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6 N N .
Haunonanbhelil uccnenoBaTenbckuid neHTp “KypuaTtoBckuil MHCTUTYT , MOCKBa

AnukanpHass mepuctema mnobera (AMII) - oaHa U3 BaXHEHIIUX CTPYKTYp UIsl pocTa M
pasButus pacrenuit [1, 2]. B AMII npuHATO pa3nuyaTh NepeyucCiIeHHbIE HUXKE (YHKINOHAIHHO-
aHatomuyeckue 30HBI [3-4]. (1) LentpansHas 3o0Ha (I[3) - KoHycooOpa3HOe CKOIMJIEHUE KIIETOK,
nMmemwlee y Arabidopsis thaliana na noBepxnoctu AMII nuamerp 6-8 KIIETOK M Cy)Karolascs BHU3
B10J6 ocu AIIM no 1-2 xierok Ha ryoune 3-4 kieTku ot moBepxHocTH. 13 oOpa3oBana CTBOIOBBIMU
KJIETKaMH, U3 KOTOPBIX MPOUCXOAT Bce KiIeTku moodera. (2) [lepudepuueckas 3o0na (I13) - xonbuesas
KJIETOYHAs CTPYKTypa, okpyxkatomas [[3 n obpazoBaHHas KiIeTKaMH, IPOUCXOIAINUMH U3 AEIAMUXCS
kierok 113. (3) Opranuzaunonssiii nentp (OLl) - ckoruieHne KJIeTok IiIyOMHOH B 2-3 M AuaMeTpoM B
3-4 kneTKH, pacnojOKEHHBIX HEMOCpeACTBEHHO cHM3Y mnoj L3 u mpoucxoasmmx u3 e€ aensumxcs
kieTok. Takxe B AMII Boiaenstor cnenyromue cion kierok: L1 — HapyxHbIl cioil kierok, L2 —
BTOpOH clIoM KIeToK, L3 — ycloBHO Ha3bIBaeTcs TPEThUM CIIOEM (KOpPIycOM), XOTs (PaKTHUECKU B
pe3yJbTaTe TOro, YTO KJIETKH, HAXOASIINECS HUKE BTOPOTO CIOS JENATCS BO BCEX IUIOCKOCTSIX, 3TO
y>Ke HE CJIOi, a CKOTJIEHHE KJIETOK (puc.l).

Poct n genenue kinetok npuBoaAT K mMoToky kietok u3 L3 B 113 u OlLl, u ganee no xopmycy
AMII. Opnako, HECMOTpPS HA TaKOHW MOTOK KJIETOK, IOJIOKEHHS 30H OTHOCUTENBHO BepXymku AMII
0CTar0TCS MOCTOSIHHBIMH.

K Hactosiiemy BpemeHu y A. thaliana BBIABIIEH pAJl T€HOB, MyTallUM KOTOPBIX MPUBOIAT K
U3MeHeHuIo cTpyKTypbl AMII n HuUIIM CTBONOBBIX KJIETOK B Hell. Tak, XapakTepHON 0COOEHHOCTHIO
kierok L3 sBnsercsa skcnpeccus rena CLV3, a B kierkax OLl nHaGmonaercs skcnpeccust rena WUS
[5]. B knerkax OIl u ero Ommkaiimero okpyxeHus Habmogaercs sxcnpeccus renoB CLVI u CLV2,

MNPpOAYKTaMU KOTOPBIX ABJIAIOTCA Cy6’Be)IHHI/IIII)I TreTepoaAMMECPHOTIO PCUCIITOPHOIO KOMINIICKCA



CLV1/CLV2, nokanu30BaHHOTO Ha KJIETOYHOM memOpane [6, 7]. IlokazaHo, 4To 0Opasyromuiics B
pesynbrate mporeccuara Oenka CLV3 KOpOTKHII MENnTH] BBIXOAUT W3 KIETKH, CBS3BIBACTCSA C
CLV1/CLV2 B knerkax Bokpyr OLl, u nmomasisier B 3TUX KJIeTKax sKkcrpeccuto rena WUS, a ren WUS
B CBOIO OYe€pelb aKTUBUPYET 3Kcnpeccuto reHa CLV3 [6, 8, 9, 10].

CunTaercs, 4TO MPOIYKTHl DKCIPECCHU HEKOTOPHIX T'€HOB MOTYT IuddyHAMpPOBATH MEXKIY
kietkamu AMII u perynupoBath 3kcnpeccuro Apyrux resos [10-12].

