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Kaxxgaqa KneTtka npomncxoguT OT pOoaAUTENBCKOU KIETKM.

KneTkn BOCNpon3BoaATCA, NpoXoas Yepes psaq ynopaaoyeHHbIX
COObITUN,

B pe3yribTarte KOTOPbIX OHM yaBanBalOT CBOE COOAEPKUMOE U 3aTeEM
NenaTca HaaBoe.

Takown UMK yaBOEHUSA N OeNEHNA N3BECTEH KaK KNMeTOYHbIU LUK,
OcCHOBHOW 3aga4en poaANTENBbCKON KNETKU SABIMAETCA npaBuiibHas U
nosHas
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[TlepeHoC unTonnasmbl U3 MUTOTUYECKOWN KITETKU B MHTEPdA3HYIO CTUMYNNPYET

BXOXXOEHWE NHTepdasHON KNETKN B MUTO3
Potu Rao and Robert

Johnson,

University of Colorado
(1970)

MPF - Maturation Promoting Factor

MPF = Cdk1 + Cyclin B



[1lpoaBuxeHne
No KNeTo4YHOMY
LUKy
perynmpyetcs

Ha Pa3HbIX CTagUAX.

Cell Cycle Checkpoints...

Is all DNA replicated?
Are all chromosomes
Is environment favorable? attached to the spindle?

G2 CHECKPOINT METAPHASE CHECKPOINT
ENTER M EXIT M

CONTROLLER

ENTER S
G1 CHECKPOINT
Is environment favorable?

Figure 17-14. Molecular Biology of the Cell, 4th Edition.



Cdk - cyclin-dependent kinases ol

Saccharomyces cerevisiae (budding yeast)
Schizosaccharomyces pombe (fission yeast)

Leland Hartwell (University of Washington) - working on budding yeast;

Paul Nurse (University of Oxford) working on fission yeast. ‘V‘l:‘i’r‘]'a‘ieep(‘é’é%*“t

Cdc2 — katTanuTundyeckas akTUBHOCTb =
cdk

AkTuUBHasa Cdk dpocdopunnmpyeTt KOMNNekc MULLEHEN,

y4acTBYHOLLMX B Ha4Yane mmto3a (benkm XxpoMocom, SaepHomn
0DO0MnoYKN,

aApblLLKa, LEeHTPOCOM U T.4.)

CBasbiBaHME UMKIMHA ¢ Cdk’s OTKpbIBAET B KMHA3€ KaTannTU4YeCKuUn
caunt



A simplified model for cell cycle regulation in fission yeast

Mitotic
cyclins




G,/S-cyclin S-cyclin M-cyclin
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Cdk Phosphorylation/dephosphorylation

Cdk2 and cyclin A

cyclin Cdk-activating kinase (CAK)
cyclin
\
Y
| ATP ATP
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T-loop '

/ '.

Cdk active site activating phosphate

(A) INACTIVE (B) PARTLY ACTIVE (C) FULLY ACTIVE



inhibitory phosphate
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The 1nhibition of a cyclin—Cdk complex by a
CKI (Cdk inhibitor proteins)

Cyclin A-Cdk2 complex cBA3aHHbIN € CKI p27, KaKk onpeaeneHo U3 CTPYKTYPHOro
aHanusa.
The p27 cBA3bIBaeTCA B KOMMNJeKce Kak ¢ UMKIIMHOM, TaK u ¢ Cdk,

pa3pyLuan akTUBHbIN cauT Cdk.

cyclin
Cdk |

inactive
p27—cyclin—Cdk
complex

active
cyclin—-Cdk
complex




metaphase-to-anaphase transition

ITponsrokenme uepe3 R1 (START) m uepes G2/M (R2)
naet nocpeacrsom aktuBanmum Cyclin-Cdk xomiiiekcos;

ITponBu>xkeHne metaphase-to-anaphase (R3) 3anyckaetcst npoTeoimn3om
oIpeaesIeHHbIX 0€JIKOB, UYTO IIPUBOAUT K (pMHATIBHOV CTaANN
KJIETOYHOTO JIeJIeHWMSI

Anaphase promoting complex, or cyclosome (APC/C) = ubiquitin ligase

APC/C kaTanusunpyet yOMKBUTUHUPOBAHME:
® SecUrin (yaepxaHue ceCTPUHCKUX XpomaTtung);

