, KOTOPBII
ObUI BHEIIpeH B KIMHNYECKYIO IIPAKTUKY JTy4eBOJl Tepalyyi BO MHOTMX OHKOJIOT-
gyecknx yupexaenusax CCCP u 3a py6exxom.

Pagno6uonornyeckne mucciefnoBanusa Ha 6a3oBbix ycraHoBKax OVISIV Bmo-
CJIeICTBUY CTA/IM YCIIEIIHO PasBUBATbCA Pafino0MOI0TaMi, PabOTAIMIMMY Helo-
cpencrBenHo B OV, B co3ganHOoM B 1978 I. ceKTOpe 6MOMOrnyeCcKnx MCCIefoBa-
Huit JIAIL



CO3OJAHUIE CEKTOPA
BUOJIOTUYECKUX UCCIETOBAHUN

VHunuatopoM co3fjaHMsA CeKTOpa OMOMOIMYeCKUX MCCIeOBAHMIL ABIAICA
[IOKTOp (M3MKO-MaTeMaTn4eckux Hayk B.VI.JlaHWIOB — pPYyKOBOAMTENDb OT/eNa
cunxponukiaorpona JISIL. B Tor nepuop B.V. lannnos aktuBHO pasBuBan pado-
TBI I10 JIEVICTBMIO MarHUTHBIX IO/IElT C PA3IMYHBIMI XapaKTepUCTUKAaMM Ha 6110710-
rudeckye 06beKThl. bronory, opraHu3oBaHHbIe B IPYIIY MarHUTHBIX UCIIBITAHNII,
paboramy 1o crienuasbHOMY Hapsjy-3akady MMHUCTepCTBa CpeHEro MalIfHO-
crpoenusa CCCP. IIpoBognnoch usydeHne BIMAHUA VMITY/IbCHBIX M II€PEMEHHbIX
MarHuUTHBIX II07Iell Ha pacTeHus, 6akrepuu u ¢ary, muMQOLNUTEl KPOBYU UYeloBe-
Ka, HepPBHBIE KJIeTKM (Ha MOJe/NN HellpOHOB MOJUIIOCKOB). Hapany ¢ aTum msydva-
JIMCh peaKLMU PacTUTENbHBIX 0ObEKTOB Ha 9KPaHVMPOBAaHME TeOMarHUTHOTO TOJIA
3emmn (I'MII). ITpu saTom mcnonb3osanach CKOHCTpyupoBaHHass B OVIAN ycra-
HOBKa «MarHuTHbI 9KpaH», obecrednBanmias ocnabnerne IMIT B 10°-10° pas.
OTn paboThl NPOBOAWINCH COBMECTHO C COTpyAHUKamu VIHcTuTyTa 60TaHMKM
um. H.T. Xomoguoro AH YCCP (Kues).

B ycnoBusax skpanuposanua I'MII jomunupyromei peakuueil ABUIach 3a-
lep>KKa NPOpAaCcTaHusA CeMAH PasHBIX BUJIOB PACTE€HMII ¥ TOPMOXKEHME POCTa UX
IIPOPOCTKOB. BBIIO BBIABIEHO CHIDKEHVE MPonnepaTBHOTO IIy/Ia KJIETOK U YBe-
NINYeHye 001ell TN TEeNTbHOCTI IIVIK/IA MX PEeIPOAYKIIVMN 32 CYET YIIMHEHUA OT/e/b-
HBIX a3 (B OCHOBHOM IIPECUHTETUYECKON, @ Y HeKOTOPBIX PACTEHMIT Y TOCTCHHTe-
Tdeckont). ViccnenoBanne auHamyky cuHTtesa PHK u 6enkoB, joMuHmpytomero
MMEHHO B 3THUX (pa3ax KJIeTOYHOTO IVIK/IA, BBIABIU/IO CHIDKEHME (QYHKIMOHATbHON
aKTMBHOCTY T€HOMA y BCEX MCC/IEIOBAHHbBIX PACTEHNII B PaHHUI ITpepeIIMKaTUB-
Hblii iepuog. [lonydeHHbIe pe3ynbTaThl CBULETENbCTBOBAMM O ToM, yTo I'MIT AB-
JIs1eTCsE OMOMOrNYeCK) 3HAYMMBIM (HaKTOPOM, OKa3bIBAIOIM OIPefelIeHHOE BIIVsI-
HII€ Ha IIPOLIeCChI TPAHCKPUIILUY, TPAHC/IALMMA 1 Ha IPO/QepaTUBHbIE MIPOLIeCChI
B PACTUTEIbHOM KIIETKE.

[TpenBapurTenbHble UCCTAENOBAaHMUA, IIPOBEleHHble Ha KJIeTKaX Ye/loBeKa,
0 B/IMAHUIO MEHAIOILIETOCA BO BPeMEHU 110 MMI000pa3HOMY 3aKOHY MarHUTHOTO
nons (MII) ¢ HanpsKeHHOCTBIO B MakcumyMe 300 O Ha XpOMOCOMBI TMMGOLUTOB
KPOBU 4Ye/IOBeKa IOKasamy, 4To 3¢ ¢eKTNBHOCTh Bo3peiicTByusa MII cymecTBeH-
HO 3aBJMCUT OT TeMIIepaTypbl KyJIbTUBUPOBaHUA KIeTOK. IIpy KynbTuBupoBaHumn
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mMM(ONNTOB B AMamasoHe Temmeparyp 37-41,5°C 6bUI0 OTMEYEHO yBelnndeHue
4JIC/Ia KIIeTOK C XPOMOCOMHBIMM abeppanysiMu ¢ pocToM TeMieparyp ot 38,5°C u
BBIIIIE, 0COOEHHO B C/Ty4YasiX COBMECTHOTO BO3/Ie/ICTBYS MarHUTHOTO IIOJISI M BBICO-
KIX TeMIIeparyp.

C y4eTOM HONTy4YeHHBIX Pe3y/IbTAaTOB ¥ B IEIAX KOOPAMHAIVM paboT B 06-
JIacTM OMONOTMM M MEJVILVMHBL, a TaK>Ke PasBUTH HOBBIX HAIIPABIEHMII B OT/e-
e cuuxpouuknorpona JISIT 6pi1 cosfaH ceKTOp OMOMOTMYECKUX MCCIeTOBaHMIT
(mpuxas mo OIS Ne3388 ot 29 Hos6pss 1977 1.). I/ pyKOBOACTBAa CEKTOPOM
6bu1 mpurtaiteH npogeccop B. V. Koporopgus, a ¢ 1986 1. ceKTOp BO3I/IaBUII IIPO-
deccop E. A. Kpacasun.

Hapsany ¢ nccnegoBannsaMu B 0671aCTi MarHUTOOMOIOTUM B CEKTOpe Havajn
aKTVMBHO Pa3BUBATLCA PafinoOMOIOTYEeCKIe UCCIeNOBAHNA Ha 6a30BbIX YCTAHOB-
kax OVAN. OcHoBHOM 3amadeil 3TUX MCCIELOBAHMI AB/IS/IOCHh BbIACHEHME MeXa-
HU3MOB, OIPENE/SIONIVX Pa3ININsA B OTHOCUTETIBHON O610morndeckoit apexTus-
HOCTY MIOHM3VPYIOLIVIX U3TTy9€HNII C pa3HBIMU PU3MUECKMMU XapaKTepUCTUKAMIL.
Ha npotspkeHun HeCKONMbKUX AeCATUIETU 3Ta 3a/jada OCTaBagach OFHON U3 KIIIO-
YeBbIX B pajMalMOHHOI Omonormy. HecMOTpsi Ha MHTEHCUBHBIE MCCTIEOBAHMUS
npo6nemsl OB m3mydyeHnit, pa3nMyalOMIMXCs 10 JIMHEITHOV Iepefiade SHepruu,
IPOBOAVIMbIE BO MHOTUX /Tab0paTOPVAX MUPA, MEXAaHV3MBI, OIpefe/IAIoNIe ITI
pasmuuus, He ObUIM BBIACHEHDL. /11 0ObsACHEHMS 3aKOHOMEPHOCTEl! JIeTaIbHOTO
AeICTBUA U3MydeHuit, pasnudatomuxcsa no JIII9, Ha kneTku pasmm4HoOro mpomuc-
XOXKIeHNsA ObUIM CO3JaHbl MHOTOYMC/IEHHBIe MaTeMaTudeckue Mopenu. OmHAKO
B paMKax Pa3BUTHIX IPeACTaBICHMII OKa3a/I0Ch HEBO3SMOXXHBIM OOBACHUTD HEOJI-
HO3Ha4HYI0 3aBucuMocTb OBI ot JIIID. lmaBHasA TpygHOCTD, KOTOPasi IPENATCTBO-
Bajla packpeituio npupopsl ObJ, 3akmoyanace B ToM, yTo OBD HeogHO3HAYHO
oIpezensieTcs KakK YiCTo GpuandecKumMu pakTopami, OTPaXKaroIMy 0COOeHHOCTI
nepenaqy IHePIUM BeIeCTBY KIeTOK, TaK ¥ pasInIHbIMU pakTopamy Ouonormye-
ckot mpupopnsl. HecmoTps Ha To, 4To ABoitHas npupopga OB Obria moHATa yxe
laBHO U, 60JIee TOro, IMpOfeaHbl pabOThl, B KOTOPBIX IPEANPUHNUMAIIICH IIOIIbIT-
KU pasfe/inTb PU3NIEeCKYI0o ¥ OMOTOTMYEeCKYI0 COCTABIIAIONNE B LIe/IAX MTOTyYeHUA
COOTBETCTBYHOIIMX (HOPMYIT ISl BeraMcIeHus koapdunyentos OB, MexaHU3MBI,
onpepenaomye pazmnuuda B ObD MOHM3MPYOMINX U3/Ty4eHNI pa3HOTO Ka4ecTBa,
BBISICHEHBI He ObUIN. [IpyunHOl 9TOrO SIBIA/ICS HEydeT TOTO BaXXHOTO (akTa, 4To
Ouornornyeckas cocTaBswoLIas cama MoxeT 3aBuceTs oT JIIIS. Ha ocHoBe aToro
BO3HUKJIO JIOXKHOE IIPefICTaB/IeHNe O TOM, 4TO 3aBucuMOocTb OB ot JITIS nenukom
omnpefenaeTcsl MUKPOCKOIIMYECKNM paclpefe/ieHNeM NepeJaHHO 9HEePIUM U3TTy-
YeHUI1 TeHeTUYeCKUM CTPYKTYpaM, OTBETCTBEHHBIM 33 pealM3alNi0 PafiMallYiOH-
HO-MHIyIMPOBAaHHOTO 3¢ dekTa.

B skcnepuMeHTaX, BBIIIOTHEHHBIX Ha YCKOPUTENIAX TAXKE/IbIX MOHOB, YCTAHOB-
JIeHO, 4TO 6monorndeckas 9QpGeKTUBHOCTh MOHU3UPYIOIUX U3Ty4YeHNIT PasHOTO
Ka4decTBa I10 UX JIeTaJIbHOMY BO3Je/ICTBUIO Ha KJIETKM IIPO- ¥ 3YKapUOT ONpefies-
eTcsA ABYM:A QaKTOpaMyl pasIMIHON IPUPOABL: PU3MIECKUMI XapaKTepPUCTIKAMM
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U3JTydeHNIT ¥ OMOTIOTMYEeCKIMM CBOJICTBAMY CAMUX KJIETOK — UX CIIOCOOHOCTBIO
BOCCTaHaB/MUBaTbcs OT jydeBblx noBpexpenuit (E.A.KpacaBun, C.Kosy6ek,
K.T. Amupraes, II.H.Jlo6aueBckuit). [1aBHBII BBIBOJI, C/Ie/IaHHBII B pe3y/abTaTe
IIPOBEJIEHHBIX 9KCIIEPMMEHTA/IbHBIX M TEOPETUYECKUX MCC/IeOBaHNIl, HA OCHOBE
yero 6pUTa pemieHa npobmema OBJ, 3akar04ancss B TOM, YTO CIOCOOHOCTH K pe-
napanun nospexpennii JHK zasucum om JIII9, mak kax xapakmep nemanvHvLx
noepescoeHuti maxice UsMeHAEMCA U A67Aemcs 3asucumoim om JIT1O.

B xoH1e 1970-X IT. OTe4eCTBEHHBIMM U 3apYOEKHBIMY UCCIIETOBATEIAMI OBLIO
YCTQHOBJIEHO, YTO OCHOBHBIMM NOBpexxgeHuAMM cTpykTypbl IHK, npusopgamumn
KJIeTKY K TMOesn, IBIA0TCSA AByHUTeBbIe paspoiBbl ([IP). Heckonbko nosanee 66110
TaKOKe MOKA3aHO, YTO OakTepum — KIeTKM KuieyHoit mamouku (E. coli) — mpnu
OIIpe/ie/IeHHbIX YCIOBMAX HOTMOAIOT B pe3y/IbTaTe BOSHMKHOBEHMS IO KpaifHeil
mepe ogHoro JIP [THK B xpomocome. C y4eToM BBIAB/IEHHBIX (PAKTOB BBIIBUHYTOE
IpeAonoKeHe 00 M3MeHeHN) XapaKTepa JIeTaTbHbIX ITOBPEX/eHMII ¢ M3MeHe-
HyeM JITID usmydeHnit MOXKHO OBIIO 9KCIIEPUMEHTAIbHO 000CHOBATh. TOMY CIIO-
COOCTBOBAJIO ¥ TO OOCTOATENIBCTBO, YTO K TOMY BpeMeHM ObLIN HO/Ty4eHbl Pa3Hoo-
OpasHble pernapanyoHHO-fepUIMTHbIE MyTaHTBI K/IeTOK E. coli. VIx ncnonb3oBaHme
MO3BOJIATIO MICC/IEIOBATh BIMSHME PA3IMYHbIX 3TANIOB pelapalyiOHHOrO Ipolecca
Ha 0COOEHHOCTH JIETAJIbHOTO JIeVICTBYA V3/Ty4eHUII IIPOKOro AuamnasoHa JIIID.

Ha ocHOBe M3BeCTHBIX NPECTABIEHNI O 3aKOHOMEPHOCTAX MHAYKIIUY U pela-
paunn nepsuyHbIx nospexaenuit JIHK y 6akrepuit E. coli mpu o6mydenun 6bita
paspaboTaHa MaTeMaTH4YecKass MOJielb JIy4eBOil MHaKTMBauuy Oakrepuit. C mc-
II0/Ib30BaHVEM METO/IOB MYKPOZIO3MIMETPII IIOKA3aHO, YTO IIPH V-00/TydeHnN Kiie-
10K E. coli ocHOBHOII Tnl neTanbHbIX noBpexaennit [JTHK — pByHuteBsle paspsl-
BBl — BO3HUMKAIOT B IIpoljecce penapanny ofHOHNTeBbIX pa3preiBos (OP) THK u 8-
nawrca sH3umarndeckumu P [JHK. Beixon npameix [IP JHK, nenocpencTseHHO
UHAYLVPYEMBIX Y-00mydeHuem, cymecTBeHHO MeHbumit. C Bo3pacranmeM JIII9
yacTul usMenserca kavecmeo JIP [THK, cBA3aHHOe C yBenm4eHMeM BbIXO[A «KOM-
nnekcHbix» [JP. Kommnexkcuble [JP npy nmpoxokpgeHun TspKeol 4acTUIIbl uepes
Huth JTHK XapaxkTepusyioTcsa He TONbKO OJHOBPEMEHHBIMM pa3pblBaMM ITTaBHOM
L[eNY BJICHTHOCTH, HO U MOBPEX/eHNAMY OCHOBAHUII B MeCTe pa3pbIBa, IIOBPEX-
feHVAMM caxapa. Paspaborannas 6mogusndeckas Mofenb 0ObsACHAA IS KIETOK
E. coli pa3sHBIX T€HOTUIIOB 3aBUCUMOCTD OT JII1O m3nydeHuit pagyo4yBCTBUTENb-
HOCTY, GOPMBI KPUBBIX BBDKMBAHMSA, HECTBYSA PasHbIX MOAMMUIMPYIOINX (ak-
TOpPOB. BbI/IO OKa3aHO, YTO IIpY Y-00/TydeHNM BeINYMHA Pa/I09yBCTBUTEIbHOCTI
onpepensercs 3¢ (HeKTUBHOCTDIO pelapallIOHHbIX CYCTeM K/IETOK, IPU JeiICTBUN
)K€ TsDKENbIX 3aPSDKEHHBIX YacTUIl pafMOYyBCTBUTEIBHOCTb HETEPMUHMPOBAHA
JMIIb PU3MYECKMMI CBOMICTBAMI U3Ty4eHMIl. XapaKTep 3aBUCHMOCTU PajyodyB-
CTBUTENBHOCTY KIeTOK oT JIIID u3mydennit o6ycmoBIuBaeTcs CTEIeHbIO YYBCTBU-
tenbHOCTH E. coli K y-06mydennso.

OKCIepMMeHTalbHas IPOBepKa IIOATBEpPAIA BCe CIEACTBMs pas3paboTaH-
Hoit mopenu (E.A.Kpacasun, C.Kosybex, K.I. AMupraes). bouto ycraHosieHo,
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4TO 1) XapakTep 3aBUCHMOCTH PaJVIO9yBCTBUTEIbHOCTI 6axTepuit E. coli reHeTH-
YeCKM JileTEPMUHMPOBAH U OIIpefie/iAeTCs TUIIOM Y BBIXO/IOM JIeTa/IbHBIX IIOBPeX/e-
HUIT, MUHAYIVPYEMBIX IIPU Y-00/Ty4eHUY; 2) 3aBUCUMOCTD Pafi09yBCTBUTETIbHOCTI
K/IETOK C HOPMa/IbHbIM PeNapalyiOHHbIM TeHOoTHIoM oT JIIIS MoxeT onmcpiBaThcsa
KpUBOIL MO0 C JIOKAIbHBIM MaKCUMYMOM, 1160 6e3 MakCUMyMa, B 3aBYCUMOCTH
oT ycnoBuii, BauArmux Ha Bbixof P THK sH3sumaTnyeckoii mpupobl 1 ornpefe-
JIAIONIVX 9yBCTBUTEIBHOCTb K/IETOK K Y-00/1ydeHuIo; 3) 3aBUCUMOCTb PajioOvyB-
crButenbHOCTH OT JITIO MyTanTOB ¢ 610KOM MemneHHoM permapanuy JHK nmeer
HYICITAQZIAIOLINIE XapaKTep Npy BeexX 3HadeHuAx JII19, u koappunyents: OB usmny-
JeHNI He NIPEBBIIIAIOT eAMHUIBE; 4) A1 MyTaHTa ¢ 3¢ (deKTUBHO paboTarome cu-
CTEeMOJ1 perapaluy XapaKTepHa 3aBUCYMOCTbD C Pe3KO BbIpaKEeHHBIM MaKCUMYMOM;
5) npu 3HayeHuAx JIIIO > 100 kaB/MKM uMeeT MeCTO HUBEIMPOBaHNUE PAANOYYB-
CTBUTENBHOCTY BCEX K/IETOYHBIX IITAMMOB HE3aBJMCHMO OT PeIapaliOHHOTO Te€HO-
TUIIa, 00YCIIOB/IEHHOE MH/YKIVeN pAMbIX KoMIriekcHbix P THK.

Pasputbie MopenbHbIE NPENCTABICHUA IOCIY>XUIM OCHOBOM [JIA U3yYEeHUS
¢dakTOpoB, ompepensaomux GopMy KpuBBIX BbDKuBaHMA (S) kinetok E. coli or
no3el (D) nanydenui, pasnunyatonyxcs 1o JIII9. ViccnenoBanus BnusHMs $akTo-
POB pas3nu4HOIT npupoxsl Ha popmy 3aBucumoctu S(D) y kieTok E. coli mokasanmu,
YTO SKCIIOHEHIMA/IbHbIN TUII 3TOM 3aBMCUMOCTY P€IM3yeTCs B TOM C/Iydae, KOrja
B IIpoliecce penaparyy KaXIoro BO3HIKAIOLIETo IOBPEeX/eHNA B KJIeTKe Ipy 00-
JIy4€HUM OCTAIOTCSA HEBOCCTAHOBJIEHHBbIE NOBPEXJEHMA, NOMYMHAIINEC IIyac-
COHOBCKOMY pacIIpeJie/IEeHNI0. YTO HAaK/JIOHA SKCIIOHEHTHI, OTPa’KaloINii paayo-
YYBCTBUTEIbBHOCTD KJIETOK, COOTBETCTBYET B 9TOM C/Iy4ae BBIXOJy Hepemapupye-
mbix nospexjennit [THK. IIpenensl 4yBCTBUTENBHOCTI K/IETOK K Y-OOTyd4eHNIO
o6ycnosyens! BbrxopoM npsambix [P JTHK 1 pasmMepoM 4yBCTBUTEBHOI MUIIEHM.
Henuueitnpiit (B monynorapudMmyeckoM Maciurabe) XapakTep KPMBBIX BBDKM-
BaHusA Oaktepuit E. coli MoxeT mpefonpenensTbcss pAAoM OMOTOTMYeCKMX MeXa-
HI3MOB, p€aJM3yeMbIX Ha IONY/IALMOHHOM, KJI€TOYHOM U MOJIEKY/IAPHOM ypPOB-
Hax. Hambonee cyiiecTBeHHbBIMU NPUYMHAMM CUTMOUIHOTO XapaKTepa 3aBUCH-
MocTu S(D) ABNIAIOTCA OCOOEHHOCTY peIUIMKanyuy GakTepuasbHON XPOMOCOMBI,
IpPUBOJALIE K MHOTOKOIMITHOCTM TeHoMa. Hapsany ¢ ¢akropoM MHOTrOKOMMit-
HOCTM B pOPMUPOBAHUY IIIeYa KPUBOI BBDKMBAHMA KJIETOK C HOPMa/IbHBIM pe-
IapalMOHHBIM T€HOTUIIOM MOXKeT NPMHUMATh y4acTye peKOMOMHAIMOHHAs pe-
napanyua Ha romonornysbix yyactkax JJHK. C Bospacranmem JIIIO curmonpHbie
npu y-o61ydeHUM KpuBble BbDKMBaHMA Oakrtepmit E. coli mpeTepreBarOT Xapak-
TepHbIE ISMEHEH N, 3aK/II0YAIOLeCsd B YMEHbIICHNY Be/IMYMHbI I/IeYa Y I3MeHe-
HNM yI7Ia HAK/IOHA — BO3PAcTaHMM €r0 B 0O/IaCTH IMPOMEXKYTOUYHBIX 3HAUEHU U
IIOCTENIEHHOM €r0 YMEHbUIEHUM IIpU JlanbHeleM Bospactanuu JIIIS. Vsydyenne
IpUpPOABI TPAaHCPOPMAIMM CUTMOUHBIX KPUBBIX B 9KCIIOHEHIIMA/IbHBIE C YBE/IN-
gyeHreM JIIID mokasano, YTO OHa BBI3BIBAETCA BO3PACTAHUEM (IYKTyallUu SHep-
TUV TsDKENbIX 3apsHKEHHbBIX YaCTHUIL 10 YyBCTBUTEIbHBIM MUKPOOOBEMaM KIIETOK.
ITO NPUBOJUT K TOMY, YTO B PE3Y/IbTaTe NOMAaJAHMA TAXKEN0M YaCTUIIbI B HYK/I€OM/]
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6aKTepuanbHON KIETKM, COfiepyKalllell HECKOIbKO KOIMiI TeHOMa, OJHOBPEMEHHO
VMHAKTUBUPYIOTCS BCE YYBCTBUTE/IbHbIE MUIIEHN.

Pasmuunasg ponb ¢usmueckoro m 6monormyeckoro ¢GpakTopoB B JIeTaTbHOM
JEVICTBUM U3/TydeHuit, pasnudarommxca no JIII9, apko nposAsndercsa B yCIOBUAX
BIVAHMA pAfga Moguduuupyomux GakTopos. [Ipexxie Bcero aTo KacaeTcsa MOIM-
¢dumupyoero BINAHNA KUCIOPOJA, @ TaKXKe BIVAHMA PaloNPOTEeKTOPOB JBYX
Pa3/IMYHBIX K/IACCOB: aMMHOTMOIOB I MHOTOQTOMHBIX CIIMPTOB. B pamkax paspabo-
TaHHOU 6110(pU31YeCKOIl MOZe/ ObUI TPOBEeH aHA/IN3 3aKOHOMEPHOCTEl! pean-
3anuy KucnopopHoro adgexra y 6axrepuii E. coli ¢ pasInyHbIM pelapanyiOHHbIM
TeHOTUIIOM, 3aIIMTHOTO BIMSHMUA PafUoNpoTeKTopoB. IlokasaHo, 4To MHOroo6-
pasiue IPOsIB/IEHNUI KICIOPORHOTo 3¢ (deKTa y KIEeTOK C Pas/INuHbIM peraparyio-
HBIM T€HOTUIIOM B Pa3JIMYHBIX YC/IOBMAX OINpPEeNsAeTCs BbIXOJOM IOBPEX/eHMIA,
He MOAU(UIMPYeMBIX KUCTOPOZOM, M IOBPEXJIEHWI, He BOCCTAHAB/INBAEMBIX
pol A-3aBucumoit penapaiueii. Tak>ke MPOZEMOHCTPUPOBAHO, YTO IIPU [EVICTBUN
Ha KJIeTKU M3Ty4eHMI ¢ Bo3pacTaromumn sHadeHuamu JII1O yBennumBaercsa Bbl-
XOJI TaKUX HOBPEXJEHUIT, 4TO OOYCIOBIMBAET Pe3Koe CHIDKEHME KUCTIOPOJHOTO
addexTa py 06TydYeHNY KIeTOK TsKETbIMU 3apSDKeHHBIMU YaCTUL[AMIL.

[TpoBenenHble MCCAENOBAHNA PAfiO3AIUTHOTO JEICTBUA HEKOTOPBIX pPajgyo-
IPOTEKTOPOB (I[MCTeaMMHA ¥ I/IMIjepUHA) CBUAETETbCTBYIOT O TOM, YTO VX 3a-
IMTHOE B/IMsAHNUE TeHETUYECKY JIeTePMIHMPOBAHO: OOIBIIMHCTBO MY TaLINii, IPK-
BOJAIIMX K IOBBIIIEHNIO PaJMO9yBCTBUTEIbHOCTU K/IE€TOK, CHUMAET UM PE3KO
YMEHBIIAET 3alIMTHOE B/IMAHNME aMMHOTHOMOB. ITO CBA3aHO C T€M, UTO UX Pajino-
IIPOTEKTOPHOE JEICTBME peanyu3yeTcs He Ha ypOBHE (PM3MKO-XVMWYECKUX IIPO-
1eCCOB, a Ha YpoBHe (pepMEHTATUBHBIX IPOIecCOB pemnaparuy. PagnosamuTHoe
flefICTBYME T/IMLIEPMHA TaKKe TeHeTUYeCKM [IeTePMUHUPOBAHO, ONHAKO B OTJIN-
4ye OT LUCTeaMyHa 3Ta JeTePMMHMPOBAHHOCTD 3aK/I0YA€TCA HEe B YMEHbUIEHUN
WIM UCYE3HOBEHUM 3allMTHOTO BAMAHUA PAJUONPOTEKTOPOB, a B IOBBIIIEHUN
3¢ (eKTUBHOCTY €ro JIeicTBUA B pARY WTaMMoB E. coli: rec A-MyTaHT — IMKMIT
I — pol A-MyTaHT. AHa/JIOTMYHas [0 HAIIPaB/IeHHOCTU KapTVHA yCTaHOB/IEHA I
JUI KUCTTOPORHOTO addekTa. VccmenoBanns ¢ perapayiOHHbIMI My TaHTaMU MIOJI-
TBEPAV/IN IIOJIOKEHNE O TOM, YTO 3AIUTHBIN 3((EeKT IIUIepiHa eCTb Pe3yIbTaT
(UBMKO-XVIMIYIECKUX IPOLECCOB, OOYCTIOBIEHHBIN CIIOCOOHOCTBIO IIPOTEKTOpPA
6noxnposatb OH-pajyuKansl 1 CHIDKAaTb BBIXOJ IIOBPEXIEHNIT, BOCCTAHAB/INBAe-
MbIX pol A-3aBucuMOII perrapanyeil. YCTaHOBIEHHbIE Pa3/INyus B peaKIUy TpUajbl
IITAMMOB: rec A-MyTaHT — JUKUil TUIl — pol A-MyTaHT Ha IIPOTEKTOPHI, paboTa-
IOLIVIe Ha YPOBHE (PU3VMKO-XMMIYECKNX PeaKIVIl, ¥ IPOTEKTOPbI, MEXaHNU3M Jieli-
CTBMSI KOTOPBIX CBA3aH C epMEHTATMBHBIMY IIPOLIeCCAMI pelraparyii, I03BOMINIT
IIPEIOKUTD CXEMY 3TUX OIIBITOB ISl yCTAHOBJIEHNA MEXaHM3Ma [eiiCTBUA Paifo-
IPOTEKTOPOB Pa3/IMYHbIX K/IACCOB.

[maBHBII BBIBOJ, KOTOPBIiL OBUI C/le/IaH Ha OCHOBE MCCIEOBAHNIT C KJIETKaMU
E. coli, 3axmiovancs B ToM, 4To BenmndnHa OBO MOHM3MPYIOMNX M3Ty9eHMIt C pa3-
Hoit JITIO omnpepensaeTcs He TOMBKO GU3NIECKVIMM XapaKTePUCTUKAMU M3TydeHNI],
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HO ¥ 6MOJIOTMYECKUMIY CBOVICTBAMM CaMUX KJIETOK — UX CIOCOOHOCTBIO BOCCTA-
HaBJIMBAThCA OT JIY4EBBIX HOBpeXaeHuit. [IpuieM criocoOHOCTD K penapaunn 3a-
Bucut oT JIIIS, Tak Kak XapakTep /eTaJIbHBIX MOBPEXJEHUI TaK)Ke U3MEeHAeTCs
B 3aBucumocty ot JIIIS.

[TockonbKy 3TOT BBIBOZ, CJ€/TaH HAa OCHOBE WCCIEJOBaHMI, BBIIIOTHEHHBIX
Ha KJIETKAaX IIPOKapMOT, MPEACTAB/IANIOCh BaXXHBIM PEIINTh BOIPOC, CIPABEINB
NI ClleTaHHbIN BBIBOJ, M /A KJI€TOK 9yKapuoT. B akcnepuMeHTax Ha M3OT€HHbIX
IITaMMaX IalIOV/JHBIX APOXOKel (KJIeTKaxX AMKOTo THUIIA) ¥ PaAiO9yBCTBUTETBHOM
MyTaHTe rad6 IokasaHO, YTO XapaKTep 3aBUCHMOCTY PaJVO4yBCTBUTETBHOCTH
kinetok oT JIII9, Tak e Kak U [ KJIeTOK IIPOKapMOT, OIpefeisieTcsl TeHOTUIIOM
knerok (IT.H.JIo6aueBckmit). B orimune ot gmMkoro mramMma, y KOTOPOro arta 3a-
BUCUMOCTD ONMCBIBAETCA KPUBOJL C JIOKaJIbHBIM MaKCUMYMOM, IS MyTaHTa rad6
BIlepBble OBUI BBIAB/IEH HUCHamaouuil tun sasucumoctu. Koadduumentsr ObI
U3TydeHmit, pasnundanimuyxcsa mo JII19, y aToro MyTaHTa He NPEBBIIAT eAVHNUILY.
ITockonbKy ramionHble TPOXOKY B CTallMOHAPHOI dase He pemapupyioT [IP THK
u o6pasosanyme ofHOro [IP B reHOMe TaKMX KJIETOK IIPUBOAUT K JIETA/IbHOMY COOBI-
THIO, OBBIIIIEHE YYBCTBUTE/IBHOCT K Y-00Ty4eHNIO Tall/ION/JHBIX MyTaHTOB rad6
00BACHACTCS HapYLIEH)EM OIIpeie/IeHHbIX 9TAIllOB B MeXaHM3Me pelapalyiyi OfHO-
HuTeBbIX pa3peiBoB [JHK. Beto nmokasaHo, 4T0 9TO 00CTOATENBCTBO MOXKET IIPUBO-
IVTDb K TIOBBIIIEHNIO BBIXO/IA Y TaKMX KIeTOK neTanbHbIX [IP THK. Benepcraue sro-
ro HabmoaeTcsA TpaHCPOpMaNVsl 3aBUCUMOCTHU PaMOYyBCTBUTEIBHOCTY KIIETOK
ot JIII9 ¢ noka/nbHBIM MaKCUMYMOM B KPUBYIO HucHajamwolero tumna. Ha ocHoBa-
HIM NIPOBEEeHHbIX UCC/IEOBAHNIL CIeIaH BBIBOJ, O TOM, YTO MEeXaHU3Mbl, OIpefie-
JISTIOLYE PA3INYysl B OMO/I0TN4ecKoil 3P PeKTUBHOCTI Y OAKTepHil ¥ ralIONIHBIX
TIpOJOKeT, OU3KU MEXY COOOIL.

BaxHast po/ib BOCCTAaHOBUTENIBHBIX IPOLIECCOB B OMoornyeckon s exTus-
HOCTY M3Ty4eHNII PasHOTO KadyecTBa Y KJIETOK MJIEKONMTAIOMMNX OblyIa BbIsB/IEHA
B VICC/IEIOBAHNAX PA/IIOYYBCTBUTEIBHOCTY K/IETOK KMTAMICKOTO XOMAYKaA IIPY 00-
JTY4EeHVUM TSKE/IBIMU 3apsDKEHHBIMM YacTULaMy IMpPOKoro auamnasoHa JIIID B yc-
JIOBUSIX BIMSIHUS MHTMOUTOPOB pemaparuBHoro cumHTesa [JHK — apabunosna-
nurosuHa n okcumoueBuHsl (P.[1. ToBopyH, E. A. Haconoa). Mexaunsm ceHcn6m-
NM3VUPYIOLIETO BAVIAHNUA apaOMHO3MALNTO3VHA B KOMOMHALNM C OKCYMOYEBIHO
3aK/II0YaeTCsl B IOfIaB/IeHN) pelapaTUBHOIO CMHTe3a KopoTkux oOpemteit B [JHK,
YTO IPUBOJUT K ITOBBIIEHNIO BbIX0Aa sH3uMaTndeckux [JP [THK npu y-o6mydennn
K1eToK. [Ipu mcnonp3oBaHum usnydeHuil mmpokoro amamnasoHa JIII9 ycranos-
JIEHO, YTO B YC/IOBUAX BIMAHUSA STUX ar€HTOB PaiiO4yBCTBUTENbHOCTb KIIETOK
BO3pacTaeT K y-00My4eHNIo, HO He K JIeVICTBUIO TSKEJIbIX 3apsDKEHHBIX 4YacTHIl.
910 06ycnoBMMBaeT CHIDKeHNe Koapduumento OB Tsxenpix yacTul npu o6-
Jly4eHUM K/IeTOK B IpUCYTCTBMUYU nHrnburopos cuntesa [JJHK. Ha ocHoBanum atux
UCCIefOBaHNUIT TPOJEeMOHCTPUPOBAHO, UTO, TaK e KaK U Y KIeTOK IIPOKapUOT U
HU3IINX 9YKapUOT, Y KIETOK MIEKOIIMTAOMIVX IIPY JEMICTBUY U3/Ty9€HNI C Pa3HON
JITID usmeHseTCs creKTp neTanbHbIX nospexxaenuit [THK: obpasosanne [P JTHK
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K/TaCTEPHOTO THUIIA, perapanys KOTOPhIX KIeTKaMy 1100 HeBO3MOXKHA, OO0 Kpail-
He 3aTpyfHeHa. AHaIu3 IMOTY4YEHHBIX SKCIEPUMEHTAIbHBIX NAHHBIX C MO3UINUII
IIPeCTaB/IeHNI, JOIMYCKAIOIX MHAYKIMIO TPV 0OTy4YeHN) PasHbIMYU TUIIAMM U3-
nydernit Tonbko opHoro tina JP THK (mpsamsix [IP), mokasam HecOOTBeTCTBUE
TaKMX MOJIE/IbHBIX IIPEeJCTaB/IeHNII U Pe3y/IbTaTOB 9KCIIEPUMEHTOB.

IIpoBenennble MccnefoBanuA BIEPBbIE I KAETOK HM3LIMX M BBICIIMX JyKa-
PMOT, TaK >Ke KakK U J/I IPOKapUOT, IPOJEMOHCTPUPOBAIIN, YTO HEe TOJIBKO (PaKToOp
(busnuecKoil MpUPOABl — XapaKTep HEPrOBbIJieTIEHN IOHM3MPYIOMUX U3Tyde-
HUJI B TeHETUYECKIX CTPYKTYpax, HO M CIIOCOOHOCTD K peraparyuy IOBPeXAeHNI
IHK onpepensaior pasmansa B 61omorndeckoit 3P eKTMBHOCTI U3TyYeHMI C pas-
Hoit JITID. C yueToMm 3TOrO OBUI CHEMaH BBIBOJ O TOM, YTO MEXaHU3MBbI, 00YC/IOB-
nuBatomye npupony OB y KIeTok Ipo- 1 9yKapyoT, B IVIABHBIX YepTax OMU3Ku
Mexay co6oit. OHaKO, HECOMHEHHO, CYIIeCTBEHHO 0olee C/IOKHASA OpTraHM3aIA
reHOMa KJIeTOK 9YKapuoT OIIpefieseT i1 Oojiee CII0XKHBIE pajiio0y0IornyecKme pe-
aKIMY 9TUX KJIETOK B OTBET Ha BO3JIeNICTBME U3MydeHnii ¢ pasHoit JII19.

Ha ocHOBe mO/Ty4eHHBIX MaTepyuaaoB 06 0COOEHHOCTSX /IeTaIbHOTO JIeVICTBIA
U3JTy4eHNIT Pa3HOTO KayeCTBa Ha KJIeTKY C Pa3IMYHbIM TeHOTUIIOM ObUIN CIUIAHM-
POBaHbI 9KCIIEPUMEHTBI 10 M3yY€HNI0 MEXaHN3MOB MyTareHHOTO JIeMICTBUS U3ITY-
YeHMI1 mypokoro ananazona JII19. Bormpockl MyTareHHOro geiicTBuA U3TydYeHuin
C pasHOIl IMHEeIHOIT mepenaveit sHepruu B 1980-e IT. MpaKTUYeCKU He OBUIM U3-
y4eHbl. XOTS OBUIO M3BECTHO, YTO Ha MyTareHes, MHAYLVIPYEMBIil M3/Ty4eHUAMA
C pasHbIMU (U3NYECKVIMM XapaKTePUCTUKAMMY, BIUAIOT (akTOpbl (pU3NYecKoin u
6110710TM9eCKOI IIPUPOJIBI, He OBIIN MCCIEOBAHBI 3aKOHOMEPHOCTY MY TAIL[MIOHHO-
ro Ipoljecca ¥ OTHOCUTENbHAs POjib B HeM (pr3M4ecKoro u 6monorndeckoro dax-
TOpPOB. [I/1 pellleHNs 9TUX BOIPOCOB pa3pabaTbIBalINCh MaTeMaTU4eCcKyie MOJeIN
JIETaJIbHOTO I MyTAareHHOTO AeVICTBNUSA PasHbIX TUIIOB U3/Ty4eHWIT Ha GaKTepuu, 13-
y4anuch 3aKOHOMEPHOCTY ¥ MEXaHV3MBI MH/IYKIIVM IIPSIMBIX 11 OOpaTHBIX MY TaIi
y knetok mpokapuor (E.A.Kpacasun, C.Kosybek, K.I. AMupraes, M. H.bones,
b.Toxaposa). bpl1o ycTaHOB/IEHO, YTO [1030BasA 3aBUCUMOCTD YaCTOThI MY THPOBa-
HYISL KJIETOK IIPU Y-00/TydeHUM MIMeeT IMHeITHO-KBapaTUIHbII XapaKTep, KOTOPBIt
He MeHseTcs ¢ poctoM JIIID; oTHOCUTeNbHAA TeHeTNdecKkasd 3PPEeKTUBHOCTD U3-
Ty4eHuit BospacraeT ¢ yBenmdenueM JII1O u onmcpiBaeTca KpMBOI € TOKaTbHBIM
MakcuMmyMmoM. [TomoxkeHne MakCcMMyMa 9TON 3aBUCUMOCTHU COBUHYMO 8 0071aCb
meHvuiux JIII9 1o cpaBHEHMIO C AaHAJIOTMYHOI 3aBUCUMOCTDIO JIs IeTATbHBIX 3¢-
(bexToB 00TydeHNA; MyTareHes, MHAYIVIPOBAHHBIN U3TydeHUAMM ¢ pasHoit JII19,
3aBUCUT OT 3G PEKTUBHOCTY CUCTEM perapanyy KIeToK. Takke yCTaHOB/ICHO Crle-
pyolee: 1) pemaromas ponb B MyTareHese IpMHAIOKNUT MHAYIMOenbHOI SOS-
pemapanny; 2) MOBbIIIEHNE TeHeTN4eckKol 3¢ (HeKTUBHOCTY U3TYYeHNIT C POCTOM
JITID obycnosneHo yBenudeHueM Bbixofia moBpexjenuit [THK, pemapupyembix
JIUIIb C y9acTHeM MyTareHHol BeTBu SOS-penapanyy; TeHHble MyTalluM y IPOKa-
PUOT NPV IPOXOXKIAEHUY TPEKOB TSKE/IbIX 3apsHKEHHBIX YaCTUL, MHAYIMPYIOTCS 00-
JIACTBHIO JIe/IbTA-37IEKTPOHOB; 3) pas3mMuys B IOTOXKEHNM MAKCYMYMOB 3aBYICUMOCTH
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OTHOCHUTENbHOI 6monormyeckoit a¢pdexruBrocTy o1 JIIIO 1 MyTareHHbIX U Jie-
Ta/MbHBIX 9 PeKTOB 00/TydeHNs IpefoIpe/ie/IeHbl pa3HbIM XapaKTepOM ITOBPeX/ie-
Hutt [JHK; 4) B mepBoM ciry4ae MU SABIAIOTCA MIPEUMYIIECTBEHHO OBPEKIEHHbBIE
OCHOBaHNsI, BO BTOPOM — [IBYHUTEBBbIE pas3pbIBbL; 5) O6monormdeckas apdpexTns-
HOCTb M3/1y4eHnii ¢ pasnungHoit JIIIO mo MHAYKIuM reHHbIX MyTalNii OIIpefensaerT-
cs1 0COOEHHOCTAAMYU MUKPOpACIIpefieNieHVs] SHEepTUY B TeHeTUYeCKUX CTPYKTypax,
cocTosiHUEeM reHoMa U 9P PeKTUBHOCTBIO CUCTEM perapauun. Biusuane 6uonornu-
4ecKoro (akTopa Ha MyTareHe3 sIBIAeTCA 3asucumoim om JII13.

Llukn wmccnemoBaHMit MeXaHM3MOB MYTareHHOTO [eNCTBUA MOHU3UPY-
IOLIVX M3YYeHUI C pasHbIMM (PUSUYECKVMM XapaKTePUCTMKaMU Ha KJIeTKM
C pa3HbIM YpOBHEM OpraHM3alMM IeHeTHdYecKoro ammapara B 1987 r. ymoctoeH
nepsoii npemuu OVIAN.



CTAHOBJ/IEHUE OTHOE/IA BUO®U3NKN JIAIL

Pacummpenne criekTpa mucciefoBaHmit B 06/acTy pagoouonorny Ha 6a3oBbIX
ycraHoBKax OVIAIV Tpe6oBamo CTPYKTYpHOI peopraHmM3aluyl IOApasfieIeHMs,
OCYLIEeCTB/IAIOIErO 9TV MccaefoBanys. B 1988 1. cektop 6MOmOrM4ecKux yuccrue-
JIOBaHMIT 110 VHMIIMATVBE Hadya/lbHUKa cekTopa mpodeccopa E. A. KpacaBuna 6bi1
npeobpasosan B otaen 6uopusnkn JIAIT (mpukas mo OVIANM Ne248 or 25 map-
ta 1988 r.). OZHNM U3 IPUOPUTETHBIX HAIIPaBAeHMIT PabOTHI OTAena 61odU3NKN
B TOT IIEpUOJ, ABNIAIOCH U3Y4YeHNE MYTar€HHOTO IEICTBMSA U3Ty4EeHNI Ha KIETKU
BBICIIIMX 9YKapUOT, B TOM 4Mciie yenoBeka. Kak ObUIO BBISICHEHO, IOHM3MPYIOIIAs
pajgyaIysa MVHAyLMpyeT Hauboslee MMPOKMIT CIIEKTP MYTallIOHHON M3MEHYMBOCTI
II0 CPaBHEHMIO C ApyrMMu MmyTrareHamyu. OHa yBeIM4YMBaeT 4acTOTY XPOMOCOM-
HBIX abepparuii, TeHHBIX ¥ TeHOMHBIX MyTanuit. HaumeHee n3yyeHo MyTareHHOe
HeliCTBYE M3Ty4eHMIA Ha KJI€TKM BBICHIMX 3YKapUOT, B TOM 4MC/IE Ye/IOBeKa. XOTs
3TO sABJIeHMe O6bUIO OOHapyXeHO emle B cepepyuHe 20-x IT. XX B., OHO JIO CUX IIOp
ocTraeTcs ¢1abo M3y4eHHBIM. V] ITperkie BCero 9To KacaeTcs MyTareHHOTO eVICTBUA
Pa3sHBIX BUJIOB MIOHU3MPYIOIINX M3/IydeHnit ¢ Boicokoit JIIID, B wacTHOCTH, YCKO-
PEHHBIX TsDKENbIX MOHOB.

VHpyuMpOoBaHHbII MyTareHes NPeENCTaB/IAEeT peanbHYI0 OIIACHOCTD IS XKU3-
HI U 3[I0POBbA 4€TI0BEKA, IIOCKONIbKY BHOBb BO3ZHMKAIOIIE MyTalj/i OKa3bIBAIOT
He TO/IbKO HEeIlOCPeiCTBEHHOE HETraTYBHOE BO3/IeJICTBIE, HO BJIVAIOT U Ha IIOCTIEeNY-
IoLIIVIe TIOKOJIeHNsA. MyTareHbl Gpu3NdecKoil M XMMUYECKOI IPUPOAbI MHAYLVPYIOT
IIVMPOKMI CHEKTP Pas3/MYHBIX HACeNyeMbIX HOBPEXIEHNI, KOTOpbIe, 1o 001e-
IIPU3HAHHOMY MHEHMUIO, 7IEXKaT B OCHOBE 3JI0Ka4YeCTBEHHOTO ITePePOXKIAEHN KIETOK
U KaHI|ePOTreHe3a, a TAaK)Ke BO3HMKHOBEHM B IMOC/IEAYIOIMX ITIOKOIEHUAX HaCIe] -
CTBEHHBIX 3abo7eBanmit. [Ipudem B 060uX ciydasx 610IOrMYecKue MOCTIeCTBIUSA
CYLIECTBEHHO OTJA/IEHbI 10 BpEMEHM OT MOMEHTA HENOCPENCTBEHHOTO EMCTBUA
BBI3BIBAIOLIVX MX [IOBPEXAIOIINX areHTOB.

3afaya M3yd4eHUs MYTAreHHOTO MEMICTBUA MOHU3MPYIOIIMX U3TY4eHMUIl, 0Co-
OeHHO Ha KJIETK) M/ICKOIIMTAIOIVX Y YeJIOBEKa, BeChMa CJIOXKHA M TpeOyeT KaK ILIN-
POKOTO MCIIONIb30BAHMS Y)Ke pa3pabOoTaHHBIX METOMOB, TAK U CO3JJaHMS M Pa3BUTHUSA
HOBBIX IIOIXOZIOB 114 ee pelieHusA. K HacTosAleMy BpeMeH! B pacIOPsKEHUN LIUTO-
TeHEeTUKOB MMeeTCs psij Takux MeTofioB u TecT-cucteM ([P, TTIKX, 6n0T-ananus,
FISH-TexHuKa, psji METOIOB aHa/IM3a XPOMOCOMHBIX HapYLIEHNMII), TO3BOISAIOINX
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IIPOBOJUTD MICCIENOBAHNA 10 BBIACHEHNIO MEXaHM3MOB M OCHOBHBIX 3aKOHOMeEp-
HOCTeJl paiMalllOHHOTO MyTareHe3a KJIeTOK 4e/loBeKa I MIeKOIUTAIOLIX.

Yexkoputenu OVIAV npenocTaBiAi0T YHUKaIbHbIE BO3MOXKHOCTY /1S IPOBefie-
HIA UCCIeNOBAHMII B 3TOM HampasieHnn. Ha myykax pasHbIX BUJOB 3apsyK€HHBIX
JacTUI] MIMPOKOTO creKTpa sHepruit u JIIID B otmene 610puU3nKM B TOT NepUOLK
Hayajy OCYIIECTB/ATbCA SKCIIEPMMEHTBI Ha KYIbTYpaxX KJI€TOK M/IEKONMTAIOIINX
u muM¢ounTax nepudepudeckoir Kpou denoBeka. OHYM MO3BOMNIN YCTAaHOBUTD
OCHOBHbIE 3aKOHOMEPHOCTYM 00pa3oBaHMs Pa3HbIX BUJOB TaK Ha3bIBAeMBIX He-
CTabVM/IbHBIX XPOMOCOMHBIX abeppanuit (IMLEHTPUKA U KONMbI[A, HEKOTOPbIe BU/IBI
00MEHOB MeXIY XpOMOCOMaMH), BBISB/IAEMBIX OOIIEIPUHATBHIM, CTaBIIMM K/Iac-
cnyeckuM MetadasHbIM METOJOM aHau3a XpomMocoM. KomndyecTBeHHBINT aHAMN3
[VIIEHTPUKOB VCIIONb3yeTCA IS ILiefeil OMONOrM4ecKoil HO3UMeTpuUn Ipu Ciy-
YajfHBIX HEKOHTPOIMPYEMBIX OOTYUeHMAX 4YeloBeKa. DTOT METOJ aHa/lu3a TaKKe
pexoMeH0BaH BceMupHOI opraHusanyen 3gpaBooOXpaHeHys [/ OLIeHK) COCTOs-
HIA OKpYy>Karouleil cpefbl. OnHaKO BO3SMOXXHOCTD OLIEHKM ITOIJIOIIEHHOM JO3bI IPYU
3TOM OTpaHMYMBAETCA OCTPBIM IIEPUOJOM IOC/IENTy4eBOrO BO3/eiCTBIA, IOCKO/Ib-
Ky XpPOMOCOMHBIe abeppanny IpUBOAAT K HAPYIIECHNIO IPOL[ECCOB KIETOYHOTO Jie-
JIeHVIA ¥ OBICTPO SMMMUHYUPYIOTCA U3 OMY/IAIY 00/Ty4eHHBIX K/IETOK.

Tlonroe Bpemsi He yAaBajoch OOHAPY)XKMBaTbh TaK Ha3blBaeMble CTAOMIbHBIE
XPOMOCOMHBIe abeppaluy (Takue, KaK TPAaHC/IOKAIVIN), KOTOPbIe CIIOCOOHBI /IN-
TE/IbHO COXPAHATHCA B IOMY/IALMM OOTYYEeHHBIX KJIETOK, IIePEeHOCH MCKaXKEHHYIO
TeHeTMYeCKYI0 MHQPOPMALMIO OT OHOTO IOKOJIEHUs KJIETOK K Apyromy. Tombko
paspaboranubll MeTox ¢yopecuenTHON rubpupusanyy in situ (FISH-TexHuka)
MIO3BO/IM/I BBISABIIATH TaKue CTabuiabHble abeppanuu mpu ucrnonb3oBanum JTHK-
npo6, crenudnIHBIX /I OTHENTbHBIX XPOMOCOM TeHOMa 4enoBeka. [IpoBeneHHbIe
9KCIEPUMEHTBI Ha YCKOPUTE/IAX IPOTOHOB U TSXKEIbIX MOHOB C VMICIIO/Ib30BaHMEM
3TOTO MeTOfja II03BOJIV/IM KOJIMYECTBEHHO IIPOaHaIN3MPOBaTh YacTOTy 0O0pa3oBa-
HISA TPAHCIOKALMII HEKOTOPBIX XPOMOCOM B 3aBMCHMOCTHU OT [O3bI U BEIVYMHbI
JITID manyyennii (IpOTOHDI, MOHBI a30Ta, Y-1y4un). B HacTos1ee BpeMs ¢ 06paso-
BaHNMeM CTaOM/IbHBIX abepparuil XpOMOCOM CBSI3bIBAIOT MHUIMALINMIO Psifla OHKO-
JIOTMYeCKVX 3a00JIeBaHMil, HAIIPYMepP, XPOHIYECKOI U OCTPOI MMUETOUHBIX JIeli-
kemuit. KonmdecTBeHHBIN y4eT CTaOMIbHBIX XPOMOCOMHBIX abeppannii B KJIeTKax
OpraHu3Ma MOXKET pacCMAaTpPUBATbCA M KaK OIVH M3 HaJIeXKHbIX METOLOB peTpo-
CIIeKTVBHOI OMONOIMYeCKOll HO3MMETPUM IPYU CIy4ailHbIX HEKOHTPOIMPYEMBIX
00/Ty4eHMAX OpraHu3Ma.

B orpene 6modusnky O6bUIM IIpOBefieHbl CPaBHUTEIbHbIE UCCIEOBAHMS 3aKO-
HOMepHOCTel MHAYKIVY MyTanmit ogHoro us reos (HPRT) B kreTkax mjexomm-
TAIOIIMX B 3aBYCYMOCTYU OT BEIMYMHBI MTHULUMPYIOLEN NO3bl U3TY4EHNIL, B TOM
qCie TsDKeIBIX IOHOB, B MIMPOKOM AmamnasoHe 3HaueHmit ux JIII9 (P. . TosopyH,
I1.H.JTo6auesckmit, H.JI.IlImakoBa). O6mydeHue KIETOK TsXKEIbIMU MOHAMU
U Y-KBAaHTaMI BBIABUJIO BBICOKOE MYTareHHOeE JIeVICTBUE 3TUX BUJOB U3TyYEHUI
Ha KJIEeTKM MIeKonuramoliux. IlorydyeHHble JaHHBIE IO BBIKMBAEMOCTU KIJIETOK
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KNATAVICKOTO XOMsYKa M YacTOTe MYTAal[Mil, MHAYLMPOBAHHBIX )-KBaHTaMU W
yckopennbimu nonamu “He u 12C ¢ pasnoit Bemmuunoit JITID, cBujeTenbcTBOBA-
7 O HEOJHO3HAUYHOM XapaKTepe 3aBUCHMMOCTEN MHAYKIVY MyTalMil OT JO3bI U
JITID usnydenuit: mpu y-ob6mydeHnn Kpusas f03a—3¢(eKT Mo KpUTepuio NHYK-
UV MYTaluii ¥MeeT SPKO BBIPAKEHHBIVI HEJIMHENHBIN (CTeleHHON) XapakTep.
HenvHetHOCTh KpMBBIX HAOMIONAeTCA TAKXKe IIPU BO3HEVICTBMUM TSKEIBIX MOHOB
¢ BemrauHaMy JII19 20 u 50 xaB/mkm. IIpu 6onee Bpicokux 3HaveHVsAx JII1O m3-
JlydeHUIT KpMBble MHAYKIVMM MyTalMil B 3aBUCKMOCTH OT JO3bI MOAUPUIIMPYIOTCS
B mHeliHble. COOTBETCTBEHHO, KPUBbIe BBDKMBAEMOCTH SIBJISIIOTCS CUTMOVIHBIMM
¥y MOIUUIVIPYIOTCS B 9KCIIOHEHIMAIbHbIe. Pe3y/IbTaThl 9TUX 9KCIIEPUMEHTOB I10-
Ka3aJIy, YTO KaK I10 BBDKVBAEMOCTH KJIETOK, TaK U II0 MyTareHHOMy 3¢ dekTy (xpo-
MOCOMHBIM abeppanysM U TeHHBIM MYTaIVAM) MaKCHMa/lbHas OMOIOTMYecKast
apdexTnBHOCTD MMeeT MecTo npu JIIID n3nyvennsa nopsapka 100 xaB/mkm, mpn-
YeM 10 MyTareHHoMy fevictBuio ObD B 1Ba pasa Bbllle, 4eM 10 BBDKMBAEMOCTIL.

B aToT mepuop 611 BBIIONTHEH OOBIIONI 00BeM PagoOMOIOrNIeCcKUX mpe-
KIMHUYECKMX MCCIeOBAaHMIT Ha MEAVIIMHCKMX IyYKaX CMHXpouuknorpoHa JIATI
(H.JI.IIImaxoBa, T. A. ®ageesa). [Insg oTux 1enei Heo6XomuMo ObIIO OLIEHUTDb 6110-
JIOTMYeCKOe JIeJICTBYE 3aPs>KeHHbBIX YaCTII] Ha HOPMaJ/IbHBIE U OITyXOJIeBbIe KJIETKM
MJIEKOTIMTAIONVX. TaKoro poja McciefoBaHmsa MOXKHO ObIIO IPOBECTY HA >KUBOT-
HBIX C ITepeBYBaeMbIMM onyXossMu. CylecTByeT 60/IbIIoe KOMNYeCTBO PasINuHbIX
JIHUIL OITyXOJIeil, KOTOpble MO>KHO NPUBYUBATh SKCIEPUMEHTAIbHBIM >KMBOTHBIM
Y M3y4YaTh VX peaKUMIo Ha O0/MydeHue, Py STOM OLIeHUBATh CTENEHDb ITOBPEeX/ie-
HIISL HOPMaJIbHBIX TKaHejl, HallpyMep KOCTHOTO MO3Ta, ABIAIOIET0Cs KpUTIYECKO
PajoOYyBCTBUTEIBHOI CUCTEMOIL IIpK jTy4deBoii Tepammu. V Takoro popa sKcIie-
PUIMEHTBI OBUIM OCYLIECTB/ICHBI B ITepBYI0 ouepesib. OHAKO HaTh TOYHYIO KOIIYe-
CTBEHHYIO OIIEHKY OCHOBHBIX ITapaMeTPOB OMOIOIMYEeCKOro AeiiCTBISA YacTuly (oT-
HOCUTENbHOI 61onornyeckoit 3¢deKTuBHOCTU U K03 PuiineHTa KIcmIopogHOro
ycunenusa (KKY) B akcriepuMeHTax in vivo) Ha I[eIOCTHOM OpraHM3Me OKa3anoch
HEBO3MOXKHO — CUJIBHO CKa3bIBajlach MHAMBUAYaAbHAs PaJVIO9yBCTBUTEIBHOCTD
KJIETOK VI B/IMsSIHe OPTaHM3Ma B IIe/IOM Ha PeaKINIo OITyXo/u. B cBsA3u ¢ aTuM BcTa-
J1a 3ajiaya M3y4eHUsI OCHOBHBIX OMOTOTMYECKIX TAPaMeTPOB MEMIIMHCKIX ITyYKOB
Ha K/IeTKaX, 30/ POBAaHHbIX M3 OPTaHM3Ma U PACTYIUX in Vilro Ha MCKYCCTBEH-
HBIX IATATe/IbHBIX CPefiaX, T.e. Ha KY/IbType KIeToK. JTa pabora TpeboBata coopy-
JKeHMsI CIIelMa/IbHBIX ToMellleHN 1 (60KCOB), 00ecreunBaloIuX CTePUIbHOCTD, TaK
KaK BO3MOXXHOCTb 6aKTepuaJIbHOTO 3apa>keHNs K/IeTOK OYeHb BeJIyKa.

B xadecTBe OCHOBHBIX KO/MMYECTBEHHBIX ITOKa3aTenell IpyU OlieHKe OMonIoru-
YeCKOTO eVICTBUS U3Ty4YeHMs VICIIONb30Ba/IV KJIOHOTEHHYI0 CLIOCOOHOCTD KIIeTOK
U TIOBPEXJieHMe XpOMOCcOoMHoOro anmnapara. Ob3 npoToHoB 1 T~ -Me30HOB B INKe
Bparra u Ha BXofie IIy4Ka OLIEHMBA/IM 110 CPAaBHEHUIO C JIeJICTBMEM CTAaH/[APTHBIX,
IIVMPOKO IIPYMEHSIEMBIX B JTy4€BOJI TEPAIINY Y- ¥ PEHTTEHOBCKOTO U3/TyYeHMIA.

OpnHOM 3 I/IaBHBIX IPO6TIEeM IpU IPOBENEHUY JIY4eBOTO JI€YEHVS SBJIACT-
Csl Ipeojo/ieHNe PajiiOPe3NCTeHTHOCTM TIMIIOKCUYECKUX KJIeTOK, KOTOpbIe, Kak
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IIPAaBIUJIO, IIPUCYTCTBYIOT B OITYXO/IM 13-3a CTTAOOTO PasBUTHA COCYAUCTON CeTH HO-
BoOOpasoBanuit. IIpy meiicTBUM pefKOMOHUSUPYIOLUINX U3TydeHWI, V- U PEeHTTe-
HOBCKMX JTy4eil, IPOTOHOB pa3/inyyie B painovyBCTBUTENIbHOCTY OKCUTE€HMPOBaH-
HBIX I aHOKCMYECKUX K/IeTOK BecbMa Benuko, M KKY cocrasnsaer 3. I[Ipu peitcteun
usnydennit ¢ Boicokon JIII9 senmumua KKY cHmwxkaerca. B nuteparype x Tomy
BpeMeHu oTcyTcTBOBanu gaHHble 0 KKY mna 7~ -mesonos. Hajo samernts, 4ro
OIIpefie/IeHIe STOI OYeHb BaXKHOII JJIA JIy4eBOJl Tepaluy BeIMIMHbI TpebyeT 3Ha-
YUTE/IbHBIX TEeXHUYECKMX yxuiupeHuit. HeoOXomyMo cpaBHUTH pafiliOYyBCTBU-
T€/IbHOCTb OKCUT€HVPOBAHHBIX U aHOKCUYECKUX KIE€TOK, B KOTOPBIX COJiepKaHMe
KIC/IOPOZia He JTOJDKHO IpeBblcuTh 20-30 wacreit Ha MwuinoH. J{s aToro 6bpuia
CKOHCTPYMPOBAHA CIleljanbHas annaparypa i OTKauMBaHMA Ia30BOI cMecH U3
COCYZIOB, COfiep>KalliX K/I€TOYHbIe CYCIEeH3UM, U MOCTeyIOIIero 3aloTHEHNA UX
asoroM. VI xoT4 3Ta mponenypa oCyLecTB/IAN1ach MHOTOKPAaTHO, Tony4nTb KKY =3
npu y-o6nydeHNM He yAaBajnoch. TOMBKO 3aMEHUB «CBEPXYMCTBIN» 30T Ha ap-
TOH M YCUINB MeTaboydeckoe MoTpebrieHne KUCTIopoa U3 Cpeabl MyTeM COo3/a-
HIA BbICOKOJ KOHLIEHTPALMM K/IETOK, YAAI0Ch JOCTUTHYTh HY>KHOJ BelIM4YMHbBI 3
ana y-usnydenus u onpepennutb KKY pna w1~ -mesonoB — KKY s atux vactun
okasascs paBHBIM 1,7. Takye paboThI ObIIV BBIIIOJTHEHBI BIIEPBBIE B MIpe, I II03XKe
9TY JJaHHbIE OBUIV IO TBEP)K/ICHbI aMePVUKAHCKIMI VCCIIe0OBATEISIMIA.
[TapannenbHO ¢ 3TMMMU VICCTIENOBAHNAMY MHTEHCUBHO BEMNCh pabOTHI 1O MC-
II0/Ib30BAHNIO ICKycCTBeHHOI runepriukemuu (I'T) s noseimennsa sgpdpekTuBHO-
cTu ny4eBoii Tepanuu omyxorneit (B. V1. Koporogun, H. JI. llImakosa, T. A. @apeeBa).
JI3BeCcTHO, YTO MeTabONM3M OIYXOJEBBIX KIETOK OT/INYAETCS OT HOPMaJbHBIX
HOBBIIIEHHOI CIIOCOOHOCTBIO K ITIMKO/IN3Y, IPOAYKTOM KOTOPOTO SIB/ISETCS MO-
JIoYHasi KUCIOTa (ee HaKOIUIeHMe IPUBOANT K CAMO3aKIC/IEHNIO OIyXorneir). B mc-
C/IeIOBaHMSX Ha XMBOTHBIX C IPUBUTBHIMY OIYXOJISIMYU M Ha OOJIBHBIX C 3aIyIeH-
HbIMM (POpMaMy paKa HEMEL[KIM UCCIefoBaTeneM GOH ApIeHHe M COTPYIHUKAMU
Benopycckoro OHKOJIOTMYeCKOro MHCTUTYTA OBUIO IIOKA3aHO, YTO B YC/IOBMAX VC-
KYCCTBEHHOTO IIOBBILIEHNSA COflep>KaHuA caXapa B KPOBYM 3HAUMTENIbHO BO3PACTaET
3P deKTUBHOCTD TydeBoro jaedeHus. OOLENPUHATO OBIIO CUNTATH, YTO ITO CBA-
3aHO C IIOJIAB/IEHMEM MTOCTPAMALIMIOHHOTO BOCCTAHOB/IEHNUA B YCIOBUAX CHVDKEH-
Horo pH. OpgHako ceppesHass skcnepuMeHTaIbHas 0asa, HeOOXOAMMAs IS KIIM-
HIYECKOTO IPYMEHEHNA MeTOHA U CTAaOMIbHOTO BOCIIPOM3BENEHNA Pe3yIbTaToB,
oTcyTcTBOBaIA. Lle/blo IPOBOMMBIX UCCIETOBAHUII B OTHeIe OMODU3NKY SABIIA-
JIOCh M3y4YeHMe KIeTOUYHBIX MeXaHu3MoB ['T. DkcrepuMeHThI IPOBOAWIN B CUCTe-
Me in vitro Ha OIIyXOJIEBBIX KIE€TKAX, B3ATBIX Y )KUBOTHBIX HETIOCPEICTBEHHO Iepe
OIIBITOM. DTO MO3BOJIANO, CO3aBas NO3VPOBAHHYIO INIIOKO3HYIO HarPy3KY M MEHAS
YPOBEHb OKCUT€HALMM, KOHTPOIMPOBATh CTENEHb 3aKNUCAEHNA U BbDKMBAEMOCTD
OIlyXOJIEBBIX K/IETOK. B XoJie sKCIlepMMeHTOB IONy4eHbl BeCbMa HeOpAMHapHble
pesynbTaThl. BpIo mokasaHo, 4YTO IpM JOCTVKEHUM ONPENETEHHON CTEIeHN 3a-
KJCTIEH), IMEIOILell MECTO B YC/IOBUAX TMIIOKCUMY, OITyXOJIeBble K/IeTK) O Bepra-
I0TCsI MacCoBOJI rubey 6e3 BCIKOTO JOIIOTHUTETbHOTO BO3/IENICTBISA, B 4aCTHOCTHI
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o6ryyenus. KonudecTBeHHbIe OLIEHKY CBUJIETETbCTBOBAIN O TOM, YTO MIMEET Me-
CTO afiIMTUBHOCTD (CyMMalMA) ABYX BO3JENCTBUIL: I'MIIOKCUYECKNE KJIETKM IIO-
rmbalT B pe3yabTaTe CaMO3aKVUCIEHVs, a XOPOIIO OKCUTeHMPOBAaHHBIE, CIabo
[JIMKOIM3YUPYIOLIE — B pe3yjbTaTe BO3[eNCTBNA u3nydenns. Bmuanue I'T Ha mo-
CTpaiMallIOHHOE BOCCTAHOBJIEHNE He ObII0 0OHapyskeHO. [lomydyeHHbIe pe3ynbTa-
ThI TIOATBEPXK/ICHDI B psifie CIeIa31POBaHHBIX OHKOMIOTMYECKMX TabopaTopuil.
[TpuMeHeHMEe COCYHOCYKMBAOIIMX IPENapaToB, MOINOTHUTEIbHO IOBbIINAIOLINX
TUIIOKCYIO B ONYXOJIAX ¥ YCUIMBAIOIIMX IIMKOJIN3, JBYKPATHO MOBBIIIANo0 3¢ dek-
TUBHOCTbD edeHMs. K coxasneHno, aTu ncciefoBaHus He MOTyYM/IN JaIbHENIIero
PasBUTHUA, TAK KaK B pesy/bTaTe COOBITMII Hayaja [JeBSHOCTBIX TOJJOB PacIIalich
HayYHbIe KOJUIEKTUBBI, 3aHMMAIOIIMECs TYMMI IPOOIeMaMIL.

Hapsny ¢ pagno6monornyeckumMm UCCIe[OBAaHMUAMU Ha KJIeTKaxX BBICIINX Op-
TaHU3MOB B OT/e/ne 6M0opU3NKY IPOBOAVIIVICH MHOTOIIJIAHOBBIE pabOTHI C KIIeTKa-
MM HUBIINX 9yKapnoT — kimeTkamu gpoxokeit (B. V. Koporogns, H. A. Konrosas,
B.JI.Vinpuna). 9TOT OpraHM3M, OTHOCSIIUIICS K TprbaM, AB/ISIETCS OTHNUM U3 U3ITIO-
6/1eHHBIX 00BEKTOB M3y4eHMs KUBBIX cucteM. Ha npoTspkeHnn Bceil ucTopun de-
JIOBEK CTa/NKMBAJICS C HETaTMBHBIM JICVICTBYEM Pa3HOOOPA3HBIX 00/Ie3HETBOPHBIX
OPraHM3MOB, OJHAKO VIMEHHO JPOXKK!U ObIIN, ITO-BUAVIMOMY, IePBBIMI MUKPOOP-
TaHM3MaMU, KOTOPbIE YeTIOBEK CTaJl MCIIOIb30BATh /IS YOB/IETBOPEHNA CBONX I10-
TpebGHOCTEIL.

Xopouio M3BeCTHO, YTO OFHUM M3 BaKHBIX (AKTOPOB, ONpPEMeNsIONX 0CO-
OEHHOCTY peakIy APOXKKEBbIX K/IETOK Ha 00/TydeHue, ABISAeTCs UX IJIOUJHOCTD.
JunnongHble KIeTKM OTINYAKTCA OT TAIUIOMHBIX BEIMYMHON pPafMO4yBCTBU-
TeNbHOCTY, GopMOIl KpuBoI BeDKMBaHMSA, ObJ, mposaBIeHNeM MyTaluii, IOBbI-
MIAIOIMX YyBCTBUTENbHOCTb K MOHM3UPYIOWIUM U3TydeHUAM. IlonbiTku mHTEp-
IpeTaluy 3TUX 3aKOHOMEPHOCTEN IPUBE/N K IPEeJIIONI0KEHNIO O CYIeCTBOBAHNN
y AUIUIOMHBIX KI€TOK TaK Ha3blBaeMOI AUITION/CIEI(pIYecKOoll perapannum mo-
BpeXXjeHnit. Jta npobnemMa nMeeT BaXKHbIN 0011eOmomornyeckuii acrekrt. [lepexon
OT TaIl/IOVHBIX OPTaHU3MOB K JUIUIOMIHBIM B IIPOLieCCe SBOMIOLNY IIPUBEI K CY-
IIeCTBEHHOMY IOBBIINIEHNIO CONPOTUB/IAEMOCTI T€HEeTMYECKOTrO allapara K pas-
JINYHBIM IOBPEXIAOLUIVIM BO3/e/ICTBIAM BHEIIHEl Cpefibl.

B otzerne 6modmanky 61 IPOBEIeHbI MICCTIETOBAHNI 10 M3YYEeHNIO POy (ak-
TOPOB, 0OYC/IOBJIEHHBIX AUIUIOMIHBIM COCTOSHJMEM I'€HOMA, B UyBCTBUTEIBHOCTH
IIPOXKKEBBIX K/I€TOK C Pa3HbIM I€HOTUIIOM K JiefICTBMIO VIOHM3UPYIOIUX U3JTyde-
Huit, pasnuyaromyxca 1o JII19. beiio nokasaHo, Y4To 3aKOHOMEPHOCTY JIeTa/IbHOTO
[eiCTBMSA MOHU3VPYIOUX M3Ty4eHNII Pa3HOTO KayecTBa Ha AUIUIOMHbIE KIeTKI
IpOXOKeNt 00yC/IOBIIEHBI 10 KpailHell Mepe ABYMs AUIUIOV/ICIIeIIpIdecKUMU IIPO-
LlecCaMI: perapanueil MOBPEXAeHN, JIe)Kalleil B OCHOBE IOCTPafUalIOHHOTO
BOCCTaHOBJ/IEHVSI KJIETOK, M IIpOL[eccaMi, omnpemensomumu «3¢pdekT mopacTa-
Hus». [IpoBefeHHble MCCIeNOBAaHNA MTO3BOMIN CHE/IAaTh BBIBOJ O B3aMMHOI He-
3aBUCUMOCTY IPOLIECCOB pelapanyuy ¥ peannsaluy pajiialliOHHbIX IOBpeX[e-
HUIL. BriepBble ocyliecTB/ieHa OIeHKA POV AUIUIOMACIENN(PUIeCKON perapanymn
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B PaInOYyBCTBUTENbHOCTH KJIETOK IIPU AEVCTBUM M3/TydeHnit ¢ Boicokoit JIIID u
u3ydeHa 3aBUCUMOCTDb 3¢ (PeKTUBHOCTY perapaliOHHBIX IIPOLECCOB OT KayecTBa
uanydenus. [lokazaHo, 4To curMongHas popma KpuBOIL BBDKMBAHNSA AUIUIOVIHBIX
KJIeTOK IIpU IeVICTBUM M3Ty4eHnit ¢ Bbicokoit JIIID o6ycnoBnieHa MCKIIOYNTENTbHO
«3¢dexToM fopacTaHUs».

B manbHeiiimeM 6bU1M IPOJO/KEHbI PAaOOTHI IO M3YYEHNIO My TareHHOro addex-
Ta MOHU3MPYIOLeil paguanuy Ha kiaetkax gpoxokeit (H. A. Konrosas). [Tpo6nema
COCTOs/Ia B TOM, YTO OIIPEENTD NIPUPOJY MyTaLMIOHHOTO ITOBPEX/E€HMUA JOBOIb-
HO TpyZ#HO. B mporecce paboThI ymanoch mogo6paTh Takye reHeTUIecKe CUCTEMBI,
KOTOpbIe MO3BOJIA/IN OIPENe/INTh TOUYHYIO IIPUPOAY MYTALIOHHOTO COOBITUA 6e3
VICTIONIb30BAHMA JOPOTOCTOAIIMX ¥ TPYAOEMKIX METOJMK.

B xauecTBe MOJIEIBHONM CUCTEMBI I M3Y4YEHMA TOTAJIbHOIO MyTareHesa JcC-
nonb3oBanmy red CAN1, Kogupyommii aprMHMHIIEPMIA3Y Y MMEIOLINI IPOTAXKEH -
HOCTb 1,8 ThIC. Map ocHOBaHMII. MyTauyy 10001 IPUPOIB! IPUBOJAT K HApYILe-
HIMI0 QYHKLIMY TeHa Y BOSHUKHOBEHWIO Pe3UCTEHTHOCTY K aHTUOMOTHUKY.

JInsa TecTMpOBaHMA KPYIHBIX IEPECTPOEK MCIONb30BANN JIBE TECT-CUCTEMBI,
MIO3BOJIAIOIINE  ONpENeNATb MUTOTUYECKNUII KPOCCUMHIOBED U  KOHBEPCHUIO.
MuToTrdecKyo peKOMOMHAILNIO, KaK M3BECTHO, MHAYLUPYIOT JBYHUTEBbIE Pa3phbl-
Bbl. B pesynbrare pekoMOMHAIVM 00Pa3yl0TCs MPOTsKEHHbIE MI3MEHEHNA TeHeTH -
YEeCKOTO MaTepuaa.

[l ananusa MUKpOJIeIe il UCIIO/Ib30Ba/IV BO3SHUKHOBEHME PEBEPCHIL y IITaM-
MOB, IMEIOIVX MyTalVJi CABUIA PAMKU CYMTHIBaHMA. VICIIOMb30BaHHBIN B paboTe
IITaMM HeceT BCTaBKy 4 ocHoBaHMA B reHe LYS2 u BcTaBky +17T B mocnenobarenb-
HocTb 6T B rene HOM3.

J17151 oLjeHKY MHIYKIMY TOYKOBBIX MY Tal[Mil 3aMeH Iap HYK/IeOTU/IOB MICIIONIb30-
B/l TECTEPHYIO CUCTeMY, padpaboTanHyo npodeccopom Xamicu (YHMBepcuTeT
Jlynsuanbr). B aToi1 cucTeMe MCIIOMB3YeTCA TO 00CTOATENIBCTBO, YTO TIOJIOKEHe 22
IycTenHa B Oe/Ke M30-IUTOXPOM-C ABIAETCA KpUTHdecKuM. CKOHCTPUYpPOBAHBI
6 IITaMMOB, UMEIOIINX B 9TOM II0/I0KEHY 3aMEHBI ITap OCHOBAHMIA, YTO IIPUBOJUT
K MHAKTUBAIVM (pepMeHTa U HeCIIOCOOHOCTH pOCTa Ha cpefie ¢ HeCOpa>kMBaeMbIM
VICTOYHMKOM yI/lepofia. BoccTaHOB/IeHMEe (PYHKIIMOHAIBHON aKTUBHOCTI BO3MOXK-
HO TOJIbKO 33 CYeT MCTVHHBIX PeBePCUii, BOCCTAaHABIMBAKIINX KOJNOH LMCTEMHA
B nonioxxeHuu 22. Pesepcun B rene CYC1 KakKZoro 13 LIeCTY LITaMMOB IIPeACTaB-
JISIOT cO0O0JI OffHY 13 LIeCTU BO3MOXKHBIX 3aMeH Iap ocHoBaHMit. TakuM o6paszom,
ObITa TIOJTy4eHa IPOCTasA U HafieXKHasA CUCTEMa, O3BOJIAOLIAsA OIPee/ AT IIPOVC-
XOpsIiye B KIeTKe M3MeHeHs HyK/IeoTHHoiT ocnegosarenbHocty [JTHK 6e3 mc-
IO/Ib30BAHMA C/IOYKHBIX MOJIEKY/IAPHBIX Y TEHETUYECKUX METOJVIK.

B skcmepuMeHTax ¢ JlaHHON CMCTeMOil Hambosee MOAPOOHO M3y4eH CHEKTp
MyTalUMil IOf, JeiicTBueM y-oOmydeHus. VoHusupytomeii paguaiueil Hanbonee
3P dEeKTUBHO MHAYUUPYIOTCA KPYIHbIE IEPECTPONKY, YaCTOTa KOTOPBIX XapaKTe-
pusyerca BemmdMHaMy nopsgka 1%. VI3 HempoTs)KeHHBIX MYTAalMIOHHBIX COObI-
it Harbonee 3¢ HeKTUBHO, eCTeCTBEHHO, MHAYLMpPYIoTcs MyTanuu B rene CAN1,
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YTO OTpakaeT CyMMApPHbIN XapakTep MyTauuii. Ilonydena nuHelinas KpuBas 3aBu-
cuMocTy 06pasoBaHus MPAMBIX MyTauuit B reHe CAN1 oT 0361 Ipu Y-00/TydeHUN.
Amnanms mokasart, 4To CIIeKTp MyTaluii, MHAYLMPOBAHHBIX V-U3/Ty4eHNEM, OT/INYa-
eTcsA OT CIIeKTpa CHIOHTaHHBIX MYTallVii IOBBILIEHHON fojieit TpaHcBepcuit AT-TA.
CrekTp 3aMeH IIap OCHOBAHNII COBIAZIaeT y TAIUIOMIHBIX VM AMUIUIOVJHBIX IITaM-
MOB JIpO>KKelt. MakcumanbHbiii Bkiag (6omee 30 %) mpUXOAUTCS HA JOIO TPAH3U-
it GC-AT. CekTp MHAYIVPOBAHHBIX MYTallMil HE 3aBUCUT OT 103BI 00Ty 4eHMA.

I pyruM HanpaB/eHMeM UCCIeOBAHNUII ABIAIOCh U3yUeH)e MEeXaHN3MOB perlia-
pauyy IBYHUTEBBIX OBPEXIEHNI, MHAYLMPOBAHHBIX pajuaneil. bbuio BbIACHe-
HO, YTO Y IPOXKEBBIX KJIETOK CYLIeCTBYeT He TOMbKO MeJ/ICHHBIV TUII perapamymn
IBYHUTeBBIX paspbiBoB JJHK, HO 11 OBICTpBIiT THI perapaliuy TaKuX TOBPEXIEHNUI.
[Tpu aTOM MOKa3aHO, YTO ¥ MeNJICHHBINl TUII pelapanyy IBYHUTEBBIX pPa3pbIBOB,
U OBICTPBIV TUII perapaliy TaKUX MOBPeXAeHUI 9PPeKTUBHO OCYIIeCTBACTCA
TOJIBKO Y JVIUIOVTHBIX POXOKEBBIX KIIETOK.

TpeTbyM HanpaBIeHMEM VCCIEOBAHNI ABJIAIOCH U3Y4YeHe 3aKOHOMEPHOCTE
crioHTaHHOro MyTtareHesa (B.JV1.Koporogun, A.V.Yenypuoii, B.JI. Koporoanna).
[lna vccnemoBanmii 6bUIM BBIOPAHBI I'€HBI, KOHTPOMUPYIOIIUEe CUHTe3 aJeHNHa I
neyinyHa. VIcXomHble IITaMMBI ayKCOTPOQHBI U He CIIOCOOHBI pacTy Ha cpefie 6e3
00aBKM COOTBETCTBYIOIETO INPOAYKTa. PeBepcuy K HPOTOTPO(HOCTM MOTYT
IPOMCXOAUTD [IBYMsS IyTAMM: ITyTeM 0Opa3oBaHusA OOpaTHBIX MyTalMil B TeHe,
KOHTPO/IMPYIOLIEM ero CUHTE3, I IIyTeM MPSAMBIX MyTallMil B TeHaX-CyIpeccopax.
B crienyabHBIX OIIBITAX OBIIO YCTAHOBJIEHO, YTO B YC/IOBUSAX, IIPY KOTOPBIX aKTVB-
HOCTb I'eHa [TOJJaBJIeHa, 3TOT I'eH 0OpasyeT MyTal[uy C 4aCTOTaMy, Ha iBa MOPsfIKa
MEHBIIVIMH, YeM B YCIIOBUAX, KOIJIa OH aKTMBHO paboTaeT. B To e BpeMms reHbI-cy-
IIPeCCOPBI, AKTUBHOCTD PabOTHI KOTOPBIX He 3aBUCUT OT HA/IMYVA B Cpefie afieHIHa,
B 060UX C/Ty4assX MyTUPYIOT IPYMEPHO C OfMHAKOBBIMY YaCTOTAMIU.

Taxum o6pasom, B oTene 61odusukn ObUIM IPOBEIEHBI MHOTOIITTAHOBbIE pa-
IM006MOIOTYeCcKye VICCTIeOBaHNs Ha 6a30BbIxX ycTaHoBKax OVIAN. Tlocne ycnern-
HOTO TIPOBeeHN PabOT II0 YCKOPEHUIO TSKENbIX Sfiep K0 PelTATUBUCTCKUX SHEP-
ruit Ha cuHXxpodasoTpore JIBO n Havana Qpusnyecknx 9KCIEepPVMEHTOB Ha HOBOM
yCKopuTesie 3Toii aboparopyuy ObUIM CIUTAHMPOBAHbBI PaAMOOMOIOINYecKIe 9KC-
IepUMEeHTbI Ha ITyYKaX BBICOKOSHEPTeTMYHBIX TSKeNbIX MOHOB. I[IpoBenenne Ta-
KuxX paboT TpebOoBajO CrienManbHbIX CIIEKTPOMETPUYECKUX U JO3MMETPUUECKUX
VICC/IeJOBAHUII ITYYKOB PEIATUBICTCKYX TSDKETIBIX sifiep. Bo/MbIyM OnbITOM B JaH-
HOII 06acTy 06/1ajjamu COTPYAHUKY OT/e/Ia PaAMalIOHHBIX UCCIETOBAHMII U pa-
nuanyonHon 6esomacHoct OVIAV. Mupexuus OMAN — B.T.KapprmeBcknit u
A.H. CucaxsaH — nopiiep)Kaay MHUIMATABY HadaabHMKA OoTAena 6rodpusukn JIAII
npogeccopa E. A. KpacaBnna 06 o6begunennn orgena 6uodpusuku JIAII u orpena
pajVallOHHbIX MCCIeHOBAaHMIT M pajuanyonHoi 6esomacHoctu OVISIV B HOBOe
CTPYKTypHOe nofipaszienienue VIncturyta — OTHeneHne pafnanyioHHbIX ¥ pajiio-
6monornyeckux uccnegoanmii (mpukas Ne270 or 27 anpens 1995 r.).



OTIEITEHWE PAINAIIVIOHHBIX
U PAIMOBUOJIOTUYECKIUX UICCNETOBAHII OUAN

OcHoBHbIMMK 3afadamy co3ganHoro OTHeneHns paJualiOHHbIX U pafgnoomo-
norudecknx uccnegosanuit (OPPY) aBnsimock npoBeseHne pajualliOHHbIX U pa-
A1O6ONMOTYeCKIX VICC/IeNOBAHNI B CIEAYIONIVIX [TTABHBIX HaIIpaB/ICHMAX:

— IIPOJOJ/DKEHME UCCIEeNOBAaHNI 3aKOHOMEPHOCTEN U MEXaHN3MOB TeHeTH4e-
CKOTO JIeVICTBMS MOHUSMPYIOIINX VI3Ty4eHUI ¢ pa3HBIMU (PM3MYECKVMIMI XapaKTe-
PUCTUKAMU;

— IIPOBEJEHNe VICCIENOBAHNII B3aIMOMAENCTBYA M3IY4eHUI C BELECTBOM U
paspaboTKa METOf[OB PaAMallliOHHOTO MOHUTOPYHTA;

— JMCCTIeflOBaHMe PaAMalMIOHHOI 00CTAaHOBKY B IoApasaeneHnsx Vucturyra
C L|eIbI0 KOHTPOJIsA 3a obecIedeHreM paialiOHHO-0e301acHbIX YCIOBUI TPyAa
B OVISIV B cOOTBETCTBUM C HOPMaMU U IpaBUIaMy PabOThI C pafililOaKTUBHBIMMI
BelleCTBaMy U JPYTMMM MCTOYHUKAMY MOHU3UPYIOLIVX U3/Ty9€HNIA, Ne/iCTBYIOLIN -
MU B CTPaHe MeCTOHaXOXAeHuA VIHCTUTyTa;

— paspaboTKa ¥ y4yacTue B CO3JaHUM CUCTEM PAAMAIVIOHHOTO KOHTPOJIA
Ha BHOBb CO3/]aBaeMbIX ¥ peKOHCTPYUPYeMbIX (MOIEPHU3NPYEMBIX) SfIepHO- U pa-
[MALMIOHHO OIIACHBIX YCTaHOBKAX 1 yyacTkax OVIANL.