HecmoTps Ha 1puBEACHHBIE BBILE JaHHbIE, BONPOC O MEXaHU3ME PEryJSILUU
MPOCTPAHCTBEHHOM CTPYKTYphl HUIIM CTBOJIOBBIX KJIETOK B alMKalbHONW MepUCTeMe modera pacTeHus
OCTaeTCsl OTKPBIThIM. J[JI1 M3ydeHUs: 3TOro BOIIPOCAa MbI IMOCTPOUIIM MATEMATUYECKYIO MOJEb THUIIA
«peakus-qudy3us», OCHOBAaHHYIO Ha (OpMAIM3aLUU UMEIOLINXCS SKCIIEPUMEHTAIbHBIX JTaHHBIX U
TUIIOTE3aX:

1. Umeetcs reH Y, skcnpeccus KOTOpOro paspeuieHa Tojibko B cioe L1. [Ipoaykr skcnpeccuun
storo reHa (O6enok Y) mudpdynmupyer mo AMII ¢ ogHOBpeMEHHBIM pacmagoM, B pe3ylbTaTe 4ero
YCTaHAaBJIMBAETCSl HEKOTOPOE CTAllMOHAPHOE HEOJHOPOIHOE PaCHpeIelICHUE €ro KOHIIEHTPALUH.

2. Dxcnpeccust reHoB CLV3 u WUS axmusupyemcs 6enkom Y. Ilpu 3TOM mopor akTUBaIiuu
qist CLV3 Boeie, yeM aiig WUS. B pesynbrare 3TOro HUKHSSL TpaHUIla 30HbI 3kcnpeccuu reHa CLV3
pacnionaraetcs Ommke k Bepxymike AMII (k cinoro L1), yem HIbkHAS rpaHunia 30Hb1 dkcripeccun WUS.

3. benkogsrii mpoaykT rena WUS nuddynaaupyer ot OLl, B Tom uucie - k Bepxymke AMIIL, rae
OH aKTHBHpYET 3KcnpeccHto reHa Y. Kpome toro, 6enok WUS aktuBupyet skcnpeccuto reHoB CLVI u
CLV2. benku CLV1 u CLV2 o6pa3ytor komiiekc CLV1/CLV2 Ha NOBEepXHOCTH KJIETOK, B KOTOPBIX
OHM CHUHTE3upyoTcs [6, 8, 9, 11].

4. IlMenrun pCLV3, npousBonnbiii ot 6enka CLV3, pacnpocTpaHstoTCs MO BHEUTHUM CJIOSM
AMII GeicTpee, yeM o KOpIycy. DTOT NENTHI HEOOPATUMO CBSI3BIBAETCS C PELIEITOPOM KOMILIEKCOM
CLV1/CLV2 8,9, 11].

5. Tocne cBsazpBanug nentuna pCLV3 ¢ penentopom CLV1/CLV2 3amyckaercs myTh
nepeaaur CUrHaa, nojasistomuii skcnpeccuto WUS B aTux kietkax [13].

6. Kommnexke CLV1/2+CLV3 nornomaercs KiIeTkaMu M Jerpagupyer. B pesynpraTe 3TOrO
koHueHTpauuss CLV3 ymensinaercs, 1 BHyTpu AMII Bo3nukaer 30ona OLl, cBoOoaHas OT Hero, rie u
HabmoaeTcs skcnpeccust rena WUS [7, 13].

Ha puc. 1 mokazan mnpomonbHbli cpe3 AMII, reomerpuyeckn mOMOOHBIA peaTbHBIM
n300paxeHusM npoaosbHoro cpeza AMII. Kierounast cTpykTypa 3Toro cpesa nojy4eHa cTaHAapTHOM
nporenypoil mo wmeroay pasduenuss Boponoro. Ha pucyHke mnokasaHo Takxke rpadudeckoe
IIPEJICTABICHUE ONMCAHHOIO BBILIIE MEXaHU3Ma PEryJSIUM MPOCTPAHCTBEHHOM CTPYKTYPbl HMILU

CTBOJIOBBIX KJIETOK, CIPOCIIMPOBAHHOE HA ATY CTPYKTYPY.
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Puc. 1. I'paduyeckoe mpencTaBieHne MPOLECCOB PETYISIIMUA CTPYKTYPBHI HHUIIU CTBOJIOBBIX KIJIETOK,
ONMCAHHBIX B MOJENH, Ha npojoibHoM cpeze AMII A. thaliana: ren WUS aktuBupyer ren CLV3
OomnocpeoBaHHO, uepe3 reH Y. 3neck L1 — HapyxHbIN ci0i KieTok, L2 — BTopoil cioi kierok, L3 —
KIeTku kopmyca, I3 — mneHTpanbHas 30Ha (TrpaHuIla OOO3HAUYEHA KOPOTKUM IYHKTHPOM), —
MapkupoBaHa skcrpeccuerd reHa CLV3, OIl — opraHW3anMoHHBIA [EHTp (TrpaHHIia 00O03HAYCHA
TOYKaMH ), — MapKupoBaH 3kcrpeccueit rena WUS, 113 — nepudepudeckas 30Ha (rpanuiia 0003HaueHa

JUTMHHBIM ITYHKTHPOM).

