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CALCIUM PUMP
OF THE LIVING CELL

Yu. A. VLADIMIROV

Calcium transporting
ATPase performs the
active transport of cal-
cium jons across the
biomembranes  thereby
allowing the cell to main-
tain low calcium concen-
tration in the cell (107 M)
in spite of comparati-
vely high concentration
(3 - 107 M) of these ions
outside the cell and inside
intracellular vesicular
depots. The main steps of
the enzyme functioning
are revealed and now it is
clear how the energy of
ATP hydrolysis is being
spend to transport Ca**.

Kanbywui - TpaHcrnopTHas
AT®aza  ocywecTBrisiet
aKTUBHbIA rMepeHoc Mo-
HOB KasnbLusi Yepe3 MeM-
6paHbl KIeToK, nogapep-
XUBasi HU3KYI0 KOHLEHT-
payuo 3TUX MWNOHOB B
knetke (1007 M) no cpaB-
HEHUI0 C OKpyXxaroLeun
cpefgoun U BHYTPUKIIETOY-
HbiMu gerno (3 - 107° M).
OcHoBHble cTtagun pabo-
Tbl pepMeHTa pacKpbiTbl,
U Tenepb MOHATHO, KAKUM
obpa3om aHeprusi rugpo-
nusa AT® Tpartutcs Ha
nepeHoc Ca**.

KANbLUMEBBIE HACOCHI
XXUBOMH KNETKMU

0. A. BNIAAUMNPOB

Poccwiickuii rocygapcTBeHHbIN
meguuymHCeKuii yanBepceutet, Mocksa

BBEJEHUE

B nuTomnnasMe KieToK KOHIEHTpals MOHOB Kajlb-
uus cocrasseT Becero 50—100 HM (5 07811077 M),
TOTAa KakK B OKPYXalolllel KJIeTKW Cpelie OHa paBHA
npumepHo 3 MM (3 0107 M). ITonnepxusaer 3Ty pas-
HUIY B KOHIIEHTpalUM (Ha YeThIpe MOpsiaKa BeIuuM-
HBI) CUCTeMa aKTUBHOTO TPAaHCIIOPTa MOHOB KaJIbIIUSI,
[JIAaBHYIO POJIb B KOTOPOIA UTpaeT KaJbIIMEBbIM HACOC —
depmenT kanbLueBast AT®a3za, cokpaieHHo Ca-AT®da-
3a. TouHee roBopsi, He ONMH (HEPMEHT, a IpyIiNa Kaib-
meBbiXx AT®a3, pazTnyarommxcs 1Mo JOKaTU3allid B
KJIETKE, CTPOEHUIO U crocoly peryasumu. Ho Bce atn
(bepMeHTBI TIEpPEHOCAT MOHBI KaJIblKsI U3 KJIETOUHOTO
COKa BO BHEKJIETOUHYIO KUAKOCTb WU BHYTPUKIETOU-
HBIE JIETIO KaJIBIIUS — ITy3bIPHKU SHIOTUIA3MAaTHIECKOTO
PETUKYJIyMa 3a cueT aHepruu ruaposnsa AT®, mommep-
KMBasi TEM CaMbIM HU3KYI0 KOHIIEHTpAllMI0 HMOHOB
KaJIbL1S B LUTOILIa3Me.

DTOT MmpolilecC B LUTOILIa3Me MOKOSIIIUXCS KIETOK
CO3aeT BO3MOXHOCTh PETYJISIIMY KJICTOYHBIX (DYHKITUI
MyTeM YBEJIMYEHUsI TIPOHUIIAEMOCTU KJIETOUYHBIX MEMO-
pan st Ca?*: Bxoad B KIIETKY, 3TM MOHBI aKTUBUPYIOT Be-
JIMKOEe MHOKECTBO Pa3JIMYHBIX BHYTPUKIECTOYHBIX ITPO-
meccoB. Spkuif TIpuMep — COKpAIeHWE MBIIIIIH,
KOTOpOE HAUMHAETCS C BBIXOZa MOHOB KaJIbIIUS U3 CApKO-
MJ1a3MaTUYECKOTO PETUKYJIyMa U ero B3auMOJEICTBUS C
COKpaTuTeIbHbIMU Oenkamu. [locienyrolee ynaneHue
Ca’" M3 UMTOILIA3MBI M HAKOTUIEHUE ETO B EMKOCTSIX SH-
JIOTIIa3MaTUIEeCKOTO PETHUKYJyMa ocyiecTistiorcst Ca-
AT®a30ii 1 NPUBOAAT K pacciabIeHUIO MbILILBI (puC. 1).
B pyrux KieTKax MOHBI KAJTbIIHS, BXOIS TTACCUBHO Yepe3
OTKPBIBAIOIIUECS KaHAJIBI, CBSI3AaHHBIC C PAa3TMIHBIMU
pelenTopamMu, TakKKe UTPAIoT poJib TTOCTAaHHUKOB, 1al0-
IIUX MPYKa3bl BKIOYUTL TY WIM WHYIO BHYTPUKIIETOU-
Hyo cuctemy. [Tocie ucnosHeHus MpUKasa “rnocjaaHHU-
KOB” Ha/IO BBITTPOBOIUTD U3 LIUTOIIA3MbI, YTO U JIeJIat0T
Ca-AT®as3e1, a Takke Na™-Ca’ -00MeHHUKH.

Kanpumessie AT®a3bl, BXOASIIME B COCTaB IIUTO-
MJ1a3MaTHIeCKUX MEMOpaH U BHYTPUKIIETOUYHBIX MEMO-
paH, pasnnyaroTcs o psny cBoiictB. Bece Ca-AT®a3bl
TIPENCTaBISIOT COO0I MOHOMEPHBIE OEJIKU, TO €CTh CO-
CTOSIT U3 €MIMHCTBEHHOM MOJUMETITUIHON 1IeTTH, HO He-
CKOJIBKO Pa3IMyaloTcsl o MOJIeKyIsipHoit Macce. Tak,
Ca-AT®a3a capKoria3MaTH4eCcKoro peTUKyIyMa uMme-
eT moJiekymsipHyto maccy 108 k]I, a miasmatuyeckast
Ca-AT®a3za — 120 k. JIyuie Bcero uzyueHa Ca-ATda-
3a capKOoIUIa3MaTUYeCKOro peTUKyIyMa MmonepevyHorno-
JTOCATBIX MBIIIII, © MMEHHO ee CTPOCHME 1 paboTa OyayT
paccMOTpeHBI TOIPOOHO B JAHHOM CTaThe.
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Puc. 1. VIoHbl Kanbums Kak perynatopbl uyknia co-
KpaLleHne — paccnabneHve B NonepeyHononocatbix
Mblwuax: TL, — TepMuHanbHble LMCTEPHbI CapKo-
nnasmaTtunyeckoro petukynyma (CP), JIT - npoaosb-
Hble (naTepanbHble) Tpybouku, BC — BHYTpeHHUI cu-
Hanc, TT — T-cuctema, Ll — umtonnasmatmyeckas
MeMbpaHa (nna3amanemma), A — MMO3MHOBbLIE HUTU,
| — aKTuH, Z — Z-nnactuHka, M — M-nonoca. lNog aen-
CTBMEM 3NIEKTPUYECKOro UMMybCca, PacnpoCcTpaHs-
IOLWerocs no niasmaneMmme, MOoHbI KabLms BbIXOASAT
13 BE3MKyJl CapKomnias3mMaTMyeckoro petukynyma u
BbI3bIBAIOT COKpPALLLEHME MbILLLbI. YaaneHne KanbLms
capkoniasmMaTnyeckum pPeTUKYlyMOM MNPUBOOUT K
paccnabnerHunto MbiLlLbl