*S- N M-UMUKIMMHOB (310 NpMBOAUT K MHaKTUBaLUK
bonblmnHcTBa CDK, B pe3ynibTarte 4Yero MHOXXeCTBO DOErkoB,
doochopunnmnpoBaHHbiX CDK’MK OT S- 40 Ha4Yana MmMTo3a,
nedoocoopuUnnnpyoTca pasnuiHbiMu pocdratazamm K
aHadhase,
4YTO BedET K 3aBepLUEHNI0 MUTO3a U LUTOKMHESY)



ubiquitin ligase SCF
SCF yOMKBUTUHNPYET:

OnpepneneHHble CKI B no3gHen G1, 4to
no3BondeT aktusmpoBaTtb S-Cdk’s u
3anyCcTuUTb pennukauunio DNA.

SCF Tak e paspyLiaet G1/S-cyclins B paHHeN
S phase.

APC/C w1 SCF perympytorca nmo-pasHomy.
APC/C perymmpyertca csaspiBaHveM ¢ Het sn0o c¢dc20 (cpenvaa
MuTo3a), 1noo cdhl (mo3gusag M- G1);
AxTnBHOCTE SCF 1mocTosiHHa, HO perysiMpoBaHue MaeT 3a cYeT
dochoprwuMpoBaHMA €€ MUIITIeHen



(A) control of proteolysis by APC/C
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inactive APC/C

activating
subunit (Cdc20)

M-cyclin
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active APC/C
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(B) control of proteolysis by SCF

active
SCF
complex
— polyubiquitin

protein /,”“\

Ki DEGRADATION
— m) OFCKIIN
i PROTEASOME
Cdk inhibitor protein ublqufln (9
= @ -
ubiquitylation

enzymes



Cyclin
B/A + Cdkl

Gy

Cyclin
D's + Cdk4

Cyclin § Cdké
A+ Cdk2 /
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Cyclin
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extracellular DNA unreplicated DN unattached to
environment damage DNA damage spindle
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DNA

S PHASE

Cdcé ORC (origin recognition complex)

/

r
Cdt1 origin
Mcm helicase
el

| |
prereplicative complex (preRC)

!

Early G1

APC/C
(active)

Cdtlinactive

Cdtl active

[ —— 3

o~

Geminin = inhibitor of cdt1

Late G1

APC/C
A\ inactive
(that not bound

wgi . with DNA)

Cdt1 active

8ern it lip




S PHASE (continuation)
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initiator proteins INACTIVATION OF
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Cohesin

SMC proteins (Structural Maintenance of Chromosomes)

Smc molecule Smed Sl
/ \ [ |
C N hinge ‘ |
e ATPase ) A |
domain )\. Sccl
Scc1 n Sce3 - pononHuTenbHble Cy0bLeANHULbI,

! e €]
cBasbiBawowme ATPase-Hble OMeHbl Smc-cyobeanHuL, (C) sister chromatids

ATPase-Hble foMeHbl He06X0AMMbI AnA 3arpy3ku koreamHa Ha [HK



MITOSIS
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phosphatase
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MITOSIS: Condensins

ATPase domain

Smc2

CAP-G

A

ge

DocdopmnpoBaHme KOHAEHCHOB
koMmiriekcoM Cyclin B - Cdk aktuBupyet mx
M CTUMYJIMPYyeT OOpa3oBaHMe

nerjieBbIX cTpyKryp B JHK
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Mitotic
spindle pole SE&QQ le kinetochore motor

chromosome protein
centrosome (sister chromatids)
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centrosome




lVviajuUl 111UVl PiluUiCiiln Ul ulic

indl
Y4yacTByloT B Snln e
cbopke
BepeTeHa B ety
Havyane MuTosa. kinesin-14
PacTtackuBatoT
[I@HTPOCOMB! spindle microtubule kinesin-5

centrosome

plasma

sister chromatids
membrane

kinesin-4,10



llonyKoHCepBaTUBHbLIN MeXaHU3M
ayniuKauum LeHTPOCOM




Kinetochore

polymerization and depolymerization
of the microtubule

== =)

plus end of microtubule

complex

kinetochore



Kinetochore

nuclear
envelope

spindle
pole

early prometaphase: lateral kinetochore
attachments, chromosome arms pushed outwards