Ina peanusarnuy ocHOBHBIX 3ajad OPPYV BRIMOMHANIO PYHKINY IO CO3TaHMUIO
HeoOXO/[MIMOII alIapaTyphl /IS pafYallOHHbIX U PaN00VOIOTNYeCKUX MCCTIeN0-
BaHUJI, pafifiallIOHHOMY MOHMUTOPVIHTY, IIPOBEIEHNIO SKCIEPUMEHTOB, 00paboTKe
9KCIIepMMEHTA/IbHBIX TaHHBIX, TEOPETIYECKUM Pa3paboTKaM B 06/1aCT MOJENNPO-
BaHIA B3aMIMOJEVICTBYA U3TYIEHNI C BEIECTBOM.

B o6nacTu pagmo6monoruu Ol IPOJO/DKEHBI paHee HayaTble MCCIELOBAHNS
MyTareHHOTO JIeMICTBUSA U3TydyeHull mupokoro auanasoHa JIII9. B skcnepumen-
Tax Ha OaKTepMalbHBIX KIETKaX CIIELMa/[NCTAM) M3Yy4EeHbl 3aKOHOMEPHOCTU U
MeXaHM3Mbl MHAYKIVUN CTPYKTYpPHBIX (femennoHHbIx) myTauuit (A.B.Bopeiixo).
9ra 3aJava ABAETCA BeCbMa aKTYa/IbHOMN, ITOCKOJbKY IPU PelleHU BOIPOCOB
HOPMMPOBAHMA JIy4€BbIX HATPY30K OT U3Ty4EHNI1 pa3HOrO KayeCcTBa Ha IIepCOHaJI,
paboTarouyii B CMEIIAHHBIX MOJISAX MOHUBMPYIOWINX W3TyYeHUN, pellleHNs Ipo-
Orembl obecriedeHrsi pagMalMOHHOI 6€30MaCHOCTY SKUIaXeil PN IIUTeNTbHBIX
KOCMIYECKNX IOJeTaxX, APYIUX BaKHbIX IPAKTUYECKUX BOIPOCOB BeCbMa BaXKHO
He TO/IbKO MMeTb MHPOPMALINIO O CYMMapHOM BBIXOJI€ Pa3IYHOTO POfa MY Tallyil
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B 0O/Ty4eHHBIX KJIeTKaX, TaK>Ke UCK/TIOUNTENbHBI IHTepeC IPefiCTAB/IAT CPaBHM-
Te/IbHbIE JAHHBIE O YacTOTe 0Opa30BaHNA KaK I'€HHBIX, TaK M CTPYKTYPHBIX MyTa-
uuit. ViccnemoBaHue HO30BBIX 3aBUCUMOCTEN BBIXO[Ja TOYKOBBIX ¥ XPOMOCOMHBIX
MYTaLNii IpY [eiiCTBUM MOHU3MPYIOIINX U3TydeHMIT B IIMPOKOM AinanasoHe JII19
y KJIETOK BBICHINMX 9YKapUOT sIBJISIETCSI BeCbMa CTIOXKHOI Ipo61eMoit, Tpebyroreit
IPUBJIEYEHNSA CIIOXKHBIX MOJIEKY/ISPHO-OMOIOTMYECKIX METOMIOB, BBIIIOTHEHNSA
6ornpIoro o6vema pador. [Tonydenne Takoro popa nHGOpMaUNY 3HAYUTEIBHO 00-
Jler4aeTcs B 9KCIepMMEHTaX Ha K/IeTKax Impokapuort. IIpu ncnonpsoBaHum ycko-
PEHHBIX TSDKETIBIX IOHOB OBIIO II0Ka3aHO, YTO YaCTOTa 0Opa3oBaHs JleIeIIVIOHHBIX
MYTaluil IMHEHO BO3pPacTaeT C JO30J BCeX BUJOB M3Y4EHWI, U HauOOJIbIIei
3¢ (eKTUBHOCTBIO 110 YAaCTOTE MHAYKIVY Je/TelVIOHHBIX MY TalMil 00/1aaloT MOHBI
¢ JITI3, paBubIMK 60-80 K3B/MKM. ITO 00CTOATETHCTBO CBU/IETEIBCTBOBAIO O Pa3-
HOM xapakrepe nospexjennit [JHK, nexxamyx B o0cHOBe BO3HUKHOBEHN S TeHHBIX U
IeleIOHHBIX MyTaluii. B mepBoM ciydae MMy ABIAIOTCA K/IACTEPHbIE TIOBPEX/ie-
HuA opgHolt Hutu JIHK, Bo BTopoM — nByHuTeBbIe paspbisbl JJHK.

B sxcmepuMmeHTax Ha APOXOKEBBIX KIETKaX OBIIM MCCIEOBAaHbI MEXaHU3MBI
aJIaITMBHOTO U MHAYIMpoBaHHOTO MyTareHesa (B.Vl. Koporomny, H. A. KonroBas,
B.J1.Koporogmua, A.V1.YenypHoit). B Teyenue pspa neT B nmuTeparype LUIM aK-
TUBHBIE 1e0aThI 110 TOBOY IPUPOADI ATANTYBHBIX MyTallMil Y MUKPOOPTaHN3MOB.
[lepBoHaya/nbHO aflaiTMBHbIEe MyTaluy (HaIpaB/ieHHble MYTallu}) ONpemelunIn
KaK MyTaly, BO3HMKAIOIIJME TOJIbKO B IPUCYTCTBUM CEIEKTMBHOIO [AaBIEHUSA
JWIM B MEJJICHHO PAcTYLUX KJIeTKaX B CTallMOHapHOI ¢aze. OfHAKO Ha KIeTKax
OaxTepmit OBUIO IIOKAa3aHO, YTO ¥ HECEJIeKTMBHBIE MYTal[My MOTYT BO3HUKATb
C HEOXXMJAHHO BBICOKOJ CKOpOCThIO. Ilo3/jHee BBIACHMIOCH, YTO TO/IOJJaHME BbI-
3bIBAET IOBBIIIEHNE YaCTOTHI KaK CEIEKTUBHBIX, TaK ¥ HECETEKTVBHBIX MapKePOB.
Cornacno passuteiM B OPPVI npencraBieHnAM Tak Ha3bIBaeMble aJJalITUBHbIE MY-
TalM He ABJIAITCA aJalTUBHBIMMY, a BO3HUKAIOT B pe3y/lbTaTe IepeXOfHOro I'-
HepMyTaOUIBHOTO COCTOSHVSA KJIETOK B YCTIOBMAX CTpecca: MyTallMi, MMEIOIIe
IPeVIMYIIeCTBO, HEMEJICHHO OTOMPAIOTCS, a APYrue MYTaHTBI OBICTPO TMOHYT.
B Otpenennn coBMecTHO co cnenmanuctamy Yausepcureta B [lepymxku (Mramms)
IPOBOJVIIVCH PAOOTHI IO M3YYEHUIO T€HEeTUIEeCKOTO KOHTPOJIA MyTareHesa B yC-
JIOBMAX TOJNOlaHMA, Ha KOTOpble NPOXK)KeBble K/IeTKM OTBEYAI0T OCTAaHOBKOII Jie-
JIeHVS U BCTYIUIEHMEM B CTAI[MOHApHYIO ¢ady pocTa. DTU UCCIEOBAHUA TECHO
CBA3aHbI C M3y4eHNEM T€HEeTUYECKOTO KOHTPOJA OCTAHOBKM KJIETOYHOIO IIMK/IA
npu nonydenun nospexaenuit JHK. B nocnennne ropgel cranoButrcs 6onee ode-
BIJJTHOJ B3aMIMOCBSI3b Pa3/IMYHbIX KOMIIOHEHTOB MHTETPa/bHOIO KJIETOYHOTO OT-
Bera Ha moBpexaenns [JHK, obecneunBaroiiero cTabmmibHOCTb ¥ I[€IOCTHOCTD
reHoma. bplna mokasaHa CBA3b MEXaHM3MOB KOHTPOJIA KJI€TOYHOTO LIMK/IA U Me-
xaHu3Ma penapauyy nospexpennit JHK. 9tor mexannsm (checkpoint-koHTposb)
H03BOJISIET K/IeTKaM BBDKMBATb U MOAJEPXKVMBATh I€HETUYECKYIO CTAOMIBHOCTD U
perymupyetcs checkpoint-renamu. Cunraercs, yTo Hapymenne checkpoint-myTeit,
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IPUBOJsIIIee K YBeTNYEHNIO MYTaOMIbHOCTY ¥ TeHOMHOJ HeCTaOM/IbHOCTH, VIMEET
Ba)KHOE 3HaueHMe Ha PAaHHMX CTa/IUAX KaplieHOTeHe3a.

PasBeTBleHHass cxeMa TE€HETUYECKOTO KOHTPOJA PeryIsalun IMPOXOXKJeHUA
U OCTAaHOBKM KJIETOYHOTO ILMK/IA HYXX[aJTachb B MHTEHCUBHBIX MCCIENOBAHMAX.
B OPPU coBmecTHO ¢ VIHCTUTYTOM MONekynsapHoi reHetuky PAH (Mocksa) po-
BOAVIIVCh MCCTIEIOBAHMA TeHeTNYecKoro KoHTpons checkpoint-myTeit u ux Bm-
AHMA Ha YyBCTBUTENbHOCTb KIETOK K IOBpPEXJAIOLleMy MeMCTBUIO pajualiiim.
Awnanus Bsaumopeiicteus reHoB RAD9, RAD17, RAD24, RAD53 u CDC28 mnoxa-
3azn, 4To reHpl RADY, RAD17 u RAD24 0THOCATCA K OJHOI BETBM IIyTH, OIIpe-
IeNAIIeNl YyBCTBUTEIbHOCTD K Y-U3ny4eHno, XotA reHpl RAD9 u RAD24 otHo-
CATCA K PasNMYHBIM BETBAM, ONpefie/IA0IINM YYBCTBUTETIbHOCTD K YP-mydam u
MMS, u perynauum oCTaHOBKM KIeTOYHOro umkna. IIporemnknuassr RAD53 u
CDC28 snucraTnyHpl 0 OTHOIIEHNIO K TeHy RADY, Ho, cKopee Bcero, OTHOCATCA
K Pas/IM4HbIM BETBAM, ONpeeIAIIIM pagodyBCTBUTENbHOCTD. [lo mureparyp-
HbIM JJaHHBIM reHbl CDC28 1 RAD53 oTHOCATCA K O[HOJ BeTBU, OIIpefesisole
OCTAHOBKY K/IeTOYHOTO IjuKna. [TonydyeHHble JaHHBIE YKa3bIBAlOT HAa HeCOBIIafle-
HIe IyTeil pery/alyy OCTAHOBKY KJIETOYHOTO LIMKJ/IA ¥ PaiiO9yBCTBUTENbHOCTI.
OTM HaHHBIE CBUJIETEILCTBYIOT O TOM, YTO TeHbl MHOTO(YHKIIMOHAIBHBI U VX y4a-
CTVE B MHTETPAJIbHOM OTBETE He CBOJUTCA K OCTAHOBKE KJIETOYHOTO IIMK/Ia, HEKO-
TOPbIE M3 HUX IPUMHUMAIOT yYacTyE U B pelapaliOHHBIX IIpolieccax.

IlInpoxoMacuITabHble LNUTOTEHETUYECKNE WCCIeNOBaHUA IIOC/Ie CO3[aHUA
OPPIM 6bumm HayaThl Ha KaeTKax Miekommtamomux u denoseka (P.[1.Toopys,
H.J1.lImakoBa, W.B.Kouuraus, M.B.Penun, H.B.Kommaup, T.A.®Dapeea).
MyTareHHOe JieficTBIEe U3Ty4eHuI1 ¢ BbICOKOI JIIID Ha KIeTKyM BBICIIMX 9YKapUOT,
KaK y)Xe OTMeYasioch, U3y4eHO BecbMa ¢1a60. OCHOBHBIMYU HAIlpaBIEHUAMMU VIC-
CJIeJOBAaHMIT B 9TOI 06/acTH, KOTOpBIe ObUIM CPOPMYINPOBAHBI CIEIVIAIICTAMU
Otnenenns, ABIANIOCH NPONO/DKEHNE U3YIEHN 3aKOHOMEPHOCTEN MHAYKIUN MY-
tanuy B HPRT-reHe KeTOK MIEKONUTAIOLNX TIPU JeICTBUM YCKOPEHHBIX TsDKe-
JIBIX MIOHOB, JICC/IeflOBaHMe UTOreHeTndecKux xapakrepuctuk HPRT-MyTanTHBIX
CYOK/IOHOB, BBIPAILIEHHBIX M3 OAVHOYHBIX KJIETOK, COXPAHSIOIMIMX BO3HMKIINE
B HuX HPRT-MyTauum B nocnegyomux NOKO/IeHUAX, U3ydeHNe XPOMOCOMHBIX Ha-
pyleHnit (HeCTabMIbHBIX ¥ CTAaOVIBHBIX XPOMOCOMHBIX abeppannit) B muMQory-
TaX 4Ye/I0BeKa IIPY AEVICTBUM TAXKEBIX 3aps>KeHHbIX YacTULL, MCCIEIOBAaHNEe LINTO-
reHeTN4YeCKuX 3¢ PeKTOB MajIbIX H03 OOTydeHMsL.

O6y4eHne KJIeTOK TsKETbIMYU IOHAMMY 1 Y-KBaHTaMU BBIABIUJIO BBICOKOE My Ta-
TeHHOE JIeJICTBME 3TUX BUMOB U3TYy4eHMII Ha KJIeTKM M/IEKONUTAIINX. Benmnynna
ODb3 p14 uccnefoBaHHbIX TAXKE/bIX IOHOB 110 OTHOIIEHMUIO K IEVICTBUIO Y-KBAaHTOB
OINMCHIBAETCSA KPUBON C JIOKaAbHBIM MakcuMymoM nipu JIII9~80-100 kaB/mkm.
Be110 cienaHo nHTEpecHoe HaboieH e, KoTopoe Kacaetcst obnmactu JITIO namyye-
HUI1 0K0710 20 K9B/MKM, e Hab/TI0fja/ICsl HEKOTOPBIN CIBUT KPUBOIA 10 BBIXOLY My Ta-
L[Mi1 K HECKOJIbKO IIOBBILIEHHBIM 3HadeHMAM OB 3 110 cpaBHEHMIO C TeCTaMM HAKTH -
BaI[Uy KJIETOK ¥ 06pa3oBaHNA XpOMOCOMHBIX abeppanuii. Panee B ncciefoBaHuAX
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Ha 0akTepysx ObUIO IPOREMOHCTPUPOBAHO, YTO MaKCUMyM 3aBucumocty OB3J
ot JIIIS nany4yenuii mo MyTareHHOMY 3G deKTy ObUI CYIeCTBEHHO CABUHYT B 00-
nacTb MeHbIINX 3HaueHu JIII9 u coorBeTcTBOBaN ~ 20 K9B/MKM, B TO BpeMs Kak
MakcyuManbHble 3HaYeHVst OBD TsrKe/bIX IOHOB 10 /IeTaTbBHOMY AeJICTBUIO HabIIo-
namich mpu 80-90 kaB/MKM. TO 06CTOATETLCTBO ONPeNeNIAIOCh Pa3HBIM XapaKTe-
POM MOJIEKY/IAIPHBIX IIOBP X IEHMUIA, IeXKAIINX B OCHOBE MHAYLMPYEeMbIX My Talluii U
JeTanel: MyTanuu y 6akTepuit sB/IA0TCA B IOJAB/ISIONeM OO/IbIIHCTBE TeHHBIMMU
¥ CBsI3aHBI IJTABHBIM 00pa3oM C MOBPEXIEHUSAMIU OCHOBAHUIL, JIeTATbHBII XKe 3¢-
(dexT ompenenaeTca MHAYKIMeil AByHUTeBbIX pa3pbeiBoB JJHK. ITory4yeHHBI B mc-
ClIeJOBAaHMAX Ha KIeTKaX MJICKONNUTAIOLIVX AaHAJIOTMYHbII XapaKTep 3aBUCUMOCTEN
OB3 or JIIID n3ny4yeHuit o TecTaM MHAYKIUY MyTalnil, XpOMOCOMHBIX abeppa-
LIl ¥ MHAKTUBALMM KIeTOK MOXKET yKa3blBaTh Ha TO, YTO B OCHOBE IIOBPEXK/eHMIA,
IPUBOJALINX K TAaKUM 3¢ PeKTaM B K/IeTKaX MIEKOIIMTAIONINX, /Ie)KaT OFHM U Te JKe
cobbrtss — JJP THK. Cusur kpusoit 3aBucumocty Ob3 ot JITI n3nydennit B 06-
nacty 3HadeHnit JITIO ~ 20 kaB/MKM 0 MHAYKLIMM MYTaLuii B KJIeTKaX MIEeKOIIUTA-
IOLIVIX T10 CPAaBHEHUIO C JIeTa/IbHBIM 3¢ (deKTOM OIpefiessieTCs IOBBIIIeHeM BKIaa
TOYKOBBIX MyTaluit, a mpu 6omee Bpicokux JII1O manyueHnit mpeBanupyoT MyTa-
L[/ T€HOB, CBSI3aHHbIE C BOSHVKHOBEHEM Pa3HbIX TUIIOB fleleliNii. AHAIOTVYHBbII
xapakTep KpuBbIX 3aBucumocteit Ob9 ot JIIID 1mo aTuM TpeM TecTaM MOXKET CIIy-
JKUTb CBUJIETENIBCTBOM TOTO, YTO B OCHOBE 3TNX 3¢ (PeKTOB B K/IeTKaX MJIeKOINTA-
IOLIMX JIXKAT OJHU U Te Xe MoBpexxaeHus, a uMenHo P THK. Vimu o6ycnosimBa-
eTCs1 BOSHUKHOBEHNE B KJIeTKaX XPOMOCOMHBIX abeppannit  TaKMX MyTaluil, KakK
MaKpo- 1 MuKpogenenyy resos B JJHK.

B mpepnonoskeHuy, 4To MyTAaLMOHHBIN IpoLjecC B KAeTKaX M/IEKONMTAIOLUINX
MOYKeT COIPOBOXKATbCS HAPYIIEHNEM CTPYKTYPHOI 1[eIOCTHOCTI XPOMOCOMHOTO
aIIapara U IposAB/ATHCA B XPOMOCOMHO HeCTaOMIbHOCTY K/I€TOK, IIPeIIPUHATEI
VICCTIeJOBAHS 11O BBIJIETIEHVIO OVTHOYHBIX MY TQHTHBIX KOJIOHMUIA, 13 KOTOPBIX OBLIN
BBIpallleHbl CYOK/IOHBI U IIpOBeleH nx nuroreHerndeckuit aHamus (P. 1. ToBopyH,
I1.B.Kouwrans). [Ipu uuroreneTnyeckoM aHanuse HaOMIOfanach TeTepPOTeHHOCTh
CIIOHTAHHBIX U PaJVialliOHHO-MHAYIpoBaHHBIX HPRT-MyTaHTHBIX CyOKIOHOB 10
VICCTIElOBAaHHBIM IIMTOTEHETVYECKMM II0Ka3aTensiM (MUTOTUYECKOJ aKTMBHOCTH,
aHeYIUION/INY, YPOBHIO XpPOMOCOMHBIX abeppaunii). Kak nmokasanmu nccnegoBams,
HOC/IEICTBYSI MYTAlMIOHHBIX COOBITIII TIPOSBUINCH B BO3HMKHOBEHNY T€HOMHOII
(1o 4MCITy XpOMOCOM B KJIETKaX) ¥ XpPOMOCOMHOII (T10 YpOBHIO abepparnmnii XpoMo-
COM) HeCTaOM/IBHOCTY B ONY/IALMSX TOTOMKOB MyTaHTHBIX K/IETOK.

IIpu BBIABIEHUM M CETIEKIMYM MYTAHTHBIX CYOK/IOHOB OBUIO OTMEUYEHO IIO-
sBJIEHNe MYTAHTOB C 3aMeJl/IEeHHbIM POCTOM IIO CPaBHEHMIO C MHTAKTHBIM KOH-
TponeM. 3aMeJjIeHlie POCTa MHOTMX MYTaHTHBIX CYOK/IOHOB B CETEKTMBHON Cpe-
ie MOITIO OIpefeNATbCA BO3HUKHOBEHMEM MyTalMil IeHa, NPUBOAAMINX K CHU-
JKEHVIO aKTUBHOCTM (pepMeHTa MM CUHTEe3y MEHBIIEero KOIMYeCTBa HATMBHOTO
¢depmeHTa. B 9TMX CyYasx >KM3HECIOCOOHOCTb MYTAHTHOI IOMY/IALMY MOITIA
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obecrieunBaTbhCA TONBKO 3a CUeT KIeTOK, He YCIEBAOLINX B Te4eHVe KIeTOYHOTO
LMKJ/Ia YTUIM3UPOBATDH IIyPUHOBBIN aHAJIOL.

Kpurepusimu olieHKM MYTaHTHBIX CYOK/IOHOB IO YVMCTY XPOMOCOM B KJIETKax
ABJIAMICH MOJA/IBHOE YMCTI0 XPOMOCOM I IIPOLIEHTHOE COfI€pPKaHMe K/IETOK C TAKOM
MOJ0Ji. AHa/IN3 CIIEKTPOB XPOMOCOM BbIABIII BbIPAXKEHHYIO aHEYIIJIOUUIO BIIOTh
fo monHoit maoupavn. Cpeny CyOKIOHOB Impeobmajamy o6pasibl ¢ MOJATbHBIM
4JIC/IOM, paBHBIM 21 min 22 xpomocoma. [lo7s JUIIONHBIX MyTaHTOB C MOJIa/Ib-
HBIM YJIC/IOM XPOMOCOM COCTaBIIAA/IA, KaK IpaBuio, 70 % u 6onee, goxons go 100 %.
Jlonst KIeTok ¢ Takoi MooVl B 00pasIiax CyleCTBEHHO BapbypoBanach. [/ CIIoH-
TaHHBIX MYTAaHTOB OHA HaxoAmaach B mpefenax 50-80 % u MpakTMYecKy He OT/IN-
Yajlach OT KOHTPOIsA. PajaliMOHHO-MHAYIMPOBAaHHbIE MYTaHTBI OB 0COOEHHO
reTepOreHHBbIMMU 10 CIIEKTPAM XPOMOCOM.

Jlna obbAcHeHNA ABIEeHNUA XpoMocoMHOI HectabmibHOCTH P.JI.ToBOpyH 1
J1.B.Kontanem 6bUta BBIBUMHYTA «MeTabonmyeckass rumoresa». Kak msBect-
HO, y KJIETKM eCTb JIBa ITyTU CMHTe3a ITyPUHOBBIX HYK/ICOTHU/IOB: CUHTe3 de novo
(cTponTcs mosrTamHoO Ha pub030-5'-pocdare) U CUHTE3 U3 TOTOBBIX IMPOLYKTOB.
Bropoit myTb 1151 K/IeTKY 9HepreTidecky 6onee BoirofeH. OH OCYIeCTBIsAeTCS IPK
cuHTe3e HaTuBHOrO hprt-pepmenra. [Tpn mytanmsax 8 HPRT-noxkyce, conpoBoxxa-
IOLIMXCS IPeKpalieHreM cuHTe3a pepmenTa, 06pasoBaHe IyPUHOBBIX HYK/IEOTH-
OB JOJDKHO MATY IO IyTH de novo. B cinyuyae cuHTe3a ¢pepMeHTa CO CHVDKEHHOI
aKTUBHOCTBIO VIIU TIPYU CHHTe3€e HeIOCTaTOYHOTO KONMMYeCTBA HATUBHOTO (epMeH-
Ta B KJIETKe IOSIB/ISIOTCS YCIOBUA [y KOHKYpeHIuyu oboux myreit. BosHukaeT
CUTYyaLs, IPUBOJALIAs K HAPYIIEHUIO PAaBHOBECUA B MeTabo/MM3Me KIeTKM, KOrI-
Jla K/IeTKa BK/II04aeT HeoOXopmmyro MammHepuio jisi cunresa [JTHK ¢ yuactuem
hprt-depmenTa, HO OH HeOCTaTOYHO (YHKIIVOHATIEH U He YCIeBaeT IOCTAB/IATh
HeoOXOVIMble HYKJICOTH/Ibl. DTO MPUBOANUT K MeTaOONMMYeCKOMY AMCHAIaHCY, YTO
CIIY>KUT CUTHAJIOM Ji/IA BK/IIOUEHN MEXaHU3MOB IIOMICKAa PABHOBECHS, U B PE3Y/Ib-
TaTe HeXBAaTK! IIyPMHOBBIX OCHOBaHMII Ipu 3actpolike neneit JTHK Bxarodaerca
HyTh CUHTe3a de novo. BeposiTHO, Takoe HEYCTONUMBOE COCTOSIHME MOXKET COIIPO-
BOXKaThCsI XPOMOCOMHOJ HeCTaOMIbHOCTBIO KaK 3TAllOM B ITOVCKe PaBHOBECHs 1
aJlanTalyy K MSMEHMBLIVMCS YCTIOBUAM CyIeCTBOBaHUsA. B utore popmupyrorcs
MYTaHTHbIe CYOK/IOHBI C TOBBIIICHHBIM IT0 CPAaBHEHMIO C KOHTPOJIEM BBIXOJIOM XPO-
MOCOMHBIX abeppanuii. VI3 aToro ciegyeT, 4To /IS BBDKMBAHVA MYTaHTHBIX KI€TOK
6o7ee 6TaronpuUATHBIM OyJeT IOTHOe IpeKpallleH1e cuHTe3a GpepMeHTa (B crydae
IIOJTHOV M/TM KPYITHOI Je/eluy TeHa), 4eM CUHTe3 (epMeHTa CO CHVDKEHHO aK-
TUBHOCTBIO. B TO Xe BpeM: MOAB/IEHNE M COXPAHEHME MYTaHTHBIX KIETOK B Opra-
HU3Me NPUBOJUT K PasBUTUIO MATOJOTMYECKUX IpoleccoB. B Hacrosmee BpeMs
CTPYKTYpHbIE XPOMOCOMHbBIE AaHOMA/NM, 3aTparuBalollye OIpefie/IeHHble TeHBI,
IIPUBJIEKAIOT IIOBBILIEHHOE BHUMAaHMeE MCCeJ0BaTesIeN, IOCKOIbKY CTAHOBUTCA BCe
6o7ee 0YEBUIHON UX POJIb B IIATOTEHe3e PAA OIYXOJIEBbIX 3a00/IeBaHMIl y YeloBe-
Ka, B YaCTHOCTM B pasBUTHUM eViKeMuit. C TOUKY 3peHNs «MeTabOoIuecKoll IUII0-
Te3bI» CTAHOBUTCSA IMOHATHBIM MEXaHM3M HeCTAOMIBHOCTU XPOMOCOM Y IIOTOMKOB
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MYTAHTHBIX KJIeTOK. MyTaluu nepefaloTcs 13 IOKONeHNA B IIOKOJIeHNe U TeM ca-
MBIM CHMMAeTCsI BOIIPOC O KOHCEPBALIUY VHULMNPYIOIIETO COOBITHSA B IIOC/IEAYI0-
VX TOKO/IEHNUAX MYTAHTHBIX K/IETOK.

Bonbmoit 06beM paboT BBIMOMHAICA O N3YYeHNI0 3aKOHOMEPHOCTEI MHIYK-
LUV Pa3HBIMM TUITAMV V3Ty4eHUI HECTaOMIbHBIX ¥ CTaOMIBHBIX XPOMOCOMHBIX
abepparuit B knerkax denoseka (P.[I.Toopyn, M. B.Peniun). Ins obuero uncna
XPOMOCOMHBIX abeppanuil ObUTa BbIsB/IEHa CTeIleHHas 3aBUCUMOCTb 3ddexTa
OT JI03bl PEKOVOHU3NPYIOLINX U3Ty4eHNiT (IIPOTOHOB U Y-KBaHTOB). OHa MOIM-
¢dumypyeTcsa B IMHEIHYIO NPV BO3IENICTBUM TsDKENbIX MOHOB. OfHAaKo Habmona-
eTcs CHIDKeHe 9P ¢deKTOB Ipy BO3AENCTBIMM BBICOKVX O3 TaKMX M3TYIEHNIL, 9TO
ABJISIETCS CTIEAICTBYEM CYIIIeCTBEHHOI 3a/Iep>KKI MUTO30B, 0COOEHHO TSDKEJIO I10-
BPEXJIEHHBIX KJIETOK C MHOXKeCTBEHHBIMI abeppauysiMy XpOMOCOM.

B nccnepoBanusax, nposenenHsix B OPPY, 6pumm ncnionpsosans! JJHK-npo6wr,
creruduyHbIe 111 XpoMocoM 1 1 2 reHoMa MMMQOLUTOB YeroBeKa. DT XPOMOCO-
MBI SIBJIAIOTCS Haubosiee KPYIHBIMIU B T€HOME Ye/IOBEKA, VI UX TIOBPEX/IeHN MOTY T
IPOUCXOUTD C OOJIbIIet BEPOSTHOCTHIO IIPYU BO3ENCTBIUM TAKOTO HeO/IarompusT-
Horo ¢akTopa, Kak moHmsypytomue n3nydenus. C nomornpio FISH-ananmsa BbI-
sIBJIEHa BBICOKAsl YaCTOTa 00pa3soBaHMs TaKVUX CTAOMIBHBIX abeppaunii STUX Xpo-
MocoM, Kak TpaHcnokauym. Koapounments: OB usmyuyennit ¢ JIII9, paBHbIMMK
80 x3B/MKM, mocTurany sHadenus 3 u 6osnee.

OO6mnpHble MCCTeNOBaHMs Ha K/IEeTKaX MJIEKOIMTAIONINX OBUIM IIpOBefe-
HBl II0 OIpeNeNeHMI0 LMTOreHeTH4ecKux 9(QeKToB Manblx /103 00mydeHus
(H.JI.IImaxoBa, T. A. ®ageena). Kak usBecTHO, Ol[eHKa OMOTOIMYECKOTO JeiCTBIASA
MaJIbIX [J03 VOHVSVPYIOLIETO M3TydeHVs SIB/IAETCA HeOOXOMMMBIM YCTIOBYEM [JIS
IIPOTHO3MPOBAHNA T€HETUYECKOTO U KaHIIePOreHHOTO PUCKa 0OTydYeHNs YeloBeKa.
BecrioporoBasi nyHelHas1 KOHIIENIIVS KaK Harboee «ryMaHHasi», IIpefIio/araomias
OIIACHOCTB TI000T0, JasKe CAaMOT0 MAJIOTO 0OTydeHs], IB/IsIeTCs OUINATIBHO IIPK-
3HAHHOJ U NO/I0KeHa B 0cHOBY pekoMeHzanuit MKP3. OpHako skcniepuMeHTab-
Hble JJaHHbIE, NTOJTyYeHHbIe B IOC/IeJHNE TO[bl, BCTYNAIOT B ABHOE NIPOTUBOpeYle
C 3TOJI KOHIeNIIMell ¥ CBUIETEIbCTBYIOT O HEIPAaBOMOYHOCTY JMHENHOI 9KCTpa-
nomsauyy 9¢gp¢peKToB ¢ BBICOKMX 703 Ha HM3Kue. [Ipn onenke adpdexToB 6momorn-
YeCKOTO JIe/ICTBUA MAJIbIX 03 U3/Ty4eHMs, KaK IPaBUIO, PErUCTPUPYETCA YacTOTa
LIITOT€HETUYECKMX MOBPEX/EHNIT, a MUMEHHO, MHAYKLMsA XPOMOCOMHBIX abeppa-
nuii (XA) u mukposgep (M) B K1eTkax pasHOTO THUIIA, XapaKTePU3YIOIMIAAC YeT-
KOJI KOJIMYeCTBEHHOI 3aBUCUMOCTDIO B IIMPOKOM [AMAIA30He 03. YHUBEPCAIbHON
0COOEHHOCTBIO JO30BBIX KPVBBIX, XOPOIIO BOCIIPOM3BOJMMON Ha PasHBIX 00beK-
TaX, ABJ/IAETCA Ha/ludMe 030He3aBUCYMOrO yYacTKa, PACION0KeHHOTO B IMaIa3o-
He 0,1-0,5 Ip.

B skcrepumeHTax, BBIIOTHEHHBIX Ha nuMdonnrtax mneprdepnyeckoit KpoBu
4Ye/I0BeKa, Ha aCMHXPOHHON U CMHXPOHM3MPOBAHHON HOMY/IALNY KIETOK KUTail-
CKOrO XOMSAYKa AMHUM V-79 M KIeTKaX MelaHOMbI denoBeka nuHuM BRO, 6b110
MIOKa3aHO, YTO 3aBUCHMOCTY KOIMYECTBA KJIETOK C XPOMOCOMHBIMM abeppanysimn
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OT 03Bl OOTy4eHNsI IMEIOT CXOHBI SIPKO BBIPa>KEHHDIV HETMHEIHBIN XapaKTep.
IIpn O6}Iy‘-IeHI/II/I B pmanasone 0-0,05 Ip (mumdonurer), 0-0,1 Ip (kneTkn mena-
HoMbI) U 0-0,2 Ip (KIeTKM KUTaiCKOro XOMsuKa) KOMYeCTBO XPOMOCOMHBIX I10-
BPEX/IeHNII Pe3K0O BO3pacTaeT 110 CPAaBHEHMUIO C KOHTPOJIbHBIM YPOBHEM (AMana3oH
TUIepYyBCTBUTEIBHOCTH, ['1), 3aTeM 3HAYNTE/IbHO CHYDKARTCSA, epeXofis B 1030-
He3aBUCUMbI ydacToK. IIpn mosax spime 0,5 Ip pesrcTeHTHOCTD KIETOK IIOBbI-
maetcs (MHAYLVPOBAaHHAsA Pe3UCTEHTHOCTD, VIP) u f030Bas 3aBUCMMOCTD IIPHOO-
peraeT IMHeNHbIN XapakTep. Haknon kpusbix npu nepexope ot I'1 x VIP camxa-
eTcA B 2-3 pasa 1A KJIETOK KUTAJICKOTO XOMAYKa ¥ MelTaHOMBI U B 5-10 pas gna
MMM(QONINTOB YelloBeKa B 3aBMCUMOCTM OT MCIIO/Nb3yeMOTO MeTOfia aHamm3a XA.
AHanornyssle KpuBble 103a—-9(deKT nomydeHs! Ipyu 06mydeHny mMQOnnUTOB OT
OPYIUX NOHOPOB PEHTI€HOBCKMMM aydaMu. VIcciemoBaHMe 4acTOTBI Pas3/IMYHbIX
TUIIOB abeppaunit B IMMQOINTaX YeloBeKa MOC/Ie Y-00MydeHNsI CBULETeIbCTBYET
0 ToM, 4To 'Y 00yCI0B/IEHO B OCHOBHOM YBeIMYeHVEM YNCIa abeppanuii Xpoma-
TUJHOTO TUIIA, KOTOpbIe NPeBaNPYIOT Ipu fo3ax Hipke 0,5 Ip.

VccnenoBanue npupopst denomena ['1/VIP, nmpoBeneHHOe Ha KIeTKax KMUTali-
CKOTO XOMSYKa U MeJITaHOMBI 4e/IOBEKa, II03BO/IM/IO YCTAHOBUTD, 4TO popMa KpMu-
BOI1 103a-9¢deKT, IOKa3aHHAsA Ha aCMHXPOHHON IONY/IALMM KJIETOK KUTAVICKOTO
XOMSAYKa 10 MHAYKIVM XPOMOCOMHBIX abepparuii, XOpOIIO BOCIIPOM3BOAUTCA
Ha CHXPOHU3MPOBAHHBIX KJIeTKaX, 00/y4eHHBbIX B (pase G KJIETOYHOTO IMKIIA.
9TO CBUJETENIbCTBYET O TOM, 4TO I'd 06yc/oB/IeHa BBICOKOI PafyOdyBCTBUTED-
HOCTBIO IONY/IALMM B IIeJIOM B Y3KOM JiMalla30He MaJIbIX 03 U He CBsI3aHa ¢ rube-
NbI0 GPaKIVY K/IeTOK, HAXOIAIMXCS B MOMEHT OO/Ty4eHV B PajyIO9yBCTBUTE/Ib-
HOII dase KneTo4HOro nMkKaa. C pOCTOM O3Bl OOTyUeHNUs BCe KIETKYU CTAaHOBSTCS
6oree pafMOpe3UCTEHTHBIMY, KaK MOYXHO IIPEAIOaraTb, BCIEACTBUE MHYKIINN
nporieccoB penapanyu. Takum o6pasom, Hanbomee BeposTHOE 0OBsICHEHVE HeM-
HeJTHOCTY KpuBoit fo3a—-3¢pdekt u nepexona ot I'Y k VP cocTout B TOM, 4TO IIpN
OIlpefie/IeHHOM YPOBHE ITOBPeX/IeHN s KIIeTOK 3aITyCKAIOTCA MHAYIMOe/IbHbIe pera-
paumonHble cucreMbl. ClefcTBUEM 3TOTO ABIAETCA YMEHbIIEHME PAaUOYyBCTBI-
Te/IbHOCTY KJIETOK U HaK/JOHa KpuBbIX. CONOCTaB/I€HME JO30BBIX 3aBUCHMOCTEN
VIH/IYKIIVV XPOMOCOMHBIX abeppalnnii y KJIeTOK KMTalICKOrO XOMsTYKa 1 MeTaHOMBI
Ye/lloBeKa JjaeT OCHOBAHME IOJIaraTh, YTO VHAYLVOEIbHBIE CUCTEMBI pelaparyn
KJIETOK MeTTaHOMbI BKJIIOYAIOTCS IIPY MEHBIINX H03ax u paboraior 6oree addek-
TUBHO, Y€M Y KJIETOK KMTaICKOTO XOMAYKa.

B TeueHme [IUTENIBHOIO IEpPUOJA COBMEeCTHO ¢ paamoxumuxamm JIAII
B.A.XankuapiMm n 10.B.HopceeBbiM B OTheneHuyn IpOBOAVINCH MUCCIENOBA-
HUA OMONIOTMYecKOro [eiicTBUA acrara-211 ¥ BO3MOXHOCTM €ro IIpuMeHe-
HuA B MulleHHoi Tepamvy paka (H.JI.IlImaxosa, II.B.Kymnano, T. A.®apeesa).
B caMpIx paHHMX ombITax Oblla IMOKasaHa BO3MOXKHOCTb M3/I€YEHMsI aCIMTHBIX
¢dbopm paka ¢ momompio acrara-211, agcopO6MpPOBAaHHOrO Ha YacTMUIAX TEJIY-
pa. DTy mepBble pe3yabTaThl NOOYAVIN K HMOUCKY METOJOB MUIIEHHOTO BO3[eli-
CTBMS (-U3JTydaTesieil Ha OfHY M3 CaMbIX arpecCUBHBIX QOPM 3/10Ka4eCTBEHHBIX
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HOBOOOpa30BaHNIT — MeTaHOMY, XapaKTepU3YIOLIYIOCs pAHHUM U OOIIMPHBIM Me-
TactasupoBaHueM. VIMeHHO 17151 60pbOBI ¢ MUKpOMeTacTa3aMu Hanbosee 1eneco-
00pasHO MMIIIEHHOE BO3JeIICTBIe acTaTa-211, mpu pacmnajge KOTOpOro 06pasyoTcs
(-9aCTUIBI C JIMHO Ipobera 60 MKM, 4TO COCTAB/IsIeT HECKOIBKO KJIETOUHBIX I1a-
MeTpoB. B kadecTBe cpencTBa, 06ecreunBaolero JOCTaBKy pafilOHYKINA K OITy-
XOJIEBBIM KJIETKaM, MCIIO/Ib30Ba/lIN IOMMLIMKINYECKOE COEJVHEHNE, U3BECTHOE
B Me[MI[MHe IOJ Ha3BaHMeM MeTuaeHoBbIll cuHuil (MC) 1 xapakTepusyoleecs
BBICOKOII CBSI3BIBAIOIIE}l CIOCOOHOCTHIO C METTAHMHOM OITyXOJIeBBIX KJIETOK. B cm-
cTeMe in Vitro Ha KJIeTKaX MeJTaHOMBbI Y€/I0B€Ka ¥ HOPMa/IbHbIX HEIMTMEHTVPOBaH-
HBIX K/IeTKaX IMOKa3aHO M30mparenbHOe HaKoIIeHne coequuenns acrar-211-MC
B MeTTaHMHCOZIEP)KAIIMX OITyXOJIEBBIX K/IE€TKAX, 4TO BBI3bIBANO B 15-20 pa3 Goree
CI/IbHOE TOpaXkeHMe KIeTOK Me/IAaHOMBI II0 CPAaBHEHMIO ¢ HOPMa/IbHBIMU KJIeTKa-
mu. Ha ocaoBe MC 6b11 monydeH npemnapat 11of-131-MC, KoTopblit ITOKa3as Bbl-
COKYI0 3¢ PeKTUBHOCTD /I BU3ya/IN3alLMy MeJTAHOMBI I €e MeTacTa30B Ha KMBOT-
HBIX C IIPUBUTBIMA OIYXOJIAMMU.

B nocnepytomem B OPPY 6butn copMmupoOBaHbI Ba CaMOCTOSTENIbHBIX CEK-
topa: ¢orodbmonornn (M.A.OCTpOBCKMIT) ¥ KOMIIBIOTEPHOTO MOJIEKY/IIPHOTO
mopenmupoBanus (X.T. Xonmyponos). B cekrope ¢poTobmonorny Havamuch ucciue-
JIOBaHMI MOJIEKY/LAPHBIX POTO- U PafyoOMOIOTMYeCKIX IIPOL[ECCOB B CTPYKTYpax
r1asa (ceTyaTke 1 xpyctanuke). [TocTaHOBKa Takoro pofa 3afad ABUIACh HOBBIM
maroMm B pasputuy 6uodusndecknx uccnegopanmit 8 OVISAV. YkazaHHble paspa-
OOTKM OCYIEeCTBIIANMNCH 110, PyKOBOACTBOM akagemuka PAH M. A. OctpoBckoro.
AKTYa/IbHOCTD MCCIEOBAHMIT OOYCIOB/IEHa IIPeX/ie BCErO HeOOXOAMMOCTBIO pe-
IIeHNs 3a/jad KOCMUYECKON PafoOMonIoruu, NOCKOIbKY B YCTIOBUSX JIATENbHO-
ro KOCMMYECKOTO I10/IeTa BOSHMKHOBEHNE KaTapaKThl BeCbMa BepOATHO. B cBA3u
C 9TUM MCCTIeIOBaHMEe BO3JEICTBYS TSDKEIbIX YaCTUI] Ha arperanyio 0eIKoB Xpy-
CTanyKa (KpUCTaIMHOB) VI MEXaHM3MOB TAKOJI arperalyy IpefCcTaB/sAIoCch aKTy-
aJIbHOJ 3ajiadeil. bpliy HavaThl MCCIEOBAHNA MTOBPEX/AIOIIEro NefiICTBUS TsKe-
JIBIX YaCTUI] HA 3PUTEIbHBIN IUTMEHT POLOINICKH U Ha PYHKIMOHA/IPHOE COCTOSIHIE
CeTYaTKM I7Ia3a.

B cBs13M ¢ nosiBeHMeM BbICOKO9(GEKTUBHBIX KOMIIBIOTEPOB (CYIepKOMIIBIOTE-
POB M cllelIMaIM3MPOBAHHBIX KJIACTEPOB, TaKMX Kak cructeMa MDGRAPE-2) n mpo-
IPaMMHBIX IIAKEeTOB MHOTOIle/IeBOro HasHadeHus, Hanpumep, DL_POLY, AMBER
1 CHARMM, BO3HMK/IN peanbHble BO3MOXXHOCTH IIPMMEHEHN I METOfI0B KOMIIBIO-
TEPHOTO MOJeKy/IsipHOro MogenupoBanus (M]) B ¢usmuko-xuMmdeckux u 6mo-
7ornmyeckux cucremax. OfHMM MX Ba)KHBIX aCIEKTOB NPUMeHeHMUsA MeTooB M]J
ABJIAMICh PacyeThl KOH(QOPMAIVOHHBIX M3MEHEHUI OTIKOB U OIpefle/ieHNe X
IIPOCTPAHCTBEHHOI CTPYKTYPbI C BBICOKOV TOYHOCTBIO. B ceKTope MOIeKynIApHO
JAVMHAMMKY ObIIV Ha4aThl TeOpeTUYeCKye UCCIe[OBaHNMs, Kacaloluecs MOJeNNpo-
BaHUs 0€IKOBOTO OKPY>KEHVS Pa3IMYHBbIX M30MepoB peTuHand. K HuM oTHOCATCA
VICC/IelOBAaHNA XPOMOQOPHOI I'PYIIIBI B COCTaBe PeTHHATbCOAECPXKAIINX OENTKOB,
B IIEpPBYI0 o4epenb 11-yuc-peTnnHans.

31



Papmanyonnsle nccnegoBannda. B nepnop, npepiecTByomuil GopMUpoBaHUIO
OPPI/, paboTs! 110 papnanmoHHbiM uccnefoBannsm B OVISIV Benncsh B oTxerne pa-
AuanyoHHou 6esomacHocTyt (¢ 1975 I. — OTHeNn pajguanoOHHO 6€30IaCHOCTY U
pauanyoHHbIX uccnenoBannii). Kak usBectHo, 50-60-e IT. IpoLIIOro Beka ObIIN
BpeMeHeM OYpPHOTo pa3BUTHUA YCKOPUTE/Iel YacTHI] KaK BaKHEIIIero MHCTPYMEHTa
9KCIIepUMEHTAIbHOI AflepHO PpusuKy. HermpepbIBHO pOCIN SHEPIUY YCKOPEHHBIX
YacTUI] ¥ TOKY BbIBEIEHHBIX U3 yckopurteneil mydkos. OVIAV ¢ momeHTa cBoero
00pa3oBaHNMs CKJIA/[bIBAJICS IIPEUMYIECTBEHHO KaK KPYITHEIINiT YCKOPUTETbHBII
neHTp. 3anyck peakropa VIBP-30 (a B mocienyomem 1 peakTopa BTOPOTO IOKO-
nenus VIBP-2) He M3MeHWI KapAMHATBHO CUTYAINIO, IIOCKONBbKY OCHOBY 6a30BbIX
ycraHoBOK OVIAAV cocTaBnArOT yCKOpUTENN pasiINyYHbIX TUIIOB, IIEPEKPBIBAIOLINX
AMala30H YCKOPEHHBIX 4acTUI] II0 Macce B LIMPOKOM [MaIla3OHe U IO SHEpruu
OT HeCcKONbKMX MaB mo 10 I'sB.

JlosyMeTpusa Kak Hay4Has AMCOMIUIMHA ¥ KaK IPaKTUKa (HOpMUpPOBAIACh
B IIEPBYIO OYepefb 13-3a HeOOXOMMOCTU obecIiedeHNs pajualoHHOl 6e3omnac-
HOCTY TIepPCOHasa, paboTalollero Ha IPefIpUATUAX SALePHOTO TOIUIMBHOTO IIMKIA.
B macmtabax cTpaHbl YMCIEHHOCTb PAOOTHVMKOB, OOMYYaIOMINXCS B IOJAX U3NTY-
YeHUII Ha YCKOPUTE/IAX, COCTAB/IAIa OYeHb Ma/Tylo JOJI0 OT 0buero ynucia pado-
TAlIIMX B paJyaljiOHHO ONACHBIX ycnoBMAX. C IPYroil CTOPOHBI, CIOXXHOCTb U
pasHooOpasue Hoseil U3TydeHNsI Ha YCKOPUTENIAX, a TaK)Ke HeOOXOAMMOCTb pas-
paboTKM crienpryecKnx CpelcTB U3MEePeHMIT XapaKTePUCTHUK 0TIl U3TydeHNns
IPUBENU K TOMY, YTO (pM3MKa 3aINUTHI 1 JOSUMETPsI Ha YCKOPUTEISAX CTasla Bbljje-
JIATBCA, TIO CYLIECTBY, B OTAENbHYI0 06/macThb ¢pusndeckoro sHauyA. OVIAN B cmbic-
JIe BO3MOXXHOCTEN /11 BRINOTHEHM S TaKMX MCCIIENOBAHMI ABISIETCA U II0 Cell IeHb
YHUKa/IbHBIM LieHTpoM. 1o aToil nmpuumnHe 6O/blIas 9acTh HAyYHBIX MCCIETOBaA-
Huit OPb OMAMN ¢ camoro MmomeHTa ero o6pazoBanus B 1963 . (BO3ITIaBuUI OT/eN
M. M. KomoukoB) 6bI1a cBsA3aHa C PU3MKOIL 3aIUThI YCKOPUTEIEH, U 3Ta CIenudu-
Ka OIIpeJie/Ia HallpaB/IeHHOCTD KaK HAYYHBIX, TaK J IIPAKTUYECKMX paboT Ha JJO/I-
roe Bpems. Hauano popMupoBaHuio 3TOro HarpasyeHNs ObIIO MTOTIOKEHO B 50-X IT.
IIPOLLJIOTO BEKA B CBA3M C BBOIOM B 9KCIUTyaTallMI0 YCKOPUTEJIEN Ha CpeHIE SHep-
ruu (Cosmotron B bpykxeiiBene, Bevatron B bepknu, cuaxponuknoTpoH B [lyoHe).
K ToMy BpeMeH) OTHOCATCS IepBble 9KCIIepUMeHTa/IbHbIe PabOTHI IO MCCTIef0Ba-
HUIO 3aIIMTHBIX CBOJICTB MaTepMaIOB, OC/ITA0NIEHNI0 BHICOKOIHEPTETIYHOTO U3TY-
4YeHus B 3amuTe u T. 1. Torxa eije He 6pU11 chOPMUPOBAHBI TEOPETUYECKIIE TOIXO0-
b 171 HAJIEXKHOTO pacyeTa TPAHCIIOPTA U3TYYEeHNA Yepe3 MaCCUBHYIO 3alLUTY, U
JUISl IPOTHO3MPOBAHNSA PaVialliOHHO 00CTAaHOBKM Ha YCKOPUTE/IAX MCIIONIb30Ba-
JIMCh SMITMpIYecKue ¥ peHOMEHOMOIMYeCKye MEeTO/bI pacyeTa 3amnThl. KpaitHas
OTrPaHMYEHHOCTDb 3KCIEPUMEHTATbHOIO MaTepuaja IO PasBUTUIO MEXDbALEPHOIO
Kackajia B o0'beMe 3aIUThI CTUMY/IMPOBajIa IOCTAHOBKY 9KCIIEPUMEHTOB 110 pu3n-
Ke 3aImuThl Ha yckoputersix. B bepkmu, OVISIV u nospuee 8 HEPH n VI®BS 6bin
BBIITOJTHEH 3HAYMTEIbHBII 00BeM 9KCIEePVMEHTAIbHBIX MCCIeOBAHNUI, CBA3aH-
HBIX 0OJIbIIe}T YaCThIO C IIOTyYeHNEeM VI YTOYHEHMeM SMIVMPUYeCKIX KOHCTAHT I
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BBITIOJTHEHVIA PACYeTOB B Pas3IMYHBIX TeOMETPHUAX (T. € K03 PUINEHTOB, ONUCHIBAIO-
I[VIX HAaKOIUIEHe M3/TyYeHNA B IIEPBbIX C/I0AX BEllleCTBA U er0 0CIabIeHne ¢ pocTOM
TOMIIMHBL 3auuThl). Ha cunxpounknorpone n cunaxpodasorpone OV B 1960-
1970-e rr. M.M.KomoukoBeiM, B.H.Jle6eneBbiM, B.E. AnelfHNKOBBIM IIpOBefieH
LVK/I KOMIUIEKCHBIX MCCTIENOBAaHMUII TIOJIell M3/Ty4eHMs KaK 3a 3alllUTaMy YCKOpU-
TeJel, TaK ¥ B OKPY>Kalolllell MX cpefie. Y>Ke Ha paHHEM 3Talle MCCIeJOBaHMIl BbIAC-
HIIACh 0C00ast pojIb HEMTPOHOB KaK Hambojiee IMPOHMKAIOIET0 KOMIIOHEHTa BTO-
PUYHOTO U31y4eHns. VIMeHHO HeJITpOHBI INMPOKOTO CIIEKTPA SHEPTUIT OIPefe/AoT
npu paboTe yCKOpUTeseil 103y 00y4eHNs 3a 3aluTaMi Y IIepCoHaa U pU3NKOB-
9KCIIEPMMEHTATOPOB.

C 1ernbio M3ydeHus MexaHn3Ma popMIpoBaHuUs IOJIeil paCCEsTHHOTO HEeJTPOH-
HOTO U3/Ty4eHN)s 32 3alllUTaMy Ha CUHXPOLMKIOTPOHe U cuHxpodasorpone OV
OBbUIV BBIITOJTHEHBI MOJIE/IbHbIE 9KCIIEPUMEHTHI 110 IPOXOXKIEHUI0 BTOPUYHBIX BbI-
COKO9HEPreTVYHBIX HeMITPOHOB, TeHEPMPYEMBIX B PM3MYECKVX MUIICHAX ITyIKaMM
IIPOTOHOB, Yepe3 JI0Ka/TbHble 3alIMUThI U3 Pa3INYHbIX MaTepuanos. TpymAHOCTD 3a-
KJII04ajIach TaK)Ke B TOM, YTO J/Is1 MCC/IeIOBAHMII XapaKTePUCTUK I10JIell paccesH-
HOTO U3/Ty4eHN)sI 32 3alUTaMy IPUIIIOCh Pa3pabaThiBaTh U CrienuduyecKue MeTo-
IVIKV VIBMEepeHMIT IIapaMeTpoB II0JIelt. Bl co3faH MHOTOCQepHBINI CIEKTPOMETP
HEMITPOHOB C INMPOYAMINNM SHEPreTUYECKUM MAIA30HOM, PAJMIOMETPbI BbICO-
KO3HEepPreTUYHbIX HEIITPOHOB Ha OCHOBE >KMJIKOTO U ITACTUYECKOTO CLMHTUJIIA-
TOPOB, HO3UMETpP HENUTPOHOB (63pMeTp), peKOMOMHAIMOHHAs MOHM3AIVIOHHAS
KaMepa (aBTop n3o6pereHns M. 3ebUMHCKNMIT), CO3/JaHa TPATyPOBOYHAS JIMHEl-
Ka Ui Lefiell MeTPOIOTMYECKOro obecrieueHuss usMepeHuit u T.7. Pa3BuBannch
Y MEeTOJVIKY IIPOTHO3MPOBAHMS PaMalliOHHON OOCTAaHOBKM HAa YCKOPUTEISX.
Tak, b.C.CplueBbIM ObII CO3laH METOJ pacyeTa 3alINUT OT HEHTPOHHOTO MU3JTy-
YeHNs Ha OCHOBE peIleHMs CUCTeMbl MHTerpanbHO-auddepeHIuanbHbIX (K1He-
TIYECKNX) YpaBHEHMII IepeHoca M3IydeHnit B BemjecTse, a M. M. KomoukoBbIM,
B.H.Jle6enespim 1 JI. H. 3aitiieBbiM paspaboTaHa MeTO[VKA MH)KEHEPHBIX (ITONTy-
SMITMPUYECKIX) OLIEHOK 03Bl 11 (II0eHCa HEMITPOHOB 3a 3aIUTaMIL.

BecbMma croxkHast mpobeMa 3aKI04anach Tak)Ke B CO3/JaHUY [TePEeHOCHOTO MH-
AVBUJIYya/IbHOTO I03MIMETPa, KOTOPBIN ObUI OBl CIIOCOOEH 006eCIednTh KOPPEKTHOE
U3MepeHIe [JO3bI YeJIOBeKa B ITOJIIX MHOTOKOMITIOHEHTHOTO (HEMITPOHBI, y-KBaHTHI,
3apsDKeHHBIE YaCTUIIBI) PACCeAHHOIO M3/MTydeHUA IIMPOKOTO SHEepreTHdecKoro
CIIeKTpa. BpinyckaBimecsa oTe4eCTBEHHO IPOMBIIIJIEHHOCTbIO MHAVBUYa/IbHbIE
JI03MIMEeTPBI OBV HETIPUTOHBI /IS ICIIONIb30BAHNA B IIOJIAX M3TyYeHMIT Ha YCKOPM-
Tensax. bonplras 3acmyra B pa3paboTke KOMOMHMPOBAHHOTO I03MIMETPaA Y-KBAHTOB
¥l HeITPOHOB Ha 0CHOBe aMy/bcyyt Tuita MK-20 1 peHTreHOBCKOI IIeHKY (KacceTa
JI®Kn) npunagnexana M. V. Cananukoit (pyKoBOAWUTENIIO TPYNIbl MHAUBULYAIb-
HOTO Jo3uMeTpudeckoro KoHTponsa B OPB B ToT nepuop). [laHHbI THII MHOVBU-
[ya/IbHOTO JO3MMeTpa HEOJHOKPATHO yYaCTBOBA/I B MEX/YHAPOJHbIX CIMYEHUAX
VI IOATBEPAW a/IleKBaTHOCTb CBOMX ITOKa3aHWUII 9KBUBAJIEHTHOM [103e 0OTy4eHMs.
ViccnenoBanuch BO3SMOXKHOCTM MICIIONb30BAHMA M IPYTUX TUIIOB PaJiMalliOHHBIX
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IEeTEKTOPOB [/ M3MepeHsA MHAVBUYa/JIbHOI O3Bl YeT0BEKa, B YaCTHOCTH, Tep-
MOJIIOMVHECIIEHTHBIX JIeTeKTOpoB Ha ocHoBe LiF.

OmnbIT OpraHMsayy paguanioHHOTO KOHTPOJIS Ha YCKOPUTEISX, IpUoOpeTeH-
Hb111 OPB, 65171, 10 cymecTBy, yaukanen B CCCP, 1 10 3Toit IpMYHE OCHOBY OTfe-
a pagyanyonHoit 6esomacHocty B VI®BI Ha HOBOM yckopuTene Y-70 cocTaByn
nepeexasuine u3 Jlyoust B IIporsuno corpynuuku OPb OVISIV. brarogapst aTomy,
a TaKoKe OOLIHOCTY pellaeMbIX IPO6IeM COTPYSHUIECTBO U KOHTAKTBI MEX/Y IBY-
Ms aHaornyHbeIMy noppasgenenysivyu OV u VIOBI 6bin 1 0CTaroTCS caMbIMM
TECHBIMI U IVIOJOTBOPHBIMIL.

JanbHeiimne pafnanoHHble ucciefoBanus B 1970-1980-x IT. cBA3BIBAINUCD
[JIABHBIM 00pa3oM C HaKOIUIEHMEM 3KCIIePUMEHTATbHBIX JAHHBIX U OJHOBPEMeH-
HBIM pasBUTMEM pPACYeTHBIX METOAMK TPAHCIIOPTAa M3JTy4eHUII 4Yepe3 3alluTYy.
PasButye ¢pu3MKM 3alUThI BUJENTOCh B TECHOV CBSI3YU 9KCIIEPUMEHTA/IbHBIX U T€O-
peTMYeCcKUX UCCIef0BaHNIL, KOTOpas MUTajla YBEPEHHOCTDb B Ha[JeXKHOCTU IIPOTHO-
3MpOBaHMsI CUTYALVIT Ha IPOEKTUPYEMBIX YCTAHOBKAX CO BCe OOMBIINMIY MOIIHO-
CTAMU IIYYKOB M 9HEPIUAMU YCKOPEeHHBIX yacTul,. OfHaKko 60/blIOoe YIC/IO HAKO-
IJIEHHBIX K TOMY BpeMEHM 3KCII€PYMEHTA/IbHBIX JAaHHBIX O XapaKTePUCTUKAX ITOJIeN
U3Ty4eHVsI Ha YCKOPUTEISAX He MOIJIO OBITh MCIIO/Ib30BAHO /IS IPOBEPKY afleKBaT-
HOCTY pac4eTHBIX METOIVIK I IMEJIO, IO CYLECTBY, SMIIMPUYECKNil XxapakTep. Craja
OYeBMIHOI HEOOXOAMMOCTb MOCTaHOBKM 6a3oBbix (benchmark) skcrepumenTtos
10 ¢u3MKe 3aINUTHI, BBITOTHEHHBIX B IPOCTHIX (M/jeaM3upOBaHHbIX), HO BMeCTe
C TeM TUIVYHBIX /ISl YCKOPUTENIel TreOMeTpUsX, 00/1aaloNiX BCell IIOTHOTO UC-
XonHoIt MHGOpMaIuu, He0OXOAMMOTi JI/Is aleKBaTHBIX pacyeToB. [[prHIMIIMaTbHO
BXHBIM OBIIO TaK)Ke IeTa/JIbHOe 3HAHNe XapaKTePUCTUK UCTOYHMKOB V3/TydeHUA
(source term), 0COOEHHO I YCKOPUTEEil TsDKEIbIX MOHOB M3-3a IPAKTUYeCKO-
rO OTCYTCTBUS JaHHBIX 00 0Opa3oBaHMM BTOPUYHBIX HEITPOHOB B SAPO-S/IePHBIX
B3ayMOZeNCTBMAX. Takyie 6a30Bble 9KCIIepPUMMEHTHI ObIIY BBIIIOTTHEHBI 32 3aIIMTON
cuHXpouukaorpoHa JISAIT u Ha mydKkax peATMBUCTCKUX YaCTUL, CMHXPO(asoTpo-
Ha JIBO. B skcnepumenTax Ha cuHxpouuknorpose I. H. Tumormienko Brepsble uc-
CIIefi0BaJI 1BOVIHBIE U depeHIanbHble 110 YTy M SHEPTUM BBIXO/IbI 3aPsXKEeHHBIX
YaCTULL U3 3aIUThI, 9KCIIEPMMEHTA/IBHO OLI€HIJI BK/IA[l 3aPSI)KEHHOIO KOMIIOHEHTA
B IIOJIHYIO 103y ¥ (rroeHc usnydeHus. Iy 9TUxX MccnefoBanmit ObII CO3aH MaJIo-
rabaputHblil dE/dx -CrieKTpoMeTp 3aps>KeHHbIX YaCTUI] V1 BBIITOJTHEHA €T0 IPafyt-
poBka Ha myuke ¢pasorpona JIAII mo nporonam ympyroro p—p-paccesuus. C 1mo-
MOIIIbIO CO3[IaHHON CUCTEMBI JAaTYMKOB I M3MEPEHMI YITIOBBIX paclpefeneHuni
3apsDKEHHBIX YaCTUI] MCCIeJOBaHbI 3aKOHOMEPHOCTY (pOPMMPOBAHNS Ol U3TTY-
YeHNA B pas3/INIHbIX TeOMeTPUAX 32 3aiuTaMy pasoTpoHa M CMHXPOda3oTpoHa.

B cpaBHUTE/NbHBIX 9KCIEpUMEHTaX Ha ITy4KaxX IPOTOHOB, anbga-dyacTul] 1
anep 12C c sneprusamu 3,65 [5B/HYK/IOH MOy 9eHbI NCXOIHbIE TAHHBIE IO BBIXOJIAM
BTOPUYHBIX 3aPsXKEHHBIX YacTNI] 13 TONCTHIX Cu- 1 Pb-Mumeneit. B 1984 r. meTogom
BpeMeHU IIPOjIeTa BIIEPBble I3MEPEHDI CIIEKTPbl BTOPUYHbBIX HEITPOHOB C SHEPTU-
el 6oree 10 MaB mop pasmn4HbIMM yITTaMU TPV B3aVIMOJIEVICTBUY PEIATUBUCTCKIAX
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apep 12C ¢ TONCTON MeHON MUIIEHbI0. DT Pe3yIbTaThl GbUIM UCTIONb3OBAHDI
IJLs IPOBEPKU pacyeTa TPAHCIIOPTA YAcTUL B BELIECTBE, & TAKXKe /i IPOrHO3M-
pOBaHUsA pafuanioHHON 00cTanoBKY npu npoektupoBanuu KYTU u nyknorpo-
Ha. [l pacdera samuT Ha yckopurersax sapep A. P. KppiioBeiM paspaboTansl mpo-
TpaMMbl MOZIETMPOBAHNA MEXDbAEPHOTO KacKaJa B TOJICThIX MULIEHAX Ha OCHOBE
MOJIeNN SIPO-s/IePHBIX B3aMMOJECTBMIT «(ailepcTpuk» M IporpaMma pacdera
TPaHCIIOPTA HEITPOHOB B 3allUTe C IIOMOILIbIO PElIeHNs CUCTeMbl KMHETUYECKIX
ypaBHeHUi1. CTelleHb JOCTOBEPHOCTY PAcyeTOB I0JIell BTOPUYHOTO M PacCesAHHO-
O M3JIy4eHNs OLIEHVBA/IACh B Psifie 9KCIEPVMEHTOB, B YaCTHOCTM, B 6a30BOM 9KC-
nepyMeHTe 110 (u3MKe 3auThl, BeinonHeHHoM I H. TuMomeHKo 3a OTHOCUTETbHO
TOHKOJI TOByIIKOI my4ka spep 2C ¢ aneprueit 3,65 [aB/HyKk/OH Ha cuHXpodaszo-
TpoHe JIBD.

Bonbioit BK/1az B moaep>xky pusnyecknx usmepennit BHec B. I1. bambnesckmit,
OCBOVIBILNI aKTMBAIIOHHYIO METOAVIKY J CO3aBILINIT HAOOp HMU3KO(DOHOBBIX TaM-
Ma-CIIEKTPOMETPOB JI/ISl USMEPEHMA aKTUBHOCTH IETEKTOPOB.

Oco60e BHUMaHIE YIeAIOCh Pa3BUTHIO CIIEKTPOMETPUY HEIITPOHOB LIMPOKO-
ro JVana3oHa Hepruii Kak 6a3oBOrO MeTOfa VICC/IENOBAHWI paiuallIOHHON 06-
CTAaHOBKM U M3MEPeHMA MOLIHOCTM [03bl HENTPOHOB. BoccTaHOB/IEHNE CLIEKTPOB
HEJTPOHOB II0 NOKa3aHMAM MHOTOC(EPHOTO CIIEKTPOMETPa OTHOCUTCSH K K/Iaccy
0OpaTHBIX 3aJlad, a MMEHHO, K OTBICKAHMIO HEM3BECTHON NPUYVMHBI 110 PNy U3-
BecTHBIX. Ha paHHeNl cTagum McCaefoBaHMII CIHEKTPOMETPUM HENTPOHOB [id
obecrieyeHNsi eAMHCTBEHHOCTY peIleH)sI YpaBHEHMIT 3ajjaBajaCb OYEHb «KeCT-
Kas» anpuopHas MH(OpPMaIyA 0 XapakTepe UCKOMOro pemeHns. [Tosxe mpu Boc-
CTAaHOBJIEHUN CIIEKTPOB CTaJl MCIIOIb30BATbCA METOJ] CTATUCTUYECKOI PEerynsapu-
3anuy, paspaboranHsii B 1970-x rr. akagemukom A.H. TuxoHOBBIM, Tpebyrommit
3aJlaHMsI MMHMMAIIbHOI anipropHoit nHopmaryu. beta co3gana nmporpamMma Boc-
CTAHOBJICHMs CIIEKTPOB HEJTPOHOB IIO ITOKA3aHMAM PasINIHBIX MOAUPUKAIIVIL
MHOroc(epHOro crieKTpomeTrpa (C aKTVBHBIM A€TEKTOPOM TEITIOBBIX HEMITPOHOB I
C aKTVBAIVIOHHBIMM IeTEKTOPAMN).

B panbHeleM MeTOAVIKAa BOCCTAHOBJIEHUS CIEKTPOB HEUITPOHOB COBEpIIEH-
CTBOBA/IaCh B HAIIpaB/IeHUM paclIVpeHus pabodero AmamasoHa CIHEKTPOMETpa
B 00/1aCTb BBICOKVIX SHEpIuil HeiiTPOHOB (COTHM MaB), a Takke IOBBILIEHNS TOY-
HOCTY pacyeTa QYHKLMII YyBCTBUTETBHOCTU U MX 9KCIIEPMMEHTAIbHOI IIPOBEp-
kn. Tak, eme B Hayase 1980-x rr. Ha my4ykax VIBP-30 u HeliTpoHHOrO reHeparopa
ObUIM BBITTOJTHEHBI 9KCIIEPUMEHTAIbHbIE VI3MepeHsi GYHKIUIT 4yBCTBUTEIBHOCTI
MHOTOC(epHOro CIeKTPOMeTpa U [PYIUX HENTPOHHBIX [eTEKTOPOB, VICIIOTIb30-
BaBIINXCA B OIEPaTMBHOM pafiMalllOHHOM KOHTpose. TeM He MeHee B culy psfa
0CO0EHHOCTeN MHOTOC(EPHBII CIIeKTPOMeTp ManorH(GOPMATUBEH B 00/1aCTH BbI-
COKMX 9HEPIruil HeITPOHOB, YTO BO MHOTOM OTPAaHMYMBAJIO €70 IPUMEHVMOCTD IIpU
M3MepeHMSIX B XKeCTKUX IIOJIAX U3Ty4YeHMs 3a 3aIliuToil pasoTpoHa M CMHXpoda-
3oTpoHa. [lna pemennus sroit 3agaun I. H. Tumomenko u A. P. Kpbitos mpemoxu-
JIV OPUTVIHAJIBHBIN METOJ| CIIEKTPOMETPUN HEMTPOHOB BBICOKOI SHEPTUM B MOJAX
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paccesiHHOTO U3/Ty4eHMsI, 06/TafatoInil BBICOKO YyBCTBUTENbHOCTBIO. Ha ocHOBe
3TOT0 MeTofa ObI/T CO3/JaH HOBBII TUII CIIEKTPOMETPa HEMTPOHOB, PACCYUTAHDI €T0
(GYHKLIMM YyBCTBUTENBHOCTHU ¥ BBINOJTHEHA IpafyupoBKa npubopa. C ero momo-
b0 OBUT BBITIOTHEH OOJIBIION 00'beM N3MePEeHNIT «KeCTKIX» CIIeKTPOB HEITPOHOB
B pea/IbHbBIX NOJIAX 3a 3amuTamu yckoputeneit OVIAV n nposenena KOppeKTUpoB-
Ka IIOKa3aHMI CTAlMIOHAPHBIX HEMTPOHHBIX JJaATYMKOB paZMalliOHHOIO KOHTPOJIA
HEIIOCPe[ICTBEHHO Ha pabounx MecTax. Bblcokas 4yBCTBUTENIBHOCTD JAHHOTO CIIEK-
TpOMeTpa K HEMTPOHAM IT03BOJIN/IA TAKXKE M3MEPUTD CIIEKTP KOCMIYECKUX HEMTPO-
HOB ¢ 9Heprueit 6omee 20 MaB Ha moBepxHOCTH 3eMmu. B manbHelimeM paspurtue
HEMITPOHHOM CIIEKTPOMETPUN 3aK/TI0Ya/TI0Ch B COBEPIIEHCTBOBAHNY PAaCYe€TOB YyB-
CTBUTETBHOCTEN MHOTOCEPHOrO CIEKTPOMETpPa Ha OCHOBE COBPEMEHHBIX TPaHC-
noptHeix MK-nporpamm (MCNP), BkmoyeHUM B cocTaB Habopa CIIEKTpoOMeTpa
reTeporeHHbIX cep ¥ HAKOIIEHUY OIIBITa BOCCTAHOBJIEHNS CIIEKTPOB HEITPOHOB
I10 ITOKa3aHMAM aKTUBALVIOHHBIX JeTeKTOPOB.

MHoroc¢epHbIil CIIeKTPOMeTp BIIePBbIE VICIIONb30BAICA U /I MCCTIELOBAHMA
I0JIejl BTOPUYHBIX HEIITPOHOB BOKPYT TOJICTOI MUIIEHM, 00/TydaeMoil IIPOTOHAMNI
¢ aHeprueit 660 MaB. CBuHII0Bas MullleHb AyaMeTpoM 8 cM 1 JyinHol 50 cM umu-
TYpOBaJa CEPAEYHVK MMOTKPUTIUYECKON COOPKM, YIIpaB/sAeMOll Iy4KOM IIPOTOHOB
dasorpona JIAII (mpoext SAD). Boibop Takoit METOIMKY CIEKTPOMETPUI TTO3BO-
JIVJI TIOTTYYUTD CIIEKTPA/IbHO-YITIOBbIE pacIpeeNieHNsl HEMTPOHOB U3 MULIEHN BO
BCEM 9HEPreTUYeCKOM AMalla30He, HA4MHaA C IecATKOB K9B. [laHHbIN 9KCIIEPUMEHT
ObUI BBIIIOJIHEH I IIPOBEPKY pacyeTa MeXXbsAJEPHOTO Kackaja 110 Haubosee m3-
BECTHBIM B HAaCTOAIlee BpeMs TPAHCIIOPTHBIM IIPOrPaMMaM.

MHorocgepHBIil CIIeKTPOMETP HETPOHOB ABJAETCA He TONBKO OCHOBHBIM
npuOOpPOM I MCCIeOBaHMII Ol PACCesTHHOTO U3/Ty4YeHMs, HO ¥ 06pasIjoBbIM
CpefCcTBOM pPaiMalMOHHOrO KOHTpojsi. OmHAaKO pelleHye MpoOIeMbl MeTpPOJIO-
TUMYECKOT0 00ecrevyeHys] pafMalIOHHBIX VISMEPEHMIT Ha YCKOPUTE/IAX ONMpPAeTCs
Ha CO3JJaHMe CHCTeMBI «00pa3lloBOe CPEACTBO M3MEpPEeHMIT — 0OPa3IOBBIl MCTOY-
HVIK HEeJITPOHHOTO M37y4eHMs». Ha mpakTuke B kauecTBe 00pa3l[OBbIX MCTOYHM-
KOB HE/ITPOHOB TIPUMEHSIOTCA PaAMOM30TONHbIe NCTOUHUKM 23°Pu-Be u 22Cf
CO CpefHMMM 3HeprusaAMu HelNTpoHOB 4,3 u 2,5 MaB. OCHOBHBIM UX HEJOCTaTKOM
C TOYKM 3PEHMS METPOJIOTUN AIBJIAETCSA Y3KUIL SHEPTeTMYeCKIII AMaa3oH, He COOT-
BETCTBYIOLIMII PeaJibHbIM IIOJISIM M3/TYy9eHMII 3a 3alUTaMM, YTO He obecIieynBaeT
HEOOXOIMMYIO TOYHOCTD IPAKTUIECKUX U3MepeHuit. ITo 006yC/I0BUIO pa3paboTKy
B KOHIle 1980-X IT. CIIeIaJIbHOrO MeTPOIOTMYECKOro obecredeHnsi HeTPOHHBIX
V3MepeHMI1, B OCHOBE KOTOPOTO JIeXKA/IO CO3JjaHle ITAJIOHHBIX (OIIOPHBIX) IIOJIel
HEMITPOHOB HIMPOKOIO 3HEPreTMYECKOrO COCTaBa HENOCPEeNCTBEHHO Ha AJEPHO-
($U3NIeCKUX YCTAaHOBKAX ¥ BOCIIPOM3BENEHNA B HMX (IPAMBIM MMM KOCBEHHBIM
MEeTOJiOM) pa3Mepa e[UHNI] TOCYapCTBEHHOTO CIIelaJbHOro aTanoHa. ITo mHM-
nuaTuBe nopcekuyy «PagyanuoHHas 3amuTa M paboTa B YCTOBUAX BBICOKUX
YpOBHell VOHM3UpYOIero usnydenus» npyu CoseTe 1o mpobreMaM yCKOpEeHMs
3apsbkeHHbIX yacTuly AH CCCP, Bosrasnsemoit B To BpeMss M. M. KoMOUKOBBIM,
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OblIa TIOCTaBJIeHA 3aJjaya CO3/IaHVA OIOPHBIX IT0JIell HEMITPOHOB Ha YCKOPUTETLAX.
Taxas pabora npoBopmnace napamiensio B OVIANM u IOBI ¢ navana 1990-x rr.,
a HemHoruM nosxe 1 B IJEPH. B OV 6b110 co3maHo 4eTbIpe OMOPHBIX MOJIA,
Ba — Ha 0cHOBe 2°2Cf-NCTOYHMKA HEITPOHOB B 3aMeINTENAX Pa3HOTO TMaMeTPa
U JBa — Ha OCHOBe peasbHBIX nojeil dasorpona JIAIL. «Msrkoe» ornopHoe mome
HEJITPOHOB OBIIO CO3AHO B JIAOMPVHTE TYHHE/IA B IIOKOJIBHOM 9Ta)kKe IOJL [JTAaBHBIM
3aJI0M YCKOPUTeIS, @ «’KeCTKOe» OIOpHOe I0jIe — 3a 2-MeTPOBOJ OETOHHOI 3a-
muToi paszoTpoHa Ha 0OBA/IOBKE 3aNaHON CTEHBI. BbUIN JeTalbHO MCCIeOBaHbI
XapaKTepUCTUKY STUX II0/Iei, CO3[JaHbl CUCTEMbI KOHTPO/IA UX IIapaMeTPOB U pas-
paboTaHa MeTpoIoOrnyeckas cxema IpajiypOBKM JO3VIMETPUYECKUX W pagyoMe-
TpUYecKux npubopos. B omopHbIx noysax Heitrporos OVIAM mposopgmioch camde-
HYle METOIVIK M CPEJICTB M3MepPeHWIT HO3UMEeTPUIECKIX U GUUIECKIX XapaKTepu-
CTMK TI0JIe} HeTPOHOB, ucnonb3yeMbix B OVIAN, IOBI u MMAD (Csepk, [Tonbura),
a TaKxoKe BBINOJIHANACH TPAJYNPOBKa psifia MPMOOPOB ¥ METOAMK ONEPATVBHOTO 1
VHJVBUYaTbHOTO KOHTPOJIA.

Y>xecTo4yeHVe pajMaliIOHHOTO HOPMMPOBAHMSA ¥ yBenudeH1re obbeMa paju-
aIlMIOHHOTO KOHTPOJA Ha sfepHO-(usndecknx ycranoskax OVIAIV morpeboBann
ot OPD B cepeguue 1980-X IT. HOBOrO MOAXOMa K OPraHM3aIl 30HHOTO MOHUTO-
PUHTa, a MMEHHO CO3/IaHMS aBTOMAaTM3UPOBAHHBIX CUCTEM PAAMAlIOHHOTO KOH-
tpona (ACPK) Ha ycranoBkax OVIAV. CregyeT OTMETUTD, YTO OIbBITA CO3TAHUA
HOfIOOHBIX CUCTEM Ha YCKOPUTE/SIX B TO BpeMs He cyliecTBoBano. Ha peakTope
JIBP-2 aBTOMaTN3MpOBaHHAsA CUCTeMa KOHTPOJISA OblIa CO3/jaHa aHAIOTMYHOI TeM,
KOTOPBbIE MCIIO/Ib30BAINCh HAa aTOMHBIX CTaHIVAX. OgHaKo crienyduka moueit us-
JlydeHMs 3a 3alllTaMU YCKOPUTeTIel, BapuabenbHOCTb PEeXXIMMOB UX pabOTHI, U3-
MeHeHMe CTaTyca 30H pajjuallIOHHOTO HAaOIONEHNA B 3aBMCUMOCTI OT PeXJMOB
U T.[. Jeflaly HeBO3MOXKHBIM IIpuMeHeHne cucteM A9C Ha yckopurenax. s pe-
IIeHNA [TOCTABICHHON 3a/ja4l B OTHese Oblla pa3paboTaHa TpeXypoBHeBas cxeMa
aBTOMAaTM3MPOBAHHON CUCTEMBI, NIEPBbIl yPOBEHb KOTOPOJ COCTOAN U3 HECATKOB
CTAl[MIOHAPHBIX JIaTYMKOB HEWTPOHOB M Y-KBAHTOB, BTOPOIl YPOBEHb — W3 VH-
TEIEKTYa/IbHBIX KOHTPOJUIEPOB KPeNTOB iA cOopa MHPOPMANM C JaTYNKOB I
ylpasieHusa uMu u Tpetuil yposenb — IIK 151 Busyanusanumum u JOKyMeHTUPOBa-
HYISL JAHHBIX U YIIpaBJIeHUsA paboTol CUCTEMBI B I1elIoM. Bbumu paspaboTaHbl Heil-
TPOHHbIE KaHa/Ibl CCTEMBI CO CTALIIOHAPHBIMM JATYMKaMM HEITPOHOB HIMPOKOTO
[MaNa3oHa SHEPIUil Ha OCHOBE KOPOHHBIX CUETYMKOB B 3aMEJINTENAX, OTIMYHO
3apeKOMEHJIOBABIINX cebs B IpoIlecce MHOTOJIeTHEN SKCIUTyaTallMy, CO3JaHBbI
CIlenyanm3ypoBaHHbIe OIOKV 37IEKTPOHMKMY JIIsI BTOPOTO YPOBHS CUCTEM, paspa-
60TaHO MporpaMMHOe obecredeHye /i BTOPOTO U TPETbero ypOBHeIl, Co3/jaHa
METPOJIOTMYEeCKas cXeMa MOBepKM 1 rpagynpoBku gatdnkoB. ACPK ¢ HekoTOpbI-
MU crienyduyeckumMy oTImIMsAMy ObU co3fanbl Ha ¢asorpone JIAII, cuaxpo-
¢dasorpone JIBI u yckopurernsax JISIP u paboraroT, IOCTOSHHO COBEPIICHCTBYACH,
y>Ke okono 30 ner.
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[IpumepHo ¢ cepeguubl 1980-x IT. mapamienbHo ¢ co3fanueM ACPK Haua-
JMCh PabOThl IO IEPeCcTpONiKe CUCTEMBl MHJVBUAYATBHOTO NO3MMETPUIECKOTO
koHTpons (VIIIK). Tpaguuyonuble MeTozbl GOTOKOHTPOJISA, OCHOBAHHBIE Ha VC-
MI0/Ib30BAaHMI PEHTTEHOBCKUX IUIEHOK JII OLIEHKU [O3bl V-KBAHTOB U AJEPHBIX
SMY/IbCUIL JIsI PEeTUCTPALMY HETPOHOB, He obOmazany HeoOXOMMOli OlepaTuB-
HOCTbIO, IIPY TOM, YTO YMC/IO COTPYLHMUKOB, CTOALINX Ha I03KOHTPOJIE, OCTUTAIO
2 ThIC. yenoBek. Cramu MpOsBATHCS Y IPOOIEMBI, CBI3aHHbIE C IOCTABKOJ IITIEHOK
C AflepHOII aMynbcuell. BbIXop U3 cuTyanum Bupencsa B KapiuHaIbHOM M3MEHEHUN
metopuku VIIK u nepexope (YaCTUYHO MU ITOTHOCTBIO) Ha KOHTPOJIb C IIOMOIIIBIO
TepMOJIIOMUHECIIeHTHBIX feTekTopoB (TJIII). AnbrepHatnBoit ¢$HoTORO3MMETPY
Bujiesics anbbenonosumerp Heitrporos ¢ nyms TJIJI Ha ocuose °Li u ’Li, peru-
CTPUPYIOIMIT MATKME HENITPOHBI, IlepepaccessHHbIE B JO3MMETP U3 Tejla Ye/loBeKa.
B orpene 6p111 pa3BepHYTHL pabOTHI ITO CO3AAHUIO TAKOTO HO3UMETPa U aBTOMATH-
3auyy 06pabOTKY ero faHHbIX. [TombITKY co3manmsi pubopa st CAUThIBAHUA T10-
kasanuit TJI]] npegnpunuManucs B OPD eme B 1970-X IT., O TOTO KaK MOSABUINCDH
IpOMBIIIIEHHbIe IpUOOpHL. B Xoze paboT Hay cosmanmeM anbbeno-g03uMeTpa uc-
IBITBIBA/INCh pasnmnyHble BuAbl TJI]I, BBIMOMHAMNCD pacyeTbl 4yBCTBUTETbHOCTI
IO3MMeTpa U TPafiyupOBKa, IPOBOAVINCH €T0 UCIIBITAaHNA B Pea/IbHbIX MOJIAX Hell-
TpoHOB. B utore B nmpaktuky foskonTporns OVIAV 61 BHeIpeHDbI HOBbIE HAMN-
B ya/IbHble TAMMa-HeNTPOHHBIE JO3VIMETPHI.

OmbIT, HAKOIICHHBII B OTHeIe IO (PU3MKe 3aIUTH YCKOPUTeIeil, U BIajieHue
MeTOJaMI pacyeTa TPAHCIIOPTA YAaCTHI] B BellleCTBe OBbLIN MCII0/Ib30BAHBI IIPY IIPO-
eKTUPOBAHUM psAfa 3ALUT OT[E/NbHBIX YCTAaHOBOK VJIM 3[JaHUII HA YCKOPUTEAX
OVIAN. OPbuPY npunuman y4acTtye B IpOeKTMPOBAHNM BApPMAHTOB YCKOPUTE/Ib-
HBIX KOMIUTEKCOB TspKenblx MoHOB (KYTH, YKTU) u nyknorpona JI®BI. B koH1e
1980-x IT. crienannCThl OTHEIA IPUHVMAIN y4acTie B IIPOEKTUPOBAHNN LVIK/IO-
TpoHa MHCTUTYyTA «Vinca» B benrpaze (FOrocnasus).

[Tocne cospanmsa OtaeneHns pajyaliMOHHBIX M PagoOMONTOINIECKUX MUCCIIe-
JIOBaHUI pabOThI 1O [JO3MMETPUM M3Iy4eHMIT U (PU3MKe 3AUUTDI BBITOTHSINCH
B paMKax Hay4YHOI TeMbI 110 pafiMallIOHHBIM UCCIeNOBaHMAM. VIX OCHOBHBIMI Ha-
IpaBJIeHUsIMU OBUIN UCCTIEOBAHMS XapaKTePUCTHK IIEPCIIEKTUBHBIX TeTeKTOPOB I
I03MIMETPOB, CIEKTPOMETPH S HeITPOHOB LIMPOKOTO Ayana3oHa SHepIuil, ONTUMU-
3alyA pafiMalIOHHON 06e30I1aCHOCTY ¥ 3aIUTHI OT M3Ty4eHNI, PuandecKas Mmoj-
ilepyKKa pagyo610IornyecKux 9KCIIepUMEeHTOB, KOHTPO/Ib 0OTy4eHsI IIepCoHaa 1
MOHUTOPUHT PaitOaKTVBHOCTY B OKpY>Kalollell cpefie, IIOATOTOBKA CIelalNCTOB
TI0 pa/iYialilOHHOT 6€30IaCHOCTH.

