[eHeTnKa KIeTo4yHoro
LMKIa

ONEKTPOHHO-NMEKLUMOHHBLIN KYPC
nEEER
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MpoTeonus unknmHa noa KoHTposnem APC.

[Ba 6enka, akKTuBUpPYyHOLLNX gPC Cdc 20 m Hct1

AkTUBHbIE hopmbl Cdc 2 Hct1, HeaktTnBHas Cdc 20, Hct%

activating

subunit (Cdc20) .
Anaphase Promotion

Complex

inactive APC
multiubiquitin
- chain
M-cyclin
s I
active APC
\
( =
)

Cdk ubiquitin (

ubiquitylation

Alberts et al., 2002 enzymes



NopaepxaHne nHaktnauum M-Cdk nocne muto3sa

*Cdc20-APC u ananor Hct1-APC — gerpagaunst UMKnNmHa. ‘
M-Cdk aktmBupyetr Cdc20-APC

M-Cdk wnHaktmBupyet Hct1-APC dbocdopununpoBaHmnem

Hct1-APC akTnBupyeTtca B KOHUE MUTO3a, Korga
cHmxaetcs K-Bo M-Cdk 1 doocdraTasbl oTwennaoT docdar

C
»Sic1 — 6enok n3 rpynnel CKI
M-Cdk wnHaktuBupyet Sic1 doocdopunnpoBaHneM.
Sic1 akTnBMpyeTcs B KOHLIE MUTO3a, Korga
cHmxaeTtcs k-0 M-Cdk

*B MnUTO3€e cHMXaeTca TpaHckpunumna M-umknuHa,
00 3TOro paborana nonoXxutenbHaa obpaTHad cBA3b




NMoapnepxaHue

nHakTeBaumm M-Cdk OMbpunoHanbHble KneTkn 6e3 G1 dasbl

nocrieé MNTo3a

Cdc20-APC activity

YpoBeHb LIMKITMHA CHUKaeTCs [

3a cYeT aKTUBHOCTHU M-cyclin level

Cdc20-APC, nanee BbinageHue
G1 n HakonneHne UuknnHa

Knetkn ¢ G1 dhason

ypOBeHb LMNKITNMHa CHNXaeTCA
3a CHET aKTUBHOCTN

Cdc20-APC activity

Cdc20-APC, nanee — }
akTuBHocTblo Hct1-APC, Sic1

Alberts et al., 2002

M-cyclin level

\
Hct1-APC activity
keeps M-cyclin
level low in G
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U3yuyeHune nepexopa G1-S y S.cerevisia wW'p e
Mating factor

MyTaLI,I/II/I, CBA3aHHbIE C apeCTOM KJ1IETOHYHOIO
LWKIa, NoJiydyunsin B peakunn Ha G-C*)aKTOp l

Hopma: octaHoBka B GO, I

Mating genes Cell cycle

noaroToBkKka K KOHbHOraumm are expressed arrest

SIGNALING MUTANT

Mating factor

L,
MyTaumm cMrHanbHOro NyTu: 2
HeT apecTa B GO, L
HET NMOoAroTOBKU K KOHbloraumm a7 e
Mating genes No cell
are not cycle
expressed . arrest

ARREST-DEFECTIVE MUTANT

MyTauum apecta KNeTo4HOro LuKna: Nfesthricy fesstar
HeT apecTa B GO, l
MOOroTOBKA K KOHbloraLmm

/ \;(\\

Boigenunn mytaummn no reHam Cin1, Cin2, Mating genes No cell ™

are expressed cycie

CIn3 arrest



Ponb CLN3 B nepexopne Start

CLN3- G1-umknuH, ypoBeHb
TPaAHCKPUNLUMN NOCTOSAHEH

Opyrmne unknuHel CLN1, 2 —-G1/S —
TpaHCKpuNunsi Bo3pacTtaeT B6nman
Start — neTns NONOXUTenbHON
obpaTHOW CBA3U

ckyccTBeHHOE yBEnnyeHmne
konnyectea CIn3 — geneHne npu
MEHbLLUEM pa3mMepe U HaobopoT.
YBenuyeHue konndectea [IHK 3a cuet
MWHUXPOMOCOM — 3aepXKKa nepexoaa
K MnuTO3Yy. Pasmep knetku
nponopuMoHareH nIongHoCTH

CtabunbHasa dpopma CIn3:

Murray A., Hunt T., 1993

Genotype

Wild type
CLN3-1D
4X CLN3

A cin3

CLN3*

N | | i d

CLN3-1P

N [ I l

| C

Cyclin box
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MMnoTeTnyeckasa moaenb KOOPAUHALMMU POCTA KITETKU U
ABWXEHUS MO KNEeTOYHOMY LIMKIY Y OPOXOKen

Benku, Y,
G1-UMKIMH CsoboaHbin CIn3
CBA3blBaloLLN CIn3 cBsi3biBaeTcsa ¢ Cdk

3 cydm(cmg, e AKTI/IBaLI,I/IFl S- Cba3bl

(6 w8 L) s sasa

D.;\JA /y pOC \ '. . V pOC OQ_;tﬁgtloT S phase

freeséln3 e ————
CIn3 cunTesnpyetca B G1 napannenkHO ¢ pOCTOM KMeTKM.

Mopenb: konnyectso Cln3 nponopunoHarnsHo konunyectsy OHK.