BbIAENEHUE N OYUCTKA Ca-AT®asbl

W3yyeHue MexaHu3Ma tpaHcropra Ca’* npu padote
Ca-AT®a3bl NPOBOAUIIOCH [JIABHBIM 00pa3oM Ha U30-
JIMPOBAHHBIX IMy3bIPbKaX CapKOIIa3MaTUYeCKOro pe-
tukynyma (CP), mojgydeHHBIX Mocjie TOMOTeHU3aluu
TKaHEeW IMyTeM IOCIeq0BaTeIbHBIX EHTPU(BYTMpPOBa-
Huii. ITy3pipeku CP B 3J1IeKTPOHHOM MUKPOCKOIIE BbI-
DJIAAAT TaK XKe, KaK ¥ Apyrue MeMOpaHHbIE CTPYKTYPBI.
Ha ckonax 3aMOpOXEHHBIX CYCNEeH3Uil U30JIMpPOBaH-
HBIX ITy3BIPHKOB CapKOILIa3MaTUIECKOTO PETUKYJIyMa
BUIHBI BHYTPMMEMOpPaHHbIE YaCTULIBI AMAMETPOM OKO-
J10 9 HM. DTH I00YISIpHBIE YAaCTUIILI HA TOBEPXHOCTHU
ckoJla 00pasyloTcs BCIENCTBUE BHEAPEHUS! B THUAPO-
GoOHYI0 30HY MeMOpaHBl YJAaCTKOB ITOJUICIITUIHON
uenu Ca-ATda3bl. AHaau3 OGEJIKOBOTO COCTaBa ITy-
3bIPLKOB MTOKA3bIBAET, YTO OCHOBHBIM OEJIKOM B PETU-
kynyme sBisietcs: Ca-AT®a3a (70—80% Bcex 6eIKOB).
Hcronp3ysl pa3nuyHble TPUEMbI, MOXHO OYUCTUTH
Ca-AT®a3y ot apyrux 6enkoB. [IpaBna, mpu O4UCTKE
00BIYHO TOBpEXXAaeTcsl MeMOpaHa, U U3ydyaTb TpaHC-
MOPTHYIO (YHKIIMIO CTAHOBUTCSI HEBO3MOXHBIM. Ho,
n06aBUB (OCHOIUITUABI, YIaeTCS BOCCTAHOBUTD 11€JI0-
CTHOCTb BE3UKYJI U TIOJYYUTh NMPEKPACHBIN 00BEKT TSI
n3yyeHust pyHkuuu Ca-AT®a3bl: pochoaunuaHbie
My3bIPbKU CO BCTPOEHHBIM B HUX paboTaroiiuM dep-
MEHTOM.

SQHEPTETUKA TPAHCMNOPTA MOHOB KANbLUA

Hcnonb3ys pa3ivuuHble METOMAbI, YIAJIOCh YCTaHO-
BUTb, UTO MPU TUApPOIU3e onHOU MojieKynbl AT Ca-
AT®aza CP nepeHOCUT ABa MOHA KAJIBLIMS U3 OKPYXKa-

BJIAOVMUPOB 0.A. KANbLIMEBBIE HACOCbI XXMBOW KINETKU

olleil cpeibl BHYTPb BE3UKYJ, KaK 3TO MOKa3aHO Ha
puc. 2. [TepeHOC MOHOB KaJIbIIUS COMTPOBOXKIACTCS TIe-
PEHOCOM 3JIEKTPUUYECKUX 3aPSII0B, HO pa3HOCTD IMOTEH -
Maja Ha MeMmOpaHe He yaep:KMBaeTcsl, TOTOMY 4TO
MmemOpaHa CP xopotliio nmpoHuiiaeMa Juist Apyrux MOHOB.
Jmst Toro 4YTOOBI IIEpEHECTH Yepe3 MeMOpaHy
2 TpaMM-3KBMBaJIEHTa MIOHOB KaJIbIIMsI U3 KJIETOYHOTO
coKa, rie ero koHueHrpauus C, = 1 107 M, Bo BHYT-
PEHHIOI TIOJIOCTh CapKOIUIa3MaTUYECKOTO PEeTUKYITY-
Ma, Ti¢ KOHLIEHTpauus Kanbluus onmska K 1 MM (C, =
=1 0107%), TpebyeTcs 3aTpaTUTh SHEPTUIO, PABHYIO:

AG=20p=2[A, + RTIn(C/C) + zFAd], (1)

rne AJ — u3MeHeHue CBOOOIHOM SHEPTUH TPU Tepe-
HOCE OJJTHOTO MOJISI OMHOBAJEHTHOTO MOHA (3JIEKTPO-
XUMUYECKUI MmoTeHuuan), A, — U3SMEHEHUE DHEP-
MU 33 CYET B3aMMOJICIICTBUSI OJTHOTO MOJISI HOHOB C
OKpyXalolleil cpenoit (XMMUueckKoe CpoacTBo), R —
razoBasi TOCTOsSTHHas, T — abCOTIOTHAs TeMITepaTypa,
RTIn(C,/ C,) — u3MeHeH1e SHEPTr1U MOJIsSi HOHOB NPHU
U3MEHEHMU ero KOHLIEHTPAlUK, Z — BaJICHTHOCTh HO-
Ha, F — uncno Dapanes (3apsim OMHOTO MOJISI OTHOBA-
JIECHTHOTO MOHa), A® — pa3HOCTh BJIEKTPUUECKUX T0-
TEHILIMAJIOB Ha MeMOpaHe, ZFAP — u3MeHeHue IHEPTun
MOJISI MOHOB 3a CYET IepeMEILEeHUsT B JIEKTPUIECKOM
nose.

TTockoJIbKY BHYTPHM CapKOTUIa3MaTUYECKOTO PETH-
KyJIlyMa MOTeHIIMaJl paBeH BHYTpUKJIeTouHOMY (Ad = 0),
a BeJIMYMHA [, TPUMEPHO OJMHAKOBA /IS MOHOB Kalb-
Y4 B BOOHBIX pacTBopax (Ap, = 0), MOXHO CUMTaTh,
YTO M3MEHEeHUEe CBOOOMHON 3HEPTUM TIpY TepeHoce
nByx Mojieit Ca?* pasno mpu 37°C (310 K):

AG=2RTIn(C./C) = 47,5 kIx/Mob.

DTO0 NPUOIU3UTETLHO PAaBHO SHEPTMM THUAPOIM3a
Makpoapruueckoii csizu AT® npu GpU3MOJI0IMUEeCKUX
koHueHTpauusx AT®, AJI® u oprodocdara. Takum
00pa3oM, TPaHCMOPT KaJlbLIUsl yepe3 MeMOpaHy cap-
KOITa3MaTHYECKOTO PETUKYJIyMa OCYIIEeCTBISIETCS C

Beswukyna
Capko- ATD
niaasmMaTnyeckoro
peTvkynyma
2Ca* 2Ca?

ALD +P,
Ca-ATdaza

Puc. 2. CxemaTunyeckoe nsobpaxeHune Be3uKyIbl
CcapKomnia3MaTnyeckoro PeTUKyyMa co BCTPOEHHOW
mMonekysnoi Ca-ATdasbl. Bo BHelwHOO cpeny (LunTo-
nnasmy) obpatleHa rosioBka pepMmeHTa AMaMeTpoMm
okono 9 HM. C Heli caA3biBatoTC ATD 1 MOHBI Kasb-
umsi. Mem6paHy NpoHU3bIBAET KaHas, no KOTOpoMy,
Kak nonaratoT, KaJbLnii IePeHOCUTCS NPpU rnaponmnse
AT®D. Bonee nogpobHasa cxema CTpoeHUs pepMeHTa
rnokasaHa Ha puc. 4



BBICOKMM KO3(POUIIMEHTOM TOJIE3HOTO ASUCTBUS, ITOY-
TH 63 moTeph dHepruu. [ToMrUMo TIPOYETo 3TO MPEIITo-
naraeT oopatumoctb padbothl Ca-AT®a3wl. U aeiicTBU-
TeJbHO, ObLIO MOKAa3aHO, YTO MOXKHO MOJYYUTh CUHTE3
AT® uz AI® u docdata, eclii HATPY3UTh U30JTUPO-
BaHHEBIe Be3uKyJIbl CP kanbpimeM, a 3aTeM yoOpaTh Kajlb-
LI U3 OKpYKalolllei cpelbl, 1T0OaBUB Tyla KOMILIEK-
COH — coefluHeHMe, cBasbiBatoniee Ca’*. 3aMeTuM, 4to
00paTMo MOTYT paboTaTh TaKXe U IPYrue TPaHCTIOPT-
Hele AT®a3pl: Na/K-AT®a3za nurorurasMaTUIecKux
MeM6paH 1 H-ATda3a MUTOXOHIPUIA.