Bt mpoBefieHbl OOIIVPHbIE MCCTIeOBAHNS XapaKTePUCTUK TPEKOBBIX TBEp-
IOTENIbHBIX IETEKTOPOB M JETEKTOPOB TEIUIOBbIX HEITPOHOB B MOIMATUIEHOBBIX
3aMefIuTeNAX. B yacTHOCTH, COBMECTHO ¢ COTpyAHMKaMy VIHCTUTYTa sAfiepHOTT Pu-
aukn (ITpara, Yemickasn Pecriy6mmka) 6bi1a msmMepeHa apPeKTUBHOCTD PerucTpa-
uuu TsoKenbix Aapep C, Mg, Ar u Fe tpekoBbiM fetekTopom ns CR-39.
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B cBasu ¢ paboramu o cospanuio B CrnoBankoit Pecrry6mke UKIOTPOHHOTO
LIeHTpa [ yCKopeHuA MoHoB ¢ A < 130 u sneprueit 1o 72 MaB/HyknoH nmoTpe-
60Ba/I0Ch BBIIOMHUTD KOMIIEKC JMCCIEOBATe/IbCKUX U IIPOEKTHBIX paboT, YTOOBI
CBECTY K MUHMMYMY BIVAHME U3/TyYE€HUIT OT YCKOPUTE/IA Ha OKPY>KAIOLIYIO CPexy.
K pacyery 3ammTbl KOMIUIEKCAa ¥ OpTaHM3aL[My Mep IO pafMalOHHON 6e3omac-
HOCTY TIPebSB/ISUINCH MOBBIIIEHHbIe TPeOOBAHNSA B CBSI3U C TeM, YTO KOMIUIEKC
pacrnonarajncsa Ha Tepputopun bpatncmasel. boima paspaboTaHa KoHIeNus pa-
AManyoHHON 6e3omacHOCTY CIOBAI[KOTO IMKIOTPOHHOTO LIEHTPa, BK/IIOYAIONIast
BO3MOYKHbIE MICTOYHUKY MOHU3MPYIOIUX U3TYyYeHNI, 3alUTy OT MU3Iy4eHuIt, pa-
JVAIVIOHHBINI MOHUTOPUHTI, ObpalleHye ¢ pafiMOaKTUBHBIMM MCTOYHUKAMY, aHa-
JIM3 BO3MOXKHBIX PaIMallIOHHbIX aBapuil, BAMAHNE YCKOPUTEIbHOTO II€HTpa Ha
OKpy>Karolyio cpeny. Ha ocHOBe JaHHOT KOHILIEIIIVIV ObUI BHIIIONHEH IIPOEKT KOM-
IUIeKca B YacTy pajuanyuoHHon 6e3omacHoctu (B.E. Aneitnukos, B. A. Apxunos,
I H. Tumourenko, A. P. Kpoinos, JI.I. beckpoBHas).

Bonboit 06vemM pabot B OPPVI BeIIIONHEH IO CO3[JaHMIO YCTAHOBOK [I/IS TIpe-
LM3VOHHON [HO3MMETPpUM IIyYKOB 3apsDKEHHBbIX uactul, yckoputeneit OVIAN.
Ilnis1 aTMX M3Mepenuit Ha yckopurerne Y-200 ObT co3[jaH 3KCIIEPUMEHTAIbHbII Ka-
HaJI U ClleljyiajibHasA YCTAHOBKA, MO3BOJIAIOLIAsA IPOBOAUTD aBTOMATUUECKYI0 CMe-
Hy 00pasloB, a TakXe paspaboTaHa METOAMKA M3MEPEHNs IOITIOUEHHON 03Bl
HU3KO9HEPreTUYHBIX MOHOB. [l 06mydennit Ha HyknorpoHe JIOBI Taxke pas-
paboTtam MeToRMKY GOpMUPOBaHNA KBa3MOLHOPOSHOTO JO30BOTO IOJIA U M3Me-
pEHUs TOIIOLIeHHON K03l B 00pasiax, YTO MO3BOIM/IO BBIIOTHUTH VKT VICCIIe-
MOBAaHMII Ha ITy4KaX IIPOTOHOB, ({-4aCTHULI, AfleP yI/IEPOfa ¥ MarHuA C SHEPIUAMU
0,5-1,0 I'sB/nyxk/10H.

Crnennanuctsl OPPV noMumo paboTsl Hafi TEMOVI OTJe/IeHNsI IPUHUMANIN aK-
TUBHOE yYacTye B BBIIIOTHEHNY PabOT 110 JPYTUM MHCTUTYTCKMM TeMaM, B 4YaCTHO-
CTU, 110 TPAHCMYTALMM PAJMOaKTUBHBIX 0TX00B ADC, CO3[JaHNI0 CTAllMOHAPHBIX
YCTaHOBOK Ji/Is1 OOHApy>KeHMsI U MAeHTUPUKALINMM B3PBIBYATHIX I HAPKOTUYECKIX
BELIECTB U T. JI.



JIABOPATOPUA PAIMAIIMOHHON BMOIOT A

B 2005 r. pemeHneM aupekuuy, YueHoro copeta 1 Komurera momHOMOYHBIX
npencraButeneit crpan-ydactun, OVIAM Otpenenne pafnallMOHHBIX U pajfino-
OMOMOTMYeCKIX UCCIeOBaHMIT ObITIO ITPe0OpasoBaHO B HOBYIO, BOCBMYIO 1abopa-
Toputo OObefHEHHOTO MHCTUTYTa — JlabopaTopuio pajyalMoHHON 6Momornm
(mpukas mo OVIAM Ne403 ot 20 mronsa 2005 1.). DT0 cOOBITHE ABUIOCH 3aKOHOMEP-
HBIM P€3y/IbTaTOM JUIMHHOTO IIyTU CTAHOBJIEHMA OJHOTO M3 HAaIpaBJEHMII Pa3Bu-
T QyHpaMeHTanbHO 6yonoruy B OVISIV n npusHaHueM 60/bIIOro BK/IAfa CIie-
nyamictoB OPPYI B penreHme BayKHBIX Hay4HBIX 3a/a4. O4eBUIHO, YTO paamo6mo-
NIOTUA KaK MEXAUCHUIUIMHAPHAsA HayKa HYXKJAeTCs B aKTMBHOM y4acTUM B 3TUX
paspaborkax crenyanuctos-¢usnukos, u OVISV B aToM cMbIcIe MpefoCcTaBseT
YHUKa/IbHbIE BO3SMO>KHOCTH, IIOCKOJIbKY O0/1ajiaeT BBICOKOKBAIV(UIIVPOBAHHBIMI
Kagpamy GU3NKOB, HEOOXOVMOI ANIIapaTypoli U MNMPOYAIINM CIIEKTPOM CaMBbIX
PasHOOOpa3HbIX UCTOYHMKOB M3mydeHuit. GakTudecky HU B Poccum, HI B [pyTux
CTpaHax HeT 6ojiee yIOOHOTO U (pM3MYeCcKy OCHAIEHHOTO J/Is IPOBefieHNsA pafuo-
OMOIOrMYecKIX MCCIefOBaHNIT HayYHOTO LeHTpa, yeM OVIAN. [TosTomy B obmactu
u3y4deHus 61onorndeckux 9QpPeKToB VOHN3NPYOIUX U3Ty4eHNII C pa3HBIMU (-
3MYeCKMMIU XapaKTepucTukamu Jlaboparopust pafuanoHHO 6M0IOTMY C TOTHBIM
IIPaBOM MO>KET IIPeTeH/IOBAaTh HA JIMJEPCTBO B NAHHON HAy4yHON 00/1acTu cpemu
APYTMX Hay4yHBIX opranmsaumii Poccum u crpan-yyactaun OVIAV. Tupekropom-
OpraHM3aTOPOM HOBOII 1aboparopym 6611 B 2005 I. HazHaveH, a B 2009 I. u3bpax Ha
Yyenom cosete OVIAV moxrop 6monornyeckux Hayk npodeccop E. A. KpacaBuH.

B 2008 r. mo npenoxeHuto akageMuka-cekperapss Ot/eneHus OMOIOTNIeCKIX
Hayk (OBH) Poccuiickoit akagemuy Hayk akajeMuka A. V1. [puropbeBa pe3ynbTarel
nposopuMbix B OVIAIV pagno6monorndecknx UCClIefoBaHnil U MepCIeKTUBbI pa-
60t 6bUtN Honoxensl E. A. KpacaBuubiM Ha 3acegannu bropo ObH PAH n nmomyun-
JIV BBICOKYIO OLleHKY. Ob11ee coOpaHie OTHe/IeHNsI eAMHOITIACHO MO ep>Kajio NHU-
unatuBy bropo OBH PAH u npunAmo nocraHoBieHNre 0 HayYHO-METOAMYIECKOM
pyxoBozcTse Jlabopatopun paguannonHon 6uonorun OVIAM co croponsr OBH
PAH (noctranosnenue Ne 5 ot 15 reka6pst 2008 1.). ITO BayKHOE pellleHlie BbIBEIO Ha
HOBBII YPOBEHb pasButTye 6yonorndeckux nccnepoannit B OVIAN ¢ ncnonpsosa-
HIEM €TI0 YHUKA/IbHOTO ITOTeHIMAA.
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B ctpykrypy JIPB Bomm nBa oTmena (OTHeN paguoOMoIorny, OTAe! pafguay-
OHHBIX MCCTIEOBAHMIT) M TPU CAMOCTOSITENbHBIX cekTopa (dboTopammobuonorumy,
KOCMIYECKOI Pajjo0MOIOrNy ¥ KOMITBIOTEPHOTO MOJIEKY/IIPHOTO MOJeMPOBa-
Hus). Otmen paguoO6Monorny BKIIOYAT YeThIpe TPYIIIBL: TPYIITY MOJIEKY/ISPHOI
pamuo6yonorny, TPymIy pafnoOMONIOruyi HOPMAaTbHBIX ¥ OIYXOJIEBBIX KI/IETOK,
TPYIIy pajyaliOHHOI T€HEeTUKU ¥ TPYIIy MaTeMaTU4eCKOrO MOJENMPOBAHMA.
OTpen pagvalMOHHBIX UCCIENOBAHMIT BK/IIOYA/ B MCCIENOBATENbCKIE TPYIIIDL:
TPYIIILY MICC/IeNOBAaHNs PaiMal[IOHHBIX 110JIejl 6a30BBIX YCTAHOBOK M TPYIIITY MOJie-
JIMPOBAHMA B3AVMOZEIICTBII NOHNSVPYIOWNX VM3Ty4€HNII C BEIeCTBOM. [JTaBHBIM
HaIpaBJIeHNeM VICC/IeJOBaHNIT HOBOIT Taboparopun, Tak e kak u OPPY, sBunmmce
BOIIPOCHI OMOIOTMYECKOTO JIeVICTBIIS U3TyYeHN T C Pa3HBIMU (PU3NYECKMMY XapaK-
TepUCTUKAMU. AKTYaJIbHOCTb TaKOTO pOJia MCCIEIOBAHMI, KaK y>Ke BbIIle yKa3bl-
BaJIOCh, 00YCIOB/IEHA PAJOM OOCTOATENBCTB M IpeXje Bcero 3¢(eKTUBHOCTHIO
IpVMMeHEeHV M3TydeHu mypokoro crekrpa JIIID mpu permenvn psapfa pyHzaMen-
TaJIbHBIX M NMPAKTUYECKMX 3afjad. DT 3aJadyM KacaloTcsa (PpyHZaMEeHTaTbHBIX BO-
IIPOCOB Paf0OMONIOrNH, UCTIONb30BAHMS YCKOPEHHbBIX IOHOB B K/IMHVIKE JTy4eBOIl
TepaInuy, COBEPLUIEHCTBOBAHNS Mep 3alUThI lIepCOHaa, PabOTAIOIIEr0 B CMelIaH-
HBIX MOJAX MOHU3MPYIOUINX U3Ty4YeHNI, 3alUThl SKUIAKell KOCMUYECKIX Kopa-
671€11 B YCIIOBYAX JIUTE/TbHBIX MEXKIIJIAHE THBIX ITOJIETOB.

[Tocne cospanus JIPB B skcniepuMeHTax ¢ MPOKapMOTUYECKMMM KJI€TKaMM pas-
JIMYHOTO T€HOTHUIIA HAa HOBOM 3Talle IPOJOJ/DKU/INCH CPAaBHUTE/IbHbIE MICCTIeN0BAHNA
3aKOHOMEPHOCTEI I MEXaHN3MOB MHIYKLIMY T€HHbIX ¥ CTPYKTYPHBIX My Taluil 13-
JTy4eHVMsAMM B IIMpoKoM auamnasoHe JII19. [pynma pagno61onoros (pykoBoanuTeb
A.B.bopeiiko) mabopaTopuy NpUCTYNMIa K PelIeHNI0 3TON BaKHON (PyHIaMeH-
TasnpHOI Mpobembl. Kak 13BecTHO, Ha HEOOXOAMMOCTD T€HETUIECKUX MCCTIe0Ba-
HUIJI C YICTIONIb30BaHMeM VIOHVSUPYIOIUX U3TY9eHNIT C pa3HbIMM PU3UYECKIMM Xa-
PAaKTepUCTUKAMM /I BBIACHEHMS MEXaHM3MOB MHIYLVPOBAHHOTO MYTalIOHHO-
ro mpolecca, KOHKpeTusanuy Gpuandecknx cOOBITHUI, CTY>KAIINX €ro IIyCKOBBIMM
MOMEHTaMM, HEOTHOKPATHO yKa3bIBa/IM K/IACCUKM KOMYECTBEHHON pafno6yoo-
run — H.B. Tumodeen-Pecosckuit, [I.JIu u ap. B cBasu ¢ stum H.B. Tumogees-
PecoBckuit oTMmevan: «JleMeHTapHble AMCKPETHbIE U3MEHEHUs 3/IeMeHTApHBIX
JVICKPETHBIX KOMIIOHEHTOB I'eHOTHUIIA (T€HOB) y BCeX B 9TOM OTHOLIECHUY U3YYeH-
HBIX )KMBBIX OPTaHM3MOB BbI3bIBAIOTCA BCEMU TUIIAMI MOHU3UPYIOLX U3Ty9eHNIA,
CJIefys IIPY 9TOM OJHOYAAPHOII KpMBOIL 03a—3¢deKT. OMBITHI € U3TyIeHUAMY pas-
HBIX MOLIHOCTEN JO3bI ¥ Pa3HOI >KECTKOCTY IIO3BO/IV/IN B 3HAUUTEIbHOI Mepe KOH-
KpPeTU3UpOBaTh TO PM3NIeCcKOe sIBIEHEe, KOTOPOe CITYXKUT PU3NYECKIM ITyCKOBBIM
MEXaHU3MOM, BBI3BIBAIOIIVM MYTAIVV, IIONA/jaHVie B ONpene/leHHbI 9 deKTnB-
HBIIT 00beM B hopMe ofHOIT MoHM3aI». [IpefcTaBieHne o TOM, YTO MOMagaHEM
ABJIAETCA OJHA MOHM3ALVA VM Y3KONOKA/IM30BaHHAasA IPyIIa MOHU3ALMY B TeHe-
TUYECKUX CTPYKTypaX, IPefIoaracT JMHENHBI XapaKTep [030BOJ 3aBUCUMO-
CTV BBIXOJia MyTaluii. [JelicTBUTENbHO, CIIPAaBEIMBOCTD STOTO ITOJIOXKEHN OblTa
y6euTebHO IPOAEeMOHCTPYPOBaHA B 9KCIIEPYIMEHTAX Ha Pas/INIHbIX OpTaHM3Max.
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OnHako B 60/1ee TTO3HNX UCCIENOBAHNAX HAPARY C IMHEHBIMYU OBUIN BBIAB/ICHDI
U 3aBMICUMOCTH HeJIMHeHoro Tuma. V3 atoro cienyert, 4To nomnagaHue Uin Bbifie-
JIeHVie KBaHTa SHEPTUY B reHaxX 1 (GUKcauysi BOSHUKAIOIETO IOBPEeXIEHNS B BU/JiE
MYTaluyl HeOHO3HAYHO CBSA3aHBI MEXAY c000il 1, 60jiee TOro, BEpOATHOCTD 3a-
KpeIlIeHNsl IPEeMYTALIOHHOTO TIOBPEXIEHNA B MyTal[Mi0 3aBUCUT OT PsAfia Ipu-
BXOJAIMIMX (PaKTOPOB. YCTAaHOB/IEHO, YTO 9TA BEPOATHOCTDb B CHJIBHOJ CTEIIEHM 3a-
BUCUT OT IIPOLIECCOB NMPOTEKAHNs KJIETOYHOTO MeTabo/m3Ma ¥ B KOHEYHOM CYeTe
OT CUCTEM IOCTPaIMALMIOHHOTO BOCCTAHOB/IEHNA.

PanHye paboTHI 110 yYeTy YaCTOTHI MYTHPOBAHMS Y MUKPOOPTaHM3MOB IIpY 00-
JIy9eHMM B YCIOBUAX BIMAHMA PAaKTOPOB PU3NYECKON, XMMIYECKO 1 6uonoru-
YeCKOJ1 NMPUPObI BBIABMIN BaXXHYIO POJIb IOCTPAMALMOHHOTO BOCCTAHOB/IEHNA
B VHJYLMPOBAaHHOM MYTalMOHHOM Ipornecce. [locme BbijesieHus u uaeHTUM-
KaI[uy MyTaHTOB C pasmnyHbIMu fiedextamy B pernapauyn JHK nossunace Bo3-
MO>XHOCTD IIPUCTA/IbHOTO M3Y4EHN POIY PeNapalliOHHBIX IIPOLECCOB B MHAYLIN-
pOBaHHOM MyTareHese. Ha oCHOBe IO/Ty4eHHBIX pe3yIbTaTOB MOXKHO OBIIO IIpH-
JITV K BBIBOZLy O BaXXKHOII pO/IM KaK (PU3NYECKUX, TaK U OMOIOrndecknx GakTopoB
B MyTareHHOM fieyicTBuY u3nydenuit. Ponb ¢pusnyeckoro paxkropa B MyTaliOHHOM
Ipolecce MOXKHO ObIIO M3y4YaTb, MCIIONb3ysl MOHM3VPYIOIE U3TydeHUs C pas-
HBIMM (PU3MYECKMMY XapaKTePUCTUKAMM, 2 POJIb OMOIOTMYECKOTO — JVICIIO/b3Ys
Pas/IMYHBIX PelapalyiOHHBIX MYTAHTOB. B aKkcrepuMeHTax Ha GaKTepUAX C pasind-
HBIM F€HOTUIIOM OBIJIO YCTaHOBJIEHO, YTO HeTVMHEHbIe J030Bble KPVBbIe MyTareHe-
3a HaOJTIOAI0TCS JOBOIBHO YACTO ¥ BBIABJIAIOTCS IIPYU y4eTe KaK OOpaTHBIX, TaK U
IpAMBIX MyTanuil. Takoro posa 3aBUCHMOCTY B Te€UeHNe JOITOr0 BpeMeHM SBJIA-
JINCh MYYUTEIbHOI Ipo6iemoit ajis crienyanuctos. C yderom aroro B JIPB 6b11n
CIJIAHMPOBAHbI 9KCIIEPMMEHTBI 110 M3Y4YEHNI0 MyTareHHOTo AeiiCTBUA U3TydeHUi
mupoxoro ananasona JIII9, renepupyempix yckoputenamu OVIAV, na npokapuo-
TUYeCKMe KJIETKM C Pa3/INYHbIM T€HOTUIIOM.

Kpaiine Ba)KHOI! 3afjayell B IOHMMAaHUY MEXaHMU3MOB MHJYIIMPOBAaHHOTO MY-
TAl[IOHHOTO IIpoliecca ABJAETCSA CPAaBHUTENbHOE M3Yy4eHME 3aKOHOMEPHOCTEN U
MeXaHI3MOB 00pa3oBaHMA KaK IeHHBIX, TaK M CTPYKTYPHBIX MYTaIil y KI€TOK
IpY [ECTBUM M3TyYEeHUN IIMPOKOrO AyuanasoHa JMHENHBIX Iepefiad SHEPIUIN.
Ilomy4eHne Takoro popia JAaHHBIX ABJIAETCA KpaliHe TPYLHON 3ajjadeil B 9KCIIepU-
MEHTaX Ha KJIeTKax MjeKonuTamomux. KoHeyHO, Iony4yeHue JaHHBIX O BBIXOJie
PasIMYHOro poja MyTaluil IpK [eiiCTBUU U3TYydeHMIT pa3HOTO KayeCcTBa B 9KCIIe-
PUMEHTaxX Ha KJIeTKaX M/IEKONUTAIMINX AB/IAeTCA VUCKIIOYNTEIbHO BaXKHOI IIpaK-
TIMYECKON VM HAayYHOJ 3ajiadell, HO VMCCIENOBAHMA TAaKOTO pOfia C IPUBIEYEHUEM
Pas/IMYIHBIX BULOB OAKTEpUATbHBIX KJIETOK, 6€3yC/IOBHO, IPECTAB/IAIOTCA He0OX0-
JIMIMOJI CTYIIEHBIO B PellIeHUY JAHHOI Ipo6ieMbl. Y GakTepuil feTalbHO M3yYeHa
CTPYKTYPHO-(PYHKI[MOHA/IbHAS OpPraHU3AIM TeHeTMYECKOTO allapaTa, HOTydeHbl
pasnIMYHble pernapanyioHHO-AeGUIMTHBIE MyTaHTBI 11 BCE 9TO II03BOJISIET BBISICHUTD
MOJIEKY/ISIPHbIE MeXaHV3MBbI (POPMIPOBAHYIA TeHHBIX M CTPYKTYPHBIX MY TallVii IIPK
IeiCTBUM Ha KJIETKM U3/Ty4eHit, pasnudaromyxcs 1o JIII9 B mmpokom anamnasone.
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[Tony4yennble MaTepuasbl IO MYTareHHOMY JI€MICTBUIO M3/TYy4E€HUII IIMPOKOTO
nuarasoHa JII1O mo3Bomman NOHATb MeEXaHU3MBbI, JIeKAll[/ie B OCHOBE BbISIBJIEHHBIX
3akoHOMepHocTell. Ha 0cHOBe McceoBaHmit MHAYKIUY KaK IPSIMBIX, TaK ¥ 06paT-
HBIX TeHHBIX MY TallMil OBV BBLAB/ICHbI IMHEITHO-KBaJpaTUYHbIe 3aBUCUMOCTH Ya-
CTOTBI 00pa30BaHMsI MyTalLNiT OT JO3bI Pa3TMYHBIX BUIOB manydenuit. Ilpu gosax
o0Jry4eHus, MpeBblIaromux 3HadeHns ~80-100 Ip, HabmogaeTcsa CcTeneHHas J10-
30Basl 3aBUCUMOCTD. B norapupmmyeckom macurabe 1030Bble 3aBUCHMOCTY IIPE-
CTaBJIAIT CO60II NpsAAMBbIe C TAHTE€HCOM YIJIa HAaKJOHA, paBHbIM 1,7-1,8, 4yTO CBU-
JIeTe/IbCTBYET O CTEIIEHHOM, O/IM3KOM K KBaf[paTMYHOMY, XapaKTepe 9TUX KPUBDIX.
Haub6onee Bpicokas 9pPeKTMBHOCTD B MHAYKLIMM MYTalyii HAO/II0ZaeTCs B 9KCIIe-
PUMEHTaX C yCKOpeHHbIMY noHamu reus ¢ JIIO =~ 20 xkaB/mxwm. Ilpu gerictBun no-
HOB ¢ 6onpinmu JITIO myTareHHas a¢eKTMBHOCTD CHIDKaeTcsA. CoXxpaHeHye KBa-
JPaTYHOTO XapaKTepa 3aBUCHMOCTY YaCTOThI MyTUPOBAHMSA OT O3Bl OOTydeHNs
IIPY JeVICTBYUM TSDKEJIBIX 3apsHKEHHBIX YacTHUI] 00YCTIOB/IEHO PALOM 0OCTOSTENbCTB.

MuKkpono3uMeTprdecKuii aHaIu3 BbIsIBIsieMbIX 3akoHOMepHocTelt (C. Kosybek)
CBUJIETENILCTBYET O TOM, YTO IIPM JIEMICTBUM PAa3HBIX [J03 MOHU3UPYIOIINX U3Ty4de-
HIT B 00/Ty4eHHOII OMY/IALVV MOYKHO BBIJI/TUTH TPY THUIIA CYOIONY/IALVI K/IETOK:
HeIOBpeXJieHHbIe BbDKMBAIOLME KIeTKY; JIeTaIbHO ITOBpPeXJeHHbIe He BBIKMBA-
I0Il[/ie K/IeTKY; «YMEPEHHO» MOBPEX/IeHHbIe KIeTK!, KOTOpble II0C/Ie 3aBeplIeHNs
Ipoliecca penapanyy Take COCTAB/IAIT KIacC BbDKUBAOIIMX K1eTok. [Ipu yBenu-
yenyu JIIID usnydennit Bospacraer Jo/sA HEMIOBPEXK/IEHHBIX K/IETOK, @ YMEHbIIAET-
Cs1 [JOJIs1 TIeTAIbHO TOBPEXAEHHDIX, Yepe3 KOTOPbIe IMIPOIIJIN YaCTUIIbI CEPALIeBMHON
Tpeka. B pesynbprare aToro myranuyu o6pasyoTcs IPEUMYIIeCTBEHHO B CYOIIONy-
JIALNY, TIOBPEXIEHHOI IPOXOXKIEHEM O-3/IEKTPOHOB, U B TOI HeOOIbIIOI Bpak-
L[V KJIETOK, Yepe3 KOTOPble IPOIIV OFHA U 60JIblilee KOMNYeCTBO YaCTUL] CepALie-
BJMHOJ TpeKa IPU YCTIOBUM, YTO 3TU KIETKU CMOITI OTPeNapUpoOBaTh BO3HUKINE
HOBpeXAeHNs U He morn6/y. Ha ocHOBaHMY 9TOr0 MOYXHO OBITIO 00BSCHUTD COXpa-
HeHle XapaKTepa JO30BbIX 3aBUCUMOCTEl MyTareHesa Ipyu JeiiCTBUN U3TydeHUI],
pasmyatoruxcs 1o JIII3. ITockombKy XapakTep Hepegadn Heprum O-37eKTPOHOB
BELIeCTBY IIPU JEMICTBUN 3/IEKTPOMArHUTHBIX M KOPIIYCKY/LIPHBIX M3/Iy4eHUIl He
pasnudaeTcs MexXay coboit, Bup 3aBucumoctut Ny, /N(D), rie Ny, /N — oTHOLIeHMe
YJIC/Ia MYTaHTHBIX KJI€TOK K OOIeMy YMCITy KJIETOK B OOMy4eHHOI IOMy/IALNA U
D — nosa, npu IefICTBUM U3Ty4Y€HUIT PA3HOTO KavyecTBa OCTAETCSA HEM3MEHHBIM.
CnepgoBaTe/bHO, IPU IEVICTBUM TSDKEJBIX 3apsDKEHHBIX 9acTUL, ¢ BBICOKMMU 3Ha-
yenysamu JIIIO (JIIID > 100 xaB/mMkM), Korga mpu MpsAMOM MPOXOX/EHUY TPEKOB
JaCTHUI] Yepe3 YYBCTBUTENbHbIE CTPYKTYPbI KJIETKM IPEMMYIIeCTBEHHO MOrn0aloT,
B BBDKMBAIOLIMX K/IE€TKAX MMeET MECTO TaK HAa3bIBAEMBIil O-37IeKTPOHHBIN MyTa-
reHes. [Ipu meiicTBMM >Xe Ha KIETKM YCKOPEHHBIX JIETKMX MOHOB WJIM YCKOPEHHBIX
TSDKEJIBIX 3apsDKeHHBIX 4acTull Bblcokux sHepruii ¢ JIII9,, <100 kaB/mMkM, korpa
YYBCTBUTE/IbHbIE CTPYKTYPbl UCIBITHIBAIOT INPsMOE BO3MENICTBUE TPEKOB, MMe-
€T MEeCTO «CEepALIeBMHHO-TPEKOBbINI MyTareHes». C y4eTOM BBILIEN3IOXKEHHOTO
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CTAaHOBUTCS TIOHATHBIM COXpaHEeHMe XapaKTepa J030BbIX KPMBBIX MyTareHesa
y knetok E. coli n Bacillus subtilis npu Bospactanumu JITI9 vacTui.

JlaHHbIe, MTO/TyYeHHble HAa YCKOPUTE/AX TSKEIbIX MOHOB, MO3BOIVIN IPUITH
K 3aKJIOYEHUIO O TOM, 4TO KBaJ[PaTMYHBI/l XapaKTep KPUBBIX MyTareHesa 00y-
C/IOBJIEH HEOOXOIVMOCTBIO peann3alii U «B3aVMOEVICTBM» OBYX He3aBUCUMBIX
IPYT OT ApyTa COOBITHIT «IIONajaHms». [lepBOe U3 HUX CBSI3aHO C BOSHMKHOBEHNEM
IPeMyTaLMOHHOTO OBPEX/EHN B M13y4aeMOM JIOKyce, a BTOpoe — oOpa3oBaHIe
HOBpeXJeHNA, MHAyLHupyoomero cucteMy SOS-pemapaunyu, KOTopass U CIOCO0-
CTBYeT 3aKpeIUIeHNIo n3MeHeHnA B 6akrepranbHoi [JHK B Bupe myTanuii. Tak kax
SOS-penaparnus ApnsgeTcs pemanmuM GakKTOPOM B peannsaluy NHAYINPOBAHHO-
rO MYTaIlIOHHOTO IIPOliecca, BayKeH aHa/lN3 COBPEMEHHbIX MOJIEKY/IAPHbIX MeXa-
Hu3MoB opranmsanyu SOS-cucremsl y 6axtepuit E. coli. C yaeTom aToro 6piia pas-
paboTaHa MONEKy/IsApHas MOJeNb VHAYIVPOBAHHOTO MyTareHesa, [IO3BOJIAIONIAS
OIMCAaTh MAaruCTpaabHble Iy TV TPaHCHOPMAIY IEPBIYHBIX HAPYLIEHUI CTPYKTY-
pot JHK (mpemyTanmoHHbIX moBpexernit) B mytanyn (A. B. bopeiiko). B mopenn
3aKpeIieHse NPeMyTalMIOHHOTO MOBPeX/leH!sA B MyTalll0 TOYKOBOTO TUIIA TP
JeICTBUY VIOHM3VPYIOLIVX U3TYYeHNIT eCTh Pe3y/IbTaT pabOThl Pa3/IMYHBIX SH3M-
MaTMYeCKVX MEXaHM3MOB, B TOM YNCJIe, KaK OJIHOTO 13 ITIABHBIX, — MYIbTU(Ep-
MEHTHOTO KOMIIIEKCa, BK/TI0YalolIero B ce6s napynn6ensuyio [JHK-nomnmepasy V
(UmuD5C), RecA-nporeasy, SSB-6enxu, cyobenuunist JHK-nomimepassr I11.

Ha ocHoBe MosexynapHOiT Mofieny Oblta paspaboTaHa MaTeMaTUdecKas MO-
Jie/ib, ONVICHIBAOIAsi MYTALMOHHBIN Ipoliecc B OakTepuanbHbIX KieTkax E. coli
npu pevictBuu ynerpaduoneroporo msnydeHus (O.B.bemos, E.A.Kpacasum,
A.10.TlapxomeHKo). IIo cyTu, ObIT IpeIo>KeH HOBBIII OAXON K TEOPETUYECKOMY
OIMICAaHWIO SBJICHVS MHAYLMPOBAHHOTO MyTareHe3a B OaKTepua/lbHbBIX KJIETKaX.
BnepBble mocTpoeHa MOfenb, ONMCHIBAIOIIAS MHAYLUMPOBAHHBIN MYTALMOHHBIN
IIPOIIeCC ITIOCPECTBOM JIeTa/IbHOTO MaTeMaTIYeCKOTO ONVICAHMS KITIOYeBbIX 0e/IKO-
BBIX B3aumopericTBuii B xome SOS-orBeta 6akTepuii E. coli. B pamkax ogHOro mMo-
JIe/IbHOTO TO/IX0/ia YAa/I0Ch IIPOCIeAUTb BECh Iy Th OT BO3HMKHOBEHM IEPBUYHOTO
nospexpenus crpykrypel JJHK no sakperenus ero B myraumio. PazpaboranHble
MOJe/IbHble IpefCTaB/lIeHNs MO3BO/WINM BIepBble IpefcKa3aTb AMHAMMKY KOH-
LeHTpalMil AMMepU30BAHHBIX IPOAYKTOB reHa umuD, a TakXe ABYX peryasaTop-
HbIX KoMItekcoB SOS-cucrembr: UmuD,C 1 UmuDD "C. Takoit mogxop 1mo3Boanit
JleTa/IbHO CMOJeNMpoBaTh MexaunsM translesion-cunresa (TLS), orBeTcTBeHHOTO
3a Ipoliecc 3aKpelvieHnsA MpeMyTallOHHbIX MOBPeXAeHull B MyTauun. B pacue-
Tax ¢ MpPUMEHEeHVeM IOCTPOEHHON Mofenu Obl/Ia YCTaHOBJIEHA CBA3b MEXAY 9¢-
(eKTUBHOCTBIO peanmm3anyy translesion-cuHTe3a U BBIXOZOM T'€HHBIX MYTAaIUIL.
Berumcnenns, BbIIIOTHEHHbIE Ha IpUMepe perynaTtopHoro reHa lacl 6akrepmii E. coli,
II0Ka3a/IM COBIafIeHNe Pe3y/IbTaTOB MOZIeIMPOBaHMA C 9KCIIePYMEHTaIbHbIMU JIaH-
HBIMU O 4acToTe 0bpazoBaHusa MyTtanuii lacI™ B 3aBucumoctu ot drroenca snep-
ruyu YP-usnyuenua. Ha ocHoBaHMM 3TUX NMOAXOOB BO3MOXXEH JIaJIbHENIINI Ma-
TeMaTN4eCKNil aHa/IN3 OCHOBHBIX 9TANIOB MYTAI[IOHHOTO IIpoliecca IpK [eiicTBUU
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VIOHU3MPYIOIINX M3YIeHUI C pPasHBIMM (PU3MYECKMMM XapaKTepUCTUKaMM
Ha Knetkn E. coli. KoneuHo, aTa 3ajjaua ropasno 6oree Clo)KHas, HO BIIOJIHE pea-
nusyemasi. JI7is1 ee YCIIENIHOTO pellleHNs IPeXKie BCero HeoOXOAMbl 9KCIIepUMeH-
Ta/IbHbIE JAHHbIE, Kacalolyecss KMHETUKY 0Opa3soBaHMs U Jerpafilaliuyl OCHOBHBIX
TeHHBIX IIPOAYKTOB, YYaCTBYIOUIVX B (POPMUPOBAHUY MY/IbTU(PEPMEHTHOTO KOM-
nnekca — JHK-nonumepaser V.

B 60ree mospHux paboTrax, CBS3aHHBIX C UCCIEOBAHUAMNU B 00/1aCTI KOMMYe-
CTBEHHOJI pajyo6monornu, 6p1M pasBUTHI ITOAXOAbI, II03BOISIOIIVE KOHKPETU3M-
pOBaTh JONOTHUTETbHbIE MEXaHU3Mbl BOCCTAHOB/ICHMS OaKTepyanbHBIX K/IETOK
nocne paguanyuonHoro BosnerictBus (O.B. benos, M. B. Kanpanos). B wactHocTu,
IPEIOKEHO JIeTallbHOEe MaTeMaTH4YecKoe OIMCaHMe MeXaHM3Ma IKCIM3MOHHOM
pemapanuu noBpex/eHHbIX ocHoBaHmit [JHK B GakTepuanpHbIX K/IeTKaX, CMOJie-
JMPOBaH MeXaHV3M Ya/IeH)s TIOBPEXIeHNIT ¢ y9acTieM GOopMaMUIONVPUMI/IVH-
rmKo3wmassl (6enka Fpg), o6maaroieit HeCKOMIBKVMY BUIAaMM aKTUBHOCTH. Takym
00pa3oM, B 9TUX MCCIENOBAHMAX HE TONBKO IIOTYYeH Psf BaXHBIX Pe3yIbTATOB,
CBSI3aHHBIX C KOJIMYECTBEHHOI OLIEHKOJ KMHETMKM 0Opa3soBaHMs U JHerpajalyin
OCHOBHBIX TeHHBIX IIPOAYKTOB B Xofe perapauyy JJTHK, Ho u ycreniHo peanusosan
HOBBIJI TEOPeTMYeCKNIT MOAXO/ K ONMCAHMIO MHAYIVPOBAHHOTO MYTAaIVIOHHOTO
mpoljecca B KJIeTKax 6akTepuit.

B sxcmepuMeHTax ¢ WUCIONIb30BaHMEM YCKOPEHHBIX TSDKE/IBIX JMOHOB yfa-
JIOCh TIOKa3aTbh, YTO B OT/INMYME OT TeHHBIX YacTOTa 0OpasoBaHMs [ieTel[MIOHHBIX
MyTaluil JIMHEHO BO3pacTaeT C JO30¥l JUIs BCEX BUIOB VICIONTb30BAHHBIX W3-
nygernit  (A.B.bopeiiko). Hambonpuieit s¢¢exTMBHOCTbIO 06/afal0T JOHBI
¢ JIII9 ~ 50 xaB/mkM. YckopeHHbIe MOHBI ¢ 60sbieit JITIO BbISBIBAIOT MEHbBIINIT
6nonornueckuit addexr. CrenoBaTenbHO, XapaKTep [IO030BBIX 3aBUCUMOCTENT
10 KPUTEPUIO MHAYKIIVN Ie/IeLIMOHHBIX MyTaluil y Knetok E. coli coBepiieHHO OT-
NMYaeTCsl OT paHee PACCMOTPEHHBIX 3aBYICUMOCTEN, TOJTYY€HHBIX JJI TeHHBIX MY-
Tauuit. B ocienHeM ciydae HaOmogaeTcs CTeNeHHas, OmM3Kas K KBaJpaTUYHOI,
3aBMCUMOCTbD. [030BBIe 3aBYICMMOCTY MHAYKIUY JeTeIIVIOHHBIX MY TaIlVii, OIVIChI-
BaeMble JIMHEHbIMY (QPYHKIMAMY, 00YC/IOB/IEHBI APYTUMY MeXaHU3MaMu UX ¢op-
MUPOBaHM 110 CPAaBHEHMIO C TeHHBIMY MYy TauysIMI. JIMHEHBIT XapaKTep 3aBUCK-
MOCTY 00pa30BaHVA fe/elnil IpY Y-00mydeHnn 6aKTepyaabHbBIX KI€TOK OObACHS-
eTCA TeM, YTO B OT/INYMe OT TeHHBIX MyTallMil MOJIEKY/LAPHOJ OCHOBOJI IIEPBIYHBIX
HOBPEX/EHNI, BeAYIINX K 00pa3soBaHMUIO JielelNil, ABIAIOTCA He MOBPEX/EHNU
OCHOBaHMIl, a AByHMTeBble paspbiBbl JHK. [Ina peammsanum mpemMyTalMOHHBIX
HOBPEXIAEHN JaHHOTO TUIIA B CTPYKTYPHYIO MYTalio He TpeOyeTcs MHIYKINN
cucteMbl SOS-penapanyy, KOTOpas UTpaeT KIYEBYIO PO/b, KaK ITOKa3aHO paHee,
B GOpMMPOBAHNI TeHHBIX MYTAIVIL.

Ha ocHOBaHNU BBIITOTHEHHBIX MCCIEJOBAHUII MOKa3aHO, YTO OMOIOTMYECKast
9 (EeKTUBHOCTD TSDKETbIX 3apsDKEHHBIX YaCTUII, OlleHMBaeMas 10 VHAYKLNNU Jie-
TIEMOHHBIX MyTaluii, Bo3pacraeT ¢ yBenudenuem JIII9, Tak ke Kak 1yid yneTanib-
HBIX 3¢ (PeKTOB 0OIydeHNs M MHAYKIVY TOYKOBBIX MyTauuit. OZHAKO ITOJIOXKeHNe
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MakcuMyMoB 3aBucumocty OB ot JIIID mna paccmarpuBaeMblx 3¢ dekToB 06-
JlydeHVsI He ABJIAeTCS MHBApPMAHTHBIM. [IJIs JIeTalbHOTO [IefiCTBMs HamOOoIblINe
3HayeHynss OB nHabmopatorcsa npu o6mydernn yactunamu ¢ JIII9 ~ 100 kaB/mxm.
[To xpuTepuio MHAYKUMM T€HHBIX MyTalVll BeTMYMHA MAKCUMyMa HPUXOAUTCS
Ha 3HaueHuA JIII9~20 kaB/MkM. [In4 [enenuoHHbIX MyTaluil 3Ta BeINYMHA CO-
craBysgeT x50 kaB/MkM. C y4eToM 3TOro OBUI CAe/IaH BBIBOJ O TOM, YTO Pas/Inyus
B IIOJIOKEHMM MAaKCUMYyMOB 3aBucumocteit Ob3 ot JIIID na neTanbHBIX U MyTa-
reHHbIX 9 PeKTOB 00/TydeHNsT 00YCIOB/IEHbI Pa3HBIM XapaKTePOM IIOBPEX/IeHMI
IHK, yyacTBylomux B peanusanuy reHHOTO MyTareHesa 1 JIeTalTbHBIX 9 eKToB.
B nepBoM ciy4ae uMU ABJIAIOTCA NPEMMYIIECTBEHHO MOBPeXXIEeHHbIe OCHOBAHNA,
BO BTOPOM — JiByHMTeBble pa3pbiBbl JJHK. MuxpoposumeTprueckmii aHamms Bbl-
xopna knactepupix OP u [IP THK B 3aBucumocty ot JITI3 (B. Muxanuk) cBumerens-
CTBYET O TOM, 4TO 00a THIIa 3aBUCUMOCTe}T ONMMCHIBAIOTCS KPYBBIMY C JIOKATbHBIM
MakcumMyMoM. OpHako ayiA KnacTepHblx OP monoskeHne MaKcMMyMa CABUHYTO
[OYTHY Ha MOPSTOK B 00/1acTh MeHbIINX 3HaYeHu JITI13. 1o 06CTOATENHCTBO MO-
XKeT OOBACHATD PA3INUM B IIOJIOOKEHUN MaKCMMYyMOB 3aBrcuMocteit Ob3 ot JITID
JULS1 TIeTA/IbHBIX 9 eKTOB 06/Ty9eHNs M MHAYKLMY T€HHBIX MY TallMil.
OKCIepUMEHTBI 110 VHAYKLIMU MOOVIIBHBIX 9/IeMEHTOB U3TYYeHUAMMI C pas-
HbIMU usndeckyMy xapakrepuctukamu (A.B.Boperixo, [I. B.XKypasenp) 6buin
CIUIAHMPOBAHbI C Y4€TOM TOTO, YTO TOYHAS SKCIU3MA TPAHCIO30HOB, ABIAACD,
C OJIHOJI CTOPOHBI, JIeNIELIMOHHBIM 110 MOJIEKY/LAPHOI IIPUPOJE IPOLECCOM, C IPY-
rOJi CTOPOHBI, 3aBUCUT OT (PYHKIWIT T€HOB, KOHTponmupylomux SOS-penapanmnio.
ITockonbky obpasoBaHye HelTelOHHBIX MYyTalMil, B OCHOBE KOTOPBIX JIEKNT 00-
pasosanue [P JJHK, He merepmuumpoBaHo muAyimbenbHoit SOS-pemnapariueii,
IPEACTAB/ANOCh BaXXHBIM M3YYUTh 3aKOHOMEPHOCTM M M€XaHM3MbI TOYHOI 9KC-
LIVI3UY TPAHCIIO30HOB y OakTepuit E. coli mpy meiicTBMM Y-KBaHTOB U YCKOPEHHBIX
TSDKEJIBIX IOHOB C pa3HbIMM (pM3MYECKMMI XapaKTepuctukamu. [1pu geiictBun 14-
JKEIBIX 3apsDKEHHBIX YaCTUIL C POCTOM JJ03bI 00/TydeHNs 4acToTa (POpMIPOBAHNS
JieTIelVii, BbI3BAHHBIX TOYHON 9KCIM3Mell MOOMIBHOIO 3/IeMEeHTa, OIMCBIBA/IACh
cTeneHHbIMU 3aBucuMoctsMu. C BospactanueMm JIIID wactui ux Guonormyeckas
3¢ (eKTUBHOCTD 110 CPABHEHMIO C V-KBAHTAMU yBeINYMBaIaCh, I MAKCUMYM 3aBM-
cumocty Ob3, onpeneneHHOI 110 KPUTEPHIO TOYHOI SKCIM3UY TpaHcro3oHa Tnlo0,
peanusoBanca B amanazoHe JIII9 or 20 mo 40 x3B/mkM. Kak yxe oTMedasnoch,
Ipy TakuX ke 3HaueHMAX JII1O HabmonaeTca MaKCUMasIbHbIM BBIXOJ], TEHHBIX M-
taunit y 6akrepuit E. coli u Bacillus subtilis. Ha ocHOBaHMM ITO/Ty4eHHBIX JaHHBIX
Clie/IaH BBIBOZ O TOM, YTO BBICOKas Omorormdeckass 3Q¢eKTUBHOCTh TsDKEBIX
3apsDKEHHBIX YaCTUI] 10 MHAYKIVIY MOOVTbHBIX 5JIEMEHTOB, KaK I B C/Ty4ae MHYK-
VM TeHHBIX MyTalnii, 00yclIoB/IeHa IByMs 00CTOATeIbcTBaMM. B OCHOBe MHUIIN-
aIyy 9KCUM3UM TPAHCIIO30HA IKNUT GOPMIPOBAHIE OfHOHUTEBDIX LINNUJIEK B €ro
HOC/IeIOBATE/IbHOCTY, 00pasylommxcss B xofie pemapaunu nospexpjennit [JTHK,
u GopMMpoBaHMe MOBpeX/eHNs, 3anyckaomero SOS-0oTBeT KIeTKN, B pe3yib-
TaTe 4ero IMPOMCXOAUT 9KCLM3Us MOOMIBHOTO 9/IeMeHTa. Pasidne B Xxapakrepe
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IPeMYTAaLMOHHBIX HOBPEX/EHNIA, SABJIIOMNXC MOTIEKY/ISIPHBIM CyOCTpaToM mpu
(hOopMUPOBAaHNY TE€HHBIX U CTPYKTYPHBIX MyTALIMil, OTpa)KaeTcsl Ha XapakTepe 3a-
Bucumoctert OB3(JITI3). MonekynsapHOI OCHOBOII 9KCIM3UM TPAHCIIO30HA MOTYT
ABJIATBCA KIacTepHble noBpexxaenns oguoit Huty JJHK, BosHukaomue Ha goHe
kietogyHoro SOS-oTBeTa. ITO OOCTOSATENHCTBO HAXOAMUT CBOE IOATBEPXKIEHUE
B CTEIIEHHOM XapaKTepe J030BOJI 3aBUCYMOCT MHIAYKLMY MOOVIIbHBIX 97IeMEHTOB
U3JTy4eHVAMM C PasHbIMM (PU3NYECKMMU XapaKTepUCTUKAMI, a TaKKe B IOIOXKe-
HIU JIOKa/IbHOTO MakcuMyMa 3asucumoct Ob3 ot JIIIS no gnanHOMY KpuTepuio,
KOPPENUPYIOIETO C AHAJIOTMYHON 3aBUCUMOCTBIO J/ISl TEHHBIX My Tal|Ii.

Pe3ynbTaThl BBIIIOTHEHHBIX MCCIETOBAHUI OBIIN yAOCTOEHBI BTOpoil nmpemun
OVAN 3a 2008 1.

B rpynme monekynspHoit paguo6uonorum Ko Bpemenu cospganusi JIPb 6pi1m Ha-
9JaThl MCCIEOBAHNA MOJNEKYIAPHBIX HapymeHnit cTpykrypel JHK B nmumdornu-
Tax 4YeJloBeKa Ipy y-00TydeHN U TeVICTBUM YCKOPEHHBIX TSDKEJIBIX MIOHOB, @ TaK-
XKe UCCIeNOBaHMA allONTOTNYeCKol ribem kaetok. C MCHIONTb30BaHMEM METOAA
JHK-komeT n3yyeHbl 3aKOHOMEPHOCTY MHAYKIMM U perapaluiu JByHUTEBbIX pas-
poiBoB JTIHK B kietkax, o6mydenubix y-kpantamu %9Co 1 ycKOpeHHbIMM MOHAMU
7Li m 1B ¢ JIIID 20 n 40 kaB/mMkm cootsercTBenHO (A.B.Bopeiiko, B. H. Yaycos,
B.A.Tpouos). ITpu y-o6nydeHun 1 npu AefiCTBUYM YCKOPEHHBIX MIOHOB BBIABJICHBI
NIVHEJIHbIE J030Bble 3aBYICUMOCTH, U TIOKAa3aHO, YTO TsXKe/Ible MIOHbI 110 CPABHEHMIO
C’y-KBaHTaMU 0671a/1atoT 60bIert 61omorndeckoi 3pheKTMBHOCTHIO IO KPUTEPUIO
napyknv 1P THK. Bennunna otHOCUTeNbHOI 610mornyeckoit 9ppeKTMBHOCTI
YCKOPEHHBIX MOHOB IUTHA cocTasisAeT 1,4 £ 0,1 n 6opa 1,6 £ 0,1. C 1jenbio n3yyeHus
KayeCTBEHHBIX ocobeHHOCTel nHaynupyemsix [IP [THK B xi1eTkax npu jeitcTBum
U3/Ty4eHuit mupokoro auamnazona JIII3 B JIPB 6bi1 ncrionb3oBaH MOAXOM, CBsA3aH-
HBII1 C IPMMEHEeHNEM areHTOB, BAMAIINX Ha npouecchl cuHTeda JIHK. V3BecTHO,
4TOo psAx uHrn6mUTOopoB cunTeda JHK (apabuHO3uAINTO3NH, OKCMMOYeBIHA, GTOP-
[Ie30KCUYPUAINH U HEKOTOpble APYTue) IOAABIAIT Y KIETOK M/IEKONUTAIOMINX
He TO/IbKO PEeIIMKATUBHbII, HO U pernapaTuBHbli cunTes [JHK. B ycnosusax smmsa-
HIISA STYX aTeHTOB B ITOCTPAJMAIVIOHHBI Iepyof Hab/I0laeTCA 3HAYUTe/TIbHOe 0~
BBIIICH)E YYBCTBUTEIBHOCTY KJIETOK K V-00/TydeHno. MoIeKy/IApHbIi MEeXaHU3M
UIX CEHCUOVTM3UPYIOLIETO BVAHMA CBA3AH C IIPENATCTBIEM 3aCTPOIIKI OJHOHUTE-
BbIX Operers B men JTHK. B pesynbTrare 3TOro OnmosnTHasi ¢ IIMTe/IbHO Heperapi-
pyembivu 6penramu Huth [JHK MokeT momBeprarbcs aTake SHIOHYK/Ieas3 THUIA S,
¢ popMMpoOBaHMeM SH3MMATHYeCKUX AByHUTEBBbIX paspbiBoB JHK. Bmecte ¢ Tem
IpY [IefiCTBUM U3TydeHuii ¢ Beicokoit JITIO mopuduiupyromiee BausaHme MHIMON-
TopoB cuHTe3a [JHK Ha BBDKMBaeMOCTb KI€TOK MJIEKONMUTAIOLINX OTCYTCTBYET.
9TO [Ja/l0 OCHOBaHUA IONAraTh, 4YTO C yBenmdeHueM JIIIO vactui cymecTBeHHO
Bo3pacTaeT Konmdectso npAmbix [IP [THK, HenocpencTBeHHO MHAYIMPYEMbIX TH-
JKEJIBIMU 3aPSDKEHHBIMU YaCTUL[AMI, Y VX BBIXOJ] OIIPefie/IIeTCS NI PU3NIECKI-
MU CBOJMICTBAMI M3/Iy4eHMil. B cBA3KM ¢ 3TUMM IpefCcTaBIANOCh BAKHBIM U3YIUTD
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3aKOHOMEPHOCTM BIVMAHMA MHIMO6UTOpoB cuHTe3a [IHK Ha BBIXOJ IBYHUTEBBIX
Pa3pbIBOB IIpH JIeMICTBMM Ha KJIETKU M3/Ty4eHuI1 IMpoKoro guanasona JII19.

[Tony4yeHHbIe BaHHBIE O BAMAHUY MHIMOUTOPOB cuHTe3a [JHK — apabuHosup-
nutosuHa (Apa-11) n ruppoxcumodeBuHsl (M) — Ha MHAYKIVIO U penaparyio
nospexienuit [THK cBuperenpcTBOBamm 0 pasnuMyHOM XapakTepe nx mopubu-
LVIPYIOLIETO BIMAHUA NPYU OOMY4eHMM K/IETOK MOHUBUPYIOLUIMMU MU3Ty4eHUsIMU
PasHOro KauyecTBa. B HOpMa/bHBIX YCIOBUAX NPU [EICTBUM TSAXKENbIX MIOHOB Ha-
6mopaercs 6onee appexTnuas nuaaykuusa 1P THK, n Bennmunna OB cocrapiser
1,6 +0,1. IlomyueHHbIe pe3ynbTaThl CBUIETENbCTBOBAIN 1 00 3¢pPeKTNBHOIT pera-
pauym JP JHK npwu meitcTBuM MCIIONIb30BaHHBIX BUIOB M3NTydyeHuil. B ycrnoBuax
BIVSIHVSI MHTMOUTOPOB HAOMIONAMNCh 3HAYUTENbHbIE PA3N4ys B XapaKTepe BbI-
SIBJICHHBIX 3aBUCUMOCTel «/103a-3¢ddeKT» mpu [AeiiCTBUM Ha KIETKY Y-KBAaHTOB U
YCKOpeHHBIX NOHOB 60pa. [Ipu y-061y4eHnn B IpUCyTCTBUM MHIMOUTOPOB CHHTe-
3a THK nabmonanoce He Tonbko orcyTcTBue perapauyy AP [THK, HO oTMedanoch
HEeKOTOpoe yBemndyeHne konmdectsa [IP co BpemMeHeM MHKyOanum KaeTok. Takoe
IIOTIO>KeHMe MOTTIO OBITh OOBSICHEHO, C OJHO CTOPOHBI, BOSMOXXHBIM MHTUOVPO-
BaHMeM npoueccos penapanunu [P JIHK, ocymecTsigeMoii, Kak U3BeCTHO, ByM:
MeXaHM3MaMu: TOMOTIOTMYHON pekoMm6OuHanmei (I'P) n HeromomornyHeIM coenyHe-
HueM (HI'C) xon1oB. C fpyTroit CTOPOHBI, 3TO MOXKeT OBITh CBA3aHO C POPMMPOBa-
HyeM sH3nmarndeckux JIP THK us ogHonuTeBsix paspsiBos JJTHK, o6pasyromuxcs
B IIpoljecce MHIM3UM MOAUGUIIVPOBAHHBIX HYKIEOTULOB B XOZe 9KCI[M3MOHHOII
penapanuu. [TockonbKy ymaneHne NOBpe>XJeHHBIX HYKI€OTUIOB B IIpoLiecce 9KC-
LUM3VOHHOM penapanun y KJIeTOK MIEKOINUTAMINX IPOUCXOOUT B TedeHue 3-4 4
nocse o6mydenns, popmupytomyecs OP B yClOBUAX BAMAHMS UHTMOUTOPOB CHUH-
teza JTHK moryT ObITH caittamu 1A ¢popMupoBaHus sH3MMaTndecknux [IP B pe-
3y/IbTaTe aTaKM S;-3HOHYK/Iea3aMy ONNo3UTHbIX MHIM3MOHHBIM OP Hureit [THK.
[Tpn peiicTBUM Ha KIETKM YCKOPEHHBIX MOHOB 060pa B yCOBMAX BmsHMsA Apa-1]
u I'M nHabmopaercs penapanusa [IP JHK B oTmume ot o6nydeHns y-KBaHTaMu,
a MeHbIIMe 3HaYeHUA TapaMeTpoB (paKkTopa M3MeHeHN A JO3bI IpU 0OIydeHnN Kile-
TOK TsDKE/IBIMU MOHAMM OO'BbACHAIOTCA YMEHbILEHNEM KOIMYeCTBA MHAYIVPYEMBbIX
OP JHK c pocrom JIIID usny4yenuii. A umenHo 3ToT Tul nospexpaennit JTHK as-
JISIeTCS. MOJIEKY/IAPHBIM CyOCTPAaTOM JJIA peany3alyiyi CeHCUOMIN3NPYIOLIEeTro By -
STHYSL ICTIOJIb30BaHHBIX MHTOUTOpOB cuHTe3a [JHK.

Takum 06pa3oM, Ha OCHOBAHMMU MPOBEIEHHBIX MCC/IENOBAHNUI ObIJIO MMOKasa-
HO, YTO IIpU [AECTBUM VOHM3UPYIOIIMUX U3TYIeHNIT Ha KIeTKU M/IEKONMUTAIOMINX
B YCTOBMAX peiicTBuA mHrubutopos cuHreda JJHK Apa-II m TM mpoucxommt
penapanusa AByHuTeBbIX pasppiBoB JJHK. Pemapanua [JP ocymectBrserca Kak
pu y-00/Ty4eHny, TaK 1 Ipy AeICTBUM YCKOPEHHBIX OHOB 6opa. Bosbioit Bkiaz
snsumarnydeckux [IP [THK, popmupyromuxcs n3 6710KMpOBaHHBIX MHIMOUTOpPaMu
KOHLeBBIX Ipymn npsambeix OP u OP sH3uMaTnyeckoit npupopsl, 00pasyomyxcs
B IIpoLjecce 9KCIM3MOHHOI pelapauni, No-BUAMMOMY, IIepeKpbIBAaeT KApTUHY pe-
napanyy 1P JTHK npu y-o6mydeHnn, koTopas BUfHA NPy JeVICTBUY Ha KIETKM
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YCKOpeHHBIX MOHOB 60pa. C yyeToM 3TOro B 1aboparopum ObIIV 3alTaHMpPOBAHBI
VICCTIEIOBAHNA € O0Iee TSDKEIBIMM 3apsDKEHHBIMYU 4acTHUIIaMy, C elje 6oree BbICO-
kuMy sHaveHyAMu JIII9 > 200 xa3B/MKM, Ipy KOTOPBIX MHAYLIMPYIOTCA ITTABHBIM
obpasom «mpsambie» 1P THK, a Bknag [JP sH3MMaTH4ecKoit IpUpObl MUHUMAJIEH.

C nenpio M3y4eHMs 3aKOHOMEPHOCTel POPMMUPOBAHMS PA3TIMYHBIX TUIIOB I10-
Bpexpennit [JHK npu peiicTBuy MOHM3SMPYIOIMX M3TY4EHUII Pa3sHOTO KadecTBa
6b11 pasBut Meropi pepmeHTatuBHOro komer-aHammsa JHK. Ilpumenenue ¢ep-
MeHTOB penapanyn sHgoHyK1eassl-111 (Endolll) u popMaMyuponpuMUANHIINKO-
3nnassl (Fpg) mossosser TpanchopMupoBaTh MOAVPUIVPOBAHHbIE IV PUMUANHO-
Bble I ITypMHOBbIE OCHOBaHMA B offHOHUTeBbIe pasppibl JJHK. C ucnonbsoBannem
MopUPUIMPYIONX (EepMEHTOB B YC/IOBUAX ILIEIOYHOTO M HEMTPA/TbHOTO KOMET-
ana/m3sa [JHK momydeHsl cpaBHUTE/IbHBIE TO30BbIe 3aBUCUMOCTU (YOPMUPOBAHNA
OP JHK u MoguduuypoBaHHBIX IYPUHOB ¥ MUPUMUNHOB, 8 TAK)Ke IBYHUTEBBIX
paspeiBoB JIHK u kmacrepubix gByHuTeBbix nospexpennii JHK npu perictsun
y-xBanToB °0Co.

Kak HeoJHOKpAaTHO YKa3bIBaJIOCh paHee, NeiCTBIE TAXKeNbIX 3apsyKeHHBIX 4Ya-
CTUI] MHAYLUPYeT MHOTYE PaMallIOHHO-UHAYIVPOBaHHbIE 3P PEKThI, pe3Ko OT-
MMYamIyecs OT HaOMogaeMbIX NMpY OOMY4eHUV 37IeKTPOMAarHUTHBIMY BUAAMU
U3Ty4eHMil. B 3HaYMTeNIbHON CTeleHM 9TO 0OYC/IOBNIEHO CIenM(UKON Hepenadn
SHEPIUM TSKEJIbIX 3aPAKEHHBIX YaCTUL] TeHETUYECKMM CTPYKTypaM KJIeTok. B ciy-
qae 0o0/My4eHMs Y-KBAaHTaMU IOIJIOLIEHHAsA J103a IepefaeTcss o0beMy BellecTBa
CITy4alfHO paclpeie/IeHHbIMY MHOTOYMCIEHHBIMY aKTaMy Nepefadyl SHEPTUM Ma-
nbIMuy TopiyAMM. Ta ske 103a 061ydeHnsA MOXKeT OBITh IlepelaHa PAaBHOMY 00beMy
BellecTBa NPY MPOXOXKIEHNY Yepe3 HEro BCEro JIMIIb OJHOV TSKENION 3apsiKeH-
HOII yacTuipl. Takoit XapakTep nepefaun SHEPTUM TAXKE/NIbIX IOHOB T€HeTUYEeCKUM
CTPYKTypaM 00ycloB/IuBaeT GOpMUpPOBaHME KaueCTBEHHO MHBIX TUIIOB IOBPEX-
mennit THK, Hexxenn npm meiicTBUM 3/1eKTPOMAarHUTHBIX BUJIOB MOHM3UPYIOMINX
usnydennit. I[Ipexxe Bcero aTo kacaercs GopMupoBaHyA Hanbosee TAKENIbIX Ha-
pyLIeHNI1, KaKUMM ABNAITCA gByHUTeBbIe paspbiBbl [JTHK. Ilepeceuenne Tsaxemnoit
3apsDKeHHoI yacTuieit yyactka JIHK He TonbKo NpMBOAUT K HapyIIEHMIO 1[€/I0CT-
HOCTHU JIBYX KomIuleMeHTapHbIX HuTeil [JHK, Takke mpu saTom moBpexparorcsa u
Ipyryie MOJIEKY/ISIpHbIe CTPYKTYPBI, IIPUIETAIOINX K JAHHOMY caiTy. Takme Kia-
CTepHble IOBPEX[eHNs Hauboree TPYAHBI /I pelapalnuy BOCCTAHOBUTETbHBI-
MU cucteMamMy KaeTokK. OHM SBJIAIOTCA MOJEKY/ISIPHBIM CyOCTPaToM KJIeTOYHOI
rubeny, o6pa3oBaHNsA Pas3INYHOIO POfA MYTALUII XPOMOCOM, 3/I0KaueCTBEHHOI
TpaHchopmannyu. O4eBUgHA HEOOXOANMOCTD TIATETBHOTO VICCTIEIOBAH 3aKOHO-
MEpHOCTEN ¥ MeXaHU3MOB (POPMMPOBAHNA M pelapaliy TAKOTO Pojja IIOBpPeX/ie-
Huit. C 3TOV LeNIbI0 B TPYIIIIe NPEANPUHATDI MCCAENOBAHNA MHAYKIVMY U perapa-
uuu AByHUTEeBBIX paspbiBoB JJHK B KmeTkax yemoBeka npu JIeICTBUM U3TydEeHNUI
C pasHbIMU (U3NYECKUMM XapaKTepPUCTUKAMU. [I/11 9TOro ObUIM MCIIOIb30BAHBI
3¢ dexTUBHBIE COBPEMEHHbIe METOJIbI, TO3BOJIAIONINE IIPOBOAUTD M3ydeHne hop-
muposanuA [IP THK B impax oT/ie/TbHBIX K/IETOK: METOJ, UMMYHOLIMTOXMMIYECKOTO
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OKpAIIMBaHNUA KJIETOK TPV IOMOIIY KOHBIOTVPOBAHHBIX C pa3HBIMU (IyOpecIieHT-
HBIMM KPacUTeIAMIU aHTUTeN, cueludnyHbix K 6enkam (meron JHK-dokycos), n
meTon [THK-koMerT.

Meton [THK-¢okycoB, Kak 13BeCTHO, OCHOBAaH Ha Ba)KHOM CBOJICTBE OIIpefie-
JIeHHBIX Oe/KoB «y3HaBaTb» (opmupyromuecs P JTHK B agpax u y4acTBOBaTbH
B PasBUTHM pelapalyioHHOro Inpouecca. OfHUM U3 HaYaAbHBIX 3TANIOB QOPMIM-
poBaHus KjaeToyHoro orBeta Ha BosHukummit [IP THK u aktuBanum cucrem pe-
napauun sApsgerca Gocpopuwmposanue rucrona H2AX. ®ochopummpoBaHHbIi
ructon H2AX, xotopsiit HasbiBaercss YH2AX, mMoxeT ObITh ompeneneH BOMM3n
P NHK v clry>kUT CUTHAIOM /1A IpUBJIEYeHNUA APYTUX O€/IKOB B CaiiThl BOSHUMKHO-
Benns [IP THK. Co6bitus pocopunmposanus rucrona H2AX moryT 6pITh BU3sy-
a/IM3MPOBAHBI KaK OTHE/IbHBIE sifiepHble (OKYChI METOOM MMMYHOOKpPALIBaHMSL.
[TpyHIMI MMMYHOOKpAIIVMBAaHNU OCHOBAH Ha CIELV(UYHOM CBA3BIBAHUY AaHTUTETT
¢ aHTHUTreHaMI. JI/Is KaKgoro Oelka, Wiy aHTUTeHa, MOYKHO CMHTE3VPOBATh CIIeIN-
($bUYHOE TONBKO /IS HETro aHTUTENO (IIepBUYHOE aHTUTeNO). [lepBrYHOE aHTUTENIO
COENMHACTCS C UCC/IEAYeMbIM O€IKOM, ITOC/Ie 4ero K IMepBUYHOMY aHTUTENTY IpHu-
coeMHACTCA CliennpUYHOe /I HeTO BTOPUYHOE aHTUTENO0. BropuyHoe aHTUTE-
JI0 HeceT ¢ co00i1 (IyopecLieHTHYI0 MeTKY, KOTOpasi IT03BOJIsIeT BU3YalN3UpPOBATh
uccrnepyemblit 6ermok. ITomumo rucrona yH2AX ncronb3oBaHme JaHHOV METONM-
KI TI03BOJISIeT BU3Ya/lM3UpPOBATh HEKOTOpbIe O€/NKM, yIacTBYIOLIVE B perapannn
1P MHK (raxue xak 53BP1). C ucnonp3oBaHueM MeTOfia UMMYHOLMTOXMMIYECKOTO
OKpAIIMBaHUA U KOH(POKAIBHON MUKPOCKOINY MeXAYHAPOIHOI TPYIIIION pafno-
6nonoros (A.B.Bboperixo, JI. Vexxkosa, C. Kosybek, M. ®anbk, M. I 3aguenpsuen,
E.A.KpyriskoBa) ObUIM NMOTydYeHBl TpeXMepHble M300pakeHus spep pubpoba-
CTOB 4YenoBeKa, 06mydennbix y-kpantamu %0Co (JIID =0,3 k9B/MKM) 1 ycKOpeH-
HeiMM noHamu 1B (JITID = 135 kaB/MxM). I MccneoBaHNsa KMHETUKN pemnapa-
unu nospexxaenuit [IHK npu peiictun nonos 1B o6nyuenne 06pasijos mposo-
AMIOCHh (PPOHTANBHO OTHOCUTENIBLHO KJIETOYHOTO MOHOC/IOs1. Ob6myyeHne o6pasnos
1oz MasbIM yrtoM (10°) HampaBieHMs ITydKa I03BOMNIO IPOAHAIN3NPOBATD POP-
MMPOBaHNe U CTPYKTYPY KIacTepHbIx noBpexjenuit JTHK Bronb Tpeka mpoxox-
JleHVIs1 9acTULBL. [I/I1 KOMMYeCTBEHHOI OLIeHKU MHAYKIVIN VM pellapaiyiy IOBPeX-
nerwit JHK mpoBopwics nmopcueT komokanusoBaHHbIX pokycos YH2AX u 53BP1,
ABAIINXCA MapKepaMu JByHUTEBBIX paspbiBoB JTHK.

B aTux skcnepuMeHTax M3ydanach KMHeTVKa (GOPMMPOBAHVS U SNMUMIHALN
pagmanyonHo-uHAynuposanHbeix YH2AX/53BP1-dokycos B anpax pubpobdracToB
nipu peiicTeun y-kBanTos %Co u yckopenHnbix nonos 1B, IIpogeMoHCTpupoBaHo,
9TO NPM JIENICTBUN YCKOPEHHBIX NOHOB 1B B pubpobnacrax uenosexa Gpopmmpyer-
cs1 6onbure poxycoByH2AX/53BP1, yem nipu peiictsun y-xkBautos *0Co. Makcnmym
BBIXOJIa PaJMal[IOHHO-VHAYLMPOBAaHHBIX POKYCOB IIPY Y-00TydeHUN JOCTUTALTCS
gepes 1 4 (~25 okycoB Ha K/IeTKy) 1ocye obnydenns, 1 4epes 4 4 6O1plIast 4acTb
¢doxycos (~80%) smmmunupyerca. Hanmbonbmmit Beixon ¢pokycos yH2AX/53BP1
npu 06/ydeHn ycKopeHHbIMY MoHaMu 1B Habmomaercs yepes 45 MUH mocTpa-
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AMALMOHHON MHKYOarum (~72 ¢okyca Ha KeTKy). Yepes 24 4 moce o06nydeHus
B KJIETKAX, TOJBEPTIINXCS BOMIENCTBIIO YCKOPEHHBIX NOHOB 1B, Ko/muectBo pa-
AMAIVIOHHO-MHYLMPOBAaHHBIX (DOKYCOB 3HAUMTETBHO IPEBBILIAET 3TO 3HAYEHUE
B KJ/IeTKaX, 00/y4eHHbIX y-kBanTamu %0Co, 4To cBuUleTenbCTByeT 0 Hamaun 6onee
CIIOKHBIX TOBPEXIEHNI, MHAYLMPOBAHHBIX YCKOPEHHBIMM MOHaMM. PasnuyHblit
xapakrep popmuposanusa [P JHK npu y-o6mydeHnn KI1eTok u HefiCTBUM TsDKe-
JIBIX 3apSDKEHHBIX YacTUI[ ObUI MPOWUTIOCTPUPOBAH IIPM CONOCTAB/IEHUM Mare-
puanos nocne obmydenns y-ksanramu Co® u yckopennbimu nonamu 1B B mose
1 Ip B m10CKOCTH, IEPIEHAUKYIAPHON HAIIPpAaBIEHNIO PACHIPOCTPAHEHN ITyUKa, U
nox yriioMm 10°. B mocegHeM ciydae ObIIO BBIABIEHO, YTO YACTHIIA, IIPOXOJA Ue-
pe3 Axpo, GopMUpYyeT TpeK, COCTOAINI 13 HECKONBKUX O/M3KO PacIIoIOKeHHBIX
paaMaIIOHHO-UHYLMPOBaHHBIX PoKycoB. [TokasaHO, YTO K/IacTepHbIe TOBPEX-
pervst [THK dopmupyioTcs BIoOmb Tpeka IMPOXOXKAEHN YaCTHUIBI Y>Ke B IIepBBIE
MMHYTBI ITOCTIe OOTydeHM .

Pasmuynpnii xapakrep mapynupyembix [P JTHK npu pelictBum msmydeHmi
9/IeKTPOMArHUTHON TNPUPOABl M TSAXKENbIX 3apsDKEHHBIX YacTUl], CHIDKEHMe pe-
HAapaIIOHHON CIOCOOHOCTY KJIETOK IIPY JEVICTBUM TSDKENbIX MOHOB OTpaKaeT-
Cs Ha XapakTepe IIposiBjIeHNs amonrtorudeckoyt rnbemn xnerox (E.B.bapanosa,
A.B.bopeiiko, V.. PaBHauka, M.I. CaBenbeBa, C.V1. CrykoBa). VHUIMMpyommm
CUTHA/IOM B MHJYKLMY allONTO3a — IIPOrPaMMUPYeMOl KJIETOYHO rmberny, KaKk
U3BECTHO, ABNAIOTCA ByHUTeBble paspbiBbl JJHK. KonnyecTBenHble 1 KadecTBeH-
Hble pa3muus B obpasosanuu P [JTHK npu geiicTBuY MOHM3NPYOINX M3y IeHMI
C pasHBIMU (PM3MYECKMMY XapaKTePUCTUKAMN JTO/DKHBI IIPOSAB/IATHCA B peannsa-
L/ AIIONITOTMYECKOTO OTBETA K/IETOK. [[e/iICTBUTE/IbHO, B BHIIIOIHEHHBIX 3KCIIEpPU-
MEHTax [0 00/Ty4eHMIO TMMQOLNTOB KPOBY YeJIOBeKa Y-KBAaHTAMU M YCKOPEHHBIMI
noHamu Kucnopopa u Heona (JIII9 =170 u 180 kaB/MKM cOOTBETCTBEHHO) 9TO Ha-
XOIUT YeTKOE OTPaKeHUe.

B rpymme pagMamyMoHHON IMTOreHeTHKN ab0OpaTopuy IIPOBORATCA MCCIIe-
poBanysa 1o psapy HampasneHuit (P.[I.Tosopyn, E.M.3aitieBa, O.B.Komosa,
J.B.Komnmanp, H.A.Komnans, II.B.Kymamo, E.A.Haconosa, H.JI.llImakosa,
T.A.DapeeBa). Ha TepameBTHMUeckoM IPOTOHHOM ITydke ¢ sHeprueit 170 MsB
C IPUMMEHEeHMeM IUTOTeHeTUYeCKNX METOJOB olleHeHa 3(PPeKTMBHOCTD BO3Jeli-
CTBUA 3TOTO BMJa U3Ty4eHMA Ha KJIETKM 4Ye/loBeKa. B KadecTBe Mojenm MCHONb-
30BaHbI IMMOUNTH Hepudepudeckoil Kpou denobeka. OOpasiibl IebHOI Kpo-
B (knmeTku B Gy-dase) U Ky/IbTYpy CTUMYIMPOBAHHBIX K JieJIeHUIO TUMGOLUTOB
B CPOKM, COOTBETCTBYIOIIVe IIPOXOXK/ICHNIO MY PasHbIX (a3 KJIeTOYHOTO IVKIIA,
HoziBepramy o0/MydeHNIo B IBYX TOYKAX IJTyOMHHOTO JO30BOIO pacHpefie/ieHns —
Ha BXofle myuka B 00bexT (JI[ID~0,5 kaB/MxMm) u B obmactu MoauduipoBaHHO-
ro nuka bparra (E~0-30 MaB, JIII9-cnektp o ~100 kaB/Mkm). Beito ycraHoB-
JIEHO, YTO II0 KPUTEPUIO YacTOThI 0Opa3oBaHMs abeppaHTHBIX KIETOK 1 00IIero
qycna abeppaunit XxpomocoM npu obnydennn B Gy-pase KJIeTOYHOTrO IVIK/IA Be-
mmanaa OB3 mpotoHoB B obnmactu mmka bparra cocrasnser ~1,2. Onpenenena
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Hay6osIbIIast PayioYyBCTBUTEIBHOCTD MMMQOIINTOB, 00/1y4eHHBIX B G,-(ase Kie-
TOYHOTO I[VK/Ia IPOTOHAMU B 00/1acTy IyKa bparra, o pas3aMYHbIM ITOKa3aTe IsAM:
Hanbosee IpOJO/DKIUTEIbHAA 3aepxKKa fiefeHus (fo 10 1), BbICOKasA 4acToTa 00-
PasoBaHMA KJIETOK C XPOMOCOMHBIMY HAapYIIEHUAMM U Haubosbliee obliee dmc-
70 abeppanuil XpoOMOCOM, pe3Koe yBenmdeHne ¢pparmMeHTosa xpomocoM (o 85%
ot ob1ero 4ncia abeppannit), BbICOKasi 4acTOTa 00pa3oBaHmUs KJIETOK CO MHOXe-
CTBEHHBIMM XPOMOCOMHBIMMU abepparysiMi. YCTaHOB/ICHDI BBIpa)KEHHbIE I3MeHe-
HUS B COOTHOIIEHMSX XPOMOCOMHBIX abeppaunii pasHbIX TUIIOB IIPU OOTy4eHNUN
mMporntoB B Gy- n G,-¢pasax KIeTOYHOTO IUK/Ia IPOTOHAMM B 00/IaCTU IIVIKa
Bparra: BbICOKMIT YpOBeHDb abeppariyit XpOMOCOMHOTO THIIA C IIpeobrnafaHeM 06-
MEHHBIX abeppannii CMeHseTCs MPEeNMYILeCTBEHHBIM BBIXOZIOM abepparuii Xpo-
MaTUIHOTO TuIa ¢ npeobnaganueM ¢parmentos. [Tonydensr koadduimenTsr ag-
(dexTMBHOCTY 00/Ty4eHnA MpOoTOHaMM B obnacTy mmka bparra. C ydyeToM BKIazma
B 3¢ deKT HanboIee pafoIyBCTBUTEIbHON Gpakuyy mMMPonnToB (00TydeHHBIX
B G,-dase KI€TOYHOrO LMK/IA) IO CPAaBHEHUIO C HEREIAIMMUCS TUMQPOLUTaMU
k09 PuiyenTsl 9pPeKTUBHOCTM HTPOTOHOB ¢ 3Heprueit 170 MaB coctapsior
B cpepHeM ~ 1,45.

BoimonHeH 1ukI paboT IO MCCIENOBAHUIO VHAVBU/YATbHON PafillOYyBCTBU-
TEIbHOCTY XPOMOCOMHOTIO allfapaTa K/IeTOK 4YeloBeKa M OMOIOrMYecKoil JO3M-
metpuu. IIpoBesieHa cepysi 9KCIIEPUMEHTOB IO MCCIEOBAHNIO MHANBULYATbHBIX
OTKJIOHEHMII pacIpefie/IeHsI IOBPEX/IeHUI TeHe TUYEeCKUX CTPYKTYP B XpPOMOCOMaX
2, 8, 14 (nmumdonuter nepudepndeckoil KpoBK 4eoBeKa) B 3aBucumocty ot JIII9
usnydennii. VicnonbsoBanuch yckopennbie nonsl 1B, 17Li u 20Ne. Pesynbrarsi
9KCIIEPYMEHTOB ITOKA3bIBAIOT, YTO MEXJIOHOPHbIE OTINYMs MOTYT OBITh HPUYM-
HOJI OLIMOKY B 610JJ03MMeTPUN IIPY ONIPefe/IeHNI TTOTTYYeHHON J03bl 00Ty deHN .
Bonee Toro, OTHOIIEHNE MEX/y BBIXOZOM LIEHTPUYECKUX KOJIEl] U JUIIeHTPUKOB
B XPOMOCOMe 2 MOXKET SIBJIATBCS PelepHON BeMYMHOMN JJIs OLeHKY JO3bI 00/myye-
Hus npu Bbicokux JITID.

B xopie mccnenoBaHys BBIABIIEHBI CYIeCTBEHHbIE PA3N4Misi B PajlOuyBCTBY-
TEIbHOCTU 00pasIioB JOHOPCKON KpoBHU, 00myueHHBIX B Gy- U G,-dasax Ki1eTod-
HOTO IMK/IA. B 1Ie/IoM pe3y/IbTaThl MOKa3bIBAIOT O0/Iee BHICOKYIO BapuabeIbHOCTD
MeXJy oOpasiiaMmyu KpOB) [JOHOPOB II0 YaCTOTE€ XPOMOCOMHBIX abeppaumit mjist
YCKOPEHHBIX 3apsDKeHHBIX YaCTHII, YeM JUIs V-KBaHTOB. Dbl 3aMedeHbl OTImYns
OTHOCKUTE/IBHO YPOBHS PajyiOuyBCTBUTEIBHOCTY JTOHOPA MU aHa/Iu3e OOBIYHBIM
MeTadasHbBIM METOJIOM I IIpeX/ieBpeMeHHOI KoHjeHcanueil xpomaruna (PCC).
YcTaHOB/IEHO, YTO paiiOYyBCTBUTE/IBHOCTD K U3Ty4eHMAM C BbicoKolt JIIIO nuan-
BUJIya/IbHA [UIs1 KOKIOTO TOHOPA.

@QuHrepnpmHT-olleHKa 4acToT F (OTHOIIeHMe iuIieHTPUKOB K Kosbijam) 1 C (oT-
HOIIIeHVe KOMIUIEKCHBIX abepparnnil K IPOCThIM abeppaliyisiM) BbIABI/IA Pa3yidme
MeX/y JOHOPaMI I10 JaHHBIM IT0Ka3aTe/IAM IPY MCIIO/Ib30BAHUY Pa3/INYHBIX METO-
VK ITOreHeTHYecKoro aHammsa. O6HapyskeHa J030Bast 3aBUCUMOCTD ¢axTopa F
UL Y-M3NIy49eHNsT; B TO XKe BpeMsl I/Is 3apsDKEHHBIX YacTHUI] He HaOII0fjaeTcs ero
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3aBUCUMOCTH OT J103bl 1 BpeMeHu ¢ukcanyu. [Ipu ananuse merogom PCC+FISH
ObUTa mokasaHa dertkas Koppemsuus gakropos F u C ¢ JIIID. YcranosneHno, 4to
MeX/ly JOHOpaMM Bbllle BapuabenbHOCTh pakTopa C, yeM daxropa F. IO1n pesynnb-
TaThl XOPOIIO OOBACHAIOT Pas3Nyys B JaHHBIX, IIOy4eHHBIX B APYIUX 1aboparo-
PUAX MUpPA, ¥ TOATBEPXKIAIOT BaXXHOCTb aHann3a MerofoM PCC+FISH npu ouen-
Ke KayeCTBa M3/Ty49eHNs [ OMOIOrNIeCcKOil JO3MMETPUNL.

B rpynme ObUmM IPORO/KEHBI MCCIeOBaHMsA Ouomorndecknx 3¢dexToB Ma-
nbIX 103 nonmsupytomeit paguanyu (O.B.Komosa, I1.B. Kynano, E. A. Haconosa,
H.JI.lImakoBa, T.A.®agneeBa). Panee ObIIO MOKa3aHO, YTO IMPU [03aX CBBILIE
30 cIp BrIXO[ OBpEXIEHNI TMHENHO 3aBUCUT OT 03bl, YTO HAXOJUTCA B IIOJTHOM
COOTBETCTBUM C OOIENPUHSITON KOHIennet. B 06macT MeHbIINX 103 3Ta 3aBU-
CUMOCTb MMeeT He/MHENHbI XapakTep. Ha HayabHOM y4yacTKe JO30BON KpUBOI
BBISIB/IEHa QHOMAJIbHO BBICOKAs PaiOYyBCTBUTENIBHOCTD KI€TOK (BBIXOJ] TOBPEX-
JleHVIT Ha eVIHVILY JO3bI), TI0C/Ie KOTOPOTO C/IeyeT YIaCTOK IOBBILIEHHON paino-
PE3UCTEHTHOCTH, TJie BBIXO] XPOMOCOMHBIX abeppaumnit umeeT dhakTudecku oopar-
HYIO 3aBUCUMOCTb OT JJ03bl. MaKcUMa/IbHBI 9P PeKT IpeBbIIaeT KOHTPOTbHBII
ypOBeHb B 2-3 pasa U JOCTUraeTCsl Hpu fo3ax ~5-7 cIp (mmk rumepuyBCTBUTEND-
Hocty). [Tpn panmpHeitem yBenaeHyn 103bl 1o ~10-15 cIp gacTora XpoMocoM-
HBIX abeppannit pe3ko CHIKAeTCsl — B HEKOTOPBIX C/IyYasxX MPaKTUIECKN 10 KOH-
TPOJIBHOTO YPOBHs. AHAJIOTMYHbIe Pe3y/IbTaTbl ObUIN MOTy4YeHBI IPYU O0ITydYeHNn
NMUMQOINTOB KPOBYU YeTIOBEKa IOHAMMU YITIEPOJa, Ifie OTYET/IMBBII MK I'UIIePYyB-
CTBUTE/IbHOCTY HAaO/IIORA/ICA Ipy fo3ax ~5 clp.

CregyeT OTMETHTD, YTO B IMMQOLUTAX HEKOTOPHIX ZOHOPOB I'MIIEPYYBCTBM-
TE/IbHOCTD/TIOBBIIIEHHAsA PE3MICTEHTHOCTh Ha Haya/JbHOM y4YacTKe JJO30BOM 3aBU-
CMMOCTH BBIXOJIa XPOMOCOMHBIX abeppannii He HaO/II0amach, YTO MO3BOJISIET pac-
CMaTpUBaTh JAHHBI PeHOMEH KaK MHVBI/YaTbHYI0 0COO€HHOCTb HEKOTOPBIX JIO-
HopoB. Ha nmumdornurax 6p10 TaKXe YCTAaHOBJICHO, YTO HE3aBMCUMO OT Ka4ecTBa
VICTIOJIb3YeMOTO V3/Ty4eHNA B 00IaCTV TUIIePIyBCTBUTEIBHOCTY OCHOBHBIM THUIIOM
MOBPEXIEHNUI XPOMOCOM SIBJISIIOTCS abeppariuy XpOMaTUIHOTO THIIA.

CormacHo mpeCTaBIeHNsAM KIaCCUYecKoll paao6monornm abepparym Xxpoma-
TYUJJHOTO TUIIA He MHAYLVPYIOTCSA pajyalyell B HeCTUMY/IMPOBAHHBIX TMMOLNTAX.
B 1O >Xe BpeMs OHM BHOCAT OCHOBHOJI BKJIaJ] B CIIOHTAHHbIVI MyTareHes3, KOTOPBI,
KaK M3BECTHO, OOYCIOB/IEH HEJICTBJMEM 3SH/[OT€HHBIX aKTVMBHBIX (OPM KICIOPO-
na (AOK). OcHoBHbIM nctounnkoM ADK B Ki1eTKe ABIAIOTCA MUTOXOH/IPU, B IbI-
XaTeTbHOII I1eIM KOTOPBIX B IIpoliecce HOPMaabHOro MeTabommama 2-3 % Kucnopopa
KOHBEPTUPYETCA B CYNEPOKCHJ, aHUOH. B pe3ynbraTe ero B3auMOJeiCTBUA C PA-
JIOM KJIETOYHBIX CyOCTpaTroB oOpasyeTcs LeJIblil CIIeKTP BTOPUYHBIX AKTMBHBIX
PajyKaIoB, Cpeay KOTOPBIX HAMOONbLIYIO OMACHOCTDb /IS K/IETKY IIPefCTaBIIsA-
10T TUJJPOKCUI pajiuKan U IMePeKUCh BOZOPOAA. DTU 0OCTOATENbCTBA ObLIN IT0-
JIOKEHbl B OCHOBY TUIIOT€3bl O MeXaHU3MaxX MAeiCTBMA MajbIX /103 pafiMaliyL.
[1aBHBIe ee IONIOXKEHUsA Ciefylolye: a) HabmofaeMas Ha Havya/JbHOM YYacTKe
JI030BOJ KPVBOJ TI'MIIEPYYBCTBUTEIBHOCTh OOYC/IOBJIEHA BO3PAaCTaHMEM BBIXOZA
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okcunospexpennii B JIHK xneTkm B pesynbraTe pajualMlOHHO-MHAYLVPOBaH-
Hoit ammndukanyy AOK B K1eTOUHBIX MUTOXOHPUSX; 0) MOBBIIIEHHAS PaiNO-
PEe3UCTEHTHOCTD, NPOAB/IAILIAACA Y KIeTOK IIPU Ja/lbHellIeM YBeIN4YeHUN O3B,
ABJIAETCA CNIECTBMEM aKTMBALMM LIMTOIPOTEKTOPHBIX MEXaHM3MOB, HallpaB/IeH-
HBIX Ha [TOJJaBJIeHlie OKVMC/IUTE/IBHOTO cTpecca. B kadecTBe TakOro MexaHmusMa pac-
CMaTpUBAJICA KacKaJl peaKuii, NPUBOAAIINI K aKTUBALIMY CUTHAJI-PETyINPYEeMON
nporenHknHasbl ERK, KoTopblit 3amyckaeTcsa B OTBET Ha BO3pacTaHMe BbIXOJa MU-
toxoHapuanbHbix ADK u feiicTBue pagyanuy 1 BbI3bIBaeT YBeTu4eHye Iponude-
panum KJIeTok.