Ha omnmcanHoM BbIIE TpeACTaBICHUH MpoAoiabHOTO cpe3a AMII Opima moctpoena
TUHAMHUYECKass  MOJENb  IMPOCTPAHCTBEHHO-PACIPEICIICHHOTO  MEXaHM3Ma  PEeryisiud ¢
COCpPEIOTOYEHHBIMU TapaMeTpaMd B TOYKaX I, COOTBETCTBYIOIIMX KIJIETKaM obnacTu. Mojenb

MMpeaCTaBJICHA B BUAC CHCTCMbI OOBIKHOBEHHBIX I[I/I(l)(bepeHI_II/IaJ'IBHBIX ypaBHeHPIfII

% = %Zjedi) Sij (Yi - Yj) t+ v, I g(hy + Tywwi) —dy y; (1)

% = %Zjeg(i) Sij(ci—¢;)+veg(he + Toyyi) —deci —acizi + B u; (2)
% = lf/_v;zjee(i) Sij (wi = w;) + vy, g(hw + Ty i + Tytty) = dy w; (3)
% =v,gh, + T,uw) —d, zi—acizi + fu; (4)

%: acizi—Pu—yu(5)

rae y, ¢, w - konuentpanuu 6enkoB Y, CLV3, WUS; z u 4 — KOHIIEHTpaluu reTepoAuMEPHOTO
peuenropa CVL1/2 n xommiekca CLV1/2+CLV3, coorBercTBeHHO. By, S fy - KOIPPUIUEHTHI
MIPOHUIIAEMOCTH MEXKJICTOYHBIX TPAHUI] IS BEIIECTB y, ¢, w. V; - 00BEM - KJICTKU (JIBYMEpHOH),
S;j - TUIomaas rpaHUUBbl (OTHOMEPHON) MEXIy i-H M j-H KIETKaMH. Vy, Ve , V), - MaKCHMaJIbHbIE

CKOPOCTH CHHTE3a BemecTB y, ¢, w; dy, d., d, - xK03pbUIHMEHTH pacmaga BEIIECTB Y, C, W.
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a - K03 PUIUEHT CKOpOCTH 00pa3oBanus BemiecTa u. I'y - nHaekcHas QyHKuus; I'y = 1 Ui KIETOK,
HaXOMSAIIMXCS HAa TPaHUIE KIETOYHOro ancamois, I'y = 0 g ocTanbHbIX KieTok. CyMMUpPOBaHHE
MIPOU3BOAMUTCS 110 BCEM KJIETKaM j, KOTOPbIE SBJISIIOTCS COCEHUMM C KIIETKOM i (] €e(i)).

Perynsauust sKkcnpeccuu T€HOB Yy, C, W U Z ONHCHIBACTCS B MOJEIN CUTMOMIHOW (yHKIHEH

1

X
900 =3(1+72):
rae apryMeHT X BBIMUCIISAETCS I KKI0ro IeHa cienyromum obpasom: X = hy, + T, w 11 rena Y;
X =h;+T,c nnarena C; X = h, + Tp,w nnarena Z; X = hy, + T,y + T,,,u nns rena W. 3necs
T,; — xo3(duireHTs! peryasaluul CKOPOCTH CHUHTE3a BEILECTBA p BELIECTBOM ¢, a h, ONpeNeisioT
0a30BbIE CKOPOCTH CHHTE3a BELIECTBA P.

Jl1is poBeieHHsI BBIUMCIUTENBHBIX SKCIIEPUMEHTOB C MOJIENbI0 ucronb3oBany naket Cellzilla
[http://computableplant.caltech.edu/~bshapiro/Cellzilla/html/index.html],  npemHa3HaYeHHBIH IS
YHCIICHHOTO MO/ICJIMPOBAHUS KIETOUYHBIX CUCTEM C MPOLIECCAMHU THITA «PeaKIHsI-TuPPy3Hsi».

Koa¢ddunuents! pacnana d,, d., d,, 1 d; 1 MaKCUMaJIbHBIX CKOPOCTE CHHTE3a BEILECTB Vy, Ve,
v,y U vV, B pe3ylbTare oOe3pa3MepHBaHHUS CHCTEMbl OBbLIM MpUBENEHBI K equHuie. OmnpenencHue
OCTaJIbHBIX MapaMETPOB MOJIEIH OCYLIECTBIISIOCH CIEAYIOLUIMM 00pa3oM.