[TpeBbllLEHNE NOPOroBOro YPOBHS LMKITMHA 3 3anycKaeT akTuBaLuuto
G1/S-Cdk u npoaBwxeHune K S- base

Alberts et al., 2002
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KoHTponb npoxoxaeHusa G1 ¢asbl nyTeM nameHeHus
aktmuBHocTn Cdk y S.cerevisia

inactive

SicT—@ active Sic1
+
inactive active
Hct1—® Het1-APC
APC ﬂ -
8 M-Cdk inactivation by
3 active Sic1 and Hct1-APC
Cyc- . b
active inactive
Cdk M-Cdk M-Cdk
M - : . & Gq

YMeHbLleHne konunyectBa aktuBHon Cdk
(Cdc20-APC-00ycnoBneHHbI NPOTEONN3 LMKINHA)

aKTUBUpPYET Yepes dhocdaTasbl

Hct1-APC n 6enok Sic1. MhaktuBauma M-Cdk 6enkom Sic1,
yONKBUTUH-3aBUCUMbIM NPOTEOSIN30M, CHUKEHUEM TPAHCKPUNLINY

Albert

A g ST

et al., 2002




KoHTponb npoxoxaeHusa G1 ¢asbl nyTeM nameHeHuUs

aktmuBHocTtn Cdk y S.cerevisia

» inactive Hct1—®

{ inactivation of Sic1 and Hct1

active
S-Cdk

inactive : :

Sic1-(p) active Sic1 » inactive Sic1H(P)
+

inactive active

Het1-(P) Het1-APC

At | M-Cdk inactivation b :

8 M- inactivation by : g
active Sic1 and Hct1-APC g Ry:active Gy/rtdk

Cyc- : | .

active inactive active active
Cdk M-Cdk M-Cdk G,-Cdk G,/S-Cdk
M

CA ruarnsia (Cla2)
\J 1

STIAVINI IVITTAQ \\JII I\J}.

Ha HEro He JENCTBYIOT MHIMOUTOPGI.

G1-Cdk (CIn3-Cdk) 3anyckaeT TpaHCKPUMLUIo
G1/S-uymknnHos (CIn1,2). AKTUBHOCTb
G1/S-Cdk

NHaKTMBUPYET (dbocdopunnpyer)
NHIMONTOPLI, NHULMNPYET TPAHCKPUNLMIO
S-LMKMMHOB

AKTUBHasA

doopma
S-Cdk

3anyckaet
S-hasy
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MHorokneTo4yHble opraHnambl. Dnykryaumm ypoBHEeN UNKITMHOB B
KNeTo4YyHoM uukne. dkcnpeccusa umknumHa D (G1 -umknuHa) B oTBeT

Ha MUTO3-CTUMYNUpPYOLLIME areHTbl (MUTOreHbl)

Bemsmremeammseaeewwss MitOgen stimulation wessmesesammmmasmmmts A mitogen is a
\ chemical or treatment

that stimulates the

mitotic cell cycle.

' Cyclin A combines (‘uhv\ B cmnhmu '
twith Cdk2 in S phasc o with Cdc2,

rand with Cde2 in B 55
'late S and G; phase.

C le E mmhmu | - D-type cyclins combine with
! u)uh (“dlo Cdk4 and Cdké. The mitogen

el b T ing keeps the level of D cydins
\ / elevated (dotted portion of line)
I‘/

from on¢ cycle to the next.

Relative expression level

»

- >®

......
......

UKJTNHbI:
Ona KneTkn MHOrokKneTo4YyHoro opraHmsama cyuwecrteyeTt R =

— TOYKa pecTpuKuumn — aHanor touyku Ctapt. B Hen D - G1
KrneTka BbixoguT B GO U XxaeT curHana u3sBHe — E - G1/S nepexon
pocToBoro cpakTopa — Nocrie Yero nepenaéT K A-S, G2

pennukauun. B-G2, M
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= Ponb Rb 6enka B koHTpone nepexopna G1-Sy
MHOIOKJIETO4YHbIX

= SNSRI =S s s S

(A) Phosphoryldtum inactivates | l Active E2F stimulates transcription = TERUICHOR
Active RB RB and releases L)‘F SRR v of genes whose products are used in ; pccnt
\\ Cyclins Bl e i DNA synthesis as well as the genes 1
\«\‘ D-Cdk4 D-(?cjkﬁ‘ ECdk2v 4;“\‘3 ;;f;?sff'l’t_'@“ L_I_nr cydin E, cyclin A, and Cdk2
W ee W™
nacive £2¢ P (p Inactive RB ,ijﬁi{ﬁ% S
= Rb -6enok peTuHo6nacTomMmbl MHaKTUBUpPYeET (baKTOp TPaHCKPUNLUKU
E2F
s CycD-Cdk (G1-Cdk) nunumnmpyrot cpochopunupoBaHme Rb B
cepeavHe G1 u BbicBoOOXAaaeT hakTop TpaHcKpunuun E2F. ,
s Pakrop TpaHcKpunuun E2FakTuBupyeT TPaHCKPUNLUIO FrEHOB, : DNA
CBSI3aHHbIX C BCTynneHnem B S-casy: § S
G1/S-umuknuHa (E) W
S-umknuHa (A) :
E2F ,f
Cdk2 A
3H3MMOB, HeobXoAUMbIX ANA pensfiukauum FART



Cxema myTupoBaHusi reHa Rb v obpasoBaHus
HacnegCcTBeHHOW U HeEHAcNeACTBEHHOU (POPM

peTI/IHO6J'IaCTOMbI Yy HerloBEKa

a) HopmManbHbI 300pPOBbIA MHAWBWA, 6) HacnepctBeHHaga peTuHobnacToma

Hacneayetca
MYTaHTHbIA reH Rb

/NN AN

COHDD GHDWD

. B kneTke, reTeposuroTHol
B oaHOI M3 KNETOK CNOHTAHHO no annensm Rb,
WHBKTUBUPYETCH OAVH U3

: NPOUCXOANT elle
HOpManbHbIX annenei reqa Rb oAHa MyTauns Rb

yCKOPEHHaFl KNneToyHada

nponudepauyms npusoauT
kK oBpazoBaHuIo

Eeno|< Rb — TyMOprnpeCCOp, peTMHoGnacToMbl
Cynpeccop Onyxorewn.