MEXAHU3M NEPEHOCA UOHOB KAJlbLUA

Xots TpaHcriopTHbIe AT®a3bl 1 Ha3bIBAIOT MOHHBI -
MM HaCOCaMM, OT KOpaOeTbHOM MTOMITBI X OTJIMYAET TO,
YTO OHM HE KayaloT XUAKOCTh, a MEePEHOCST AUCKPET-
HbI€ YaCTUIIBI — MOHBI. Kaxablil IMKJT mepeHoca BKIIIO-
yaeT B ce0s1 KaK MUHUMYM TPpU CTaauu: 1) yacTuity Haso
3aXBaTUTh C OTHOMN CTOPOHBI MeMOpaHBI, 2) IepeHECTH
ee 4yepe3 MeMOpaHy (TpaHCIOLMPOBaTh) U 3) BBIIIYC-
TUTb C ApYroi ctopoHbl. OCYIIECTBICHUE 3TUX CTaIUi
COTIPSIKEHO C PacXofioM 3HEPTUM, U, CJIeAoBaTeJIbHO,
OIHOBPEMEHHO YTO-TO MOJIKHO MPOUCXomuTh ¢ ATD.
Cama monekyna AT® Toxe nojikHa ObITh 3axBaueHa (1)
M TUIPOJIM30BaHA C 3allaCaHUEM 3HEPIUMU U PacXOaoM
ee Ha nepeHoc Kajbiys (2), a mpoaykthl (AP u ¢oc-
¢dar) DOJKHBI TepeiiTh 13 CBSI3aHHOTO C (hepMEHTOM
COCTOSIHUSI B BOIHBIN pacTBop (3). B kaxmom nukiie
¢depMeHT OJHOBPEMEHHO MCIOJIb3yeT HEe OJIUH, a JiBa
cybcTpaTa (BHYTPUKIIETOUHBIM Kanbiuit 1 AT®) n 06-
pasyeT TpH MPOIYKTa: KaJblIUii, HAKOTIJICHHBIN BHYTpU
BE3UKYJ IHAOIIa3MaTuyeckoro petukyiayma, AAD u
oprodocdar. YeunusiMu MHOTHX YYeHbIX Oblia B 00-
IIMX YyepTax pacirdpoBaHa Mocjiea0BaTeIbHOCTh CTa-
nuit ipu padore Ca-AT®as3b! (puc. 3), KOTOpas BKIIIO-
yaeT B cebs Bce IepeuyrciIeHHbIe Bhllle 3Tanbl. Pabora
Hacoca 3aMmedaresibHa ellle U TeM, YTO CTaJuu rnepepa-
60TKM AT® Kak OBl YepeayIOTCS CO CTATUSIMK TTEPEHO-
ca Ca’*. DTH cTafguy NepeyncieHbl HUXE:

1) cBsI3bIBaHME IBYX MOHOB KaJIblIMSI Ha TTIOBEPXHO-
ctu AT®a3sl, 06pallleHHOM B LIMTOILIa3My (MU Hapy-
Jicy B U30JIMPOBAaHHBIX My3bIpbKax CP);

2) cBA3BIBAHME HA TOM € MOBEPXHOCTH MOJIEKY-
Jel ATD;

3) ¢ochopunupoBanue 6enka (odbpazoBaHue doc-
dodepmenTa) u BicBoboXIeHe AlD;

4) BEICBOOOXKIEHE MOHOB KaJIbLMS C IIOBEPXHOCTHU
AT®a3sb1, 00pallieHHOM 6Hympb y3bIpbKOB CP; CBSI3bI-
BaHUsI MarHus;

5) runposu3 gocdaTHON CBSI3U U OTIIEIUIEHUE 1O-
HOB MarHusl;

6) mepexon MOJEKYJIbI (hepMEHTa B UCXOIHOE CO-
CcTOsTHUE (LICHTPBI CBSI3bIBAHUST KaJIbLIUSI OKA3bIBAIOTCS
OIISITh HA TOBEPXHOCTH Ty3bIpbKOB CP).

22
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Puc. 3. MNMocnepoBaTenbHOCTb cTaanin paboTel Ca-
AT®da3sbl: 1 — cBA3bIBaHNE NOHOB KabLus, 2 — CBA3bI-
BaHue AT®, 3 — o6pasoBaHue pocdo-depmeHTa, 4 —
OoTWENMIEHNE NOHOB Kanbuus, 5 — rmaponma docoo-
depmeHTa, 6 — Bo3BpaLLeHne pepMeHTa B UCXOAHOE
cocTosiHne. OcTanbHble 0ObSCHEHUS aHbl B TEKCTE

CBsisblBaHMe WOHOB Kanbuusa (ctagua 1)

YToOBI M3yYyNUTh KOJTUYECTBEHHO CITOCOOHOCTH Be-
3uKyJ1 CP cBSI3bIBaTh MOHBI, K CYCTIEH3UU BE3UKYJI C 13-
BecTHOI KoHUeHTpauueil AT®a3bl (C,) n00aBISIOT
pa3HbIe KOJIWYECTBA M3yYaeMBIX MOHOB M TeM WIH
WHBIM CIIOCOOOM M3MEPSIIOT KOHLIEHTPAIMIO CBSI3aB-
werocst (C,) u octasierocst B pactsope uona (C). Ha
OCHOBE TTOJTYYEeHHBIX JAHHBIX PACCUMTHIBAIOT JBa OC-
HOBHBIX TTapaMeTpa CBSI3bIBAHUS: KOHCIMAHMY C8S3bl8A -
nusa (K,) v uucao mecm ceasvieanus (n). KoHcTaHTa CBSI-
3BIBaHUST — 3TO KOHCTAHTa PaBHOBECHSI:

CBo0oaHbIe MOHBI + BakaHTHBIE MecTa CBA3bIBAHUS ==
<= CBs3aHHbIE MOHBI

KoncraHnTa cBsI3bIBaHUS paBHa

_ G
Ko = g @)

W3 ypaBHEHMSI BUIHO, YTO KOHCTAHTA CBSI3BbIBAHUS
K, paBHa 00paTHOI KOHLIEHTPAaLUU CBOOOJHBIX NOHOB
MPU TaKoi UX KoHUeHTpauuu C,, Koraa KOHLUEHTPALIUSI
CBA3aHHBIX MOHOB C, paBHa KOHLEHTpaUuu CBOOOJ-
HBIX MECT CBSA3BIBAHUSI /1, TO €CTh KOTJA 3aHATA T0JI0-
BUMHA BCEX MMEBIIMXCS Ha TMOBEPXHOCTU (epMeHTa
MECT CBA3bIBaHUs. YeM BbIlIe KOHCTAHTA CBSI3BIBAHUS
(CPOACTBO LIEHTPOB K MOHY), TEM HIKE KOHIIEHTPAIIUS
HMOHOB, TIPY KOTOPO#i OEJIOK eIlle MOXKET UX CBSI3bIBATh.

M3ydyeHue CBSA3BIBAaHUS PA3IUYHBIX MOHOB MEMO-
paHHBIMU My3bipbKaMu CP mokasao, 4To TOJBKO TS
noHoB Ca’* MMeloTC LEHTPHI ¢ BHICOKOI KOHCTAHTOM
cBssbiBaHud (2 (10° M™). Ha onny Monekyny AT®a3zbt
TIPUXOIATCS IBa TaKUX LieHTpa. [Toib3ysch ypaBHEHM -
eM (2), moacuuTaeM, Kakas J0JIsI BceX LIEHTPOB CBSI3bI-
BaHMSI KaJIblMs OyIeT 3aHsITa MOHAMU MTPY KOHLIEHTpa-
LMK CBOOOIHKIX NOHOB B pacTBope, pasHoi 1 (1077 M.
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ITockonbky o0IIIee YUCIO MECT CBS3BIBAHUS n =
= C, + n;, TO U3 ypaBHEHUS (2) HETPYJHO HANTU JOJTIO
3aHATBIX LIEHTPOB CBSI3bIBAHMS

Co_ G __CilKy
n Cy+n; C;K,+1°

3)

[oncrasus sHavenus C.u K, B ypaBHeHHUE (3), HAXOMUM

Takum 00pa3oM, KaxKabIid IIECTOM LIEHTP CBSI3bIBA-
HUS Ha MOBEPXHOCTU MoJieKyl ATMa3bl 3aHIT MOHAMK
KaJIbLIUsT IPU TOM 4pe3BblyaiiHo HU3Kko# (100 HM) ux
KOHIIEHTpAIU1, KOTOpast TUITMYHA JIJIST BHYTPUKIIETOU -
Horo conepxxuMoro. KoHeuHo, cpa3y BO3HMKAeT BO-
MpOC, SABJISIETCS JIU CBSI3bIBAHUE KAJIBLIMS ACHCTBUTEb-
HO TMEpBOI CTaauell ero mnepeHoca WJiW IMEePeHOC U
ajcopOLMs KalblUsI — pa3Hble W He3aBUCHMbIE TTPO-
mecchl. [losydeHO MHOTO 10Ka3aTelbCTB TOTO, 4YTO
MMEHHO CBSI3bIBaHUE KaJbIMsI C IEHTPAMU C BBICOKUM
CPOJICTBOM €CTh NiepBasi cTaaus nepeHoca. OTHO U3 HUX
3aKJTI0YAeTCsT B OAMHAKOBOM 3aBUCMOCTY CBSI3BIBAHMS
U TiepeHoca OT KOHLIEHTpaluu Kaiblms. KpoMe Toro,
BCSIKO€ CHUXKEHUE CBSI3bIBAHUSI MO/ AEHCTBUEM KOHKY-
PUPYIONIMX UOHOB BCErJa OJHOBPEMEHHO CHUXAJO U
TepeHOC KaJIbLIKS Yepe3 MeMOpaHbl. 3aMETUM, YTO TTPH-
CYTCTBUE MarHMsi Majio BJIMSIET Ha CBSI3bIBAHME Kallb-
st AT®a30ii, MockKonbKy cpoacTBo K Ca’t y ieHTpoB
cBsasbiBanus B 30 ThIC. pa3 BhILIE, yeM K Mg?™,