(D) (E)

late prophase

BHavyane npoucxoauTt natepanbHbIN
3axBaT
MUKPOTPYOOUEK, a 3aTemM npwu

coaeucTBuUU

KMHe3NHOBbLIX MOTOpPOB

mid prometaphase: metaphase:
end-on attachment bi-orientation

MUKDOTDVOOYKMU



Kinetochore: Bi-orientation

(A) UNSTABLE

7 1] N\

(B) UNSTABLE (C) UNSTABLE (D) STABLE

Low Low High



Kinetochore: Bi-orientation

sister chromatid
: Ndc80 complex
Aurora-B kinase
) P Pl o
= . BLORENTATION ;},
=P : > == POLEWARD
..nr—-E“‘P} . Mo FORCE
- il "\"\/\) - |1
= \. RE—
‘P’ microtubule
\ plus end MHruGuTOPHOI0 CHrHAJIA
inner outer HET, 3aXBAaT MHKPOTPY0oUeK
kinetochore kinetochore YCHJIMBAETCS, NPUBJIEKAIOTCS
NHruOMTOpHBIN CUTHAJ HOBbIE MHKPOTPYOOUKH.
(A) LOWTENSION | ociabasier 3axBat (B) HIGH TENSION
MHUKPOTPYOOYEK




Culiibl, 1eMCTBYIOIIIHE HA BEPETEHO

» Cnna, HanpapnswoLwas KNHETOX0P K
nontocy (pasbopka MUKPOTPYybOUEK B
MECTE MPUKPENIEHNS K KNHETOXOPY). K

noscy

o [1IB>KeHne camnx MuUKpoTpybouek (pacTyT
C +KOHLUa, yObIBalOT C -KOHLA)(microtubule
flux), HanpaBneHHOe Ha OBMXEHMUE K
nontocam. K nontocy

* [lontocHoe BbiceneHue (polar ejection,
polar wind, nontocHein BeTep). OT nontoca



Microtubule flux

spindle pole

_ TUBULIN
REMOVAL

dnyopecueHTH
o)
MeYeHbIN

TUBULIN
ADDITION

TyOynuH

-/

TUBULIN "
ADDITION -

‘-— speckles moving
poleward

s ‘4 -~ TUBULIN i
~1 REMOVAL R~



polar ejection force

A. QKCNEepPUMEHT C pa3pe3aHuem
nasepom

CUT WITH
LASER

interpolar plus-end-directed
or astral kinesin-4,10
microtubule motor proteins

spindle ‘
pole

arm without
kinetochore moves
away from pole

kinetochore

(A) arm with (B) microtubule
kinetochore moves .
toward pole B. Pa3bACHAKOLWAaA «NOSIKOCHbLIN BeTep»

RAANANL



I UVANAVIIT iVl Vi pgriliitTviZvin

AKTUBHBbIU APC/C KOMMNJEKC TaK Xe securin~__

pa3pywaet u M-uMknuHbl ‘

(oTpuuaTenbHasn

OﬁpaTHaﬂ CBﬂ3b |nact|ve
Cdc20 separase

UBIQUITYLATION AND
‘ L‘a s [ DEGRADATION OF SECURIN

inactive APC/C mm ;. ‘ ' )
“’

active APC/C
M-Cdk active
S€éparase cleaved and
cohesin dissociated cohesins
mitotic m

=8\ 1 7
N .

G, metaphase anaphase
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The Spindle Assembly Checkpoint

* Mad2 6en0K ABAAETCA NPOBEPOYHbIM
MeXaHMU3MOM NMPUCOEAUHEHUA K KUHETOXOPY
Tpybouek. Ecam HanpAXXeHUA Ha
MUKPOTPYOOUKaxX, CBA3AHHbIX C
KMHETOXOpPOM HeT, TO Mad2 nsmeHsaeT CBOIO
KOHPOpMaLMIO TaK, YTO CBA3bIBaET
KomnaeKc Cdc20-APC/C, Takum obpasom
WHAaKTUBUPYA €ro 1 npeaoTBpaLLas nepexos,
oT meTadasbl K aHadase.

* KonxuumH, BUHH6/1ACTUH — gecTabuamsupyror
MUKPOTPYOOUYKU. K/NleTKa 0CTaHaB/IMBaeTCA
B MUTO3E.