MyTaumn ¢ notepen oyHKLNN

Peaynbrat. onyxonb He obpasyeTca Peaynbrat: y bonblWMHCTBaA

WHAWBUAYYMOB C Hacnesyemomn
MyTaunen obpasyeTca onyxosnb

B) HeHacneacTBeHHaa peTuHobnactoma

B ogHoW 13 KNeTok
NPOUCXOAUT MyTaunsa
reHa Rb

/NN

V101010

B noTtomcTBE 3TON
KNeTKU NHOrAa MyTUPYET
BTOpOW reH Rb

YckopeHHasa KneTouHan
nponudepauua npusoauT
K o6pasoBaHunio
peTmHobnacToMmebl

PesynbraT. TONbKO Yy Of4HOMo
nHanemgyyma nz 3000 HopmMarnbHbIX
nogen popmupyeTca onyxonb



UHnumauumsa pennukaumm OQHK

y S.cerevisiae
OCHOBHbIE Y4aCTHUKMU

ORC-origin recognition
complex (6 6enkoB: orc1-orc6)-
NPUKPENSIEH K Ori B TEYEHNE BCErO
LuKna

Cdc6- perynatopHbin 6erok,
npukpennsaetca kK OPC B Havane
G1 (dpakTop, BBOOALLNN rennkasy)

Cdt1/Double-parked- Hy>xeH angd
BBEAEHNA renukasbl

Mcm 2-7-6ernkun — perynatopHble
GrM3KOpPOACTBEHHLIE BENKM, YacTb
npepenniMkaTMBHOroO KOMMsiekca
pre-RC (rekcamepHaa OHK-
renvkasa)

S-Cdk uuknuH S-saBucumas
KMHa3a

Alberts et al., 2002

&

ORC (origin rec

ORC-bin

)

0@
D"BU
gie?

l\/ln
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S-Cdk
3anyckaer

S (hasy

s

sssss bled
replication fork

3aBe
PEKINK;

DLLIEHNE
Aunn JHK
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[Go/M

Ehe
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ognition complex)

DNA ORC
“'g\“\ Cant

NpUCOeaNHEHS

Cdc6

q@\om
Cdt1, Cdc6

/Pre RC

CdBF
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llllll

pmnMpOBaHHorO
Cdcb
[€eMWHUH
NHaKTUBUPYET
Cdt1

docdhopunmpoBaH
ne
ORC




KOMMNOHEHTHI opraHn3auunnm peninmkaumn

ORC komnnekc n3 6 6ernkos Cdc7 CDK

Cdc6- HecTabureH y gpoxoken(T1/2=5 muH), nosensetca B G1
Cdt1
MCM (MyTaHTbI| HE CMTIOCODHLIE K pennnkaumn)

Geminin Yy MHOrOKNEeTOYHbIX 3pyLuatoTca B MeTtadpase nop
Bo3aenctemem APC

Cyclin
MyTaHTblI B cUcTeMe NpoTeonunsa 6enkos (NMMueHsnpyoLwero dakropa),
HakannmBaeTca n3bbiTtouHaa OHK (noBTopHO pennunumpyetcs)

(A) control of proteolysis by SCF

7 multiubiquitin
chain

DEGRADATION
—>  OFCKIIN
PROTEASOME

Cdk inhibitor protein ubiquitin (?)

(CKI) +
@

ubiquitylation
enzymes




O
lpegoTtBpaLleHMe NOBTOPHOMU penfinkauum
S-Cdk:
e-3anyckaet pennukauuo JHK
*-pochopunupyet Cdc6, oH otaensietcsa ot ORC- npegoTBpalleHme
pennukauum c atoro ori. PocopunuposaHHbin Cdcb y3HaeTcq
komnnekcom SCF, yBUKBUTUHU3UpPYETCS.
*-pochopunupyetr Mcm-6enku , 3TO BbI3bIBAET UX IKCNOPT U3 Sapa —
rapaHTuns Toro, 4to Komnnekc Mcm 6onbLle He cobepeTcs
* -dbochopunmpyet Cdt1
Geminin y MHOrokneTo4HbIx Hakannueaetca B S, G2, M
CBasbiBaeTcs - MHakTuBmpyet Cdt1 1 npenaTtcTByeT NOBTOPHOM
cbopke npepensnmiMKkaTMBHOroO CoMrneKkca -fiMueH3npoBaHunIo
pennukaunm

‘RESET: B KOHUE MUTO3a akTMBHOCTL Bcex Cdk nagaet Oo Hyns.

*Cdc6 n Mcm-6enku n Cdt1 gedochopunupytorcs,.
e[leMUHUH N BCe UMKNUHLI E, A n B paspywatorcsa ¢ nomowibio APC.