CeasbiBaHue AT® (ctagusa 2)

Wzyuenue cBsa3biBanus AT® ¢ kanbuueBoit AT®Da-
3014, BCTPO€HHOI B MEMOpaHHbIE BE3UKYJIbI, I0KA3aJ10,
yro AT® cBa3bIBaeTCAd B KOMIUIEKCE ¢ MoHamMu Mg?*
(nm1 Mn?*), mpuueM cBsizbiBaHye Komrmiekca Mg CAT®
[IPOUCXOMUT He3aBucuMo oT Ca’*. DTo 03HAyaeT, uTo
MMEIOTCS IBa Pa3HbIX LIEHTpa CBsA3bIBaHUs 11t Mg CAT®
n mst Ca**. KoHcTaHTa cBasbiBanust Mg CAT® cocTas-
nser 2 010° M™, To ecTh CpOACTBO aKTUBHOTO LIEHTPA
depMeHTa K cyOCcTpaTy HOBOJILHO BEJIMKO: ITOJIOBUHA
Mouiekya AT® cBsa3bIBaeTCst IpU €ro KOHLIEHTpaLUU
5 MkM. Hapsay ¢ omTHUM LIEHTPOM CBSI3bIBaHUsI, 00J1a-
JAIONIMM BBICOKUM cpoacTBoM K AT®, Ha moBepXHOC-
T MOJIeKyJbl AT@®a3bl eCTh BTOPOil LIEHTP CBA3BIBAHUS
C HU3KMM CPOJCTBOM, KOTOPBI/i HE y4acTBYeT B MpO-
necce runpoiansa AT® u nepeHoca Kajabliysl, HO, BO3-
MOXHO, UMEET 3HaUYeHUE Il PeryJsiinuu aKTUBHOCTU
depmeHTa.

Tunponmuz AT®

Hrak, Ha noBepxHOCcTU AT®a3bl UMEIOTCSI LIEHTPbI
CBSI3BIBAHMSI [IJIS1 IByX MOHOB KaJIbLIMSI U OTHOI MoJie-
Kyl AT®, obnamaroiye BHICOKMM CPOACTBOM K Cy0-
crpary. OHU B3aMMOJEHCTBYIOT MEXIy COOOM, TaK Kak
csspiBaHue Ca’t zamyckaer runpoaus AT®, mpucoe-
JMHEHHOro BMecTe ¢ Mg>* k cBoeMy LieHTpy. I1pu 3TOM
OBIJIO TTI0OKA3aHO, YTO ruapou3 AT® HaunHaeTCs TOJIb-
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KO MocJIe TOro, Kak 00a MoHa KaJIbLIUS TIPUCOSIUHSITCS
K CBOMM Y4YacTKaM CBSI3bIBAHUSI. DTO COOTBETCTBYET
crexuoMeTpuu neperoca Ca** u rugponuza ATD, pas-
HOI1 2, 0 KOTOPOi1 MbI YK€ TOBOPUJIU.

docchopunuposaHue 6enka (ctagus 3)

Iunponu3 AT® ocymectBiusercs: Ca-ATdazoii B
Tpu 3Tana. BHavase npoucxonut cBsasbiBanue AT®, 3a-
TeM dochopunrpoBanue 6enka u otierienue AJID u,
HaKOHell, TMAPOJUTUYECKOE pacilieIieHue 0e1oK-(oc-
daTHOH CBsI3M U BBICBOOOXIeHME opTodocdaTa. Doc-
(bopumpoBaHUe OCYIIECTBISETCS O KapOOKCUILHOMN
TPYIINe ocTaTKa aclaparnHOBOM KUCIOThl. CTaaus ata
obpaTrMa: 100aBUB K M30JIMPOBaHHBIM BE3UKYJIaM H-
TIOTIJIa3MaTUYECKOTO PETUKYJIyMa, coiepxKalum (ep-
MeHT-ocdar (ECP), AAD B npucyrcteun 1 MM Ca®",
MOXHO HaOII0AaTh IOYTH MOJIHBIN ITepeHoc docdaTa ¢
6enka Ha AJID ¢ o6paszoBanueM AT®. Takum ob6pazom,
B MemOpaHax CP cyiiecTByeT paBHOBecHe:

Ko Kon
2Ca’" + E = ECa, + AT® === (E[P)Ca, + A/1D,

rae K, — KOHCTaHTa CBSI3bIBAaHUSI MOHOB KaJbLIWsI Ha
AT®a3e y HapykHOIi MOBEPXHOCTU MEMOpPaHHBIX Be-
sukyn CP, a K, — KOHCTaHTa paBHOBECHsI PeaklMU
dochopunupoBanus. IlocnenHss BeanurHa 0J13Ka K
eAVHUIIE.

Kak u3BectHo, nipu ruaposuze AT® BrIcBOOOXIa-
eTcsl 00JIbIIIOE KOJIUYECTBO SHEPTUU, Onarofaps yemy
cBa3b Mexay docdarom u AIID B Mosnekyie AT® Ha-
3BIBAIOT MaKpOIPTUUECKOi1 (6oraroii aHeprueii). O6pa-
THUMOCTb Tpoliecca dochopuanpoBaHusi OejKa O3Ha-
YaeT, YTo U CBsI3b (hocaTa c acriapariHOBBIM OCTaTKOM
B hochopunupoBaHHOM Oesike (Ha puc. 3 oHa 0003Ha-
yeHa 3HakoM [)) Toxe Oorara aHepruei, KoTopasl BbI-
cBoOOXIaeTcs Mpu ee ruaponuse. MMeHHo 3Ta sHep-
TUsI M TPATUTCSI HA aKTUBHBI MIEPEHOC MOHOB KaJIbIIHS.

BbicBO60XXaeHMe MOHOB Kanbuua (ctagus 4)

BricokoaHepreTnyeckast (cmocoOHasl IlepeaBaTh
ocTtaTok (poctopHoii kuciaoTel Ha AILD) dopma doc-
dopumpoBarnHoit AT®a3bl cTabWIbHA TOJBKO B TIPU-
CYTCTBUM MUJUTUMOJISIDHBIX (TO €CTh CPaBHMUTEJIBbHO
BBICOKMX) KOHUEHTpauuii noHos Ca’*. TIpy MeHbLINX
KOHLeHTpauusax Ca>" mpoucXoauT BEITECHEHWE NOHOB
Ca’?* u3 Ca-cBa3bIBaloIUX LEHTPoB dochodepMeHTa
noHamu Mg?* (KoTopble TPUCYTCTBYIOT B Cpejie U 6e3
kotopbix Ca-AT®a3a He paGoTaeT), MOHBI KaJIbLIUS
TIPY 3TOM BBIXOJISIT B OKPYKAIOIIUi pacTBOp. DTa cTa-
nust pabotel AT®a3wl (rugponn3 EP) — BaxkHeitinas B
LIUKJIE TIepeHOCa MOHOB KaJIbLUS U 3aC]Ty>KUBaeT MPU-
CTaJbHOTO PACCMOTPEHMUSI.

BoitecHeHe uoHOB Ca’" u3 Ca-cBA3bIBAIOLLIUX
LICHTPOB BBICOKORHEPreTUIeCKOro ¢Gochonpoun3Boma-
Horo 6eska MoHamMu Mg?* IIpoMCXOMUT, KaK BBISICHU-
JIOCh, HE OMHOMOMEHTHO, a B JBa 3Talla: cHayajla OT-
LIETUISIeTCS KaJIbLIMA M TOJBKO TOTOM ITPOMCXOAUT
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ruaponun3 dochaTHOM CBA3M (OTIIEIUIEHUE HEOpraHW-
geckoro docdara):

(ECP)Ca, + 2Mg?* == (E—P)Mg, + 2Ca** == E + P,

KanpimeBbiii 1 MarHueBbI KOMIUIEKCHI (hepMEHT-
docdara (wm 3H3UM-DocdaTa) IPUHLUITMATILHO pa3-
JINYAIOTCs 1O UX CIIOCOOHOCTH BCTYIATh B PEAKIIMIO C
AII® ¢ obpaszoBanrem AT®. Kak yxe roBopuioch,
KOMILJIEKC KaJblus ¢ 9H3UM-PocdaToM (CyIIeCTBYIO-
I TIPY BBICOKMX KOHIEHTPALIMSAX KaJIbIIMS) MOXET
npeBpatuthcst B ucxonHylo Ca-AT®a3y ¢ cuHTe30M
AT® (Tak Ha3bpIBaeMOe MOHHOE (DochopuInpoBaHue).
ITosTomy MBI TOBOpHM, 4TO (pocdar CBSA3aH C OEJIKOM
MaKpO3PTIMUYECKOM CBSI3bl0, M 00O3HAYaeM KOMILIEKC
kak E[P. Oka3ajnochk, 4To KOMIUIEKC 3H3UM-hocdaTa ¢
MarHueM He 00J1aiaeT CloCOOHOCTbIO NepenaBaTh dhoc-
dar Ha AI®: IpU TUAPOJIUTHYECKOM OTIICTUIEHUUN
docdara yxke He BBIACISACTCS ITOCTATOYHON SHEPTUM,
cBiA3b (hocara ¢ GeJIKOM HeMaKpospruueckast (KoOMm-
miekc 06o3HaunM Kak E—P).