(1) boum 3ananbl 4 kietku-ucrouHuka Y B cioe L1 na Bepxymxe AMII, a takke KieTKu-
ucrounnkn WUS B OL (puc. 1). Ilepsoe nmpubimkenue mapamerpoB S, u f,, HaXOAWIH, pelias
ypaBHenue (1) u (3) npu coONIOICHNUN CIEAYIONUX YCIOBHI: KOHIIEHTpauus Y TOJDKHA OBITh OIMM3Ka
K Hymo Ha rpanune AMII, a konuentpanus WUS B kieTkax-ucTOUYHUKAX Y JIOJDKHA COCTaBJISAThH HE
HUKE TPETH OT €€ MaKcuMasbHOro 3HaueHus B OLL.

(2) Ilony4yeHHOE CTAalMOHAPHOE pEIIeHUE JJIS paclpesieNeHusl KOHIeHTpauuu Y MO KJIeTKam
UCIIOJIB30BAIM U1l HaXOXKJECHUS MapaMeTpoB h. u T., U3 ycIOBUs, YTO MakcumyM cuHTe3a CLV3
HaXOJUTCS B NEPBBIX ABYX closix Ha Bepxyuike AMII, pacnonoxennoi B L3, u pe3ko 3aryxaer B
COCETHUX KIIETKaX.

(3) ITapamerpsl B, mombupanu wu3 ycinoBus, 4ToObl KoHUeHTpauus CLV3 B pesynbraTe
Tuddy3un U aerpajaliu cTaHOBUIAch ONM3KOM K HYIO B KieTkax Huxke OLl Bross mpoaonbHOi ocu
AMII (mpu onpeieIeHHBIX paHee napameTpax he u Ty).

(4) ITapamertps! h; u T, HaAXOJWIN U3 YCIOBHS, YTO CTAllMOHAPHAsI KOHLEHTPALMs PeLenTopa
CVL1/CVL2 B knerkax Ha Bepxymke AMII (B II3) B pe3ynprare cuHTE3a U Jerpajialliil COCTaBIISIET
TpeThb oT MakcumyMa B OLI.

(5) mnonydeHHble Ha NPEOBIIYIIMX dTamax pelIeHUus MCIONb30BaM JUIsl HaXOXKJEHUs
napameTpoB h,, T,y Ty hy Ty, u3 ycnoBui, 4ro makcuMyMm cuHTe3a WUS nHaxommica B OLl, a
MakCUMyM cuHTe3a Y - B 4-X kierkax Ha Bepxyuike AMII B cinoe L1 (Takum cioco6oM Mbl youpaem

BBEJICHHYIO B [IEPBOM ITYHKTE MPUHYAUTENbHYIO (puKcanuio odnacteit sxcrpeccuu reHoB Y u WUS).
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(6) MManee HaiineHHble NPUONMIKEHHBIE 3HAYEHUS MapaMeTpPOB MOJCTABISIN B ypaBHEHUS,
peliaiy IOJHYH CHUCTEMY M YTOUHSJIM 3HAYEHUS BCEX BBIIICIEPEUUCICHHBIX M OCTaBLIMXCSA
apaMeTPOB MO KPUTEPHUIO CXOXKECTU CTALMOHAPHOTO pEIICHHs ¢ HAOII0IaeMBIMH pacIpeleIeHUsIMU
skcnpeccun CLV3 u WUS cootBercTBeHHO Ha Bepxymke AMII u B OLI.

B pesynprate ObUIM MOm0OpaHbBl MapaMeTphbl, MPH KOTOPBIX CTALMOHAPHOE pELICHUE IS
pacnpenenenus oskcnpeccun reHoB CLV3 u WUS B AMII kadecTBEHHO corjiacyercs ¢
IKCIEpUMEHTANbHO HaOmogaeMmbiM [5]. Ha puc. 2 depHble KIETKH COOTBETCTBYIOT MAaKCHUMYyMY
skcnpeccun reHa WUS Ha nponosnbHOM cpe3e AMII, paccuntanHbIM Ha OcHOBe Mozenu. M3 puc. 2
BUJHO, YTO TpU BBIOPAHHBIX MapameTpax Mojaenu skcrpeccuss WUS umeer pe3kuil MakCUMyM B
OrpaHMUYEHHOM KOJIMYECTBE KJIETOK, U paBHA HYJIIO B KJE€TKax BOKpYyr Hux. IlyHktupom (puc. 2)
MOKa3aHa dKCIePUMEHTAIbHO Halmromatomasics [S5] mokanuzamus curnana duryopecuenimu GFP mon
KoHTpoJaeM npomoropa WUS, xopowo coznacyrowascsa ¢ pezyiomamamu paciemos. HecMoTps Ha TO,
YTO aKTUBATOpPOM 3Kcrpeccun WUS sBnsercs BemecTBO Y, KOHLEHTpauus KOTOPOTO B KIETKax
Bepxymiku AMII nocruraer Maxkcumyma, oskcopeccus WUS Tam  nojaBisieTcs  BBICOKOM

koHIeHTpanuei kommiekca CLV1/2+CLV3 (B Mmonenu — mepeMeHHas u).