J1)14 mpoBepKy HaHHOI I'MITOTe3bl ObIIN VICIIONIb30BAHBI pas3yHble MOUIKa-
TOpBI, Bo3zelicTBymomye Ha ADQK, MuToXoHApranbHyo JbixaTenbHyo menb n ERK.
V3meHeHMe GOpPMBI T030BOII KPUBOIL BBIXO/a abepPaHTHBIX KJIETOK B IIPUCYTCTBUU
3TUX MOAVI(PIUKATOPOB O3BOINIO IPOBECTH OLJeHKY BK/Ia/ja BhILIENIepeuNCIIEHHBIX
IIPOLIECCOB B SIBJICHNSA IUIIEPYYBCTBUTENbHOCT U MOBBIIIEHHOI PafillOPE3NCTEHT-
HOCTM B IMalla30He MaJIbIX 103 MOHU3NPYIOLIEN pafgyaliim.

Ha xeTkax KapLHOMbI MOIOYHOII JKeJle3bl YelloBeKa ObIIO [TOKa3aHo, YTo Be-
mecTBa, BosaeiicTBytomye Ha ADK, a umenno, DMSO-nepexBat4uk cBOOOSHBIX
papukanos, uyknocnopu A (CsA) — 6nokatop renepuposanusa AOK MuToxoH-
npusamMu — u SB203580-unrn6urop p38 MAP-knHasel, 6/I0KMPYIOLINIT IPOTOH-
rupoBaHHylo reHepanyio AOK HAJID-okcnpasoi, yCcTpaHAT IMIIEPYYBCTBU-
TENBHOCTD. B TO ’ke BpeMsi aHTUMMIIMH — VHTMOUTOP 3/IeKTPOHHOTO TPaHCIOPTa
B MUTOXOHJIPMSX, IINPOKO UCIIONb3yeMblil B kauecTBe reHeparopa ADK B 6uonorn-
YeCKNUX CUCTeMax, — BBI3bIBAJI ellle Oojiee pe3Koe yBemndeHe BBIXO/Ia XPOMOCOM-
HBIX abepparuit B 06/1acTu Masbix 103. [y BeisicHenst 3amutHoi ponu ERK 61
VICTIONIb30BAHBI [IBa MHTMONUTOPA, OfABIsIIoIINe ee aKTUBHOCTE: PD98059 n U125.
Kax n oxnpanocs, narnéuposanne ERK nmpenorBpamjaer yBenndenue paguope-
suctenTHOCTU. IIpu mosax 7-8 clp, cOOTBETCTBYIOIINX MaKCHMalIbHOI pafyope-
3UCTEHTHOCTN Y He0OPabOTaHHBIX KJIETOK, IPOLIEHT abeppPaHTHBIX KJIETOK BO3pac-
TaeT B 1,5-2 pasa. Bce 9T ¢paKkThl CBUAETETBCTBYIOT O TOM, YTO aKTUBALV JAHHOTO
6enka sAB/IAETCA HEOOXOAMMBIM (PaKTOPOM JJIA 3alIUTHI KIeTKY, KOTJla KOHCTUTY-
TUBHbIE LIUTONPOTEKTOPHbIE CUCTEMBI He CIPAB/IAIOTCSA C BO3POCIINM YUC/IOM OK-
CHUJATUBHBIX IIOBPEX/IeHMIT, HA0/MI0aeMbIX B 00/IaCT IMIIePYYBCTBUTEIBHOCTIL.

B 1e/1oM 9KcIepyMeHTBHI C VICIIONb30BaHMEeM Pa3IYHbIX MOAVI(PIKATOPOB, BIN-
AIOIINMX Ha BBIXOR sHporeHHbix ADK, mokasamu, 4To 3TU COeqUHEHNs, 00Iamaro-
iyie BbICOKMM MYTareHHbIM MOTEHILMA/NIOM, BHOCAT CYIIECTBEHHBIN BK/IaJ B VH-
AYKLIVIO XPOMOCOMHBIX MOBPEX/EHNII B K/IeTKaX KapLVHOMbI MOJIOYHOI >Ke/le3bl
B 00/1aCTM MaJIBIX 03. DTOT PAKT ITO3BOJIACT IIPEAIIONATaTh, YTO paiallIOHHO-H-
AYLVMPOBaHHbI OKUCIUTENIbHBIN CTPECC U, KaK CIe[CTBYE, HAPYLIEHVE KIIE€TOYHOTO
rOMeoCTa3a B IIe/IOM MOTYT B 3HAUUTE/IbHOI CTENIeHN BIIUATD Ha CyAbOy 00TyueH-
HO1 KJIETKIL.

BroppiM HampaBieHueM B M3y4eHUY 01010orndeckux sQp¢pexToB B 061acTy Ma-
JIBIX J103 MOHMSUPYIOLIENl pajMalluyl ABUINCH MCCIENOBAaHNA 3aKOHOMEPHOCTEN
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PafoafanTUBHOTO OTBETA, MHAYLIVPYEMOro B TMMQOINTAX KPOBM YeJIOBeKa pas-
JIMYHBIMU fo3aMy Y-usnydenus (ot 2 go 15 cIp). Kak usBecTHo, aganTuBHBIIL OT-
BET SIB/ISIETCS] OFHUM 13 criennduyeckux s pekToB Majbx 03 pafgyuanuu 1 3a-
KJII0YaeTCs B VIX CIIOCOOHOCTY IIOBBILIATH YCTONYMBOCTD KJIETOK VM OPraHM3Ma K I10-
CTIefyIOLIeMY BO3/ENCTBUIO OOMBIIMMIY [JO3aMU U3/TydeHVs. AJalITUBHBIN OTBET
3aBUCUT OT MHOTUX (aKTOPOB, TAKMX KaK BelTMYMHA IEPBUYHON ¥ OCHOBHOII [103,
MOIIJHOCTD JJO3bI, CTa¥sl K/IETOYHOTO IMK/Ia B MOMEHT OOTy4eHNMA U BPeMs MeX/Y
npenobnydeHueM 1 06IydeHreM IOoCeR el 60sbnoit fo3oit. Bee atu dpakropser
HAK/Ia[[pIBAIOT BeChbMa CYylLleCTBEHHbIe OTPaHMYEHNMsI HAa [POSIB/IEHNE affallTUBHO-
ro orBeta. KpoMe TOro, B HOBTOPHBIX 9KCIIEPUMEHTAX Ha TeX XKe CaMbIX OMOIOrN-
4eCKMX 00beKTaxX B MICHTUYHBIX 9KCIIEPMMEHTA/IbHBIX YCIOBMUAX IpefobmydeHne
MasIoil 1030i1 BO MHOTMX C/Ty4asiX IPUBOAWIO K IIPOTUBOIOIOXKHBIM 3¢ dekTam:
OT SIPKO BBIPQXKEHHOTO aIalITVIBHOTO OTBETA [0 yBe/mnueHMs 9 peKTa, BBI3BaHHO-
ro obmyyeHneM OOJIBIION K03011. Bce aTO CTaBUT 1O COMHEHMe YHMBEPCATTbHOCTD
naHHoro QeHomeHa. Llenblo mccnenoBanms ObIIO YCTAaHOBUTD, KAKOBA BOCIIPOM3-
BOAVMMOCTb PaIOAJAITUBHOTO OTBETA M CYIIECTBYIOT /I ONTUMAaJIbHbIE aflalTh-
pyrolye 1035l I KaK0r0 KOHKPETHOTO MH/IVBULYYyMa, KOTOPBIE, KaK IIpeAIoa-
razoCch, MOTYT 3aBMCETh OT MH/MBY/YA/IbHOI PaIO9yBCTBUTETIBHOCTY OPTaHN3Ma
B pas/IMYHBIX [AMaNa3oHax MajblX 103. VIccmenoBaHme ajanTMBHOTO OTBETA IPOBO-
pvn Ha Gy-muMQOoIUTax Tpex JOHOPOB B IIMPOKOM AMAIa30He aalTHPYIOLMX
no3 y-usnydenus. [IpenBapurensHoe obnyuenue nosoit 1 Ip ocymectsnsam B G,-
(ase k1eTOYHOTrO UMK/IA. B KauecTBe KpUTEPMA UCIIONb30BA/ICS ITOKA3aTeNb BBIXO-
ia abeppaHTHBIX TMMQOLUTOB, PETUCTPUPYEMbIX MeTada3HbIM MeTOROM. B 061yeit
CTIOKHOCTY OBIIO IPOBEEHO TPY 9KCIIEpUMEHTA C MHTepBaaMi B IIO/ITOJA.

VccnenoBaHye TOATBEPANIO BBICOKYIO CTelleHb BapuabeTbHOCTY B IIPOSIBIIE-
HUY JaHHOTO (PeHOMeHa KaK MeX/Y OTAe/IbHBIMYU JOHOPAaMU, TaK U Y OJJHOTO JIOHO-
pa IIpy TOBTOPHBIX MICC/IeOBAHVAX. BbIIO TOKa3aHO, 4TO (PaKTOP MHAVBULYATbHON
PafoYyBCTBUTEIBHOCTY He B/IMAET Ha CHOCOOHOCTD K afjallTaliuy pu o6/1ydeHnn
KJIETOK MaJIbIMI1 jo3aMi1. boree TOro, oka3aoch HeBO3MOXKHBIM YCTAHOBUTD OITH-
MaJIbHbIE /IS KaXK/IOTO KOHKPETHOTO MHJMBUJYYMa JJO3bI, IIpeBAPUTENIbHOE 00-
Jly4eHue KOTOPBIMY OKa3bIBa/IO OBl PaifiO3alLIUTHOE [eIICTBIE B KXKIOM U3 IIPOBe-
JIeHHBIX 9KCIIeprMeHTOB. O4YeBUIHO, YTO CYLIECTBYET HEKMII CTOXaCTUIeCKMil (hak-
TOP, BIVSIOLNI Ha IPOsIB/IeHNE PaAMOadalITBHOrO 0TBeTa. Ero nmpupony TpynHO
YCTQHOBUTD, ITOCKOJIbKY MEeXaHU3M 3TOro (eHOMeHa HemsBecTeH. Takum obpa-
30M, KpailHAA HeCTabMIbHOCTDb aJaliTUBHOTO OTBETA He MO3BO/AET CYMTATh €ro
YHUBEPCAIbHBIM SIBJICHMEM, KOTOPOe MOIJIO ObI OBITH VICIIONB30BAHO B KJIMHIYe-
CKOJ1 IIPAKTVKe WV YYUTHIBATHCS B OL[EHKE PaMal{IOHHbBIX PUCKOB.

B rpynme paamanyoHHO IMTOTEHETUKM IPORO/DKEHbI IIMPOKOMACIITAOHbIE
VICCTIEIOBAHNUA MYTareHHOTO JeVICTBMA MOHU3MPYIOIVX U3Ty4eHNiI pasHOTo Ka-
YecTBa Ha KJIETKY MJIEKONMTAIOMIMX U INPoO/IeMbl '€HOMHON HeCTabMIbHOCTU
(IT. bnaxa, P.JI.ToBopys, V.B.Kommanp, H. A. Komans). Ha kimeTkax kuraiicko-
ro xomA4ka npu obmydenun nporoHamu (JIII9 0,22 x3B/MKM) M yCKOpeHHBIMM
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monamu 1B, 14N, 180, 20Ne (gnanason JIIID ot 50 1o 153 k3B/MKM) McCIe0BaHbI
3akoHOoMepHOCTU (popmupoBanusa HPRT-myraumit. O6Hapy>keHO, 4TO IpOsBIIe-
HIIe MyTalVii 3aBUCUT OT CPOKOB BbICeBA OOJTyYEHHBIX K/IETOK B CEJIEKTUBHYIO IIN-
TaTe/IbHYIO CPefy C 6-TUOTYaHVHOM («BpeMeHM aKCIIpeccuy» MyTaryii) u ot JII19
u3nydeHnit. JacTora CIOHTAaHHOTO M PAaJMALlIOHHO-MHAYLMPOBAHHOTO My TareHe-
3a TIpU «BPEMEHU SKCIpeccum» 4 cyT coctasmta okoso 1,2 - 107>, Tlpu 6onee npo-
MOJKUTENbHOM TIepMOfie SKCIIPEeCCUM OTMEYEHO yBeNMueHNe YPOBHA MyTareHesa
B ~3 pasa o MaKCUMa/lIbHOTO 3HaueHM:A. [looKeHne 3TOro MakKCMMyMa 3aBUCETIO
ot JITI9 yckopenHbix MoHOB. C yBenudenueM JII19 sHayeHme MakcumyMa cMelna-
eTCsl B CTOPOHY 6071ee IIPOIO/KUTENLHOTO TIepuofia sKcrpeccun. Tak, MaKcMMaib-
HBIl YPOBEHb MyTareHesa HaOmiofancs depes 11 cyT mocie o6mydeHus MOHaMuU
xucnopona 180 (JITI9~116 kaB/MkM) u yepes 23 cyT nocie 06/IydeHns MOHAMM
neona 20Ne (JITI9~153 koB/MKM). DTU CPOKM COOTBETCTBYIOT pUMeEPHO 40-50
reHepanyAM KJIeTOK (OIVMH IVKII JieJIeHVM KJIeTOK KUTACKOTO XOMSAYKa COCTaB-
nser 11-12 4). B manpHelmeM 4acToTa pagMal[MIOHHO-MHAYIVPOBAHHBIX MyTaH-
TOB CHVKaj1ach IO YPOBHS CIIOHTAHHOTO MyTareHesa Ipu mocese yepes 30-45 cyT.
Ha ocHOBaHuM paHee NPOBEJEHHBIX UCCAENOBAHUI MOXKHO IPEIIONOXKNUTDb, YTO
HOBBIIIEHNE YPOBHA PaVallIOHHO-MHYLMPOBAHHOIO MyTareHe3a ONpeeNAeTcsa
BO3pOCIIell XPOMOCOMHOJ HeCTaOMIbHOCTBIO IOMY/IALMN OOTy4eHHBIX K/IETOK,
U €T0 NPOosIBJIeHMeE TP Pa3HbBIX «BPeMeHaX 9KCIIPeCCUM» 3aBUCUT OT TAXKeCTH Iep-
BOHaYa/IbHBIX MOBPEX/I€HUIA.

ITpy BHIABIEHMN M CENEKLUM MYTAaHTHBIX CyOK/JIOHOB OTMEYEHO IOSBJICHUE
MYTAHTOB C 3aMeJJIECHHbIM POCTOM IIO CPaBHEHMIO C MHTAKTHBIM KOHTPOJIEM.
3aMefIeHe pOCTa MHOTUX MYTaHTHBIX CyOK/IOHOB B CEJIEKTUBHOIL Cpefie € 6-THO-
TyaHMHOM MOIJIO OIIpefeNATbCA BO3HMKHOBEHEM My Taluii, IPUBOAAIMX K CHU-
xeHuto aktuBHOoCcT HPRT-depmenTa mmm cuHTE3y MEHBIIETO ero KOIM4YecTBa.
B sTux cry4adx >KM3HECIIOCOOHOCTb MYTAaHTHOJN HONYIALMYM MOITA obecredn-
BaTbCSA TOJNBKO 3a CYET KJIETOK, He YCIIEBAKIIMX B Te4YeHME KIETOYHOIO LMKIIA
YTUIMSMPOBATh IYPUHOBBII aHaor. Taxke 0OHapy>KeHbl HeCTaHJAPTHBIE TUIIBI
pOCTa MYTaHTHBIX CYOKJIOHOB, BBIJIe/ICHHBIX 13 KJIETOK KMTAICKOTO XOMAYKa, 00-
NTy4eHHbIX ycKopeHHbIMY MoHamu 80 (JITID ~ 130 kaB/mxm) B 1o3ax 0,5, 1 u 2 Ip.
B oHaKOBBIX YCITOBMAX POCTA HEKOTOPBIE MYTAaHThI J€MOHCTPUPYIOT HEOOBIYHbIE
Mopdonornyeckue MpU3HAKM IO CPABHEHMIO C KOHTPOJILHON HOMY/AIMeil Kie-
TOK — @KyPHBbIII, IIeIIOYEYHBI ¥ 3BE3[YaThlil XapakTep pocTra. 3apUKCUPOBaHO
HOsBJIEHVIE KOJIOHUI 10 OCTVDKEHVS MOHOC/IOA KI€TOK MYTaHTHBIX CyOK/IOHOB.
JlaHHBIe IPM3HAKM MOTYT CBUJETETbCTBOBATh 00 MHUIMALIMY IIPOLiecca 37I0Kade-
CTBEHHOI TpaHCHOPMALUN KIIETOK.

B rpynme papmanuoHHoli reHeTMKM HM3IINX 3YKAPMOT HA KY/IbTypaX OIHOKJIe-
TOYHBIX JPOXOKeN Saccharomyces cereviside TPORO/DKAIOTCA MCCIENOBaHMA 3a-
KOHOMEPHOCTEN MHAYKUMUM MyTalUWUI PasIUYHOM MOJIEKYIAPHON MPUPOABI IIpU
mevicTBUM pasHbIX TnoB usnrydenuit (H. A. Konrosas). 9tu paboTel BegyTcs ¢ uc-
IIO/Ib30OBAHMEM HECKONbKMX TE€HETUYECKMX CUCTEM, MO3BONAIIINX TECTUPOBATDH

56



OIIpefle/IeHHbIE TUIIBI TOBPEX/EHUI TeHETUYECKNUX CTPYKTYp. [I1a TecTupoBaHms
3aMeH IIap OCHOBaHMII UCTIO/Nb3YIOTCA JIBe TeHeTUYeCKe CYCTeMbl, OCHOBaHHbIE Ha
3aMeHe HyK/JIeOTU/Ia B KOJJOHaX KpUTUYEeCKOll aMUHOKKCIOTH B reHe CYC1 — nu-
crenHa Cys22 (CAA TGC CAC) u rnyrammnosoii kucnorsl Glu50 (ATC GAATTG),
MIO3BOJIAIOIINE TECTUPOBATh BCE TUIIBI TPAH3ULIMIL U TpaHCBepcuil. [eHeTyeckue
CHUCTeMbI CKOHCTPYMPOBAHBI TaKMM 00pasoM, YTO peBepCUM MOTYT BO3HMKATh
TOJIPKO 32 CYeT MCTMHHBIX 0O0paTHbIX MyTaunmit. K Hegocratkam cucremsr CYC1 ot-
HOCUTCSI HapyIIeHVe JbIXaHVs, KOTOPOe caMo II0 cebe MOXKeT OKa3bIBaTh BIIVsHUE
Ha MyTareHe3. Kpome Toro, Ha 4acTOTy peBepTHPOBAaHNUS MOTYT BIVATH O/m3/exa-
Ve HyK/ICOTHU/IHbIE TIOCTIE0BATeIbHOCTI. B CBA3M ¢ 9TMM HavyaThl pabOTEHI € py-
roit rectepHoit cucremoii: TRP5. MyTauum B 3TOM reHe He HapylIalOT AbIXaHUe,
YTO [IO3BOJISIET OTOMPATh PeBEPTAHTHI Ha (POHE aKTUBHOTO JBIXaHIS, Y OKPYKEeHue
KPUTUYECKOTO KofoHa reHa TRP5 oTnmdaercsa oT HYyK/I€OTUHON MOC/IE0BATENIb-
HOCTY Kputndeckoro kopfoHa reHa CYCI. Takum o6pa3oM, ZaHHBIE, TOTy4eHHbIE
C UCIIOIb30BaHMeM BTOPOJ TECTEPHOI CUCTEMBI, O3BOJIAIT 000OLIUTD 3aKOHO-
MEPHOCTH VIHJIYKIIMY 3aMeH I1ap OCHOBAHMIA IIOf, IefICTBYEM M3/Ty4eHU.

boii nmomyueHsl KpuBble BBDKMBAeMOCTM 1of, geticTueM YD-cBeTa [ Bcex
rarmtonanbix (YMH1-7) u gumnoupssix (YMHS51-57) miTaMMOB TeCTepHOIT CUCTe-
Mbl CYC1. KpuBble BbKMBAeMOCTH) TaIUIOUJHBIX U OUIIOUHBIX IITAMMOB VIMe-
10T curmouanyio ¢opmy. [Ina gumnonasoro mramma YMHS53 nonydeHsr KpuBble
MyTareHesa 1oj geiicteueM Y®-cBeTa; OHM MMEIOT NMHEHO-KBapaTUYHBIN Xa-
pakrep. ITpu BpDKMBaeMocTy nopsazaka 1% yvactora Tpanceepcnit AT-TA Bospac-
Taet B 18 pas u coctasnser 108, [Ina mectyu mramMmmoB TectepHoit cucteMbl TRP5
TaK>Ke [T0/Ty4€eHbl KPUBbIe BbDKMBAEMOCTH M MyTareHesa noj fgeiictsueM Y P-cpeTa.
[lITaMMBI He OT/IMYAIOTCA 110 BBDKMBAEMOCTY U MMEIOT TUIIMYHYIO (POPMY KPUBBIX
BbBDKIMBaHMA. Y TAaIUIOUIHBIX IITAaMMOB reHetnyeckoit cucrembl CYCI He yganoch
MHAyUMpoBaTh MyTauuy Y®P-cBeToM, a B TecTepHoll cucrteme TRP5 myTtanum
3¢ (eKTMBHO VHAYILMPOBAINCH, IIPUYEM B CIEKTpe IpeBaIMpOBaIy TPaH3UIVIN
GC-AT n AT-GC.

Ina mrammoB TectepHOit cucteMbl CYCI momydeHbl KpuBble BbDKMBAHMA
U MyTareHe3a IOJ, JIeJICTBUEM Y-U3nydeHMA. Kpusble BbDKMBAHMA TaIlJIOUHBIX
IITaMMOB VIMEIOT 9KCIIOHEHIVIAJIbHYIO POPMY, @ Y AUIUIOVHBIX IITAMMOB — CHI-
MouzHylo. Habmoarorcs nuHeliHasA (I ralvionjoB) U CTeNeHHas ([ AUIUION-
JI0B) 3aBMCUMOCTY MHYKIIMY MYTAIMil OT HO3bI 00/MTydeHMs. Y-usnydenue apdex-
TUBHO MHAYLMPYyeT BCe TUIIBI 3aMeH IIap OCHOBAHMIL; IPYU BbDKMBaeMOCTU ~ 1%
MaKCHMaJIbHas1 YaCTOTa MYTALUII COCTABIIAIA 106, Y rartonaHbIX IMITAMMOB HaM-
6ornee a¢pdpexrnBHO MHAYHIMpOBamch TpaHcBepcuu GC-CG n tpansunym GC-AT,
a y gunonpHbix mramMmoB — TpaHsunun GC-AT u tpancsepcun GC-TA. B Ha-
CTosAllee BpeMs IPOBOAMTCSA U3ydeHMe MHYKIUY 3aMeH IIap OCHOBAHMII IIOT, feii-
CTBUEM Y-U3Ty4eHNs Ha BTOPOIl TecTepHOII cucteme TRP5.

Ina m3ydeHus 3aKOHOMEPHOCTEN MHAYKLIMM MYTAaluil TUIA COBUIA PaMKMU
CUNMTBIBAHMA VCIONb3YIOTCA JIB€ T€HETUYeCKNe TeCTEPHbIE CUCTEMBI, B KOTOPBIX
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IITaMMBbI, HECYII[Vie MYTaIVV CABUTA paMKy cunTbiBaHuA lys2-Bgl n hom3-10 B re-
Hax LYS2 1 HOM3 cooTBeTCTBEHHO, PeBEPTUPOBA/IN B pe3y/IbTaTe BbIIaIeHNUs Off-
HOTO JWIN IByX HYKJIeoTUoB B Tpekax 5A wm 4C y myranra lys2-Bgl n 7T y my-
TaHTa hom3-10.

s TecTMpoBaHMA MHAYKUUM NPOTSIKEHHBIX Jle/Ie[Uil pasMepoOM HECKOIbKO
TBICAY HYK/IEOTUJHBIX IIap UCIIO/Ib3YeTCs IIa3MIUHAA CUCTEMA, IIO3BO/IAOIIAA re-
HeTUYECKMMY MeTOIaMI OIpefie/ATh BbimageHne pparmentos JJTHK, comeprxamux
HECKOJIbKO T€HOB. B IIaT/I-BEKTOP C perynATOPHBIMU 3/IEMEHTAMU IOJIEP>KaHNA
IJIa3MMJbI B OaKTepyaIbHBIX Y IPOXOKEBBIX KJIeTKAX ObUIV BCTPOEHBI IISITh T€HOB.
Bonpioii pasmep nmaasMujibl ¥ €€ HyK/JI€OCOMHAsA CTPYKTYPa ITO3BOJIAIOT 3KCTPAIIO-
MMPpOBaTh Nony4eHHbIe faHHble Ha THK xpomMocomHuoro tumna. Pasmep n mokanmusa-
LUIO JieTIelUV ONIpee/AIy ¢ IOMOIIBIO 3/IeKTPOdOPETIYECKOTO ¥ PeCTPUKIIVOH-
Horo aHanm3a maasmugaon JHK.

OKCIEpUMMEHTHl  IIOKasaly, 4YTO JAeleuuu MHAynupyrrca YOP-cBeToM.
Hab6mromaeTcss 9KCIIOHEHIaIbHAsA 3aBUCUMOCTb YacTOTHI JIeTeIMIOHHBIX MYyTaH-
TOB OT JJ03bI OO/Ty4eHMs, IpuYeM HoJIs 6ojiee MPOTSHKEHHBIX AeIeluil BO3pacTaeT
C YBEIMYEHNMEM [IO3bl. Y-U3Ty4deHNe TaKXKe MHAYLUPYET Je/lelIOHHbIe MyTaHTBI,
HaO/TI0fjaeTCA HeMMHeHasA 3aBMCYMOCTD YaCTOThI MYTAaIWii OT JO3bI OOTydeHNA.
[pu gose o6mygenus 100 Ip yactora cocrasmser 107>,

B rpymnmne npoBopuTcA nsydeHne BAMAHMA F€HOTUIIA HA 3aKOHOMEPHOCTY MH-
pykuun penenmit. [TokasaHo, 4to y myTanTa rad53 Y®-cBer u y-u3snydeHne VH-
AYLUPYIOT Jiellenyi, IpudeM HaOMogaeTcs CTelleHHas 3aBUCHMOCTD OT O3Bl 00-
nydenus. Myranus rad53 B checkpoint-reHe IpUBOANUT K CHVDKEHUIO YaCTOTBI MH-
JyKLIMY JIeTeIMOHHBIX MYTalMil; TAaKUM 00pa3oM, IPOAEMOHCTPUPOBAHO yyacTIe
reHa RAD53 B penapanuy JByHUTEBBIX Pa3pbIBOB IIyTe€M BOCCOEIMHEHNA KOHI[OB
AByHuTeBOro paspoisa JJHK.

B cextope doropagmoémonormn Opiv mpopo/mkensl Hadatble B OPPU mc-
ClIeJOBaHMsA PAJMALMOHHBIX IOBPEXIEHNUI B CTPYKTypaxX I/la3a MJIEKOIMUTAIO-
mux (XpycTajmke M ceTdaTke). XPYCTAIMK Ia3a SABISAETCA OJHUM V3 BecbMa
PanVo4YyBCTBUTENbHBIX OpraHoB. Eme B KoHIe XIX B. cTa/0 M3BECTHO, YTO BO3-
fielicTBMe pajuanuy (PeHTTEHOBCKOE M3JTyYeHNue) IPUBOAUT K ero IOMYTHEHMIO,
T.€. BOSHMKHOBEHMIO KaTapaKTbl. MeXXyHapOoJHOV KOMMCCHUEN 110 pauoIornye-
CKOJ1 3aIUTe MPUHATHI IOPOrOBbIe JO3bI B 2 1 5 Ip 11 BOSHMKHOBEHMA KaTapak-
TBI IIPY OJTHOKPATHOM M [pOOHOM BO3JENICTBUY pajjalluyl Ha 4denoBeka. Bmecte
C TeM aHaIM3 SMUAEMMOTOTMYECKUX IAHHBIX, COOpAaHHBIX B IIOC/IETHNE TOMbI,
MIO3BOJISAET YTBEPXK/IaTh, YTO YKa3aHHbIE IIOPOTrOBbIE JI03bl 3aBbIIIEHbI 110 Kpaii-
Hell Mepe B 5-10 pas. [losToMy B pasButhix eBpomneiickux crpaHax u CHIA akTu-
BU3UPYIOTCA VICCTIEIOBAHNA, MTOCBAIIEHHDbIE M3YYeHNI0 KaK MeXaHU3MOB (opMu-
pOBaHMA pajViallOHHON KaTapaKThl, TaK M SMMIAEMMIOJIOTUY 3TOTO 3a00/IeBaHNUA
Cpeny TexX TPYIII Hace/leHNs, KOTOPbIE 10 CYIIECTBYIOLUIVM ITOHATUAM He JIOJKHbI
BXOIMTb B IPYIIITY PUCKA.
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50 yeT MccnefoBaHMA KOCMOCA YeTIOBEKOM ITOKa3ajl, YTO OFHMM W3 IIOCTIeN-
CTBUII KOCMMYECKMX IIOJIETOB SBJISAETCS 3a00/eBaHye KOCMOHABTOB KaTapaKToOIL.
Oco0y10 aKTya/IbHOCTD 9T IpOoO/IeMa IPUHIMAET B CBA3Y C IVIAHAMM JIUTE/IbHBIX
NVIOTYPYEMBIX HO/IETOB BHe MarHuTocdeps! 3emmn. OCHOBHas MpUYMHA — BO3-
IlefiCTBMEe KOCMMYECKMX JTydell Ha opraHusM. KocMudeckue myum mpefcTaBiIAioT
co60J1 cMeCh M3TY4IeHNIT; IPY 9TOM B YCTIOBUAX KOCMIUYECKOTO II0/IeTa 3aluTa OT
UX IJITABHOTO KOMIIOHEHTa — BBICOKOSHEPTeTNYECKNX TSDKE/IBIX 3apsKeHHbIX Ya-
CTUI] — IPAKTUYECKN HEBO3MOXKHA. [03TOMY Ba)KHBIM IIPUKIAJHBIM aCIEKTOM
npo6IeMbl paiallIOHHON KaTapaKThl ABJIAETCA VICC/IeNOBaHMe MeXaHM3Ma BO3-
HUKHOBEH KaTapaKThl IO IeVICTBUEM TaKOTO V3/TyYeHNUA.

B cexTope poTopanyo6monorny 661 MpOO/KeHb ICCIeNOBAHN MEXaH3MOB
¢dbopmupoBanua paguanyonHoir karapakTsl (K.O.Mypanos, M. A. OcTpoBcknit).
YCTaHOBJIEHO, YTO, TaK )Xe KaK M IIPU CTapuecKoll KarapakTe, Ipu OOTydeHUN
CTPYKTYpa C/I0s SIUTENNs M3MEHACTCA: B HEM HOABJAIOTCA ITYCTOTHI U JedeKT-
Hble KJIETKY, UICTOHYAeTCS KAICy/Ia, M B TKAHU OpraHa BO3pacTaeT KOHIEHTPAIVA
kucnopona. Hapymaercs MopdoreHes BOIOKOHHBIX KJIETOK, B C)OPMUPOBAHHBIX
KJIeTKaX OCTAIOTCA AP, MUTOXOH/IPUM U IPYTHe KIeTOYHbIe OpraHe/lIbl, KOTOpBbIe
B HOpPMeE JJO/DKHBI OBITh 91VIMUHVPOBAHBI. YBe/IN4eHVe KOHI[EHTPAlyy KICIOPO-
fia ¥ QYHKIMOHMPOBaHNE MUTOXOHAPUIT BBI3BIBAIOT YCWIeHNe 00pa3oBaHMA aK-
TUBHBIX (POPM KUC/IOPOZIa, OKMCIUTE/IbHOE OBPEX/eHNe Oe/IKa 1 ero arperaumuio.
O6Hapy>keHO IIOJTHOE COBIAfieHe B XPYCTA/IMKe 30H C YBeIMYEHHOI KOHIIEHTpa-
yieil aKTUBHBIX GOPM KUC/IOPOZA, arperaToB Oenka 1 COOCTBEHHO ITIOMYTHEHUI.
BospericTBue pafiMaliy BBI3bIBAeT JJONMOTHUTEIbHYIO «IIOTOMKY» SIIEPHOTO all-
Iapara SIUTeINAIbHBIX KJIETOK, T.e. elle Ooyblilee HapylleHue Ipolecca Mopgo-
reHe3a BOJIOKOHHBIX K/IETOK. JleficTBUe paiyanuy CyMMIUPYeTCsa C eCTeCTBEHHbIM
IPOIIeCCOM CTapeHus xpycramika. OOmydeHue BO3pacTAOIMMY JO3aMU pajya-
IVIM BBI3BIBAET IPOIIOPIVIOHATIBHOE YMEHbIIIeHVe JIaT-TIepUoyia TIOSAB/IeHNA B KOP-
TeKCe XpyCTanuKa e(eKTHBIX BOIOKOHHBIX K/IETOK ¥ BOSHUKHOBEHMS KaTapaKThl.
ITpoBeneHme 9TOro MCC/IENOBAHYA O3BOINIIO IPYUIATY K IPYHLIMIINATLHOMY BBIBO-
JLy: IOHATYE IIOPOTOBOJI O3B PaMaLV HEIIPYMEHVIMO /I MHAYKIUY KaTapaKThl.
BospeiicTBMe NOHUBUPYIOLIETO U3TyYeHNs IMIIb IPUOIIDKaeT MOMEHT BpeMeHM,
IIpY KOTOPOM HauMHaeT GOPMUPOBATHCS KaTapaKTa.

Cpeny MuIIeHel BBICOKO9HEPTeTYeCKIX TSKEIbIX 3apsyKeHHbIX YaCcTHUI] B XpY-
CTaJIVIKe MO>KHO BBIJITINTD JJBE OCHOBHBIE: MOJIEKY/IbI Oenka u Mosnexynel JJTHK.

/3BeCTHO, YTO I HOBPEXJEeHNA Oe/IKa MOHU3UPYIOLIMM U3/Ty4eHeM TpeOy-
I0TCSI JOBO/IbHO Ooibline fo3bl paguanuy. OgHako crienyduyeckas opraHmusars
XPYCTa/INKa, & MIMEHHO OTCYTCTBYE OOMeHa 0e/IKOB, MOXKeT IPUBOJUTH K HaKOIIe-
HIIO MIOBPEX/IEHNI B TedeHNe IIUTeTbHOTO BPEMEHH, a BIIOC/IEACTBUM 1 K JIeHa-
Typauuu 6eIKoBoii MONeKynbl. bonee Toro, o6pasoBaHue B MOJEKYyIe CKPBITBIX
BHYTPEHHIX HOBPEX/EHUI MOXET CHUSUTD €€ YCTONYMBOCTD K ICIICTBUIO APYTUX
HOBpeXAANNX (aKkTOpOB, HanpyuMep yiabTpaduonera. IlosTomy 6bi1 IpoBefeH
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LUK/ VICCIEJOBaHMII 110 M3Y4YeHMIO BO3NENCTBUA Pa3/MYHBIX BUJIOB M3/Ty4eHMS
Ha yCTOIYMBOCTD 1 -KPUCTAIUIMHA.

OCHOBHBIM METOIOM UCCNIEJOBaHNA ABJIANOCh U3y4YeHMe KMHEeTUKY Ipolecca
arperanyy 9Toro 0enka, T.e. KNHETUKI IOMYTHEHMsI pacTBOpa Oe/lka Ipy BO3Jeli-
CTBUM JICHATYPUPYIOLIVX O6eTok (pakTopoB. bpIo nokasaHo, YTO BO3JENICTBYE Y/Ib-
TpaduoneToBOro U3MydeHs Ha pacTBOP B -KPUCTA/INHA BBI3BIBAET JEHATYPALIIO
6erka 10 OfHOY/JapHOMY MEXaHU3MY; IIPY 9TOM KMHeTVKA IIpoliecca arperauun
OINCHIBAETCA B paMKaxX KaacTep-KIaCTepHOro B3auMopeiicTBus. CrefoBaTeIbHO,
CHaJyajla MOJIEKY/Ia HAKaIUIMBaeT BHYTPEHHUE IOBPEXIEHNA, KOTOpble HUKAK
He OTPa’KAITCs Ha ee CBOJCTBAX, HO T10 JOCTVDKEHUU HEKOTOPOI 103bI IIPOVCXOAUT
OZIHOMOMEHTHas JieHaTypauus. [leHaTypypoBaHHbIe MOJIEKY/IbI CHaYajIa 00pasyioT
IepBUYHbIE KJIAaCTephbl pasMepoM 0Komo 20 HM, KOTOpble 3aTeM C/IUIMAITCA APYT
C Jpyrom c obpasoBaHMeM KPYIIHBIX, pacCeMBAIOIUX CBET arperatos. BpiIo mc-
C/IelOBAHO BO3JIEIICTBYE CTEAYIOUIVX BULOB MOHU3UPYIOLIETO U3TydeHN: Y-Ty4l,
Axpa Bomopona, aeiitepus, He, 12C, 7Li u 11B. CaMbIMUy akTUBHBIMY CPEJIV HUX OKa-
3a/IMCh Aipa IUTUA 1 60pa, T. €. BUABI U3Ty4eHMs ¢ HanbobuyM 3HaueHueM JITID.
OpnHako 03Bl IpU KOTOPBIX Habmomany 3GGeKT CHIDKEHNUS YCTOMYMBOCTY Oerl-
KOBOJ MOJIEKYJIBI, OBUIV JOCTQTOYHO BEMKY M COCTABILAIN I 9TUX sifep 16 Ip.
OueBUHO, YTO TaKMe JO3bI PU3VMONIOIMIECKOrO 3HAYEHNA He MMEIOT, IOCKOIbKY
cMepTenbHasd 1032 pafnanuu i yenoseka paBHaeTcs 10 Ip. [onydyeHnHble faHHbIE
HIO3BOJIN/IN CHeNATh BBIBOJ, O TOM, YTO ITITaBHOI MMUIIEHbIO [ pajualuy B Xpycra-
nuke saBngerca [JHK snurennanbHbIX KIETOK.

Ha cnegyromem sTamne 06beKTOM MCCIEOBAHUA CTA/l XPYCTANINUK B YCIOBMAX
in vivo, TaK KaK MMEHHO B IMHaMIKe POCTa XPyCTa/IMKa B TeYeHMe XKI3HU MOXKHO
OTCIIEIUTD IIOCTeNCTBUA paguoakTuBHOro nospexjenus [JHK. BosHukHoBeHMe
KaTapaKThl B YCIOBUSAX €CTECTBEHHON Cpefbl OOMTaHWS SIB/ISETCS Pe3yIbTaTOM
BO3[IEVICTBMs HA OPraHM3M MHOIMX KaTapaKTOIeHHBIX (PaKTOPOB, B YACTHOCTH,
ynbpTpaduoneTa, HeIPAaBUIbHOTO NUTAHMA, KypeHus U T. 1. [loaTomy B mocnenymo-
1eM ObIIO M3y4YeHO KOMITIEKCHOE BO3/Ie/ICTBYIe OCHOBHBIX KaTapaKTOTeHHBIX (hak-
TOPOB — MOHU3UPYIOLIEN pajyanuy, yabrpaduoneTa 1 Bo3pacta — Ha GOpMUPO-
BaHNe KaTapakKThl. B coTpynHnyectBe ¢ VIHcTUTYTOM I/1asHbIX 60me3neit PAMH n
NucturyTom 6uoxummdeckor pusukn PAH nm. H. M. Omanysina 6110 okasaHo,
9YTO B OCHOBE 00pa30BaHVA KaTapaKT pas/IM4IHOro reHesa (CTap4ecKoli, yiprpadu-
OJIETOBOII, ;a0 TUYECKOII 1 T. [I.), IO BCEVl BUAMMOCTH, I&KUT eAMHBIN MEXaHU3M.
[Tpn 3TOM BO3[ENiCTBUE PAa3MNYHBIX MOBPEXAAINX (aKTOPOB Ha XPYCTAJINK,
B YaCTHOCTY pafiiialivy, BbIpa>kaeTcsA INILIb B YCKOPEHUN eCTeCTBEHHOTO ITpoliecca
obpasoBanusa Bo3pacTHOI KaTapakTel (K. O. Mypanos, M. A. OcTpoBckmii).

B papmo6monornyeckux sKCIiepyMeHTaxX Ha CeTYaTKe B 1abOpaTopuim IpyMe-
HAIOTCS MOJIEKY/ISIPHO-0monorndeckie, Mopgponorndeckye 1 sneKTpodusnonorn-
YyecKye MeTofbl uccnefoBanns. CeTuyaTKy KaK «4acThb MO3Ia, IIOMEIIEHHYIO B I71a3»
IIPaBOMEPHO pacCMaTpPUBATh B Ka4eCTBE MOJIEIIN M 00 beKTa I M3yYeHU A IeVICTBIUSA
pafManuy Ha LIEHTPAIIbHYI0 HEPBHYIO CUCTeMy. VI3yueHre MeXaHI3MOB eICTBUA
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Pa3/IMYHBIX BU/IOB MOHM3UPYIOLIETO U3/Ty4YeHNs Ha CETYATKY I71a3a MPUHIMAIINAAIIb-
HO Ba)KHO KaK JI/Is1 OLIEHKY PUCKOB ITIOCT/IYY€BbIX OCIOKHEHNI, BOSHUKAIOIINX TP
Jy4eBOJl Tepallyuy I71a3a ¥ MO3Ta, TaK U BIIOJIHE Pea/IbHOI OMIACHOCTMU, BO3HUKAIO-
el B XOfe JINTEIbHBIX KOCMMYECKNX IIOJIETOB. B mocnenHeM cirydae pedb UIeT
00 OIaCHOCTY MOBPEXJAMIIETO AEVICTBUA TSDKENbIX 3apsHKEHHBIX YacTHI] Tajlak-
TUYECKOTO NPOUCXOX/eHM BHe MarHuTocdepnl 3emmn. [Ipy aToM KImHMYeCKn
3Ha4YMMBIe IIPOSABJIEH ITOBPeXXAaolIero 3¢ eKTa Ha CeTYaTKy MOTYT BOSHUKHYTh
He Cpasy, a CIIYCT MEeCALBI U JaXKe TOIBL.

Hapsany ¢ usydeHuneM MexaHu3MOB (OpPMMPOBAHV PafMAIVIOHHON KaTapak-
TBI B CEKTOpe BEAYTCA MCCIENOBAHNS PafiMallIOHHO-MHYL[MPOBAaHHBIX 3¢ (eKTOB
B CeTyaTKe 3KCrepuMeHTanbHbIX >kMBOTHBIX (1O.B.Bunorpanosa, B.A.TpoHos).
IIpoBenieHbl 3KCIEPUMEHTHI IO MCCAENOBAaHUIO CBA3M IOBPEXMAEHUA U perapa-
nun JHK c mereHepaTuBHbIMM M3MEHEHMAMH B CeTUaTKe IOC/IEe BO3LECTBUA Ha
MBIIIIeVl MOHM3NPYIoLIell pagyanyy (Y- M IPOTOHHOTO VI3TyYeHMIT) ¥ TeHOTOKCH-
YeCKOTro areHTa MeTWIHUTpo3oMoueBuHbl (MHM). y-n3imydeHne BbI3bIBaeT I7IaB-
HBIM 00pa3om opgHOHuUTeBble paspwiBbl [JHK, paBHOMepHO pacmpepneneHHble IO
BceMy reHoMmy. IIpoToHsl ke 60rmee 3¢ HeKTUBHBI B MHAYKINM JIBYHUTEBBIX pa3-
PBIBOB, JIOKIM3YIOMIMXCSA B 00/IaCTU TpeKa YacTUIbL. [|ByHUTEBbIe pa3pBIBLI ABIS-
I0TCS JIeTQTbHBIM [OBPEXIAEHNEM 13-3a X BBICOKOI 9P (HeKTUBHOCTY B MH/IYKIIVN
aIloNTo3a B eNAIMXCA KneTKax. Metunmpyrommii arear MHM BoisbiBaer B JJTHK
6e3paspbIBHBIE JiepeKTbl — MeTM/IMPOBAHHbIE OCHOBAHMSI, allyPUHOBbIE U allMPK-
muyyHOBbIe (AIT) caittel. B cepemmue 1990-X IT. IpYIIION SMOHCKUX MCCIEROBA-
Teney oOHapyXeHa crnoco6HocTs MHM mHpynmposarh amnonrtos ¢oToperento-
POB B ceTYaTKe MOC/Ie OFHOKPATHOIO BHYTPUOPIOMIMHHOIO BBEIEHNA >KMBOTHBIM
B fose >60 mr/kr. B pabore ncrnonpsoBamu MHM Kak NMOSUTUBHBIN KOHTPOJIb
Ha aronTo3 B ceTyaTke. TakuM 0OpasoM, TPy MCIIOIb3yeMbIX areHTa OXBAaThIBAIOT
ocHoBHbIe Tunbl nopexgernii JJHK n Mmexanusmbl nx penapauyn. Ilomydennnie
pe3ynbTaThl IOATBEPKAAIOT TE€3JIC O BBICOKOM PagMIOyCTONYMBOCTHY 3PEJION ceTYar-
ku Mbimeir. HabmopaeTcs nonnas penaparnusa [JHK mocne meiicTBus y- u mpoToH-
HOTO U3/Ty4eHuit B fo3e 14 Ip. YBemueHHas skcrpeccys B 6e/IKax ceT4aTKM, acco-
LUVIPOBAHHBIX C KI€TOYHOI I'Mbenbio (alonTo30M), HOPManu3yercs: cuycts 12 9
noce obnydenus. K aromy BpemeHu 3aBeplraeTcs penapanyisi MHAYLMPOBAHHBIX
usnydeHyssMu paspeisoB B JJHK. 910 roBoput o ToM, 4TO B ceTyaTKe 9T O€/IKM He
VHJYLVPYIOT aIloIITO3, a, CKopee BCero, ciocoo6cTByoT penapanuu JJTHK u Boccra-
HOBJICHUIO TIOBPEXX/IEHHDBIX K/IETOK.

YBenuyeHue J[03bl BO3felicTBuMA Ho 25 Ip BbI3BIBaZIO 3aMeTHble MOpPdoO-
JIOTMYeCKMe VM3MeHEeHUsA B (POTOPELeNTOPHOM CI0e CeTYaTKM. DTV VI3MEHEeHV
BBIPKAIOTCA B JIeTpajalliyi HAPY>KHBIX CETMEHTOB (OTOPELENTOPOB, a TaKXKe
B CHIDKEHUM IUIOTHOCTM M TOMIMHBI UX AfepHOro cnos. [erpamanus HapacTaer
BO BpeMeHM U CBsi3aHa ¢ r1benbio poTopenenTopoB, IPOTEKAOLIel 10 MEXaHU3MY
aronrosa. Ha amonTos ykasbiBaeT BO3POCIIAs SKCIPECCHA IPOANONTOTNYECKUX
6enkoB. TakuM 06pa3oM, CpaBHUTEIbHO BBICOKAsl PafiMOyCTONYMBOCTD CETYATKM
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VM aKTMBHBI ME€XaHM3M IOCTPAAMALVIOHHON penapanuy, y4aJARIuil paspbiBbl
IOHK, napgynupoBaHHble U3My4eHUAMM, YKa3bIBAIOT Ha CYylleCTBOBAaHME T€HOTOK-
CMYECKOTO ITOPOra, KOTOPBII 00YC/IOB/IMBAET HEJIMHEHBIN XapaKTep 3aBUCUMOCTI
a¢dexTa OT JO3BI OOTYUSHNS.

B renoroxcnyeckom pevictBuy MHM Takske 06Hapy>keHO IpOsIB/IeHNE J030BO-
ro nopora. VccnemoBaHue ero cBsiau ¢ TeHOTOKCHYeCKUM peiictBreM MHM o6na-
PY>KIJIO [iBe paHee He OIMCAHHbIE OCOOEHHOCTY CeTYaTKu. Bo-mepBbIX, 3TO BBICO-
Kas CIIOHTaHHasA nospexxaeHHocTb JIHK B ceTyaTke Mbredi. I1o aTomy nmokasaresnto
OpraHbl MBIIIM PACIONATAlTCA B MOPsA/IKe Bo3pacTaHuA nospexxaeHHoct JTHK:
MMOINTHI < ITe4eHb < MO3T < CeTYaTKa, KOTOPBIil COBIIA/IaeT CO CTENIeHbI0 OKCH-
TeHal[MM 3TUX TKaHeil.

Bropas oOHapyxeHHas 0COOEHHOCTDb CeTYaTKM — aKTVBHAsA perapanus, yia-
naromas 6onpuryo yacth nospexgenuit JHK, mapynupoBaHHBIX 06mydeHMeM
n MHM, HO He 3aTparMBamollas NPeICYyLIeCTBYION[JE CIIOHTAHHbIE IIOBPEXJe-
Hus [THK.

Taxum 06pasoM, MOATBEP)KIAEHO Ha/MM4Me FeHOTOKCUYECKOTO Mopora sl U3-
JIy4eHMiT I MeTUIMPYIOIIero areHTa Ha AndQepeHINPOBaHHBIX KIeTKaX CeTdar-
KI. Pe3ynbpTaThl Tak)Ke IOKa3bIBAIOT, YTO, KaK M I JE/IAIMXCSA KIeTOK, OJHON 13
IPUYNMH TOTEPAHTHOCTY MOCTMUTOTUYECKUX KJIETOK CETYATKM K IOBPEXIEHUAM
IOHK aBnserca penapanusd. Bropas npuymuHa UX TOIEpaHTHOCTY — YMEHbUIEHME
¢dbusnyeckoro pasmepa paOIyBCTBUTEIbHON MUILIEHU O PasMEPOB TPaHCKPU-
6upyeMoro y1okyca reHomMa. MO>KHO IIpefIonaraThb, YTO pelraonas pojab B TPAHC-
dbopmanym n3HavaaIbHO epMUCCUBHBIX oBpexaeHuit JHK (paspsiBoB mocre 06-
TydeHys 1 MofuuIpoBaHHbIX ocHoBaHui 1 All caittoB nocne pevictsus MHM)
B LIMTOTOKCUYECKME MIPUHA/IEKNUT JIOKA/TN30BAHHBIM B TPAaHCKPUOMPYEMBIX Cail-
Tax MOJIEKY/IaM TOIIOM30MEpa3HhI 2.

B nmocnenHee BpeMs B MCCIeOBAHMAX, BENYIINXCA CEKTOPOM (HOTOpaano6mo-
JIOTUU, UCHONb30Banach anekropernnorpadus (IPI) kak mHTErpanbHbI Pusmo-
JIOTMYeCKMIT TI0Ka3aTenb QYHKI[MOHATbHOI IIeJIOCTHOCTY CeTYaTKM. Permcrpanms
97IEKTPOPETUHOIPAMMBI, MHAYLMpyeMas BCIBIIIKaMy O€Ioro cBeTa C PasHON
VIHTEHCUBHOCTBIO, IIO3BO/ISIET HMONYYUTH NOJIHYI0 KapTUHY (QYHKIMOHATBHON aK-
TUBHOCTY CeTYaTKM y Mbliredt npy xusHu. Okasanocs, yto npodwip IPT 6onee
YYBCTBUTE/IEH K TeHOTOKCUIECKOMY HEVICTBIIO, YeM MOPQOIOTNYecKie 1 KIeTod-
Hble TToKasare. C IIOMOIIBIO 3TOTO NMOAX0/a 0OHApyXKeHa CIIOCOOHOCTD CeTYaTKI
K QJJalITUBHOMY OTBETY ¥ K BOCCTAQHOBJICHUIO II0 IOKa3aTenl (YHKIVOHATbHOI
AKTUBHOCTIU. B HacTos1ee BpeMs B CEKTOPE MCCIE[yeTCs BOSMOXKHBIN BK/Ia/l B BOC-
CTaHOBJIEHNE CETYATKY CO CTOPOHBI ITIMATbHBIX K/I€TOK MIo/mepa. 9Tu K/IeTKA AB-
JIAIOTCS. HEMHOTOYMCIIEHHO IOIY/ALMEN PETUHAIBHBIX KJIETOK, COXPaHAMOLIUX
CIIOCOOHOCTD B OTBET Ha TPaBMUPYIOLINIT CTPECC yBeINYMBATh CBOKO Iponudepa-
LJVII0, MUTPUPOBATh B CJIOM BHEILIHeN ceT4aTKy, guddepeHIpoBarbcs B GpoTope-
LIeNTOPBI U1 IPOAYLIVPOBATh S9H/JOT€HHBIE HeMIPOIIPOTEKTOPEI, 3alniIaIye GoTo-
peLenTOphl CETYATKMN.
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B rpynne mMareMaTnuecKkoro MofenupoBaHusA 1a60paTOPUNU IIPOJOIKAIOTCS Ha-
JaTple paHee pabOTHI II0 MaTeMAaTNYeCKOMY MOJEIMPOBAHNUIO PaiIallIOHHO-VHLY-
LVIPOBaHHBIX 3¢ (HeKTOB B K/IeTKaX pa3IMIHbIX OpraHn3MoB. Kax y»xe ykaspiBanoch
BBIIIle, IEPBOHAYA/IBHO II€/IbI0 JaHHBIX MCCIENOBaHNI Obta paspaboTka MaTeMa-
TUYECKMX MOJIe/Iell, ONChIBAIOIIMX MOIEKY/ISIPHbIE MeXaHM3MBbI MHIYLIMPOBAHHO-
rO MYTALMIOHHOTO IIPOIlecca B OTHOCUTEIBHO IIPOCTHIX OMOTOTMYeCKNX 00'beKTaXx,
KOTOPBIMI SIBJIAIOTCA KJIeTKY OakTepuil. Ha 0CHOBe M3BECTHBIX 9KCIIEPYMEHTAIb-
HBIX JJAHHBIX BIIEpBble pa3paboTaHa MOJie/b, ONUCHIBAIONIAs MH/YLMPOBAHHBII
MYTAIIOHHBII IIPOIIecC ITOCPeCTBOM [IeTaIbHOTO MaTeMaTUIeCKOT0 MOJeTPOBa-
HUsI KJTIOUEBBIX O€/TKOBBIX B3aMMOJIECTBUI B Xofie crennduyueckoro orBeta (SOS-
oTBeTa) OaKTepuaabHbIX K1eTokK E. coli Ha meiicTBMe ynbTpadmoneToBOro usnyye-
HuA. CxeMa Mofienu OTBe4aeT COBPEMEeHHbIM IpefcTaBaeHuAM o SOS-perymauym
(O.B.benos, E. A. Kpacasun, A. 0. [TapxomeHko). BriepBble paccunTaHa IyHaMmKa
KOHLIEHTPAIIV BCeX KOMIIIEKCOB, 0b6pasyembix Oenkamy UmuD un UmuC, B gacT-
Hocty, [JHK monumepaser V, ocymectnsmomeit translesion-cunres (TLS). C mo-
MOII[bIO MOJIE/IV TIOKa3aHO, YTO BEe/INYMHA Vi BpeMEHHOE ITOJI0>KeH)e MAaKCYMYMOB I
MMHJUMYMOB KOHIIEHTpAIM O€NKOB 3aBUCAT OT III0eHCa SHepIUM yIbTpaduoe-
TOBOTO U3Ty4eHMs. B Xofe 9TUX MccefoBaHNIT BIIEPBbIe YCTAHOBJIEHA CBS3b MEXLY
MOJIEKY/IIPHBIMY MeXaHu3MaMu OakTepuanbHOi cucTeMbl SOS-oTBeTa, addek-
TUBHOCTBIO pea/msaunu TLS u BrIxomoM reHHbIX MyTanmii. IlokasaHo, 4To BO3-
pacranue koHueHTpauuu [JHK momuMepassl V BefleT K yBeIN4YeHNIO KOMMYECTBA
oumm6ok, BosHuKaromux B xoge TLS. Ha npumepe perynaroproro lacl-rena E. coli
IPOU3BEJleH pacyeT 3aBUCUMOCTI YacTOThI 0OpasoBaHus myTaumit lacI™ B 3aBu-
CUMOCTM OT (JIIOEHCA SHEPTUY U3Ty4YeHVs U BBISAB/ICHO COBIIAfIEHME Pe3y/IbTaToB
MOJIe/IPOBAHMA C 9KCIIEPYMEHTATbHBIMI JAHHBIMIA.

[l ydeta cTOXacTMYECKOI TPUPOJBI OMOXMMIYECKIIX B3aMOJIelICTBUII paspa-
6oTana moziestb SOS-0TBeTa, OCHOBaHHAsI Ha MICIIONIb30BaHMM anroputma [nnecmy,
HO/TY4MBIIETO IIMPOKOE pacIpOCTPaHeHMe IIPU MOAEIMPOBAHUY CJIOKHBIX 0110710~
rugeckux crucreM (O.B.Benos). [IpenMymniecTBoM aToro nopxona sABsgeTcsa 6onee
KOPPEeKTHOe OIVICaHVie KTHETVKY O€TKOBBIX B3aVIMOJIeVICTBIUI Ha YPOBHE OTHE/IBbHO
B3ATOI K/IeTKM TIpu Majbix droencax sneprun (menee 1 J[x/m2). ITokasaHo, 4T0
Ha yPOBHE OT/Ie/IbHOI KJIETKM BpeMeHHAs! JUHAMMKA KOHIEHTPALUM UHAYLUPYIO-
II[eTO CUTHAJIA IMeeT OfiUH U 60Jiee MaKCYMYMOB B 3aBUCYMOCTH OT pII0eHCa SHEP-
ruy YO. [JaHHBIe pe3y/IbTaThl COITIACYIOTCS C COBPEeMEHHBIMIY IIPeIVI3VIOHHBIMY 13-
MepeHMsIMM OTK/IMKA OTHE/IbHBIX K/IeTOK Ha YP-oBpeXXgeH .

[Tocnepyromue paboOTbl ObUIM HOCBSAIIEHBI JIeTaTbHOMY MaTeMaTU4eCKOMY
MOJIe/IIPOBAHNIO PelapalllOHHBbIX CUCTeM, OKa3bIBAIOUIVX B/IMAHMEHA MHIYIIV-
poBaHHbII MyTareHe3. C Ie/Ibl0 JlajibHeNIIell KOHKpeTU3alUy MOJIEKY/IAPHbIX
MEXaHVM3MOB 3aKpeIUIeHUs IPEeMYyTalVIOHHBIX IOBPEX/EHNII B MyTally IPOBO-
nunock Mofenuposanne SOS-oTBeTa B 6aKkTepuanbHbIX KneTKax E. coli ¢ Hapyue-
HIeM HopMasbHON QyHKIyy translesion-cuuTesa. CMofempoBaHO AMHAMIYECKOe
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M3MeHeHNe KOHIIeHTpaInit Kao4eBbix 6enkoB SOS-cucremsl mst recA-, umuD- u
umuC-myranToB E. coli.

Ha ocHOBaHMM CTOXaCTMYECKOTO IOfXOAa pa3paboTaHa MOJe/b, OMMCBIBAIO-
I1ast K/I04eBble IPOLECChl 9KCIM3MOHHOM pelapalny IOBPeXIeHHbIX OCHOBaHNII
(9PO) B knerkax E. coli (O.B.Bbenos, M. A. Kanpanos). CMopienupoBaH MeXaHU3M
ymaneHysa MofuuKanuii Buja 8-0KCOTyaHMH ¢ ydacTieM GopMaMUTONVPUMIIVH-
IHK-rmmkosunass! (6enka Fpg), o6manaolieit HeCKOMbKMMY BUAAMM aKTUBHOCT.
[TpepnoxeHHass Mofenb BKIIOYNMIA B ceOs OMMCaHMe TaKUX HPOLECCOB perapa-
nuu, Kak Tpanchopmanys MogupuIMpOBaHHBIX OCHOBaHuil B All-caiitel, B- n
O-9/MIMMMHALSL, BbIpe3aHue 5 -1e30Kcupn6030pocdharHoro ocTaTka, aKTMBHOCTD
IOHK-nomumepassr I n IHK-nuraser. Takas Mopenb M0o3BoMNIA MpefcKa3aTh KMHe-
TUKY K/TIOYeBBIX PepMEHTOB 1 IpoMeXyTouHbIX coctostHmit JJHK B xope akcumsm-
OHHOII penrapauyy. Pe3ynbTaTbl MOAENMPOBAHNA COITIACYIOTCS C 9KCIIEPUMEHTaIb-
HBIMU JAHHBIMM in Vitro, XapaKTepU3YIOIMI HadyaIbHbIe 9TAIIbl pelapaliiOHHOTO
nporecca ¢ yaactvieM popmamygonupumuani-JIHK-rmnkosnnassl. bouto mpepcka-
3aHO JVHaMMYecKoe M3MeHeHue KoHleHTpanyy 6enka Fpg, THK-nonmumepassr I,
IHK-murasel 1 MeTacTaOMIBHBIX COCTOSIHUII B XOfie penapanyi. BeisiBiena 3aBu-
CUMOCTb CKOPOCTHU HEKOTOPBIX TAIIOB PAOOThI CUCTEMBI OT HAYa/IbHOI KOHI[EHTPa-
nuu 8-oKcoryaHuHa. B xoze mccmeoBaHys NIpOAEMOHCTPUPOBAH YaCTHBIN CTydait
IpUMeHeHNs pa3paboTaHHOI MOZIEIN K PeIlapaluy MOBPeXXIeHMIT BIfa 8-0KCOry-
aHMH C yyactueM 6udyHKImoHanbHOI Fpg-rmkosunasel. [TokasaHo, 4To OCTPO-
€HHasl MOJIe/Ib MOYKeT OBbITh IIPYMeHeHa K OIVICAHNIO 9KCIIVM3MOHHOI pelaparym oc-
HoBaHui E. coli B o6mem Bupe ¢ ysactueM gpyrux JHK-rmnkosmnas, B Tom uncre
¥ MOHO(YHKIIVIOHA/IbHBIX, KOTZIa 9aCTh aKTMBHOCTEN, XapaKTepHBIX [y Oenka Fpg,
OCYILeCTB/IAIOT JOIOTHUTE/IbHbIE PePMEHTHI.

Paspaborana maremarudeckas mogenb (A. H. Byraii, E. A. Kpacasun, A. 1O. ITap-
xoMeHKO, M. A.BacunpeBa) perymanuu SOS-oTBeTa B OaKTepmanbHBIX KJIETKaxX
C pasnuMYHbIMU JedeKTaMyu B CHMCTeMe SKCI[M3JMOHHOJ pemapanyuy HyKJIeOTHOB
(OPH). B xopme mccnemoBaHys yiydlleHa IepBOHadanbHass Moaenb SOS-oTBerta,
npudeM OblTa paspaboTaHa feTanbHas KMHeTH4YecKas Mofenb pernukanuu JHK,
IpUMeHMMas K KJIeTKaM KaK IIPOKapuoT, TaK U 3yKapuoT. [leTalbHO cMOJieIpoBa-
Ha paboTa cuctembl DPH, mpoBeieHO KOMMYeCTBEHHOE OMMCaHNe BCeX 9TAIIOB pac-
NO3HaBaHUA U yHaneHnsa Y O-NoBpexxIeHnii KOMIOHEHTaMM 9KCUMHYK/easpl UVrA,
UvrB, UvrC n xennkazort UvrD. Kax 1 B mpenpiaynux paborax, MofenupoBanach
BCS I1eTI0YKa IIPOLIECCOB, IPONCXOISAIMX BO BpeMst paboTbl cucteMbl SOS-0TBeTa,
Ha4yMHas C BO3JEVCTBYS MOBpeXJalnero ¢gaxkropa no peammsanuy translesion-
CUHTe3a ¥ BO3HUKHOBeHuA myTtauunu B Lenn [JHK. Bnepsrle nmpoussenen teope-
TUYECKIIT PacueT KOHIIEHTPAI[MIl BCeX OEIKOB, 3a/jeiiCTBOBaHHBIX B cucTeMe DPH,
a TaK)Ke 4aCTOThI MHAYIIMPOBAHHBIX MyTallMil B K/IETKAX JUKOTO TUIIA M B K/IeTKaX,
nedeKTHBIX 10 uvrA- u polA-reHaMm, B 3aBUCMMOCTY OT BpeMeHU 1 QIIIoeHca 9HeP-
ruy YO. BolABNIEeHO OTIMYHOE COITIacKe PAcdeTOB C COBOKYITHOCTBIO MMEOIINXCS
3KCIIEpMMEHTA/IbHBIX [aHHBbIX. BriepBrple IIpoOBeeHO CpaBHEHME OTHOCUTEIbHOI
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3¢ (eKTUBHOCTY IBYX IOCTPEIUIMKATMBHBIX CUCTEM perapaluyu: TOMOIOTUYHOMN
pexombunanyu n TLS. OxassiBaetcst, uto TLS mMoxet 6piTh He Goee yeM B de-
TIpe pasa addexTrBHee pekombuHanuy npu BocctaHoBrenuy oHJHK. ITpuyem
[AHHBIN pe3y/lbTaT CIpaBe/IMB KaK IS KIeTOK JUKOILO TUIIA, TaK M AA UVrA-
MYyTaHTHBIX KJI€TOK, B KOTOPbIX YPOBEHb BTOpMYHbIX noBpexaennit JIHK Becbma
BBICOK. Mofienb Taxoke IpeficKaspiBaeT 3¢¢deKT BpeMeHHO! MOAY/IALNY YPOBHA
on/IHK kak B KJIeTKaX JJIKOTO TUIIA, TaK ¥ B UVrA- u polA-MyTaHTax, 4TO MOXXHO
CBsI3aTh CO B3aVIMHBIM IIepeKTI0UeHIeM MeX ]y 0e301M009HOI 1 OMNO0YHOI pe-
napauysamu JHK.

[TpoBopumuch Takxe pabOTHI 10 MaTeMaTU4YeCKOMY MOJIe/IPOBAHNIO perapa-
IIMIOHHOTO IIPOLlecca IIpY [AeiiCTBUN YCKOPEHHbIX TsKeNbIX MOHOB. Bbiia BrIIOTHEHA
olieHKa MHAyLupyoero curtana SOS-cucremsl E. coli mpu feiicTBUY YCKOPEHHBIX
TSDKE/IBIX MIOHOB PasHBIX BUIOB. KommuecTBeHHO omucaH Impoljecc 0Opa3oBaHus
OCHOBHBIX ITpeMyTallMOHHbIX oBpexaennit JTHK: nospexxnennit ocHoBaHMiA, Of-
HOHMTEBDBIX U IBYHUTEBbIX Pa3pbIBOB, KTACTEPHBIX OBPEXeHMIL. B 1cronb3oBaH-
Hoit mopienn [THK paccMarpuBaiach B Bufie TMHENTHONM MMIIEHM, CTyYatHBIM 00-
Pa3oM OpMEHTMPOBAHHO OTHOCUTEIbHO TPeKa 3apsKeHHOI JacTuLbl. B Mogenn
Y4YTEH XapaKTep paJuaabHOTO paclpe/e/ieHNs S3HePIUA B TPEeKaX YaCTULL, YTO BeCh-
Ma BaXKHO JUIst OLleHK! ponu O-3/eKTpoHoB B noBpexxaennn [THK. [TpoBenentbie
pacyeThl OATBEPAIN, YTO XapaKTep 3aBMCYMOCTY BBIXOJa IOBPEX/EHUII OCHO-
BaHMII OT JIMHEHON IepefjauM SHEPTUIM aHAJIOTMYEH 3aBMICUMOCTH, IOTy4e€HHO
/11 OGHOHUTEBBIX Pa3pbIBOB. IIpy 9TOM BBIXOZ MOBPEXJEHMIT OCHOBAHNII OKa3al-
Cs B YeThIpe pasa BbIllle BBIXOJA OJJHOHUTEBBIX Pa3pbIBOB BO BCEM PACCUMTAHHOM
[MaTia3oHe JVMHENHbIX Ilepefad 9HePINM, YTO CBA3aHO ¢ 9 (PEKTUBHBIM yBemye-
HUeM TonuuHbl mnHeliHoi Mumenn JTHK. 3aBucuMocTb BbIXO/a IBYHUTEBBIX pas-
poiBoB JTHK 1 knmacrepHbix nospexaennii ot JIIIO onuceiBaeTcsa KpUBO ¢ MaKCH-
MYMOM, IIOC/Ie IOCTVDKEHNA KOTOPOTo fanbHelmee ypenudenne JII19 ctanoBurca
HeaPdeKTUBHBIM.

[TpoBesieHO CpaBHEHME Pe3yIbTATOB PACUETOB, ONMMCHIBAIOIIX OOINIT BBIXOJ
K/IaCTEPHBIX MOBPEX/eHMil (He3aBUCKMO OT MX TUIA), C 9KCIEePUMEHTaTbHBIMU
JaHHBIMY, XapakTepusyomumu BemuuHy SOS induction potency (SOSIP), ore-
HEHHYI0 ¢ momoubio MeToga SOS-xpomorecTa. BblABIeHO coBIajieHne pe3ybTa-
TOB PAac4eTOB C 9KCIIEPVMMEHTATbHBIMM AaHHBIMU. Hapany ¢ aTuM ObUIu BBIION-
HEHBI MOJIeJIbHbIEe PAacyeThl, ONMUCHIBAIONINE PabOTy OCHOBHBIX BUJIOB peraparuii,
BeAYIUX K (OPMUPOBAHMIO VHAYLMPYIOIIETO CUrHana OakrepuanbHoil SOS-
CHCTEeMBL. B 4acTHOCTM, MO/Ty4eHbI KOMM4YeCTBEHHbIE OLleHKM 171l polA-3aBucuMoit
penapanuy OJHOHUTEBBIX Pa3pbIBOB, perapaluin JBYHUTEBBIX Pa3pblBOB IIyTeM
TOMOJIOTMYHOM PEKOMOVMHAIMU U BOCCTAHOBIEHVS] MOAUMUIMPOBAHHBIX OCHO-
BaHMII ITyTeM 3KCIM3MOHHOI penapauun. B mpeno)keHHbIX MOJeNAX y4TeHa BO3-
MOYXHOCTb TPaHCPOPMALIMY OJJHUX TUIIOB IIOBPEX/EHMII B IPyTHeE.

CyllecTBeHHOEe BHUMAaHIUE YAENEHO MOJEIMPOBAaHUIO pelapanyuyu ABYHU-
TeBbIX paspeiBoB [JHK B kneTkax miexommraromux u denoseka (O.B.Bernos,
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E.A.Kpacasun, M. C.JIamko, M. barmynx, H. Ceeitnam). ChopmynmnpoBaHbl MO-
eIV TPeX OCHOBHBIX MEXaHM3MOB BOCCTAHOBJ/IEHN IOBPEX/I€HNII ITyTeM HETOMO-
noruyHoro BoccoenuHenus kouuos (NHE]), romonornunoit pekom6unanym (HR)
Y OTHOHMTEBOTO OTXKMIa 10 IpAMBIM noBTopaM (SSA). IIpenmoskeHHBIT MOJe/b-
HBIJ1 TIOAXOJ, IIPYMEHEH K ONMCAHUIO KMHETUKY Pelapalyy JBYHUTEBBIX pa3pbl-
BoB /IHK, mHynpoBaHHBIX [eiiCTBYEM PEHTTE€HOBCKOTO M3/1y4eHNs], Y-KBAaHTOB,
YCKOPEHHBIX MOHOB KMCIOPOJA, KPEeMHIA U JKejle3a B IIMPOKOM [MaIla3oHe 3Ha-
YeHMil NMHeHON nepenaun sHepruu oT 0,2 mo 440 xoB/mMxm. PaspaboranHble
MOJIe/M TIO3BO/IM/IM OOOOLINTh 3HAUYMTENIbHOE KONMMYECTBO IKCIIEPUMEHTATbHBIX
IAHHDBIX O BPEMEHHBIX Xapakrepuctukax ormenbubix sramos NHE], HR u SSA.
B yacTHOCTH, KONMMYECTBEHHO OMMCaHa KMHeTMKa CBA3bIBaHMA KomItekca Ku70/80
¢ nByHmreBbiMu paspbiBamu [JHK, msmeHenue ypoBHs ¢ochopummpoBaHHON
IHK-3aBucnumoit nporennkunassl ([JHK-PKcs), pokycos RPA, Rad51 u y-H2AX
B K/IeTKaX Pas3/IM4HbIX OpraHn3MoB. C JCI0/Ib30BaHMEM IPEJJIOKEHHOTO MOAX0/a
IPECTaBIIACTCS BO3SMOXKHBIM IIPefiCKasbiBaTh 9 (HeKTUBHOCTD penapaluy ABYHM-
TeBbIX pa3pbiBoB JJHK npu meiicTBUM MOHM3MPYIOLMX U3TyYEeHNUII C pasHbIMU u-
3MYECKVMM XapaKTePUCTUKAMA.

[TapannenpHo MccnefoBaHuio cucrteM penapanun nospexperuit JTHK u xo-
HEYHBIX MEXaHM3MOB 3aKpeIUIeHNsI UX B MYTalUV IPOBOAATCA pabOTHI IO MOfie-
NMPOBAHMIO NIEPBUYHBIX aKTOB Iepefjaull SHEPTUU TSKETIbIX 3aps>KeHHBIX YacTUI]
crpykrypam JJHK ¢ y4eToM mpocTpaHCTBEHHON CTPYKTYpPbl TpeKa 3aps>KeHHBIX
vacTuil. PaspaboraHpl MOJe/IbHbIE IOAXO/bI, CBA3aHHbIE C ONMCAHEM MeXaHU3Ma
nHpykuvy nospexzaenunit [JHK B TepmuHax pagmanbHOro pacrpepeneHuss 00b-
€MHOJI SHePrUM U IOIJIONEeHHOM JJO3bI B TpeKe 3apspkeHHbIX yactuly (O.B. benos).
C ucnonb3oBaHMeM JAHHBIX 110 MONeKynsApHoi ctpykrype JHK cmopgenmposana
IIPOCTPAHCTBEHHAA F€OMETPHA TMHENHOIO y4acTKa ABOJIHOIN CIMpay, Cy>Kallle-
ro MuuIeHblo0. Bmecre ¢ TeM npuMeneHnne TpancnopTHbIX Koo TRIOL 1 GEANT4
MO3BOJIN/IO MOYYUTb IPOCTPAHCTBEHHbIE MOJIEIM TPEKOB TSKE/IbIX 3apSKEHHbIX
YacTUI] pa3IMYHBbIX SHEPIUil B BOJHON cpefe. PacyeT cTpyKTypbl Tpeka 4acTi-
bl B pacCMaTpUBaeMOll MUIIEHN JaeT MHGOPMAIVIO O HAadya/IbHOI JIOKA/IM3aIVIN
9HEeProBbIfIe/IEHNIT B MOJIEKY/ISIPHOI CTPYKTYpe ABOWHON crypani. TO JAI0 BO3-
MOYKHOCTD TIepeiiTi K CefyIolleMy 3Tally pacyeToB, CBA3AHHOMY C MOJeIpPOBa-
HIIeM MUTPAL{MY 3aPSI/JOB, BOSHMKAIOIIVX HA MECTE B3aMMOJEIICTBIS O -3IEKTPOHOB
tpeka yactuubl ¢ JHK. IIpoBenen pacyer mMmurpanuym HOIOKUTEIbHOTO 3apsAfja
Ha IpuMepe HEeCKOJIbKMX KOpoTkux y4dacTkoB IHK mamHol okono pmecAatn map
HYKJIEOTUIOB, ¥ OIIpefie/IeHbl YYacTKM JBOJHOIN CIMpany, Ha KOTOPbIX BO3HUKHO-
Benue nospexennit [HK Hanbonee BepositHO.

B pamkax paspabarbiBaeMbIX MaTeMaTUYeCKUX MOJe/Iel CTalo0 BO3MOXXHBIM
pPaccMOTpeTh KIII0YeBble MOJIEKY/IsIpHbIe COOBITVS C BO3HMKHOBEHMS IOBpPEX/[e-
Hus THK o ¢opmupoBanmsa MyTanum: pacCYuTaTb KOMMYECTBO MOBPEXICHMI
ITHK, BBIABUTH 3aKOHOMEPHOCTM PabOTBI CUCTEM pelapaluy, y4ecTb BIIVSHIE
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fieeKTOB B pas3/IMYHBIX TeHAX M B KOHEYHOM UTOTe PacCUUTATh YaCTOTY MYTaluIii,
VHIYUMPOBAHHbBIX U3TyYEHUAMM C Pa3/IMYHBIMM XapaKTePUCTUKAMMA.
dopmupyeTcs HOBOe HalpaBieHMe paboT, CBsI3aHHOE C MaTeMaTUYeCKIM MoJie-
JIMPOBAHMEM [IEMICTBUA TAXKEJIbIX 3aps>KEHHBIX YaCTUI] Ha CTPYKTYPbI B LIEHTPAJIb-
HOJI HEepBHOJI CyICTeMe U HapylleHye ee GyHKIuIL. B mensax onenku o6pasoBaHus
NIEPBUYHBIX IOBPEXIEHMII IIPOBENEHbI PacyeThl SHEPTOBBIJENIEHNA B OTHEIbHBIX
HelIpOHaX TOJIOBHOT'O MO3TIa C MICIIO/Ib30BAHMEM IIPEMIJIOKEHHDIX paHee aJITOPUTMOB
KIacTepHoro aHammsa. OIeHeHO pacIpeyieieHie 3HEPTUN U JO3bl B 00beMHBIX MO-
Jie/AX MMPaMMIHBIX HelipoHoB obmacty CAl rummnokamna Ipy geiiCTBUN YCKOPeH-
HBIX IOHOB YIJIEPOJia M Kejie3a C Pas3/IMYHON IMHENHOM Nepefaderi sHeprun. 17 Bbl-
HOTHEHVS] MMKPOJO3MMETPUYECKUX PACcUYeTOB pas3paboTaHbl 0ObeMHbIE MOJENN
HEeIPOHOB Pa3HbIX TUIIOB, OCHOBAHHbIE Ha 9KCIIEPMMEHTA/IbHBIX JAHHBIX 10 M3y4Ye-
HII0 MOp$oIornm KeTok rogosHoro Mosra (A. H. byraii, A. I0. [TapxoMeHKo).

Jns BbIACHEHMA MOJIEKYISAPHBIX MEXAaHM3MOB, OTBEYAMOLINX 33 HapylleHue
(YHKLMOHATBHOI aKTUBHOCTY HEMIPOHOB IIOC/IE BO3IENCTBIA TSAXKENbIX 3apsKeH-
HBIX YaCTHII, pPa3pabaThIBAIOTCs AMHAMIYECKIIE MOJIE/IN OTAETbHBIX MOJIEKY/IIPHBIX
CTPYKTYP B HEPBHOII CHICTEME.

[Tpennoxena mopenb skcnpeccun penentopa NMDA, yuurbiBarounjas cuHTe3
CYOBeIVMHUL] PeLienTopa, X cOOPKY M TPAHCHOPT K CHHANTHYECKOIl MeMOpaHe,
Ha OCHOBE€ MOJIe/IV aHAIMU3UPYIOTCA PaiMalliOHHO-VHAYMPOBaHHbIE N3MEHEHNA
YPOBH: CyObeJUHNL] JAHHOTO PELeNITOPa 110 SKCIIePUMEHTAIbHbIM JJAHHBIM.

[TpoBomuTCS MOfEMpOBaHMe SMeKTPOPU3NONTOINIECKUX XapaKTePUCTHK Hell-
POHOB T'OJIOBHOTO MO3Ta C Y4eTOM BIMAHUSA TpaHcopTa nonos Ca’™, cnoco6Horo
M3MEHATbCA NOJ, BIMAHMEM PasHOOOPa3HBIX areHTOB XVMIYIECKOil 1 pusmdeckoit
IPUPOZDLI, B TOM YMNC/IE, NPEATIONOXUTENBHO, U IIPU JEICTBUM MOHU3UPYIOIINX
nanydennit. C MCIONb30BaHMEM MOJENM IOCTTETaHMYeCKo 3¢deKTMBHOCTI
JeHPUTHOTO LINIMKA HellpoHOB obOmacTy CA3 rummokamMiia BBIIIOTHEHA OIfeHKa
CMHANTVYECKOro MOTeHIMana MeMOpaHbl Py Pa3IMYHBbIX 3HAUYEHVAX I'PafMeHTa
Ca?*. PaccunTaHo n3MeHeHVe MPOBOIMMOCTI IOHHBIX KAHAJIOB B 3aBUCUMOCTH OT
meMm6panHoro notexnuana Ca’t.

Baxueiimme smeMeHTB IIUTOCKeNeTa — MUKPOTPyOOUKY, Oyaydym MeTacTa-
OVIBHBIM 00pa3oBaHNMEM, 3aBUCAIIVM OT YPOBHS MeTabo/nm3Ma U 3KCIIPeCcCUM
CTaOMMM3NPYOIVX OENKOB, M YYaCTBYS NP 9TOM B Pery/isiiuy paboTsl CuHAI-
COB, MOTYT ABJIATHCA OJHOV M3 IMOTEHLMAIbHBIX YYBCTBUTENbHBIX MUILEHEN I
mericTBus pagyanmu. PaspabarblBaloTCs MOJeV HEVHEHON AMHAMMUKY MUKPO-
TpybOOUeK, ONMUCHIBAIONINE PAa3BUTIE CTPYKTYPHOI HEYCTONYMBOCTM, @ TAKXKe UX
yd4acTue B NPOBENEeHNUN 3/MeKTPUYECKUX CUTHAJIOB, TPAHCIIOPTE MOHOB U MOJIEKYII
K CMHAIITHYeCKO} MeMOpaHe. PaccMOTpeHbI OCHOBHBIE TUIIBI CUTHA/IOB U CTPYK-
TYPHBIX IIEPEXO/IOB.

Bricmne HepBHBIE PyHKIMM TPEOYIOT COBOKYITHOTO YYaCTHUs L[eJIOT0 aHCAaMOIIs
OHOM VIV HECKOJIbKMX IIONY/IALMI HEIPOHOB, IIPENCTABIAA IIPUMEP CIOXXHOM
HEJIVHENHONM JUHAMMYECKOV CUCTEMBI C CAMOOPTaHM3ALMEN M CaMOPETYIALMENL.
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Brima paspaboraHa getanbHasa 61opusndecKkas MOJe/b IO YA HEJPOHOB IIpe-
¢dbpoHTaNBHOIT 06/TaCTV KOPBI TOIOBHOTO MO3Ta, OTBEYaloIlell 32 KpaTKOBPEMEeHHOe
yaepxanue nHpopmanum o6 od6bekTe. PaccMarpuBanuch aBa TMIA KIETOK — IU-
paMuzaabHble HEVIPOHBI ¥ IHTEPHEPOHBI, CBSI3aHHBIE IPYT C APYTOM CHHAIICAaMM
¢ GABA-, AMPA- 1 NMDA-penentopamu. Ha ocHoBe Mojienu mpoaHann3upoBaHa
IPOCTPAHCTBEHHO-BpeMeHHas IMHAMVKA aKTUBHOCTY BCEX HEJIPOHOB U3 IOMY/IA-
uuy. BplsaBIeH MHTepBan M3MEHeHMs IapaMeTPOB CHHAIICOB, KOT/A IPOMCXOIUT
HOTepsl YCTOMYMBOCTY CliennUIecKuX MaTTepHOB aKTUBHOCTU. CpaBHeHMe pe-
3y/IBTAaTOB PACYETOB C pe3y/lIbTaTaMM SKCIEPVMEHTOB 10 VI3SMEHEHMIO CHHAITIYe-
CKMX PelleIITOPOB 1 Pa3/IMYHBIX TUIIOB IVIACTUYHOCTH, 0OYC/IOB/IEHHBIX AeICTBIEM
3apsDKEHHBIX YaCTUILI, CMOXKET ITO3BO/IUTD MPeICKa3aTh MOPOT IO [03€ MOITIOI[eH-
HOTO M3JTy4eHVs /Il HapYLIeHUsI PacCMaTPUBAEMOr0 TUIIA aKTUBHOCT.

HanpHeiiiee pasBuTHe paspabaTbiBaeMbIX MaTeMaTHYECKMX MOJe/Ieil MOXKeT
OBITD JICII0/Ib30BAHO /I TEOPETIIECKOI OIIeHKM HapyLIeHNA KOTHUTYBHBIX (PYHK-
LW TIPY BEVICTBAY MOHU3UPYIOIINX U3TY4EHNI PasIMYHOr0 Ka4eCTBa, B TOM 4ICIIe
IpY pelleHNH 3a/iad KOCMUYECKOIT pagioOmnoIornm.