Ha gt0 xxe motpaTunace sHeprus (pocdaTHO CBI3U?
OxkasbIBaeTcsl, OHa TOlIa Ha W3MEHEHWE KOHCTaHTHI
cBs3bIBaHMS Kanblius ¢ AT®a3o0ii. M3ydeHue BIUSHUS
noHos Ca’>" Ha pacniag u o6pasoBanue dhochodepMeHTa
MoKa3ajao, 9to Tpu (hochopuampoBaHUM KOHCTAHTa
cs3piBaHud Ca’* ymeHblnaeTcs 6osee uem B 1000 pa3,
TO ecThb cTaHOBUTCA MeHbIue 2 [10° M™. B 0,5 MM pac-
tBOpe Ca’* mojoBMHA BCcexX CBA3aHHBIX PAHEE MOHOB
KabIus TTociie pochoprummpoBaHust 6ejika OTPhIBaeT-
cs1 oT AT®a3bl M MOHBI ITEPEXOAUT B pacTBOp; Ipu 1 MM
KOHLEHTpAIIMM UOHOB KaJlblvsl B Cpelie B CBSI3AHHOM
COCTOSTHUM HaXOMSITCSI BE TPETU WMOHOB, OCTaJIbHBIC
BBIXOIST B pacTBop (cM. (3)). Hanmane noHoB MarHus B
cpelie TOTOJTHUTENBHO YMEHBIIAeT KOJIUYECTBO CBSI-
3aHHOTO KaJblIsl, MOCKOJIbKY Y (hocchopuampoBaHHO
AT®a3p1 pasauna B cpoacTse K Ca>™ u Mg?* He oueHb
BeJIMKa.

Yo ke noiyuaercs? Jlo pochopunuposanus ATDa-
3a CBSI3bIBATA KaJbLIMA MPU HUBKKMX KOHIIEHTpPALIMSIX
(1077 M), a nocnie pochopunupoBaHUs — TOJNLKO NPU
Bbicokux (107> M). DHeprus AT® mnolia Ha TO, YTOOBI
AT®a3a BHITOJIKHYJIA B KOHLICHTPUPOBAHHBII PacTBOP
Ca’* noHbl, KOTOpbIE (DEPMEHT BLUIOBUII U3 UX pa30aB-
JieHHoro pactBopa. Ho at1o eiiie He Bce. [lejio B TOM, YTO
AT®a3za cBSI3bIBACT KaJIbLMI 0 OJHY CTOPOHY MEMO-
paHBbl, a OTLIETLISIETCS] OH IO APYTVIO.

Ilepenoc kanbuus yepe3 MeMOpaHy (TpaHCIOKALMS)

B Besukysax capkoriasMaTUYecKoro peTuKyiayma
Mosekyibsl Ca-AT®da3bl opueHTUPOBAHEI CTPOTO OIpe-
neJIeHHBIM 00pa3oM, TaK UTO CBS3bIBAHNE MOHOB KaJlb-
st u AT® mpoucXoauT ¢ HapyXXHOM CTOPOHBI ITy-
3bIPbKOB, a BHICBOOOXIEHUE KaTbIUsI — C BHYyTPEHHEN.
M3zyueHue cBSI3bIBAaHUS MOHOB KaJIbIIMsI Ha pa3HbIX CTa-
nusix pabotel Ca-AT®a3sl mokasaino, 4To B Hedocho-
PUIIMPOBAaHHOM CcOCTOSTHUM Ca-CBA3bIBAIOIINE LIEHTPBI
AT®a3bl 1ocTynHbI 111 ©1OHOB Ca?* TONBKO ¢ BHELIHEH
CTOPOHBI MY3BIPHKOB M HEIOCTYITHbI C BHYTPEHHE.
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IMocne dochopunupoBanus dpepmeHTa Ca-cBSI3bIBaIO-
IYe LEHTPBI CTAHOBSTCS TOCTYIMHBIMU C BHYTPpEHHEN
CTOPOHBI M HEJOCTYITHBIMM C BHellIHei. TakuMm obpa-
30M, (pocopuarpoBaHre MPUBOIUT K ITEPEHOCY LIEHT-
POB CBSI3bIBAHMSI KaJblUsl Yepe3 MeMOpaHy (TpaHCIo-
kauuu). [TockosbKy MepeHOC WOHOB OCYUIECTBJSIET
GeskoBasi MOJIEKYJla, OYEBMIHO, KaKMe-TO €€ YacTh
JOJIKHBI TTepeMeIaThCcsl WK, KaK MPUHSATO TOBOPUTD,
JIOJKHO IMPOUCXOIUTh U3MEHEHNE KOHGpopMaluu 0e1-
KOBOI1 MoJsieKysibl. OTHOBPEMEHHO MPOUCXOIUT U3Me-
HEHHUE CPOICTBA LIEHTPOB CBSI3BIBAHUS K MOHAM Kajlb-
usi. MexaHuKa conpsikeHa ¢ 9HEPTeTHKOM.

3aBeplwieHue yukna — rugponus goccodepmeHTa
(ctagun 5 u 6)

MarnueBblli KOMIUIEKC 3H3uM-(pocdaTa OBICTPO
TUAPOJIM3YETCS, U (DepMEHT IpHUoOpeTaeT CBOM UCXOMI-
Hble CBOMCTBA (MHBIMU CJIOBaMU, BOCCTaHABIMBAETCS
ucxoaHasi KoHdopmaius depMeHTHOro o6enka). [Mpu
5TOM Ha TIOBEPXHOCTH (pepMeHTa, 0OpalleHHOM Hapy-
Ky, BHOBB TTOSIBJISTIOTCSI LICHTPHI CBSI3BIBAHUST KAJTBIIUS C
BBICOKUM CpOACTBOM. OueBuAHO, 4TO Tuapoau3 E—P
(cTagus 5, puc. 2) IpUBOAUT, BO-TEPBbIX, K OCBOOOXK-
JIEHUIO LIEHTPOB CBSI3bIBAHUS OT MarHusi, a BO-BTOPBIX,
K UX 00paTHOI TpaHcnokauu (ctanus 6). [Tpy aTom Ha
TTOBEPXHOCTH (hepMeHTa, 00pallleHHOM HapyXy, IEHTPHI
CBSI3bIBAHUS KalbLUS TMPUOOPETAIOT BHOBb BBICOKOE
CPOJCTBO K 3TUM MOHaM. Takum obpasoM, aecdocdopu-
nmpoBaHue E—P mpuBoauT K NMpoCTpaHCTBEHHBIM I1e-
pEMEIIEHUSIM yJyacTKa OeJTKOBOM MOJIEKYJIbI U U3MEHe-
HUSM OHEPIUU CBA3bIBAHMS MOHOB TOYHO TaK e, Kak 1
docdopunupoanue ATPa3bl, HO B IIPOTUBOIOIOX-
HOM HampasjeHuM. Lluki paboTsl pepMeHTa 3aMbIKa-
ercs (cM. puc. 3).