*pre-ORC mMoxeT cobupaTbca cHoBa



ma A s
| Control

5 e Overexpression of Cdt1 and Cdc6
< Shows the Appearance of Cells with Greater
T I T 50 than 4n DNA Content
B (A—E) FACS analyses of H1299 cells infected
8 o with adenoviruses expressing indicated proteins.
£ i i 22 9% | Left panels: histograms of cells stained
S with propidium iodide for DNA content. y axis,
o cell count; x axis, propidium iodide fluorescence.
: FL2-A e
C
w§ Cdcé
£ 8.6%
° FL2-A 1000
D
§ Cdt1+Cdc6
2 g 44.2%
®  FL2-A o
E

Molecular Cell, Vol. 11, 997-1008, April, 2003,
Copyright (12003 by Cell Press

A p53-Dependent Checkpoint

Pathway Prevents Rereplication
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H.O.Lee, J.M.Davidson & R.J.Duronio, 2009

d)opM bl HOononMuUNsIonanun

A B C
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2
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Thrombocytes

64C

Mapkep
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docdo H3
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MeTadasbl,

HO HeT
LIUTOKNHE3a



H.O.Lee, J.M.Davidson & R.J.Duronio, 2009
NMpumepbl TKAHEeN, UMeKoLWUX IHOOLUMKI

A Plant embryo B 0Drosophila ovariole




PonnukynsipHble KneTku, <~ )\
OKpYy>XarLine OOLUT: L nurse cells’
MUTO3HbI, N2y 4

SHAOLMKIbI, .
amnnumkaumns follicle cells
MonunnonananpyoTcs chorion gene amplification

X = 15 [old; 3rd = 60 fold

(oo 16 C), notom
aMnnnnUNpyoT reHbl
6enkoB xopunoHa: B X- B
xpomocome — B 15 pas, B 3-
N xpomocome — B 60 pas.

stem ull S6 S7 S9

[na amnnndounkaumm " P : e
TpebyeTcs APO30DUINHBII mitotic _ | endocycles : _ bostendocycle
6d 24 hr : 10 hr
romonor 6enka ORC2 4 .
e SR ks e — — — agmplification —y=-

B.R.Calvi, M.A.Lilly & A.C.Spradling, 1998



H.O.Lee, J.M.Davidson & R.J.Duronio, 2009
Perynauusa aHaouukna y Drosophila

3eneHbiM LIBETOM OTMeYeHbl aKTUBHbIE KOMMOHEHTbI, KPACHbIM -
pernpeccupoBaHHbIe

'
1
*
.
3 a®

S

Bernku, aktusmpyrowme APC: fizzy (fzy/Cdc20) — B meTtadbase, fizzy-related
(fzr/Cdh1) — B aHadase n ganee B G1

Notch nHoyumpyet TpaHckpunuuio fzr/Cdh1, penpeccupyet akcrnpeccuto
string/cdc25, p21/p27-nHrnbmntopa S-Cdk

Drosophila Cki Dacapo nHaktusupyet S-Cdk
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JHaopennukauma

N.Zielke et al., 2008

Unpkynauma CycE/Cdk2 n aktusHoro APC, umknnHos A n B HeT

APC/CFZ—— Geminin
/_‘ Degrassbon b

5 :
T u
5 8
g
Q ——
/ﬁ CycE/Cdk2 Dup/Cdt1 al
: / [
5
| | | -
£ Origin Umutiatyl . pre-RC *
L a Fiing — lewbswe " Formation : £
b1 § 1 §
| s
Rephcauon 2 |
3
&
\ | E2F 1} — )K J a

pre-RC Formation + - 4+ - 4+ - +
OriginFiring - + - 4 - 4+ =



S.Y.Park & M.Asano,
2008

Orc1 Heobxoaum angd
nponudpepaumu.

A,B,C- BkntovyeHne BdU
B HEPBHbIE rAHMINK
NMNYNHOK,

wt- AUKUM Tnn

D,E,F — FRT-
MHOYLMPOBAHHbIE
KITOHbI B rnNaso-

dHTEeHHaJIbHOM OUCKE
GFP/+

G,H,| - BkntoyeHne BdU
B T€ € KIOHbI




" A
fIBNneHne comaTn4ecKoro KpoccuHroeepa Mcnosb3yrT
ANA TeCTUPOBaHNA MyTauuWn

G1 G2

FLP-FRT cucrtema ona nckycctseHHoum
MUTOTUYECKOWN PEKOMOUHaLNM

2

FRT

hs-FLP ry+




Orc1 HeoOXxoaoum Ans
amnnudpunkaummn
(A-F) Two-cell orc1-/-
somatic clones of ovarian
follicle cells (stage11)
generated in WT (A-C)
and orc1+/- heterozygous
(D-F) flies.
GFP (-/-)orGFP (+/+) clones
are outlined.
DNA synthesis occurs only at
the specifc amplifcation
loci at this stage of
oogenesis. §

(G-J) Histochemical
analyses of ORC1(G),
ORC2(H), and DNA(I). A
3-cell/ somatic clone was
generated in an orc1+/-
heterozygote. Note that
ORC2 also

fails to localize to the |
amplifcation loci in orc1-/-
cells.