B cexTope KOMNBIOTEPHOTO MONEKYIAPHOIO MOJETMPOBAHUA 1ab0OPATOPUM
ObUIM TPOJO/DKEHBl  MCCIENOBAHUA IO MOJIEKY/IAPHO-JUHAMIYIECKOMY MOJie-
JMPOBAHMIO PaVAllVIOHHO-VHAYLMPOBAaHHBIX KOH(POPMAIVOHHBIX M3MEHEHUN
B OMONOIMYECKUX CTPYKTypaX M B KOHJIEHCMPOBAHHOM COCTOSHUY BelllecTBa
(M.A.Ocrposckuii, T.b. ®enpaman, X.T.Xonmyponos). B 3HauntenbHoOM cTere-
HJ OHM KaCa/lUCh MOJIEKY/IbI POJOICHHA. 3PUTEIbHBI IUTMEHT POOICUH — TH-
IVYHBI IPECTaBUTeb OONBLIOTO CeMeICTBA MHTETPaJbHBIX MeMOpPaHHBIX Oerl-
KOB-peLenTopoB, cBsaspiBaoommx G-6emok (G-protein-coupled receptors, GPCR).
9Ty GeNKY UTPAIOT KITI0YEBYI0 POIb B MH(GOPMALMOHHBIX U PEryIATOPHBIX IIPO-
1jeccax opraHusMa. Bpliy BBIIIOTHEHBI pacyeThl MOIEKY/ISIPHON JUHAMUKN POJOII-
CMHA, TIO3BO/MBIIVE BBIABUTH HEKOTOPbIe 0COOEHHOCTY KOH(POPMALMOHHOTO CO-
cTostHuA ero xpomodopa, 11-yuc-pernnand. Kak nuspecTHo, B MOJIEKye POJOIICH-
Ha MOXXHO BBIJIE/INTD 110 KpaifHell Mepe TpU BMa KOHPOPMALMOHHBIX COCTOSHMIA
OIICMHA: a) TEMHOBOE, KOIila XpoModopHas rpymmna (11-yuc-peTrHanb) BbICTyIAeT
B KayecTBe MOIIHOTO JIMTaH/Ia-aHTAarOHMCTA, IPefOTBPAIAIOIIET0 B3auMOJeli-
cTBUe orcuHa ¢ G-6ekoM; 6) CBeTOBO€, MOIITHO aKTMBUPOBAHHOE, KOTTIa Ha OJJHOI
U3 MOC/IeHUX CTaauii GOoTomI3a, a MMEHHO Ha CTafyy 0Opa3oBaHNA METapOMOII-
cyHa I, TOTHOCTBIO-TPaHC-peTHHA/Ib BBICTYIIAET B KayeCTBE MOILIHOIO arOHNCTA,
3¢ (}eKTUBHO CIIOCOOCTBYIOLIETO B3aMMO/EVICTBUIO onckHa ¢ G-0eKkoM; 1, HaKo-
Hell, B) CBETOBOE, HO B MM3EPHOJ CTENIeH) aKTUBMPOBAHHOE, KOTIa Ha KOHEYHOI!
cTagyy (GOTONM3a ONCKH TepsieT IOMTHOCTBIO-TPAHC-PETUHANb, M er0 XpoModop-
HOEe MECTO OCTaeTCs «IYCTBIM». B cepuu paboT MeTOOM KOMIIBIOTEPHOTO MOfe-
JIMpOBaHMA IPOBENEHO CPAaBHUTEIbHOE VICCIEOBAHVE MOJIEKY/IAPHON AMHAMUKI
ponoIcuHa, cofiepxalero xpomodopuyio rpynmny (11-yuc-peTrHanb), CBOOOJHOTO
orncyHa (6e3 11-yuc-peTnHaNA), MyTaHTHON BePCUU POJOICHHA, aCCOLUMPYEMOI
C BO3HIKHOBEHIEM TaKOT0 0 TalIbMOIOIMYeCcKOro 3ab0ieBaHs, KaK MMTMEeHTHAA
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fleTeHepalMA CeTYATKY, HPUBOAAIIASA B KOHEYHOM MUTOTe K IIOZTHOM CIIeroTe.
CremyeT OTMETUTD, YTO B IIOCTEHME TOAbI MPAKTUYECKM TOTBKO METONbI KOM-
IbIOTEPHOTO MOJIE/IMPOBAHNA Ha OCHOBE JJAHHBIX PEHTTeHOCTPYKTYPHOTO aHA/IN3a
HO3BOJIVUIY PeIIaTh MOJZOOHBIe 3aiaull. PEHTTeHOCTPYKTYPHBIN aHaIN3 JjaeT MOf-
POOHYIO CTATMYECKYI0 KAPTUHY TPEeXMEPHOI OpTraHM3aUI MOJIEKY/IbI POJOIICHHA
B €e TEMHOBOM KPUCTA/IIIIYECKOM COCTOSHMM. MeTof Ke MOJIEKY/IAPHON AVHAMMI-
KU II03BOJIAET OMNCATh IMHAMUKY ee KOH(POPMAIIOHHOTO COCTOSHMA: HallpyMep
xpoMo¢opa ¥ ero B3auMOJECTBUA C MATHI0 OKPYKAIOLIVMI aMUHOKJCIOTHBIMI
OCTaTKaMM, WIN OMHAMMKY JPYTUX JOMEHOB MOJIEKY/IbI, HAIlpYMep IMTOIIa3Ma-
TIYECKOTO ¥ BHYTPUAMCKOBOro. Kpome Toro, B KpMCTa/lIM30BaHHOI MOJIEKYIe
6e/ka MOTYT OBITh HapYIIEHBI HEKOTOPbIe HeBa/ICHTHbIE CBA3M (BOIOPOJIHBIE, BaH-
JilepBaajIbCOBBI, ANIEKTPOCTATIYECKNE) B Pe3y/IbTaTe AedopMalny o -Cimpaeii, Ko-
TOpbIe MOTYT UTPATh BaXKHYIO PONIb B GYHKIMOHATBHBIX CBOMCTBAX 3PUTETbHOTO
IOUTMeHTa. [IpyrumMu c1oBaMi, JaHHBIE PEHTTEHOCTPYKTYPHOTO aHa/INM3a He MOTYT
flaTb OOBEKTUBHON KapTMHBI TPEXMEPHOII OpraHM3aluy MOJeKynbl. bonee Toro,
paspelieHye 3TOr0 MeTOAa He I03BO/IAET B JeTa/lAX OMICAaTbh TPEXMEpPHYIO Opra-
HM3aLuo xpomodopa B 6enke. Takum 06pa3oM, TeopeTHyecKiie MOXOMbI MOTYT
laTb BO3MOYXHOCTD OIMCAaTh MOJIEKY/IAPHYI AMHAMMKY Ha aTOMapHOM ypPOBHeE U
HOHATD, KAKUM 00pa3oM peanmsyeTcsl YHUKa/IbHasA CIOCOOHOCTD 3PUTENbHON CH-
CTeMBI BOCTIPMHIMATD KBaHT CBeTA.

ITonydeHHBIe B CEKTOpe pe3y/IbTaThl Hali fIeTaabHOE IpefCTaB/leHNe O KOH-
(dbopMaluy MOIEKy/IbI POJOICHHA B TEMHOBOM COCTOSHUM ¥ XOPOIIO COINIACYIOT-
CA C pe3y/IbTaTaM)l MHOTYX SKCIIEPMMEHTA/IbHBIX U TeOPETUYeCKMX paboT O ero
CTPYKType 1M (YHKIMOHA/IbHBIX CBOJCTBaX. TakuM 0Opa3oM, BBIABJIEH BHYTpPHU-
MOJIEKY/IIPHBINI MEXaHU3M peTeHepaliy POJOICHHA, B XOfie KOTOPOTO MOJIEKy/a
3PUTENBHOIO INUI'MEHTA HpuoOpeTaeT YHMKAIbHbIe (OTOXMMMYECKNE CBOICTBA
Kak 0e/10K-(pOTOpeLenTop 1 OTHOBPEMEHHO, Oyy4uyl peLlelITOPOM, CBA3BIBAIOIINM
G-6e/10K, HaXO[IUTCS B TEMHOTE B HEAKTVBHOM COCTOSIHMM ¥ IIPAKTUYECKM HECIO-
cobna x B3ammopelicTBuio ¢ G-6enkom. Ob6a 9TuX QYHKIMOHAIBHBIX CBOJCTBA
POMIOTICVHA TIPMHLNINATBHO BaXKHBI JIA OCYLIECTBIEHNA HOPMa/JIbHOTO Pu3no-
JIOTMYEeCKOTO TIpoliecca B TEeMHOAIANITPOBAHHOI 3pUTEIbHOI K/IeTKe — Ipoljecca
($boTOTpaHCAYKLIUN.

B cexTope 6bUmM Tak)ke BHINIOTHEHBI PAOOTHI IO KOMIIBIOTEPHOMY MOJIEMPO-
BaHMIO poxoKeBoit KnHaspl CDC28 u romonorndHoi kuHasbl yenoseka CDK2.
Jlna mpoyx>Keli TIOKa3aHbl IIENIOTPOIIHbIE TPOABIeHNA MyTanuii B rene CDC28, Ha-
PYLIAIOLIVEe IIPOXOXK/IeHNe KJIETOYHOTO IIMKJIA, penapanyio 1 checkpoint-koHTpoIb,
4TO BefleT K IOBBIIIEHHOMY MyTareHesy. [/ IMHaMI4eCcKOro MOJIeIPOBAHMA MC-
I0/Tb30BA/IM AMUHOKMC/IOTHBIE 3aMEHBI, MIMeIolIMe IUIeIOTPOIHbIE MpPOsABIEHNUA
B IpoxoKeBbIX KneTKax cdc28-srm [Gly20Ser] m cdc28-13 [Arg283GlIn]. [Tory4yennsie
Pe3y/IbTaThl IIOKAa3bIBAIOT, YTO MYTALMM eCTAOMIM3UPYIOT TOKAIbHYIO CTPYKTYPY
B obmacty T-nerm. MyTanys Arg-KoHIIeBOI 06macTy nMeeT 6ojiee BbIpa>keHHBIN
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3¢ deKT ¥ IPUBOANT K PAa3pBIXIEHNIO CTPYKTYPhI KMHA3BI ¥ YBE/TMYEHNIO PACcCTOA-
HuA Mmexny G- n T-nermamn.

Papuanmonnbpie nccnenoBanmsa KaK SKCIIEPYMEHTAIbHOTO, TaK ¥ PaCYeTHOTO Xa-
pakrepa (pykoBogmrens I. H. TumomeHko) Bennch B 1a060paToOpyuy B CIEHYIOLINX
HaIlpaBJIeHMAX.

 Y4acTye B IPOEKTMPOBAHNN HOBBIX AflepHO-(pu3ndeckux ycranosok OVAN
B YaCTM KOHCTPYMPOBAHUSA U pacyeTa OMONTOIMYECKUX 3alUT, IIPOTHO3MPOBAHNUA
PafMaIOHHOM 00CTaHOBKM Ha 00BEKTAaX I B OKPY>KAIOIeil Cpefie, OLIEHKY YPOB-
Hejl HaBeJeHHOJ aKTMBHOCTY 0OOPYIZOBaHNSA, OLIEHKY JJO30BOJI Harpy3Ky Iepco-
HaJla, OpTraHM3alVy MepONpVATHII IO pafValliOHHO} 0e30IacHOCTY, CO3AaHNUA
CUCTEM Pa/INALIIOHHOTO KOHTPOJIA.

« Bepudukanus meronos Monre-Kapro pacyera TpaHcIOpTa M3/Ty4eHMil B Be-
IIeCTBE ITyTeM CPaBHEHMS Pe3y/IbTaTOB PacYeTOB C 9KCIIEPUMEHTAIbHBIMI JJAHHbBI-
MU VIV IIyT€M PacdeToB C IIOMOLIbI0 IPOTPaMM C Pa3HbIMU MOJENAMU BHYTPUA-
JIepPHOTO KacKaja.

 Dusnueckas Noffep>KKa pagoOMoNIOrnIecKx NCCIeSOBaHMIL, TPOBOANMBIX
JIPb Ha apepHo-¢dusndecknx ycraHoBkax OVIAV; coBepuieHCTBOBaHME METOHOB
TO3MIMETPUM ITyYKOB TSXKE/IBIX AZIEP.

« PasBurne MeTo0B ClIEKTPOMETPUM HEMTPOHOB MIMPOKOI'0 AMaa3oHa 3HaJe-
HUJI 9HepTUY B PACCEAHHBIX MOMAX M3TYyYeHNUA 3a 3alUTaMU AfepHO-PU3MIeCcKUX
YCTaHOBOK; IIPUKJ/IaJHbIE CCIENOBAHNA C IIOMOIIBIO IO3/IMETPOB HAa OCHOBE TBEP-
JIOTENbHBIX IETEKTOPOB C/IE[JOB OBPEX/€HNIA ¥ TEPMOIIOMIHECIIEHTHBIX JIETEKTO-
poB.

 Y4acTye B IporpaMmMe UCCIeOBaHM IIOBEPXHOCTH IUTAaHeT AfNepHO-pu3mye-
CKMMU METOIAMU.

Utorn paborsr 3a 2005-2012 IT. IO IepeyNCICHHbIM BbIlle HAlpaBIeHNUAM
CYMMMPOBAHbI HIDKE.

B 2001-2005 rr. corpygauky JIPD npuHuManm y4actie B paboTax 110 IPOeKTH-
poBanuio ycranoBku SAD (Subcritical Assembly in Dubna). B 2005 . atu pa6orst
ObITV B OCHOBHOM 3aKOHYEHBI, ITIOITOTOBJIEH pasfien poekTa «PagnannonHas 6es-
OIIACHOCTb ycTaHOBKM SAD». [leTanbHO MccenoBaHa painallioHHas 00CTaHOBKA
Ha Teppuropuy Bokpyr ¢asorpona JIAII u B sganum JCHAIIII npn pasnmyHbIX
peXxyMax paboTbl YCKOPUTENIA, MSMEPEHO BEPTUKANIbHOE paclpefie/ieHe MOIIHO-
CTM JI03bl HEMITPOHOB TI0 CTeHe (Pa30TpOHA B pajioHe BEHTWU/IALMOHHBIX IIPOEMOB U
Ha Kpblie $pa3oTpOHa, IPOBe/IeHbI M3MepeHMs ITyOMHHBIX paclpeie/IeHNiT pafuo-
aKTMBHOCTY TPYHTa Ha 00BanoBKe (pa3oTpoHa. Pacuer 3aluThl yCTaHOBKY IIPOBO-
puics no MK-nporpaMMe nepenoca nsnydenuii B semectse MCNPX.

[l mpoBepKM KOPPEKTHOCTH pacdeTa MeXXbAIEPHOrO KacKaja, pa3BuBalole-
rocsi B CBMHI[OBOM CepEYHUKe MOAKPUTUYECKON COOpKM IIOf [eiiCTBMEeM IydYKa
IPOTOHOB (a30TpOHA ¢ 3Heprueit 660 MaB, BBIIIOTHEH SKCIEPUMEHT 110 U3Mepe-
HUIO CIIEKTPOB BTOPUYHBIX HEITPOHOB U3 MUILIeHN (B inana3oHe sHepruii 50 kaB —
660 M»sB) mog yrmamm 45°, 75°, 105°, a Taxxe yITIOBBIX paclpefeneHNii aJ[pOHOB
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aKTMBALMOHHBIMU JE€TEKTOPAMIU C Pa3AUYHBIMM SHEPreTUYECKMMM IIOPOTaAMIM.
CpasHenne c pacueramu MetopoM MK mo mporpammam MCNP4B -+ LAHET n
MCNPX nokasano Xxopoliee coriacue MexXy pacie€THbIMU ¥ 9KCIIEpUMEHTAIbHbI -
MU JJAHHBIMU.

[Tpn xkoHCTpYMpoBaHuy 3amnThl SAD BBITIONTHEH 60JIBINON 06'beM pacyeToB pa-
[IAL[IOHHOV OOCTAaHOBKY B IIOMEIIEHNAX 3[JaHNSA IOIKPUTIYECKOI COOPKH C yde-
TOM Pa3/INYHbIX PafiMallIOHHBIX ICTOYHUKOB: IIOTEPb ITy4Ka IPOTOHOB C 9HEpruei
660 MaB B Kanasle TpaHCIIOPTUPOBKY ITy4YKa ¥ B 3/IEMEHTaX MAarHUTHOW ONTUKIMA,
HEJITPOHOB YTEUYKM M3 3aIINThl AKTVBHON 30HBI COOPKM ¥ U3 CIUIOLTHON 3aIlMThI
¢dasorpona. Ha ocHOBaHMM IOMTy4eHHBIX JAHHBIX OIpefie/IeHbl 30HbI pPa/INallOH-
HOTO BO3JIEVICTBYSA B 3[aHMM COOPKM IPU Pa3HBIX peXVMMaxX paOOThbl, BBIIOTHEH
pacyeT MOIIHOCTY JI03bl HEMITPOHOB B OKPY>Kalolleil cpefie, OLleHEeHbl YPOBHU aK-
TUBALMM MAaTe€PUATIOB ¥ BO3/jyXa BHYTPM IIOMEII€HNsA MaTHUTOB, TPYHTAa IIOf] yCTa-
HOBKOJ], @ TaK>Ke aKTMBHOCTD BEIOPOCOB B aTMOChepy.

CosMmecTHO ¢ Jlaboparopueit Gpu3UKy BBICOKMX SHEPTUI BBIIOTHAINICH M3Me-
peHuA CIIEKTPOB HENTPOHOB, F€HEPUPYEMbIX IIPOTOHamMu ¢ sHeprueit 1 u 1,5 I'sB
B U+ Pb+ CH, c6opxke. Llenb skcriepuMeHTOB Ha ycTaHOBKe «[aMMa-2» — oljeHKa
CevYeHNs TPAHCMYTALVV PafMOaKTUBHBIX 0TX0H0B. ITo mpocbbe JIOBD BhmonHs-
JINCh TaKKe MCCIefoBaHna 3PGeKTUBHOCTY TPAHCIIOPTUPOBKM ITyYKa IPOTOHOB
Y TPAJIyMpOBKa IPOIOPIMOHATbHBIX MOHM3ALMOHHBIX KaMep C IIOMOIIbIO aKTUBa-
IIVIOHHBIX JIeTEKTOPOB.

C 2007 r. corpynuuku JIPB I. H. Tumomenko n M. Ilapaiinan (PymbiHus) yua-
CTBYIOT B IIPOEKTHPOBAHNY PAVAI[IOHHOM 3aIVITHI ¥ pa3paboTKe MEepOIIPUATII IO
paayanoHHol 6e3omacHoCTH yckopuTenpHoro kommtekca NICA. Heobxopnmble
TpeOOBaHMA, NCTOUHVIKY M3TTyYeHNs, MUCXOfHbIE IaHHbIe [JIA pacyeTa 3alUThl U
npefBapuTeIbHasA KOHCTPYKINA 3aIMT OycTepa, HyKJIOTPOHA, KOJUIaliiepa 1 KaHa-
JIOB TPAHCIIOPTUPOBKI ITy4Ka, ONpe/ie/IEHHbIE MMM, COCTAaBU/IN COJiEep)KaHe pasy. 8
(Buomnornyeckas 3amura U paJuanioHHbI KOHTPOIb) IV TOMa TexHMYeCKOro 3a-
IaHus Ha mpoekTupoBanue komiiekca NICA (2009).

KapauHanbHBIM BOIIPOCOM IIpM IIPOTHO3MPOBAHUM PajMallMOHHON 06cCTa-
HOBKJM Ha KOMIITIEKCE ABJIANOCh KOPPEKTHOE ONMCAHME MCTOYHMKOB BTOPUYHOTO
U3NTy4eHNUs, T€HEPUPYEMOTO B BEILIECTBE CBEPXTSDKE/IBIMU ALPAMU PETATUBUCT-
cKoli sHeprum. s 3Toit menm 6bIa MpefBapUTENTbHO BBIIIOTHEHA BepyQuKaIma
yHuBepcanbHbix MK-mporpamm Tpancnopra msnydenuit B Bemectse SHIELD,
FLUKA 1 GEANT4 Ha ocHOBe YHUKa/IbHBIX 9KCIIEPYMEHTA/IbHbIX JJAHHBIX 1O BbI-
XOlly HETPOHOB M3 TONCTON >Kee3HOil MuiieHn, obmydaemoit sppamu 238U
c sneprueit 1 I'sB/ayknon. [To pesynbraram Bepudpukanuy B kagecTBe 6a30BOI BbI-
6pana nporpamma GEANT4.

B nporjecce pa6orsr Hap mpoekToM NICA MHOTOKpaTHO MEHSIVCH KOHILIETIIIVS
KOMIIJIEKCA, CX€MA pa3MelleHNA KOIaifiepa, UCTOYHUKM BTOPUYHOTO U3/Ty4eHNs
U, KaK CIefICTBUE, KPUTEPUM pacyeTa pajMaliOHHO}M 06CTaHOBKN. Dby BbIION-
HeHbl pas/MYHble BapMaHTBl pacyeTa KaHbOHA KoJUlaijepa (Kosaimep BHYTPU
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kopmyca 205, momysarnyO/eHHBII B TpPyHTe KOJUIaiifiep, OT/eNIbHOE CTPOEeHMe
VI T.J.), Y TIPeJJIOXKEHBI pas/INYHble KOHCTPYKIMM IIepeXBaTYMKOB IIy4Ka sAaep, AB-
JIAIOMIMXCS OCHOBHBIMM MICTOYHMKAMM BTOPMYHOTO M3/Ty4Y€HUN BJIO/Ib KOJIEl] KOJI-
navigepa. [lna paboueit rpynmsl ucnonHutenei nmpoekra n3 3A0 «Komera» 6bpu1n
IIOJrOTOBJIEHBI ICXOJHbIE JAHHBIE [/IS pacyeTa 3alliuT, a MUMEHHO: BBIIIOJTHEHBI pac-
4eThI ABOVHBIX Ay(depeHIIaTbHbIX BBIXOLO0B HEMITPOHOB ¥ IPOTOHOB B PeaKIVIN
197 Au + "a'Fe ipu sHeprum sinep 4,5 [3B/HyK/IOH, CIEKTpaIbHO-YITIOBBIX pacIipesie-
JICHMII aJIpOHOB U3 TOHKOJ MUILIEHN M U3 IepeXBaTulKa, 3aBUCUMOCTell ocmabe-
HIA QIII0OEHCA Y TO3bI HeMITPOHOB COOTBETCTBYIOIINX CIIEKTPOB B O€TOHE 1 APYTOt
cnpaBouHbll Martepuan. Pacderst mo GEANT4 cpaBHMBamich ¢ aHaJIOTMYHBIMU
pacyetamu no nporpamMMe SHIELD; cormacue Mexxjy pesynbTaTaMy OKa3anoCh
XOpouMM. ITO MO3BOINIO NMPOEKTUPOBIIVKAM MCIIO/NIb30BATh NPV BBIIIOHEHUN
npoekta kojaizgepa NICA (2011) npubnykeHHble MH)KeHEPHbIe METO/IbI pacyeTa
3aIUTBHI.

Corpypuuku JIPb npunuMany ygactue B pa3paboTKe MEPOIIPUATHIL 110 pajyua-
IIVIOHHOJI 06@30IIaCHOCTI Ha BCeX 9TaIax IpoekTa. [IponsBefjeHbl pacyeThl SHEPro-
BBIJIE/IEHVSI B CBEPXIIPOBOALINX 0OMOTKaX MarHUTHBIX IWUIIOJIEN VM B JIMH3AX JJIA
OLIEHKV BE€POATHOCTU KBEHUMPOBAHMS, CLIe/IaH pacyeT 3alUThl OT TOPMO3HOTO U3-
Jy4eHUs CUCTEMBI 3IEKTPOHHOTO OX/IaXK/IeHNUA Koalijepa. boina pemena nerpu-
BUaJIbHAaA Npo0JIieMa aKTUBAIMM 000PY/OBaHN KOJIel] KOJIaiiiepa IepBUYHbIMIU
ApaMI M BTOPUYHBIMU aflpOHAMU MEXDbANEPHOrO KacKafla. KCIepYMeHTaIbHbIe
IaHHbIE, IPUTONHbIE /I IPOBEPKM pacyeTa HaBeleHHO PafilOaKTUBHOCTY, Kpali-
He OTpaHMYeHHBI, a TOYHOCTH MOZIe/TMPOBAHNS CeYeHIIT 00pa3oBaHUs PAVIOHYKIIN-
I0B B pe3y/bTaTe ANEPHbIX peaKlMil IIOKa OCTaB/IAET earh ay4iuero. Iloaromy
IpeiBapUTe/IbHO OBIIO IIPOBEJIEHO CpaBHEeHMe pe3ynbraToB pacyera mo GEANT4
n SHIELD napryanbHbIX aKTUBHOCTEN B TOICTBIX JKETIE3HON 1 METHOV MUIIEHAX,
o6nmy4ennbix myukom spep 238U c sneprueit 0,95 I'aB/HyK/IOH, 11 TOKa3aHO, UTO J10-
CTOBEPHOCTb PacyeTOB CyMMApHOI aKTUBHOCTY CpefiHe- U JONTOXUBYIUX Paayo-
HyknzgoB 1o GEANT4 vaxopuTcsa B mpueM/IeMbIX ITpefienax. PacueTsl HaBeleHHOI
AaKTUBHOCTY C YY4eTOM IPOEKTHOTO paciycaHys paboThl KOIaiiiepa B TedeHue
10 jeT MO3BONIV/IV CHEIATh IPOTHO3 AMHAMUKY PAaAMAIVIOHHON 0OCTaHOBKM BHY-
TPY KaHbOHA IIPU HepaboTaroleM KOJUIaiifiepe M OIpefie/INTh KPUTEPUU OTHECEHNS
obopynoBaHMs KoJel Ko/ulajijiepa K pafloaKTVBHBIM OTXOfaM IO Y/IeTTbHOM aK-
TUBHOCTU PAJJVOHYK/INTOB.

K nacrosamemy Bpemenu no nporpamme GEANT4 npoussefeH feTanbHBIN
pacder B 3D-reoMeTpunu paguanlOHHON OOCTAHOBKM Ha KOJUIalifiepe C Lie/bIo
OIlpefie/IeHNsI TOTPeITHOCTY MH)XeHePHBIX METOZIOB pacyeTa ¥ IpU HEOOXOAMMO-
CTV YTOYHEHVIS 3aIUTHI Ha CTauy pabodyero MpoeKTUpPOBAHY.

BrimonHeHb! pacyeTsl ¥ pa3paboTaHa KOHCTPYKIVS paiualliIOHHO 3aIATHI OT
HeJITPOHHOIO M3/Ty4eHM [J1s IePeBVYDKHOI 1 CTallIOHAPHOM yCTaHOBOK TaMOXKEH-
HOTO KOHTPOJIA, IpefHa3HAYeHHBIX /I MAeHTU(UKALMI CKPBITBIX HAPKOTIYECKIX
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VI B3PBIBYATBIX BellecTB. PaspaboTaHa /TOKaIbHAA 3alUTa 9IeKTPOHHOTO YCKO-
purens yctaHoBku VIPEH.

Ha nyxmorpone JI®BI, nuknorpone Y-400M JISP, megunyackoM mydke ¢a-
30TPOHA U Y-TepaleBTNYeCKOil ycTaHOBKe «Pokyc-M» JIAII BoimonHAmucy pagno-
Omonornyeckye SKCIepyuMEeHTBI 10 00Ty4eHNI0 OMOJIOTMYeCKIX O0ObeKTOB JacTH-
LJaMJ) C pasHbIMM PM3MYECKVMM XapaKTepUCTUKAMIL: IIPOTOHAMMU C dHepruent 170
u 1000 MsB, neiirponamu c sueprueit 1000 MaB/uykinon, agpamu “He, 12C u 24Mg
c sueprusamu 1000 u 500 MaB/uyxon, sgpamu “Li, 1B, 14N, 20Ne uuskux suepruit
u y-xBautamn %°Co. B kauecTBe 06beKTOB 0OTyUeHNS UCTIONB30BATUCH TNMMQO-
LVTBI NlepudeprdecKort KpoBM YeloBeKa, KJIeTKU PAacCTEeHMII ¥ OPraHU3MOB, Oe/IKu
I71a3a, a TaKKe Me/KMe mabopaTopHble )KMBOTHbIE. K coXxaeHuIo, 13-3a 3aTsAHYB-
IIeJICsT MOfIepHM3ALMM HYKJIOTPOHA PaiioOMOIOrMYecKyie CeaHChl Ha ero MydKax
apep He nnpopoaynch ¢ 2007 mo 2011 1.

Il 6picTporo obnyyeHns Habopa TOHKMX 00pa3lioB Ha UMKIOTpoHe Y-400M
UCIIO/Ib30Ba/IACh ABTOMATM3MPOBaHHAs OOjydyarelbHass yCTaHOBKA «[eHOM».
B 2010-2011 rr. 6B112 IIpOBeJleHa €€ IO/IHAsA MOoAepHMU3anyA. B HacTosAmee BpeMsa
YCTaHOBKa CMOHTMPOBaHa Ha OTBOJe KaHama Macc-criekrpomerpa ACCULINNA.
11 rpanyMpoBKM [O3MMETPUYECKON MOHM3ALMOHHON KaMepbl MCIIONIb3yeTCs
CUVHTWUIALVIOHHBIN JaTYuK co cBepxObIcTpbiM AIII. VIsmepeHne crieKTpoB sHep-
TOBBIZIE/ICHNA PacCesTHHBIX TOHKOJ (POIBroil MOHOB CO3TaeT BO3MOXKHOCTD Hellpe-
PBIBHOTO KOHTPOJIA Ka4eCTBa ITy4yKa B IIpolecce 00ydeHns oopasmos.

Ha nyknorpone JI®BS craimoHapHoit 06/Ty4aTe/IbHOI YCTAHOBKY HET, II03TO-
My cOOpKa yCTaHOBKM U ee TPafypOBKa IPOU3BOJATCA B KAKIOM CeaHCe 3aHOBO.
K Tomy ke B MecTe obmydenns o6pasnos (¢poxyc F3 mydka BBICOKOIHEPre TMYHbBIX
YacTUI] B pa3pblBe MOHOIPOBO/IA) KO/UIMMALINA ITyYKa HEBO3MOXKHA, YTO OTPaHM-
4yBaeT 9KCIIepYMEHTa/IbHbIE BO3MOXHOCTH. 3ajjada 6/yoKaiiiero Oyayuero B 9Kc-
nepuMeHTax J/IPb Ha HyK/I0TpOHEe — obecredyeHe BLICOKOTO KaueCTBa ITYYKOB TA-
JKeJIbIX Afep U TOYHas HO3MMETpys Ipy Habope MasbIX 3HAYEHUI MTOITIOIeHHbBIX
7103 B YCTIOBMAX UMITYIbCHOCTH ITy4Ka sAfep. [I1a aToil ey Heo6XoauMo Ipouns-
BECTU aHA/IM3 IYYKa [10 SHEPTOBBIIEJICHNIO A/lep B TOHKOM JeTeKTOpe, 00eCIeYnTh
IpeLV3MOHHOe M3MepeHle TI0TOKA Afep C YIeTOM BpeMeHHOI MUKPOCTPYKTYpPbI
Iy4Ka TeTeCKONIOM CUMHTVILAVIOHHBIX CIeTYMKOB U OTKA/MNOPOBATh MOKA3aHNUA
VIOHM3ALIMIOHHBIX KaMep C BLICOKOYYBCTBUTENTbHBIMI IIPe0Opa3oBaTe/IAMI TOK—4a-
CTOTa B LIMPOKOM JiMalla30He TOKOB ITYYKOB Pas3/IMYHbIX sfiep. B momHoM o6beme
PeLINTD 3TY 3a/jady MOXKHO, JIVIIb VIMes CTAl[MIOHAPHYIO 0OTy4aTe/IbHYI0 YCTaHOB-
Ky Ha CHelVaIM3VPOBAaHHOM MeJVIKO-OVO/IOTMYeCKOM KaHajle HYKJIOTPOHA WM
Oycrepa. B maHHOe BpeMs rOTOBUTCS IIPOEKT CO3/IaHMA TAKOTO CIeI[aTN31pPOBaH-
HOTO KaHasIa.

PasBuTtie MeTO[0OB CIIEKTPOMETPUM HENTPOHOB INMPOKOTO 3HEPreTUYECKOTO
AnamnasoHa (OT TEIIOBBIX HEMITPOHOB /IO HEMITPOHOB C SHEpruell B HECKOTIbKO COTeH
M>3B) B cMeIIaHHBIX U PAaCCeSHHBIX MOJAX U3NTYy4YeHUsI OCTAeTCs NMPUOPUTETHBIM
HallpaBJIeHVMEM PaJValVIOHHBIX VICCTIENOBAHMII B CUTy BaXKHOCTU M aKTYa/IbHOCTHU
3agauy. MHOrOCQepHBIil CIIeKTPOMETpP ABJIACTCSA eAVHCTBEHHBIM MHCTPYMEHTOM
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JUIS1 UBMEPEHNUsI CHEKTPOB (M, COOTBETCTBEHHO, 03bI) HEMTPOHOB B C/Ta0BIX MOIAX
M3Iy4eHNA 3a 3aIMUTON YCKOpUTeel. BAXKHOCTh cOXpaHEHNA U Pa3BUTHA 9TOM Me-
TOJVIKM 3aK/II0YAeTCs TaKXKe B TOM, UTO TAKOJl CIEKTPOMETP Ha OCHOBE KpUCTaIa
SLil(Eu) 1 onbIT paboThl ¢ HUM UMeTCA Tonmbko B JIPB OV u OPU B3,

PasButne muorocdepnoit Meropuky B JIPD 110 B HampaBieHUM yTOYHEHMs
pacyeTHBIX QYHKIUI YYBCTBUTENIBHOCTY CIEKTPOMETPA, PacIIMpeHNsA SHepreTu-
YeCKOro IMalla30Ha M3MepeHMIT CIIEKTPOB B 00/1aCTh BBICOKMX SHEPTUI U CO3aHMsA
[IePEHOCHOT0 BapMaHTa CIeKTPOMeTpa IS MO/IeBbIX U3MepeHnil. bbin BoinonHe-
HBI NIpeNV3MOHHbIe pacyeThl 110 nporpaMme MCNP QyHKIUIT 4yBCTBUTETBHOCTI
cnektpomerpa JIPb o sueprum neitrponos 20 MaB mia cryyaeB MOHOHANpaB/IeH-
HOTO U M30TPOITHOTO OO/Ty4eHMs, @ Tak>Ke M3TOTOBJIeHA ONOTHNUTeNbHast 10-/110il-
MOBas HONMMAITWIEHOBas cdepa CO CBMHI[OBBIM BKJIAJBIIIEM [VAaMETPOM 8 CM
JULS1 TIOBBIIIEHN ST YYBCTBUTE/IBHOCTH CIIEKTPOMETPa B 06/1aCTV BBICOKVX SHEPIHIL.

JIPB coBmectHo ¢ OOO «Ilapcek» pa3paboTaH U M3rOTOB/IEH IIOPTATUBHBIN
ABTOHOMHBIV BapMaHT MHOTOC(epHOro CIIEKTPOMETpa C MOHUTOPOM /IS U3Mepe-
HUII B TIO/IEBBIX YCTIOBMAX. B KayecTBe MOHUTOPA HEMITPOHHOTO I0JIA MICIIONIb3yeTCs
IPONOPLMOHA/bHBI SHe-cueTunk HEMTPOHOB C 3apANOYYBCTBUTEIbHBIM IIPE]-
yCUINTeNeM B LVIMHAPUYECKOM IOMATUIEHOBOM 3aMepnuTene. [Insa yBemude-
HUA IJINTENTbHOCTY aBTOHOMHON PabOThI CIIEKTPOMeTpa C MOHUTOPOM MCIIONIb3Y-
eTCs JOIOHUTENbHAsA Ilepe3apsbkaeMas muTueBas 6arapes, umeromas USB-nopr,
4TO MO3BOJIACT MOAKIIIOYATh K Hell KaK HeTOYK, Tak 1 HelOCPeICTBEHHO BHEIIHIEe
ycTporicTBa. [ CHYDKeHMS MacChl ¥ TabapuTOB CIIEKTpOMeTpa JJIA IOJIEBbIX W3-
MepeHUN ObLI M3TOTOBJIEH €IVMHBII COCTABHOI IOIM3TUIEHOBDLII 3aMeJINTENb, CO-
CTOSILINIT U3 KOHIIEHTPUUYECKUX NOTycdep 1 MO3BOJAILINII OBICTPO cOOpaTh 3a-
MeIITe/V TI060r0 HY)KHOTO iuaMeTpa.

Eme opfHOM MeTOAMKOII, KOTOpas MAIUTEIbHOe BpeMs IOAJepKUBanach U
pasBuBasach B JIPB, aABmaAnuch TpekoBble METEKTOPHI C/IENOB IIOBPEXAEHMUI.
VccnenoBaHsl 9yBCTBUTENIBHOCTY AeTeKTopoB PADC (monmyanuingurinkonbkap6o-
Hat) u PETF (momuatunenrepedranar), a Takke 3aBUCUMOCTD [iaMeTpa TPEKOB
ot JIIIO pasHbIx Afep Ha nmydykax yckoputeneit OVIAN. IlnogoTBopHOE coTpynHu-
YeCTBO IO M3YYEHMIO XapaKTePUCTUK JeTeKTOpoB cnoxuaoch y A.H.[onoBuenko
¢ HanmoHanbHBIM MHCTUTYTOM pPafiMONIOTMYECKUX MCCHENOBaHUI B SAnmonun
(Unba). O6paboTaHbl pe3y/nbTaThl CIMYEHNS PAa3/INYHbIX ITACCUBHBIX JIeTEKTOPOB,
VICTIONIb3YeMbIX B KOCMMYECKOIT JI03MMETpPUN, TIPOBEIEHHOTO Ha TyuKax suep ‘He,
12C, 28Si 1 *°Fe ¢ pasnuHbIMU SHEPTUAMY HA MEAUIMHCKOM yckoputene HIMAC.
CosmectHo ¢ VD YAH (IIpara, Yexus) obpaboransr fgerekropel CR-39, 06my-
yeHHble B 2005 I. BHYTpM pOCCUIICKOrO MOAYIA MeXIyHapogHO! KOCMIYeCKOM
cranyuy (MKC), 1 monmy4eHs! IpOCTpaHCTBEHHBIE PACIpefieIeHNs MIOITIOIeHHOM
u sKkBMBaneHTHOM 103 oT 'KV BHyTpU Mopyns. [lerekropnl CR-39 ncnonbsosannch
UL MccenioBanmns pparMeHTaIuu BhICOKO9HepreTaHbix sanep 2ONe u 24Mg B ner-
KMX MMILIEHSAX.

Corpynauk JIPb B.E.AneiiHukoB npuHMMaa y4acTue B IPOEKTe IO CUH-
T€3y HOBBIX HAHOKPUCTA/VIMYECKUX TEPMOTIOMUHECLEHTHBIX [[€TEKTOPOB [JIA
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IIPUMEHEHNSA B JOSUMETPUM TKENbIX 3apsSKEHHBIX YacTUL] M 3/1IEKTPOMarHUTHO-
TO U3TyYeHNs B paMKaxX BBIIOTHEHNSI MeXTrocynapcTBEHHOIO HayYHOIO CoIIalle-
Hys Poccun m Mupum. Vsrorosnennsle B VInauu HaHO(OCHOpPDI 6bUIN 06/TydeHbI
Ha IIPOTOHHOM IIy4ke ¢ sHeprueit 150 MaB ¢asorpona JIAII, Ha y-mcTOYHMKAX
©0Co B Ty6ne u Hpto-Jlenu 1 Ha MyyKax MOHOB 37EKTPOCTATUYECKOTO YCKOPUTEIS
Pelletron B Me>XXyHMBEPCUTETCKOM yCKOpUTeNbHOM LieHTpe Hblo-Ilemn. V3ydyenst
3aBUCUMOCTY YyBCTBUTEIbHOCTU TEPMOTIOMMHECLIEHTHBIX IE€TEKTOPOB K IIPOTO-
HaM, OHAM U Y-U3Ty4YeHUIO OT BeJIMYMHbBI IIOIIOLEHHO 103bI.

[TokxasaHo, 4YTO IpM YMEHbIIEHNN Pa3MEPOB TEPMOTIOMIHECIEHTHBIX KpUCTAI-
710B 710 ~ 10 HM HaHOGOCHOPHI IPNOOPETAIOT TYYIIINe 10 CPAaBHEHNIO C MUKPOdOC-
dbopamu CBOJICTBA /IS MCIIONIb30BAHMS B KaueCTBe J03VMETPOB BBICOKMUX /103 UO-
HU3UPYIOIUX U3TyIeHNIL.

MccnepoBana afleKBaTHOCTb ITOKa3aHUI MMPOKO npuMeHsAeMbix B OVIAN nn-
CIIEKI[MIOHHOTO [J03VIMeTPa HETPOHOB OIEPATMBHOIO KOHTPOJIS Ha OCHOBe OOp-
Horo cyetyrka CHM-14 B KOMOMHUPOBAaHHOM 3aMef/ITe/Ie U IPOMBIIIIEHHOTO
VH[IMBUAYaTbHOTO anbbegHoro fgosumerpa JIBI'H-01 ambueHTHOMY M MHVBULY-
aZIbHOMY 3KBMBAJIEHTaM J103. VlccieoBaHme NMpOBOAM/IOCH PACYETHBIM METOOM
C JICIIOJIb30BAaHMEM 3HEPreTUYECKUX 3aBUCUMOCTEN YYBCTBUTEIbHOCTY [JO3VMe-
TPOB ¥ CIIEKTPOB HEITPOHOB Ha sifiepHO-(pusndecknx ycraHoBkax OVIAN — kak n3-
MepeHHbIX coTpyaHuKamu JIPB, Tak u B3AThIX U3 nuTeparyphl. bonbiyoo noMmoub
B 9TOJ1 paboTe OKa3aj aTac HEITPOHHBIX CIEKTPOB Ha ycranoBkax OVIAN, mon-
rotoBeHHblIi1 JI. I. BeckpoBHOI1. PaccunThIBach NoKa3aHys MpUOOPOB JiIs IOJIeit
C M3BECTHBIMM CIIEKTpaMM U 3HaUeHN 103 00/Iy4eHns B 9TUX crieKTpax. [To momy-
YEeHHBIM Pe3y/IbTaTaM OIpee/IANNCh IOIPEIIHOCTH, C KOTOPBIMI HaXOJVIIVCh 3Ha-
YeHUs 103 0OMydeHrs 0 MoKasaHWAM Ipu6opoB. Ha nX 0CHOBaHMM BBIYMC/ICHDI
HOIpaBOYHbIe KO3PUIVIEHTHI A1 KOPPEKIVM TOKa3aHUI 103MMETPOB. ABTOPEI
pabotsl HarpakpeHsl BTopoi npemueit OVISN B obmacTy HayYHO-TEXHUYECKIUX
NIPUK/IAJHBIX MccIemoBanmit 3a 2011 .

M. ITapaiinian Obl1a IpeIo>KeHa MEeTOAMKA IIPUO/IVDKEHHOTO pacyeTa rpebeHya-
TOro (GUIBTPA /1A MULIEHHON Tepalyy OIyXoJeit ippamu yriepona. [pebenyarsit
¢ubTp obecneunBaeT GOpMMUPOBAHYE B OITYXO/IM IIPOCTPAHCTBEHHOTO pacIpefe-
JIeHVIS1 SHEPTOBBIJIETIEHNA sAJiep, COOTBETCTBYIOI[ETO MOAVI(PIUIIMPOBAHHOI KPUBOI
Bparra. Pacuet ¢opmbl rpeberyaToro ¢puabTpa IpOBOAVIICS aHATUTIIECKUM Me-
TOJIOM U CPaBHUBAJICSA C JAHHBIMU pacueTa MeTofioM MonTe-Kapso no nporpamMme
GEANT4. ViccnenoBaHo BnysiHue Ha GopMy GpuiIbTpa SHepruy IrydKa sAfep yriaepo-
Jla ¥ BUJIa 3aBUCHMOCTY OTHOCUTETBHOI OM0Mornueckoi aQp¢GeKTMBHOCTY OT JIN-
HeJHOII Nepefilauy SHEPTUN AJiep YIIepofia B TKAaHM.

IlenTpom sAmepHoli mnaHeronoruyu B Poccum ssnsaerca Jlaboparopus spep-
HOVl TmraHetonmoruy JIHcTuTyta KOocMmueckux wuccnegosanmit (MKVM) PAH.
JTabopatopueri paspaboTaH psif IprOOPOB ISt UCCTIENOBAHNS SIIepPHO-DU3NIECKN-
MI MeTOfIaMI TIOBEPXHOCTel IIaHeT. HekoTopble 13 HUX YCTAaHOBJIEHBI, A Jpyrue
IUIAaHMPYIOTCA K YCTAaHOBKe Ha 60PTaX KaK POCCUIICKMX, TaK U 3apyOeXHbIX KOCMMI-
YEeCKUX alNapaToB. Poccuiickme sKcriepyMeHTHI pealn3yloTcsa Ha annaparax NASA
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n ESA Ha ocHOBe MeXXIIpaBUTeNbCTBEHHBIX coIIalleHnit PockocMoca ¢ aTuMn op-
ranmsauuamu. Kommabopanramn JIaboparopyn aneproit mwanetonoruu VKN sas-
nfgeTcA pAf HaydyHbIX opranusanuit Poccun, B Tom yncne OVIAN. B sagaun OVIAN
BXOJVT y4acTye B pa3paboTKe NpuOOPOB Ha CTaUy IIPOEKTVPOBAHNSA, PacUeTHOe
MOJieTMpOBaHye C MIOMOIIbI0 YHMBEPCAIbHBIX POrpaMM TPAaHCIIOPTa U3Ty4eHMil
B BemjectBe (MCNPX, SCINFUL-R) pagnanmoHHoit 06CTaHOBKM Ha OpOUTaXx Ia-
HeT, XapaKTepUCTUK IPUOOPOB U MX OTK/INKOB, IIOTOTOBKA U IIPOBEJIeHIEe Kal-
O6pOBOK NPUOOPOB C MIOMOIIBIO VICTOUYHVKOB U3/Ty4eHNs Ha MOJIe/IbHBIX CTEH/AX U
B TI0/I€BBIX YC/TOBUAX.

C momeHTa Havanma corpymHmyectBa VIKVM-OMANM B 1998 1. mo Hacrosiee
Bpems corpysHuku JIPB A.P.KpoutoB n I.H.TumomeHko y4acTByoT B pabo-
TaX IO MCCNENOBAHMIO XapaKTepUCTUK U TPafiypOBKe HEMTPOHHBIX HEeTeKTOPOB
u y-cuekrpomerpoB i muccuit 2001 Mars Odyssey (HEND), LRO (LEND),
«®o6oc-Ipynr» (HEND Phobos), MSL (DAN), ISS (BTN-Neutron) n BepiColombo
(MGNS).

[Tpu6op HEND (High Energy Neutron Detector), ycTaHOB/IEHHbIT Ha 60pTY
opburepa 2001 Mars Odyssey, BriepBble II0OKa3aj, 4TO y IOMI0COB Mapca u gaxe
B CPeIHUX IIMPOTAX CYILIeCTBYIOT OTPOMHbIE 3aI1aChl IIOAIIOBEPXHOCTHOTO BOJAHO-
IO JIbJ]a, YTO ABMIOCH OYeHb 3HAYMMbIM HAyYHbBIM Pe3yIbTaTOM.

Opyroit npu6op LEND (Lunar Exploration Neutron Detector) 6b11 ycTaHOB/IEH
Ha OOpTY JIyHHOro pasBefbIBaTeIbHOro opburepa NASA, sanymenHoro x Jlyne
neroMm 2009 r. LEND npepnHasHavancsa fA1d MCC/IeOBaHMUIL 57IEMEHTHOTO COCTaBa
rpyHTa JIyHBI C OpOUTBHI U ABJIANCA IEPBBIM B ICTOPUU KOCMIYECKUX MCCIIEN0BA-
HUJ HENTPOHHBIM TENTeCKOIIOM C BBICOKMM IIPOCTPAHCTBEHHBIM pas3pelleHNeM.
Ero ocHOBHOII 1e/1bl0 OBUT ITOVICK BOJBI B JIYHHOM TPYHTE VIV HAa IIOBEPXHOCTH.
Pa6ora npnbopa 6bU1a IIOKOTBOPHOIL, 11 cOTpyRHUKY JIPB 6111 HarpaXkaeHs! rpa-
MoTamy NASA 3a ycnelnyro peannsanuio MUCCUN.

PaspaboraHbl HOBble NMPMOOPHI [/IA OLpeNe/IeHNs /IEMEHTHOIO COCTaBa Be-
mectBa ciuytHrka Mapca @oboca (mpubop HEND-Phobos, npoext Pockocmoca
«Doboc-Ipynr») m moBepxHOocTM Mepkypusa (mpubop Mercurian Gamma
and Neutron Spectrometer, mpoekT EBpoIeiickoro KOCMMYeCKOro areHTCTBa
BepiColombo). B cocraB aTux npn60opoB IOMMMO HEITPOHHBIX [IeTEKTOPOB BXO-
IIUT Y-CHEKTPOMETpP BBICOKOTO paspelleHus Ha OCHOBe CUMHTMIATOpa LaBrs.
3anyck annapara ESA nameven Ha 2015 .

Cospgan kommiekc npu6opos DAN (Dynamic Albedo of Neutrons) ajst mapcu-
aHCKoro MobwipHoro ammapara Mars Science Laboratory (Curiosity) NASA. Llens
MICCUM 3aK/TI0YaeTCsA B MCC/IeOBAHUY COfiepKaHMs B IpyHTe Mapca BOfbI BJJO/Ib
TPAcChl ABVDKEHNA allllapaTa ¢ IPOCTPAaHCTBEHHBIM pa3pelieHneM 0KojIo 1 M 110 ro-
pusoHTamu 1 fo 1,5 M B rny6uHy. B Hacrosiiee BpeMst mpubop ycremHo paboraeTt
Ha nnoBepxHocTy Mapca B paitoHe kpaTepa leitna.

Ha 6opty cnyxebnoro monyns poccuitckoro cermenta MKC ¢ 2006 r. 1o Ha-
crosmiee BpeMs paboTaeT OOPTOBON TENECKON HENTPOHOB BBICOKMX OSHEPIMIl
I IpoBefeHns kocmudeckoro akcnepuMmenta «bTH-Hevrpon». Llenamm storo
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9KCIIepUMEHTa SABJIAIOTCA: MCCIefl0OBaHMe BTOPMYHOTO HENTPOHHOTO V3/TydeHUA
BepxHell aTMocgepbl 3eM/Iy, TeHepUpPYeMOro BbICOKOIHEPreTMYeCKIMI 3apsKeH-
HBIMU YaCTUIIAMU; VICCIIeJOBaHVe HEITPOHHOJ KOMITOHEHTbI COTHEYHBIX BCIIBILIIEK
VI MICCTIefIOBaHMe HeITPOHHOI KOMIIOHEHTBI pafnalonHoro ¢pona Ha 6opty MKC.

Begyrcs paborsl 1o cospgannio mpub6opoB HoBoro mnoxonenus (AIPOH-JIP),
IpefiHa3HAYEeHHBIX JUIS MCCIEfIOBAHMA 9/IEMEHTHOIO COCTaBa MOBEPXHOCTH JIyHBI
B MeCTe MOCaJKM KOCMMYECKNX alllapaTOB METOAAMM AKTUBHON HEVTPOHHON U
raMMa-CIeKTPOCKOIMM. 3alycK KOCMMYECKVX allapaToB Hamedaercs Ha 2015
n 2017 rr.

OKCIepuMeHTaNbHble paboOThl 1O KanmOpoBKe NpMOOPOB ¥ MCCIENOBAHMUIO
ux GU3NIeCKUX XapaKTepucTuk BoinonHsuch B OVISN ¢ ncnonb3oBaHueM Kak
Pa/IMOM30TOMHBIX UCTOYHUKOB HeliTpoHos 222Cf u 239Pu-Be, Tak n MOHO3Hepre-
TUYECKUX HENTPOHOB B AmamasoHe 0,2-15,3 MaB us peakumii p +7Li=n+"Be,
d(D,n)3He n T(d,n)*He na anexTpocratmdeckom reHeparope II-5. Vicronb-
30Ba/lUCh TaKKe MONU(UIMPOBAHHbIE UCTOYHUKM HEATPOHOB Ha OCHOBe 2°2Cf
B chepryecKux MOMMITUIEHOBBIX 3aMeIIUTE/SAX JUaMeTPOM 3 1 5 [I0iIMOB.

[ xanmmOpoBKM SHEpPreTMYeCKUX KA/ AllIIapaTyPHBIX CIIEKTPOB VIMITY/IbCOB
CTUIBOEHOBOTO IeTeKTOPa HEMITPOHOB BHICOKVIX 9HEPIMIT 1 Y-IeTeKTOpa Ha OCHOBE
Kpucranta LaBr; ncrnonpb3oBamuch y-KBaHTbI M30TOIHBIX MICTOUHMKOB 1 y-KBAHTBHI,
BO3HUKAIOIINE B Pe3y/IbTaTe peaKINil 3aXBaTa ¥ HEYIPYroro paccesiHyus HelTpo-
HOB B XXejle3e, HUKeJle, a30Te. VI3MepeHst IpOBOANM/INCH KaK Ha M30TOMHBIX MCTOY-
HIKaX HEMITPOHOB, TaK M Ha ITy4YKe TEIJIOBbIX HENTPOHOB peakTopa VIBP-2.

[Tpy BBIIONHEHNM MOJENbHBIX SKCIEPVMEHTOB CJION TPYHTA, COMEp>Kallero
BOAY (J1ef1), MMUTHMPOBAJICS COOPKOIL M3 CUIMKATHOTO KMPIINMYA CO CTIOEM MOMUITH-
JIeHa Ha pa3nn4Hoii rry6uHe (1o 1 m). [TpoBoaymich Tak>ke HaTypHbIE MCIIBITAHNSA
Ha OTKPbITOJ POBHOI IIOBEPXHOCTY C OETOHHBIM ITOKPBITHEM U CTIOSIMU TOMUITH-
JIeHa, UMUTYPYIOLIVIMMA JIef.

K HacToslmeMy BpeMeHM I MOJEIbHBIX VICHIBITAaHWII HPUOOPOB sANEPHOI
IUTAHETOJIOTUY C MCIIOTIb30BaHMEM HeNTpOHHOro reHeparopa B JIPD cospman cre-
unanbHbli creHy JAH, KoTopblil 103BOJIsIeT MOENMPOBATh Pas3iNyHble COCTABLI
MapCUaHCKOTO TPYHTa ¢ OO/NBLION BapuabeTbHOCTBIO M 00/y4aTh UX OBICTPBIMM
HeJTpOHaMM, IPOU3BOJAIVMIUCS HEMITPOHHBIM reHepaTopoM. C IIe/IbIo CHUKEHUA
(hoHa paccesTHHBIX HEMITPOHOB CTEHJI pa3MellleH B JIETKOM aHTape, OCHAIIleHHOM CH-
CTeMOJ OIOKMPOBOK ¥ CUTHA/MM3aLUu JiIsl obecriedeHnsl paiualiioHHol Ge3omac-
HocTy. Ha cTeHpe oprann3oBaHbl payaliliOHHbIE 30HBI, KOHTPOJIb 03Bl IIPON3BO-
JUATCSI CTallMIOHAPHBIMM TaMMa-HeTPOHHBIMY 03VIMETPaMIA.

B xagyecTBe Mofenu abCOMOTHO «CYXOTo» TPYHTA Ha CTEHJe MICIIO/Ib30BAaH Mac-
CUB CUJIMKATHOTO CTeK/Ia obmieit Maccoit okono 25 T. Comepykanue Bopbl (JIba)
B IPYHTE UMUTHUPYETCS CIIOSIMM ITOJIMSTIIEHA Ha Pa3/INIHOl I/TyOVHe COOPKM CTeK-
na. JlobaBieHne B COOPKY C/I0€B IPYTMX BEIIECTB TO3BOIUT C XOPOLIEN TOYHOCTHIO
BOCIIPOM3BOJIUTD COCTAB PealbHOrO MapCUaHCKOTO IPYHTA.

Actpo6uonormyeckue uccnegoBanus. B 2013 r. B J/labopatopun pagualoHHO
6monoruu ObII co3maH ceKTop actpobmonmoruu. BosrmaBun ero akagemmk PAH
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A.10.PosanoB. 3ajayaMu HOBOJI CTPYKTYPbI TaO0PAaTOPUY SBIAIOTCS OMOTeOXMMMA-
JecKIe VICCTIeJOBAHNA KOCMITYeCKOTO BellleCTBa Ha 3eMJIe U B O/pKaiiineM KocMoce
U MCCTIefloBaHMe 61O/IOTMYeCKUX VM TeOXMMUYECKIX 0COOEHHOCTeNl paHHel 3eMJII.
OcHOBHBIE 00BEKTBI M3y4eHNA — KOCMUYECKVe MaTepyabl, BXOAAIE B COCTAB
MeTeOPUTOB, KOCMIYECKME TIbI/IeBble YaCTUI[bI MUKPOMIIIMMETPOBOTO pasMepa,
a TaxoKe MOPOMbI U CKOIIaeMble OPTaHM3Mbl PaHHel 3eMy. B cBA3Y ¢ 9TUM cIieny-
Q/IMCTBI CEKTOpa IMPOBOJAAT UCCTENOBAHNA B CTIEAYIOUIVX HAIlpaB/IeHNUAX:

— OnoreoxnmMmyecKye UCCIefOBaHNA KOCMIYECKON IbIIN;

— UCcCrefRoBanua 610poCCUInit M OpraHNIecKX COeVHEHNIT B MeTeOpUTax
U B IPEBHMX 3eMHBIX IOPOJIax;

— UCCIIeIOBAHNA CYHTe3a IPeOMOTIYeCKIX COeAMHEeHMIT Ha 3eM/Ie U B KOCMO-
ce 13 (popMamy/ia IO [eVICTBYEM KOCMIYECKUX BUJOB PayaIiIL.

[TepBoe HampaB/eHVe OPMEHTHPOBAHO Ha uaydeHme Kocmmdeckoit o (KIT)
B Pas/IMYHBbIX MPUPOAHBIX ITaHIIeTax Ha 3emie, coop KII B BepxHMX CosX aT-
Mocdepsl ¥ 0KO03eMHOM IpocTpaHcTBe. Vccnenosanmsa KII mossonsAoor momy-
YNUTH JJAHHBIE O 3aKOHOMEPHOCTSX BPEMEHHOTO pacIpefie/IeHI s BbIIaJAoNero Ha
MIOBEPXHOCTb 3eM/IM KOCMMYECKOTO ITBIIEBOTO BEIIECTBA, YTO SABJAETCS BAKHBIM
i1l peKOHCTPYKLMM TeOTOTMYeCKOil MCTOpuM 3eMIN 1 MONy4eHNs JaHHbIX O Ia-
neoknumare. VisydeHue CTPyKTYpbl, MIHEPATOTNYECKOTO, 37IEMEHTHOTO, M30TOII-
HOTO COCTaBa U OMOTIOTMYECKUX CBOJCTB KOCMUYECKOII IIbIIV IO3BOJIUT IIPOJIBHU-
HYTbCS B pelIeHNM TaKuX QyHJaMeHTaTIbHbIX IIPO6/IeM, KaK IPUpPOia MeKIUIAaHeT-
HOTO BeIeCTBa ¥ €T0 POJIb B IPOMCXOXKIEHUN KU3HIL.

B pamxax jlaHHOTO HanpasiieHus ObU ocyiecTsieH coop o6pasuos KII B pas-
JIMYHBIX IPUPOMAHBIX IUIAHIIeTaX (CHET ¥ JIeHHUKM TOPHBIX BEPIIVH, CHET U JIef-
HUKM APKTUKY U AHTapKTUKM, MOX c(harHyM, TOJIIA 3eMHBIX IIOPOJ], JOHHBIE OT-
JIO>KeHMs, BepXHAA aTMocdepa, OKOTO3eMHOe U MEXIUIAHETHOE IPOCTPAHCTBO);
IIPOBeIeHO BbifienieHNe (oboralieHne) KOCMIUYECKOI COCTABIAIONIEl 13 COOPaHHbBIX
06pas1oB neym. IIpoBOAUTCA KOMIIEKCHOE MCCIefOBaHMe KOCMUYECKOI COCTaB-
JIAIONIEeN IbIIN, BKIOYaloIee

— JCCIeffOBaHNe MMHEPATOTrMYeCcKOro, XMMIYECKOTO 1 97IeMEHTHOTO COCTa-
Ba KIT;

— JCCIeiOBaHMe N30TOITHOTO COCTaBa 37IeMEHTOB, pedepeHTHBIX 1A KII;

— HOMCK 6MOMapkepoB: 61odoccummii, OpraHMYecKUX BellecTB, MeTabomm-
TOB, HYKJIEMHOBBIX KVCJIOT, XXM3HeCIocoOHbIX k1eTok B KIT;

— omeHKy o6bero komrdectsa KII, Brinmajjaromieit Ha TOBEPXHOCTb 3eMJIV;

— M3y4YeHMe IpocTpaHcTBeHHOro pactpenenenua KII mo moBepxHocT 3em;

— JCclefjoBaHNe BpeMeHHbBIX BapMalnii;

— usydeHnne Bapuanuit cocrtaa KII B reonorndeckoit ncropum 3emun;

— CpaBHUTe/IbHBIN aHamu3 uckonaeMoit KIT 1 MeXXItaHeTHOI b, coOOpaH-
HOJ KOCMIYECKVMM aIlllapaTaMIL.

CrenyromyM HaIpaBJeHNMEM B pPaMKaX CEKTOpa acTpOOMOIOTMY SBJIAET-
¢ uccnenoBanue 6MoGOCCUINIT ¥ OPTaHMYECKMX COENVHEHUII B METEOPUTAX U
JIPEBHUX 3eMHBIX IOpofax. brodoccumuu npencrasnsaoT coboit okaMeHeBIINe
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MUKPOOPTaHM3Mbl M IPOAYKTBl MX >KM3HeHeATeNbHOCTHM. OHM ABIAITCA BaX-
HBIM CpPE[ICTBOM MCC/IEOBAHNA PACIHPOCTPAHEHHOCTN OaKTepuaabHON >KU3HML.
lsydenne 6modoccmmmit B METEOPUTAX ¥ APEBHMX 3€MHBIX MOPOJIaX MO3BOIAET
HOTY4YUTb JaHHbIE 0 popMax fApeBHeN 3eMHOI ¥ BHE3EMHO )KVI3HY Y IIPOJIUTD CBET
Ha Tpo0JIeMy IPOMCXOX/IEHNUA KU3HU. BakHOe OTKpBbITHE OBUIO C/IETTAHO YYEHBI-
mu u3 [TaneonTonornyeckoro mucTuTyTa Poccmiickoi akageMmun HayK — HaliJieHbl
cllefibl MUKPOOPTaHM3MOB B MeTeopuTaXx. Ba)KHO OTMETUTD, YTO BO3PACT HEKOTO-
PBIX METEOPUTHBIX ITOPOJ, B KOTOPBIX ObUIM OOHAPY>KEHBI C/Iefibl OaKTep1aTbHOI
JKVU3HI, IpeBbImaeT Bo3pacT 3emym. OTcrofia ¢ HeOOXOAMMOCTBIO BHITEKAaeT BBIBO,
YTO >KM3Hb Ha 3eMjle He YHMKa/IbHA; B KaKuX-TO o6macTsax COTHEYHO CUCTeMBbI
(a MOXeT OBbIT, Ile-TO 3a ee IIpefie/laMi) OHa BO3HMK/IA paHblIle, 4eM 00pa3oBaach
3ema. B paMKax maHHOTO HaIpaB/IeHNA B CEKTOPE aCTPOOMONIOr Y IPOBOAATCA:

— 0T60p 06pa31oB MeTA0CATOYHBIX, By/IKAHOT€HHO-0CA/{0YHbIX, BY/IKAHOTEH-
HBIX IIOPOJ], 3€7IeHOKaMeHHbIX 1osicoB Kapenun u Konbckoro nomyocrposa;

— IOATOTOBKA 00PAsIOB JIsI M3YYeHNsI Ha CKAaHUPYIOIUX 97TeKTPOHHBIX MU-
KPOCKOIIax;

— wusydeHue u GpororpadupoBaHme 00pasIioB Ha 3/IEKTPOHHBIX CKAHMPYIOMINX
MIUKPOCKOIAX.

OpHMM 13 Ba)KHBIX HaIllpaBJI€HUI MCCIIEJOBAaHMII CEKTOpA ABIAETCA U3y4YeHMe
3aKOHOMEPHOCTel1 ¥ MeXaHU3MOB (pOpPMUPOBAHUA NPEONOTUYECKUX COCAVHEHMI
u3 ¢popmamupa (NH,COH), ogHOrO M3 IpOCTENIINX XMMUYECKUX COeVHEHNI,
LIMPOKO PaclpOCTPaHEHHBIX KaK B ME&XX3BE3[JHOI, TaK U B MEXXIUIAHETHOM Cpefiax.
CoBMecCTHO co crenyanuctamy yHusepcuteros Vtamm (TockaHckmit yHMBepCH-
teT, mpodeccop P. Canapuno; Jla Canmenna, npodeccop 3. [ln Maypo) npoBogsTcs
9KCIIEPVMMEHTHI 110 00/Ty4eHII0 0OPasIiOB Pa3INIHBIX METEOPUTOB B cMecH ¢ (op-
MaMUJIOM MOHU3MPYIOLeil pafuanyeii (IpOTOHAMM BBICOKVIX 9HEPTUIL, TAXKeTbIMU
noHamM). Ha ceropHANIIHMIT IeHb B XOJje 9KCIIEPYMEHTOB YCTAaHOBJIEHO 0Opa3oBa-
HJIe HYK/IEHOBBIX OCHOBaHMI1, KapOOHOBBIX KUCIOT, aMMHOKUCTIOT, CAXapoB U JIpy-
TUX C/IOKHBIX CO€[IMHEHMI, BIZIOTh [0 HYK/I€03U/I0B. B HacTosAIlee BpeMs IJIaHU-
PYIOTCS 9KCIIEPUMEHTDI 10 CMHTE3Y HYK/I€OTU/IOB U3 3TUX PO yKTOB.

B cexrope actpobuonornn coBmectHo ¢ Jlaboparopueit HeMTPOHHON HU3NKM
uM. VI.M.®panka Ha uminynbcHoM peakrope VIBP-2 mposopnurca HeNTpPOHHO-
aKTMBalMOHHbI aHamm3 (HAA) aieMeHTHOTO cOCTaBa MeTEOPUTOB, MICIIONIb3YEMBIX
B xoze uccnegoaunii (M. B. ®ponTacbesa).



MEXIOYHAPOOHOE COTPYIJHNUYECTBO

Cpasy mocie obpasoBaHusi cekropa Omomormdeckux ucciaeposanuit (CBI)
JIAII B 1978 1. pagmnobuonorn OVISIV Hayany akKTMBHO COTPYAHMYATH CO CIIELIN-
amuctamu crpad-ydactann OVIAN. Cpenyn pagno6monoros, yyacTBOBaBIINUX B pa-
6oTax cexTopa B TOT mepuop, O6bmm corpyguuku Vncturyra bepmmu-byxa (TP,
Bepnun). Bosrnasnsanu sty rpynmny npodeccop X. Abens u goxrop . dpurpebdep.
Havano coTpygHmMyecTBy ¢ HEeMEIKMMU ClienanucTamu u3 bepnmn-byxa nomoxu-
JIM KOHTAKTBbI MeXJY PafoO1oIoraMu 3Toro MHCTUTyTa 1 HayqHo-nccnegoBarenb-
CKOro MHCTUTyTa MepuuumHckon papguonoruu (HVVIMP, O6uuuck). B 1960-e u
1970-e rr. B HUVIMP pa6oTan BCeMUPHO M3BECTHDIM T€HETUK M PafnoOyosor
npodeccop H.B. Tumodees-Pecoscknit. [Tox BamssHmMeM ero paboT B JOBOEHHBI
nepron B bepnuu-Byxe copmupoBanach akTMBHO paboTaBlIasi IIKOTA pajuo-
6uornoros. [Tosaromy mocne cosganus CBY JISII, koTopelit BosriaBui npodeccop
B. M. Koporoaus, panee muoro net padorasumii ¢ H. B. TumodeeBbim-PecoBckum,
COBMeCTHBIe PabOTHI ¢ HeMeIKMMY Kojuteramyt Opimy HayaTsl 1 B OVIAN.

O6nmacTbio MCCIeoOBaHMil, IPOBOAVIMBIX B COTpyHRHMYecTBe ¢ VIHcTUTyTOM
bepnun-byx, 6bU10 M3ydeHrne MONEKYIAPHBIX MeXaHM3MoOB HoBpexpenuit JHK
B K/IETKaX BBICIINX OPTaHM3MOB IIPU JeICTBUI YCKOPEHHBIX TSXKe/IbIX MOHOB. B Ko-
POTKMe CPOKM ObUI CO3[jaH KOMIUIEKC aIllapaTypbl, KOTOPBIIl II03BOIM/I M3y4aTh
3aKOHOMEPHOCTY ¥ MeXaHM3MbI 00pa3oBaHMs ABYHUTeBbIX pa3pbiBoB JJHK B kiet-
Kax M/IEKONIMTAOIINX, KyIbTUBUPYEMBbIX in Vitro. [lonydeHpl yHUKaIbHbIE MaTepU-
aJIbl, TIO3BOMIMBIINE pacUIM(pOBaTh pas3INYHble ACHEKTHI JIeTATbHOTO JIeJICTBUA
U3Ty4eHMII ¢ pa3HBIMIU QU3NYECKVIMM XapaKTepPUCTVKAaMI Ha K/IETKY BBICIIVX Op-
TaHNM3MOB.

B srot xe nepuoxn B CBJV npoBopmmich coBMecTHbIe paboThl ¢ VIHCTUTYTOM
sApepHoON xumuy U texHonoruy (Bapmrasa, ITonmpima). Bosrmasnsan atm paboTsl
¢ oynbcKoit ctoponsl fokTop O. Pocek. Llenpio aTux uccmenoBanuii ObI0 CpaBHM-
TeJIbHOE M3Y4eHNe IeTaTbHOIO NEiCTBUA U3Ty4eHUI IMpoKoro aAnanasoHa JII19
Ha JIBe JIMHUY KJIeTOK IMMQOMBI, 00/1aalolX Pa3HOI CIOCOOHOCTBIO K perapa-
ny nospexxziernit JIHK. B xoze atux pabot 6bU10 OKa3aHO CYLIeCTBEHHOE pas-
Jn4Me B PafMOYyBCTBUTENBHOCTU ABYX JMHMI KIETOK (paguopesyCTeHTHON —
C HOpPMaJIbHOM crocobHoCThIo K pemapanuyu JHK, n pagmouyBcTBUTENIbHON —
uMmemnoiei fedekt B pernapannoHHoit cucreme). I1pu Bospactanum JIIID Tsoxenpix
3apsDKEHHBIX YacTHUI] HAOIIOfjaloch HMUBEMMPOBAHME PafMOYyBCTBUTEIBHOCTI
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IByX KJIETOUHBIX JIMHNI, CBULETEbCTBYIONee 00 MHAYKIVIN IPAMbIX JBYHUTEBBIX
paspbiBoB JIHK nsmydennamu ¢ seicokoin JITID.

[Inromormveckoe neiicTByie MOHU3UPYIOIIVX M3/Ty9€HIIT HA pAaCTUTEIbHbIE KIIeT-
K, KyJIbTUBMPYeMbIe in Vitro, usydanocb B CbJ cnenmanucrom us Yausepcurera
uM. f1. A. Komenckoro B bparncnase (HexocnoBakus) E. [muHKoBOIL.

Teopernuecknmu paspaboTkaMy, HaIpaBIeHHBIMY Ha MOJENMPOBaHME CIIOH-
TaHHOTO MYTAIIMIOHHOTO IIPOIleCCa B K/IeTKAX HM3IINX 3YKapuoT, B Hadae 1980-X IT.
B CBM ycnemHo 3aHnMascs Matematuk us Bearpun ©. Yaba (IVIDV, bypanemr).
B aror ke nepnop B CBV akTuBHO paboTas apyro TeopeTuk n3 YexocmoBakmm —
B.JIucer (YauBepcuret B I. Komniie), 3aHATBIN aHA/IN30M IPOOIEMbl HaTMIMA Ja-
BBIJOBCKIUX conuToHOB B [THK.

B navane 1980-x IT. B CeKTOpe Ha4Ya/MM aKTMBHO PasBUBATHCS PaayioOMONIOru-
YecKue MCCIeJoBaHusA Ha YCKOpuTeAX Tsokenblx MoHOB JIAP. OcnoBHoOI 3apayeit
3TUX UCC/IElOBAHNI ABJIANOCDH BBIACHEHVE MEXAHM3MOB, OIIPEeIe/IAOMNX PA3ININA
B Ouomnorndeckort 9 PpeKTMBHOCTY VOHN3UPYIOIMX V3TyYeHNII C pasHbIMU (pr3i-
YeCKVMI XapaKTepUCTUKaMI. B penreHue 9Toif mpo61eMbl aKTVBHO BK/TIOUMINCH
crreramuctel u3 YexocnoBakuu — C.Kosybek (MIB® YAH, bpHo) n Heckonbko
nospHee B. Muxanuk (MucTuTyT paguannonsoi gosumerpun (VIPII), Ilpara).

C. Kosybex MHTeHCHBHO paboTa Hafi CO3JaHNeM MO/, OIMCHIBAIOIIElT 3a-
KOHOMEPHOCTH) JIETQJIbHOTO JIEVICTBUA M3Ty4eHMII IMPOKOro pauamasona JII19
Ha KJIeTKM OaKTepmil ¢ pa3HOil CIOCOOHOCTBIO penapauuy nospexpennit JTHK.
B pamkax 3TOll MOfeNMM yHanoCch OMMCATh JIeTajabHbIe pajyalioHHble 3(deKTh
B OaKTepMa/lIbHBIX K/IeTKaxX (popMa KpUBOIl BBDKMBAEMOCTH KJIETOK, 3aBYCMMOCTD
paguouyBcTBUTeIbHOCTY OT JIIIO, KucmoponHblil addeKT, AeiicTBue paguonpo-
TeKTOPOB Pa3/INMYHBIX K/IACCOB), MHAYLMPYeMbIe TSAXKETbIMU 3aPS>KeHHBIMU YaCTH-
namu. bputo mokasaHo, 4To creny@uka geficTBUA MHOTO3aPAIHBIX IOHOB Ha TeHe-
TUYECKUII anMapar KIeTOK MOXXET OINpeJenATbCA KIACTEPHBIM TUIIOM NOBpPEX/ie-
Huit JHK, MHAYyLMpyeMBbIX TsA>Ke/IbIMU MIOHAMI.

MuKpono3MeTpUIecKUii aHa/lIN3 BBIXOZIa Pa3IMYHBIX TUIIOB IMOBPEXIEHMUI
IHK npu feiicTBUM MOHU3UPYIOLIVIX V3Ty9eHNII ¢ pa3HbIMU (PU3NIECKMMU XapakK-
TepucTuKamu 0bU1 BbinonHeH B. Muxamukom (VIPII, TIpara). IlokasaHo, 4To ¢ po-
ctom JITIO yBenmumBaeTcs BbIXOJ] KIAaCTEPHBIX IOBPEXEHMIT OTHO- U IBYHUTEBOI
JHK. 9Ta 3aBMCMMOCTb ONMCHIBAETCA KPUBOI C TOKaJIbHBIM MAaKCUMYMOM, 1 TI0-
JIO’KeHMe MaKCMMYyMa JI/Isl pa3/IMYHbIX TUIIOB KIaCTEPHBIX MOBPEX/eHUI pasnny-
HO. DTU pabOThI ABUINCH MMOHEPCKVMIMU U BIIOC/IEACTBUM ITOTTYYN/IN IPOJO/DKEHIEe
BO MHOTUX 3aIla/IHbIX Hay4YHbIX IIeHTpax.

[upoxuit GppOHT MCCIe[OBAHNIT, KACAIOMMIICA MYTareHHOTO JeiICTBUSA M3-
nydenuit ¢ pasnoit JIIISO Ha xnerku, B nepuop 1985-1990 rr. mpoBopnaa MHTEP-
HallMOHA/IbHAA TPYIIA CIeNManucToB-pusnkos u paguobmonoros (M.boneB —
MANAD, bonrapus, C. Kosybek — UCCP, b. Tokaposa — YCCP, ®.Ya6a — BHP).
[l BBIACHEHMSI OTHOCUTENIbHON pomyu (puandeckoro u 6monormdeckoro ¢ax-
TOPOB B MHAYLMPOBAaHHOM MyTalmoHHOM mporecce C.Kosybekom Obumm mpen-
IPUHATBI MCCTIEJOBAaHMs VHAYKINMM HPSAMBIX ¥ 00paTHBIX MyTaluil y 6akrepuii.
YcTaHOB/IEHO, YTO [030BasA 3aBUCUMOCTb 4aCTOTbI MYTMPOBAaHMA KIETOK MMeEeT
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JIVHETHO-KBaApaTUIHbIN XapakTep. IIpy o6mydeHnn K1eToK YacTuIjaMim ¢ Bo3pac-
rarolyMy 3HadeHrAMY JIII9 nmokasaHo, 4TO XapakTep 3aBUMCHMOCTU YacCTOTBI MY-
TUPOBAHM OT BO3bI 00/Ty4eHNs He MeHsAeTcA ¢ poctoM JITI9, HO u3MeHseTCs MUIIb
OTHOCHUTeNTbHasA reHeTmyeckas sap¢extuBHOCTh (OI'D) m3mydyenuit. 3aBUCUMOCTD
OI'D or JIII9 onuceiBaeTcA KpUBOIL C TOKAJIbHBIM MaKCMMyMOM. B pamkax passu-
ThIX C. Ko3ybekoMm TeopeTndecKux IOLXON0B HALUIM OOBbsCHEHVE PAa3/INdus B I10-
JIOKEHUY MaKCHMYMOB 3aBJCHMOCTENl OTHOCHUTEIbHOI OMomormueckon sddex-
TMBHOCTY IO KPUTEPUIO JIETA/IbHOTO U MyTareHHoro aeiictus ot JIIID. Onn o6y-
C/IOBJIEHBI Pa3HBIM XapakTepoM nospexaennii JJHK, ygacTsyromux B peanusanum
MyTareHesa, U JIeTalIbHbIX 3P PeKToB 00/ydeHnA. B mepBoM cirydae MMM ABIAOTCA
IPEeVMYILECTBEHHO OBPEX/I€HHbIE OCHOBAHM, BO BTOPOM — JIBYHUTEBbIE Pa3phl-
o1 JJHK. B 1989 . C. K03y6e1<0M 6bL1a YCIENIHO 3al/IeHa JOKTOPCKasA fuccepra-
1M IO JaHHOI TeMe.

M. BoHeBbIM ObUIM [IeTaTbHO M3y4YeHBI 3aKOHOMEPHOCTYM U MEXaHM3MBI VH-
AyKiyy npogara A-MsnydeHusIMI ¢ Pa3HbIMK (PU3UYECKVIMI XapaKTePUCTUKAMMA.
OTu paboThHl NMO3BOMMIN OLIEHUTb PO/Ib MHAYLMOEIbHONM CUCTEMbI pelapanuu
y KJIETOK ITIPOKapUOT B peann3aliy MyTalMOHHOTO NPOIlecca, BbI3BAHHOTO MOHM-
3MPYIOIMMH U3/Ty4eHUAMHU Pa3HOTO KayecTBa.

C 1985 1. u 1o Hacroslee BpeMsA OCYIIECTBAETCA IIOJOTBOPHOE COTPYLHN-
4ecTBO C rpymnmoit pagnobuonoros us GSI (Japmimrant, lepmanus), pyKoBOOVMBIX
npodeccopamu I.Kpabrom n C.Purrep. Ha mporsokeHuMM MHOIMX JIeT CIIeu-
amuctel OPPV mpoBofAT cCOBMeCTHBIE 9KCIIEPYMEHTHI Ha ITy4YKaX TsKETbIX IOHOB
yckopurens GSI. Llenpio aTux pabot siB/IsgeTCs U3y4eHMe UTOTEeHETUIECKOTO BO3-
[eICTBMA YCKOPEHHBIX TSKE/IbIX IOHOB Ha KJIETKM MIEKONNUTAIOLINX B KY/IbType I
MMQOINTHI KPOBY YesioBeKa. AKTMBHOe yyacTye cotpyganky OPPY npuHuManm
B IIPEIK/IMHNYECKOM VCC/IeOBAHUY PaA00MO/IOIMIeCKIX XapaKTePUCTVIK ITyIKOB
YCKOPEHHBIX MHOT03apA/JHbIX IOHOB, IpeJHa3HAYEHHbIX /I TepalliM paKa.

AKTVBHOE COTPYEHMYECTBO B OOJACTM TeHETUYECKOTo [eiiCTBUA TH-
JKENIBIX 3apsOKEHHBIX YacTul B mepuop ¢ 1990 mo 1998 r. ocyuecTBnanoch
¢ Pagmo6bnonormyeckum otmeneHneM VIHCTUTyTa aspOKOCMMYECKON MEAMIIMHBI
(KénbH, Tepmanmsa) TepmaHCKOro aspokocMmyeckoro neHtpa. C HeMeIKo# CTo-
POHBI B 3TMX PaboTax y4yacTBOBa/a IPYIIA CIELMAINCTOB BO IJIaBe C JIOKTOPOM
I XopHekoM. DTH McCIeoBaHNs Kacalauch paspaboTKy HOBOTO METO/A U3Y4eHM
KUHETUKI 9KCIIPeCCUY MHAYIOETbHBIX OIIEPOHOB KIeTOK Ha OCHOBE /olngepas-
HOIl peakuuu. VIHTepHal[MOHa/IbHAaA Tpyna paspaborana a¢peKTUBHbIN U NPO-
cToit B ucnonb3oBanuu Metof (SOS-Lux test), O3BONAONNIT B peXX1iMe peanbHO-
TO BpeMEH! ONpefe/ATb CTelleHb IOBPEX/eHMA TeHeTMYECKOro alapara XIUBbIX
KJIeTOK IIpY HEVICTBUYM MOHU3UPYIOLIETO M3TydeHUs, YIbTpaduoneToBoro cpera
U XMMMYECKUX KaHIleporeHoB. J[yist aToit e ObUla CO3[aHa reHeTndecKast KOH-
CTPYKILVS, BK/IIOYAKOI[asi B ceOs TeHbl CBETAIMXCs OaKTepyit, KOHTPOMUPYIOLIe
CMHTe3 Oe/IKOB, yYacTBYOUMX B peakuyy cBedeHus (lux-rensr). [Ipu Bo3HMKHO-
Benuu nopexaennit B JHK penpeccus paboTel reHOB CHUMAETCs, YTO MPUBO-
INT K 3aIlyCKy PeaKL MM CBe4eHUs:A. B pesynprare 3TOro KaeTKM, HECYIIMe yKa3aH-
HYIO TeHeTMYeCKYI0 KOHCTPYKIVIO, CITyCKAIOT CBET B BUMMON 00/IaCcTy, IIpyYeM
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CBETOBOJI BBIXOJ IIPSAMO 3aBUCUT OT cTeneHM nospexxpenna JHK u moxer nmerko
usMepATbcs. TakuM o6pasom, no coett cytu SOS-Lux test okaszasncs yHUKaTbHBIM
OMOMTOrMYeCKIM JO3MIMETPOM I MOT OBITh HIMPOKO VICIIO/Ib30BAH B Pas/IMYHBIX 00-
JIACTAX: B 9KOJIOTMYECKUX Le/IAX IS 9KCIIPeCcC-aHaIM3a 3arpsASHEHUI XYUMUYECKI -
MU KaHI[epOTeHaMV U MyTareHaMy, B papMaKo/IOIrMy — JJIs VICCTIEHOBAHMS BO3-
MO>KHOI MYTar€HHOCT) HOBBIX JIEKaPCTB, a TAKXKE B XMMIUYECKOII U MNILEBOI IIPO-
MBIILIJIEHHOCTI.

[l pa3BUTHUA STUX IEPCIEKTUBHBIX pa3paboTOK IPYIIIa HOMy4nIa GMHAHCO-
BYIO ITOJ/IeP>KKY B BUjje TpaHTa 110 mporpamme «Konepuukyc» (bproccens, benbrus).
B pesynbrare 6bU1 co3maH npubOp, MO3BOIAIINI B pe>xkxuMe online perucrpupo-
BaTh HaJIM4uye B cpefie 0OMTaHNs MyTareHHbIX (AaKTOPOB PU3MYECKON U XUMIYe-
CKOJ IIPUPOJBI.

B o6macTy reHeTMKM IPOXOKEBBIX KIETOK Ha IPOTSDKEHUY Psifia €T IPOBOJAT-
cs1 coBMecTHbIe paboTs ¢ mpodeccopom H. babynpn ns Yausepcutera B I. ITepymxe
(Mranus). OHu cBA3aHBI C U3y4eHMEM FeHeTUYeCKOr0 KOHTPOJIA MyTareHesa B yc-
JIOBUAX TOMOJAHVA KJIETOK. JTa 3a/ja4a KacaeTcs IMpoOIeMbl IeHeTHYECKOrO KOH-
TPO/IA OCTAHOBKM KJIETOYHOTO LMKJIa py nonydeHuu nospexpennii JHK. B mo-
CJIe[jHIIe TOMIbI CTAHOBUTCS O0/Iee BUAMMOI B3aMOCBA3b Pas3INIHBIX KOMIIOHEHTOB
MHTETPaIbHOTO KJIETOYHOro oTBeTa Ha mospexjeHns JHK, obecneunaromero
CTaOMIbHOCTD U IIEIOCTHOCTb TeHoMa. ITokasaHa cBA3b MeXaHM3MOB KOHTPOJIA
K/IETOYHOTO IIMK/Ta M MexaHn3Ma perapannn mospexxaennit JHK. Mexanusm, obe-
CIIeYMBAOIMI KOHTPOIb ¥ KOOPAMHAIMIO 9TUX IPOLECCOB, ObUI OTKPBIT B KOH-
e 1980-x rr. u Ha3BaH checkpoint-koHTpoeM. ITOT MeXaHN3M MO3BOJISET KIIET-
KaM BBDKMBATb M IO[IEPXKUBATh T€HETUYECKYI0 CTAaOVMIBHOCTD M PeryanpyeTcs
checkpoint-renamu. Cunraercs, yro Hapyumenue checkpoint-myreis, mpuBopsiee
K YBEeJIMYEHNIO MyTaOVIbHOCTY ¥ TeHOMHOJ HeCTaOMIbHOCTH, MIMeeT BayKHOe 3Ha-
YeHJe Ha pAaHHMX CTaANAX KaHIleporeHesa.

Ha nporsoxenun pspa mer (1988-1997 rr.) papmo6buonorn OPPU mmopot-
BopHO corpymHndamm ¢ NASA (CIIIA). PykoBopuTenem sTux paboT co CTOPOHBI
NASA saBnanca pokrop T.AHr. B pamkax COBMeCTHOTO Hay4YHOTO COIVIALIEHNA
o corpypHmnuectse Mexny OMAM n NASA ycnemHo npoBOAMINCH 9KCIIEPUMEH-
TBI Ha CUHXpodasoTpoHe. Llenb sTUX MCCIeNOBaHUII — YCTAaHOBJICHNUE BETNYMHBI
OTHOCHTE/IbHOI 61107I0T1YecKoil 3¢ (HeKTMBHOCTY IPOTOHOB C Heprueit 1-5 I'aB.
B skcnepumeHTax Ha MMMQOLUTAX KPOBY Ye/IOBEKa M3Y4aIuCh 3aKOHOMEPHOCTH
VHAYKIUY HeCTaOMIbHBIX 1 CTAaOVIbHBIX XPOMOCOMHBIX abeppauuii. bouo ycra-
HOBJIEHO, YTO BeMuMHbI OBO MPOTOHOB peTATUBUCTCKUX SHEPTUIL He IPEBbIIIAI0T
3Ha4YeHVs 6MOIOrnyecKoi 3 HeKTUBHOCTY Y-U3TyYeHNUA.