HpﬂMI)Ie J0Ka3arejabCTBa TOro, 4YTo (bepmeHT
“meBesuTCS”, KOraa pagGoraer

XoTs uuest 0 ToM, 4To Ipu paborte pepMeHTa Mpo-
HUCXOIUT U3MeHeHMe KoH(opMaluu Oesika, BbicKazaHa
JIaBHO, TIPSIMBIE JOKA3aTeIbCTBA TIOJYICHBI TaJIeKO He
JUTS BCEX WM3BECTHBIX (DepMEHTAaTMBHBIX peakiuii. B
5TOM OTHOLICHMHM TpaHCIopTHble AT®a3bpl — 6jaro-
JNApHBIN 0OBEKT, TTOCKOJbKY 3TH MEXaHOXUMUYECKUE
MaIlIMHBI OCYIIECTBJISIOT IEPEHOC MOHOB C OIHOM CTO-
POHBI MEMOpaHBI Ha APYTYIO. SICHO, UTO TaKKe e CTBUS
CBsI3aHBI C TIepeMEIIeHUEM B TTIPOCTPAHCTBE OTpeIeIeH-
HBIX YYaCTKOB O€JIKOBOII MOJEKY/abl. bblUIo Moka3zaHo
usMeHeHue KoHbopmaimu Ca-AT®a3bl npu paborte
3Toro hepMeHTa MeTogaMu nuddepeHIInanbHOM CIIEKT-
podoToMeTprm, COOCTBEHHOI OEIKOBOI (hIyopeciieH-
LIMM ¥ CTIMHOBBIX 30HA0B. OIHAKO MHTEPECHEE BCETO Y3-
HaTb, Ha KaKMX MMEHHO CTaausX paboThl ¢pepMeHTa
MPOUCXONAT Haubojiee 3aMeTHble U3MEHEHMS] KOH-
dopmanmu 6enka. B paboTtax, mpoBeAeHHBIX B Halllei
nmabopatopun coBmecTHO ¢ B.B. PutoBeiM MeTomom

COPOCOBCKUIN OBEPA3OBATE/IbHbIN XXYPHAT, Ne3, 1998



CIIMHOBBIX METOK', BBLI0 0OHAPYXEHO PEZKOE yBEIMYE-
HUe MOABMKHOCTH yJacTKa Oelika, comepkamero SH-
Ipymiy, Ipu npucoearHeHuu K pepmenty Mg CATOD.
3aTeM ymanoch IMokKazaThb M3MeHeHUe KOHbopMalvuu
depmeHTa (MOABMXKHOCTU CITMHOBOW METKM, TpUCOe-
nuHeHHOI K SH-rpymme) Kak mpu odpa3oBaHum ¢Goc-
dodepMeHTa, Tak 1 IIpU ero pacnane. Takum o6pa3om,
MexaHUUYecKue rnepeMelieHus yuactka hepMeHTa, Ko-
TOpbie OBUIM TIpeACKa3aHbl Ha OCHOBAHUM W3YYeHUS
OTHOEJbHBIX cTaauii pa6otel AT®aswl (puc. 3), GbUIH
TTOATBEPXKICHBI TTPSIMBIMU OTTBITAMU.

®U3NYECKOE COCTOAHUE NUnNnuaoB
N PABOTA Ca-AT®a3sbl

AKTUBHOCTb MHOTMX MeMOpaHHBIX (DEepMEHTOB,
pkutouas Ca-ATda3y, cyliecTBEHHO 3aBUCUT OT BI3KO-
CTU U XUMUYECKOM MPUPOIBI OKPYKAIOIINX JTUITUIOB.
Taxk, HanipuMep, MeHsIs1 HoChOIUNUIHBINA COCTaB BE3U-
KyJ1, B KoTopble BcTpoeHa Ca-ATda3a, MOXXHO 3aMETHO
BJIMATH Ha aKTUBHOCTh (DEPMEHTA, IIPUIEM, YeM BBIIIIEC
TEKy4ecTh (BeJIMYMHA, 00paTHAs BI3KOCTH) TUIUIHOTO
OUCIOST JIUIIOCOM, TEM BBILIE CKOPOCTh TUAPOJIM3A
AT®. IMpu u3MeHEeHUU TeMIepaTypbl OAHOBPEMEHHO
N3MEHSIOTCS TEKYIECTh JTJUIMIHOTO CJI0SI B BE3NKYIaX 1
aktuBHOCTb Ca-AT®a3pl. Bbuto TakKe Mmoka3aHo, YTO
MPpY YBEJIMUEHUHY BI3KOCTH JIMITUAHOTO CJIOS MeMOpaH,
BBI3BBAHHOM OKMcJIeHHEM (ochOTUIUIOB, ITPOUCXO-
IUT CHIDKEHNUE aKTUBHOCTU (pepMeHTa.

XoTs KaxkeTcsl Bpoje Obl OUeBUIHBIM, YTO aKTHB-
HOCTb (bepMeHTa, TUIABAIOIIETO B JIUITUIHOM CJIOE,
JOJIKHA 3aBMCETh OT BSI3KOCTM 3TOTO CJIOSI, HAll 3TUM
BCce-TaKu CTOMT 3aayMaTtbcs. B camom pene, Beab cra-
IUW TIPUCOEAVHEHMS cyOCTpaTa W OTIICTUICHUST TIPO-
IYKTOB PeakIIMM MPOTEeKaloT B BOAHOI ¢hase. [ToaTomy,
ecJiv Obl (DepPMEHT, BBIIIOJIHSISI CBOIO (DYHKIIMIO, HE OCY-
LIECTBIST HUKAKUX MEXaHMYECKUX IBMKEHUIA, BSI3-
KOCTb BpSII I MOTJIa Obl BIUSITh Ha €r0 AeITeTbHOCTD.
IMo-BuaMMOMY, K BS3KOCTU JIMITUIHOTO OKPYKEHMS
YYBCTBUTEJIbHBI TOJBKO T€ MeMOpaHHblE (EepMEHTHI,
MpY paboTe KOTOPHIX TPOUCXOANT U3MEHEHHNE UX KOH-
dopmanuu. [Ipogoskast 3Ty MbIC]b, MOXHO T0JIarathb,
YTO U3 BCEX CTAANI (pepMEHTAaTUBHOM PeaKIIMK TOJbKO
Te OyIyT 3aBUCETh OT BSIBKOCTH JIMIIMAOB, Ha KOTOPBIX
MPOUCXOIUT U3MeHeHue KoHdopmanuu 6enka. U aeii-
CTBUTEJIBHO, OBLIO TMOKA3aHO, YTO CKOPOCTh pacraaa
depmenT-dpoctarHoro  komruiekca — Ca-ATdasbl
YMEHBIIIAETCSI C POCTOM BA3KOCTU JIMMUIOB. DTO MO~
TBEPXKIAET, YTO HA DTOM CTAANU MPOUCXOIUT IBUKEHHE
yuyacTtka hepMeHTa, KOTOpoe, CorjacHo cxeme (puc. 3),
CBSI3aHO C TIEPEHOCOM MOHOB KaJIbLIMS Yepe3 MeMOpaHy.

' CrimHOBast MeTKa — 3TO XMMMYECKas IPYNIUPOBKa, COmEP-
JKalllasi YCTOMYMBBIM CBOOONHBIN paguKaa (MMUHOKCHII,
>NO), curHan DIIP koroporo 3aBUCUT OT (HU3NIECKUX
CBOWCTB TOH Cpedpl, KOTOpasi OKPY>KaeT MMUHOKCUJIbHYIO
(>NO) rpynny. Ilpu yBenuyeHUM MOABUKHOCTU TOJUIIET-
TUAHOM LIETU, K KOTOPOU MPUCOEAUHEH UMUHOKCHUJIbHBIN pa-
JIMKaJl, MEHSIETCS COOTBETCTBYIOIIMM 00pa3om u curHai DI1P.
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B xuBbIX KIeTKax U3MEHEHUsI JTUTTUIHOTO COCTaBa
MeMOpaH, HalTpuMep COCTaBa XXUPHBIX KUCIIOT B MOJIe-
KyJnax dochonunumos, BKIIOYESHUE XOJeCTepruHa WU
OKUCJIEHVEe MEMOPAaHHBIX JUMUIOB TakKXkKe MOTYT BJIM-
SITh HA MUKPOBSI3KOCTb JIMTTUAHOTO CJIOSI U TEM CaMbIM
Ha akTuBHOCTL Ca-AT®a3el. Pa3yMHO MpeaInonoXuTh,
HaINpyMep, YTO MOBBIIIEHUE BA3KOCTH KJIETOUHBIX MEM-
OpaH BBUIY U30bITKA XOJIECTEpMHA WIM TIEPEKHMCHOTO
OKUCJICHUS JIUMTUAOB MOXET TIPUBECTU K YXYAILICHUIO
paboThl GepPMEHTHBIX CUCTEM, OCYIIECTBIISIONINX BHI-
kaunBaHue Ca>" U3 KJIETKU, U B pe3yJIbTaTe 3TOTO K T0-
BBIIIEHUIO KOHIEHTPALIMU 3TUX MOHOB B KJIETOYHOM
COKE CO BCEMMU BBITEKAIOIIMMU TTOCIECICTBUSIMMU.

CTPOEHUE KAJIbLIMUEBOW AT®dasbl

Bripaxkenue “O depMeHTaX, KaK U O JIIOASIX, CYASIT
10 UX IeicTBUIO” ceifuac yXe He Tak beccriopHo. MHO-
rve epMeHTHI TTOJTydeHBI B BUIIE KPUCTAJUIOB, M Ha OC-
HOBaHUU PEHTTEHOCTPYKTYPHOTO aHau3a BOocco3aaHa
UX TTOIpOOHAas TPOCTPAHCTBEHHAS CTPYKTYpA, a MoaJac
U CTPYKTypa UX KOMIUIEKCOB C CyOCTpaTaMu U UHTU-
outopamu. K coxaneHuto, TpaHcrioptHbie AT®a3ml,
HepacTBOpMMBbIE B BOJe W paboTaiollive B COCTaBe
MeMOpaH, He yJdaeTcsl TOJYYUTb B BUAEC HACTOSIIUX
kpucrauioB. Tem He MeHee MHOToe 00 UX CTPYKTYpe
BCe e U3BECTHO, BKIIIOYas MOCIeN0BaTeIbHOCTh aMM-
HOKUCJIOT B MOJMIENTUAHON LEMH, JIOKATU3aI0 MECT
CBSI3bIBaHMST MOHOB U AT® B MOJUTIENITUIHON LIETTH U
pacriojiocKeHue OmpeaeIeHHbIX YIYaCTKOB 1IeTIH T10 OT-
HOIIIEHUIO K MeMOpaHe.