‘@%\\\\;\\}§\\}\\;." SKCNepMMEHTaNbHbIE AaHHblE

PeweHne mogenun

Puc. 2. CraninonapHoe pelieHue MoAeNu Ui pacnpeaeneHus skcnpeccun reHa WUS (uépubie
KJeTkn) u reHa CLV3 (3aluTpuxoBaHHbIE KJIETKM) MPEACTaBICHO Ha MpojoibHOM cpese AMIL. s
cpaBHeHMs 0003HaueHa 00sacTh HabmoqaeMoro curnana ¢ayopecruenunun GFP noa mpomoropom rena

WUS (cepbimu Toukamu) u reHa CLV3 (cepbiM myHKTHPOM) (pucyHOK 1E 1 1D paboTsi [5])

Makcumym skcnpeccun reHa CLV3, cornacHo pe3yibTaraM pacyeToB, HAXOJWUTCS Ha
Bepxymke AMII, u nokanu3oBaH B kietkax, Bxoasmux B L3 (puc. 2). Ilpu BeIOpaHHBIX MapaMmeTpax
Monenu okcmpeccuss reHa CLV3 nokanm3yercs B TeX Ke KIETKaX, TIJe AKCIEePHUMEHTaIbHO
HaOmomaeTcss MakcumyM curdana Quryopectiennnu GFP mon xortposnem mpomotopa CLV3 [5] (puc.
2).

Jlis w3ydeHUs YCTOMYHMBOCTH TMPEATIOKEHHOTO MEXaHW3Ma PEeryJSaIUd CTPYKTYPhl HUIIH
CTBOJIOBBIX KIIETOK K TpOIECCY WX JAENEHUs, BBI3BIBAIOIIEMY CIIy4ailHO€ OTKJIOHEHUE BEIHYUH

KOHIEHTPAllUi paccMaTpUBAEMbIX B MOJIEIM BELIECTB, Mbl CIIy4alHbIM 00pa3oM (110 HOPMaJbLHOMY
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pacnpeziefieHuI0) OTKJIOHSUI B npeaenax 20% mnepeMeHHbIe MOJIENH OT MX CTAal[MOHAPHBIX 3HAUYEHUU
BO BCEX KJETKaxX M M3y4yald JUHAMUKY IOJIO)KEHUS MaKCUMyMOB 3kcripeccun reHoB CLV3 u WUS.
bouto mpoBeneno 100 BBIYMCIUTENBHBIX SKCHEPUMEHTOB, W BO BCEX CIy4asXx Mbl  HaOIIOAaIH
BO3BpAILIEHHE MaKCUMYMOB 3kKcrpeccuu reHoB CLV3 u WUS Kk HUX HCXOAHBIM CTallMOHAPHBIM
MOJIOKEHUAM. TakuM 00pa3oMm, MOKa3aHo, YTO MPEIOKEHHBIA MEXaHU3M B3aUMHOM PEryJIsIui T€HOB
CLVI1/2, CLV3, WUS u Y cnoco0GeH YCTOHYMBO MOAJIEPKUBATh IMPOCTPAHCTBEHHBIH MATTEPH
AKCIPECCUU 3TUX TEHOB, XapaKTEpHOM sl HUIIM CTBOJIOBBIX KjieTok B AMII [5]. Kpome Toro,
HalJIEHHOE pelIeHUEe MOJICIN TIOKa3bIBACT, YTO NMPEIJI0KECHHBIN B [7] (M (opMamnu30BaHHBIA B HaICH
moaenn) MmexanusM usossiiuu Ol or CLV3, aeiictBuTensHO MoxkeT obecnieunth B Ol 30HY ¢ HU3KOM
koH1eHTpanueit CLV3, uro sBisercs HeoOX0AUMBIM yCIIOBUEM st dkcnpeccun rera WUS [5].