Telophase
» Pa3bopka BepeTeHa;

» OparmMeHThl SA4epHON MeMOpaHb
accouunpyroTca ¢ otaenbHbIMU
XpOMOCOMaMM U 3aTEM COeQNHAKTCA apyr
C APYrom; KOMMreKkc aaepHON Nops.l yxe
MHKOPMNOPMpOBaH B 3TN oparMeHThbl;

« AnepHas obonovka BOCCTaHOBMNEHS,
Ha4YMHaeT BOCCTaHaBNMBATLCS NTAMUHA;

* AOepHble NoOpbl HAYMHAKT HaKa4ynBaTh B
A0Pp0 aaepHble benkun... Aapo B COCTOAHUN
NHTEpdasbl.



CYTOKINESIS
e OObIYHO MUTO3 3aKaHYMBAETCA UMTOKUHE3OM.

» HekoTopble KneTkn (paHHne aMOPUOHbI
OpPo30dunbI, renaToumnTbl U KAPAUOMMNOLNTDI)
npoxoasiT MUTO3 6€e3 LUMTOKNHES3a, CTAHOBACT
NpuY 3TOM MHOIoSiA€PHbLIMU KIETKaMMu.,

|UTOKMHE3 HAYNHAaETCA B NO3AHEN aHada3e U
3aKaH4MBaEeTCH cpasy No OKOHYaHUM MUTO3a.

* [NosiBnaeTtcsa boposna apobneHuns (cleavage
furrow), Nog, KOTOPOU HaXOOUTCH

KOHTPaKTUIMbHOE KOIbLO, COCTOSLLEE U3
aKTUHOBBLIX 1 MMO3UHOBbIX-2 OUNAaMEHTOB,
CTPYKTYPHbIX N PETYNATOPHbIX OEnKoB.




CYTOKINESIS

Hi

actin and myosin filaments of the
contractile ring



The MIDBODY

.~ sgion of interdigitated interpolar microtubules

w in midbody

remaining interpolar dense matrix material plasma membrane
microtubules from
central spindle




AKTUBaUusa RhoA BKnoYyaeT cCOOPKY MU COoKpalleHue

KOHTPAKTUINbHOIO KoJibLla
inactive RhoA

guanine
nucleotide
GDP . & exchange factor
. RhoGEF

RhoGAP

ll,

v
-
-~

-

§as T Rho-activated kinases
S ¢ é $ (including Rock)

1 active RhoA L :
myosin

actin filament phosphatase

formation J_
\J

\\\ regulatory myosin

light-chain
phosphorylation

‘SL\“\\‘ myosin II

activation

assembly and contraction of actin-myosin ring



WIVIRPUVI YYUVUHNVI DOpPYTCiITHRa dolicnvin

onpeaensdaroT BpemMmda n MeCcTto pas3gerieHus

AcTpanbHble TPYOOUKHK KINeTKWU
HecyT CUrHan MHAYKuun

LleHTp BepeTeHa
reHepupyeT CUrHan
MHAYKLMKU 6OpOo34bl
e
astral stimulation model central spindle stimulation model

AcTpa/ibHble TPYOOUKM pPe/lakCUPYIOT aKTUH-MUO3UHOBBIN
KOPTEKC; Ha 3KBaTOpe 3Ta pe/akcauusa MMHMMa/IbHa,
4YTO U BeAeT K COOpKe KOHTPAKTU/IbHOIO KO/bL,a




CYTOKINESIS
» HekoTopeble KneTku genaTcs

dCCUMETPUNYHHO, 4YTO NpmBOAUT K UX
Pa3BUTUIO MO PA3HbLIM MY TAM.

 MaTepuHckaga KneTtka nepeg geneHmnem
pacnpenenaeT HEKOTOpble CBOU
KOMMOHEHTbI BO3J1e O4HOrOo rnostoca
(demepMuHaHmMbI KJ1lemo4YHOU cyObbhl).