S.Y.Park & M.Asano,
2008
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S.Y.Park & M.Asano,
2008

mitotic replication

ORC1
@

ORCZ

o
N
1

3. 5.,

Onsa aHoopennukaumm He HYXHbl 6ernku orc1, 2, BEPOSTHO, CYyLLECTBYHOT

apyrue, Kotopble NX 3aMEHSIOT B aHAoUMKNax. Y apabugoncuca gsa 6rmskux
benka ona mmTo3a n sHgopennukaunm orcla u orc1b

[ns nponudepaummn KNeTok n amnindukaumm reHoB xopmoHa 6enku orc1, 2
Heobxognmbl
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TOYKM KOHTpONA
KNeTo4YHOro uuKna

momponb BXoOoa B M

- O0beM KNeTky AoCcTartoueH?
- Cpepna OnaronpuaTtHa?

- JHK pennuuupoBaHa NnofiHoCTbH ?
- HK He noBpexaeHa?

AnonTo3s Lf

KoHTponb
nepexona
B aHadcpasy:

- Bce XxpomocoMbl

CBA3aHbl ¢
BEPETEHOM?

Anonrtos

Touka Start:
- Pasmep KNneTkn goctaTtoueH?
- Cpepa dnaronpuatHa?
- AHK He noBpexpaeHa?

R-TOYKa pecTpUKLUK:

- [IennTbcA WNN He Jenntbca?
DOCTOBbIE (PAKTOPbI)
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UTO BbI3bIBAET aKTUBALIMIO TOYEK KOHTPOJ1A ?

Chromosome catenation
Topoll mhibdors
DNAdamage @
G2

@®

Replicationfaults

DNAdamage

Spindle defects
Anti microtube drugs

®®

GO
G1

Growth conditions
Lack of growth factors
Anti-prokferative factors
DNAdamage
e
w




Kakune cTpykTypbl paboTatoT B TO4ax KOHTpons ?

ATR-Chk1
ATM-Chk2

G2

®

Aurora,
MAD, Bub

L]
otk

ATR-Chk1

G1

p16-Rb
ATM-Chk2-p53




N3yuyeHne TOUYEK KOHTPONSA Y APOHOKEN:
MNony4yeHne yCNoBHbIX MyTareH4yBCTBUTENbHbIX MyTauumn

s OOpaboTka cnaboun no3oun pagmaunm (mytaumm rad)

= BellecTBamu, ONOKNPYHOLLMMM pennnkaumio (rmapoKCMMOYEBMHA)
(myTauuu hus)

= BelecTBamm, DNoKMpyoLWnmm cbopky BepeTeHa geneHus (Mmyrtauum
mad - mitotic arrest deficient, mytaunu bub - budding uninhibited by
benzimadazole)

Cenekumnst MyTaHTOB C HEMNpaBWUIbHOM peakunen Ha obpaboTky (He
OoCTaHaBnNMBarnm KNeTovHbIN LK)
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OObIYHaA CTPYKTYypa TOYKN KOHTpONSA

b

Y




Touka KoHTpons: nepexon M-A

O6paboTka KoNXnumHoM, BUHBIaCTUHOM OCTaHaBNMBaET KNETKY B
MeTadpase Ha Yachbl.

XpoMoCOMbIl A0MKHbI ObITb NPUKPENNEHbI K BEPETEHY: pacno3HatoTCS
HeMNpUKpPeneHHbIe KUHETOXOPbI N KNHETOXOPbI CO CrabbiM
HaTsKeHneM (NpUKpenneHbl K 0g4HOMY Montcy)

K HenpukpenneHHOMY KMHETOXOPY
npucoeanHaeTcs

b6enok Mad2 - nHrnbupyertcsa
Cdc20-APC v gecTpyKuma cekypuHa

Mad2 - a-cybbeanHuua n3onpeHus-
TpaHcdepasbl,




ToukM KOHTpoONnA KnetoyHoro uukna. lNepexopg M-A

-O0edeKkT BepeTeHa
-0edekT NoncoB (B T.4. HepenIMUMpoBaHHas LeHTpocoMa)
-OedeKT KNHETOXOPOB

K HenpukpenneHHOMY KMHETOXOPY NpUcCoeanHsaeTCH
6enok Mad2, nirnomnpyet Cdc20-APC

MyTaumn:
mad- metaphase arrest deficient,
bub — budding uninhibited Benzimadazole
KnHeTtoxopHbin 6enok Bub1 (knHasa):
3anyckaeT cbopky komnoHeHToB knHetoxopa (BubR1, CENP-F),
KoHTponupyeT npaBunbHOe oopMUpoBaHne KMHETOXopa.
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CTpyKkTypa To4kn KoHTpons M-A 'y S.cerevisiae

Nedekt HedekT Spindle pole OedbekT
bodies (aHanoros KWHETOXOPOB
MUKPOTPYOOo4yeK
LIEHTPOCOM)
S mad1-
1 mad2




.
= YyacTtue genKOB CPC- chromosomal passenger complex

B TOYKe KoHTponsa M-A

Aurora B

INCENP Monotelic

Survivin \_./

Borealin CENP-A, Ndc10p (yeast), Dam complex (yeast)
Histone H3 Ndc80 complex (yeast), MCAK, Topoisomerase lla

Mitotic
centromere-as
sociated
Kinesin

(MCAK)

. Chromosomal passengers

@ Nuclear lamina

@ Microtubules

@ cChromosomes

Vimentin, Desmin
MgcRacGAP

Vagnarelli P., Earnshaw W., 2([)04 Myosin lir.l.c.