KiroueBpiME  d71€eMEHTAMU  MPEJIOKEHHON HAMH MOJIETH PETYJALHN CTPYKTYpbl HUIIH
CTBOJIOBBIX KJeTOK B AMII siBnsitores: (a) meTis MONM0XKUTENIbHON 00paTHOM CBA3M MEXIY KIETKaMu
Bepxymku AMII u OLl, koropas obGecrneuuBaercs B3ammojeiictBuem reHoB Y u WUS, u, xKak
nokasaHo B pabore [15], ynepxkuaer Oll Ha dukcHpoBaHHOM paccTOSHUHM OT Bepxymku AMII; (0)
aktuBaus dskcrpeccun CLV3 curnaiom Y, pacnpoCTpaHSIOMIUMCS CBEpXy, oOecreuuBaroias
NpaBWJIBHOE  MPOCTPAHCTBEHHOE  pacmpeaeneHue  skcnpeccun  CLV3  (puc.  3);  (B)
B3aUMOCOTJIACOBAHHOCTh PETYJATOPHBIX B3aUMOACHCTBUM, T.K. ISl IOJY4EHHS YCTOWYMBOIO K
BO3MYILEHUSM CTAallMOHAPHOTO PELIEHMs] MOJENH (IIPOCTPAHCTBEHHOI'O paclpeiesieHusl SKCIPECCUU
B3aUMO/ICUCTBYIOIINX T€HOB, COOTBETCTBYIOIIETO YKCIEPUMEHTAIBHBIM JIaHHBIM) MBI HE (PUKCUPYEM
MPUHYAUTETHFHO HUKAKYIO U3 001acTel IKCIIPECCHUU TEHOB.

JI7is yCTOMYMBOCTH K BO3MYIIIEHHUSIM CTAIlHOHAPHOTO pelieHus (MPOCTPaHCTBEHHOTO MaTTepHA
OKCIIPECCUU pPacCMaTPUBAEMbIX T'eHOB, HaOmogaemMoro B AMII) MBI HakiagbiBaeM JIMIIb OJHO
OTpaHWYEHHUE: TeH Y MOXKET HKCIPECCHPOBATHCSA TOJBKO BO BHEIIHeM cioe kietok AMII, uro
OTIPaBJIBIBAETCS 0COOOU POJIBIO ATOTO cinos [14].

OcranbHble T€HBI, pACCMATPUBAEMbBIE B MOJIENIHM, MOTYT SKCIPECCHPOBATHCS BO BCEX KIIETKAaX
AMIL. Ionnepxanue xapaktepHoro s AMII npocTpaHCTBEHHOTO aTTepHA HKCIPECCUN BCEX T€HOB
oOecrieunBaeTcs B3aMMHOW PETyJsiuell UX aKTUBHOCTH MOCPEACTBOM PAacCMaTpPUBAEMbIX B MOJAEIU
MEXaHU3MOB PETYJSIIUU — B 3TOM CMBICT «3aMKHYTOCTH» Mojenu. [Ipu 3TOM mpencraBiieHHbIE B
MOJIETT MOJIEKYISIPHO-OMOIOTHYECKHEe MEXaHU3Mbl, OOECIEeUMBAIOIINE TAaKyH) PEryJSIHI0, MOTYT
YTOUHATHCSI M H3MEHSTHCS TIPH MOSBJICHUH HOBBIX SKCIIEPUMEHTATHHBIX (DaKTOB.

Hanpumep, HemaBHO omnyOnukoBanbl jgaHHble [10], cormacHo kotopeiMm r1eH WUS
HEINOCPEACTBEHHO AaKTUBUPYET 3Kcnpeccutro reHa CLV3, uro paHee Mpenanosiaraiocb Ha OCHOBE
HaOJroIeHu 32 MyTaHTaMu 10 3TUM TeHaM [5-7]. OxHako cienyeT OTMETUTb, YTo eciu Obl TeH CLV3

aKTUBUPOBAJICS CUTHAJIOM, pactpocTpanstomumcs u3 OLl, To MakcHMyM ero 3KCIpeccHy HabIoAamcs



051 B OLI, 4TO HE COOTBETCTBYET IKCIIEPUMEHTAIBLHO HAOII0JaeMOMY MaKCUMyMY Ha Bepxymike AMII
[5]. TIockonbKy Takoe MOJOXKEHUE MAaKCHUMyMa MOXKHO IOJIYYUTh TOJBKO IPU YCIOBHUH, YTO CHUTHAI
aKTHBAIMHU dKCIpeccuu pacupocTtpansercs oT Bepxymku AMII (B Hameilt moaenu 31o Y), B MOJACIISX,
OCHOBaHHBIX Ha HenocpencTBeHHoW aktuBanuu WUS => CLV3, nnsd noiaydeHus OpaBUIBHOTO
nmaTrTepHa JSKcmpeccur aBTOpbl paboT [10, 12] ObulM BBIHYXKIAEHBI BKJIIOYATh JOTIOJHUTEIBHYIO
akTuBauuioo sKkcrpeccun CLV3 curnanom, pacnpocTpanstomuMmcs oT Bepxymku AMIL [10, 12].
®daxkTtudecku, B pabotax [10, 12] peub uaeT o HEOOXOJUMOCTH HEKOTOPOTO PETYISATOPHOTO CHTHAJIA,
AQHAJIOTMYHOTO PACCMOTPEHHOMY B HaIllei MoJeiH curHaiy Y. DTo elle pa3 CBUACTEILCTBYET O TOM,
YTO PETyJISITOPHBbIE OTHOHIEHUS Mexay kierkamu Bepxymiku AMII, OIl u I3, peanuzoBaHHble B