B mnacroamee sBpema OPPUM mnpopgomkaer aKTMBHOE COTPYAHUYECTBO
¢ Mucturyrom 6nodusuxkn YAH (BpHo). OTn nccnegoBanms kacaoTcs mpobe-
MBI LIMTOTeHEeTUYEeCKIX MEXaHI3MOB MHAYKINM CTaOMIbHBIX XPOMOCOMHBIX abep-
paumii B KJI€TKaX 4e/oBeKa M3MydeHMAMM Hmypokoro jamamnazona JIII9. C yem-
CKOJ1 CTOpPOHBI paboThl Bo3rmasisaioTcsa mpodeccopom C.Kosybekom 1 fOKTO-
pom M. ®anbkoM. IIpogomKanTcss COBMECTHbIE CO CIENaTNCTaMy YHUBEPCUTETA
umM. S. A. Komenckoro (BparncnaBa, CroBakusi) UCCIeTOBaHMsI IIUTONTOTMYECKOTO
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[eICTBUA TSAXKEBIX 3PS KEHHBIX YaCTUI] Ha pacTUTeNbHbIe KIeTKu. InonoTBopHO
pasBMBaeTCA COTPYAHMYECTBO C VIHCTUTYTOM SANEpHON XMMUM M TEXHOJO-
run (Bapirasa, Ilonpina), BosriaBisieMoe C IHONBCKOM CTOPOHBI MpodeccopoM
A.Borimukom. B ero pamkax BefileTcs M3y4eHMe 3aKOHOMEPHOCTEN ¥ MEXaHM3MOB
BO3HMKHOBEHNsI PAa3/IMYHBIX BUJJOB XPOMOCOMHBIX abeppariuii (HecTaOMIbHbBIX
HOBPEXAEHNI XPOMOCOM ¥ TPAHC/IOKAIVIL) PV AEVICTBUU PAs3INIHBIX 03 YCKO-
PEHHBIX 3apsDKeHHBIX yacTul. bramskme mo 3agadam mccnegosanus OPPU cucre-
marmdecky mposogut ¢ GSI (Japmmrranr, Jepmanns). AKTMBHOe COTPYSHIYECTBO
B ITOCTIE[IHEE BPEM:A HAIAXKE€HO C BenopyccknM rocyapcTBeHHbIM YHUBEPCUTETOM
(MuHCk). OTn paboThI HalleJIeHbl Ha M3y4eHMe MEeXaHM3MOB KaTapaKTOT€HHOTO
MEeVICTBUA TSXKENbIX 3apPSKEHHDIX YacTUIL BBICOKMX HEPTUI M MCCIeOBaHME Me-
XaHM3MOB BO3JI€MICTBIUA U3TYy4EHNIT Pa3HOTO Ka4eCTBA Ha 3pUTE/NbHbIN IUTMEHT —
POMOICHH.

YHUKa/IbHOCTD sAfepHO-(usndecknx yctranoBok OVIAM m cospaBaemble nmu
HOJIA MOHVSUPYIOLWINX U3Ty4eHUiT MoTpeboBany pa3pabOTKU M CO3[aHNUA HOBBIX
CPeAICTB pafMOMETPUN ¥ [O3UMETPUM MOHMU3UPYIOIMX u3nydeHnit. Co3gaHHbIN
B OPB corpynuukom us ITonpum M. 3enpunHckuM B 1960-X IT. peKOMOVMHAIIMOH-
HBI/l JJO3MMETP CMEIIaHHOTO MOHM3UPYIOLIEI0 M3TyYeHMS MO3BOMUT M3MEPUTD
IOITIONEHHbIE 1 9KBVBa/IEHTHBIE O3B, a TaKKe KO3(PUIMEHTH! KadecTBa U3Ny-
YEHUI B IIy4YKaxX U IOJIAX PACCEAHHOIO U3NY4YEHMA YCKOPUTENEN U MMITyIbCHOTO
OBICTPOrO peakTopa.

VHpopmanysa 06 sHepreTMYeCcKMX 3aBUCUMOCTAX YYBCTBUTEIbHOCTY JO3VIMe-
TPOB ABJIAETCA OCHOBOJ IPU M3MEPEHUAX XaPAKTEPUCTUK CIOKHBIX 10 KOMIIO-
HEHTHOMY COCTaBYy M HEPreTM4eCKOMY PacIIpefle/IeHNI0 TO/Iell MOHU3UPYIOINX
nsnydeHui. [1oaToMmy OfHMM M3 OCHOBHBIX HAIIPABIEHUI MEXIYHAPOLHOIO CO-
TPYAHMYECTBA HA IPOTHKEHNUM MOCIENHUX eCATUIETUI ABIAETCA UCCIelOBaHNe
XapaKTepUCTUK JO3MIMETPOB U € TEKTOPOB, XICIIO/Ib3YEMbIX B CTPaHaX-y4aCTHUIAX
OMAN. CoBmectHO ¢ 6onmrapckyumu u3 Codun (V1. Mumies, M. TeneB), Hemerknmu
u3 Ipesnena (JI. Beruens, I. TayT, B. lepuiens, I. Xan u ap.), monbckumu n3 CBepka
(M. 3enpumncknit, C.IImona), cmosaukumy u3 bparucnassr (JI. Hukopmemosa,
M. ®ronom, V1. Maprunkosuy), yemckumu us [Iparu (®. Crypusi, 3. CiiypHbI u ap.)
CIlenyanucTaMy ObUIN MCCIefOBaHbI SHEPreTUYeCKe 3aBYCYMOCTY YYBCTBUTEb-
HOCTM MHOTOC(EpHOro crieKTpoMeTpa boHHepa, TBepHOTeIbHBIX ¥ SMY/IbCYOHHBIX
TPEKOBBIX JIeTEKTOPOB, TEPMOTIOMUHECIIEHTHBIX € TEKTOPOB.

C menbio onpepeneHns TOYHOCTY U3MEPEHNA PafMallIOHHBIX XapaKTePUCTUK
HOJIell U3TydeHus npubopamim, UCHOMb3yeMbIMI B CTpaHax-y4dacTHuiax OVIAN,
B 1970-x IT. mpoBeieHa cepusA CPAaBHUTEIbHBIX M3MEPEHMUII B IMOJAX U3Ty4eHUI
yckopureneii mporonos OVISIV, B myuke peakropa VIBP-30 1 monsax Ha ocHoBe 222Cf
B IIO/ISTU/IEHOBBIX 3aMEUINTENAX U NONAX u3nydenns yckopureneit [IEPH. B atux
M3MEPEHNAX yIaCTBOBAIM criequanucTsl u3 bonrapun, Ilonbmu, Pymbiann, CCCP
n YexocmoBakum. PesynbraTel STUX MCCIELOBAHNI [TOKa3a/lIN, YTO PErIaMEHTHAPO-
BaHHAsA TOYHOCTb M3MEPEHMA PaIMALVIOHHBIX XapaKTEPUCTUK IIONE U3Ty4eHN
JNOCTUTAETCA JIMLIb B OTAENIbHBIX CAy4asAX. ITU UCCIENOBAaHUA MO3BOMNMIN CKOP-
PEKTUPOBATh METO/IbI JO3VIMETPUM, MCIIONIb3yeMble B CTpaHax-y4acTHuLax OV
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[Tocne cospanmsa OtheneHns pagyaliMOHHbBIX M PagoOMONTOIMIECKUX MCCIIe-
JOBaHMI pacmpunoch corpygandectso OVIAN ¢ Mexx/yHapoiHbIM areHTCTBOM
10 ATOMHOI 3HEPIUM 110 TPeM HaIlpaBJIeHNAM: BBIIIOJIHEHNE 1[e/IeBbIX MCCIef[0Ba-
Huit 1o npocbbe MATATD; yyacTue B mporpaMmax KOOpAMHAIVOHHBIX UCCIIE0BA-
Huit MATAT3; opranusanys u nposefieHre 06pa3oBaTenbHbIX KypcoB MATATO.

Kak 13BeCcTHO, KOHTPOJIb 32 HEPACIIPOCTPAHEHNEM AJIEPHOTO OPY>KIA OCYIECT-
Bsier MATAT. OnHoit u3 npo6ieM JaHHOTO KOHTPOJIS SIB/ISIETCS M3MepeHIe Cria-
OBIX IOTOKOB HEJITPOHOB B MHTEHCUBHBIX IOJIAX Y-U3TIy4eHUA IPU IepeMelleHNn
penAmuxcsa Mmatepuanos. ITo sakasy MATATO B OPbuPl nposesens! nccnenosa-
HIS XapaKTepUCTUK Pa3/IMYHbBIX IeTeKTOPOB TEIIOBBIX HEMITPOHOB C MOIUITHIE-
HOBBIMM 3aMefI/IUTE/LAMMN, OIITMMI3VMPOBAHbI IApAMETPbI ANIIAPATyPbl, U3TOTOB/IEH
U VICIIBITaH B MHTEHCUBHBIX MOJAX V-U3Ty4eHNA IPOTOTUII MOHUTOPA HEITPOHOB
Ha OCHOBE «KOPOHHOIO» CYETYMKA [JI PEerMCTPalyi BO3MOXKHOTO II€peMEIeHNA
A7IePHBIX MaTepUATIOB.

B HOBBIX MEX/IyHapOJHBIX CTaH/JapTaX IO paiNalYIOHHON 6€30aCHOCTH TIPK-
HATHI HOBbIE OIEPALVIOHHbIE BeIVYMHBL /I Lieiell pagualiOHHOIO0 MOHUTOPUH-
ra. B yacTHocTH, I1A MHAVBUAYAIbHON HO3MMETPUM CUIbHO IPOHMKAIOIIETO U3-
Jy4eHMSI B COOTBETCTBMM C 3TMMM CTAHJApPTaMM CIeAyeT MCIO/Ib30BaTb HOBYIO
OIIEPALVIOHHYIO BEIMYMHY — WHAVBULYA/IbHBI NO30BbBIN 3KBUBAJIEHT, HP(IO),
4TOOBI FAPAaHTUPOBATH BHINIOJTHEHE TPeOOBaHsI HENIPEBbILIEH VS YCTAHOB/ICHHBIX
npepenos 103 o6nydenns. [IpyHuMas Bo BHUMaHUe TeXHIYECKVe TPYAHOCTH, CBS-
3aHHBIE C BBEJIeH)EeM HOBBIX PaJVallMlOHHBIX BeJIMYUH /IS M3MEPEHUI! 103 00my-
yeHunii, MATATO opranmusoBano McciefoBaTeIbCKy0 NMPOrpaMMy IO CPAaBHEHUIO
VHAVBY/IYaJIbHBIX JO3VIMETPOB, MCIONMb3yeMbIX B rocyfapcTBax-ueHax MATATO
u3 Bocrounoit EBponsl. B ¢Bsi31 ¢ 60/NbUIMM ONBITOM B MCCIENOBAHUYU XapaKTe-
PUCTUK VHIVBUZYaIbHBIX J03MMETPOB U Bo3MOXHOCTAMKU OPBuPW mo merpo-
JIOTUYeCKOMY O0eCIIeueHI0 JO3MMeTPUIeCKIX U3MepeHnii o npocbbe MATATI
OVIAW npuHAn y4acTue B 3TOI IIpOorpaMMe B KaueCTBe METPOJIOTMYeCKOIl Tabopa-
Topun. bbla mpoBepeHa BO3SMOXXHOCTD 23 C/Ty>K6 MHVBUAYATbHON JO3UMETPUN
usmepath H,(10) B MoMAX y-M3TydeHUs C PasTUIHBIMU SHEPTETUYECKMMM pac-
Ipefie/IeHNAMNI JacTHIl, @ TaKXKe M3MepeHbl 9HepreTUIecKue 1 YIIoBble PyHKIMM
YYBCTBUTEIbHOCTY MCIOIb3YEMbIX [JO3MMETPOB B TEPMUHAX MHAVBULYaTbHOTO
JI030BOTO 3KBUBAJIEHTA. BbIIIONIHEHHBIE MUCCIENOBAHUA MO3BOMMIN CYIECTBEHHO
MOBBICUTDb JOCTOBEPHOCTb M3MepeHNUsA MHUBYIYa/IbHOTO JO30BOTO SKBMBA/IEHTA
B rocygapcrBax-uaeHax MATATS u3 Bocrounoit EBpomnbl.

B 1996 u 1999 rr. mo npocsbe MATATI cosmectno ¢ YHII OMAN 6pin
IIPOBEZIeHbl perMoHaIbHble 00pa3oBaTeNbHble KYPChI [/Is1 MOTIOABIX CIEIMaIICTOB
10 paiMaIoHHOI 6e3onacHocTy. Ha aTux Kypcax Impol MOArOTOBKY HECKOIBKO
leCATKOB CIIEIMaINCTOB IPaKTUYeCK! 130 BcexX cTpaH-ydacTHul OVIAV, a Taxoke
n3 Dctounu, JIntesl u JlarBun.



IIOOTOTOBKA KAJIPOB

Ha npotspxenun 25 net B OVISIV Bemetcst paboTa 10 MOATOTOBKE MOTOJBIX CITe-
LIVIaJICTOB B 06/macTyt papnobuonoruy, pusnky 3ammutel 1 fosuMeTpun. C nepBbIX
maros o opranusanyy YHI] OVISIM 6b1a chopmuposana kadenpa pagmobmo-
noruy Kak ¢unman kapenper MVIDV, oTkpbiTa aclmpaHTypa MO CIELaabHOCTH
«Pagmobuonorusa». Ha kadenpe npoxopmm obydeHne 1mocue 7-ro ceMecTpa CTy-
IeHThI pu3nIecKux GaxynIbTeToB pa3nnMIHbX By3oB (MO, MI'Y, MOTU n fip.).
MHorue nocje 3alUThl JUIJIOMOB IIPOJODKIIN OOyYeHre B acMpaHType U 3a-
ATV KaHAUAATCKIE JYCCepTallV.

B 1998 r. mo unmnmaruse aupexkunu OISV B yHuBepcurere «[Iy6Ha» 6blma
oTKpbITa Kadengpa 6mopusuku. B 3agady xadenpbl BXOZUT MOATOTOBKA AUILIIO-
MUPOBAHHBIX CIIEIVaIVICTOB II0 HampaBieHuio «PapuanyonHas 6e30macHOCTD
4e/loBeKa ¥ OKPY’Kalolljeil cpefbl» co crenmanusanyesi «Pagmanyonnas 6modu-
3uka» u «brodusuka ¢GorobMonOrnUecKnx mporeccop». B pamkax cremyanm-
3alMil OCYILIEeCTB/IACTCS IIOATOTOBKA CIENVAINCTOB-(U3MUKOB, CAMOCTOSTENIbHO
paboTaromux B 067acT OMONOTUM U peIIAIIUX ee IKCIIePUMEHTA/NIbHbIE, Teo-
peTmdeckre u npukaagHble 3amaun. Kadempa obecrmednmBaeT MaTeMaTH4ecKoe,
dbusnyeckoe, XumMnyeckoe u 61onorndeckoe obpasoBaHye Mo 6a30BBIM U CITEIIN-
a/mpHBIM Kypcam: «Obmas 6uonorusi», «MonekynspHas 6uonorus», «Obuas pa-
nuobuonorusa», «Knmmandyeckas paguobuonorus», «dusuonorusn», «Lluronorus»,
«Muxkpobuonorusi», «buodusnka», «buoxmmus», «[loBpexxpenuss u pemnapa-
st JHK», «PaguannonHast reHetukar», «@oroxumms n GoTo61onorus mnepsud-
HBIX IIPOLIECCOB 3peHMs», «Paguannonnasn sammTa», «JJo3uMeTpus U3TydeHmil»,
«MareMaTdeckye MeTOIbI MOJETMPOBAHNA B paiINallIOHHON (P13VKe, OMOIOTNN,
9KONIOIVMM», U ApyruM Kypcam. Kadempa ocyuiecTBifeT Hay4HO-UCCIE[OBATENb-
ckue paboTel B 006/mactu pagmoOMoNorny, pajuanioOHHON TeHeTUKN, KMHETUKN
HEepPBUYHBIX (POTOOMOIOTNYECKUX MIPOLIECCOB, LIUTOIOTUY, MOJIEKY/IAPHOI 6110710-
T, VICHO/Ib30BAHNUA PAAMOHYKINO0B B MEAVIIMHCKNX IIe/IAX, MUKPOLO3VMEeTPUM,
MaTeMaTNYeCKOTO MOJE/MMPOBAHNSA AMHAMWYECKUX OMOIOTMYeCKUX IPOIeCCOB.
Kadenpa npoBogut yue6Hble U IPON3BOACTBEHHbIE IPAKTUKY B Y4eOHO-9KCIIEPH-
MEHTa/IbHBIX Taboparopusx Ha 6ase OODbeIVHEHHOTO MHCTUTYTA S/IepPHBIX MCCIIe-
JIOBAHMII C I1e/IbI0 3aKpeIIeHsI TeOPeTIYeCKMX 3HaHMIL. B uncio yue6HO-9kcepn-
MEHTAJIbHBIX JTab0paTOpuii BXOJAT: TabopaTopusi MUKPOOMoIorn, 1abopaTopus
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LIVITOTIOT Y, Tab0PaTOPYsI MOMIEKY/IAPHOIL Ouonornu, maboparopus ¢poTobmonornm,
nmaboparopus fo3UMeTpuUM U GUMKM 3aIINUTHL, Tab0PaTOPUs SKCIePYMEHTaTbHBIX
MeTofoB AfepHoN ¢pusnkn. Ha kadempe OTKpbITa acCIMpaHTypa [0 CIIeIaTbHOCTH
«Pagmnobuonornsa».

ITpodeccopcko-TpenogaBaTebcKnit cocTaB kadempsl — CIEIUanucTbl BbIC-
meit kBammdukauym: akagemuk PAH M. A.OctpoBckuii, npodeccopa, ydeHsble
OO6BbenMHEHHOTO MHCTUTYTA SePHBIX MCCIefOBaHMil, MOCKOBCKOTO MIHXKEHEpHO-
¢dusnyeckoro MHCTUTYTA, VIHCTUTYTA 0OIel reHeTnky PAH, npyrux kpynHeitmmx
Hay4YHBIX IIeHTPOB. bosbIoe Y4ncio KypcoB YMTAeTCs BERYIUMY COTPYAHMKAMM
JIPD. 3aBenyert kadenpoit uren-koppecnongent PAH npodeccop E. A. KpacaBuH.

B Hacrosimiee Bpems B JIPB paboTaet 60/biiioe YMCI0 MOMIOABIX CIIELUATUCTOB
U3 4yc/la ObIBIINX BBITYCKHUKOB Kadeapbl 6M0(U3UKIL.



3AK/IIOYEHNE

[TpencraBneHHble B M3JAHUM MaTepyaibl OTPaXKalOT MIMPOKUIL CIIEKTP paayo-
OMOMOrMYeCKNX MCCIe[OBaHNIL, MPOBOAMMBIX B Jlabopartopuy pafmanyoHHON
6uonornn OObeaNHEHHOTO MHCTUTYTA SIIePHBIX MccnenoBanmit. Hannune B MH-
CTUTYTe PasHOOOPa3HBIX MCTOYHUKOB V3/TYyYEHUN C PasIMIHBIMU (U3UIECKIIMI
XapaKTePUCTUKAMU U IPeXJie BCEro YCKOPUTeIel TSAXKeTbIX 3apsKeHHbIX YacTHUI]
IpefoIpefenIo OCHOBHYI0 HAIIPAaBI€HHOCTb PagyoOMONIOIMIecKUX MCCIeN0Ba-
HUIT TabopaTopum: M3y4eHNe 3aKOHOMEPHOCTEN M MeXaHU3MOB OVO/IOTMYeCKOro
IeVICTBYUA M3Ty4eHMII IMPOKOTO JMala3oHa NMHENHBbIX nepefad sHeprum. C uc-
HI0/Ib30BAHMEM YCKOPUTE/IEl TsXKE/IbIX MOHOB OblIa pellleHa OfHA U3 KII0YeBBIX
npo67eM pagnaMoOHHON 6MoIoruy — mpobaeMa OTHOCUTEIBHON OMOIOTYeCKOit
9P GeKTUBHOCTY MOHVBUPYIOWMX U3nydeHnit. [Tepsble papmobmonornyeckue yuc-
cnepoBanusi B OV, kak oTMe4anoch B Hauaie KHUTH, ObIIN TIPeAIPUHATHI 60ortee
60 ner Haszan. OHM MPOBOVINCH crienyamicTamu u3 VIHcTuTyTa npodsadonena-
Huit, OHKOJIOTMYeCKOT0 HAY4YHOTO LIEHTpa U PAfa APYIMX MOCKOBCKMX MHCTUTY-
ToB. B 1963 1. mocie o6pasoBanusa VIHCTUTYTa MefUKO-0MOMIOIMYecKuX MpobdieM
M3 CCCP crnenyanmcTsl 3TOTO MHCTUTYTA Hadaay IPOBOJAUTDH MCCIENOBAHNA
Ha yckoputenax OVIAV. VIX nenbio ABIANIOCH U3y4YeHMe 3aKOHOMEPHOCTEN 1 MeXa-
HJ3MOB OMOJIOTMYEeCKOTO AeVICTBYA IIPOTOHOB BBICOKMX 3Hepruil. Heo6xopumocThb
TaKoTo pojja paboT, KaK yKa3bIBaJIOCh, 00yC/IOB/IMBA/IACh HAIMYMEM B KOCMIYECKOM
IIPOCTPAHCTBE IIPOTOHOB BBICOKMX 3HEPTUIl, KOTOpbIe NPEeCTaB/IANN 3HAYNTE/Ib-
HYIO OITACHOCTD J/IA 3T0POBbA KOCMOHABTOB. MoziennpoBaTh 610/morndeckoe feii-
CTBJE IIPOTOHOB BBICOKMX 9HEPIUII KOCMIYECKOTO IPOVCXOXKAEHMSI MOXKHO ObIIIO
B OVIAIV Ha nepBoM yckopuTtene O0beTHEHHOTO MHCTUTYTa — CUHXPOLMKIOTPO-
He, o0O/magamIiieM TaKuM 3HepreTndeckuM auanazoHom. Crenpmamucramu VIMBIT
npu nopgepsxke aupexuy OV n nmpexpe Bcero gupekropa Jlaboparopuu spep-
HbIX Tpo6ieM wreHa-KoppecnonsienTa AH CCCP B.I1. [lxxerneroBa ObUI BHIIIOTHEH
OTPOMHBIII 00beM PagroOMONIOrMYecKNX MCCIefOBaHMII MO U3YYEeHWI0 OTHOCHU-
Te/IbHOI 610I0rMyecKoit 3¢ HeKTMBHOCTY IPOTOHOB BBICOKMX aHepruit. [Tosxe Ha
yCKOpUTe/Ie TsXKeIbIX IOHOB HU3KUX 9Hepruit B Jlabopatopum sfepHBIX peaximnit
IpY aKTUBHOI MOJJIeP>KKe ¥ BHUMAHNM K 9TUM paboTaM AMpeKTopa mabopaTtopun
akazgemnka I. H. ®nepoBa, a 3arem akagemuka 0. 1]. OraHecsiHa ObIi HaYaTHI MC-
cnefoBaHMs 6monorndeckux 3pPeKToB, MHAYLMPYEMBIX BO3[EIICTBIIEM YCKOPEH-
HBIX MHOTO3aps/IHBIX MOHOB. Takue paboTbI MIMeNN Lie/IbI0 M3Y4YUTh OCOOEHHOCTH
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[eiCTBMA TUIOTHOMOHU3MPYIOIUX U3TYyYEHUI Ha pasHble TUIIBI JKMBBIX KIETOK:
MUKPOOPTaHU3MBI (JpOXOKeBble U OaKTepuanbHble KJIETKM), TKaHU 9KCIIePUMEeH-
TaJIbHBIX )KVBOTHBIX (POTOBMUIIA, KOXQ), pacTUTeIbHbIe 00BeKThl. bbumn momyye-
HbI Ba)KHbIE PE3Yy/IbTAThl IO JIETa/JIbHOMY JIEMICTBUIO TSIKE/IbIX MOHOB Ha KJIE€TKM,
BO3HMKHOBEHNIO XPOMOCOMHBIX ITOJIOMOK B 00/my4eHHBIX KileTkax. ITocre cospa-
HuA B 1978 1. cextopa 6monornyeckux nccneposannit B OVIANM corpynHmndecTBo
¢ VIMBII npopomxkanoch y>xe Ha HOBOM ypoBHe. HacThb ClienuaniucToB 3TOro VH-
CTUTYTa IepelTa paboTaTh B 00pa3OBaHHBIN CEKTOP OMONTOTMYECKNX JMCCTIe0Ba-
Huit O6'be[MHEHHOTO MHCTUTYTA, KOTOPBIV ObII CO3[JaH PV aKTUBHOI ITOfIePKKe
pupexropa JIAII B.I1. Ixxenenosa. IlosToMy TpaguLIOHHBIE CBA3Y, OPTAHNYHOCTD
U IPeeMCTBEHHOCTb KOHTaKTOB MexXny crenuanuctamu VIMBII u OMANM npoporn-
JKWINCD. VI TeMaTMKa MCCIelOBaHNIA, CBA3AHHDBIX C PELIEHNEM 3a/jad KOCMIYECKON
panno6monorny, Bcerja IpUCyTCTBOBAIA B TeX HAIIPABJIEHNUAX PabOT, KOTOPbIE BbI-
HOTHSJIUCH CllelyanucTaMm-paguoomonoramu OVISAN.

Ha coBpemeHHOM 3TaIe B CBSI3U C TOCTAHOBKOII 4€/I0BEYECTBOM aMOMUIIVIO3HBIX
nporpaMM ocBoeHMs JIyHBI M 9KcIienmiuy Ha Mapc Tema oObeIVMHEeHUs YCUInit
B MCCTIE[IOBAHMSIX, CBA3AHHBIX C KOCMUYECKON pagnobmonornei, npuobpena oco-
6y10 aKTya/IbHOCTb, IIOTOMY 4TO pean3alis TaKMX JUINTETbHBIX II0JIETOB B IEPBYIO
odepeyb CBsA3aHa C pelleHyeM IIpo6IeMbl IPeooIeHNs PaAalIOHHOTO 6apbepa,
KOTOPBIN CO3/laeT TalaKTUYeCKoe KocMudecKoe usnydenme. PakTop MUKpOrpaBu-
TalMy, IO-BUAVMMOMY, He OYIeT ABJIATHCS [TTABHBIM IPEISTCTBIEM K BBIIIOTHEHIIO
JUTMTENIbHBIX II0/IETOB BHe MarHUTOCQepsl 3eMmn. MHOTE BOIPOCH], CBSA3aHHbBIE
C BO3JIEJICTBMEM HEBECOMOCTM Ha 4Y€/IOBEYECKMII OPraHM3M, K HACTOALEMY Bpe-
MEHU YCIIENTHO PeIlleHbl. A MOHOCTBIO 3AIIUTUTHCA OT Ia/laKTUYECKOrO M3JIyde-
HIA IIpY TI07IeTe B JaTbHEM KOCMOCE II0Ka HEBO3MOYKHO. 3a rOff TAKOTO IOJIeTa Ha
1 cM? Tesla KOCMOHABTA MoMafiaeT 10 10° TSKebIX 3apsyKEHHBIX YACTUIL TPYIIITHI
yriaepopa u xenesa. buonornmyeckas appekTMBHOCTD sAfep Keme3a O4eHb BBICOKA.
B pesynbraTe MX BO3IeNCTBYS ¢ OOIBLION BEPOATHOCTHIO BOSHUKAIOT PAKOBBIE 3a-
6oneBanHMs1, 00pasyOTCs MyTAlVIV, OHY JISICTBYIOT U1 Ha XPYCTAJIVK, B pe3y/IbTare
4yero oOpas3yercs KaTapakTa, i Ha CeTYaTKY I71a3a, II0PaXKaloT KJIeTK LIeHTPaTIbHO
HEPBHON CUCTEMBI.

VI3y4aTb B KOCMOCE ITOC/IEACTBIA TAKOTO BO3[IEMICTBYA HEBO3MOXKHO, X MOXKHO
TOJIBKO MOZIETPOBATh Ha YCKOPUTEAX 3aPsKEHHBIX YacTUL, KAKVMM ABJIAETCS, Ha-
npumep, HyknoTpon OVIAN. B 3agauax momenupoBannsa 6uonorndecknx spdex-
TOB TsDKEJIbIX 3aPSKEHHBIX YaCTUI] Ha YCKOPUTE/IAX HOBOT'O IIOKOJIEHNA Ha TIEPBbIN
II7IaH BBIXOJAT MICCIENOBAHMSA MOIEKY/IAPHBIX MEXaHM3MOB IIOBPEXIEHNA T€HETH -
YECKOro alllapara, B pe3y/nbTaTe 4ero MOXXHO CeNnaTh OLEHKY XapaKTepa MHIY-
UpyeMbIX HapyumeHuit ctpykrypsl JHK, mockonbKy noBpex/ieHus OT rajakTu-
YECKOTO M3/Ty4EeHMA Ka4eCTBEHHO ¥ KOMMYECTBEHHO OT/IMYAIOTCA OT BO3JENCTBIUI
3/IEKTPOMAarHUTHBIX BUJOB MOHU3UPYIOMX MU3/TydyeHuit. Halo TouHO 3HaTh, Kakue
MyTaly/i BOSHMKAIOT ¥ HACKOJIbKO OHI OIIACHBI, OL€HUTD BEPOATHOCTb BOSHUKHO-
BeHMsI PAaKOBBIX 3a00/IeBaHMII U PUCK BO3HMKHOBEHNUS KaTapaKTbl, OLIEHUTb PUCK
MOBPEX/EHNA CTPYKTYP MO3Tra, IIOCKONbKY BO3JENCTBUE TAXKENbIX 3apsKEHHBIX
JaCTUI] MOXKET IIPMBECTY K HAPYIIEHNIO BaKHBIX QYHKINII [[eHTPaTbHOI HEPBHO
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cucTeMbl. PerlieHne BceX 9TUX BOIPOCOB — 3TO yHAaMeHTa/IbHbIe Pagio0monorn-
JecKye UCCIeOBAHMA Ha YCKOPUTEIAX MHOTO3aPSIHBIX MIOHOB BBICOKUX SHEPIMIL.
Tsxernble 3apsyKeHHbIE YacTUIBL SABJISAIOTCSA YHUKATBHBIM MHCTPYMEHTOM, IIO3BO-
JISIOLIVIM PeIlaTh MHOTYE BOIIPOCHI OpTaHM3AIVV KUBBIX cycTeM. Pagyo6uonorys
TSDKEJIBIX 3apsDKeHHBIX YacTUI] — HOBas pajyallYiOHHAsA OMOJIOTNA, OTIMYHAS OT
KJIACCUYECKOIA, MMEIOLIell IeI0 C 3IeKTPOMarHUTHbIM nsnydennemM. Ceitdac paspa-
6aTpIBatoTCA 9P PeKTVBHBIE METOABI PAVOOMOTIOTNYECKIIX VICCIeOBAHNIL, M MOX-
HO OXKIMJIaTh pellleH)sI He TOIBKO BOIIPOCOB NPUK/IAJHOTO XapaKTepa, CBS3aHHbIX,
HaIlpuMep, ¢ IoIeTOM Ha Mapc, HO U perieHns GyHAaMeHTaIbHBIX IPOOJIEM, KOTO-
PBIMM 3aHMMAeTCs paiualliOHHasA reHeTHKa Kak 4acTb Life science — Hayk o 3emre.

B Jlaboparopuu pafuanioHHON OMONMOrMM HOBBIE YCTPEMJICHMs CBSI3aHBI
¢ paboroit Orgenenns ¢usnonornn PAH. Bonmbioit uMnynbe fia passButus pa-
AM06MOIOTYEeCKUX MCCTIEOBAaHNIT B TabopaTopuy Jajla Bble3[Has ceccus 610po
Ortnenenus, npoxopusias nerom 2013 r. B [ly6ne. Pabora ceccunm 6b11a Harpasiie-
Ha Ha pa3pabOTKy HOBOJI KOHIIEIIIVN PaJMaIIOHHOI 0€30IIaCHOCTY IIPU IIMIOTH-
PYeMBbIX MEXIUTaHETHBIX IofeTax. Peub 1ta o popmupoBaHuy HOBBIX B3IJIALOB Ha
pelieHye po6eMbl «pafyalIOHHOTO 6apbepa» Ipy HO/IeTaxX YeJloBeKa K APYTrUM
IUIaHeTaM, O MPUHIMIINAIBHON BO3MOXKHOCTU TaKMX II0JIETOB Ha COBPEMEHHOM
sTane pasBUTHA KOCMUYECKON TeXHMKN. B oT/IMume OT yCTOABIIMXCS B3IVIANOB,
KOTOPBIMU IO HACTOAIIETO BPEMEHM PYKOBOJCTBYIOTCA crenyannctbl NASA, es-
POIIeTICKOTO U PYTUX KOCMIYECKIX ar€HTCTB, KOTZIa PUCK PAaalliOHHOTO BO3/ieli-
CTBMSI PaCCMATpPUBAETCA KaK BEPOATHOCTb BOSHUKHOBEHNA ITPEXK]Ie BCEIO PAKOBBIX
3abojieBaHMIT B pe3y/braTe OT/jaIeHHbIX 3¢ dekToB 06mydenns, B JIPB paspabarsr-
BAIOTCS HOBBIE IIOIXO/BI K PEelIeHNI0 IPOOTIeMBI.

KoHnenmusa paayalMOHHOTO pyucKa JIsi KOCMOHABTOB B YC/IOBMAX OpOUTasIb-
HOTO U MeXIUIAHETHOTO IT0JIETOB, MCIIO/Ib3yeMasi B HacTOsIee BpeMs, OCHOBaHa Ha
BBefIeHN 0000IeHHOTO TO3MMeTPUYecKOro QyHKI[MOHA/IA B Ka4eCTBe KPUTepus
I KONMMYEeCTBEHHOI Mepbl payiallioHHOI ormacHoCcTH. O6001eHHas 03a c1araeT-
Cs1 M3 103 00JTy4eHIs, BBISBIBAIONIVIX HEIIOCPECTBEHHBIE U OT/ja/leHHbIe 9P PeKTHI.
bryxarimme pagManyoHHO-MHAYLMPOBaHHbIe 3 (EKThl BO3HUKAIT B XOfie II0-
JeTa, a OTHAJIeHHble HapylleHNss GOPMUPYIOTCS B TeUeHMe MTOCTeNYIONeil KU3HN.
[Tpu pacueTe mo3bI /11 GMVDKANIINX U OT/aIeHHBIX 3G (HEKTOB 00/TyIeHVsT BBOIAT-
cs1 K09 puuMeHTDI, YIUThIBAOIMe BAVSHNE Ha papymobmonormyeckuiti addexr
KayecTBa M3TydeHuA (Kya BXOJAT U TsKe/ble 3apsyKeHHbIe YaCTUIbI Pas/INIHbIX
9Hepruii), K09 PUIVEHTDI, yYIUTHIBAIOIINE PacIIpefie/ieHIe 03Bl BO BpEMeH, pac-
npefeieHre J03bl MO0 Tely 4YeloBeka, M K09 uiyeHTbl MognpuKauuy rIy4eBoit
peakiuy opraHu3Ma 3a c4eT APyrux GakTopoB KOCMUUEcKoro monera. OgHako Ta-
KOJI TTOAXOf, K OL|eHKe HellpyieMJIeM /ISl IIO/IeTOB Ha IPYTHe IIAHEeThl. ITO CBSI3aHO
C TeM, YTO JIeMICTBYUE TSDKETIBIX sAfiep OT/INYAETCS OT BO3/EVICTBIS 3Ty deHWIT S7IeK-
TPOMAarHMTHO! IPUPOABL: NPOXOXKIEHNE TPeKa TOMbKO OFHOM YacTUIIBI MOXKHO
CPaBHUTD C IIPOXOXKAEHVEM «ITY/IN», BBIE/SAIOIE] OTPOMHOE KOJIMYeCTBO JIOKA/Ib-
HOJI SHepruy, TOIfa Kak BTOpoe — ¢ 97IeKTPOMarHUTHBIM «IoXKaeM». [leficTBue Ts-
JKeJIbIX 3aps>KeHHBIX YaCTUI] Ha CTPYKTYPbI MO3Ta B J03aX, COOTBETCTBYIOLIVX pe-
QJIbHBIM ITOTOKAM TSDKeJIBIX YaCTHUI] IIpY IToj1eTe K Mapcy, BHI3bIBAIOT BHIpaKeHHBIE

90



HapyIIeHNs IPOCTPAHCTBEHHON OpPMEHTAIVV, HApYIIeH)s KOTHUTUBHBIX (PYHK-
1uii. BbIIO BBIACHEHO, YTO TSAXKETIblEe MOHDI MIOBPEXIAIOT BAXKHENMIIYIO CTPYKTYPY
MO3ra, OTBETCTBEHHYIO 3a (JOPMMPOBAHNE ONEPATUBHON MAaMATHU, — TUIIIOKAMIL
B aToM otpene LeHTpanbHOV HEPBHOM CUCTEMBI IIOCTOSIHHO IIPOMCXOAUT Helpore-
He3 — 0Opa3oBaHue HOBBIX HEIIPOHOB, yYaCTBYIOIVX B (POPMUPOBAHUY «OIepa-
TUBHON» U «JONTOBPEMEHHON» MaMATH. C y4eTOM HOBENIINX Pe3yIbTaTOB, IOMY-
YeHHBIX HelipodusuonoramMmu, HeoOXOAVMO IepecMOTpPeTh paHee pa3paboTaHHbBIE
KOHIIETIIVIY, CBsA3aHHBIE C OLIEHKOII PUCKa O0/Tyd4eHNs SKUITaXell IPY MeXITaHeT-
HBIX nonieTax. Vsy4yenue Heitpodumsnonorndeckux 3¢pPekToB KOCMIUYECKNX U3NTY-
YeHUII CTAHOBUTCS OJJHO 13 IIABHBIX 3a1a4, CJIOXKHOI ¥ MHTEPECHO, Tpebyolert
HIMPOKOTO CIEKTPA MCCNIEOBAHMIT — OT HOBPEX/I€HNI TeHeTUYECKMX CTPYKTYP [0
V3y4YeHNUs HapyIIeHNIT BBICIIVX [TOBeleHYeCKNX QYHKIMIL.

Ilepsbie mary B 3T0M HanpasiaeHuy npeanpuuAaTel JIPb B 2013 r., korga Ha me-
AuIuHCKOM 1yuke ¢asoTpona JIAII c suepruert 170 MaB u Ha nmyuke Anep yriepozna
HyknoTpoHa JI®OBI ¢ sneprueit 500 MaB/Hyk/10H ObIIM 0OTy4eHBI ITO TPY MaKaKI-
pesyc, mpenocrasnenHsle VIMBII. O6mactb ronmoBsl (Mo3r) 06e3bsH 001y4anuch
nornomeHHoi nosoi 1 Ip. JKuBoTHBIe IpegBapuTeIbHO 00YYAINCh PEIIEHNIO Te-
CTOBBIX 3ajla4 Ha KoMIbioTepe. Lle/bio sKCIIepyMeHTOB OBbIIO BBIAB/ICHNE HapYIle-
HUIT IPMOOPETEHHBIX VIMJ HABBIKOB B Pe3y/IbTaTe BO3JECTBIS Ha MO3T TSXKEIBbIX
3apsDKeHHBIX YaCTHII CO CPAaBHUTENbHO HebombyMy 3HadeHysiMu JIT13. Tocre 06-
nydeHys 00e3bsaHbI Bo3BpalleHsl B VIMBII 1 nmpogo/pkeHns ucciefoBaHuil.

ITpencTouT GornmbInas fanbHeNIIas SKCIepUMeHTalbHasA paboTa Ha yCKOpUTe-
JISIX, HOCKOJIBKY BOIIPOCOB 37IeCh BO3HMKAeT 04eHb MHOro. Hanpumep, Heobxonnmo
U3YYUTD TOBPEXKIAEMOCTb B K/I€TKAaX TeHeTUYECKUX CTPYKTYpP, KOTOpble KOHTPO-
JIMPYIOT CMHTe3 0€/IKOB, YIaCTBYIOIIMX B paboTe MeMOpaHHBIX KaHa/IOB 11 obecrre-
YMBAIOLINX B3aMMOJIEIICTBIIE HEIIPOHOB MEX/Y co00i1 B cHancax. Paguo6nonoram
nabopaTopuy KpaiHe HY)KHO LIIMPOKOE COTPYSHUIECTBO CO CIIEIMANUCTAMI B 00-
JIacTU Helipo6monorny. PelmmTh MOCTaBIEHHYIO CyIep3afady 6e3 TaKoro COTPYA-
HIYeCTBA B Halllell cTpaHe Oy/eT KpalitHe CJIOKHO.

C y4eTOM HOBBIX IUIAaHOB, CTOAMMX Nepen J/TabopaTtopuelt pagyairioHHOI 610-
noruy, B Hayaste 2015 1. Opl1a yTBep)K/jeHa ee HOBasi CTPYKTYypa.

OTpen paguanoHHoit 610mOrNy 11 PUIMOTOTUY BKITIOYAET IIATh CEKTOPOB 1 OTHY
IpyIIly, B 3a/la4 KOTOPBIX BXOJAT:

e VICCTIE[IOBAaHNA MEXaHN3MOB (OPMMPOBAHNA MOJEKYIAPHBIX HapPyIIeHMIt
crpykrypbl JHK n ux penapauum npu meiicTBUM TAXKENbIX 3apAXKEHHBIX YaCTHUI]
PpasnMYHbIX SHEPINIL;

e VICCTIE[JOBAHNA 3aKOHOMEPHOCTEl U MeXaHM3MOB OOpa3OBaHMA TeHHBIX U
CTPYKTYPHBIX MyTal[/il B KJIETKAX BBICIINX ¥ HUSIIUX SYKAPUOT IIPU IEICTBUL TS~
KeTTbIX 3apsKEHHBIX YACTHI; BhIACHEHNE MeXaHN3Ma «I€HeTUYeCKOil HeCTabuIb-
HOCTI» KJIETOK MJIEKOTIMTAIOINX U Y€TI0BEKA;

e JICCTIEJIOBaHME MEXaHM3MOB IOBPEXIEHMA ¥ BOCCTAHOBJIEHMA MOpQoIo-
TMYeCKMX ¥ (YHKIVMOHA/IbHBIX HAPYLIEHNI B Pas/IMYHBIX OT/eNaX IIeHTPaTbHOM

91



HEPBHOI CUCTEMBI U CETYATKe I/1a3a IPU JelICTBUM TSAXKE/bIX 3apsSyKeHHBIX YaCTUL]
BBICOKVIX 9HEPTUI;

o MaTeMaTH4YeCcKOe MOJeMPOBaHNe PajuallIOHHO-MHAYLMPOBaHHbBIX 9 dek-
TOB MOHM3UPYIOIWIMX M3/TydeHnii ¢ pasHoii JIII9 Ha MoneKynsapHOM U KI€TOYHOM
YPOBHSIX;

 pa3paboTKa M aHaIM3 MaTeMaTUYeCKMX MOJeell MOJIEKY/ISPHBIX MeXaHMU3-
MOB HapyLIeHUI CTPYKTYPBI ¥ (YHKUMII LIeHTPa/JbHOI HEPBHON CUCTEMBI B pe-
3y/IbTaTe IeMICTBUA 3aPsKEHHBIX YacTUL] BBICOKUX SHEPIUIL

Cekmop monekynsapHoti paouobuonozuu. 3aadyl CeKTopa:

* U3y4yeHue 3aKOHOMepHocTell popmmposanys nospexaennit JTHK B kineTkax
MJIEKONMTAIOIINX U YeTI0BeKa MPY JeICTBUN VOHUSUPYIOIINX U3TyYE€HUI C Pa3HbI-
MU GU3NIECKUMM XapaKTePUCTUKAMU C MCIO/Nb30BaHUEM (IyOpeCleHTHON MM-
KPOCKOIINMM, UMMYHOLIMTOXMMIYECKNX, LIUTOMETPUYECKIX U MOJIEKY/IAPHO-01O-
JIOTMYECKUX METOJIOB;

 M3y4YeHME 3aKOHOMEPHOCTEN ¥ MEXaHU3MOB penapauyy nospexpennii JHK
B KJIETKaX MJIEKONMTAIOLMX U YeTOBeKa NP AECTBUY VMOHU3UPYIOLUX U3/Ty4e-
HUIl C pa3HbIMM (PU3MYECKMMU XapaKTePUCTUKAMM C UCIIO/Ib30BaHyeM ¢ryopec-
LEHTHOJ MUKPOCKOINY, MMMYHOLUTOXMMUYECKIX, TUTOMETPUYECKUX U MOJIEKY-
JISIPHO-6MO/IOTMYECKIX METO/IOB;

e VI3y4eHMEe 3aKOHOMEPHOCTeNl (YHKIMOHMPOBaHMs O€/NKOB, Y4acCTBYIOIIMX
B (POpMMPOBAHNUY K/IETOYHOTO OTBETA HA PAMAIIIOHHOE BO3/IeliCTBIE (perapanys
IHK, anontos), meropamu rpuromerpun u [TIIP.

Cexmop paduayuoHHoli yumonozuy. 3ajadyl CeKTopa:

e M3y4YeHMe NeVICTBUA PEJKO- ¥ IVIOTHOMOHU3UPYIOWINX U3TyYeHUI Ha K/IeT-
K MJIEKOTIMTAIOIVIX 1 YelIOBEKA, B TOM YNC/Ie VICCTIeOBaHNe OMOMOrnIecKux ag-
(heKTOB MasbIX 103 MOHM3UPYIOIUX U3Ty4YeHNII Pa3HOTO KayecTBa Y MEXaHU3MOB
VX peann3alyuyl B HOPMAJIbHBIX M OIYXOJIEBBIX K/I€TKaX; OLIEHKA IIEPBUYHBIX I10-
BPEXIEHNII ¥ XPOMOCOMHBIX abepparyif, MHyIMPOBAHHBIX M3/Ty4eHUAMIU Pa3HO-
IO Ka4yecTBa;

e JCC/IEIOBAHME MYTareHHOTO JEeICTBUA PEIKO- U IJIOTHOMOHU3UPYIOIINX 13-
JTy4€HUII Ha KJIETKY M/IEKONIMTAIOIINX U 4€/I0BeKa; aHa/IM3 XPOMOCOMHOII ¥ T€HOM-
HOIl HeCTaOMIBHOCTH B OTJA/IEHHbIE CPOKY IOCTIe OOTydeHM.

Cexmop paduayuoHHoti pusuonozuu. 3agadm ceKTopa:

e JCC/IENOBaHMA MOP(ONOTMIECKUX ¥ LIMUTOTOTMYECKNX HApYIIEHMI B IjeH-
Tpa/IbHOV HEPBHOI CCTeMe MIEKONIUTAIOLIVX IIPY IeICTBAN MOHU3UPYIOLUX W3-
JTy4eHMII C pa3HbIMM PU3UYECKMMI XapaKTepUCTUKAMY;

e VICC/IEOBaHNA (QYHKIVIOHAJIbHBIX HApYLIEHUII B IIeHTPAIbHOV HEPBHOM C-
cTeMe M/IEKOIUTAIOIINX NP AEeMICTBUM YCKOPEHHDBIX 3apsAKeHHBIX YaCTULL pas3iny-
HBIX SHEPTUI;

o uccrenoBanusa MopdodYHKIMOHATBHBIX HAPYIIEHMII B CeTYaTKe I1a3a Myie-
KOINUTAKIINX IPY AEVICTBUM MOHMUSUPYIOIUX M3TYy4eHU 37TeKTPOMAarHUTHON U
KOPITYCKY/IAPHON IIPUPOJIBIL.
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Cexmop paduayuoxHoti Hetipoxumuy. 3afadn CeKTopa:

e M3y4YeHME HeMIPOXMMMYECKNX HaPYILIEHNI B PAa3IMYHbIX OT/e/IaX LeHTPaslb-
HOJI HEPBHOJ CHCTeMBI 1TA00PATOPHBIX KMBOTHBIX TPV AEVICTBUM MOHU3UPYIOIINX
VI3Iy4EHUI PA3HOTO Ka4eCTBa;

e VICC/IEIOBaHVE HAPYIICHMIT IIOBeIeHNA, AUCKPYMUHAHTHOTO OOy4YeHMS U BbI-
3BaHHBIX IIOTEHIVA/IOB Y TA00PATOPHBIX )XMBOTHBIX ITOCTIe BO3JENCTBYS Pas/Iny-
HBIX BUJIOB MIOHU3VPYIOIIVX V3/Ty9eHNI];

e JCC/IEIOBAHME KOPPENATUBHBIX CBA3EI MEXY HEMPOXMMIYECKMMY Hapylle-
HUSIMU B Pa3/IMYHBIX OTHENaX [[eHTPa/JbHOI HEPBHOI CUCTeMBI U Moaudukanmen
HOBefeHYeCKUX (PyHKIUI Py AeICTBUY MOHM3UPYIOMINX U3TyYeHNUI.

Cexmop mamemamuueckoz0 MOOeNUPOSAHUS PAOUAUUOHHO-UHOYUUPOBAHHDLX
agppexmos. 3aadert CeKTOpa SABIACTCA MaTeMAaTMYeCKOe MOJeIMPOBAHME Pajyi-
aIMIOHHO-MHYIVPOBAHHBIX 9(p(eKTOB Ha MOJIEKY/ISIPHOM U KI€TOYHOM YPOBHE,
B 4aCTHOCTMU:

e MoJenMpoOBaHue noBpexpenHuit crpykTypsl JHK usnydenuamu ¢ pasHbiMu
busnyecKuMM XapaKTepUCTUKAMU;

e MOJIEIMPOBAHME MYTareHHOIO BO3JEVICTBMA MOHUSUPYIOUIMX WU3TydeHUN
C pas/JIMYHOIN JIMHENHOM Iepefladyeil SHEPIUM B KI€TKaX M/IEKONMTAIOIINX MYeIo-
BEKa;

e MOJIEIPOBaHME MOJIEKYIAPHBIX MEXAaHM3MOB HapyIIEeHUI CTPYKTYpbl U
(YHKUMIT [[eHTpa/NbHO HEpBHOI CUCTEMBbI B pe3y/bTaTe JIeICTBUA MOHUUPYIO-
VX U3JTy4EeHUI.

Ipynna paduayuonHoti eeHemuky HU3WUX 3yKapuom. 3afadyl TPYIIIIbL:

e JCC/IEIOBAaHME MEXaHM3MOB MYTAareHHOIO JIEeMICTBUA MOHU3VMPYIOLIETO U3ITY-
YeHN Pa3HOro KayecTBa Ha KJICTKY APOXKeit Saccharomyces cerevisiae;

 M3y4YeHME 3aKOHOMEPHOCTEN BO3SHUKHOBEHNA F€HHbIX ¥ CTPYKTYPHBIX MyTa-
LM Y GPOXOKEBBIX KIE€TOK IIPU AEVICTBUM M3IYYeHUI C pasHON JIMHEIHOM Iepe-
madeil SHeprum;

e JICC/IEIOBAHME BIMAHUA HAa MyTareHe3 JPOXO KeBbIX KIETOK TeHETUYECKNX U
¢dusnonornyecknx GakTopos.

OTpen paguanMOHHBIX MCCIEFOBAHNMIA. 3aja4y OT/eNa:

e TEOpETUYECKME U IKCIEPUMEHTANbHbIe MCCIEJOBAaHUA B3aMMOMECTBUA
VIOHM3VPYIOIIETO U3/Ty4eHNs C BelleCTBOM, MOJeNINpPOBaHMe PafVallIOHHbIX 3¢-
(eKTOB B BellleCTBE;

e pa3sBUTME METOJOB pacyeTa TPAHCIIOPTA U3YYEHUN B BEIECTBE, PACcYeT 3a-
IUT A7iepHO-PU3NIECKMX YCTAHOBOK M KOCMIYECKMX alllIapaToB, pacieT OTKIVIKOB
IeTeKTOPOB (IpMOOPOB) [/IA pEIrUCTPALUN U3y ICHMIL;

e y4acTye B 9KCIIepTH3e IPOEKTOB ANEePHO-(PU3NUECKUX YCTAHOBOK 1 KPYITHBIX
9KCIIePYMEHTA/IbHBIX YCTAHOBOK B 4aCT! pa/iualilOHHOI 6€30I1acCHOCTY;

e SKCIIepMMEHTa/bHble JICCIeNOBaHMA IO (U3MKe 3alUThl M JO3MMETpPUN
Ha sAfepHO-Pusnuecknx ycranoBkax OVIAV, paspaboTka 1 ycoBeplIeHCTBOBaHNE
CPENCTB pafVallIOHHbIX M3MePEeHNI;

o ¢usnyeckas MOAEPKKa pafnoOMOIOrNYeCKIX UCCIeTOBAHMII Ha ITyYKaxX 3a-
PSOKEHHBIX YacTul] sAfiepHO-pusndeckux ycranopok OVIAN;
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e y4acTye B paboTax IO TeMaTuKe S/[epHOil IVIaHeTONIOoTruy coBMecTHO ¢ JIHD
OVAN u KM PAH.

Ipynna modenuposanus 63aumoO0etictnéuti UOHUSUPYIOULUX UTTYHeHULl C Beule-
cmeom. 3ajiady IPyIIIIbL:

e OCBOEHNE VM BHEJPEHME COBPEMEHHbIX METONOB pacdyeTa TPAaHCIOPTa U3Iy-
YEHMI1 B BEIleCTBE VM HAaBEIEHHON aKTUBHOCTU, MOJE/IMPOBaHMEe pafiMialliIOHHbIX
3¢ (}eKTOB B BelIeCTBE;

e pacyer 3aIUT AfEPHO-PU3MUECKUX YCTAHOBOK M KOCMMYECKNX alllapaToB,
9KCIIEPTU3a MPOEKTOB AepHO-PU3NIECKUX YCTAHOBOK ¥ KPYITHBIX 9KCIEpPVMEH-
TaJIbHBIX YCTAHOBOK B YaCTY PaMAaI[MIOHHOI 6€30M1acHOCTY;

¢ pacyeT OTK/IVKOB pajVallOHHBIX JIeTEKTOPOB (IpuOOPOB) K VIOHM3UPYIO-
MM U3TY9EeHUAM.

Ipynna uccnedosanuii paouayuoHHvix nonei 6a3osvix ycmanosok OVAV u okpy-
Jcaroueti cpedvl. 3afadyl TPYIIIIBL:

e JICCTIEfJOBaHYVIE XapaKTEPUCTUK IIOJIeil U3Ty9eH)sI Ha 6a30BBIX s/iepHO-Pu3n-
yecknx yctanoBkax OISV u B okpy>karoeii cpene;

 pa3paboOTKa I COBEPIICHCTBOBAHNE CPENCTB PAAMAIVIOHHbIX VI3MePeHMIT;

o (msuyeckas mopmepKKa paguoOMOTOTNIeCKNX SKCIIEPUMEHTOB Ha 0a30BbIX
¢dusnyeckux ycranoskax OVAN;

e yuyacTue B paboTax IO TeMaTHKe SAfIepHOII ITaHeToorny coBMecTHo ¢ JIHD
OVAN u KU PAH.

Cexrop acTpo6uonornu. OCHOBHas Hay4yHas 3ajiadya CeKTOpa COCTOUT B O1O-
JIOTMYECKOM ¥ T€OXMMMYECKOM MCC/IENOBAHUI PAaHHUX 3TAIlOB Pa3sBUTUA 3eMIIN,
B UCC/IE[IOBAaHMM KOCMMYECKOTO BellleCTBa Ha 3eMiie M B O/ypKaiileM KocMoce,
B TOM YMCIIE:

¢ B KOMIUIEKCHOM UCC/IEOBAHNY OMOTOTMYECKUX MPOSABICHNI U TeoXuMmde-
CKUX 0cOOEeHHOCTell Ha paHHel 3eMrie;

B KOMIIJIEKCHOM MICCTIEJOBAHMI KOCMMUYECKO ITBLIN;

¢ B KOMIIJIEKCHOM MICCTIEJOBAHUYN METEOPUTOB;

e B U3YyYeHUM KOCMMYECKOTO BEIECTBA B MEXIUIAHETHOM IIPOCTPAHCTBE,
Ha KOMeTax, aCTepoujax 1 IIaHeTax;

e B M3YYEHM) PAHHMX CTaauit pOpMMPOBAHMA OPTraHMYECKUX COENUHEHMUN

BO Bcenmennoii.
47,4%

B nacrosamee Bpemsa B JIPb pa-

35-59 ner 60TaOT 2 [EeICTBUTENIbHBIX YiIeHA

PAH, 1 unen-xoppecnongent PAH,

60 u Gonee neT 6 MOKTOpPOB OMOIOrMYECKUX HayK,
2 OKTOpa MEAVIIMHCKVIX HayK, 2 NOK-

Topa (U3MKO-MaTeMaTIYeCKIX HayK,

9 KaH/MJATOB OMOMOTMYECKUX HAyK,

8 KaHIUOATOB (l)M3MKO—MaTeMaTM—
9geckux Hayk. CpemHuii Bo3pacT co-
TpygHUKOB JlabopaTopuu Impepcras-
JIEH Ha [1iarpaMMe.

26,8%

25,8%
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VHTepHaUMOHAIbHAS TPYIIIA PAAMOOMOIOTMN MIKPOOPTaHN3MOB. 1980-¢ IT.

International Group of Microorganism Radiobiology. 1980s

Bepyumit nxeHep A. I1. YepeBaTeHKo — paspaboTumK ycTaHOBKY «['eHOM»
1A 06mydeHns 6Mo06beKTOB Ha ycKopuTene ¥Y-200. 1980-e rr.

Leading Engineer A. P. Cherevatenko, the designer of the Genome facility
for irradiation of biological objects at the U-200 accelerator. 1980s
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Kanpunat 6nonorndecknx Hayk uutoreHeTuxk P. JI. ToBopyH npoBogut
aHa/mu3 00/Ty4eHHBIX K/IeTOK. 1980-¢ IT.

Cytogeneticist R. D. Govorun, Cand. Biol,, is studying irradiated cells. 1980s

I'pynma pagno61os10ros nocie BpydeHus nepsoit npemuu OVIAN
BMecTe ¢ gupekTopom JIAIL B. I1. [I>xenenossiM. 1987 .

A group of radiobiologists and LNP Director V. P. Dzhelepov (first row, left)
after receiving the JINR First Prize. 1987




ITepBble MOHOTpadu 10 pafUAIMIOHHOI OMOTOTUH TSKENBIX IOHOB

The first monographs on heavy ion radiation biology (in Russian):

“The Problem of Relative Biological Effectiveness and DNA Repair” by E. A. Krasavin
(M.: Energoatomizdat, 1989); “The Mutagenic Action of Radiations with Different
Linear Energy Transfer” by E. A. Krasavin, S. Kozubek (M.: Energoatomizdat, 1991)



Busur B [Iy6ny mpodeccopa K. Tobaiteca (CILIA, Bepxmu). Cnpasa E. A. KpacaBun. 1972 1.
A visit by Prof. C. Tobias (Berkeley, the U. S.) to Dubna. On the right E. A. Krasavin. 1972

Busur goxropa T. SIura (NASA) Ha kongepenuuto B Iy6uy. 1986 r.
A visit by Dr. T. Yang (NASA) to a conference in Dubna. 1986
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Mesxpynaponnast koHpepeniysi COSPAR. Komnoksuym «PagnanmoHHas 6e30macHOCTb
OUIOTHPYeMOro mosteta K Mapcy». [Iy6ua, 2003 r.

Colloquium “Radiation safety of the manned flight to the Mars” as part
of the international COSPAR conference. Dubna, 2003

IKCIIEPUMEHT C KYIbTYPOIi KJI€TOK MieKonuTaoiux. 1980-e rr.
An experiment with a mammalian cell culture. 1980s




Cosetnuk gupexropa JIPb, ocHoBaTenp oTfena paguanuoHHON
6€30acHOCTH U panVaIMOHHbIX uccnegoBanuit OVIAN
KaHAuAaT GUsMKo-MaTeMaTnyeckux Hayk M. M. Komoukos

Adviser to the LRB Director, the founder of JINR’s Department
of Radiation Protection and Radiation Research
M. M. Komochkov, Cand. Phys. and Math.

I'pynmna GpusnKOB B X0fi€ pafuoO6MOoNIOrnyecKoro sKCIepuMeHTa
Ha cuaxpodasorpone. 1990-e rr.

A group of physicists at a radiobiological experiment at the Synchrophasotron. 1990s
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TokTop ¢usuko-mMareMatnyeckux Hayk I'. H. Tumomrenko u corpymauk
u3 CroBakun V1. MapTHHKOBUY TOTOBST 060pyHOBaHMe
L7151 pafno6MOIOTMIeCKOTO SKCIIEPUMEHTa Ha HYK/IOTpoHe. 1990-e T.

G. N. Timoshenko, Dr. Phys. and Math., and ]. Martinkovi¢ (Slovakia)
are preparing equipment for a radiobiological experiment at the Nuclotron. 1990s

O6uuit Bup ycraHoBKHY «[eHOM-M» [1st 06/1ydeHNst KJIETOK Ha IMKIOTpoHe Y-400M
A general view of the Genome-M facility for cell irradiation at the U-400M cyclotron




O6opynoBanue Ay 06/y4eHNs IIPUMATOB Ha YCKOPUTeIe HYKIOTPOH
Equipment for primate irradiation at the Nuclotron

OKCIIepuMeHT 110 006IyYeHNUIO IPYIMATOB
IIPOTOHaMM Ha MeiMMHCKOM my4ke JIATII. 2013 r.

An experiment on primate irradiation with protons at the LNP medical beam. 2013
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Center: cosmonaut S. V. Avdeev, Hero of Russia. Dubna, 2011
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with the Department’s graduates after diploma thesis defense. 2010
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INTRODUCTION

The Joint Institute for Nuclear Research (JINR) is a unique international scien-
tific center hosting a diversity of nuclear physics facilities, which generate ionizing
radiations with different physical characteristics. For many years, it has attracted
specialists from many countries to conduct fundamental research not only in phys-
ics, but also in biology. Accelerated charged particles are an efficient tool for solving
a lot of urgent problems of modern radiobiology.

Already at the early stages of radiation genetics, its classics N.V. Timofeev-
Ressovsky, D.Lea, K.Zimmer and others pointed out the necessity and potential
fruitfulness of using different ionizing radiations for solving fundamental problems
of radiation biology and genetics, including clearing up the mechanisms of biological
action of ionizing radiations and induced mutation process, and finding the physical
events that trigger mutation formation. Classics of quantitative radiobiology repeat-
edly called for using ionizing radiations of different quality in genetic research. In
this connection, N. V. Timofeev-Ressovsky wrote, “The elementary discrete changes
in the elementary discrete components of the genotype (genes) of all the living or-
ganisms studied in this respect are induced by all types of ionizing radiation and
form a one-hit dose—effect curve. Experiments with radiations of different dose rates
and different hardness allowed quite a precise identification of the physical phenom-
enon that triggers mutations: a one-ionization hit into a certain effective volume.

Indeed, the use of isotope alpha-sources and, later, neutron generators in radio-
biological experiments allowed beginning the solution of a number of tasks with-
in research on the mechanisms of the lethal action of ionizing radiations on cells
of different organisms, biological effectiveness of radiations of different quality,
and regularities of the induced mutation process. The emergence of charged particle
accelerators — first of all, multicharged ion accelerators — opened wide opportuni-
ties for studying the most topical problems of modern radiation biology. The use
of multicharged ion beams generated by JINR’s accelerators allowed the Institute’s
specialists to solve one of the main issues of radiobiology: the problem of the relative
biological effectiveness (RBE) of radiations of different quality.

The results of the Laboratory’s fundamental research carried out in past years were
fruitful for solving numerous practical tasks. The accumulated experimental mate-
rial is of very high value for high-energy corpuscular radiation therapy (proton and
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carbon ion beams) of malignant neoplasms; however, further research on the RBE
problem is needed. Accelerator-based radiobiological experiments are important
for the standardization of the radiation exposure of staff working in mixed ionizing
radiation fields, which is especially urgent due to the necessity of taking into account
the stochastic effects induced by radiations with different linear energy transfer.

Plans for deep space exploration set new problems for specialists in space ra-
diobiology. In this respect, the use of JINR’s basic facilities is considered as a unique
opportunity for modeling the biological action of space radiations. It is becoming
clear that during manned interplanetary flights heavy charged particles that are part
of the galactic cosmic rays will be highly dangerous for the crews. The energy range
of the particles coming from the depth of the Galaxy is extremely wide as it extends
to ultrahigh energies of the order of magnitude of 1020 eV. In the near-term outlook,
it does not seem possible to provide protection of the organism from their dam-
aging effect by physical shielding methods. Therefore, accelerator-based modeling
of the biological action of space types of radiation will help solving these important
practical problems of space radiobiology.

The book presents an account of the beginning and development of biological
research at JINR’s accelerators during several decades.



FIRST RADIOBIOLOGICAL EXPERIMENTS AT JINR

JINR’s first radiobiological experiments were performed as early as 1959 —
at the six-meter proton synchrocyclotron of the Laboratory of Nuclear Prob-
lems (LNP). The experiments were performed by scientists of the Laboratory
of Radiation Toxicology and clinicians of the Institute of Industrial Hygiene
and Occupational Diseases under the supervision of the Head of its Laboratory
Prof. E.B.Kurlyandskaya and Director of the Institute Acad. A.A.Letavet. In ear-
ly 1960, a laboratory base of the Institute was established at the territory of the LNP;
a small house was built in the yard of the Laboratory of Neutron Physics near now
the former physical measurement hall of the Laboratory of Nuclear Problems (which
is still there). With these facilities, the first staff began to work, who were perma-
nent residents of Dubna with the status of LNP-attached staff. The researchers were
performing comparative evaluation of the effect of proton and gamma irradiation
on experimental animal organisms. Such data were a necessary basis for the develop-
ment of measures of reducing the harmful effect of corpuscular radiation on the hu-
man organism and, ultimately, establishment of the standards for staff working
in the mixed fields of ionizing radiation.

In the same years, a number of topical issues emerged in the Soviet Union which
were related to the beginning of the space exploration era. An urgent need of the fast
solution of these problems stimulated conducting large-scale radiobiological re-
search and determined ultimately the work program of JINR’ facilities. The Earth
satellites and spacecraft launched at that time found a high level of ionizing radia-
tion in the near-Earth space. It was found that there are different types of radiation
in space; they have complicated charge and energy spectra. During the preparations
for the first animal and manned space flights, it was not known how multicomponent
radiation of complicated charge and energy spectra, including high-energy protons
produced by the Sun and coming from the depths of the Galaxy, would influence liv-
ing organisms. It became possible to solve this problem in the terrestrial conditions
by irradiating biological objects at the six-meter proton accelerator (the first one in
Dubna), which generated proton beams with an energy of up to 660 MeV. This re-
search was aimed at estimating the relative biological effectiveness (RBE) of high-
energy protons — that is, it was necessary to find how effective high-energy pro-
tons are in comparison with X- or gamma-radiation as regards their effect on living
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organisms. In short flights in circumterrestrial space, radiation danger is mainly as-
sociated with protons making up the Earth radiation belt or generated by solar chro-
mospheric flares. The maximal contribution to the dose is made by protons in the
energy range of 100-700 MeV. Therefore, the most urgent task was to study the in-
fluence of protons of different energies on the human organism and look for ways of
protecting the cosmonauts from their adverse influence.

During discussions on the whole set of these issues in the USSR government,
a program of research and ways of its fulfillment were worked out. In December 1963,
the Institute of Biomedical Problems of the USSR Ministry of Health (IBMP)
and a special structure, headed, respectively, by Acad. A.V.Lebedinsky and
Prof. Yu. G. Grigoryev, were established in Moscow. In Dubna, a stationary labora-
tory — a branch of the IBMP subdivision — was opened at the LNP. This newly
opened laboratory was in fact a research base where different animals (rats, mice,
dogs, and even monkeys), vegetable objects, and cultivated mammalian and human
cells were irradiated at the LNP Synchrocyclotron with protons in the energy range
of 25-645 MeV. A group of IBMP physicists provided the guiding of proton beams
of different energies and dosimetry of the irradiation of biological objects based
on using tissue-equivalent absorber units.

At this accelerator, experiments were performed by scientists of not only IBMP
but also of other institutes of the USSR Academy of Sciences (AS USSR), the Academy
of Medical Sciences, and the Ministry of Health. According to the Intercosmos pro-
gram worked out by the AS USSR, this research was actively participated by scientists
of Bulgaria, Czechoslovakia, East Germany, Hungary, Poland, and Romania. In these
experiments, reactions were studied of different cellular and tissue systems to acute,
fractioned, and chronic proton irradiation. Also, modifying influence was studied
of different types of physical and chemical agents on radiation effects. Much work
was done to evaluate radiation danger in short- and long-term space flights, to set
acceptable radiation levels, to develop methods of physical protection from cosmic
radiation, etc.

In 1967, the first collection of articles entitled “Biological Effect of High-Energy
Protons” was published under the editorship of Yu.G.Grigoryev, which reviewed
the results of research at the Synchrocyclotron of the LNP, JINR. On the basis
on these materials, tens of Candidate’s and Doctor’s theses were defended and a lot
of papers and monographs were published. Analysis of the data on the response
of organisms’ cells and tissue systems showed that the effect of high-energy pro-
tons is similar to that of electromagnetic radiation — gamma- and X-rays. However,
the relative biological effectiveness of protons was observed to grow as their energy
decreased to 25 MeV and below.

In the long-term space flights, as it turned out, galactic cosmic radiation (GCR)
can be the greatest danger. It was found that the GCR consists of almost all ele-
ments of the Mendeleev Periodic Table. The maximal contribution to the integral
flux of the GCR heavy nuclei is made by nuclei of the carbon and iron groups, which
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are accelerated in the space to huge energies. Though the fluxes of these particles
are not intense (beyond the Earth’s magnetosphere, their total yearly flux is about
10 particles/cm?), their damaging effect on the organism can be very strong. In that
period, the U-300 heavyion accelerator of the Laboratory of Nuclear Reactions, JINR,
allowed studying the specifics of, and thus modeling, the biological effect of GCR
nuclei on living systems. G. N. Flerov actively supported a proposal by two consecu-
tive IBMP Directors — Acad. V. V. Parin and, after his death, Acad. O. G. Gazenko —
and offered the recently launched accelerator for radiobiological experiments.

It should be noted that the arrangement of radiobiological experiments
at the U-300 accelerator was rather complicated. Heavy ions could not be accelerated
above 10 MeV/nucleon. To perform radiobiological experiments, an installation was
constructed which allowed transporting accelerated beams of nuclei into the atmo-
sphere. Using this facility, it was possible to carry out the precise dosimetry of par-
ticles. As the range of accelerated ions in living tissues is not greater than 300 um,
special techniques of preparing biological samples (cell monolayers) for irradiation
had to be developed. In experiments on microorganisms, mammalian cells in cul-
ture, and cornea tissues of small laboratory animals, heavy ions were observed
to have higher biological effectiveness than gamma rays and high-energy protons
against many tests, including the criterion of inducing chromosome apparatus dam-
age in mammalian cells.

Besides specialists in space radiobiology, a group of radiobiologists from the All-
Union Oncological Research Center (ORC), the USSR Academy of Sciences,
worked at JINR. In 1966, on V. P. Dzhelepov’s initiative, work was started at the LNP
Synchrocyclotron to create the Soviet Unions first medical proton beam for ir-
radiating oncological patients. A team of physicists involved in this work was
headed by LNP’s scientist O.V.Savchenko; on the ORC part, the work was head-
ed by Prof. I.I. Ruderman, Head of the Radiation Therapy Department. A proton
beam was soon constructed, where the first preclinical radiobiological research had
to be performed. For this purpose, a team of the Institute of Industrial Hygiene
and Occupational Diseases working permanently in Dubna was invited to work
at the ORC. In Dubna, the team studied the biological effect of high-energy pro-
tons; it was headed by S.P.Yarmonenko (then Candidate of Biological Sciences).
The Laboratory of Tumor Radiobiology was established at the ORG; its staff worked
in close contact with the team in Dubna.

Radiobiological research at the medical proton beam was started in 1968. In ex-
periments on cell cultures and animals with tumors, the main radiobiological pa-
rameters of 180-MeV protons were determined, which soon allowed radiation ther-
apy of patients.

The next stage of research by radiobiologists and oncologists in Dubna was study-
ing the biological effect of 7~ mesons at a beam of the same LNP’s accelerator. Priority
data were obtained on the relative biological effectiveness (RBE) and oxygen coef-
ficient of this type of radiation, which was considered promising for the therapy
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of tumors. Later, the biological effect of superhigh-energy neutrons was studied
with the long view of using them for irradiating large radioresistant tumors.

Radiobiologists of Dubna worked in constant contact with their colleagues
in Moscow. As before, research was headed by S.P.Yarmonenko, then already
Professor. Joint work was done to prove experimentally the method of hypoxyradio-
therapy, which was introduced into the clinical practice of radiation therapy at many
oncological institutions of the Soviet Union and abroad.

Later, radiobiological research at JINR’s basic facilities was successfully contin-
ued by JINR’s own biologists, who worked at the Biological Research Sector, LNP
(established in 1978).



ESTABLISHMENT OF THE BIOLOGICAL
RESEARCH SECTOR

The Biological Research Sector was established on the initiative of Dr. Phys. and
Math. V.I. Danilov, Head of the Synchrotron Department, Laboratory of Nuclear
Problems (LNP). Dr. V.I.Danilov was then actively studying the effect of mag-
netic fields of different characteristics on biological objects. Biologists organized
into the Magnetic Research Group worked to a special order of the Ministry of Middle
Engineering Industry (the USSR Ministry of Nuclear Engineering). They studied
the effect of pulsed and alternating magnetic fields on plants, bacteria, phages, hu-
man blood lymphocytes, and neural cells (using a mollusk neuron model). Reactions
of vegetable objects to the geomagnetic field screening were another subject of re-
search. In these studies, the “Magnetic Screen” installation designed and fabricated
at JINR was used. It reduced the field 10°-10° times. This work was performed joint-
ly with scientists of the N.G. Kholodny Institute of Botany, the Ukrainian Academy
of Sciences (Kiev).

Under the conditions of the geomagnetic field screening, a delay in the germina-
tion of seeds of different plants and in the growth of their germs was the dominating
reaction. A decrease in the pool of proliferative cells and extension of their repro-
duction cycle duration due to prolongation of some phases (mainly the presynthetic
and — in some plants — postsynthetic ones) were observed. Studies of the synthesis
dynamics of RNA and proteins dominating in these phases of the cell cycle revealed
a decrease in the functional activity of the genome in all the studied plants during
the early prereplicative period. The obtained results show that the geomagnetic field
is a biologically important factor as it has a certain effect on the processes of tran-
scription and translation and on the proliferative processes in a plant cell.

Preliminary research on the effect of a magnetic field alternating in time in a saw-
tooth mode with the maximum of 300 Oe on human peripheral blood lympho-
cyte chromosomes showed that the magnetic field effectiveness depends strongly
on the temperature of cell culturing. In the lymphocytes cultured at temperatures
from 37 to 41.5°C, a growth in the number of cells with chromosome aberrations
was observed with temperature increasing from 38.5°C, especially under the joint
effect of the magnetic field and high temperatures.
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On the basis of these results, to coordinate activities in biology and medicine
and to develop new research fields, the Biological Research Sector was established
at the Synchrocyclotron Department, LNP (JINR Order No.3388 of 29 November
1977). Prof. V.I. Korogodin was invited to head the Sector; since 1986, the sector
was headed by Prof. E. A. Krasavin.

Along with continuing magnetobiological research, the Sector started active
research at JINR’s basic facilities. The main task was to find out the mechanisms
determining the differences in the effectiveness of ionizing radiations of different
physical characteristics. For several decades, the problem of the relative biological ef-
fectiveness (RBE) of ionizing radiations of different physical characteristics had been
one of the key problems in radiation biology. Although intense research on the RBE
problem concerning radiations of different linear energy transfer (LET) was per-
formed at many laboratories around the world, the mechanisms determining these
differences were not found out. Numerous mathematical models were proposed
to explain the regularities in the lethal effect of radiations of different LET on cells
of different origins. However, it turned out to be impossible to explain the ambigu-
ous dependence of RBE on LET within the framework of the developed models.
The main difficulty blocking clearing up the RBE nature was that RBE is determined
ambiguously by both physical factors, which underlie the specifics of energy transfer
to matter, and by different biological factors. Although it had long ago been estab-
lished that RBE has double nature, and, moreover, attempts had been made to sepa-
rate the physical and biological components in order to derive formulas for calculat-
ing the RBE coeflicients, the mechanisms determining the differences in the RBE
of ionizing radiations of different types were not found out. It was so because the fol-
lowing important fact was not taken into account: the biological component itself
can depend on LET. It led to a mistaken belief that the dependence of RBE on LET
is completely determined by the microscopic distribution of the energy of radiation
transferred to the genetic structures responsible for the realization of the radiation-
induced effect.

In experiments performed at heavy ion accelerators, it was found that the biolog-
ical effectiveness of different types of ionizing radiation as regards their lethal action
of pro- and eukaryote cells is determined by two factors of different nature: physical
characteristics of specific types of radiation and biological properties of cells: their
ability to recover from radiation damage (E. A. Krasavin, S. Kozubek, K. G. Amirtaev,
P.N.Lobachevsky). The main conclusion made as a result of experimental and theo-
retical research, on the basis of which the RBE problem was solved, was that DNA’s
ability to repair depends on LET because the character of lethal lesions also changes
and depends on LET.

In the late 1970s, it was discovered in the Soviet Union and abroad
that the main DNA structure lesions resulting in cell death are double-strand
breaks (DSBs). Later, it was also shown that E. coli bacterial cells die at certain con-
ditions as a result of at least one DNA DSB in a chromosome. Taking into account
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the revealed facts, it was possible to substantiate experimentally the proposition that
the lethal damage character changes with changing LET. It was facilitated by the cir-
cumstance that various repair-deficient mutants of E. coli cells had been obtained by
that time. Their use allowed studying the influence of different stages of the repair
process on the specifics of the lethal effect of radiation in a wide LET range.

On the basis of the known regularities in the induction and repair of primary le-
sions in the DNA of E. coli bacteria under radiation, a mathematical model of the ra-
diation inactivation of bacteria was developed. With the use of microdosimetry
methods, it was shown that in E. coli cells the DNA lethal lesions of the main type
forming under gamma irradiation — DSBs — develop in the process of single-strand
break (SSB) repair; they are enzymatic DNA DSBs. The yield of the DNA DSBs in-
duced immediately by gamma radiation is much lower. With particle LET increas-
ing, the DNA DSB quality related to an increase in the complex DSB yield changes.
When a heavy particle passes through a DNA strand, the complex DSBs are charac-
terized not only by simultaneous breaks in the main valency chain, but also by le-
sions in the bases in the places of the breaks and by sugar lesions. For E. coli cells
of different genotypes, the proposed biophysical model explained how radiosensitiv-
ity, survival curves, and different modifying factors depend on LET. It was shown
that in the case of gamma radiation, radiosensitivity is determined by the efficiency
of the cell repair systems; in the case of heavy charged particles, radiosensitivity
is determined only by the physical properties of radiation. The character of the de-
pendence of the radiosensitivity of cells on LET is closely related to the E. coli sensi-
tivity to gamma radiation.

Experimental tests confirmed all the corollaries to the model (E. A.Krasavin,
S.Kozubek, K. G. Amirtaev). It was found that

« the character of the radiosensitivity of E. coli cells is genetically determined
and depends on the type and yield of lethal lesions induced by gamma radiation;

« the dependence of the radiosensitivity of the cells with a normal repair geno-
type on LET can be described by a curve either with a local maximum or without
it, depending on the conditions determining the yield of DNA DSBs of enzymatic
nature;

o the dependence of the radiosensitivity of mutants with a DNA slow repair
block has a drooping character for all LET values; the RBE coefficients of different
types of radiation are no greater than 1;

« for a mutant with an efficient repair system, a dependence with a sharp max-
imum is characteristic. For LET > 100 keV/um, the radiosensitivity of all the cell
strains levels off independently of the repair genotype due to the induction of straight
complex DNA DSBs.

The developed model conceptions became a basis for studying the factors deter-
mining the shape of the survival (S) curves of E. coli cells depending on the dose (D)
of radiations of different LET. Research on the influence of different factors
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of different nature on the shape of the dependence S(D) in E. coli cells showed that
this dependence is exponential when in the process of the repair of each radiation-
induced lesion, nonrepaired lesions remain which are described by the Poisson dis-
tribution. The slope of the exponential curve describing cell radiosensitivity cor-
responds in this case to the yield of irreparable DNA damage. The limits of cell
sensitivity to gamma radiation are determined by the yield of the direct DSBs and
the size of the sensitive target. The survival curves of E. coli bacteria are nonlinear
on a semilogarithmic scale, which can be caused by a number of biological mech-
anisms realized at the population, cell, and molecular levels. The most significant
reasons determining the sigmoid character of the S(D) dependence are the specifics
of the bacterial chromosome replication that lead to genome amplification. Along
with the amplification factor, the recombination type of repair on homologous parts
of DNA can participate in the formation of the arm of the survival curve of cells
with a normal repair genotype. With an increase in LET, the survival curves of E. coli
bacteria, which are sigmoid in the case of gamma irradiation, undergo characteristic
changes: the curve arm diminishes; the slope increases in the intermediate energies
and slowly decreases with a further increase in LET. It was found that the transforma-
tion of sigmoid curves into exponential ones is caused by an increase in the fluctua-
tion of heavy charged particle energy over the sensitive microvolumes of cells, which
leads to the following: as a result of a heavy particle hitting a nucleoid of a bacterial
cell containing several copies of the genome, all the sensitive targets are inactivated.

The different role of physical and biological factors in the lethal effect of radia-
tions differing in LET is clearly seen under a number of modifying factors. First
of all, it applies to the modifying influence of oxygen and the influence of two classes
of radioprotectors: aminothiols and polyatomic alcohols. Within the framework
of the proposed biophysical model, an analysis of the realization of the oxygen effect
in E. coli bacteria with different repair genotype and the effect of radioprotectors
was performed. It was shown that the diversity of the displays of the oxygen effect in
cells with different repair genotype is determined in different conditions by the yield
of lesions that are not modified by oxygen and lesions that are not eliminated
by pol A-dependent repair. It was also shown that the yield of such lesions grows
as cells are exposed to radiation with increasing LET, which results in the sharp at-
tenuation of the oxygen effect when cells are irradiated with heavy charged particles.

Results of research on the action of radioprotectors (cysteamine and glycerin)
show that their protective effect is determined genetically: most of the mutations
leading to a greater radiosensitivity of cells eliminate or sharply diminish the pro-
tective effect of amiothiols. This is because their radioprotective effect is realized
at the level of enzymatic repair processes, not at the level of physical and chemi-
cal processes. The radioprotective effect of glycerin is also genetically determined,
but, unlike the case of cysteamine, this determinancy does not consist in the di-
minishing or disappearance of the effect of radioprotectors; rather, it consists in its
enhancement in the following E. coli strain sequence: rec A-mutant — wild type —
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pol A-mutant. A similar trend was also found for the oxygen effect. Investigations
of repair mutants confirmed the understanding that the protective effect of glyc-
erin is a result of physical and chemical processes which is determined by the pro-
tector’s ability to block OH radicals and decrease the yield of damage eliminated
by the pol A-dependent repair. The established differences between the reactions
of the strain triad rec A-mutant — wild type — pol A-mutant to protectors func-
tioning at the level of physical and chemical reactions and protectors whose effect
is based on enzymatic repair processes allowed proposing a scheme of experiments
to find out the mechanism of the effect of radioprotectors of different classes.

The main conclusion which was made based on studies of E. coli cells was that
the RBE of ionizing radiations of different LET is determined not only by physi-
cal characteristics of radiation, but also by biological properties of cells — that
is, their ability to repair radiation-induced damage. This ability depends on LET,
as the character of lethal damage also changes depending on LET.

Since this conclusion had been based on the research performed on prokaryote
cells, it seemed important to find out if it was true for eukaryote cells. Experiments
on isogeneic strains of haploid yeasts — wild-type cells and the rad 6 radiosensi-
tive mutant — showed that the dependence of cell radiosensitivity on LET, like
in the case of prokaryotes, is determined by the genotype of cells (P. N. Lobachevky).
Contrary to a wild strain, for which this dependence has a local maximum, the rad 6
mutant was for the first time shown to have a drooping dependence. The RBE coefhi-
cients of radiation differing in LET are not greater than 1 for this mutant. As haploid
yeasts do not have DNA DSBs repaired in the stationary phase, and the formation
of one DSB in the genome of such cells results in a lethal event, the higher sensitivity
of the rad 6 haploid mutants to gamma radiation is caused by disorder in specific stag-
es of DNA SSB repair. It was shown that this fact can lead to an increase in the yield
of lethal DNA DSBs in such cells. Therefore, the dependence of cell radiosensitiv-
ity on LET with a local maximum is observed to transform into a drooping curve.
On the basis of the performed research, a conclusion was made that the mechanisms
determining the difference in the biological effectiveness of radiation for bacteria
and haploid yeasts are much alike.

The important role of restoration processes in the biological effectiveness of ra-
diations of different quality in mammalian cells was revealed in investigations
of the radiosensitivity of Chinese hamster cells, which were irradiated with heavy
charged particles of a wide LET range in the presence of inhibitors of DNA repara-
tive synthesis: cytosine arabinoside (Ara-C) and hydroxyurea (HU) (R.D. Govorun,
E.A.Nasonova). The mechanism of the sensitizing effect of Ara-C in aggregate
with HU consists in suppressing the reparative synthesis of short gaps in DNA,
which results in an increase in the yield of enzymatic DNA DSBs under the gamma
irradiation of cells. During the use of radiations in a wide LET range, it was found
that under the effect of these agents, the radiosensitivity of cells to gamma radiation
increases, while to heavy charged particles, it does not. This causes a decrease
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in the RBE coefficients of heavy particles when cells are irradiated in the presence
of DNA synthesis inhibitors. On the basis of this research, it was shown that, like
in the case of prokaryote and lower eukaryote cells, changes occur in the spectrum
of the lethal DNA lesions induced in mammalian cells by radiations of different
LET: cluster-type DNA DSBs are formed, the repair of which by cells is either im-
possible or is extremely obstructed. The analysis of the obtained experimental data
based on the concepts admitting the induction of only one type of DNA DSBs (di-
rect DSBs) by different types of radiation showed that such model concepts do not
match experimental results.

The research performed for the first time on lower and higher eukaryotes, as well
as on prokaryotes, showed that the differences in the biological effectiveness of ra-
diations of different LET are determined not only by the physical nature factor —
the character of the energy deposition by ionizing radiations in genetic structures —
but also by the ability of the cells to repair DNA damage. Taking it into account,
a conclusion was made that the mechanisms determining the RBE nature in pro-
and eukaryote cells are similar in their basic features. But there is no doubt that
a more complicated organization of the eukaryote cell genome determines a more
complicated radiobiological response of these cells to radiations of different LET.