() Kinetochores




CPC- chromosomal passenger complex
» INCENP

INCENP B knetkax He LA. MeTadrasbl ¢ HapyLLEHUEM MOCTPOEHUS
XPOMOCOM. ApPKUN CUrHas Ha LeHTpomMepax (CTpenkun)

Vagnarelli P., Earnshaw W., 2004



OJ1b B TOYKE KOHTPOIJIA BEepeTeHa
non bipolar lack of tension
attachments l
oy detection
Pagssanger
Complex | response
Checkpaint
amp\ficaban fram
wiallached kurelochors
MT-xnetochore
desiabibzation INCENP
HecTtabunusauus coNed-coll dependant
U HOBOE ¢
moroxopa | > [ Checkooint ON |
KMHeToxopa kinetochare CurHanusauus o
HapyLweHuum,
; OCTaHOBKa
bipolar attachment neneHus

Vader G. et al., 2007



Meiosis I: when chromosomes undergo extreme makeover
Matthew P Miller'**, Angelika Amon'“ and Elcin Unal’*

monotelic attachment syntelic attachment merotelic attachment

amphitelic attachment amphitelic attachment
(biorientation) (biorientation)
during Mitosis during Meiosis |

& Meiosis I
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Meiosis I: when chromosomes undergo extreme makeover
Matthew P Miller'**, Angelika Amon"“ and Elcin Unal'*

Aurora B selectively destabilizes microtubule attachments that fail to generate tension. (a) The pulling forces exerted by spindle microtubules attached
to the kinetochore are resisted by linkages between sister chromatids, mediated by the cohesin complex (yellow). This results in tension across the
kinetochores of sister chromatids. Microtubule attachments that fail to generate tension are selectively destabilized by the kinase Aurora B, which is
concentrated at the inner centromere (purple circles). Phosphorylation of outer kinetochore components by Aurora B severs microtubule attachments.
Thus, nontension generating attachments are destabilized due to outer kinetochore substrates being in close proximity to Aurora B. Monotelic
attachment (eft) is the state when only one of the two sister kinetochores is attached to kinetochore microtubules. Syntelic attachment (middle) is a
condition in which both sister kinetochores become attached to microtubules from the same pole. Merotelic attachment (right) is when a single
kinetochore becomes attached to microtubules from both spindle poles. Purple gradient represents Aurora B phosphorylation gradient. P represents
Aurora B-dependent phosphorylation of outer kinetochore components. (b) Tension promotes stable microtubule-kinetochore interactions through
spatial separation of Aurora B from kinetochore substrates. Correct amphitelic (bioriented) attachments result in stable microtubule-kinetochore
interactions by positioning/pulling the kinetochore substrates away from Aurora B. Biorientation is promoted by Aurora B in both mitosis and meiosis.

In mitosis and meiosis |1 (ieft), tension occurs across the kinetochores of sister chromatids, while in meiosis | (right), tension occurs across the
kinetochores of homologous chromosomes.

Current Opinion in Cell Biology 2013, 25:687-696
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(a) Kinetochore geometry

back-to-back side-by-side

inner centromere —__
core centromere —_

inner centromere
core centromere r/
T

/
Current Opinion in Cell Biology
monopolin -



(a) Polo, CK1, DDK
Kinasas Metaphase |

Anaphase |

Rec8-containing cohesin (=)

(b) Metaphase Il Anaphase |l

Current Opinion in Cell Biology



CPC- chromosomal passenger complex

Survivin — uneH cemenctsa IAP (Inhibitor of Apoptosis)
n [lpucoeguHsetr CPC K kKnHeToXopy, BOBNEYEH B cerperaumio CECTPUHCKNX XpomMaTua.

= YYyacTBYyeT B TOYKE KOHTPOSA NPUKPENSIEHNUa XpoMaTung K BepeTeHy - mitotic spindle
assembly checkpoint (MSAC) , koTopas perynupyet nepexof ot metadgasbl K
aHadase

= [locne pgeneHus BbIxoOMT M3 sApa U MHIMOMpYeT anonTo3 (MmeeT aomeH BIR -
6akynosupycHbii IAP noeTop). OaHa 13 NpUYKH NeKapCTBEHHOM YCTONYMBOCTU paka.
[MoBbILLIAETCS B ONYyXONEBbIX KNETKax, 0COOEHHO B YCTOMYMBBLIX K TEpanuu.

Borealin - perynartop kneto4yHoro uukna,
= MHaKTUBUpPYyeTCcs B oTBeT Ha p53/Rb-curHansl,
. aKTUBUPYETCS B PAKOBbIX KreTKax
KnHeToxopHbin 6enok Bub1 (knHasza):
3anyckaeTt cOOpKy KOMMOHeHTOB kKnHeToxopa (BubR1 CENP-F),

NpUBMEKAET LLYroWwmnH BO BHYTPEHHUI KNHETOXOPHbIN panoH. B kneTkax ¢ yaaneHHbIM
Bub1 CPC gectabunuampoBaH n nepemMewieH. KoHTponupyeTt npaBusibHoe
dopMUpoBaHNE KNHETOXOPA.



To4yka KOHTpONA Krneto4yHoro yukna. G1

G1 KoHTpONb pasmMepa Knetkn nepen Craptom
CIn3 y gpoxoken

G1 koHTponb nospexaeHns OHK.
[MosBpexaeHHasa OHK — aktueauumsa pd53 — CKI
bnok aktuBauumn G1/S-Cdk, S-Cdk

[MoBbILWWIEHHAsS CTUMYNALNA MUTOFEHOM.
AktnBauums p53 — CKI - anontos
Brnok aktnsaunn G1/S-Cdk, S-Cdk




TOYKM KOHTPOMS KNeTOYHOro uMkKna y gpoxxen. G2

G2 KoHTporsb nospexaeHusa OHK.