Hallel MOJIEIIU, COCTABIIAIOT BaXKHbIM KOHTYP PACIPEAEICHHON CUCTEMBI PETYIISLIUH.
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The shoot apical meristem (SAM) is a structure
that is very important for plant growth [1, 2]. The fol-
lowing areas are distinguished in SAM [3, 4]. (1) The
central zone (CZ) consists of a tapered cell accumula-
tion where six to eight cells are found on SAM surface
and one or two cells occur at a depth of three or four
cells from the apex. CZ is formed by the stem cells and
all the cells of a shoot originate from these cells. (2)
The peripheral zone (PZ) is a CZ-surrounding ring
structure formed by cells that originate from the divid-
ing CZ cells. (3) The organizing center (OC) is a cell
accumulation (two or three cells in depth and three or
four cells in diameter) that is located directly under
CZ. In addition, the following cell layers are distin-
guishable in SAM: L1 is the external cell layer; L2 is
the second cell layer; L3 is referred to as the third layer
(body), although, to be more exact, it is a cell accumu-
lation rather than a layer, because cell division below
the second layer occurs in all planes (Fig. 1).

Because of cell growth and division, a flow of cells
from CZ to PZ, OC and then along the SAM body
takes place. Nevertheless, the positions of various
zones relative to the SAM apex remain unchanged.

A series of genes has been indentified in A. thaliana
whose mutations lead to changes in SAM structure
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and the stem cell niche. CLV3 and WUS genes are nor-
mally expressed in cells of CZ and OC, respectively
[5]. The CLVI and CLV2 genes encoding the subunits
of a heterodimeric receptor complex CLV1/CLV2
located on the cell membrane are expressed in OC and
the nearest cells [6, 7]. Processing of CLV3 protein
yields a short peptide that appears outside the cells to
bind CLV1/CLV2 in OC-surrounding cells and inhibit
the expression of the WUS gene in these cells. The
WUS gene activates the expression of the CLV3 gene
[6, 8—10].

The products of some genes are believed to diffuse
through the intercellular medium of SAM and regu-
late the expression of other genes [10?7-12].

The open question is that of interaction between
different components of the mechanism that controls
spatial structure of the stem cell niche in the shoot api-
cal meristem of a plant. We have suggested the reac-
tion—diffusion mathematical model that is based on
formalization of both the experimental data and
hypotheses available.

(1) Suppose that the expression of a given Y gene is
allowed only in the L1 layer. The product of this gene
(protein Y) diffuses over SAM and decays simulta-
neously. Because of this, a stable heterogeneous con-
centration profile of this protein is reached.

(2) Protein Y activates the expression of the CLV3
and WUS genes. The threshold of CLV3 activation is
higher than that of WUS activation. As a result, the
lower boundary of the area of the CLV3 gene expres-
sion is closer to the SAM apex (to L1 layer) than that
of the area of WUS expression.

(3) Along with diffusion from OC in various direc-
tions, the WUS gene product diffuses to the SAM apex,
where it activates expression of the Y gene. In addition,
the WUS protein activates the expression of the CLV1
and CLV2 genes. The proteins CLV1 and CLV2 consti-
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Fig. 1. Graphic representation of the regulatory processes for the structuring the stem cell niche as superimposed on the longitu-
dinal section of A. thaliana SAM: WUS gene activates CLV3 gene indirectly via Y gene. Here L1 is the external cell layer; L2, the
second cell layer; L3, body cells; CZ, central zone (the short-dashed line denotes the boundary) is marked by expression of CLV3
gene; OC, organizing center (dots denote the boundary) is marked by expression of WUS gene; PZ, peripheral zone (the long-

dashed line denote the boundary).

tute a CLV1/CLV2 complex on the surface of cells that
synthesize these proteins [6, 8, 9, 11].

(4) The pCLV3 peptide diffuses within the external
layers more rapidly than along the body of SAM. This
peptide binds irreversibly to the receptor complex
CLV1/CLV2 on the cell surface [8, 9, 11].

(5) Binding the peptide 6CLV3 to the CLV1/CLV2
receptor leads to inhibition of WUS expression [13].

(6) The CLV1/2+CLV3 complex is absorbed by the
cells where it decays. As a result, the CLV3 concentration
decreases, and the OC zone free of CLV1/2+CLV3
appears within SAM, where the expression of WUS is
observed [7, 13].

To obtain a longitudinal SAM section with a cell
structure similar to real images of SAM section (Fig. 1),
we used Voronoi’s method of dividing the space. The
graphic representation of the above regulatory mecha-
nism is projected to this structure.