On the basis of the obtained knowledge of the specifics of the lethal effect of ra-
diations of different quality on cells with different genotype, experiments had been
planned to study the mechanisms of the mutagenic effect of radiations in a wide
LET range. The mutagenic effect of radiations of different LET was not actually stud-
ied in the 1980s. Although it was known that mutagenesis induced by radiations
of different physical characteristics is influenced by physical and biological factors,
the regularities in the mutation process and the relative role of physical and bio-
logical factors in it were not studied. To solve these problems, mathematical models
of the lethal and mutagenic effect of different radiations on bacteria were developed;
and research was performed on the regularities and mechanisms of the induction
of direct and reverse mutations in prokaryote cells (E.A.Krasavin, S.Kozubek,
K.G. Amirtaev, M. N. Bonev, B. Tokarova). The results of these studies are the fol-
lowing:

o The dose dependence of the cell mutation frequency under gamma irradiation
has a linear quadratic character, which does not change as LET increases.

o The relative genetic effectiveness of radiations increases with an increase in LET
and is described by a curve with a local maximum, which is shifted to a lower LET
range as compared to a similar dependence for the lethal effects of irradiation.

« Mutagenesis induced by radiations of different LET is determined by the ef-
ficiency of the cell repair systems, with inducible SOS repair playing the decisive role
in mutagenesis.

 An increase in the genetic effectiveness of radiations with an increase in LET
is caused by a rise in the yield of DNA lesions that are repaired only with the partici-
pation of the mutagenic branch of SOS repair.
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« Gene mutations in prokaryotes associated with heavy particle tracks are in-
duced by the delta-electron region.

o The difference in the locations of the maximums of the RBE dependence
on LET for the mutagenic and lethal effects of radiation is determined by the dif-
ferent character of DNA lesions. In the former case, they are mainly damaged bases;
in the latter, DSBs.

o The biological effectiveness of radiations of different LET concerning gene
mutation induction is determined by the specifics of the microdistribution of energy
in the genetic structure, genome condition, and efficiency of the means of repair.

o The influence of the biological factor on mutagenesis depends on LET.

The series of research on the mechanisms of the mutagenic effect of ionizing
radiations of different physical characteristics on cells with different levels of the ge-
nome organization won JINR’s First Prize in 1987.



DEVELOPMENT OF THE BIOPHYSICS DEPARTMENT
AT THE LABORATORY OF NUCLEAR PROBLEMS

The expansion of the scope of radiobiological research at JINR’s basic facilities
required a structural reorganization of the subdivision performing this research.
In 1988, the Biological Research Sector, at the initiative of its Head Prof. E. A. Krasavin,
was restructured into the Biophysics Department of the Laboratory of Nuclear
Problems (LNP) (JINR Order No. 248 of 25 March 1988). At that time, one of the pri-
ority research fields of the Biophysics Department was the mutagenic effect of radia-
tions on cells of higher eukaryotes, including humans. It was found that ionizing ra-
diation induces the widest spectrum of mutational variability as compared with other
mutagens. It increases the frequency of chromosome aberrations, as well as gene and
genome mutations. It is the mutagenic effect of radiations on cells of higher eukary-
otes including humans that is studied the least. Although this effect was discovered
in the mid-1920s, it is still poorly studied. First of all, it is so as regards the muta-
genic effect of different ionizing radiations with high linear energy transfer (LET) —
in particular, accelerated heavy ions.

Induced mutagenesis is a real health and life hazard because not only do newly
emerging mutations have an immediate negative effect, they also influence follow-
ing generations. Mutagens of physical and chemical nature induce a wide spectrum
of hereditary lesions, which, as it is generally acknowledged, underlie the malignant
transformation of cells and carcinogenesis, and the development of hereditary dis-
eases in following generations. In both cases, the biological consequences are signifi-
cantly delayed in time from the immediate action of damaging agents.

The task of studying the mutagenic effect of ionizing radiations, especially
on mammalian and human cells, is quite complicated and requires both a wide
use of the existing methods and the development of new approaches to its solu-
tion. A wide variety of techniques and test systems are now available to geneticists
(polymerase chain reaction, preparative column chromatography, blot analysis, fluo-
rescent in situ hybridization technique, and a number of methods of chromosome
aberration analysis), which allow studying the mechanisms and the main regularities
in radiation mutagenesis in human and mammalian cells.

JINR accelerators offer unique opportunities for conducting research in these
fields. At beams of different types of charged particles of wide energy and LET
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ranges, the Biophysics Department started experiments on cultures of mammalian
cells and human peripheral blood lymphocytes. The experiments allowed the main
regularities to be found out in the formation of the so-called unstable chromosome
aberrations (dicentrics and rings, some types of exchanges between chromosomes),
which are detected with a commonly used, classical metaphase method of chromo-
some analysis. As is known, the quantitative analysis of dicentrics is used for biologi-
cal dosimetry purposes in cases of accidental uncontrolled irradiations of people.
This technique is also recommended by the World Health Organization to evaluate
the state of the environment. But the possibility of estimating the absorbed dose is re-
stricted in this case by the acute period following an irradiation exposure because
the chromosome aberrations lead to disorders in cell division processes and are rap-
idly eliminated from the irradiated cell population.

It had long been impossible to detect the so-called chromosome aberrations
(for example, translocations), which can remain for a long time in a population
of irradiated cells and transfer distorted genetic information from one generation
of cells to another. It is only the fluorescent in situ hybridization (FISH) technique
that allowed such stable aberrations to be detected using DNA samples that are spe-
cific for separate chromosomes of the human genome. Experiments at proton and
heavy ion accelerators involving this technique allowed a quantitative analysis
of the frequency of the formation of the translocations of some chromosomes de-
pending on the radiation dose and LET (protons, nitrogen ions, and gamma rays).
It is the formation of stable chromosome aberrations that are considered now to ini-
tiate a number of oncological diseases, for example, chronic and acute myeloid leu-
kemia. The quantitative assessment of stable chromosome aberrations in organism’s
cells can also be considered a reliable method of retrospective biological dosimetry
for accidental uncontrolled irradiations of an organism.

At the Biophysics Department, comparative studies were performed of the regu-
larities in the induction of mutations in the mammalian cell gene HPRT depend-
ing on the initiating dose of radiation, including heavy ions, in a wide LET range
(R.D.Govorun, P.N.Lobachevsky, N.L.Shmakova). It was found that heavy ions
and gamma rays have a high mutagenic effect on mammalian cells. The obtained
data on the survival rate of Chinese hamster cells and the frequency of mutations
induced by gamma rays and accelerated “He and 2C ions of different LET showed
that the character of the mutation induction dependence on the radiation dose
and LET is ambiguous: for gamma radiation, the dose-effect curve has, according
to the mutation induction criterion, a pronounced nonlinear (power law) behav-
ior. The curves were also observed to be nonlinear for heavy ions with LET values
of 20 and 50 keV/um. For higher LET, depending on the dose, the mutation induc-
tion curves become linear. The survival rate curves are, respectively, sigmoid and
become exponential. These experiments showed that as regards both the cell sur-
vival rate and the mutagenic effect (chromosome aberrations and gene mutations),
the maximal biological effectiveness corresponds to LET of about 100 keV/um,
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RBE with respect to the mutagenic effect being twice as high as RBE with respect
to the survival rate.

In that period, a great amount of preclinical radiobiological research were per-
formed at the medical beams of the LNP Synchrocyclotron (N.L.Shmakova,
T. A.Fadeeva). It required evaluating the biological effect of charged particles
on normal and tumor cells of mammals. It was possible to perform this kind of re-
search on animals inoculated with tumors. Experimental animals can be inoculated
with a great amount of different tumor lines; then it is possible to study their re-
sponse to irradiation and estimate the damage to normal tissues, for example, mar-
row, which is the critical radiosensitive system in radiotherapy. It is such experi-
ments that were performed first of all. But experiments in vivo on whole organisms
showed that it is impossible to make a precise quantitative estimation of the main
parameters of the biological effect of particles: RBE and oxygen enhancement ra-
tio (OER) — because the individual radiosensitivity of cells and the organism’s gen-
eral influence on the tumor’s response had a too strong impact on the experiment
results. In this connection, a task arose of studying the main biological parameters
of medical beams using cells that had been isolated from an organism and were
growing in vitro on artificial nutrient media — that is, cell cultures. It required con-
struction of special rooms and sterile boxes because a possibility of bacterial con-
tamination of cell is very high.

The clonogenic ability of cells and chromosome apparatus damage were taken
as the main quantitative indicators for evaluating the biological effect of radiation.
The RBE of protons and 77~ mesons in the Bragg peak and at the beam entrance were
compared with the effect of gamma and X-rays that are commonly used in radio-
therapy.

A major problem in radiation therapy consists in overcoming the radioresistance
of hypoxic cells, which are, as a rule, present in the tumors due to the poor develop-
ment of the vascular network of the neoplasms. Under sparsely ionizing radiations,
gamma and X-rays, and protons, the difference in the radiosensitivity of oxygenated
and anoxic cells is notable; OER is then equal to 3. Under radiations with high LET,
the OER decreases. By that time, no data had been published on the OER for 7+ and
7t~ mesons. It should be noted that determining this magnitude, which is very im-
portant in radiotherapy, requires complicated technical contrivances. It is necessary
to compare the radiosensitivity of oxygenated and anoxic cells, where the oxygen
content should not exceed 20-30 parts per million. For this purpose, special equip-
ment was designed that evacuated the gas mixture from vessels containing cell
suspensions and then filled them with nitrogen. Although this procedure was per-
formed repeatedly, attempts to achieve an OER value of 3 under gamma radiation
failed. It is only after the replacement of “superpure” nitrogen with argon and in-
creasing the metabolic consumption of oxygen from the environment by providing
a high cell concentration that the necessary OER value of 3 was achieved for gamma
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radiation, and the OER was found to be 1.7 for 7~ mesons. It was the world’s first
research of this kind; later, the data were confirmed by American scientists.

In parallel with these studies, intensive work was being done to master the use
of artificial hyperglycemia (HG) to increase the efficiency of radiation therapy of tu-
mors (V.I.Korogodin, N.L. Shmakova, T. A. Fadeeva). It is known that the metabo-
lism of the tumor cells, contrary to that of the normal cells, exhibits an increased gly-
colysis. As the glycolysis product, the lactic acid is produced; its accumulation results
in tumors’ self-acidulation. The research on animals inoculated with tumors per-
formed by von Ardenne (Germany) and scientists of the Byelorussian Oncological
Institute showed that, if the sugar content in blood is artificially raised, the radiation
therapy efficiency significantly increases. This dependence was generally believed
to be associated with the suppression of postirradiation repair in decreased pH.
However, no experimental facilities adequate to the clinical application of the meth-
od and stable reproduction of results were available. The aim of the Biophysics
Department’s experimental research was to study the cell mechanisms of HG. The ex-
periments were performed in vitro on tumor cells taken from animals immediately
before an experiment. By applying a graduated glucose load and changing the oxy-
genation level, it was possible to control the level of acidulation and survival rate of
the tumor cells. The experiments yielded remarkable results. It was shown that as
the degree of acidulation observed in hypoxia is achieved, tumor cells die on a mass
scale without any external influence, in particular, irradiation. Quantitative estima-
tions showed that the additivity of two effects exists: hypoxic cells die due to self-
acidulation; well-oxygenated cells, which undergo glycolysis slowly, die as a result
of irradiation. No HG influence on postirradiation was observed. These results were
confirmed by a number of specialized oncological laboratories.

The use of vasoconstrictors, which additionally increase hypoxia in tumors and
enhance glycolysis, doubled the efficiency of therapy. Unfortunately, this research
was not continued, because due to the circumstances of the early 1990s the teams
concerned with this subject broke up.

Along with radiobiological research on cells of higher organisms, the Biophysics
Department performed comprehensive work on cells of lower eukaryotes: yeast
cells (V.I. Korogodin, N. A. Koltovaya, V.L.Ilyina). Yeast, which is a type of fungus,
is one of the most common objects of research on living organisms. Man has always
faced adverse effects of different pathogenic organisms, but yeast seems to have been
the first microorganism to be used for man’ practical needs.

It is well known that ploidy is one of the main factors determining the specifics
of yeast cell response to irradiation. The diploid cells differ from the haploid ones
in radiosensitivity, the survival curve shape, RBE, and manifestations of the mu-
tations increasing the cell sensitivity to ionizing radiations. Attempts to interpret
these regularities led to a suggestion that diploid cells have the so-called diploid-spe-
cific damage repair. This problem has an important general biological aspect. During
evolution, the transition from haploid organisms to diploid ones led to a significant
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increase in the stability of the genetic apparatus against different external damag-
ing factors.

At the Biophysics Department, research was performed on the role of the fac-
tors determined by the diploid condition of the genome in the sensitivity of yeast
cells with different genotypes to ionizing radiations of different LET. It was shown
that the regularities in the lethal effect of ionizing radiations of different quality
on diploid yeast cells are caused by at least two diploid-specific processes: dam-
age repair underlying the postirradiation restoration of cells and the processes
determining the aftergrowth effect. The research allowed a conclusion to be made
that the processes of radiation damage induction and repair are mutually indepen-
dent. For the first time, an evaluation was made of the role of diploid-specific re-
pair in the radiosensitivity of cells under high-LET radiations, and the dependence
of the efficiency of repair processes on the radiation quality was studied. It was shown
that under high-LET radiations the sigmoid form of the survival rate curve of dip-
loid cells is determined exclusively by the aftergrowth effect.

Later, research on the mutagenic effect of ionizing radiation in yeast cells
was continued (N. A. Koltovaya). The problem was that it is rather difficult to estab-
lish the nature of a mutation-type lesion. During this work, genetic systems were de-
veloped that allowed the exact determination of the nature of a mutation event with-
out using expensive and labor-intensive techniques.

As a model system for studying total mutagenesis, the CAN1 gene was used.
It codes arginine-permiase and is 1800 base pair-long. Mutations of any nature lead
to a disorder in the functioning of this gene and development of antibiotic resistance.

For testing large restructurings, two test systems were used that allowed de-
tecting mitotic crossingover and conversion. As is known, mitotic recombination
is induced by double-strand breaks (DSBs). Recombination results in the formation
of extended changes in genetic material.

The analysis of microdeletions was based on using reversions in strains that have
frameshift mutations. The used strain carries an insertion of the fourth base
into the LYS2 gene and + 1T insertion into the 6T sequence in the HOM3 gene.

To evaluate the induction of the nucleotide substitution type of point mutations,
a test system developed by Prof. M. Hampsey (Louisiana State University) was used.
The system is based on the position of cysteine 22 in the cytochrome-c protein being
critical. Six strains were constructed with base substitutions in this position, which
led to enzyme inactivation and impossibility of growth on a medium with an un-
fermentable source of carbon. The functional activity can be restored only by true
reversions restoring the cysteine codon in position 22. Reversions in the CYCI gene
of each of the six strains represent one of the six possible substitutions of base pairs.
Thus, a simple and reliable system was created which allows identifying changes
in the DNA nucleotide sequence without using complicated molecular and genetic
techniques.
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In experiments on this system, the spectrum of mutations induced by gamma
irradiation was studied in most detail. Most efficiently, ionizing radiation induces
large restructurings, whose frequency is of the order of 1%. Among the nonextensive
mutation events, it is, of course, mutations in the CAN1 gene that are induced most
efficiently, which reflects the sum character of the mutations. A linear dependence
of forward mutation yield in the CAN1 gene on the gamma radiation dose was ob-
served. An analysis of the mutation spectrum showed that compared with spontane-
ous mutations, the gamma-induced mutation spectrum has an increased proportion
of the AT-TA transversions. The spectrum of the base pair substitutions in haploid
and diploid yeast strains is the same. The maximal contribution (more than 30%)
is provided by the GC-AT transitions. The induced mutation spectrum does not
depend on the dose.

Another field of research concerned the repair mechanisms of radiation-induced
DNA double-strand breaks (DSBs). It was found that yeast cells have not only a slow
type of DSB repair, but also a fast one. It was shown that both slow and fast types
of DSB repair are efficiently realized only in diploid yeast cells.

A third field of research was focused on the regularities in spontaneous muta-
genesis (V.1. Korogodin, A.I. Chepurnoy, V. L. Korogodina). For research, genes were
chosen that control the synthesis of adenine and leucine. The initial strains are auxo-
trophic and are unable to grow on a medium without an addition of the correspond-
ing product. Reversions to prototrophicity can be realized in two ways: by the forma-
tion of reverse mutations in the gene controlling its synthesis and by forward muta-
tions in suppressor genes. It was found in special experiments that, when the activity
of the gene is suppressed, the frequencies of this gene forming mutations are two
orders of magnitude lower than when it functions actively. At the same time, sup-
pressor genes, whose activity does not depend on the adenine presence in the me-
dium, mutate with approximately the same frequencies in both cases.

Thus, the Biophysics Department performed versatile radiobiological research
at JINR’s basic facilities. After it had become possible to accelerate heavy nuclei
to relativistic energies at the Phasotron of the Laboratory of High Energies and phys-
ical experiments had been started there, radiobiological experiments were proposed
for high-energy heavy ion beams. This required special spectrometry and dosim-
etry studies of relativistic heavy nuclear beams. The staff of the JINR Department
of Radiation Protection and Radiation Research already had great experience
in this field. The JINR Directorate — V. G. Kadyshevsky and A.N.Sissakian (JINR
Director and Vice-Director of the time, respectively) — supported an idea to merge
the LNP Biophysics Department and JINR Department of Radiation Protection and
Radiation Research into JINR’s new subdivision: the Department of Radiation and
Radiobiological Research (JINR Order No. 270 of 27 April 1995).



JINR’S DEPARTMENT OF RADIATION AND
RADIOBIOLOGICAL RESEARCH

The main tasks of the Department of Radiation and Radiobiological Research
(DRRR) were the following:

« continuation of research on the regularities and mechanisms of the genetic ef-
fect of ionizing radiations with different physical characteristics;

o research on the interaction of radiation with matter and development of radia-
tion monitoring methods;

 monitoring of radiation environment at JINR’s subdivisions to provide radi-
ation safety according to the standards and regulations on the use of radioactive
materials and other sources of ionizing radiations in force in the country of JINR’s
location;

o development of radiation monitoring systems for JINR’s new and reconstruct-
ed (upgraded) nuclear research and radiation-dangerous facilities and sites.

To realize its main functions, the DRRR, in particular, designed equipment
for radiation and radiobiological research, performed experimental data processing,
and carried out theoretical research to model the interaction of radiation with matter.

Radiobiological research

In radiobiology, research on the mutagenic effect of radiations in a wide linear
energy transfer (LET) range was continued. In experiments on bacterial cells, regu-
larities in structure (deletion) mutations and mechanisms of their induction were
studied (A.V. Boreyko). It is quite a topical issue because to standardize the loads
of radiations of different quality on staff working in mixed ionizing radiation fields,
to provide radiation safety of cosmonauts on long-term missions, and to solve
a number of other important practical problems is very important not only to have
information on the total yield of different kinds of mutations in irradiated cells; also,
comparative data on the frequency of gene and structure mutations are extremely
interesting. Studying the dose dependences of the point and chromosome muta-
tion yield in higher eukaryote cells under ionizing radiations in a wide LET range
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is a rather difficult and laborious task requiring the use of complicated molecular
biology methods. Obtaining this kind of information is much easier in experiments
on prokaryote cells. Using accelerated heavy ions, it was shown that deletion muta-
tion formation frequency increases linearly with the dose for all types of radiation;
deletion mutations are induced most efficiently by ions with a LET of 60-80 keV/um.
It pointed to the different character of the DNA lesions underlying the induction
of gene and deletion mutations. The former are cluster lesions of a DNA strand;
the latter, DNA double-strand breaks (DSBs).

In experiments on yeast cells, adaptive and induced mutagenesis mechanisms
were studied (V.I.Korogodin, N.A.Koltovaya, V.L.Korogodina, A.I. Chepurnoy).
During several years, lively debates about the nature of adaptive mutations in mi-
croorganisms took place in literature. At first, the adaptive (directed) mutations
were determined as mutations emerging only in the presence of selective pressure
or in slowly growing cells in the stationary phase. But it was shown on E. coli bac-
terial cells that nonselective mutations can also emerge at an unexpectedly high
rate. It was shown later that starvation increases the frequency of both selective and
nonselective markers. According to the concepts developed at the DRRR, the so-
called adaptive mutations are not adaptive; rather, they emerge due to the transi-
tional hypermutable state of cells under stress: the advantaged mutations are im-
mediately selected; other mutants die quickly. In cooperation with the specialists
of the University of Perugia (Italy), research was done on the genetic control of mu-
tagenesis under starvation, to which yeast cells respond by stopping division and
entering the stationary growth phase. This research was closely related to studying
the genetic control of the cell cycle arrest following DNA damage. In recent years, a
connection becomes more obvious between different components of the integral cell
response to DNA lesions, which provides genome stability and integrity. The relation
was shown between the cell cycle control mechanisms and the DNA damage repair
mechanism. This relation — checkpoint control — allows cells to survive and main-
tain genetic stability; it is regulated by checkpoint genes. It is believed that a disorder
in checkpoint ways that leads to an increase in mutability and genome instability is
very important at the early stages of carcinogenesis.

Research performed by different laboratories resulted in the understanding
of the molecular mechanisms of checkpoint control responding to DNA dam-
age. It is assumed that the RAD9, RAD17, and RAD24 genes participate in the
early stages of DNA lesion detection. The RFC-Rad24 protein complex seems to
realize the loading of the Rad17-Mec3-Dbcl protein complex or repair enzymes
into the place of a DNA lesion. The kinases — in particular, RAD53 — participate in
signal transmission; the CDC28 kinase functions at the final stages of the cell cycle
arrest regulation, which is necessary to repair the damage. It is assumed that a dis-
order in cell cycle arrest leads to genetic instability and an increase in cell sensitivity
to the damaging agents. The latter was observed in most of the mutants with a defi-
cient regulation of cell cycle arrest. This increase in cell sensitivity to the damaging
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agents, though, could be related not only with the absence of cell cycle arrest af-
ter a lesion, but also with the participation of some checkpoint genes in repair.
The branched scheme of the genetic control of cell cycle progression and arrest needs
intensive research. Jointly with the Institute of Molecular Genetics (the Russian
Academy of Sciences), the DRRR studies the genetic control of the checkpoint ways
and their influence on cell sensitivity to the damaging effect of radiation. An analysis
of the interaction between the RAD9, RAD17, RAD24, RAD53, and CDC28 genes
showed that the RAD9, RAD17, and RAD24 genes belong to the same branch which
determines cell sensitivity to gamma radiation, although the RAD9 and RAD24
genes belong to different branches which determine cell sensitivity to UV rays and
MMS and cell cycle arrest. The RAD53 and CDC28 proteinkinases are epistatic rela-
tive to the RAD9 gene, but they are more likely to belong to different branches deter-
mining radiosensitivity. According to literature data, the CDC28 and RAD53 genes
belong to the same branch determining cell cycle arrest. The data obtained point
to the divergence of the ways of the regulation of cell cycle arrest and radiosensi-
tivity. These data show that the genes are multifunctional, and their participation
in the integral response does not add up to cell cycle arrest; some of them also take
part in repair processes.

After DRRR establishment, large-scale cytogenetic research was started on mam-
malian and human cells (R. D. Govorun, N.L.Shmakova, I. V. Koshlan, M. V. Repin,
N.V.Koshlan, T.A.Fadeeva). As was already mentioned, the mutagenic effect
of high-LET radiations on higher eukaryote cells had been studied rather poorly.
The main tasks in this field formulated by the DRRR’s specialists were further re-
search on the regularities in the induction of mutations in the HPRT gene of mam-
malian cells by accelerated heavy ions, studying the cytogenetic characteristics
of the HPRT-mutant subclones grown from single cells keeping in the following gen-
erations the HPRT mutations that developed in them, investigation of unstable and
stable chromosome aberrations in human lymphocytes induced by heavy charged
particles, and research on the cytogenetic effects of low doses of radiation.

Irradiation of cells with heavy ions and gamma rays revealed the high muta-
genic effect of these radiations on mammalian cells. The relative biological effective-
ness (RBE) of the studied heavy ions against the effect of gamma rays is described
by a curve with a local maximum at a LET of about 80-100 keV/um. An interest-
ing observation was made in a LET range near 20 keV/um for different radiations,
where the mutation yield curve shifted to higher RBE against tests of cell inactiva-
tion and chromosome aberration formation. It had been shown earlier in research
on bacteria that the mutagenic effect maximum of the RBE dependence on the LET
of different radiations was significantly shifted to lower LET and corresponded
to about 20 keV/um, while the maximal RBE values for heavy ions as regards the le-
thal effect were observed at 80-90 keV/um. This fact was determined by the different
character of the molecular lesions underlying the induced mutations and lethals:
in bacteria, the vast majority of the mutations are gene mutations and are mainly
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related to the lesions of bases, while the lethal effect is determined by the induction
of DNA DSBs. In research on mammalian cells, a similar character of the RBE de-
pendences on the LET of different radiations was obtained against the tests of the in-
duction of mutations, chromosome aberrations, and cell inactivation, which can
point to the fact that the same events — DNA DSBs — underlie the lesions leading
to the same effects in mammalian cells. A shift of the curve of the RBE dependence
on LET of different radiations in a LET range near 20 keV/um against the induc-
tion of mutations in mammalian cells, as compared with the lethal effect, is deter-
mined by an increase in the contribution by the point mutations; at higher LET, gene
mutations prevail that are related to different types of division. A similar character
of the curves of the RBE dependences on LET against these three tests can point
to the same lesions — DNA DSBs — underlying these effects in mammalian cells.
They induce chromosome aberrations and mutations like macro- and microdeletion
of genes in DNA.

Under the assumption that the mutation process in cells can be accompanied
with a disorder in the structure integrity of the chromosome apparatus and show up
as the chromosome instability of cells, research had been performed to isolate single
mutant colonies, from which subclones were grown. Then, a cytogenetic analysis
of the subclones was made (R.D.Govorun, I.V.Koshlan), which revealed the het-
erogeneity of the spontaneous and radiation-induced HPRT-mutant subclones con-
cerning the studied cytogenetic indicators (mitotic activity, aneuploidy, and chro-
mosome aberration level). It was found that the consequences of the mutation events
appeared as the development of the genome (against the number of chromosomes
in cells) and chromosome (against the chromosome aberration level) instabilities
in populations of the progeny of mutant cells.

In the detection and selection of mutant subclones, mutants with retarded
growth, as compared with the intact control, were observed. Retardation of the growth
of many mutant subclones in a selective medium could have been determined
by the formation of gene mutations leading to a decrease in enzyme activity or syn-
thesis of a lower amount of the native enzyme. In such cases, the viability of a mutant
population could have been provided only at the expense of the cells which could not
have utilized the purine analog during the cell cycle.

As the criteria of evaluating the mutant subclones with respect to the number
of chromosomes in cells, the modal number of chromosomes and the percentage
of cells in the corresponding mode were chosen. An analysis of the chromosome
spectra revealed marked aneuploidy — up to full ploidy. Among the subclones, sam-
ples prevailed with the modal number of 21 or 22 chromosomes. The share of diploid
mutants with the modal number of chromosomes was 70% and more — up to 100%.
The share of cells in this mode varied largely between the samples. Spontaneous
mutants made up 50-80%, which actually did not differ from the reference value.
The radiation-induced mutants were especially heterogeneous as regards the chro-
mosome spectra.
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To explain the phenomenon of chromosome instability, R.D.Govorun and
I. V.Koshlan proposed a “metabolic hypothesis.” As is known, the cell has two ways
of the synthesis of purine nucleotides: the de novo synthesis (a phased synthesis
based on ribose-5'-phosphate) and the synthesis from finished products. For the cell,
the latter is more advantageous concerning energy. It is realized with the partici-
pation of the native HPRT enzyme. When mutations take place in the hprt locus
and are accompanied with the termination of the enzyme synthesis, the produc-
tion of purine nucleotides has to be realized de novo. When the enzyme with de-
creased activity, or an insufficient amount of the enzyme is synthesized, conditions
for the competition of the two ways are formed in the cell. A situation develops lead-
ing to the violation of the cell metabolism equilibrium. The cell activates the mecha-
nism of DNA synthesis involving the hprt enzyme, but this enzyme is not functional
enough and fails to produce the necessary nucleotides. It leads to metabolic im-
balance, which is a signal for the activation of the equilibrium search mechanisms.
The deficiency of purine bases in the build-up of DNA chains results in the activation
of synthesis de novo. This labile state might be accompanied with chromosome in-
stability as a stage of the search for equilibrium and adaptation to changed existence
conditions. Finally, mutant subclones will be formed with an increased yield of chro-
mosome aberrations against the reference value. Hence, for the survival of mutant
cells, the full termination of the enzyme synthesis is more favorable (in the case of a
full or a major deletion of a gene) than the synthesis of the enzyme with decreased
activity. However, the formation and survival of mutant cells in the organism leads
to the development of pathologies. Structural chromosome anomalies affecting spe-
cific genes attract special attention as the objects of research because their role in
the pathogenesis of tumors in humans — in particular, in the development of leu-
kemia — is becoming increasingly obvious. From the point of view of the metabolic
hypothesis, the chromosome instability mechanism in the progeny of mutant cells
is getting clearer. Mutations are passed on from one generation to another; thus,
the issue of the conservation of the triggering event in the following generations
of mutant cells is resolved.

Much work was done on studying the regularities in the induction of unstable
and stable chromosome aberrations in human cells by different types of radia-
tion (R.D.Govorun, M. V.Repin). The unstable aberrations include different types
of chromatid and chromosome exchanges leading to the formation of changed chro-
mosomes that are atypical to the cell population: dicentrics, polycentrics, rings, and
different fragments of chromosomes. Their appearance goes along with disorders
in cell division processes and, as a rule, fast cell death. Unstable chromosome aberra-
tions are analyzed with the standard metaphase method, which allows their detection
over the whole genome of the cell during microcopying lymphocytes with a usual
light microscope. A linear dependence of the frequency of the formation of cells
with chromosome aberrations on the irradiation dose was observed for all the stud-
ied types of radiation. For the total number of chromosome aberrations, a power
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dependence of the effect on the dose of sparsely ionizing radiations (protons and
gamma rays) was established. Under heavy ions, it modifies into a linear one.
However, under high doses of such radiations, the effects weaken due to a significant
delay in mitoses, especially of the heavily damaged cells with numerous chromo-
some aberrations.

The stable chromosome aberrations form as a result of a symmetric exchange
of sections between two damaged chromosomes that does not lead to a disorder
in the behavior of chromosomes during cell division. In the following cell divisions,
such chromosomes behave like normal ones and, with distorted genetic informa-
tion, are passed on to the following generations of cells. Stable chromosome aber-
rations, like translocations and insertions (inserting into a chromosome a section
of another chromosome), are long kept in cell generations to follow. It is generally
recognized that such chromosome restructurings later can lead to the development
of mutagenic processes and carcinogenesis in the human organism. In the early 20th
century, the development of the fluorescent in situ hybridization (FISH) technique
allowed detecting stable chromosome aberrations. Stable aberrations of separate
chromosomes stained with fluorescent dyes are detected with luminescent micro-
scopes in the cell genome. For this purpose, the chromosomes are stained with dyes
using specific samples with unique DNA sequences.

In research performed at the DRRR, DNA samples were used that are specific
to chromosomes 1 and 2 of the human lymphocyte genome — its largest chromo-
somes. Their damage is more probable under ionizing radiations. With the FISH
technique, a high frequency of the formation of translocations (stable aberrations)
in these chromosomes was observed. The RBE coeflicients of radiations with a LET
of 80 keV/um were 3 and more.

Extensive research was performed on mammalian cells to evaluate the cytoge-
netic effects of low doses of radiation (N.L.Shmakova, T. A. Fadeeva). As is known,
the evaluation of the biological effect of low doses of ionizing radiation is necessary
to predict the genetic and carcinogenic risk of irradiation. The difficulties of estimating
the effects and determining the dose—effect curve of low doses are related to the prob-
lem of the acquisition of the reliable statistics of mild damage induced by such doses.
Therefore, the risk associated with low doses is estimated based on the extrapolation
of high dose effects to low doses; the results thus depend on the model underlying
an extrapolation. The nonthreshold linear concept, which is the most conservative
as it suggests that any — even the smallest — excess of the natural radiation back-
ground presents danger, is officially accepted and is the basis of the recommenda-
tions by the International Commission on Radiological Protection. But experimen-
tal data of recent years explicitly contradict this concept and show that it is incorrect
to extrapolate the effects linearly from high doses to low ones. In estimating the bio-
logical effects of low doses, it is the frequency of cytogenetic lesions — namely, chro-
mosome aberrations (CA) and micronuclei (MN) in cells of different types — that,
as arule, is registered. It is characterized by a clear quantitative dependence in a wide
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dose range. The dose curves can be reproduced well on different objects; they have
a unique feature that consists in the presence of a dose-independent part in the dose
range of 0.1-0.5 Gy.

In experiments on peripheral human blood lymphocytes, asynchronous and
synchronized populations of V-79 Chinese hamster cells and BRO human mel-
anoma cells, it was shown that the dependences of the quantity of cells with CA
on the radiation dose have a similar pronounced nonlinear character. Under ir-
radiation with a dose of 0-0.05 Gy (lymphocytes), 0-0.1 Gy (melanoma cells),
and 0-0.2 Gy (Chinese hamster cells), the chromosome lesion yield sharply increas-
es against the reference level (the hypersensitivity (HS) range); then it notably de-
creases and passes into the dose-independent range. Above 0.5 Gy, cell resistance
increases (which is the induced resistance (IR)), and the dose dependence becomes
linear. In going from the HS range to the IR range, the slope of the curves decreas-
es 2-3 times for Chinese hamster cells and melanoma and 5-10 times for human
lymphocytes depending on the method used for analyzing CA. Similar dose-effect
curves were obtained as other donors’ lymphocytes were irradiated with X-rays.
Research on the frequency of different types of gamma-induced aberrations in hu-
man lymphocytes showed that HS is determined mainly by an increase in the yield
of chromatid aberrations, which prevail below 0.5 Gy.

A study of the nature of the HS and IR phenomena performed on Chinese ham-
ster and human melanoma cells allowed a conclusion to be made that the shape
of the dose-effect curve of an asynchronous population of Chinese hamster cells
concerning CA induction is reproduced well on synchronized cells irradiated
in the G, phase of the cell cycle. It points to HS being determined by the high radio-
sensitivity of the population as a whole in a narrow range of low doses and not being
related to the death of the fraction of cells that were irradiated in the radiosensi-
tive phase of the cell cycle. As the irradiation dose increases, all cells become more
radioresistant, probably, due to the induction of repair processes. Thus, the most
plausible explanation of the nonlinearity of the dose—effect curve and the transi-
tion from HS to IR is that at a certain level of cell damage inducible repair sys-
tems are triggered. It results in a decrease in the radiosensitivity of cells and slope
of the curves. Comparing dose dependences of CA induction in Chinese hamster
and human melanoma cells provides the grounds to suggest that the inducible sys-
tems of melanoma cell repair are triggered at lower doses and work more efficiently
than in Chinese hamster cells.

Jointly with radiochemists of the Laboratory of Nuclear Problems V. A. Khalkin
and Yu. V.Norseev, an extended research was performed on the biological effect
of astatine-211 and possibility of its use in targeted cancer therapy (N. L. Shmakova,
P.V.Kutsalo, T.A.Fadeeva). In the earliest experiments, it was shown that as-
citic forms of cancer can be extracted with astatine-211 adsorbed by tellurium.
These results inspired a search for methods of the targeted action of alpha emit-
ters on the melanoma — one of the most aggressive forms of malignant neoplasms,
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which is characterized by early and vast metastases. For treating metastases, the tar-
geted use of astatine-211 is the most efficient technique as its decay produces alpha
particles with a range of 60 um, which makes up several cell diameters. As a means
of transporting the radionuclide to the tumor cells, a polycyclic compound,
which is known in medicine as methylene blue (MB), was used as it has a high ca-
pacity of binding the tumor cell melanin. It was shown in vitro using human mel-
anoma cells and normal nonpigmented cells that an astatine-211-MB compound
was accumulating selectively in melanin-containing tumor cells, which resulted
in 15-20-fold higher damage of melanoma cells as compared to that of healthy cells.
An MB-based iodine-131-MB preparation was obtained, which proved to be highly
efficient in visualizing a melanoma and its metastases in animals with an inoculated
melanoma. This research was continued for the purpose of introducing this diag-
nostic preparation in clinical practice and the development of methods of using the
astatine-MS compound to prevent melanoma metastases.

Later, two separate sectors were established at the DRRR: the Photobiology
Sector (headed by M.A.Ostrovsky) and Computer Molecular Modeling Sector
(headed by Kh. T.Kholmurodov). At the Photobiology Sector, research was started
under the direction of Acad. M. A. Ostrovsky (Russian Academy of Sciences) on mo-
lecular photo and radiobiological processes in eye structures (the lens and retina).
Taking up such tasks is a new step in the progress of JINR's biophysical studies.
The urgency of this research is first of all related to the necessity of solving the prob-
lems of space radiobiology. It is increasingly evident that in a long-term space flight,
there is a high risk of cataract development. In this connection, studying the effect
of heavy particles on the aggregation of the lens proteins (crystallins) and the mecha-
nisms of such an aggregation is a topical problem. Research was started on the dam-
aging effect of heavy particles on the visual pigment rhodopsin and the functional
state of the retina.

In connection with the emergence of high-performance computers (supercom-
puters and specialized clusters, for example, the MDGRAPE-2 system) and multi-
purpose software packages (DL_POLY, AMBER, CHARMM), it became possible
to use computer molecular dynamics (MD) modeling methods in physicochemical
and biological systems. One of the important applications of MD methods is cal-
culating conformational changes in proteins and determining the spatial struc-
ture of proteins with high precision. The MD methods allow modeling mutational
changes in biological structures at the molecular level with high spatial and temporal
resolution.

The MD Sector conducts theoretical research to model the protein
surroundings of different isomers of retinal. This research is focused, in particular,
on the chromophore group within the retinal-containing proteins — first of all,
the 11-cis retinal.
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Radiation research

Before the establishment of DRRR, JINR’s radiation research was carried
out at the Radiation Protection Department (RPD; since 1975, the Department
of Radiation Protection and Radiation Research). The 1950s-60s was the time
of the rapid development of particle accelerators as the most important nucle-
ar physics instruments. The energies of the accelerated particles and the currents
of the extracted beams were continuously growing. Since its establishment, JINR has
been developing mainly as a major accelerator center. The IBR-30 reactor did not
change this situation in the main, nor later did the second-generation reactor IBR-2
because JINR’s basic facilities include accelerators of different types offering a wide
mass range and a several MeV-10 GeV energy range of accelerated particles.

As a scientific discipline and as an activity, dosimetry was formed, first of all,
to provide the radiation safety of the nuclear industry personnel. On a national scale,
the staft exposed to accelerator radiation fields made up a tiny fraction of the occu-
pationally irradiated people. Moreover, the complexity and diversity of accelerator
radiation fields and the necessity of the development of specific means of measuring
their characteristics resulted in accelerator-related protection physics and dosim-
etry growing into a separate area of physics. As regards opportunities for conduct-
ing this kind of research, JINR has always been a unique center. For this reason,
since the establishment of JINRs RPD in 1963 (the Department was first headed
by M. M. Komochkov), most of its activity has been related to accelerator protection
physics. This specificity has determined the character of RPD’s scientific and practical
work for a long time. The formation of this field of science was initiated in the 1950s
in connection with the start-up of medium-energy accelerators (the Cosmotron
in Brookhaven, Bevatron in Berkeley, and Synchrocyclotron in Dubna). The first
experimental studies of the protecting properties of materials, high-energy radia-
tion attenuation by shielding, and other related research were performed at that
time. No theoretical approaches were then available to calculate reliably radiation
transport through massive shielding. To predict the accelerator radiation environ-
ment, empirical and phenomenological methods of shielding calculation were used.
Experimental data on the development of the internuclear cascade in the shield-
ing volume were very scarce, which stimulated accelerator-based protection physics
experiments. At Berkeley and JINR, and later at CERN and the Institute of High
Energy Physics (Protvino), a great amount of studies were done mainly to obtain and
refine the empirical constants for doing calculations in different geometries (the co-
efficients describing the accumulation of radiation in the first layers and attenuation
of radiation with an increase in the shielding thickness). In the 1960s-70s, at the JINR
Synchrocyclotron and Synchrophasotron, M. M. Komochkov, V.N.Lebedev, and
V.E. Aleinikov performed a cycle of studies of radiation fields beyond the shield-
ing and in the environment of the accelerators. It was found already in the begin-
ning of the research that neutrons are the most penetrating component of secondary
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radiation. It is neutrons of a wide energy spectrum that determine the radiation dose
received by experimenters and other staff beyond the shielding during the operation
of accelerators.

To determine the mechanism of scattered neutron field formation be-
yond shielding, experiments were performed at the JINR Synchrocyclotron and
Synchrophasotron to study secondary high-energy neutrons (that are generated
in physical targets by proton beams) passing through local shieldings made of dif-
ferent materials. A particular difficulty consisted in the necessity to develop specific
techniques of field measurements for studying the characteristics of scattered radia-
tion fields beyond shieldings. In particular, the broadest energy range multisphere
neutron spectrometer, liquid and plastic scintillator-based high-energy neutron
radiometers, a neutron dosimeter (remmeter), a recombination ionization cham-
ber (designed by M. Zelchinsky), and a calibration ruler for metrological support
of measurements were designed and produced. Also, the methodology of predict-
ing accelerator radiation environment was developing. For example, B.S.Sychev
worked out a method of calculating neutron radiation shieldings based on solving
a system of integro-differential (kinetic) equations of radiation transport in mat-
ter; M. M. Komochkov, V.N.Lebedev, and L.N.Zaytsev developed an engineering
(semiempirical) technique of estimating neutron fluence and dose values beyond
shieldings.

Another rather difficult problem was that a portable personal dosimeter had to be
created which would correctly measure personal doses in a multicomponent (neu-
trons, gamma rays, and charged particles) scattered radiation field with a broad ener-
gy spectrum. The Soviet-made personal dosimeters were nonserviceable in accelera-
tor radiation fields. Much credit goes to M. I. Salatskaya (then Head of the Personal
Dosimetry Monitoring Group at the RPD) for the development of a combined
gamma and neutron dosimeter on the basis of the MK-20 emulsion and an X-ray
film (the IFKn cassette). In a number of international collations, the adequacy of its
equivalent dose readings was confirmed. Possibilities were also studied of using oth-
er types of detectors to measure personal doses — in particular, LiF-based thermo-
luminescent detectors.

The experience of radiation monitoring of accelerators acquired by JINR's RPD
was unique to the Soviet Union; therefore, the basis of the RPD at the U-70 accelera-
tor, the Institute of High Energy Physics (IHEP), was formed by JINR's RPD special-
ists who moved from Dubna to Protvino. Due to this, along with the community
of the problems being solved, the cooperation and contacts between the two similar
subdivisions of JINR and IHEP have been closest and most fruitful.

In the 1970s-80s, further radiation research was mainly aimed at the accumu-
lation of experimental data and, in parallel, development of techniques of calcu-
lating radiation transport through shielding. It was assumed that protection phys-
ics would develop in close connection between experimental and theoretical re-
search, which supported confidence in the reliability of predicting the situations
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at the facilities that were then being designed — with continuously increasing
beam powers and accelerated particle energies. But the great amount of experi-
mental data that had been acquired by that time could not have been used to test
the adequacy of the calculation techniques and were in fact empirical. It became
clear that benchmark experiments in protection physics had to be performed in
simple (idealized) geometries which, at the same time, would be typical for accel-
erators and correspond to all the initial information necessary for adequate calcu-
lations. Of principal importance was the detailed knowledge of the source terms,
especially for heavy ion accelerators, because there had been no data on the pro-
duction of secondary neutrons in nucleus-nucleus interactions. Such experiments
were performed beyond the LNP Synchrocyclotron shielding and at the relativistic
particle beams of the Synchrophasotron, the Laboratory of High Energies (LHE).
It was in experiments at the Synchrocyclotron (G.N. Timoshenko) that for the first
time double differential by angle and energy yields of charged particles from shield-
ing were obtained, and the charged component contribution to the total dose and
fluence was evaluated. For these purposes, a compact dE/dx charged particle spec-
trometer was made; its calibration was performed based on elastic p—p scattering
at a beam of the LNP Phasotron. Using a system of sensors for measuring the angular
distributions of charged particles, regularities were studied of the formation of ra-
diation fields in different geometries beyond the Phasotron and Synchrophasotron
shieldings.

In comparative experiments at proton, alpha particle, and 3.65-GeV/nucleon
12C beams, initial data were obtained on the yield of secondary charged particles
from thick Cu and Pb targets. Using the time-of-flight method, spectra of secondary
neutrons with energies above 10 MeV were measured at different angles in the in-
teraction of relativistic nuclei with a thick target for the first time. These results were
used to check the calculations of particle transport in matter and to predict the ra-
diation environment at the Collective Heavy Ion Accelerator and Nuclotron as part
of their design. To calculate the shieldings for accelerators of nuclei, A.R.Krylov
developed software which modeled an internuclear cascade in thick targets based
on the “firestreak” model of nucleus-nucleus interactions and a program for calcu-
lating neutron transport in shielding based on solving a system of kinetic equations.
The reliability of calculating the primary and secondary radiation fields was evalu-
ated in a series of experiments — in particular, in a benchmark experiment in pro-
tection physics performed by G.N.Timoshenko beyond a relatively thin catcher
of a 3.65-GeV/nucleon beam of 12C nuclei at the LHE Synchrophasotron.

A notable contribution to the methodology of physical measurements was
made by V.P.Bamblevsky, who had mastered activation techniques and created
a set of low-background gamma-spectrometers for detector activity measurement.

Special attention was given to the development of neutron spectrometry
in a broad energy range as the basic method of studying the radiation environment
and measuring the neutron dose rate. The reconstruction of neutron spectra based
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on the multisphere spectrometer readings belongs to the class of inverse problems.
It consists in finding the unknown quantity on the grounds of a number of known
effects and is reduced to solving a system of algebraic equations. In the beginning
of neutron spectrometry research, for the uniqueness of the solution the spec-
trum was represented a priori by a linear combination of several known functions
(the Maxwell distribution of thermal neutrons, the 1/E falling of the moderated
neutron spectrum, evaporation spectra of different temperatures, etc.); that is, in-
formation on the character of the solution was a priori very rigid. Later, the statis-
tical regularization method, developed in the 1970s by Acad. A.N.Tikhonov, be-
gan to be used to reconstruct the spectra. This method requires minimal informa-
tion a priori. A program was developed of neutron spectrum reconstruction from
readings of different modifications of the multisphere spectrometer (with an active
thermal neutron detector and activation detectors). The neutron spectrum recon-
struction technique was then being improved to extend the spectrometer’s operat-
ing range to high energies of neutrons (hundreds of MeV), as well as to increase
the precision of calculating the sensitivity functions and check them experimentally.
Thus, in the early 1980s, at the IBR-30 reactor beams and at the neutron generator,
experimental measurements were performed of the sensitivity functions of the mul-
tisphere spectrometer and other neutron detectors used in on-line radiation moni-
toring. Nevertheless, the multi-sphere spectrometer, due to its specifics, yields
low-value information on high-energy neutrons, which largely limited its applica-
bility in the measurements in high-energy radiation fields beyond the Phasotron
and Synchrophasotron shieldings. For solving this problem, G.N. Timoshenko and
A.R.Krylov proposed an original highly sensitive technique of high-energy neu-
tron spectrometry in scattered radiation fields. Based on this technique, a neutron
spectrometer of a new type was developed, had its sensitivity functions calculated,
and was calibrated. With its help, a great amount of hard neutron spectrum mea-
surements were done beyond JINR’ shieldings and the readings of the stationary
neutron radiation monitors immediately at work places were corrected. The high
neutron sensitivity of this spectrometer also allowed a spectrum of space neutrons
with energies above 20 MeV to be measured on the Earth’s surface. In recent years,
the development of neutron spectroscopy consists in the improvement of calculating
the sensitivity of the multisphere spectrometers on the basis of modern Monte Carlo
particle transport software MCNP, inclusion of heterogeneous spheres in the spec-
trometer configuration, and acquiring the experience of neutron spectrum recon-
struction based on readings of activation detectors. The multisphere spectrometer
was also used for the first time for studying secondary neutron fields around a thick
target irradiated with 660-MeV protons. A 8 cm thick and 50 cm long lead target was
imitating the core of a subcritical assembly monitored by a proton beam of the LNP
Phasotron (the SAD project). This methodology of spectrometry allowed obtaining
spectral and angular distributions of neutrons from the target in the whole energy
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range beginning with tens of keV. This experiment was performed to check inter-
nuclear cascade calculations using the most common transport software.

As was already noted, the multisphere spectrometer was in fact not only the main
instrument for studying scattered radiation fields, but also a reference instrument
of radiation monitoring. But metrological support to accelerator radiation research
needs both a reference measurement instrument and a reference source of neutron
radiation. In practice, it is 23°Pu-Be and 2°2Cf radioisotope sources with the average
neutron energy of 4.3 and 2.5 MeV, respectively, that are used as reference neutron
sources. As regards metrology, their main disadvantage is their narrow energy range
not matching the real radiation fields beyond shieldings, which does not provide
the necessary precision of practical measurements. In the 1980s, it led to the devel-
opment of special metrological support of neutron measurements that was based
on the generation of reference neutron fields of a wide energy spectrum immediately
at the nuclear physics facilities and reproduction of the special State standard units
there (by a direct or indirect method). The first reference neutron fields had been
generated at reactors several years before and were used as reference neutron energy
spectra. On the initiative of the subsection “Radiation Protection and Work under
High Levels of Ionizing Radiation” of the Council on Accelerating Charged Particles
of the USSR Academy of Sciences, which was then headed by M. M. Komochkov,
a task was set to produce reference neutron fields at accelerators. This work was
started in parallel at JINR and IHEP in the early 1990s and, later, at CERN. At JINR,
four reference fields were generated: two, on the basis of 2°2Cf neutron sources sur-
rounded by moderators of different diameters; and two, on the basis of real fields of
the LNP Phasotron. A “soft” reference neutron field was generated in the tunnel laby-
rinth on the basement floor under the main accelerator hall; a “hard” one, beyond the
two-meter thick concrete shielding of the Phasotron — at the banking of the western
wall. The characteristics of these fields were measured in detail; systems of tracking
their parameters were created; a methodological outline of calibrating dosimetric
and radiometric instruments was proposed. In JINR’s reference neutron fields, a col-
lation was made of the neutron fields’ dosimetric and physical characteristic mea-
surement techniques and the equipment used at JINR and the Institute of Atomic
Energy (Swierk, Poland); also, a number of instruments and methods of operational
and personal monitoring were calibrated.

A toughening of radiation standards and an increase in the amount of radia-
tion monitoring at JINR’s nuclear facilities required in the mid-1980s that the RPD
took a new approach to the organization of zone monitoring — namely, that au-
tomated radiation monitoring systems (ARMSs) be provided for JINR's facilities.
It should be noted that there was no experience in developing such systems for ac-
celerators at that time. The ARMS of the IBR-2 reactor had been developed similarly
to those of the nuclear power plants. But the specifics of the radiation fields beyond
accelerator shieldings, variability of accelerator operation modes, changes in the sta-
tuses of the radiation monitoring zones depending on the operation modes, etc.
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made it impossible to use the nuclear power plant ARMSs at accelerators. To solve
this task, a three-level structure of an automated system was proposed: the first level
included tens of stationary neutron and gamma sensors; the second, intellectual crate
controllers to acquire information from the sensors and to control them; the third,
personal computers for data visualization and documentation and for controlling
the system as a whole. The system’s neutron channels with stationary wide-energy
range neutron sensors based on corona counters in moderators, which had shown
themselves to the best advantage during many years’ operation, were developed; spe-
cial electronics units were created for the system’s second level; software was devel-
oped for the system’s second and third levels; a metrological scheme of sensor check
and calibration was worked out. ARMSs with specific differences were provided
for the LNP Phasotron, LHE Synchrophasotron, and accelerators of the Laboratory
of Nuclear Reactions, where, undergoing continuous improvement, they have been
in operation for about 20 years.

Approximately in the mid-1980s, in parallel with ARMS development, work was
begun to restructure the personal dosimetry monitoring (PDM) system. The tra-
ditional photometric monitoring methods based on using X-ray films to evaluate
the gamma dose and nuclear emulsions to evaluate the neutron dose miss the nec-
essary immediacy — with the radiation-monitored JINR staff being about 2000.
Also, film and emulsion supplies became irregular. It was suggested that the PDM
methodology be radically changed and monitoring be done, in part or in full,
with thermoluminescent detectors (TLDs). As an alternative to the film dosimeter,
the albedo neutron dosimeter with two °Li- and 7Li-based TLDs was proposed,
which detects soft neutrons rescattered from the body into the dosimeter. The RPD
began the development of such a dosimeter and the automation of processing its
data. In the 1970s, when there were no industrial instruments for reading TLD data,
the RPD tried to design its own instrument of this kind. During the development
of an albedo dosimeter, different types of TLDs were tested; the dosimeter sensitivity
calculations and calibration were performed; the dosimeter was tested in real neu-
tron fields. Due to the disadvantages inherent in the TLDs, it turned out to be impos-
sible to completely drop photometric monitoring. Thus, a new combined PDM cas-
sette was designed (its TLD is processed using equipment produced by the Harshaw
company).

The Department’s experience in accelerator shielding development and meth-
odology of calculating particle transport in matter were used to design the shield-
ing of several facilities and buildings of JINR’s accelerators. The RPD participat-
ed in the design of different versions of LHE’s heavy ion accelerating complexes
(the Collective Heavy Ion Accelerator and Heavy Ion Accelerator Complex) and
the Nuclotron. In the late 1980s, the Department’s specialists contributed to the de-
velopment of Vinca Institute’s cyclotron (Belgrade, Yugoslavia).

After the establishment of the Department of Radiation and Radiobiological
Research (1995), investigations on the dosimetry of different types of radiation and
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protection physics were conducted within the radiation research project. Its main
fields included studying the performances of advanced detectors and dosimeters;
wide energy range neutron spectrometry; optimization of radiation safety measures
and shieldings; physical support of radiobiological experiments; staff and environ-
ment radiation monitoring; and training specialists in radiation protection.

Extensive research was done concerning the performances of solid state track
detectors and thermal neutron detectors in polyethylene moderators. In particular,
in joint work with specialists of the Institute of Nuclear Physics (Prague, the Czech
Republic), the efficiency of detecting heavy nuclei (C, Mg, Ar, and Fe) by a CR-39
track detector was measured.

In connection with the Slovak Cyclotron Center (SCC) project for accelerating
ions with A <130 up to 72 MeV/nucleon, it was necessary to do research and de-
velopment to minimize accelerator-generated radiation influence on the environ-
ment. The shielding design and radiation protection measures had to meet rigid re-
quirements due to the complex being located in the city of Bratislava. A radiation
concept was developed for the SCC, which took into account the possible ionizing
radiation sources, protection from different types of radiation, radiation monitoring,
the management of radiation sources, the analysis of possible radiation disasters,
and the SCC influence on the environment. Based on this concept, the radiation
protection part of the SCC project was developed (V.E. Aleinikov, V. A. Arkhipov,
G.N.Timoshenko, A.R.Krylov, L. G. Beskrovnaya).

The DRRR did much work to create devices for the precision dosimetry of char-
ged particle beams of JINR’s accelerators. For these measurements, an experimental
channel and an automated sample change facility were made at the U-200 accelerator.
Also, a methodology of measuring the absorbed low-energy ion dose was developed.
For experiments at the LHE Nuclotron, a methodology was developed of the forma-
tion of a quasiplanar dose field and the measurement of the absorbed dose in sam-
ples, which allowed a cycle of research to be done at the proton, alpha particle, and
carbon and magnesium nuclear beams with energies of 0.5-1 GeV/nucleon.

Besides carrying out the Department’s own research, DRRR specialists actively
worked in JINR’s other fields: transmutation of radioactive waste produced by nu-
clear power plants; designing stationary facilities for the detection and identification
of explosives and drugs; etc.



LABORATORY OF RADIATION BIOLOGY

In 2005, by a resolution of the JINR Directorate, Scientific Council, and
the Committee of Plenipotentiaries of the Governments of the JINR Member
States, the Department of Radiation and Radiobiological Research (DRRR) was
reorganized into the Institute’s new — the eighth — Laboratory: the Laboratory
of Radiation Biology (LRB; JINR Order No.403 of 20 June 2005). This event was
consistent with the long development of one of the fields of fundamental biology
at JINR and came as recognition of the great contribution of the DRRR specialists
to solving important scientific problems. It is clear that as an interdisciplinary sci-
ence radiobiology needs support from physicists; in this regard, JINR offers unique
opportunities because it has highly competent physicists, necessary equipment, and
the widest spectrum of very diverse sources of radiation. In fact, no other scientific
center, either in Russia or abroad, is better suited and equipped physically for con-
ducting radiobiological research than JINR. The LRB has thus all the rights to claim
to be the leader in research on the genetic effects of ionizing radiations with differ-
ent physical characteristics among other scientific institutions of Russia and JINR
Member States. Prof. Evgeny Krasavin, Dr. Biol., was appointed in 2005 Organizing
Director, and elected in 2009 Director of the new Laboratory by the JINR Scientific
Council.

In 2008, at the proposal by Acad. A.I Grigoryev, the Academician Secretary
of the Section of Biological Sciences of the Russian Academy of Sciences (SBS RAS),
E.A.Krasavin presented the results of radiobiological research conducted at JINR
to a session of the SBS RAS Bureau, where they were highly appreciated. A gen-
eral SBS meeting unanimously supported a proposal of the SBS RAS Bureau and re-
solved to provide the scientific and methodological supervision of LRB by SBS RAS
(Resolution No.5 of 15 December 2008). This step raised JINR’s biological research
to a new level, providing the use of the Institute’s unique potential.

The LRB was formed by two Departments (Radiobiology and Radiation Research)
and three separate Sectors (Photoradiobiology, Space Radiobiology, and Computer
Molecular Modeling). The Department of Radiobiology consists of four Groups:
Molecular Radiobiology, Radiobiology of Normal and Tumor Cells, Radiation
Genetics, and Mathematical Modeling. The Department of Radiation Research in-
cludes two Groups: Research on the Radiation Fields of JINR Basic Facilities and
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Calculation of Physical Protection from Radiation Effects. The biological effects
of radiations with different physical characteristics remained the LRB’s main field
of research. Its topicality, as said earlier, is determined by a number of circumstanc-
es — first of all, the efficiency of using radiations in a wide range of linear ener-
gy transfer (LET) for solving different fundamental and practical problems. These
problems are related to fundamental issues of radiobiology, radiation therapy with
accelerated ions, improvement of the protection of staff working in mixed ionizing
radiation fields, and protection of the spacecraft crews in the conditions of long in-
terplanetary flights.

After the establishment of the LRB, comparative research on the regularities and
mechanisms of the induction of gene and structural mutations by radiations in a wide
LET range was continued in experiments on prokaryotic cells with different geno-
types (A.V.Boreyko). In early works on the mutation frequency in microorganisms
under irradiation in the presence of physical, chemical, and biological factors, an im-
portant role of postirradiation recovery in the induced mutation process was shown.
After mutants with different DNA repair defects had been isolated and identified,
it became possible to study closely the role of the repair processes in induced muta-
genesis. The obtained results allowed concluding that both physical and biological
factors play an important role in the mutagenic effect of radiations. The role of the
physical factor in the mutation process could be studied with the use of ionizing ra-
diations of different physical characteristics; that of the biological one, with the use
of different repair mutants. In experiments on bacteria with different genotypes
it was found that nonlinear dose curves of mutagenesis are observed quite often and
are revealed in taking into account both reverse and direct mutations. Such depen-
dences had long been a vexing problem for specialists. For this reason, experiments
were planned at the LRB to study the mutagenic effect of radiations in a wide LET
range generated by JINR's accelerators on prokaryotic cells with different genotypes.

For understanding the mechanisms of the induced mutation process, an ex-
tremely important task is the comparative study of the regularities and mechanisms
of the formation of both gene and structural mutations in cells under radiations
in a wide LET range. Indeed, to solve a number of topical practical and scientific
problems related to the genetic effect of ionizing radiations of different physical char-
acteristics, not only is it necessary to have information on the total yield of mutations
of different types in irradiated cells; the data on the frequency of both gene and
structural mutation formation in cells with different genotypes are exceptionally in-
teresting. Obtaining this kind of data is extremely difficult in experiments on mam-
malian cells. Of course, the acquisition of data on the yield of different types of mu-
tations induced by radiations of different qualities in experiments on mammalian
cells is an imperative practical and scientific problem; though, research of this kind
on different types of bacterial cells is a necessary step in solving it. The structural
and functional organization of bacteria had already been studied in detail; their dif-
ferent repair-deficient mutants had been obtained. This all allows ascertaining
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the molecular mechanisms of the formation of gene and structural mutations in cells
under radiations in a wide LET range.

The obtained information on the mutagenic effect of radiations in a wide LET
range allowed understanding the mechanisms underlying the revealed regularities.
On the basis of studying the induction of both direct and reverse gene mutations,
it was found that the dose dependences of the mutation frequency are linear-qua-
dratic for different radiations. For irradiation doses above ~ 80-100 Gy, a power dose
dependence is observed. On a logarithmic scale, the dose dependences are straight
lines with a slope ratio of 1.7-1.8, which points to a near-quadratic power character
of these curves. The most efficient mutation induction was observed in experiments
with accelerated helium ions with a LET of ~ 20 keV/um; ions with greater LET have
lower mutagenic efficiency. The heavy charged particle dose dependence of the mu-
tation frequency maintaining a quadratic law is determined by a number of fac-
tors. A microdosimetric analysis of the revealed regularities (S. Kozubek) shows that
three types of cell subpopulation can be singled out for different doses of ionizing
radiations in an irradiated population: undamaged surviving cells; lethally damaged
nonsurviving cells; and “moderately” damaged cells that complete the repair process
and join the surviving cell pool. With increasing LET, the nondamaged cell frac-
tion increases, and the fraction of lethally damaged cells hit by particle track cores
decreases. Consequently, mutations mainly develop in the subpopulation damaged
by delta-electron passage and in the small fraction of cells through which at least
one particle passed hitting the cell with the track core, provided that these cells
have repaired the induced damage and survived. On this basis, it became possible
to explain the conservation of the character of the mutagenesis dose dependences
for radiations of different LET. As the electromagnetic and corpuscular radiations
do not differ in the character of delta-electron energy transfer to matter, the type
of the N,,/N(D) dependence, where N,,/Nis the ratio of the mutant cell number
to the total cell number in the irradiated cell population and D is the dose, remains
the same for radiations of different qualities. Therefore, under exposure to high-LET
heavy charged particles (LET > 100 keV/um), when particle tracks pass through
the cell sensitive structures, cells mainly die; in surviving cells, the so-called delta-
electron mutagenesis takes place. When cells are irradiated with accelerated light
ions or high-energy charged particles of LET <100 keV/um, the sensitive struc-
tures are exposed to the direct effect of tracks; then mutagenesis of the track core
type takes place. The above having been taken into account, it becomes clear why
the character of the dose curves of mutagenesis in Escherichia coli and Bacillus subti-
lis cells remains the same with increasing particle LET.

The data obtained at heavy ion accelerators allowed concluding that the qua-
dratic character of the mutagenesis curves is explained by the necessity of the re-
alization and “interaction” of two mutually independent hitting events. The first
of them is connected with the appearance of a premutation lesion in the locus un-
der study; the second one is the formation of a lesion that induces the SOS repair
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system — the system that facilitates the fixation of changes in the bacterial DNA chain
as mutations. Since SOS repair is the deciding factor in the realization of the induced
mutation process, the analysis of the molecular mechanisms of SOS system organi-
zation in E. coli bacteria is important. Based on this, a molecular model of induced
mutagenesis was developed, which allows describing the main ways of the trans-
formation of the primary disorders in the DNA structure (premutation lesions)
into mutations (A. V.Boreyko). In this model, the fixation of an ionizing radiation-
induced premutation lesion as a point mutation results from the functioning of dif-
ferent enzymatic mechanisms, one of the most important of which is a multienzyme
complex that includes inducible DNA polymerase V (UmuD;C), RecA protease,
SSB proteins, and DNA polymerase III subunits.

Based on the molecular model, a mathematical model of the ultraviolet radi-
ation-induced mutation process in E. coli bacterial cells was created (O.V.Belov,
E.A.Krasavin, A. Yu. Parkhomenko). Actually, a new approach to the theoretical de-
scription of induced mutagenesis in bacterial cells was proposed. It was the first time
that a model of the induced mutation process was developed based on the detailed
mathematical description of the key protein interactions in the course of the SOS
response of E. coli bacteria. Within one model approach, the whole way was traced
from the appearance of an original DNA structure lesion to its fixation as a mutation.
The developed model concepts for the first time allowed prediction of the dynam-
ics of the concentrations of the umuD gene dimerized products and two regulatory
complexes of the SOS system: UmuD,C and UmuDD'C. Such an approach allowed
a detailed modeling of the translesion synthesis mechanism, which is responsible
for the process of fixing premutation lesions as mutations. Calculations based on this
model resulted in the detection of a link between the efficiency of translesion syn-
thesis realization and gene mutation yield. Calculations performed on the example
of the lacI regulatory gene in E. coli bacteria showed concurrence of the model-
ing results and experimental data on the UV radiation energy fluence dependence
of the lacI™ mutation frequency. On the grounds of these approaches, it is possible
to do further mathematical analysis of the main types of the mutation process in-
duced by ionizing radiations with different physical characteristics in E. coli cells.
Of course, it is a much more complicated problem, but it is quite possible to solve it.
The successful solution of this problem requires, first of all, experimental data
on the kinetics of the production and degradation of the main gene products partici-
pating in the formation of a multienzyme complex: DNA polymerase V.

In later papers on research in quantitative radiobiology, approaches were devel-
oped that allow identification of additional mechanisms of bacterial cell repair after
radiation exposure. In particular, a detailed mathematical description was proposed
of the excision repair of damaged DNA bases in bacterial cells; and the mecha-
nism was modeled of damage removal involving formamidopyrimidine glycosylase
(the Fpg protein), which has several activity types. In this research, thus, not only
were significant results obtained on the quantitative estimation of the production
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and degradation kinetics of the main gene products in the course of DNA repair,
but a new theoretical approach to the description of the induced mutation process
in bacterial cells was successfully realized.

In experiments with accelerated heavy ions, it was shown that the frequen-
cy of the deletion mutations, unlike that of the gene mutations, increases lin-
early with the dose for all the used types of radiation. The most effective are ions
of LET~ 50 keV/um. Accelerated heavy ions of higher LET have a weaker biological
effect. Therefore, the character of the dose dependences by the criterion of deletion
mutation induction in E. coli cells is completely different from the character of the de-
pendences obtained for gene mutations, which were examined earlier. In the latter
case, a near-quadratic power dependence is observed. The dose dependences of de-
letion mutation induction, which are described by linear functions, are determined
by other mutation formation mechanisms than the dose dependences of gene muta-
tion induction. The linear character of the dose dependence of deletion formation
in bacterial cells under gamma irradiation is explained by the fact that it is DNA
double-strand breaks (DSBs) that is the molecular basis of the primary lesions lead-
ing to deletions (unlike that, it is base damage that is the molecular basis of the pri-
mary lesions leading to gene mutations). To turn premutation lesions of the DSB
type into a structural mutation, there is no need in the induction of the SOS repair
system, which, as shown earlier, plays the key role in gene mutation formation.

On the basis of the performed research, it was shown that the biological effec-
tiveness of heavy charged particles evaluated by the induction of deletion mutations
increases with increasing LET, like it does if evaluated by the lethal effects of irradia-
tion and point mutation induction. But the location of the maximums of the LET
dependence of the relative biological effectiveness (RBE) of the considered irradia-
tion effects is not invariant. With respect to the lethal effect, the highest RBE levels
are observed for irradiation with particles of LET ~ 100 keV/um. By the criterion
of gene mutation induction, the maximum is located at ~20 keV/um. For dele-
tion mutations, this value is LET ~ 50 keV/um. On these grounds, a conclusion was
made that the differences in the maximum locations of the RBE(LET) dependenc-
es for the lethal and mutagenic effects of radiation are determined by the different
character of the DNA lesions participating in the realization of gene mutagenesis
and lethal effects. In the former case, those are mainly damaged bases; in the lat-
ter, DNA DSBs. The microdosimetric analysis of the LET dependence of clustered
single- and double-strand break yield shows that both types of dependences are de-
scribed by curves with a local maximum (V. Michalik). The clustered single-strand
break RBE maximum, however, is shifted by almost an order of magnitude to lower
LET, which can explain the difference in the locations of the maximums of the RBE
dependences on LET for the lethal effects of radiation and gene mutation induction.

Experiments on the induction of mobile elements by radiations of different
physical characteristics (A. V.Boreyko, D. V. Zhuravel) were planned taking into ac-
count the fact that the precise excision of transposons, while being a deletion process
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by its molecular nature, depends on the functions of the genes controlling SOS re-
pair. As the formation of the deletion mutations, which are based on DNA DSBs,
is not determined by inducible SOS repair, it seemed important to study the regulari-
ties and mechanisms of the precise excision of transposons in E. coli bacteria induced
by gamma radiation and accelerated heavy ions of different physical characteristics.
With increasing the dose of irradiation with heavy charged particles, the frequency
of the deletions caused by the precise excision of the mobile element was described
by power dependences. With increasing LET of the particles, their biological effec-
tiveness compared to that of gamma rays increased, and the RBE maximum calcu-
lated by the criterion of the precise excision of the Tn10 transposon was realized
in the LET range of 20-40 keV/um. As was mentioned before, the maximal gene mu-
tation yield in E. coli and Bacillus subtilis bacteria is observed at the same LET values.
On the grounds of the obtained data, a conclusion was made that the high biolog-
ical effectiveness of heavy charged particles with respect to the induction of mo-
bile elements and gene mutations is determined by two circumstances. The pre-
cise excision of the transposon is on the one part a deletion event; on the other,
it is determined by SOS-dependent mechanisms. The transposon excision initiation
is based on the formation of single-strand pins in its sequence, which are produced
in the course of DNA damage repair; and the formation of a lesion that triggers
cell SOS response, which leads to the excision of the mobile element. The difference
in the characters of the premutation lesions — the molecular substrate for the forma-
tion of the gene and structural mutations — has an effect on the character of the RBE
dependences on LET. Clustered lesions of a DNA strand that appear against the cell
SOS response background can be the molecular basis of trasposon excision. The evi-
dences of this circumstance are the power character of the dose dependence of the
induction of mobile elements by radiations of different physical characteristics and
the position of a local RBE(LET) dependence maximum determined by this crite-
rion, which correlates with the similar dependence for the gene mutations.

By the establishment of the LRB, the Molecular Radiobiology Group had started
research on molecular disorders in the human lymphocyte DNA structure under
irradiation with gamma rays and accelerated heavy ions and research on apop-
totic cell death. With the use of the DNA comet assay, regularities were studied
in the induction and repair of DNA DSBs in cells irradiated with ®°Co gamma
rays and accelerated “Li and !B ions with LET of 20 and 40 keV/um, respectively
(A.V.Boreyko, V.N.Chausov, V.A.Tronov). For gamma rays and accelerated ions,
the dose dependences were found to be linear; it was shown that heavy ions have
greater biological effectiveness than gamma rays by the criterion of DNA DSB in-
duction. The RBE of accelerated Li and B ions is 1.4£0.1 and 1.6 £0.1, respec-
tively. To study the qualitative specifics of DNA DSBs induced in cells by radia-
tions in a wide LET range, an approach involving the use of agents that influence
DNA synthesis was used at the LRB. It is known that a number of DNA synthesis
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inhibitors (cytosine arabinoside, oxyurea, fluorodeoxyuridine, and some others)
suppress not only replicative, but also reparative DNA synthesis in mammalian cells.
In the presence of such agents, a significant increase in cell sensitivity to gamma ra-
diation is observed in the postirradiation period. The molecular mechanism of their
sensitizing effect consists in blocking the build-up of single-strand gaps in the DNA
chain. As a result, the opposite DNA strand with continuously unrepaired gaps can
be attacked by S; endonucleases, and enzymatic DSBs will form. Along with this,
there is no influence of the DNA synthesis inhibitors on mammalian cell survival
under radiations with high LET. This prompted a suggestion that with increasing
particle LET, the yield of direct DNA DSBs induced immediately by heavy charged
particles significantly increases, and their yield is determined only by the physical
properties of radiations. In this connection, it seemed important to study the regu-
larities in the effect of DNA synthesis inhibitors on the yield of DSBs induced in cells
by radiations in a wide LET range. The data obtained on the effect of DNA synthesis
inhibitors (cytosine arabinoside (Ara-C) and hydroxyurea (HU)) on DNA damage
induction and repair indicated that the character of their modifying effect is different
under cell exposure to ionizing radiations of different quality. It was observed that
under normal conditions DNA DSBs are induced more efficiently by heavy ions,
the RBE of which is 1.6 +-0.1. The obtained results also pointed to the efficient re-
pair of DNA DSBs induced by the used radiations. In the presence of inhibitors,
significant differences were observed in the character of the established dose-effect
dependences for cell irradiation with gamma rays and accelerated boron ions. For
gamma irradiation in the presence of DNA synthesis inhibitors, not only DNA DSB
repair was not observed, but DSB yield increased somewhat with cell incubation
time. It could be explained, on the one part, by possible inhibition of DNA DSB
repair, which, as is known, is realized by two mechanisms: homologous recombi-
nation (HR) and nonhomologous end joining (NHE]). On the other part, it could
be connected with the formation of enzymatic DNA DSBs from DNA single-strand
breaks (SSBs), which emerge during the incision of modified nucleotides in the pro-
cess of excision repair. As the removal of damaged nucleotides in mammalian cells
in the process of excision repair lasts 3-4 hours after irradiation, the SSBs forming
in the presence of DNA synthesis inhibitors can become the sites for enzymatic DSB
formation caused by S; endonucleases attacking DNA strands that are opposite to in-
cision SSBs. When cells are irradiated with accelerated boron ions in the presence
of Ara-C and HU, DNA DSB repair is observed, which is not so in the case of gamma
irradiation; the lower values of dose change factor parameters in the case of cell ir-
radiation with heavy ions are explained by a decrease in the number of the induced
DNA SSBs with increasing LET of radiations. It is exactly this type of DNA damage
that makes up the molecular substrate for the realization of the sensitizing effect
of the used DNA synthesis inhibitors.

Thus, on the grounds of the conducted research, it was shown that when mam-
malian cells are exposed to ionizing radiations in the presence of DNA synthesis
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inhibitors Ara-C and HU, DNA DSB repair takes place, which was observed for both
gamma rays and accelerated boron ions. The great contribution of enzymatic DNA
DSBs developing from inhibitor-blocked joining groups of the direct SSBs and en-
zymatic SSBs forming in the course of excision repair seem to overlap DSB repair
under gamma radiation, which is observed when cells are irradiated with accelerated
boron ions. On these grounds, experiments were planned at the LRB with heavier
charged particles of yet higher LET (>200 keV/um) which induce mainly direct
DNA DSBs, while the enzymatic DSB contribution is minimal.

For studying regularities in the formation of DNA damage of different types un-
der ionizing radiations of different quality, the enzymatic DNA comet assay tech-
nique was developed. The use of the enzymes of endonuclease III (EndolII) and for-
mamidopyrimidine glycosylase (Fpg) repair makes it possible to transform modified
pyrimidine and purine bases into DNA SSBs. With the use of modifying enzymes
in alkaline and neutral DNA comet assay, comparative dose dependences were ob-
tained of the formation of DNA SSBs and modified purines and pyrimidines, as well
as DNA DSBs and clustered DNA DSBs under °Co gamma irradiation.

As was already noted on different occasions, accelerated heavy particles induce
many effects that are strongly different from the ones induced by electromagnetic ra-
diations. To a large extent, it is connected with the specifics of heavy charged particle
energy transfer to the cell genetic structures. When cells are irradiated with gamma
rays, the absorbed dose is delivered to the matter’s volume as numerous randomly
distributed acts of energy transfer. The same dose of radiation can be transferred
to the same matter's volume by a single heavy charged particle passing through it.
This character of heavy ion energy transfer to the genetic structures determines
the formation of DNA damage types that essentially differ from the ones typical
for the electromagnetic ionizing radiations. Among the most severe heavy ion-in-
duced lesions, considered first should be the DNA double-strand breaks (DSBs).
A heavy charged particle crossing a DNA section results not only in the violation
of the integrity of DNA’s two complementary strands, but also in the damage of other
molecular structures adjacent to this site. For cell repair systems, such clustered le-
sions are the most difficult to repair. They are the molecular substrate of cell death,
induction of different types of chromosome mutations, and malignant transforma-
tions. The necessity of studying the regularities and mechanisms of the formation and
repair of such a damage is clear. Therefore, the Molecular Radiobiology Group start-
ed research on the induction of DNA DSBs in human cells by radiations with differ-
ent physical characteristics and their repair. Efficient modern techniques were used
which allow studying the formation of DNA DSBs in the nuclei of individual cells:
immunocytochemical cell staining by protein-specific antibodies conjugated with
different fluorescent dyes (the method of DNA foci) and the DNA comet method.

The method of DNA foci is based on an important property of some proteins
to “recognize” the appearing DNA DSBs in nuclei and participate in the progres-
sion of the repair process. One of the initial stages of the formation of cell response
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to the appearance of a DNA DSB and activation of the repair systems is the phos-
phorylation of the H2AX histone. A phosphorylated histone, which is called
yH2AX, can be detected near a DNA DSB. It is a signal attracting other proteins
to the DNA DSB appearance sites. H2AX histone phosphorylation events can be
visualized as isolated nuclear foci by the immunostaining method. The immunos-
taining principle is based on a specific binding of antibodies to antigens. For each
protein, or antigen, an antibody (a primary antibody) can be synthesized that would
be specific only to this protein. The primary antibody binds with the studied pro-
tein; then, a secondary antibody specific to the primary one binds with this pri-
mary antibody. The secondary antibody carries a fluorescent label, which allows
the studied protein to be visualized. Besides the yH2AX histone, this method al-
lows visualization of some proteins participating in DNA DSB repair (like 53BP1).
Using the immunocytochemical staining technique and confocal microscopy, an in-
ternational team of radiobiologists (A.V.Boreyko, L.Jezkova, S.Kozubek, M. Falk,
M. G.Zadnepryanets, E. A. Kruglyakova) obtained three-dimensional images of hu-
man fibroblast nuclei irradiated with ®°Co gamma rays (LET 0.3 keV/um) and ac-
celerated !B ions (LET 135 keV/um). For studying the kinetics of 11B ion-induced
DNA DSB damage repair, the samples were irradiated normally to the cell mono-
layer. Irradiation at a small angle (10°) allowed an analysis of the formation and
structure of clustered DNA damage along the ion track. For the quantitative evalua-
tion of DNA damage induction and repair, the co-localized yH2AX and 53BP1 foci,
which are the DNA DSB markers, were calculated.

In these experiments, the kinetics was studied of the formation and elimina-
tion of the yH2AX/53BP1 foci induced in fibroblast nuclei by °Co gamma rays and
accelerated 1B ions. It was shown that in human fibroblasts accelerated 1B ions
induce more yH2AX/53BP1 foci than ®°°Co gamma rays. For gamma irradiation,
the maximal radiation-induced yH2AX/53BP1 foci yield is reached one hour after
exposure (~ 25 foci/cell); after four hours, most of the foci (~ 80%) are eliminated.
For accelerated 1B ions, the maximal yield of these foci is observed after 45 minutes
of postirradiation incubation (~ 72 foci/cell). 24 hours after irradiation, the amount
of the radiation-induced foci was much higher in the cells exposed to accelerated
1B jons than in the cells exposed to 9°Co gamma rays, which indicates that the ac-
celerated ion-induced damage is more complicated. The different character of DNA
DSB induction by gamma rays and accelerated heavy charged particles was illustrat-
ed by comparing the results of the ®*Co gamma ray and !!B ion irradiation at 1 Gy,
the beam hitting the sample surface perpendicularly and at 10° in different expo-
sures. For the angle of 10°, it was found that a particle, when passing through a nu-
cleus, produces a track consisting of several neighboring foci; and clustered DNA
lesions develop along the track in the first minutes after irradiation.

The different character of DNA DSBs induced by electromagnetic radiations
and accelerated heavy charged particles and decreased cell repair ability after ex-
posure to heavy ions determine the character of the apoptotic cell death display
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(E.V.Baranova, A.V.Boreyko, I.I. Ravnachka, M. G.Savelyeva, S.I.Stukova). As is
known, DNA DSBs are the initiating signal of apoptosis — programmed cell death.
The quantitative and qualitative differences in DNA DSB induction by ionizing ra-
diations with different physical characteristics must show up in cells’ apoptotic re-
sponse. Indeed, it is clearly observed in experiments on human blood lymphocyte
irradiation with gamma rays and accelerated oxygen and neon ions (LET 170 and
180 keV/um, respectively).

The Radiation Cytogenetics Group carried out the research in several fields.
The biological effectiveness of JINR’s therapeutic proton beam was estimated;
investigations were started of the individual radiosensitivity of the human cell
chromosome apparatus, mutagenic effect of ionizing radiations on mammalian cells,
and genome instability.

As is known, proton therapy is one of the most promising areas of modern ra-
diation medicine. A therapeutic proton beam was constructed at the Phasotron
of the Laboratory of Nuclear Problems, JINR; it has long been used for radia-
tion therapy. Its effectiveness on human cells was estimated by cytogenetic meth-
ods. As a model, human peripheral blood lymphocytes were used. Whole blood
samples (cells in the Gy-phase) and a culture of lymphocytes stimulated to divide
were irradiated at the times of different phases of the cell cycle. The cells were ir-
radiated at the 170-MeV proton beam adjusted to perform proton therapy at two
points of the depth dose distribution: at the place of the beam entering the object
(LET ~0.5 keV/um) and near the modified Bragg peak (E~ 0-30 MeV; the LET
spectrum is up to 100 keV/um). Specific quantitative and qualitative features
of the response of human peripheral blood lymphocytes to irradiation were revealed
based on cytogenetic indicators. It was found that, by the criterion of the aberrant
cell formation frequency and total chromosome aberration yield, the relative bio-
logical effectiveness of Bragg peak protons is ~ 1.2 for irradiation in the Gy-phase of
the cell cycle. It was determined that G,-phase lymphocytes have the highest radio-
sensitivity to Bragg peak protons; this conclusion was based on different indicators:
the longest (up to ten hours) division arrest, a high frequency of the formation of
cells with chromosome aberrations and the highest total chromosome yield, a sharp
increase in chromosome fragmentosis (up to 85% of the total number of aberra-
tions), and a high frequency of the formation of cells with multiple chromosome
aberrations. It was established that the pronounced changes in the ratio of differ-
ent types of chromosome aberrations take place when Gy- and G,-lymphocytes are
irradiated with Bragg peak protons: a high level of chromosome-type aberrations
with the prevalence of exchange aberrations is replaced by a high level of chromatid-
type aberrations with the prevalence of fragments. Effectiveness coefficients of Bragg
peak protons were obtained. Taking into account the most radiosensitive fraction
of lymphocytes (G,-lymphocytes) as opposed to nondividing ones, the effectiveness
coeficients of 170-MeV protons are ~ 1.45 on the average.
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A cycle of studies was conducted on the individual radiosensitivity of the human
cell chromosome apparatus and biological dosimetry. A series of experiments were
performed to study individual dispersions of the genetic structure damage distribu-
tion in chromosomes 2, 8, and 14 (human peripheral blood lymphocytes) depending
on radiation LET. The accelerated ions used included !B, 7Li, and 2°Ne. The results
of the experiments show that the interdonor differences can underlie the biodosi-
metric error in determining the received radiation dose. Moreover, the ratio of cen-
tric ring and dicentric yield in chromosome 2 can be used as a reference quantity
to evaluate the radiation dose for high LET.

In this research, significant differences were revealed in the radiosensitivity
of donor blood samples irradiated in the G- and G,-phases of the cell cycle. Overall,
the results show that for accelerated charged particles interdonor sample variability
in the chromosome aberration frequency is higher than for gamma rays. Differences
were observed between donor radiosensitivity levels evaluated by the usual meta-
phase method and premature chromatin condensation method (PCC). It was estab-
lished that sensitivity to high-LET radiations is individual for each donor.

With the use of different cytogenetic analysis techniques, fingerprint estimations
of the dicentric-to-ring and complex-to-simple aberration ratios (the F and C fre-
quencies, respectively) revealed differences between donors with respect to these
indicators. It was found that the F factor is dose-dependent for gamma radiation,
while no dependence of F on the dose and fixation time was observed for charged
particles. A combined analysis with the PCC and fluorescence in situ hybridiza-
tion (FISH) techniques (PCC+ FISH) showed that there is a clear F and C factor
correlation with LET. It was established that the C factor is more variable between the
donors than E These results explain well the differences between the data obtained
at different laboratories worldwide and confirm the efficiency of the PCC+ FISH
technique for evaluating the quality of radiations in biological dosimetry.

The Radiation Cytogenetics Group studies the biological effects of low doses
of ionizing radiation (O.V.Komova, P.V.Kutsalo, E. A.Nasonova, N.L.Shmakova,
T. A.Fadeeva). It was found earlier that above 30 cGy damage yield linearly depends
on the dose, which is in full agreement with the generally accepted concept. For low-
er doses, this dependence is nonlinear. In the beginning of the dose curve, abnor-
mally high cell radiosensitivity was observed (damage yield per unit dose), which
is followed by an increased radioresistance region, where chromosome aberration
yield, in fact, depends inversely on the dose. The maximal effect is 2-3 times higher
than the control; it is reached at ~5-7 cGy (the hypersensitivity peak). With fur-
ther increasing the dose up to ~ 10-15 Gy, the chromosome aberration frequency
sharply decreases — in some cases, practically to the control level. Similar results
were obtained for the irradiation of human blood lymphocytes with carbon ions,
where a distinct hypersensitivity peak was observed at the doses of ~ 5 cGy. It should
be noted that in lymphocytes of some donors no hypersensitivity or increased re-
sistance was observed in the beginning of the dose dependence of the chromosome
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aberration yield, which allows this phenomenon to be considered an individual fea-
ture of these donors.

It was also found in research on lymphocytes that independently on the radiation
quality, chromatid aberrations are the main type of chromosome damage in the hy-
persensitivity region. According to the concepts of classical radiobiology, aberrations
of the cromatid type are not induced by radiation in nonstimulated lymphocytes.
At the same time, they make the main contribution to spontaneous mutagenesis,
which, as is known, is determined by the effect of endogenous reactive oxygen spe-
cies (ROS). Mitochondria, in whose respiratory chain 2-3% of oxygen is convert-
ed into the superoxide anion in the process of normal metabolism, are the main
ROS source in the cell. As a result of its interaction with a number of cell substrates,
a spectrum of secondary active radicals are formed, among which the most danger-
ous for the cell are the hydroxyl radical and hydrogen peroxide. It was shown earlier
that ionizing radiation can cause a sharp increase in mitochondrial superoxide anion
yield during several seconds after irradiation (the so-called mitochondrial oxidative
stress). Evolutionally, a powerful protein complex formed in cells which protects
them from endogenous ROS, but under irradiation its potential may not be suf-
ficient to neutralize such a significant amount of the produced radicals; therefore,
additional cytoprotective pathways have to be activated. All these facts made up
the basis of the hypothesis on the mechanisms of the action of low doses of ionizing
radiation. Its main points are the following: a) hypersensitivity observed in the be-
ginning of the dose curve is caused by an increase in the yield of oxidative dam-
age in cell DNA, which results from radiation-induced ROS amplification in cell
mitochondria; b) increased radioresistance observed in cells with further increas-
ing the dose is the consequence of the activation of the cytoprotective mechanisms
aimed at suppressing oxidative stress. In the capacity of such a mechanism, a cascade
of reactions leading to the activation of the signal-regulated ERK protein kinase was
examined. The cascade is triggered in response to an increase in the mitochondrial
ROS yield and the action of radiation; it causes the enhancement of cell proliferation.