[MospexaeHHasa OHK — kuHa3bl — nHaktusmpyrot Cdc25
bnok aktuBaunn M-Cdk

MyTtauum rad1, rad3, rad24, rad9 (perynaTtop pennukauumn),
rad17(ak3oHykneasa), hus1, hus2

G2-M nnn koHel, S. KOHTpoOsb 3aBepLUEHNS penfinKkaumu.
PacnosHatoTc4

-HepennMUUPOBaHHbIE Y4aCTKM

-He3aBepLUEHHbIE BUIKM,

CeHcopbl cUrHannanpyrT B cuctemy KoHTpona KL,

briok pocatasel Cdc25 bnokupyet aktuBaunto M-Cdk.

MyTaHTbl cdc2-3wD, cdc2-F15D, rad24 sBctynatoT B cynumnganbHbIii MUTO3

G2 KoHTponb pennukaunm LEHTPOCOMBbI.

[lepegaya curHana- npotenHknHasbl : Mec3, Rad53



CTpyKTypa TOYKM KOHTpona G2-M

Damaged DNA Unreplicated DNA
sk | | cdc2-3w®
rad 24 D
K cdc2-F15
radi” 5
rad3” cdc2-3w
rad9-
rad17” Mutations that affect the
hus1” threshold size for mitosis
hus2™

G2 ——» MITOSIS
preMPF Active MPF

Murray A., Hunt T., 1993

e,
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TOUYKM KOHTPOJIA KJITeTOYHOIo yukKna.
NMospexaennsa OHK

bonesHb «aTakcus TenaHrnaktTasmna»- cnHapom Jlyn-bapa — gedexr
O4HOWU U3 NMPOTEUHKMHA3, docdopunupyrowmx pS53 B OTBET Ha
obny4deHune - ATM-knHaza (ATM — ataxia telangiectasia mutated)
(OTBET Ha ABYHUTEBbLIE Pa3pbIBbl)

ATR — ATM and Rad3 related — oTBeT Ha MHOrMe popmbl
nospexaeHns HK (reHoTokcnyecknn ctpecc )

KMHa3bl bochaTnannmuHoanTon 3-nogobHble.

LleHTparnbHbie KOMMNOHEHTLI OTBETA Ha nospexaeHusa OHK

benok RPA B3aumogencrteyetr ¢ ogHoHUTEBbIMU paspbiBamu JHK
(ocTaHOBMNEHHbIE BUIKX pennnkaunu, aByHutesble pa3pbiebl OHK,
cauTbl penapaunm 3KCUN3NOHHbIE, MUCMaTY)

npuenekaet ATR-knHasy un 6enok ATRIP (ATR-interacting protein)

Rad17- nogobeH pennunkatusHomy haktopy C
Rad9 — konbLeBon 6enkoBbin Komnnekc, nogodHbin PCNA

ATM n ATR aktnBumpyroT cepuH-TPEOHUH-KNHA3bl TOYKN KOHTPOMSA
Chk1 n Chk2

Chk1 n Chk2 nurnbumpytot pocdopunmposanmem Cdc25 dpocdaTtasy,
npegoTepallaa BCTyMnfieHne B MUTO3, pocopumnunpytot pd3.
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CeHcopbl noBpexaeHHon OHK

Replication fork

OByHUTEBbIE DSBs 3% OpHoHuTeBbIE
pa3pbIBbI S //:.\\—/__, pa3pbIBbI
/\/ Recession Replication stress
o = RPA
RPA °°¢ ¢ =

5'__/
/w o Lee Zou*™5, Dou Liu', and Stephen J. Elledge’
75

—

Radl 7 complex
ATR-ATRIP
Rad17-RFC

@ Rad9 complex
m-mp@ ¢ ¢®
r\ @ Rad9=*PCNA

Substrate

‘ phosphorylation ¢
L.Zou, D.Liu and

Checkpoint signaling Checkpoint signaling S.J.Elledge, 2003
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G1- apecT B oTBeT
ﬂHKI—* Yy Ha noBpexaeHusa OHK

VEUKBITUA ATM/ATR-knHa3bl

Chk1/Ch2-knHa3sbl ’
nvras
% CTabunbHbIN
: aKTUBHbIA P53

Derpapaumns B %jpb
npoTeocoMe &
l GADD45

/ _(_’ TpaHCKpmnuMﬂ, TpaHCNAUNA
2 (P)

S

G1/S-Cdk
S-Cdk

active
cyclin-Cdk
complex




CeHcopsbl noBpexaeHua OHK:

RPA —
ATR - amnnudpukauma curHana
ATRIP

Nepeaauya curHana:
Aktneauma Chk 1, 2 knHas

AchheKkTopHana YacTb:
dochopunmpoBanme Cdc25 — ocTaHOBKa BxoJa B MUTO3

dochopunmpoBanune pd3 — TpaHckpunumsa reHa benka CKI —
NHrmbmuTopa komnnekca cdk-cyclin



s KOHTpONb gekateHauum —
npoBepka oTcyTcTBus 3auenneHmnn [JHK B
G2 nepen Bxoaom B npodasy Mmto3a

= BoamoxHasa mogenb curHanbHOro nyTu

= WRN- BepHep-renukasa (cuHgpom
BepHepa), topo-ll

s MHmbutopsl topo-ll paccmatpumBatoTcs
a8 Ncnonb3oBaHUs Npu onpeaeneHHbIX
doopmax paka
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. xn!epHase CHeCEpom!.
[

To4yka KoOHTponsa B AHTedase OTNnYHa OT KOHTPOSA
aekaTteHauun.