This geometric model of the longitudinal SAM
section was used to develop a dynamic model of the
spatially distributed regulatory mechanism with
parameters concentrated in i points corresponding to
cells of the area. The model is presented as a system of
ordinary differential equations:

dy, B '
dr Vy Z Szj(Yi—Yj)+Vnyg(hy+ Tyw) —d,

e

dci _ Bc
_(-17 - _I;, z Sij(ci - cj) + Vv, g(hc + Tcyyi) - dcci
jee(i)

—ac;z; + Bu;,

dwi _ Bw
E = 7 z Sij(W;—Wj) +V, g(hw+ Twyyi+ Twuui)
‘e
—d,w;,
dz;
= = v, g(h,+ T, w)—dz,—oacz;+Bu,,
du;
o iZi— Pu;— vy,

where y, ¢, and w are the concentrations of proteins Y,
CLV3, and WUS, respectively; z and u are the concen-
trations of the heterodimeric CVL1/2 receptor and the
CLV1/2+CLV3 complex, respectively. B, B, and B,
are the permeability coefficients of the intercellular
boundaries for the substances y, ¢, and w; V; is the vol-
ume of an i cell (two-dimensional); Sj; is the square of
boundary (one-dimensional) between the i and j cells.
vy, Ve, and v,, are the maximum rates of syntheses of
the substancesy, ¢, and w; d,, d,, and d,, are the disin-
tegration coefficients of the substancesy, ¢, and w. o is
the coefficient of velocity of the substance u forma-

tion; 7} is the index function; I, = 1 for the cells that

are at the boundary of a cell ensemble; / ’y =0 for the
rest of the cells. Summation is made for all j cells that
are neighboring the i cell (j € €(i)).

Expression of the genes y, ¢, wand zis regulated, in
this model, as described by a sigmoid function:

8 = ;(HJ]%)

where the X argument is calculated as follows:
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Experimental
data

The model solution

Fig. 2. A stationary solution for the model of WUS and CLV3 gene expression (black and hatched squares, respectively) as distrib-
uted over the longitudinal SAM section. For comparison see the areas of the observed GFP signal fluorescence under the promot-
ers of WUS and CLV3 genes (grey dots and grey dashed line, respectively) (adapted from [5]).

h,+T,,w forthe X gene,

h.+ T,y forthe C gene,

h,+ T,,w forthe Zgene,
h,+T,y+T,u forthe W gene.

T,, is the coefficient that reflects the effect of g sub-
stance on the rate of p synthesis; 4, determines the
basic rates of p synthesis.

The Cellzilla software package was used for the
computational experiments with the model [http://
computableplant.caltech.edu/~bshapiro/Cellzilla/
html/index.html].

The parameters selected using the developed algo-
rithm and a stationary solution (Fig. 2) for the distri-
bution of CLV3 and WUS gene products in SAM was
obtained by the time set method; this solution proved
to be in qualitative accordance with that experimen-
tally observed [5].

Growth and division of SAM cells is known to be
accompanied by changes in the topology of tissue
cells, because of which the concentration profile of the
regulatory molecules may vary. To evaluate the stabil-
ity of the proposed regulatory mechanism, we changed
the steady-state concentrations by a random value
within a range of 20% of the steady-state level in order
to observe subsequent dynamics of the system. In 100
computational experiments, relaxation of the per-
turbed states to the stationary values was observed.

Thus, we have demonstrated that the proposed
mechanism of reciprocal regulation of CLV1/2, CLV3,
WUS and Y genes was capable of stable maintaining
the spatial pattern of these gene expression, which is
characteristic of the stem cell niche in SAM.

The main elements of our model of the stem cell
niche regulation in SAM are the following: (a) the
positive feedback loop between SAM apex cells and
OC, which is ensured by interaction of Y and WUS
genes and, as reported in [15], holds OC at a certain dis-
tance from the SAM apex; (b) activation of CLV3 expres-
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sion by Y signal spreading from the SAM apex results in a
proper spatial distribution of CLV3 expression; (c) a
closed pattern of the model, i.e., to obtain the perturba-
tion-resistant stationary solution, we impose one
restriction: Y gene is expressed only in L1 cell layer,
which is justified by a particular role of this layer [14].

In a recent report [10], the WUS gene has been
demonstrated to activate the CLV3 gene directly, which
has been earlier suggested from the data on WUS
mutants [5—7]. Note that, in the models based on
direct WUS — CLV3 activation, an additional activa-
tion of CLV3 expression by a signal transmitted from
SAM apex (an analogue of the Y gene in our model)
has been included [10, 12] to obtain the correct
expression pattern.

This indicates that the regulatory relationships
between the cells of the SAM apex, OC, and CZ
described in our model form an important loop of the
distributed system of regulation.
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