Ha puc. 4 npuBeneHo cxeMaTndecKoe n300pakeHre
Ca-AT®a3bl capKoIJIa3MaTUYECKOTO PETUKYJIyMa CKe-
JIETHBIX ML, DepMEHT MPOHU3BIBAET MeMOpaHy 11-10
O -CTIMpaJbHBIMM YyU4acTKaMM, OOJIbIIIAst YaCTh KOTOPBIX
COeIMHEeHAa CHApYXW KOPOTKUMU TIOJUTICTITUIHBIMU
CBSI3KaMU, 32 UCKJIIOUEHUEM JIBYX MPOTSKEHHBIX THI-
POGUIBHBIX (TO ECTh XOPOIIO PACTBOPUMBIX B BOJIE) TTe-
TeJib Ha CTOPOHE LIMTOIIa3Mbl. bosee kopoTKast netJist
pacrojioXxeHa Mexay O-crmpansiMu M2 u M3, 6onee
IJIUHHAs — MexXnay o-crimpaxsiMu M4 u M5, JInuHHast
nemisi conepkuT ATP-cBI3bIBAIOIINI YyU4aCTOK, BKIIO-
YaloIMi OCTATOK aclaparuHOBOM KUCIOThI, K KOTOPO-
My npucoenunsercs pocdat. CasizbiBaHue HoHOB Ca*
MIPOUCXOIUT Ha YYacTKe, 00pa30BaHHOM MaJjIoi IeTIel
(Mexay o-cnmpansgMu M2 u M3), BO3BMOXKHO € y4acTH-
€M aMWHOKHCJIOTHBIX OCTaTKOB, MPUJIEXKAIINX K CIIU-
paissm M1 u M4. B mecrtax cBSI3BIBaHHSI COOpaHO He-
CKOJIBKO OCTAaTKOB aclaparnHOBOI KMCIOTHI, HECYIITUX
OTpHILIATEIbHBIE 3aPSIIb.

AOPYIUE Ca-AT®a3sbl

Jlaxe B OIHUX U TeX XKe KJIeTKaxX MornepevyHonoaoca-
TBIX MBIIIILL COAEPXUTCS HE MEHee IBYyX U30(DepMEHTOB
Ca-AT®a3pl, BCTpOCHHOM B MeMOpaHbI SHAOIIa3Ma-
TUYECKOTO DPETUKYJIyMa, KOTOpblE DPa3jIMyaloTcsl IO
YYBCTBUTEJbHOCTU K KodeuHy. BooOiie e MOXHO
TOBOPUTH 0 ceMelicTBe KanblimeBbix AT®a3. Pasnnya-
o1 Ca-AT®a3pl UUTOILUIA3MATUYECKUX MeMOpaH u
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Puc. 4. O6uas cxema cTpoeHus kanblumeBon ATdDa-
3bl. CupeHeBasa nmHua — noavnentuaHas uenb Ca-
AT®da3bl capkoniasmaTMyeckoro peTukynyma, kpac-
Has — yyacTku uenn Ca-ATdasbl uMTonnasmMarmyec-
KO MeMbpaHbl. fonybble UMnMHApLl — A-cnupanb-
Hble y4acTKM, NPOHM3bIBatoLWMe MembpaHy (0603Ha-
YeHbl B TekcTe kak M1, M2 un T1.4., cumMtaa cnesa
Hanpaso), NH, — N-koHeL, nonvnentugHoOW uenwu,
COOH - C-koHeL,. CuHune oBasnbl 0603Ha4aloT y4acT-
kv cesidbiBaHua: Ca?* — MoHOB kanbuusa, Mg-AT® —
Monekysnbl ATO, PJ16 — docdonambana (y Ca-ATda-
3bl 3HAOMIA3MaTNYecKoro peTukynyma), KM — kanb-
MoaynuHa (y umtonnaamatunyeckon Ca-ATdasebl), P —
yyacTok pochopmnnpoBaHns

Ca-AT®a3bl 5HI0IIIa3MaTHYECKOTO (B TOM YUCJIE cap-
KOIUTa3MaTU4eCKOro) petukyiayma. Kaxmas u3 Hux
MpeacTaBjieHa HECKOJIbKMMM u3odopmamu. [lnaszma-
tnyeckasg Ca-AT®a3za B oT/IMYME OT capKoIla3MaTH-
YeCKOU COMEePKUT TPETHIO METITIO MOJTUTTEIITUIHOM 1ie-
M1, 3KCIIOHMPOBAaHHOU B IIUTOILIa3My U 00Opa3yemMoit
C-xoHuoM. Ha puc. 4 oHa 0603HaYeHa KpaCHBIM LIBe-
ToM. Ha aTOM HoMeHe mMeeTcsl LIEHTP CBSI3bIBAHUS
KaJIbMOYJIMHA — PETYJISATOPHOTO OejKa, KOTOPhIi T0-
MMMO JIpYTUX (PYHKIMI peaKTUBHUPYET TuIa3MaThdec-
Ky Ca-AT®a3zy.

PErynsauua AKTUBHOCTU
TPAHCIMOPTHbIX AT®a3s

AKTUBHOCTH KajiblieBbIX AT®a3 BHYTPUKIETOY-
HBIX JIeTI0 (HalpuMep, SHAOIIa3MaTUIECKOTO PETUKY-
JlyMa KJIETOK cepiua, NMeYeHW WU SIUTEUsI) peryam-
pyeTcst 0cOOBIM OeTkoM — (pocdonaMbaHOM, KOTOPBIA
CBSI3BIBAET y4acTOK TenTuaHoi neru ATda3bl Hero-
nmajeky oT mecrta dochopmwimpoBaHus (cM. puc. 4) u
TOPMO3UT pPadoOTy (bepMEeHTa 3a CYET YMEHbIIEHUS
CPOJCTBA y4acTKOB cBaA3biBaHMs Ca’’ K 3TOMy MOHYy.
Ipu HEOOXOAMMOCTH BHYTPUKIIETOUHBIE DETryJISTOp-
Hble CUCTEMBI OTLEILISIOT ocdonamban or ATDa3zwl,
U ee paboTa BOCCTaHABIMBAETCS. DTO OCYIIECTBISIETCS
3a cueT pochopunrpoBanms pocdojlamMdbaHa IpOTENH-
kuHazamu. DochopunmpoBanHbiil dhocdoaamban He
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o0OamaeT crrocoOHoCThIO cBsA3bIBaThCa ¢ Ca-ATdaszoit
U CHUXATh €€ aKTUBHOCTD.

OCHOBHBIM PETYJISITOPOM KajiblieBbiX ATda3 1u-
TOTJIa3MaTUYECKO MeMOpPaHBbI CIIYXXUT IpYyroit 6eoK —
KaypbMoayvH. Ero neiicTBue Kak 661 IPOTUBOTIONOXHO
neiictBulo poconambana. [leao B TOM, 4TO IUTOILIA3-
marnueckast Ca-ATdaza obsanaeT JHOOOMBITHOM CITO-
coOHocThI0O MHTUOUpOBaTh camy cebsi. Ee C-kowerl,
SKCITOHUPOBAHHBIN B LIUTOIUIA3MY, 3arubaeTcs u, Mo-
IOOHO Xajly cKopruoHa, nopaxkaeT Ca-AT®a3y, 6J10-
KUPYS LEHTPBI CBA3BIBAHMS Kamblus. KaabMomymwH
Oepet Ha ce0s1 GYHKIMIO 3aIUTHUKA: OH CBSI3bIBAETCS
¢ yuyacTKoMm BOIm3u C-koHua (cM. puc. 4) U1 CHUMaeT
uHruoupoBanue Ca-ATda3bl, JUIIAS TTOJTUIICIITHI-
HBIII XBOCT CIIOCOOHOCTM CBSI3BIBATHCS C aKTMBHBIM
yuactkoM AT®a3sl. TakuM obpaszom, eciiu pocdoaam-
6aH MHrHOUpyeT sHAoruiazmMarudeckyio Ca-ATda3y,
TO KaJIbMOAYJIMH PeakKTUBUPYET ayTOUHTHUOMPOBAHHYIO
muTorutazMatudeckyio Ca-AT®a3zy. HecMoTpst Ha npo-
TUBOIIOJIOKHOE ACHCTBUE, KAIbMOMYJIVH U pocdomam-
0aH — pPONCTBEHHUKU: CpaBHEHWE aMUHOKHCIIOTHBIX
MoCJIeI0BaTeIbHOCTEM TTOKAa3bIBAET, UTO MHOTHE y4a-
CTKM MOJUMNENTUIHON LIeNU Y HUX coBIanatoT. M300-
perarefnbHas MPUpPOJa CyMesia OAUH U TOT K€ UCXOI-
HBIM MaTepual (OeIO0K-TIpeIIIeCTBEHHUK, KaK OBbl
MpaKkaJIbMOIYJIMH) TPUCIIOCOOUTDL TSI BBIMIOJTHEHUS
MTPOTUBOIOJIOXKHBIX (PYHKIIVIA.