To test this hypothesis, different modifiers influencing ROS, the mitochondrial
respiratory chain, and ERK were used. A change in the shape of the dose depen-
dence of aberrant cell yield in the presence of these modifiers allowed the evaluation
of the contribution of the above mentioned processes to the phenomena of hyper-
sensititvity and increased radioresistance at low doses of ionizing radiation.

In research on human breast carcinoma cells, it was shown that the substanc-
es having an effect on ROS eliminate hypersensitivity. They include the DMSO
interceptor of free radicals, cyclosporine A (CsA) — a blocker of ROS generation
by mitochondria, and the SB203580 inhibitor of the p38 MAP kinase, which blocks
the prolonged generation of ROS by the NADPH oxidase. At the same time, anti-
mycin — an electron transport inhibitor in mitochondria, which is widely used as a
ROS generator in biological systems — led to a yet greater increase in chromosome
aberration yield at low doses. To clarify the protective role of ERK, two inhibitors
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suppressing its activity were used: PD98059 and U125. As expected, ERK inhibition
prevents an increase in radioresistance. At the doses of 7-8 Gy, which corresponds to
the maximum radioresistance of nontreated cells, the percentage of aberrant cells in-
creases 1.5-2-fold. All these facts indicate that the activation of this protein is a nec-
essary factor of cell protection when the constitutive cytoprotective systems cannot
manage an increased number of oxidative lesions observed in the hypersensitivity
region.

Overall, experiments with different modifiers influencing the endogenous ROS
yield showed that these compounds, which have a high mutagenic potential, make
a significant contribution to chromosome damage induction in breast carcinoma
cells at low doses. This fact allows one to suggest that radiation-induced oxidative
stress and its consequence, cell homeostasis disorder in general, can notably affect
the irradiated cell fate.

Another field of studying biological effects at low doses of ionizing radiation is
the research on the regularities in adaptive response induced in human blood lym-
phocytes by different doses of gamma radiation (2-15 c¢Gy). As is known, adaptive
response is one of the specific effects of low doses of radiation. It consists in an in-
crease in cell and organism resistance to the subsequent exposure to greater doses
of radiation. Adaptive response depends on many factors, including the prima-
ry and main dose values, dose rate, cell cycle stage at the moment of irradiation,
and the time between the primary irradiation and the subsequent irradiation with
a higher dose. All these factors impose tight constraints on the adaptive response
manifestation. Besides, in repeated experiments on the same biological objects in
the same conditions, preirradiation with a low dose often resulted in opposite effects:
from pronounced adaptive response to the enhancement of the effect caused by ir-
radiation with a high dose. It is thus doubtful that this is a universal phenomenon.
The aim of the study was to evaluate the reproducibility of adaptive response and
determine whether an optimal priming dose exists for any individual, which, as had
been suggested, can depend on the organism’s individual radiosensitivity in differ-
ent low-dose ranges. An adaptive response research was conducted on three donors’
Go-lymphocytes in a wide range of gamma radiation priming doses. Irradiation with
the major dose of 1 Gy was performed in the G,-phase of the cell cycle. As the cri-
terion, aberrant lymphocyte yield registered by the metaphase method was used.
Altogether, three experiments were conducted with six-month intervals.

The research confirmed a high degree of variability in adaptive response mani-
festations — between different donors and in different tests of the same donor. It was
shown that the individual radiosensitivity factor has no influence on the adaptive
ability associated with the irradiation of cells at low doses. Moreover, it turned
out to be impossible to find optimal doses for any specific individual, the priming
irradiation with which would have had a radioprotective effect in each experiment.
Obviously, there is some stochastic factor that affects the radioadaptive response
manifestation. Its nature is difficult to establish, because its mechanism is unknown.
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Thus, adaptive response, due to its extreme instability, cannot be considered as a uni-
versal phenomenon that could be used in clinical practice or taken into account
when evaluating radiation risks.

The Radiation Cytogenetics Group performs large-scale research on the mutagen-
ic action of ionizing radiations of different quality on mammalian cells and the prob-
lem of genome instability (P.Blaha, R.D.Govorun, I.V.Koshlan, N.A.Koshlan).
Chinese hamster cells irradiated with protons (LET 0.22 keV/um) and accelerated
1B, 14N, 180, and 2ONe ions (LET 50-153 keV/um) were used to study regulari-
ties in HPRT mutation induction. It was found that the manifestation of mutations
depends on the time of seeding irradiated cells into a selective nutrient medium
with 6-thioguanine (mutation expression time) and radiation LET. For a four-day
expression, the frequency of spontaneous and radiation-induced mutagenesis was
about 1.2 - 107°. For a longer expression, the mutagenesis level increased approxi-
mately threefold, reaching a maximum. The maximum location depended on accel-
erated ion LET. With increasing LET, the maximum shifts towards longer expression
times. In particular, the maximal level of mutagenesis was observed 11 days after ir-
radiation with 130 ions (LET ~ 116 keV/um) and 23 days after irradiation with 2'Ne
ions (LET ~ 153 keV/um). These terms correspond to 40-50 cell generations (one
Chinese hamster cell division cycle takes 11-12 hours). Later, the radiation-in-
duced mutagenesis frequency decreased to the spontaneous mutagenesis level when
the seeding was done 30-45 days after the exposure. Based on earlier research, there
are grounds to suggest that an increase in the radiation-induced mutagenesis level
is determined by the increased chromosome instability of the irradiated cell popula-
tion; and its display at different expression times depends on initial damage severity.

During the identification and selection of mutant subclones, mutants were ob-
served that grew slower than the intact control cells. The slowdown of the growth
of many mutant subclones in a selective nutrient medium with 6-thioguanine could
be determined by the appearance of mutations leading to a decrease in HPRT en-
zyme activity or to the synthesis of a lower amount of the HPRT enzyme. In these
cases, the viability of the mutant population could be provided only by the cells that
have no time to utilize the purine analog during their cell cycle. Also observed were
nonstandard types of the growth of mutant subclones isolated from Chinese hamster
cells irradiated with accelerated 30 ions (LET ~ 153 keV/um) at 0.5, 1, and 2 Gy. In
the same growth conditions, some mutants show unusual morphology compared
with the control cell population: the laced, chain, and stellar character of growth.
Emergence of colonies was observed before the formation of the mutant subclone
cell monolayer. These signs can indicate the initiation of the malignant transforma-
tion of cells.

The Group of Lower Eukaryote Radiation Genetics studies regularities in the in-
duction of mutations of different molecular nature in cultures of the unicellular yeast
Saccharomyces cerevisiae by different types of radiation (N.A.Koltovaya). Several
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genetic systems are used which allow testing specific types of genetic structure dam-
age. Base pair substitution is tested with two genetic systems which are based on the
substitution of a nucleotide in critical amino acid codons in the CYC1 gene: Cys 22
cysteine (CAA TGC CAC) and glutamic acid Glu50 (ATC GAA TTG). These sys-
tems allow testing all the transition and transversion types; they are constructed in
such a way that the reversions can emerge only at the expense of true reverse muta-
tions. The disadvantages of the CYCI system include respiratory impairment, which
itself can have an effect on mutagenesis. Besides, the reverting frequency can be af-
fected by neighboring nucleotide sequences. In this connection, work was started
with another test system: TRP5. The mutations in this gene do not disturb respira-
tion, which allows selecting the revertants against the active respiration background;
and the surrounding of the critical codon of the TRP5 gene differs from the nucleo-
tide sequence of the critical codon of the CYC1 gene. So, the data obtained with the
latter test system allow generalization of the regularities in the induction of base pair
substitutions by radiation.

Survival curves were obtained for all the haploid (YMH1-7) and diploid (YMH51-
57) strains of the CYCI test system under ultraviolet (UV) light. The survival curves
of the haploid and diploid strains are sigmoid. For the YMHS53 diploid strain, UV-
induced mutagenesis curves were obtained; they have a linear quadratic character.
With the survival rate of about 1%, the AT-TA transversion frequency increases
18-fold, reaching 10~8, Survival and mutagenesis curves were also obtained for six
strains of the TRP5 test system under UV light. The strains do not differ in their
survival rate, and their survival curves have a typical shape. Attempts to induce mu-
tations in haploid strains of the CYC1 genetic system with UV light failed, while
mutations were efficiently induced in the TRP5 test system, the GC-AT and AT-GC
transitions prevailing in the spectrum.

For the CYC1 test system strains, survival and mutagenesis curves were obtained
under gamma irradiation. The haploid strain survival curves have an exponential
shape; the diploid ones are sigmoid. A linear (for haploids) and power (for diploids)
dose dependence of mutation induction is observed. Gamma radiation efficiently
induces all types of base pair substitution; at the survival rate of ~ 1%, the maximal
mutation frequency was 10~°. In haploid strains, GC-CG transversions and GC-AT
transitions were induced most efficiently; in diploid strains, GC-AT transitions and
GC-TA transversions. The induction of base pair substitution by gamma radiation
is now studied on a second TRP5 test system.

To study regularities in the induction of frameshift mutations, two genetic test
systems are used in which the strains carrying the lys2-Bgl and hom3-10 frameshift
mutations in the LYS2 and HOM3 genes, respectively, reverted due to the omis-
sion of one or two nucleotides in the 5A or 4C tracks in the lys2-Bgl mutant and 7T
in the hom3-10 mutant.

The analysis of the mutagenic effect of UV radiation revealed the following regu-
larities. The gene mutation dependences on UV fluence are nonlinear for all types
of mutations. Frameshift mutations are induced by UV radiation equally efficiently
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in both test systems: LYS2 and HOM3. However, the genetic systems for testing
base pair substitution mutations are different, the induction of the GC-AT tran-
sitions taking place with the same efficiency as the induction of frameshift muta-
tions in the LYS2 and HOM3 test systems. These results show that in the used test
systems — LYS2, HOM3, and TRP5 — the context of the nucleotide surrounding
of the mutations is the most suitable for testing frameshift and base pair substitution
mutations induced by UV radiation. For gamma radiation, it was established that
the dose dependence of frameshift mutation induction is linear.

To test the induction of extended deletions sized approximately several thou-
sand nucleotide pairs, a plasmid system is used which, based on genetic methods,
allows detecting the omission of DNA fragments with several genes. Five genes were
inserted into a shuttle vector that had regulatory elements of plasmid support in bac-
terial and yeast cells. A large size of the plasmid and its nucleosome structure allow
extrapolation of the obtained data on chromosome-type DNA. The size and localiza-
tion of the deletion are determined with the electrophoretic and restriction analysis
of plasmid DNA.

Experiments showed that deletions are induced by UV light. An exponential
dependence of the deletion mutant frequency on the irradiation dose is observed,
and the fraction of more extended deletions increases with increasing the dose.
Gamma radiation also induces deletion mutants; the dependence of their fre-
quency on the dose is nonlinear. At the irradiation dose of 100 Gy, the mutation
frequency was 10~>. Research is conducted on genotype influence on deletion in-
duction regularities. It was shown that UV light and gamma radiation induce dele-
tions in the rad53 mutant, the dose dependence of mutation yield being power-like.
The rad53 mutation in the checkpoint gene leads to a decrease in the deletion muta-
tion frequency; thus, the participation is proved of the RAD53 gene in double-strand
break (DSB) repair by DNA DSB end joining.

These results were obtained in the conditions when one of the inserted
genes (URA3) was used as a selective marker, and the omission of the other four
genes was studied. Mutants with different omitted gene spectra were isolated.
pIDNA was taken from 20 mutants; the size and precise localization of deletions are
being determined.

During acquisition of results on a testing system with disordered respira-
tion (CYC1), the issue emerged of the influence of respiration disorder on the le-
thal and mutagenic effects of radiation. Besides, a high level (up to several percent)
of respiratory failure mutations is typical of budding yeasts, which is caused by mi-
tochondrial genome mutations. For this reason, the influence of mitochondrial ge-
nome disorders causing respiratory failure on nuclear genome mutability was ana-
lyzed. It was shown that respiration disorder caused by mitochondrial genome dam-
age (tho~ and rho® mutations) decreases the survival rate under gamma irradiation,
but has no effect on the survival rate under UV irradiation. Respiration disorder did
not influence frameshift mutation induction (LYS2 and HOM3) by UV light and
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gamma radiation. In respiration mutants, however, the induced deletion mutant fre-
quency increased both under UV light and gamma rays. In the plasmid system used
in this work, deletions emerge as the result of repair by DNA nonhomologous end
joining (NHE]J). To clear up the mechanism of this effect, further research is need-
ed as to whether respiration disorder influences the efficiency of DNA DSB repair
due to the blocking of ATP energy molecule synthesis, or the formation of NHE]-
repaired lesions decreases.

The Photoradiobiology Sector conducts research on radiation lesions in mam-
malian eye structures (the lens and retina). The lens is a very radiosensitive organ.
As early as the late 19th century, it was clear that exposure of the lens to X-rays
leads to its opacity — that is, cataract development. The International Commission
on Radiological Protection (ICRP) established that the threshold doses for cataract
development are 2 and 5 Gy for a single and fractionated exposure, respectively.
The analysis of epidemiological data collected in recent years, however, allows sug-
gesting that these threshold values are overestimated at least by a factor of 5-10.
For this reason, research has been stimulated in developed European countries and
the U.S. on radiation cataract development mechanisms and cataract epidemiolo-
gy in population groups which should not be included in the risk group according
to the modern concepts.

50 years of the manned exploration of space showed that space flights are asso-
ciated with an increased risk of cataract development in spacecraft crew members.
This problem is especially pressing since the idea of long manned flights beyond
the Earth’s magnetosphere is considered. The main factor is the organism’s exposure
to the cosmic rays, which consist of different radiations. In the space flight con-
ditions, it is practically impossible to provide protection from their main compo-
nent — high-energy heavy charged particles. Thus, research on the mechanism of
cataract development under such radiation is an important applied aspect of the
radiation cataract problem.

The Photoradiobiology Sector conducts research on the mechanisms of radiation
cataract formation (K. O.Muranov, M. A. Ostrovsky). It was established that, like in
the case of senile cataract, the epithelium structure changes under irradiation —
cavities and defective cells emerge there, the capsule becomes thin, and oxygen con-
centration in the tissue increases. Fiber cell morphogenesis gets disordered; nuclei,
mitochondria, and other cell organelles, which should normally be eliminated, re-
main in the formed cells. An increase in oxygen concentration and the functioning
of mitochondria lead to the enhanced production of reactive oxygen species (ROS),
oxidative damage of the protein, and its aggregation. Full coincidence was found
between the lens regions with an increased ROS concentration, protein aggregates,
and opacities proper. Radiation induces additional “destruction” of the nuclear ap-
paratus of epithelial cells — that is, yet greater disorder in fiber cell morphogen-
esis. Radiation action is summed with the natural aging of the lens. Irradiation with
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increasing doses leads to a proportional decrease in the lag period of the forma-
tion of defective fiber cells in the lens cortex and cataract development. This study
resulted in an essential conclusion that the idea of a threshold radiation dose is un-
acceptable as regards cataract induction. Exposure to ionizing radiation only brings
closer the beginning of cataract formation.

Among the targets of high-energy heavy charged particles in the lens, the protein
and DNA molecules can be determined as the main ones. It is known that to dam-
age a protein by ionizing radiation, relatively high doses are needed. But the special
structure of the lens — namely, the absence of protein exchange — can result in long-
term damage accumulation and, later, protein molecule denaturation. Moreover,
hidden internal damage of the molecule can weaken its resistance to other damaging
factors — in particular, ultraviolet (UV) light. For this reason, a cycle of research was
performed to study the effect of different types of radiation on 8 crystallin stability.
The main method consisted in studying the kinetics of this protein’s aggregation —
that is, the kinetics of the protein solution’s opacity under factors denaturing the
protein. It was shown that 8y crystallin exposure to UV light leads to one-hit protein
denaturation; in this case, aggregation kinetics is described in terms of cluster—clus-
ter interaction. It means that the molecule accumulates internal damage, which in
no way affects its properties, but upon reaching some dose, single-step denaturation
takes place. First, denatured molecules form primary clusters with a size of about
20 nm; then, clusters stick together to form large light-scattering aggregates. The ac-
tion of the following types of ionizing radiation was studied: gamma rays and H, D,
He, 12C, 7Li, and !B nuclei. The most active were lithium and boron nuclei that is,
radiations with the highest linear energy transfer. However, the doses for which a de-
crease in protein molecule stability was observed were quite high: 16 Gy for these
nuclei. It is obvious that such doses have no physiological sense as the lethal dose for
humans is 10 Gy. The data allowed concluding that epithelial cell DNA is the main
target for radiation in the lens.

At the next stage, the lens in vivo became the object of research because the life-
long dynamics of its condition allows tracking DNA radiation damage.

In the natural environment, cataract results from organism exposure to many cat-
aractogenic factors — in particular, UV light, malnutrition, smoking, etc. Therefore,
atthe nextstage, the integrated effect of the main cataractogenic factors on cataract for-
mation was studied — radiation, UV light, and age. In cooperation with the Institute
of Eye Diseases of the Russian Academy of Medical Sciences and Emanuel Institute
of Biochemical Physics of the Russian Academy of Sciences, it was shown that
the development of cataracts of different genesis (senile, UV, diabetic, etc.) seems
to be underlain by the same mechanism. The influence of different damaging factors
on the lens — in particular, radiation — manifests itself as acceleration of the natural
process of senile cataract development (K. O. Muranov, M. A. Ostrovsky).

Radiobiological experiments on the retina involve molecular biological, mor-
phological, and electrophysiological research techniques. As a brain part placed
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in the eye (Ramon y Cajal, 1901), the retina can rightfully be considered a model and
object for studying the effect of radiation on the central nervous system. Research
on the mechanisms of the effect of different types of ionizing radiation on the retina
is of principal importance for evaluating the risk of postirradiation complications
in the radiation therapy of the eye and brain as well as the real danger of long space
flights. The latter is associated with the damaging effect of heavy charged particles
of the galactic origin on the retina beyond the Earth’s magnetosphere, the clinically
apparent manifestations of which can develop months and even years afterwards.

Along with studying the mechanism of radiation cataract development, the Sector
conducts research on the radiation-induced effects in experimental animals’ retina
(Yu. V. Vinogradova, V. A. Tronov). Experiments were conducted to study the link
between DNA damage and repair on the one part and, on the other, degenerative
changes in the mouse retina induced by ionizing radiation (gamma and proton radia-
tion) and the genotoxic agent methylnitrosourea (MNU). Gamma radiation induces
mainly DNA single-strand breaks, which are uniformly distributed over the genome.
Protons are more efficient in the induction of double-strand breaks, which local-
ize near the particle track. Double-strand breaks are lethal lesions because of their
high efficiency in apoptosis induction in dividing cells. The methylating agent MNU
causes breakless lesions in DNA: methylated bases along with apurine and apyrimi-
dine (AP) sites. In the mid-1990s, a research team in Japan discovered MNU'’s ability
to induce photoreceptor apoptosis in the retina after single intraperitoneal introduc-
tion in animals at a dose of > 60 mg/kg. MNU was used as a positive test of apoptosis
in the retina. Thus, the three used agents are associated with the main DNA damage
types and their repair pathways.

The obtained results confirm the thesis that the mature mouse retina is highly
radioresistant. Full DNA repair is observed after exposure to gamma and proton
radiation at a dose of 14 Gy. Increased expression in retinal proteins that are as-
sociated with cell death (apoptosis) is normalized 12 hours after irradiation. By
this time, radiation-induced DNA break repair is finished. Most likely, it indicates
that these proteins facilitate DNA repair and damaged cell renovation rather than
induce apoptosis.

Increasing the exposure dose to 25 Gy caused notable morphological chang-
es in the photoreceptor layer of the retina. The changes include the degradation
of the outer segments of the photoreceptors and a decrease in the density and thick-
ness of their nuclear layer. Degradation progresses in time and is connected with
photoreceptor death, which follows the apoptotic pathway. Apoptosis is indicated
by the increased expression of proapoptotic proteins. Thus, the relatively high radio-
resistance of the retina and the active mechanism of postirradiation repair, which
removes radiation-induced DNA breaks, point to the existence of the genotoxic
threshold that determines a nonlinear character of the effect dependence on the ir-
radiation dose.
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In the genotoxic effect of MNU, dose threshold existence was also established.
Research on its connection with the genotoxic effect of MNU revealed two specific
features of the retina that had not been described before. First, it is a high DNA
damage level in the mouse retina. In the increasing order of the DNA damage level,
mouse organs are ranged as follows: lymphocytes < liver < brain << retina. This or-
der is the same for the degree of the oxygenation of these tissues.

The second peculiarity of the retina found in the Sector’s research is its capa-
bility of active repair, which removes most of DNA damage induced by radiation
and MNU but has no effect on the earlier spontaneous DNA damage.

Thus, these results confirm that in the differentiated retina cells, there is a geno-
toxic threshold for the used radiations and methylate. They also show that, like
for the dividing cells, repair is one of the causes of postmitotic retinal cell tolerance
to DNA damage. Another cause of this tolerance is a decrease in the physical size
of the radiosensitive target to that of the transcribed locus of the genome. There are
grounds to assume that the decisive role in the transformation of the originally per-
missive DNA lesions (postirradiation breaks along with modified bases and AP sites
emerging after exposure to MNU) into cytotoxic ones belongs to the topoisomerase
2 molecules localized in the transcribed sites.

In recent research performed by the Photoradiobiology Sector, electroretinogra-
phy (ERG) has been used as an overall physiological indicator of the retina's func-
tional integrity. Recording an electroretinogram induced by white light pulses of dif-
ferent intensity allows obtaining a full picture of the lifetime activity of the mouse
retina. It was found that the ERG profile is more sensitive to a genotoxic effect than
the morphological and cell indicators. With this approach, it was found that the ret-
ina is capable of adaptive response and recovery with respect to the functional ac-
tivity indicator. The Sector’s current research is focused on a possible contribution
of Miiller glial cells to the retina recovery. These cells make up a small population
of retinal cells which, in response to traumatic stress, retain the ability to increase
their proliferation, migrate to the outer retina layers, differentiate into photorecep-
tors, and produce endogenous neuroprotectors for the retinal photoreceptors.

The Laboratory’s Mathematical Modeling Group performs mathematical mod-
eling of radiation-induced effects in cells of different organisms. As was already
said, the initial aim of these studies was the development of mathematical models
of molecular mechanisms of the induced mutation process in relatively simple bio-
logical objects like bacterial cells. Based on experimental data, an original model
was developed that described the induced mutation process by detailed mathemati-
cal modeling of the key protein interactions during the specific response of E. coli
bacterial cells to ultraviolet irradiation (SOS response) (O.V.Belov, E. A. Krasavin,
A.Yu.Parkhomenko). Using this model, it was shown that the magnitudes and
time locations of the protein concentration maximums and minimums depend
on the ultraviolet radiation energy fluence. It was found that the concentration
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dynamics of the UmuD,, UmuD',, and UmuDD' dimers is described by a curve
with a local maximum, which shifts towards longer times with increasing the
radiation energy fluence. Typical for the UmuD, dimer is a decrease in the pro-
tein concentration at the early stages of SOS system functioning. It was shown
that if the energy fluence is greater than 30 J/m? for the UmuD protein and greater
than 49 J/m? for the UmuD,C protein, two concentration peaks are observed; their
location depends on the magnitude of the radiation energy fluence.

In this research, for the first time a relationship was established between
the molecular mechanisms of the bacterial system of SOS response, translesion
synthesis (TLS) efficiency, and gene mutation yield. It was shown that an increase
in the concentration of DNA polymerase V results in more errors in the course
of TLS. With the use of the lacl regulatory gene of E. coli as an example, the depen-
dence of the lacI™ mutation frequency on the radiation energy fluence was calcu-
lated; the modeling results agreed with experimental data.

The research was based on the modern concept of SOS regulation, which sug-
gests considering cell SOS response in terms of system biology. The aim of this ap-
proach was to provide insight into the biology of SOS response at the system level
by formalizing the mechanisms of the protein interactions in the cell. The developed
model approaches have two main features that make them applicable for the future
development of the SOS regulation theory: first, they contain a descriptive func-
tion — that is, a topologic presentation of the system components and their rela-
tions; second, they can predict the dynamic behavior of a biological system in time.

For a more precise identification of the molecular mechanisms of fixing pre-
mutational lesions as mutations, approaches were developed to the detailed descrip-
tion of induced SOS response in bacterial cells E. coli with the impaired transle-
sion synthesis function. A dynamic change in the concentrations of the key proteins
of the SOS system for the recA, umuD, and umuC mutants of E. coli was modeled.

Then, to take into account the stochastic nature of biochemical interactions,
a SOS response model was developed based on the Gillespie algorithm, which
had become widely used in modeling complex biological systems. The advantage
of this approach is a more correct description of protein interaction kinetics at the
level of a specific cell at low energy fluence values (< 1 J/m?).

Further work was concerned with mathematical modeling of other repair sys-
tems that have an influence on the magnitude of the bacterial SOS system’s inducing
signal. In particular, with the use of a stochastic approach, a model was developed
that describes the key processes of the excision repair of damaged bases in E. coli
cells (O.V.Belov, M. A.Kapralov). The mechanism of the removal of 8-oxogua-
nine modifications was modeled involving formamidopyrimidine DNA glyco-
sylase (the Fpg protein), which has several types of activity. The proposed model
included the description of repair processes like modified base transformation
into AP sites, - and J-elimination, 5'-deoxyribose phosphate residue excision, and
DNA polymerase I and DNA ligase activity. Such a model, which takes into account
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the stochastic nature of the biochemical reactions, allowed predicting the kinetics
of the key enzymes and intermediate DNA states during excision repair. The model-
ing results agree with in vitro experimental data that characterize the initial stages
of the repair process involving the Fpg protein. Predicted were the dynamic change
in the Fpg protein concentration, DNA polymerase I, DNA ligase, and metastable
states during repair. It was found that the rate of some stages of the system’s function-
ing depends on the initial concentration of 8-oxoguanine.

In the course of this research, a particular example was considered of applying
the proposed model to the repair of 8-oxoguanine lesions involving bifunctional Fpg
glycosylase. It was shown that the model can describe an excision repair of E. coli
in the general view with the participation of other DNA glycosylases, including mul-
tifunctional ones, in which case some of the activities typical of Fpg are realized
by additional enzymes.

An important aspect of this work is the introduction of the magnitude equal
to the fraction of lesions that were not removed at the Fpg-dependent stages of repair.
Thus, it is possible to do a probabilistic study of the excision repair stages at which
a system failure can happen. In fact, the research shows that the introduced magni-
tude can be a reliability characteristic of this repair system, and a search for similar
parameters of other repair systems is an important approach to the evaluation of re-
pair process reliability in whole.

The results of these studies were published in the cycle of works “Mathematical
Modeling of Radiation-Induced Mutagenesis in Bacterial Cells,” which won the 2011
First Prize of the journal “Particles and Nuclei, Letters” The specifics of these
works included using modern data on the role of genes and proteins participating
in the regulation of the repair processes and obtaining results that can be verified
experimentally. On the basis of the developed model concepts, a number of impor-
tant regularities were predicted concerning the character of the expression of some
proteins during the functioning of the inducible repair systems. The proposed ap-
proaches can be widely used to describe the acquired experimental and theoretical
knowledge of the induced mutation process. In particular, clearing up the radiation-
induced mutagenesis mechanisms in complex organisms and the human is hardly
possible without a detailed analysis of the mutation process in relatively simple bio-
logical objects like bacterial cells.

In parallel, work was being performed on mathematical modeling of the repair
process under accelerated heavy ions. The inducing signal of the SOS system of E. coli
was evaluated for different types of accelerated ions. Formation of the main premuta-
tional DNA lesions — base damage, single- and double-strand breaks, and clustered
lesions — was described quantitatively. DNA was considered as a linear target ran-
domly positioned relative to the charged particle track. The model takes into account
the character of the radial distribution of energy in the particle tracks, which is very
important for assessment of delta electrons’ role in damaging DNA. Calculations
confirmed that the character of the base damage yield dependence on linear
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energy transfer is similar to that obtained for single-strand breaks. Base damage
yield turned out to be 4 times greater than single-strand break yield throughout
all the calculated linear energy transfer range, which is connected with an effective
increase in the thickness of DNA linear target. The dependence of DNA double-
strand break yield and clustered damage on linear energy transfer (LET) are de-
scribed by a curve with a maximum, after which a further LET increase becomes
inefficient. The calculation results, which describe the total yield of clustered lesions
(independent of their type), are compared with experimental data on SOS induc-
tion potency (SOSIP) evaluated with a SOS chromotest. The calculated and experi-
mental results agree well. Along with these studies, preliminary model calculations
were performed that describe the main repair processes leading to the generation
of the inducing signal of the bacterial SOS system. In particular, preliminary quan-
titative estimations were obtained of the pol A-dependent repair of single-strand
breaks, double-strand break repair by homologous recombination, and excision re-
pair of modified bases. The proposed models take into account the possibility of dif-
ferent damage types transforming into the other ones.

The final stage of research on modeling induced mutagenesis in bacterial cells
was the development of models substantiating the presence of additional elements
in the hierarchy of the repair systems regulating the fixation of premutation DNA
lesions as mutations. On the basis of the constructed models, important conclusions
were made on the role of mismatched base repair in the realization of radiation-
induced SOS response. Described in detail was the interaction between SOS repair
and mismatched base repair, which leads to the significant leveling of the mutagenic
effect of DNA polymerase V. In earlier studies concerned with SOS response mod-
eling, a discrepancy was revealed between a high level of mistakes emerging dur-
ing DNA polymerase V functioning and the relatively low efliciency of the fixation
of these mistakes as mutation. It was assumed that there is an additional molecu-
lar mechanism decreasing the number of bases the matching of which took place
with the violation of the complementarity principle in the course of DNA resynthesis
on single-strand sections. Experimental results obtained over past several years al-
lowed concluding that this mechanism is a mismatched base repair, which identifies
and removes a noncomplementary nucleotide and then fills the formed gap. It re-
mained unclear, though, how these two repair systems interact and how their mutual
regulation is realized. The lack of understanding how these repair processes interact
was caused, first of all, by the absence of a system view of the functioning of these
mechanisms.

It became possible to resolve these issues by working out a mathematical model
of mismatched base repair and combining it with the induced mutagenesis mod-
el developed earlier. It was shown in detail which protein interactions play a role
in the mutual regulation of the two systems and how this regulation influences the fi-
nal yield of radiation-induced mutations. As a specific radiation type, ultraviolet was
chosen because it allows one to exclude quite efficiently the influence of other systems
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whose functioning is observed under ionizing radiation or in the presence of some
chemical agents. The research was performed by turning on or off specific proteins
responsible for different stages of repair and, afterwards, comparing the modeling
results and experimental data. The model was used to study mutagenesis in bacterial
cells with defects in the mutS, mutL, mutH, and umuC genes in different combina-
tions. The results, which were based on a detailed model description of the molecu-
lar mechanisms of the two systems, confirmed the hypothesis about the role of mis-
matched base repair in induced mutagenesis. Not only did the performed research
allow a better understanding of the interconnection between the two repair pro-
cesses, which are different in nature, but it also cleared up the issue of what molecu-
lar mechanisms are behind the parameters of the classical exponential dependence
describing radiation-induced mutagenesis in bacterial cells.

In parallel, primary interactions of heavy charged particles with DNA were
modeled. Work on the stated tasks led to the formation of a new field of research
on modeling DNA damage induction, where the spatial structure of the charged
particle track and — more precisely than before — the geometry of the target are
taken into account. At the first stage, model approaches were developed in which
the DNA damage induction mechanism is described in terms of the radial distribu-
tion of spatial energy and absorbed dose in a charged particle track. As an example,
a comparison was performed of the spatial location of the atoms of an adenine-thy-
mine nucleotide pair with a calculated radial distribution. It was established that
the proposed approach would be more efficient with the use of tools for model-
ing the spatial structure of a charged particle track, which would allow describing
the mechanisms of the induction of primary lesions of different types taking into ac-
count the precise atomic structure of DNA. In the studies to follow, it was necessary
to take into account the influence of the mechanism of the bond break between DNA
atoms on the specifics of damage yield. Using the obtained results, it seemed pos-
sible to evaluate the probability of the induction of different types of lesions by heavy
charged particles. It required, however, complicated computational techniques con-
nected with clearing up the quantum mechanical nature of DNA damage formation.

The stated task was solved by combining several model approaches. With the use
of data on the DNA molecular structure, the exact spatial geometry of the linear
section of the double spiral was modeled. Alongside with this, the use of transport
codes TRIOL and GEANT4 allowed obtaining spatial models of tracks of heavy
charged particles of different energies. The superposition of the geometric model of
the target, which is a DNA section, and the spatial structure of the particle track yield
information on the initial localization of energy deposition in the molecular struc-
ture of the double spiral. This made it possible to go over to the next stage: modeling
the migration of the positive charges formed at the places of interaction between the
particle track delta electrons and DNA atoms. With the use of the quantum mechan-
ical apparatus, the probability of positive charge migration was evaluated, for which
several short — about 10 nucleotide pairs — DNA sections had been chosen.
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The dependence of the shift of the chain bases on time was calculated. It was shown
that a deviation from equilibrium can point to a local destruction of the chain —
that is, DNA damage of different types. Also, double spiral sections were identified,
where DNA damage development is the most probable. In other words, the pro-
posed model approach allowed performing a probabilistic analysis of the emer-
gence of base lesions and DNA single- and double-strand breaks, which form heavy
charged particle-induced clustered damage. Actually, this research cleared up the
nature of energy fluctuations in sensitive microvolumes of cells, of which classics
of quantitative radiobiology spoke.

Thus, since the beginning of research on the mathematical modeling of radio-
biological effects, a wide range of issues have been considered and significant results
have been obtained, which are topical and carry novelty. On these model approach-
es, hands-on classes were based that were offered at practical courses held at JINR
for Russian and foreign young specialists. Materials of the research were included in
graduate programs of Dubna University and Lomonosov Moscow State University.

The Molecular Dynamics Sector performed research on molecular dynamics
modeling of radiation-induced conformation changes in protein structures and
condensed matter (M. A. Ostrovsky, T. B. Feldman, Kh. T. Kholmurodov). The main
obstacle on the way to the efficient MD application to extended macromolecules like
proteins is well known. It consists in the huge size of the system (from tens of thou-
sands to millions of atoms) and the time scale of calculating dynamic conformations
of proteins (from femtoseconds to nanoseconds and longer). It is thus impossible
to go without powerful computational resources and the newest processors and plat-
forms, which have to be adequately adapted to MD tasks. Finding relaxed conforma-
tion states of mutant proteins based on classical computational approaches can take
years even for one protein structure.

The visual pigment rhodopsin is a typical representative of the large family of in-
tegral membrane receptor proteins, which bind the G-protein (G-protein-coupled
receptors, GPCR). These proteins play the key role in the information and regula-
tory processes in the organism. Calculations of rhodopsin molecular dynamics al-
lowed finding out some special features of the conformational state of its chromo-
phore: 11-cis-retinal. As is known, at least three types of opsin conformation states
can be identified in the rhodopsin molecule: a) dark-adapted, where the chromo-
phore group (11-cis-retinal) functions as a powerful ligand antagonist preventing
opsin interaction with the G-protein; b) strongly activated light-adapted, where
at one of the final stages of photolysis — metarhodopsin II formation — all-trans-
retinal functions as a powerful agonist efficiently facilitating opsin interaction with
the G-protein; ¢) scantily activated light-adapted, where at the photolysis final stage
opsin completely looses all-trans-retinal, and its chromophore place remains empty.
In a series of computer modeling studies, a comparative research was performed
on the molecular dynamics of rhodopsin that contained the chromophore group
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(11-cis-retinal), free opsin (without 11-cis-retinal), and the rhodopsin mutant ver-
sion associated with the development of the pigmental degeneration of the retina,
which ultimately leads to complete blindness.

It is remarkable that in recent years only computer modeling based on X-ray
structure analysis data allowed solving such problems. X-ray structure analysis yields
a detailed three-dimensional static picture of the rhodopsin molecule in its dark-
adapted crystal state. The molecular dynamics method allows describing the dynam-
ics of the molecule’s conformational state, for example, chromophore and its interac-
tion with five surrounding amino acid residues or the dynamics of other domains
of the molecule (like the cytoplasmic or intradisk ones). Besides, some nonvalence
bonds (hydrogen, van der Waals, and electrostatic) in a crystallized protein molecule
can be disordered due to the deformation of a-spirals, which can play an important
role in the functional properties of the visual pigment. In other words, the X-ray
structure analysis data cannot provide an unbiased three-dimensional picture
of the molecule. Moreover, the resolution of this method does not allow a detailed
description of chromophore’s three-dimensional ordering in the protein. Theoretical
approaches can thus make it possible to describe the molecular dynamics at the
atomic level and understand how the visual system’s unique ability to perceive a light
quantum is realized.

Thus, the intramolecular mechanism of rhodopsin regeneration was disclosed.
During this process, the rhodopsin molecule acquires unique photochemical
properties, which results in the visual pigment becoming a photoreceptor. Being
at the same time a G-protein binding receptor, it is inactive in darkness and is practi-
cally incapable of interaction with the G-protein. Both of these functional properties
of rhodopsin are of principal importance for the realization of phototransduction —
a normal physiological process in the dark-adapted visual cell.

Another field of the Sector’s research is computer modeling of the CDC28 yeast
kinase and homologous human CDK2 kinase. For yeasts, pleiotropic manifestations
of mutations were shown to take place in the CDC28 gene. These mutations dis-
turb the cell cycle, repair, and checkpoint control, thus leading to enhanced mu-
tagenesis. For dynamic modeling, amino acid substitutions were used which have
pleiotropic manifestations in the yeast cells cdc28-srm [Gly20Ser] and cdc28-13
[Arg283Gln]. The cdc28-13 mutation is localized in the large domain of the kinase
and is remote from the site interacting with cyclin and ATP. The cdc28-srm muta-
tion is a substitution for the third glycine in the conservative sequence GxGxxG
in the so-called G-rich loop in the small domain of the kinase subunit; it is located
against the T-loop in the large domain of the kinase subunit. It was found that the
G- and T-loops are important, but their specific role has not been cleared up yet.
Molecular dynamics modeling of the human CDK2 kinase (native protein: model I)
was performed with substitutions for the respective amino acids CDK2-Gly16Ser
(a mutant protein: model II) and CDK-7 Arg284Gln (a mutant protein: model III);
nanosecond dynamics of the CDK2/ATP complex was analyzed. The importance
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of these amino acids was shown; their influence on CDK2 kinase conformation was
clarified: it is indicated by an increase in the distance between the G- and T-loops in
the respective mutant forms. The obtained results show that mutations destabilize
the local structure in the region of the T-loop. The Arg-end region mutation has a
more pronounced effect; it leads to the loosening of the kinase structure and an in-
crease in the distance between the G- and T-loops.

The Laboratory conducts radiation research (headed by G.N.Timoshenko)
in the following areas both of experimental and computational character:

« participation in the development of JINR’s new nuclear physics facilities as re-
gards the design and calculation of biological shielding, prediction of the radiation
environment at specific facilities and their environment, evaluation of the induced
radioactivity of the equipment, evaluation of the staff’s exposure, provision of radia-
tion safety measures, and designing radiation monitoring systems;

» verification of Monte Carlo methods of calculating radiation transport in mat-
ter by comparing the calculation results and experimental data or by using software
with different intranuclear cascade models;

o physics support of the LRB’s research conducted at JINR's nuclear physics fa-
cilities; improvement of heavy nuclear beam dosimetry methods;

« development of neutron spectroscopy methods in a wide energy range in scat-
tered radiation fields beyond the shielding of nuclear physics facilities; applied re-
search using dosimeters based on solid-state detectors of damage marks and ther-
moluminescent detectors;

« participation in the program of planet surface research with nuclear physics
methods.

Following below are the 2005-2012 results in these fields of research.

In 2001-2005, LRB staff participated in designing the Subcritical Assembly
in Dubna (SAD). In 2005, the work was mainly completed and the SAD project sec-
tion “Radiation Safety of the SAD Facility” was prepared. The radiation environment
was studied in detail on the territory around the Phasotron accelerator and the pro-
ton beam-based nuclear spectroscopy facility YASNAPP buildings (the Laboratory
of Nuclear Problems) at different operation modes of the accelerator; the vertical dis-
tribution of the neutron dose rate over the Phasotron wall was measured in the re-
gion of the vents and on the Phasotron roof; and the depth distributions of the soil
radioactivity in the Phasotron levee were measured. The shielding calculations were
done using the MCNPX radiation transport code.

To check the correctness of the calculation of the internuclear cascade that devel-
ops in the lead core of the subcritical assembly under exposure to 660-MeV protons
from the Phasotron, an experiment was performed on measuring spectra of second-
ary neutrons from the target in the energy range of 50 keV-660 MeV at angles of 45°,
75° and 105° and angular distributions of hadrons by activation detectors with

163



different energy thresholds. A comparison of this experiment’s results with Monte
Carlo calculations using the MCNP4B + LAHET and MCNPX codes showed a good
agreement between the calculated and experimental data.

As part of designing SAD shielding, a great amount of calculations of the radia-
tion environment in the subcritical assembly building were done taking into account
different radiation sources: 660-MeV proton beam losses in the beam transporta-
tion channel and in the magnetic optics elements; leakage neutrons from the as-
sembly core shielding and from the Phasotron continuous shielding. On the basis
of the obtained data, the radiation exposure zones in the assembly building were
determined for different operation modes; the neutron dose rate in the environment
was calculated; and the activation of air and materials in the magnet room and soil
under the facility, as well as atmospheric emission activity, were evaluated.

In cooperation with the Laboratory of High Energy Physics, measurements
were continued of spectra of neutrons generated by 1 and 1.5 GeV protons
inthe U+ Pb 4 CH, assembly. The aim of the experiments at the Gamma-2 facility was
to estimate the cross section of radioactive waste transmutation. Also at the LHEP’s
request, the efficiency of proton beam transportation was studied and proportional
ionization chambers were calibrated with the use of activation detectors.

From 2007, LRB staff members G.N. Timoshenko and M. Paraipan (Romania)
participated in designing radiation shielding and developing radiation safety mea-
sures for the NICA complex. The requirements, information on radiation sources,
the initial data for shielding calculations, and the tentative layout of the shieldings
of the booster, the Nuclotron, collider, and beam transportation channels made
up the contents of Section 8 (Biological Shielding and Radiation Monitoring)
of Volume IV of the NICA draft proposal (2009).

In forecasting the radiation environment at the NICA complex, of cardinal im-
portance is the correct description of the sources of secondary radiation generated
in matter by relativistic superheavy nuclei. For this purpose, Monte Carlo codes
SHIELD, FLUKA, and GEANT4 for calculating radiation transport in matter were
verified using unique experimental data on neutron yield from a thick iron target ir-
radiated with 1 GeV/nucleon 233U nuclei. On the grounds of the verification results,
GEANT4 was chosen as the basic code.

During work on the project, numerous versions of the complex concept, collider
layout, and secondary radiation sources were considered; the criteria of radiation
environment evaluation were changed accordingly. Different placements of the col-
lider canyon were examined: Building 205, a semiunderground construction, a sepa-
rate building, etc.; different designs were proposed of the nuclear beam catchers,
which are the main secondary radiation sources along the collider rings. For a work
team of the Comet Close Corporation, source data for the shielding design were
prepared. In particular, the double differential yield of neutrons and protons in the
reaction 197 Au + MFe at an energy of nuclei of 4.5 GeV/nucleon, spectral and angu-
lar distributions of hadrons from a thin target and a catcher, and neutron fluence and
dose attenuation in concrete for the corresponding spectra were calculated. Also,
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other reference materials were provided. Agreement between the results obtained
using the GEANT4 and SHIELD codes was good, which allowed the designers to use
approximate engineering methods of shielding calculation for the NICA collider
project (2011).

LRB staff participated in the development of the radiation safety measures at all
the project’s stages. Energy deposition in the superconducting coils of the mag-
netic dipoles and in the lenses was calculated for quenching probability evaluation;
the shielding against bremsstrahlung from the collider’s system of electron cooling
was calculated. A nontrivial problem of the activation of the collider rings by pri-
mary nuclei and secondary hadrons of the internuclear cascade was solved. The ex-
perimental data suitable for verifying induced radioactivity calculations are scarce,
and the accuracy of simulating radionuclide production cross sections in nuclear
reactions is poor. For this reason, a comparison was performed of partial activi-
ties in a thick iron and copper targets irradiated with a beam of 0.95 GeV/nucleon
238U nuclei as calculated using the GEANT4 and SHIELD codes. It was shown that
the GEANT4 calculations of the total activity of the medium- and long-lived iso-
topes are acceptably reliable. The induced activity calculations based on the planned
schedule of the collider’s 10-year operation allowed prediction of radiation environ-
ment dynamics inside the canyon when the collider is off and elaboration of the cri-
teria of classifying the collider ring equipment as radioactive waste with reference
to specific radionuclide activities.

A detailed 3D calculation of the collider’s radiation environment is being done
using GEANT4. The errors of the engineering methods of shielding calculation and,
if necessary, refinement at the detail planning stage are evaluated taking into account
the shielding proposed by the designers.

The layout of the shielding against neutrons was proposed and calculated
for a stationary and mobile customs control facilities for detecting hidden drugs and
explosives. A local shielding of two scrapers of the IREN facility’s electron accelera-
tor was designed.

At the Nuclotron (the Laboratory of High Energy Physics), U-400M cyclotron
(the Laboratory of Nuclear Reactions), and the medical beam of the Phasotron and
Rocus-M therapeutic gamma-facility (the Laboratory of Nuclear Problems), radio-
biological experiments were performed, in which biological objects were irradiat-
ed with particles of different physical characteristics: 170- and 1000-MeV protons;
1000 MeV/nucleon deuterons; 200, 500, and 1000 MeV/nucleon 4He, 12C, and 24Mg
nuclei; low-energy “Li, 1B, 14N, and 2°Ne nuclei; and °°Co gamma rays. The ir-
radiated objects included human peripheral blood lymphocytes, plant and organ-
ism cells, eye proteins, and small laboratory animals. Unfortunately, due to the long
drawn-out upgrade of the Nuclotron, no radiobiological research was carried out
at its nuclear beams in 2007-2011.

For fastirradiation of a set of thin samples at the U-400M cyclotron, the “Genome”
automated irradiation facility was used. In 2010-2011, it was completely upgrad-
ed. It was installed at a beam branch of the ACCULINNA fragment-separator
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and underwent first tests. For the calibration of its dosimetric ionization chamber,
a scintillation detector with an ultrafast analog-to-digital converter is used. Changes
in the spectra of nuclear energy deposition in the detector allow beam quality con-
trol during sample irradiation.

There is no stationary irradiation facility at the Nuclotron, so it has to be as-
sembled and calibrated before each experiment from the very outset. In addition,
at the sample irradiation place (the F3 focus of the high-energy particle beam
in the ion guide gap), beam collimation is impossible; the experimental opportuni-
ties are thus limited. The short-term task of the LRB’s experiments at the Nuclotron
is to provide a high quality of the heavy nuclear beam and precise low absorbed dose
dosimetry for pulsed beam operation. For this purpose, it is necessary to carry out
the analysis of the beam with respect to nuclear energy deposition in a thin detec-
tor, to ensure the precision measurement of the nuclear flux taking into account the
time microstructure of the beam with the use of a telescope of scintillation counters,
and to calibrate the readings of the ionization chambers equipped with highly sensi-
tive current-frequency transformers in a wide range of currents of different nuclear
beams. The complete fulfillment of this task would be possible if there were a station-
ary irradiation chamber at a special medical and biological channel of the Nuclotron
or booster.

The development of neutron spectrometry methods in a wide energy range —
from thermal to several hundred MeV — for mixed and scattered radiation fields
has been a top priority area of radiation research due to its practical importance.
Such a spectrometry is based on a multisphere methodology that uses the energy
dependence of the neutron slowing-down length in a hydrogenous material. Overall,
the multisphere neutron spectrometer is a small slow neutron detector placed inside
spherical polyethylene moderators of different diameters. The slow neutron detector
options include Li-enriched Lil(Eu) scintillator, proportional spherical 3He coun-
ter, 198Au and 1191 activation detectors, and a pair of °LiF and “LiF thermolumines-
cent detectors. The multisphere spectrometer is the only instrument to measure the
neutron spectra (and, correspondingly, the dose) in the weak radiation fields beyond
the accelerator shielding. The importance of the retention and development of this
methodology consists also in that it is only the LRB and the Department of Radiation
Research of the Institute of High-Energy Physics that have such °Lil(Eu) crystal-
based spectrometer and experience in operating it.

At the LRB, the multisphere technique developed towards the refinement
of the spectrometer’s rated sensitivity functions, extension of the spectrum mea-
surement energy range into high energies, and the creation of a portable version
of the spectrometer for field measurements. With the use of the MCNP code, preci-
sion calculations were performed of the spectrometer sensitivity functions for neu-
tron energies up to 20 MeV for monodirectional and isotropic radiation. An addi-
tional 10-inch polyethylene sphere with a lead insert 8 cm in diameter was manufac-
tured for increasing spectrometer sensitivity at high energies.
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In cooperation with Parsec Ltd., a portable stand-alone version of the multisphere
spectrometer with a monitor was designed and manufactured. As the neutron field
monitor, a proportional 3He neutron counter in a cylindrical polyethylene modera-
tor is used with a charge-sensitive preamplifier. The spectrometer’s scintillation sen-
sor with a ®LiI(Eu) crystal is connected to the multichannel analyzer through a spec-
trometric analog-to-digital converter (ADC). The ADC, which has a large-capacity
increment memory unit, is an external device hooking up to a USB port. The ADC
memory unit is divided into two parts with independent inputs; so, in fact, there are
two separate ADCs: for the spectrometer and monitor. The multichannel analyzer
is based on the Lenovo S9 netbook. Another external USB-fed unit includes two
high-voltage sources: for the photoelectronic multiplier of the spectrometer’s sen-
sor and for the 3He counter of the monitor. To extend the stand-alone operation
of the monitor-equipped spectrometer, an additional rechargeable lithium battery
is used. The battery has a USB port, to which the netbook or external units can
be connected. To reduce the weight and size of the spectrometer for field measure-
ments, an integrated multicomponent polyethylene moderator was made. It consists
of concentric hemispheres; such a design allows a quick assembly of moderators
of a required diameter. This multisphere spectrometer has a much lower total mass
than the preceding version and can work for 12 hours in the mode of measuring neu-
tron spectra without an external power supply. The Lenovo S9 netbook is powerful
enough to run the Reconst software, which uses the statistical regularization method
to solve the inverse problem, for the quick reconstruction of neutron spectra from
spectrometer measurements done with different moderators.

Another experimental technique that was developed at the LRB for a long time
was track detectors of damage traces. At JINR’s accelerator beams, the sensitivities of
polyalyl diglycol carbonate (PADC) and polyethylene terephthalate (PETF) detec-
tors and LET dependences of track diameters for different nuclei were studied.

Fruitful cooperation was established between the LRB and the National Institute
of Radiological Sciences in Chiba, Japan. Results of a comparison of different passive
detectors used in space dosimetry were processed. The comparison was performed
at “He, 12C, 28Si, and *°Fe nuclear beams of the HIMAC medical accelerator. In a re-
search performed jointly with the Institute of Nuclear Physics in Prague, the Czech
Republic, CR-39 detectors were processed that had been irradiated inside the Russian
module of the International Space Station (ISS) in 2005. Spatial distributions were
obtained of the absorbed and equivalent galactic cosmic ray doses inside the mod-
ule. The CR-39 detectors were used to study the fragmentation of high-energy 2°Ne
and 24Mg nuclei in light targets.

Within the framework of an interstate agreement on cooperation in sci-
ence between Russia and India, LRB staff (V.E. Aleinikov) participated in a proj-
ect on the synthesis of new nanocrystal thermoluminescent detectors for the do-
simetry of heavy charged particles and electromagnetic radiation. The nanophos-
phors fabricated in India were irradiated with 150-MeV protons at the Phasotron
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of the Laboratory of Nuclear Problems, ®*Co gamma rays at sources in Dubna and
New Delhi, and at ion beams of the Pelletron electrostatic accelerator of the Inter-
University Accelerator Centre in New Delhi. Dependences of thermoluminescent de-
tector sensitivity to protons, ions, and gamma rays on the absorbed dose were studied.
It was shown that with decreasing the thermoluminescent crystal size to ~ 10 nm,
nanophosphors become more practical than microphosphors for the measurement
of high doses of ionizing radiation.

The adequacy of indications of two gauges widely used at JINR to the ambient
and individual dose equivalents was evaluated: the operational inspection neutron
dosimeter based on the SNM-14 boron counter in a combined moderator and the in-
dustrial DVGN-01 personal albedo dosimeter. The study was a series of calculations
using energy dependences of dosimeter sensitivities and neutron spectra of JINR’s
nuclear physics facilities — both measured by LRB staft and taken from the litera-
ture. Gauge readings for fields with known spectra and radiation dose values for these
spectra were calculated. With the use of the obtained results, radiation dose reading
errors were determined, which allowed finding correction coeflicients for dosimeter
readings. 24 neutron spectra measured at JINR’s basic nuclear physics facilities were
used that correspond mainly to the neutron spectra at the most probable staff loca-
tions. The authors of this study won JINR’s 2011 Second Prize for Applied Research.

A technique was proposed for the approximate calculation of a comb-shaped
filter used in targeted tumor therapy with carbon nuclei (M. Paraipan). This type
of filter provides a spatial distribution of nuclear energy deposition in the tumor
that corresponds to a modified Bragg curve. The filter shape was calculated analyti-
cally and compared with the results of a Monte Carlo calculation performed using
the GEANT4 code. Two versions of the comb-shaped filter were considered: station-
ary and movable. It was studied how the filter shape is determined by carbon nu-
clear beam energy and the mode of the relative biological effectiveness dependence
on the LET of carbon nuclei in a tissue.

The Cosmic Gamma-Spectroscopy Laboratory of the Institute of Space Research
(ISR), the Russian Academy of Sciences, is Russia’s planetology center. The Laboratory
designed a number of instruments for planet surface studies by nuclear phys-
ics methods. Some of them were, and some are planned to be, installed on board
Russian and foreign spacecraft. Russian experiments are conducted on board
the spacecraft of the National Aeronautics and Space Administration (NASA),
the U.S., and the European Space Agency (ESA) on the basis of Intergovernmental
Agreements between the Russian Federal Space Agency (Roscosmos) and these agen-
cies. The Laboratory’s collaborators are a number of scientific organizations in Russia,
including JINR. The latter’s tasks are the following: participation in instrument
development at the design stage; computational modeling of radiation environ-
ment at planets’ orbits and performances of instruments and their responses using
universal codes of radiation transport in matter (MCNPX and SCINFUL-R); and
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the preparation and fulfillment of instrument calibration using radiation sources at
modeling benches and in the field conditions.

Since the beginning of ISR-JINR cooperation in 1998, LRB staff (A.R.Krylov
and G. N. Timoshenko) have participated in the evaluation of the characteristics and
calibration of neutron detectors and gamma spectrometers for the following mis-
sions: the High Energy Neutron Detector (HEND) for 2001 Mars Odyssey, HEND
Phobos for Phobos-Ground, the Lunar Exploration Neutron Detector (LEND)
for the Lunar Reconnaissance Orbiter (LRO), the Dynamic Albedo of Neutrons
(DAN) complex for the Mars Science Laboratory (MSL), the on-board neutron tele-
scope BTN-Neutron for the International Space Station (ISS), and the Mercurian
Gamma and Neutron Spectrometer (MGNS) for BepiColombo.

The HEND instrument on board the 2001 Mars Odyssey orbiter was the first
to show that there are huge subsurface water ice deposits in the polar and even mid-
dle latitudes of the Mars, which was a very significant scientific result.

The LEND instrument was installed at NASAs LRO, which was launched
in the summer of 2009. LEND was intended for studying the chemical composi-
tion of the lunar ground; it was the first high spatial resolution neutron tele-
scope in space research history. Its main task was the search for water in the lunar
ground or on the surface. The instrument worked efficiently; two LRB staff mem-
bers were awarded NASA’s letter of commendation for the successful realization
of the mission.

New instruments were designed for the evaluation of the chemical composition
of the Mars’s moon Phobos (HEND Phobos for Roscosmos’s Phobos-Ground mis-
sion) and the Mercury’s surface (MGNS for ESA’s BepiColombo mission, which is
planned to be launched in 2015). Besides neutron detectors, these instruments in-
clude LaBrj; scintillator-based high-resolution gamma spectrometer.

The DAN complex was created for NASAs MSL Curiosity rover. The mission
is aimed at the evaluation of water content in the Martian ground on the rover’s path
with a horizontal resolution of about 1 m at depths of up to 1.5 m. The instrument
is successfully performing on the Martian surface near Gale Crater.

On board the service module of the Russian segment of ISS, the high-energy
neutron telescope for the BTN-Neutron experiment has been operating since 2006.
The aims of this experiment include research on secondary neutron radiation
in the Earth’s upper atmosphere generated by high-energy charged particles, the neu-
tron component of solar flares, and the neutron component of the radiation back-
ground on board ISS.

New-generation instruments (ADRON-LR) are being designed for the evaluation
of the elemental composition of the Moon’s surface at the spacecraft landing site by
active neutron and gamma spectroscopy. The spacecraft are planned to be launched
in 2015 and 2017.

Experimental work was performed at JINRs EG-5 electrostatic generator
to calibrate instruments and study their physical characteristics using 2>2Cf and
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239Pu-Be radioisotope neutron sources and 0.2-15.3 MeV monoenergetic neutrons
from the reactions p +’Li=n +’Be; d(D,n)3He; and T(d, n)*He. Modified 2°2Cf
-based neutron sources in spherical polyethylene moderators 3 and 5 inches in di-
ameter were also used.

To calibrate the energy scales of the instrument spectra of the pulses of the stil-
bene-based high-energy neutron detector and LaBr; crystal-based gamma detec-
tor, gamma rays from isotope sources and neutron capture and inelastic neutron
scattering reactions on iron, nickel, and nitrogen were used. The measurements
were carried out both using isotope neutron sources and at a thermal neutron beam
of the IBR-2 reactor.

In model experiments, the water or ice-containing ground layer was simulated
by a calcium silicate brick assembly with a polyethylene layer at different depths
of up to 1 m. Also, full-scale tests were conducted on a concrete-covered flat open
surface with ice-simulating polyethylene layers. For model tests with a neutron gen-
erator, a special bench was made that will allow simulation of different compositions
of the Martian ground with great variability.

In 2013, the Astrobiology Sector was established at the LRB. It has been head-
ed by A.Yu.Rozanov, Academician of the Russian Academy of Sciences. The scope
of the Laboratory’s new unit includes biogeochemical studies of cosmic matter
on the Earth and in nearby space and research on the biological and geochemical
specifics of the early Earth. The main objects of research are the cosmic materials
that are parts of meteorite composition, micron-sized cosmic dust particles, and
rocks and fossil organisms of the early Earth. The Sector is active in the following
fields:

» biogeochemical studies of cosmic dust;

« studies of biofossils and organic compounds in meteorites and in ancient ter-
restrial rocks;

« research on the synthesis of prebiotic compounds from formamide under ex-
posure to space types of radiation — on the Earth and in space.

The first area involves studying cosmic dust (CD) in different terrestrial ter-
rains and CD collection in the upper atmosphere and in nearby space. CD research
allows evaluating the regularities in the time distribution of cosmic dust falling
on the Earth’s surface, which is important for the reconstruction of the geological
history of the Earth and obtaining data on the paleoclimate. Studying the CD struc-
ture, mineralogical, elemental, and isotope composition, and biological properties
will help solving fundamentals problems like the nature of interplanetary matter and
its role in the origin of life.

In the course of the work in this field, CD samples were collected in different
terrestrial terrains (Arctic and Antarctic snow and ice, high mountain snow and
ice, peat moss, rock strata, bottom sediments, the upper atmosphere, near-Earth
space, and interplanetary space); isolation (enrichment) of the space component
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of the collected dust samples was performed. A comprehensive analysis of the space
component of dust has been underway, which includes:

« studying the mineralogical, chemical, and elemental composition of CD;

o determination of the isotope composition of CD reference elements;

o search for biomarkers in CD: biofossils, organic compounds, metabolites,
nucleic acids, and viable cells;

« estimation of the total amount of CD falling on the Earth surface;

o evaluation of the CD spatial distribution over the the Earth surface and its
temporal variations; studying CD composition variations in the Earth’s geological
history;

 comparative analysis of fossil CD and interplanetary CD collected by space-
craft.

Biofossils and organic compounds in meteorites and ancient terrestrial rocks are
another field of the Astrobiology Sector’s research. Biofossils are petrified microor-
ganisms and products of their vital activity. They are an important tool for study-
ing bacterial life occurrence. Studying biofossils in meteorites and ancient terrestrial
rocks allows obtaining data on the forms of ancient terrestrial and extraterrestrial life
and clearing up the problem of the origin of life. An important discovery was made
by scientists of the Paleontological Institute of the Russian Academy of Sciences: mi-
croorganism traces were found in meteorites. It is remarkable that some of the me-
teorite rocks with bacterial life traces are older than the Earth. It is a strong reason
to suggest that life on the Earth is not unique: somewhere in the Solar system (or be-
yond) it had emerged earlier than the Earth formed. Within this field of research, the
Sector performs the following specific activities:

« selection of samples of metasedimentary, volcanogenic sedimentary, and vol-
canogenic rocks of the greenstone belts of Karelia and Kola Peninsula;

« preparation of samples for scanning electron microscope studies;

« scanning electron microscopy of the samples.

An important field of the Sector’s research is studying the regularities and mecha-
nisms of the formation of prebiotic compounds from formamide (NH,COH) — one
of the simplest chemical compounds abundant in the interstellar and interplanetary
medium. In cooperation with specialists of Italian universities (Prof. R. Saladino
of Tuscia University, Viterbo, and Prof. E.Di Mauro of La Sapienza University,
Rome), experiments are conducted in which samples of different meteorites, mixed
with formamide, are exposed to ionizing radiation (high-energy protons and heavy
ions). In these conditions, production of nucleic bases, carboxylic acids, amino ac-
ids, sugars, and other complicated compounds — up to nucleosides — was observed.
Experiments are planned on the synthesis of nucleotides from these products.

The elemental composition of the meteorites used in this research is deter-
mined by neutron activation analysis, which is performed jointly by the LRB
Astrobiology Sector and the Laboratory of Neutron Physics at the IBR-2 pulsed re-
actor (M. V.Frontasyeva).



INTERNATIONAL COOPERATION

From the first steps towards the establishment of the Biological Research
Sector (BRS) at the Laboratory of Nuclear Problems (LNP) in 1978, JINR’s radio-
biologists began an active cooperation with specialists of JINR Member States.
Among the radiobiologists who participated in research conducted by the BRS was
a team of scientists of Berlin-Buch Institute. The team was headed by Prof. H. Abel
and Dr. G. Erzgreber. JINR’s cooperation with Berlin-Buch Institute grew from con-
tacts between radiobiologists of this institute and the Institute of Medical Radiology
in Obninsk, where in the 1960s-70s the world-renowned geneticist and radiobi-
ologist Prof. N.V.Timofeev-Ressovsky worked. Under the influence of his stud-
ies, an actively working school of radiobiologists was formed in Berlin-Buch be-
fore the Second World War. Therefore, after the establishment of the BRS, which
was then headed by Prof. V.I. Korogodin, who had earlier worked for many years
with N. V. Timofeev-Ressovsky, JINR started its own collaboration with German sci-
entists.

The research conducted jointly with Berlin-Buch Institute was focused on the mo-
lecular mechanisms of DNA lesions in higher organism cells induced by acceler-
ated heavy ions. During a short time, a set of equipment was created, which made it
possible to study regularities and mechanisms of DNA double-strand breaks (DSBs)
in mammalian cells cultivated in vitro. Unique results were obtained, which allowed
finding out different aspects of the lethal effect of radiations of different physical
characteristics on higher organism cells.

At the same period, the BRS collaborated with the Institute of Nuclear Chemistry
and Technology (Warsaw, Poland). On the Polish side, this work was headed
by Dr. O.Rosek. The research was aimed at making a comparative study of the lethal
effect of radiations in a wide range of linear energy transfer (LET) on two lymphoma
cell lines that had different repairability of DNA damage. It was shown that there
is a significant difference between the radiosensitivity of these two cell lines: the ra-
dioresistant one had a normal repairability of DNA damage; the radiosensitive one
had a defect in the repair system. With an increase in heavy charged particle LET,
the radiosensitivity of both cell lines was observed to level off, which pointed
to the induction of direct DNA DSBs by high-LET radiations.
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The cytological effect of ionizing radiations on plant cells cultivated in vitro
was studied at the BRS by E. Hlinkova of the Comenius University (Bratislava, then
Czechoslovakia). In the early 1980s, F. Czaba, a mathematician at the Central Institute
for Physics (Budapest, Hungary), did at the BRS theoretical research on modeling
the spontaneous mutation process in lower eukaryote cells. At the same time, V. Lisy,
a theoretician at the University of Kosice (then Czechoslovakia), studied at the BRS
the problem of the presence of Davydov solitons in DNA.

In the early 1980s, the BRS began the active development of radiobiological re-
search at the accelerators of the Laboratory of Nuclear Reactions, JINR. The main
aim was to find out the mechanisms determining the differences in the biological
effectiveness of ionizing radiations of different physical characteristics. This work
was joined by two scientists of then Czechoslovakia: S.Kozubek (the Institute
of Biophysics, Czechoslovak Academy of Sciences, Brno) and, later, V. Michalik (the
Institute of Radiation Dosimetry (IRD), Prague).

S.Kozubek developed a model describing the regularities in the lethal effect of ra-
diations in a wide LET range on bacterial cells with different repairability of DNA
damage. This model allowed the description of the lethal radiation effects in bacte-
rial cells (the cell survival shape, radiosensitivity dependence on LET, oxygen effect,
and effect of radioprotectors of different classes) induced by heavy charged particles.
It was shown that the specifics of the effect of multicharged ions on the genetic ap-
paratus of cells can be determined by the cluster type of the DNA damage induced
by heavy ions.

A microdosimetry analysis of the yield of DNA lesions of different types un-
der ionizing radiations of different physical characteristics was performed
by V.Michalik (IRD). It was shown that with increasing LET, the yield of cluster
lesions of single- and double-strand DNA increases. This dependence is described
by a curve with a local maximum, the maximum location being different for dif-
ferent types of cluster lesions. It was a pioneering study, which was later continued
in many research centers of the West.

A wide range of research was conducted in 1985-1990 to study the mutagenic
effect of radiations of different LET on cells by an international team of physicists
and radiobiologists, which included M.Bonev (the Institute of Nuclear Physics
and Nuclear Energy, Bulgaria), S.Kozubek (then Czechoslovakia), B.Tokarova
(then Czechoslovakia), and F .Czaba (Hungary). To find out the relative role
of the physical and biological factors in the induced mutation process, S. Kozubek ini-
tiated research on the induction of forward and reverse mutations in bacterial cells.
It was found that the dose dependence of the cell mutation frequency has a linear
quadratic character. It was shown that with an increase in particle LET, the character
of the mutation frequency dependence on the irradiation dose does not change; it is
only the relative genetic efficiency (RGE) of radiations that changes. The RGE depen-
dence on LET is described by a curve with a local maximum. Within the framework
of the theoretical approach developed by S.Kozubek, the difference was explained
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in the locations of the maximums of the relative biological effectiveness dependence
on LET against the lethal and mutagenic effect criteria. It is determined by the differ-
ent character of the DNA lesions participating in mutagenesis and the lethal effects
of radiation. The former are mainly damaged bases; the latter, DNA DSBs. In 1989,
S.Kozubek successfully defended a doctoral thesis on this subject.

M. Bonev studied in detail the regularities and mechanisms of prophage lambda
induction by radiations of different physical characteristics. This research allowed
an evaluation of the role of the inducible repair system in prokaryote cells during
the mutation process caused by ionizing radiations of different quality.

Since 1985, effective cooperation has been going on with a group of GSI radio-
biologists (Darmstadt, Germany) headed by Profs. G.Kraft and S. Ritter. Specialists
of the Department of Radiation and Radiobiological Research (DRRR) and
their German colleagues have been performing experiments at heavy ion beams
of the GSI accelerator to study the cytogenetic effect of accelerated heavy ions
on mammalian cells in culture and human lymphocytes. DRRR specialists made
a notable contribution to the preclinical investigations of the radiobiological charac-
teristics of multicharged ion beams designed for cancer therapy.

In 1990-1998, close collaboration was maintained with the Radiation Biology
Division, the Institute of Aerospace Medicine (Cologne, Germany), of the German
Aerospace Center. On the German side, a team headed by Dr. G. Horneck partici-
pated in this research, which was concerned with the development of a new meth-
od of studying the kinetics of the expression of the inducible cell operons based
on the luciferase reaction. The international team developed an efficient and simple
method (SOS-Lux test), which allowed a real-time evaluation of damage in the ge-
netic apparatus of living cells under ionizing radiation, ultraviolet light, and chemi-
cal carcinogens. For this purpose, a genetic construction was assembled which con-
tained genes of luminescent bacteria controlling the synthesis of proteins involved
in the luminescence reaction (lux genes). When DNA is damaged, gene function-
ing repression is removed, which triggers the luminescence reaction. As a result,
the cells carrying the mentioned genetic construction emit visible light; the light
yield depends directly on the degree of DNA damage and can be easily measured.
Thus, the SOS-Lux test, in its essence, proved to be a unique biological dosimeter;
it can be widely used in different areas: in ecology — for the rapid analysis of chemi-
cal carcinogen and mutagen contaminations; in pharmacology — for evaluating
the possible mutagenicity of new medicines; in chemical and food industry.

To advance these promising studies, the team got financial support in the form
of a grant from the Copernicus program (Brussels, Belgium). The research resulted
in the creation of a device which allows on-line detection of physical and chemical
mutagenic factors in the environment.

In the genetics of yeast cells, joint work was performed during several years
with Prof. N.Babudri of the University of Perugia (Italy) to investigate the genetic
control of mutagenesis under cell starvation. This task was related to the problem
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of the genetic control of cell cycle arrest after DNA damage induction. In recent
years, the interrelation has been more evident between different components
of the integral cell response to DNA damage, which stands behind genome stabil-
ity and integrity. A relation is shown between the cell cycle control mechanisms
and DNA repair mechanisms. The mechanism of the control and coordination
of these processes was discovered in the late 1980s; it was called checkpoint control.
This mechanism allows the cells to survive and maintain genetic stability and is regu-
lated by the checkpoint genes. It is believed that a disorder in checkpoint ways that
leads to an increase in mutability and genome instability is important in the early
stages of carcinogenesis.

In 1988-1997, DRRR radiobiologists productively collaborated with the National
Aeronautics and Space Administration (NASA) of the U.S. On the NASA side,
this work was headed by Dr. T. Young. Within the framework of the Agreement
of Cooperation between JINR and NASA, a series of experiments were performed
at the JINR Synchrophasotron to determine the relative biological effective-
ness (RBE) of 1-5 GeV protons. In experiments on human blood lymphocytes,
regularities of the induction of stable and unstable chromosome aberrations were
studied. The RBE values of relativistic protons were found to be not higher than
those of gamma radiation.

The DRRR has been actively cooperating with the Institute of Biophysics
of the Academy of Sciences of the Czech Republic (the city of Brno) to study the cy-
togenetic mechanisms of the induction of stable chromosome aberrations in hu-
man cells by radiations in a wide LET range. On the Czech side, the collaboration
is headed by Prof. S.Kozubek. Joint research on the cytological effect of heavy
charged particles on plant cells has been conducted with specialists of Comenius
University (Bratislava, Slovakia). Fruitful cooperation has been developing with
the Institute of Nuclear Chemistry and Technology (Warsaw, Poland). This work,
which, on the Polish side, is headed by Prof. A. Wojcik, is focused on studying reg-
ularities and mechanisms of the induction of different types of chromosome ab-
errations (unstable chromosome lesions and translocations) by different doses of
accelerated charged particles. Also, the DRRR regularly performs similar research
jointly with the GSI (Darmstadt, Germany). Active cooperation has been formed
with Minsk State University (Belarus): the joint work is aimed at studying the cat-
aractogenic mechanisms of high-energy heavy charged particles and mechanisms
of the effect of radiations of different quality on the visual pigment rhodopsin.

The uniqueness of JINR’s nuclear physics facilities and their ionizing radiation
fields required the development and production of new means of radiometry and
ionizing radiation dosimetry. In the 1960s, M. Zielczynski, a JINR scientist from
Poland, created a recombination dosimeter of mixed ionizing radiation, which al-
lowed measuring absorbed and equivalent doses and radiation quality coefficients
for beams and scattered radiation fields of the accelerators and pulsed fast neutron
reactor.
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Information on the energy dependences of dosimeter sensitivity is essential
for measuring the characteristics of ionizing radiation fields that are complicated
in terms of their component make-up and energy distribution. For this reason, study-
ing the performances of the dosimeters and detectors that are in use in the JINR
Member States has been one of the main fields of international cooperation over
the past decades. The energy dependences of the sensitivity of a Bonner spectrom-
eter, solid state and emulsion track detectors, and thermoluminescent detectors were
studied in cooperation with many specialists of these countries, including M. Gelev
and I.Mishev (Sofia, Bulgaria); B.Derschel, G.Hahn, H.Taut, L. Wetzel et al.
(Dresden, Germany); S. Pszon and M. Zielczynski (Swierk, Poland); D. Nikodemova
and M. Fulop (Bratislava, Slovakia); E Spurny, Z.Spurny et al. (Prague, the Czech
Republic); and others.

To evaluate the accuracy of measuring the characteristics of radiation fields
by instruments that are in use in the JINR Member States, a series of comparative
measurements were made in the 1970s in the fields of JINR proton accelerators,
in a beam of the IBR-30 reactor, in 2°>Cf-based fields in polyethylene moderators,
and in the fields of CERN accelerators. These measurements were performed by spe-
cialists of Bulgaria, Czechoslovakia, Poland, Romania, and the Soviet Union. The re-
sults showed that the required accuracy of measuring the characteristics of radiation
fields can only be achieved occasionally. This research resulted in improving the do-
simetry techniques used in the JINR Member States.

After DRRR establishment, the cooperation between JINR and the International
Atomic Energy Agency (IAEA) was broadened. This cooperation included the fol-
lowing fields: specific research at the request of the IAEA; JINR’s participation
in the IJAEA-coordinated research programs; and the organization and conduction
of the IAEA training courses.

The TAEA, in particular, exercises control over nuclear nonproliferation. In this
regard, measuring weak neutron fluxes in intense gamma radiation fields to track
the movement of fissile materials is an important task. To an order by the IAEA,
performances were studied of different thermal neutron detectors with polyethyl-
ene moderators, equipment parameters were optimized, and a corona counter-based
prototype neutron monitor for detecting the movements of nuclear materials was
manufactured and tested in intense gamma fields.

The monitoring of staff irradiation using personal dosimeters is a significant
component of evaluating the efficiency of any radiation safety program aimed
at limiting occupational exposure. A change in the radiation safety concept that fol-
lowed the publication of new recommendations by the International Commission
on Radiological Protection (1990) encouraged the development of new international
radiation safety standards, which were prepared by international organizations, ap-
proved by the IAEA Board of Directors, and published in 1996.

These standards introduced new operational quantities for radiation moni-
toring. In particular, the standards direct that a new operational quantity be used
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for the personal dosimetry of strongly penetrating radiation: the H,(10) personal
dose equivalent, which ensures that the requirement not to exceed the established
dose limits is met. Taking into account the technical difficulties of introducing new
radiation quantities for the measurements of radiation doses, the IAEA launched
a research program to compare the personal dosimeters used in its member coun-
tries of Eastern Europe. The aim of the program was to enable the personal dosim-
etry services to evaluate the energy and angular dependences of the sensitivity of do-
simeters and to measure the radiation field characteristics in terms of the H,(10)
personal dose equivalent.

At the request of the IAEA, due to the DRRR’s great experience in studying
the performances of personal dosimeters and capabilities of providing metrological
support for dosimetry measurements, JINR took part in this program as a metrol-
ogy laboratory. Within the framework of this activity, the readiness was checked
of 23 personal dosimetry services for measuring H,(10) in gamma radiation fields
with different energy distributions of particles; also, the energy and angular sensitiv-
ity functions of the dosimeters in use were measured in terms of the personal dose
equivalent. The performed research led to a significant improvement of the reliabil-
ity of the measurements of the personal dose equivalent made in the IAIA member
countries of Eastern Europe.

In 1996 and 1999, the IAEA’ training courses for young specialists were con-
ducted on the basis of the JINR University Center. The courses were attended by sev-
eral tens of specialists of most of the JINR Member States and Estonia, Latvia, and
Lithuania.



EDUCATION

For about 25 years, programs of training specialists in radiobiology, as well
as in protection physics and dosimetry, have been offered at JINR. At the ear-
ly stages of the formation of the JINR University Center (UC), the Department
of Radiobiology was established there as a branch of the respective Department
of Moscow Engineering Physics Institute (MEPI); also, postgraduate programs
in the specialty of Radiobiology were started. The Department’s enrollment was
made up of physics students who had completed seven semesters at MEPI, Moscow
State University, Moscow Institute of Physics and Technology, and a number of other
institutions of higher education. After thesis defense, many of them were enrolled
in postgraduate programs and defended their Candidate’s theses.

In 1998, on the initiative of the JINR Directorate, the Department of Biophysics
was established at Dubna University. The Department trains certified specialists
in the field of Human and Environmental Radiation Safety with the following spe-
cializations: Radiation Biophysics and The Biophysics of Photobiological Processes.
The Department provides mathematical, physical, chemical, and biological educa-
tion through the following general and special courses: general biology; molecu-
lar biology; general radiobiology; clinical radiobiology; physiology; cytology; mi-
crobiology; biophysics; biochemistry; DNA damage and repair; radiation genetics;
the photochemistry and photobiology of the primary processes of vision; radiation
protection; radiation dosimetry; mathematical modeling in radiation physics, biol-
ogy, and ecology; and some others. The Department conducts research in radio-
biology, radiation genetics, the kinetics of the primary photobiological processes,
cytology, molecular biology, medical uses of radionuclides, microdosimetry, and
mathematical modeling of dynamic biological processes. To consolidate theoreti-
cal knowledge, practical training is provided at the JINR-based student laboratories
of microbiology, cytology, molecular biology, photobiology, radiation dosimetry and
protection, and experimental methods of nuclear physics. The Department offers
postgraduate programs in the specialty of Radiobiology.

The Department’s faculty consists of top-level specialists, including
Prof. M. A. Ostrovsky, an Academician of the Russian Academy of Sciences (RAS);
professors and scientists of JINR, MEPI, the Institute of General Genetics (RAS),
and other major scientific research centers. The Department is headed
by Prof. E. A.Krasavin, Dr. Biol. Many of the LRB’s present-day young specialists
graduated from the Department of Biophysics.
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CONCLUDING REMARKS

This publication presents a wide range of radiobiological studies conducted
at the Laboratory of Radiation Biology of the Joint Institute for Nuclear Research
(LRB JINR). The diversity of the Institute’s sources of ionizing radiations with differ-
ent physical characteristics — first of all, heavy charged particle accelerators — pre-
determined the Laboratory’s main radiobiological research area: the regularities and
mechanisms of the biological action of ionizing radiations in a wide range of linear
energy transfer. The use of heavy ion accelerators allowed solving one of radiobiol-
ogy’s key problems: the problem of the relative biological effectiveness of ionizing
radiations. As was said in the first part of this book, the first radiobiological experi-
ments at JINR were conducted more than 60 years ago by specialists of the Institute
of Industrial Hygiene and Occupational Diseases, Oncological Research Center, and
a number of other Moscow institutes. In 1963, after the establishment of the Institute
of Biomedical Problems (IBMP) of the USSR Ministry of Health, its specialists start-
ed experiments at JINR's accelerators to study the regularities and mechanisms of the
biological action of high-energy protons. This research was necessary because high-
energy protons are present in space and are very dangerous for cosmonauts’ health.
The proton energy range of the Synchrocyclotron (JINRS first accelerator) allowed
modeling the biological action of high-energy protons of space origin. With the as-
sistance of the JINR Directorate — first of all, Director of the Laboratory of Nuclear
Problems (LNP) V.P.Dzhelepov, a Corresponding Member of the USSR Academy
of Sciences — IBMP staff members performed a huge amount of radiobiological re-
search on the relative biological effectiveness of high-energy protons. Then, at a low-
energy heavy ion accelerator of the Laboratory of Nuclear Reactions (LNR), research
was started on the biological effects of accelerated multicharged ions. This work re-
ceived attention and active support from LNR Director Acad. G.N. Flerov and, later,
Acad. Yu. Ts. Oganessian. These studies were focused on the specifics of the action of
densely ionizing radiations on living cells of different types: microorganisms (yeast
and bacterial cells), experimental animal tissues (cornea and skin), and vegetable
objects. Important results were obtained on the lethal action of heavy ions on cells
and development of chromosome lesions in irradiated cells. After the establishment
in 1978 of the Biological Research Sector (BRS) at JINR, which was actively sup-
ported by LNP Director V.P.Dzhelepov, cooperation with the IBMP rose to a new
level. Some of its staff members went over to work at the BRS. Thus, the continuity
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of the traditional ties between the IBMP and JINR was provided. Space radiobiology
has always been present in the fields of research performed by JINR’s radiobiologists.

Currently, in connection with ambitious ideas of developing the Moon and
of the Mars mission, it has become especially urgent to combine radiobiological re-
search efforts because preparation of such flights requires providing protection from
galactic space radiation. It seems that the microgravity factor will not be the main
obstacle for the long-term flights beyond the Earth’s magnetosphere since many is-
sues of the organism’s exposure to weightlessness have already been successfully re-
solved. On the contrary, full protection from galactic radiation is still impossible in
deep space. During a one-year flight there, 1 cm? of a cosmonaut’s body will be hit
by up to 10 heavy charged particles of the carbon and iron groups. The biological
effectiveness of the iron group nuclei is very high. They are very likely to induce mu-
tations and cancer; they induce cataract and are also harmful for the retina; and they
affect the central nervous system cells.

Such exposures can be modeled at charged particle accelerators — in particu-
lar, at JINR’s Nuclotron. In modeling the biological effects of heavy charged par-
ticles at new-generation accelerators, to the fore comes research on the molecular
mechanisms of genetic apparatus damage, which can allow evaluation of the char-
acter of the induced DNA structure disorders, because the damage induced by ga-
lactic radiation is qualitatively and quantitatively different from the damage induced
by electromagnetic radiations. One has to know exactly what mutations emerge and
how dangerous they are; to estimate the probability of cancer and cataract develop-
ment; and to estimate the risk of brain damage, because exposure to heavy charged
particles can impair important functions of the central nervous system. Solving all
these problems requires fundamental radiobiological research at high-energy accel-
erators of multicharged ions. Heavy charged particles are also a unique tool that al-
lows yielding much knowledge on the organization of living systems. Heavy charged
particle radiobiology is a new radiation biologys; it is different from the classical one,
which is concerned with the action of electromagnetic types of radiation. Efficient
radiobiological research methods are being developed; thus, there are grounds to ex-
pect that not only a number of applied problems (in particular, the ones connected
with planning the Mars mission), but also the fundamental problems of radiation
genetics as part of life sciences will be solved.

The LRB’s prospective research fields are defined by the Laboratory’s cooperation
with the Department of Physiology of the Russian Academy of Sciences. The visit-
ing session of the Department’s Bureau held in the summer of 2013 in Dubna gave
the LRB a strong impulse for further development as a research center. The session’s
aim was to work out a new concept of the radiation safety of interplanetary flights.
It was proposed that new approaches to the solution of the radiation barrier problem
be elaborated and that the possibility in principle of interplanetary flights be evalu-
ated for the current level of space engineering. NASA, ESA, and other space agen-
cies follow the established approaches, estimating the risk associated with radiation
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exposure as the probability of the development, first of all, of cancer as a delayed con-
sequence. The LRB has developed new approaches to the solution of this problem.

The present-day radiation risk concept for orbital and interplanetary flights
is based on a generalized dosimetric functional as the criterion and quantitative
measure of radiation danger. The generalized dose comprises the radiation doses
inducing immediate and delayed effects. The immediate radiation-induced effects
appear during the flight; the delayed ones develop throughout life. When the dose
is calculated for the immediate and delayed effects, coefficients are introduced taking
into account the influence of radiation quality on the radiobiological effect (where
radiation includes heavy charged particles of different energies), dose distribution
over time, dose distribution over the human body, and modification of the organism’s
radiation response caused by other space flight factors. But this approach is unac-
ceptable for interplanetary flights because the action of heavy nuclei differs from that
of electromagnetic radiations: a single particle track can be likened to a “bullet pass,’
where huge amount of local energy is released, while the latter, to an electromagnetic
“rain” The action of heavy charged particles on the brain structures at doses cor-
responding to real heavy particle fluxes for the Mars mission causes marked disor-
ders of spatial orientation and cognitive functions. It was established that heavy ions
damage hippocampus — the most important brain structure responsible for work-
ing memory formation. In this part of the central nervous system, neurogenesis
goes on continuously — the production of new neurons involved in the formation
of working and long-term memory. The latest results obtained by neurophysiologists
suggest that the radiation risk concepts for interplanetary flight crews developed
earlier have to be revised. Studying the neurophysiological effects of space radiations
is becoming one of radiobiology’s main tasks — interesting and complicated, re-
quiring the conduction of research ranging from genetic structure damage to higher
behavioral functions.

The first steps in this direction were taken at the LRB in 2013, when rhesus mon-
keys (offered by the IBMP) were irradiated at the 170-MeV proton therapy beam
of the Phasotron (the Laboratory of Nuclear Problems) and at the 500 MeV/nucleon
carbon nuclear beam of the Nuclotron (the Laboratory of High Energy Physics) —
three animals at each beam. The brain was irradiated at an absorbed dose of 1 Gy.
Before the experiment, the animals were trained to solve test problems at a computer.
The aim of the experiment was to evaluate the disorders of the acquired skills caused
by brain exposure to heavy charged particles with relatively low linear energy trans-
fer. After irradiation, the animals were returned to the IBMP for further research.

Huge amount of experimental work has to be done at accelerators since there
are a lot of unresolved issues. In particular, it is necessary to study the damageabil-
ity of cells of the genetic structures controlling the synthesis of the proteins which
participate in the functioning of the membrane channels and provide interaction
between neurons in the synapses. The LRB’s radiobiologists urgently need a broad
international collaboration with neurobiologists. Solving the stated super-problem
in Russia alone would be extremely difficult.
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