= KneTkn oTknagbiBaloT BCTynfeHMe B npodasy M1uTosa
(KOHOEeHcauUuo XxpomaTtuHa) npu obpaboTke X-rnyyamu,
MUKPOTPYOOUYKOBLIMU sAaMun (KOIIXULMHOM), HU3KOW
TemnepaTtypou. KneTtkn, BctynueLime B npodasy,
OEKOHOEHCUPYIOT CBOU XpoOMaTuH (B HempobnacTtax
capaHuu rocrie obny4yeHnst yMEeHbLLINIOChb YNCI0 KIETOK
B npodpase)

s KopoTknn npomexyTtok B kKoHUe G2

Kntoueson b6enok — CHFR — HekaHOHUYeckas yOMKBUTUH-
nurasa. YomkButnHmaunpyert polo-like (Plk) kuHagy, Tem

cambiM Bo3gencteyqa Ha Cdk-1, oTknaabiBas BXoxaeHue
B MUTOS3.

P38 — knHasa urpaet ponb B oTBeTe Ha UV-0bny4yeHne,
OCMOTMYECKUN CTPECC



Antephase checkpoint

Telophase

Sister chromatids

Mitotic spindle Nucleus

Spindie assembly checkpoint

DNA replication checkpoint
DNA damage checkpoint

DNA damage
checkpoint

Cell division cycle
Antephase checkpoint

DNA damage
checkpoint



Antephase checkpoint

Cyclin A-CDKin nucleus Entry of
Cyclin B1-CDK1
into nucleus
Mitotic  Sister
Nucleus spindle  chromatids
; Point of no return .
Antephase Prometaphase Metaphase Anaphase
T {(nuclear envelope breakdown)
CHFR, p38 Condensin ll: nucleoplasm to chromatin

f — o —

X-ray irradiation, spindle damage,
chromosome damage, low temperature




- .ﬂ BRmage:(Gadd) 45

HewncrtBue WA demaus ‘ o -~
VDNA damage results p33 increases (4) transcription of genes | for- =
p53 [ inelevated levels (4) P21, GADD45, and 14-3-30; p53 decreases 2
-of active p53. B Activated p53 [l transcription of the gene for ¢ B
B pa3Hble | -
nepuoabl I ' T —T L : a &
21 p21 "’ p21 GADD45 * 14-3-3¢ Cyclin B
umkna "' ‘ f r _
GADD45-PCNA
Gycyclin Rb(B) Enzymies Gycyclin - : C:;:z /M
“DKs & CDKs  Replication DNA Cde25C  cyclipfCDK Spindle
= . — - —_—
Rb-E2F '_>E;F — sfsr:tEeN;\s A complexes synthesis Gl _._> formation
A A
G4/S checkpoint G,/M checkpoint

p21 inhibits G; cydin—CDKs 'GADD45-PCNA reduces 14-3-36 blocks activation of
and blocks G,/S transition by processivity of DNA cyclin B-Cde2 by preventing
blocking transcription for DNA polymerase, thus slowing Cdc25C-mediated
synthesis and activation of or blocking DNA synthesis. dephosphorylation of Cdc2; lack
replication complexes. of active cyclin B=Cdc2 blocks

: cells at the Gy/M transition.

B Touke koHTpona G1 p53 bnokupyet G1-Cdk 4yepes 6enok p21
B Touke koHTpona G2/M p53 bnokupyeT umknunH B/Cdk yepes
NHakTnBauuo pocarasesl Cdc25

CeHcopsbl cTpecca Growth Arrest DNA Damage (Gadd 45)y
MS1IeKonuTatoLLmnX
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Benkn GADD B oTBeTe KNneTku Ha
reHOTOKCUYECKNIN CTpecc

s IR noHmampytrowaa UV (MMS)
= pagmauus METUNMETAaH cynbdoHaT
= P53

GADD 45-a,,y- oueHb
KUCHble ManeHbkue Genku
ADD (18 kDa) ¢ oTpuLaTenbHbIM

. 3apsgom -9 ... -12

MHAOyKuma anontosa
TGFR- nHayumMpoBaHHbLIM anonTo3

ApecT UunKna

cdc2 (cBA3bIBaeTCA U MHTIMOUPYET)

MEKK (cBsisbiBaeTcs un aktmsupyet JNK kackag )

PCNA (proliferating cell nuclear antigen) npukpennset JHK-nonnmepasy 0 k
matpuue (GADD cesasbiBaeTcs n mogynupyet paboty AHK-nonuvepass! )



KoHTponb yenoctHocT AHK

DNA Damage

(Nuclear
Expoxed)
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Spindle checkpoint/kinetocore regulation:

BUB1, BUBR1, MAD2, STK15, CENP-A,
CENP-H; AIM1; INCENP

_—.
M
DNA damage—> G1
checkpoint (G2): G2
BRCA1; ATR; ATM “——DNA damage
CDC25A, B, and C checkpoint (G1):
w. S ATM; CYCLIN E; CDK2
/ \ rad17, rad24, mec3

Intra-S replication Replication

checkpoint: checkpoint:

BLM/WRN/RTS rcf5, pol2, drct |

|
Replication checkpoint transducers/effectors:

ATR, ATM, MRE11, NBS1, CHK2, CHK1;
CDC25A; KU70/KU80; LIG4