HAPYLUEHUE AKTUBHOCTU Ca-AT®a3bl
B NATOJNIOIMA

V 3KCnepUMEHTATbHBIX XKUBOTHBIX, CTPAJAIOIINX TH-
MepTOHKEH, CHIKEHA aKTUBHOCTh KaslblineBbIx ATda3
B INIAJKMX MBIIIIIAX CTEHOK KPOBEHOCHBIX COCYIOB. DTO
CHUKEHME aKTMBHOCTU MPUBOIMT K ITOBBILIEHUIO CO-
JepXKaHUSI BHYTPUKJIETOUHOTO KaJbLIUS. A TTOCKOJIBKY
noHbl Ca*" 3amycKaloT MEXaHU3M MBIIIEYHOTO COKpa-
IIEHUsI, TOHYC COCYAMCTOM CTEHKU OyIeT yCUJIEH, YTO
MPUBEAET K MOBLIIIEHUIO KPOBIHOTO JABJICHUS B 1ie-
JIOM OpraHM3Me.

B uucne npuunx nopaxenust Ca-ATda3bl y runep-
TOHWKOB Ha3bIBAIOT aKTUBALIMIO ITPOLIECCOB C yIacTHEM
CBOOOIHBIX PaauKaIOB. JIeCTBUTENILHO, B MOJEJIbHbBIX
OIBITAaX ¢ M30JIMPOBAHHBIMU BE3MKYyJIaMU CapKoTLIa3-
MaTUYEeCKOTO PEeTHKYyJIyMa ObLIO ToKa3aHo, uto Ca-
AT®a3a oyeHb YYBCTBUTEJIbHA K MEPEKUCHOMY OKHC-
JIEHWIO JIMMUIOB, MPU KOTOPOM MPOUCXOIUT OKUCIIE-
Hue SH-rpy1, BXOASIINX B aKTUBHBIN LIEHTP (pepMeH-
Ta. Majio Toro, 4To MoArnopYeHHast Takum oopazom Ca-
AT®a3za niepecTaeT KauaTh MOHBI KaJabLUs (pUC. 5); U3
Hacoca OHa MpeBpallaeTcsl B KaHas 151 KalbLIUs, yepe3
KOTOpBI 3TM MOHBI HAYMHAIOT TEPEHOCHUThCS HEe U3
IIUTO30JIS1 B PETUKYJIYM, KaK MM ToJiaraeTcs, a, Ha060-
POT, U3 PEeTUKYJIyMa, Te WX KOHILIEHTpallWs BhIIIE, B
KJIETOYHBIN COK, T1ie X KOHIIEHTpalus Hike (puc. 6).

IIpespamienue Ca-AT®a3bpl 13 NOMIIBI B KaHal
npenomnpeneacHo ee CTpykTypoii. [lono6Ho Benocunen-
HoMy Hacocy, Ca-AT®a3a cocTouT 13 TpyOKU, TMOPILIHS
U Ky1araHoB. TpyOKa — 3TO MOHHBIH KaHaJl, COCTOSIIITUI
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l ATdasza
T l VCa
5 == Ca®"/AT®

0,33 1,66 4,71 8,02
MpoayKTbl NePEKUCHOrO OKUCNEHUS (MKMONb/T 6enka)

Puc. 5. MameHeHne aktmBHocTn Ca-ATdasbl npwu
NnepekUcHOM OKWUCNIEHUM NUNUA0B MeMbpaH capKo-
nnasmaTn4eckoro petukynyma. 1o ocu opamHaT oT-
JIOXeEHbI CKOPOCTb ruaponunsa ATP n nepeHoca no-
HOB KanbLMa (B OTHOCUTENbHbBIX €ANHNLAX) U OTHO-
LIEeHME Yncna NePEHECEHHbIX BHYTPb BE3UKYS MOHOB
Kanbums K YACNY MOJeKyn rMaponmMaoBaHHoro AT,
BuaHo, 4TO cnocobHOCTL pepMeHTa rmaponM3oBaTb
AT®D He n3meHsieTcs BNAOTb 4O KOHLIEeHTpauun npo-
OYKTOB OKMUCNEeHUs nunnaos 4,7 MKMOJb/T 6enka, K
3TOMY MOMEHTY CMOCOBHOCTb PETUKYYMa HaKarnn-
BaTb KaNbLWM NOMHOCTLIO yTpaymBaeTcs (OTHOLLEHME
Ca/ATP cHuxaeTcs, U CKOPOCTb HAKOMAEHUS Kasb-
umns V., Toxe napaet). O6bACHEHE AaHHBIX 3TOro
onblTa NpuBEAEHO Ha puc. 6. (Mpadurk NOCTPOEeH no
OaHHbIM paboTbl KaraH B.E. n agp. Baaumocsssb
CTPYKTYPHbIX U  GOYHKUMOHANBHBLIX NEepecTpoek B
MemOpaHax CapKomia3MaTuyeckoro peTukyymMa
npwv NEPEKNCHOM OKUCAEHUN nnnuaos // buodusn-
ka. 1977. Ne 22 (4). C. 625-630)

M3 CPaBHUTEIILHO HEOOJbLIOro (pparMeHTa MOJIMIICT-
TUIIHOM 1IeTIH, KOTOPBI yIaJIoCh OTASIUTh OT OCTalIb-
Hoit yactu AT®Pa3b1 06paboTKOI (hepMeHTa MpoTea-
3aMU, BBIAEIUTh U OYMCTUTD. [1pu BCTpauBaHUM ITUX
¢dparMeHTOB B JIUTIOCOMBI UX MEMOpPaHBI CTAHOBSITCS
npoHMLaeMbiMu 11 moHos Ca’". Ilpu mepexucHom
OKUCJICHUU JTUNUIO0B, oKpyxXatomux AT®a3y, ee nmop-
IeHb W KJIaIllaHbl, MTO-BUIUMOMY, JIOMAIOTCSI, © MOHBI
KaJIbLMs HAUMHAIOT OECTIPEITSITCTBEHHO TeUb 110 TPYOKe
B CTOPOHY MEHbIIIEl KOHIIEHTPALIUHU.

BJIAOVMUPOB 0.A. KANbLIMEBBIE HACOCbI XXMBOW KINETKU

ATD

Y

Ca?

MHTakTHasa
Ca-ATdaza

MoBpexaeHHasn
Ca-ATda3za

Puc. 6. HapylweHune pa6otel Ca-ATdasbl nocne no-
BpexaeHns depmeHTa noa AeCTBMEM npouecca
NepeKnNCcHOro OKUCNeHus nunuaos membpaH. Cno-
cobHocTb AT®a3sbl rmgponusoBate ATD coxpaHsieT-
Cs, HO KanbUMA HE HakaymBaeTcs (Cp. AaHHble Ha
puc. 5), a, Ha06OPOT, HAYMHAET BbIXOAUTb U3 PETUKY-
nyma, Kak nokasanu crneumanbHble OnbiTbl. MOHHbIN
HaCOC NPeBPATUSICSA B MOHHBIN KaHan

IMomoGHOTO THIIA TOBPEXIEHUE KATbIIMEBBIX HACO-
COB TIPOMCXOAMT HEPEeAKO. XOpPOIlO WM3BECTHA POJIb
CBOOOMHBIX PamWKaJIOB B Pa3BUTHUU IIMPOKOTO Kpyra
TaK Ha3bIBaeMbIX JeTeHEPATUBHBIX O0JIe3HEN, BKIIIOYast
paKk, MHOTHME WHTOKCHKAIMK, OOJIe3HU, CBSI3aHHBIE C
aTepocKJIepo30M M MUMMYHHBIMU HapylieHusiMu. Bo
MHOTHUX ciyuasix nospexaeHue Ca-ATda3 cBoOOIHbI-
MU pagvKajaMu MOXEeT UTpaTh He MOCIeIHIO0 POjb B
3apOXIECHUU U Pa3BUTUU 3a00J1eBaHUSI.
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