anterior posterior



MHorosaaepHblie K/1eTKU

J)\ 7 - MwuTto3 6e3 UMTOKMHE3a
S B paHHeM 3M6pUOHe
el : ApO30dubl
— - :
NUCLEAR NUCLEAR o CELL
DIVISIONS MIGRATION *| BOUNDARIES
TO CORTEX «/ STARTTO
j FORM
- .- - - \"
fertilized egg many nuclei in cuticle plasma
a syncytium membrane
MHorosgepHas K/1€eTKa Ha3blBaeTcHA
CUHLUUTUYM. 3
Y ye/10BEKA MErakapuouuThbl S :2' 3
(npeaLecTBEHHMKN TPOM6OLUTOB), E- P : g
HeKOTOopble renaToLuThl, q : il g
@ & CELLULARIZATION O
d TdK € KapAnoMUOLUUTDI B & COMPLETED .
npuobpeTaroT MHOroAAEepPHOCTD \t., <
noAo6HbIM NyTeMm. Cerery)




Kak kneTka nogaep:kmBaeT HU3KUM yposeHb M-uuK/AnHaA npu nepexoge ot M K G1 ¢pase

1 (A) embryonic cells with no Gy phase

Cdc20-APC/C activity M-cdk akTuBupyet cdc20-APC/C,
OH B CBOIO o4yepeab Ae3aKTUuBUpyeT
| M-UUK/UHbBI, @ 3TO BegeTt

M-cyclin level K Ae3aKkTusBauumu camoro APC/C,
4YTO NO3BO/IIET BHOBb
HaKoONMUTbCA Nyay M-LUUK/IMHOB AR
BXO/E€HUA B HOBbIM MUTO3
M S

(B) cells with G, phase
Cdc20-AP

Cdc20-APC/C activity (of o

\
Cdh1-APC/C
activity keeps
M-cyclin level
low in G1

|
M-cyclin level

M Gy

2. HapacTtaHue ypoBHA



MEIOSIS



MEIOTIC S PHASE

MEIOSIS |

MEIOSIS I

) |

paternal
homolog

maternal
homolog

PAIRING AND CROSSING OVER
OF DUPLICATED HOMOLOGS

HOMOLOG PAIRS LINE
UP ON THE SPINDLE

SEGREGATION OF HOMOLOGS
AT ANAPHASE |

A

SISTER CHROMATIDS

SEGREGATION OF
AT ANAPHASE I

haploid daughter cells

®)

DUPLICATED
CHROMOSOMES

LINE UP INDIVIDUALLY
ON THE SPINDLE

v

SEGREGATION OF
SISTER CHROMATIDS
AT ANAPHASE

2

diploid daughter cells



replicated
paternal
chromosome

S

CnapuBaHMe XpoMOCOM
B npodase meiiosa 1

replicated
maternal
chromosome

centromere

sister
chromatids

(A) bivalent

(B)

chiasma



Synaptonemal Complex
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paternal

sister
chromatids

maternal

sister
chromatids

(A)

Prophase 1
LEPTOTENE PACHYTENE

chromatid |

.., -~ | d'sassembling

assembling ,
synaptonemal el | \synaptonemal
i M. complex

|
chromat|d2 complex m : ' il Wl
i
| 1

W INTERPHASE ZYGOTENE DIPLOTENE
FOLLOWED BY DIAKINESIS



Mocae pa3zbopKu

_ CMUHAaNTOHEMa/IbHOrO KOMI/IEKCa B
. AVUN/IOTEHE U C/1IeAYIOLLLEN 32 HUM

KOHAEHCauMu XpomMaTuma MoryT 6biTb
YBUAEHbI MepeKpPECTbl.

JTU NepeKpecTbl MPOUCXOAAT MeXAay
HeCeCTPUHCKUMM XpOMaTHUaamum
(mexay romosoramm).

durypbl nepekpecta HaNOMUHaIOT

rpeyecKkyto 6yKBy «X» M Ha3bIBalOTCA

XUasmamu. baarogapa xmasmam
romMo/Ioru yaep»XMBartoTcAa BMecCTe.
Tenepb OHM rOTOBbI K Cerperauum.



* 1. O6a CeCTPMHCKUX KUHETOXOPa B FOMO/10re AO/1KHbI
6bITb coeanHeHbl ¢ OAHMM n Tem ke no/tocom
BepeTeHa.

* 2. brarogapsa xva3mam (nepekpectam) BO3HMKAeT
Kpenkasa CLenka Mexay romo/10raMmu, 4To No3Bo/deT
MM ABYHaNpaB/IEHHO OPMEHTUPOBATLCA Ha SKBATOPE
BepeTeHa.

3. Koresuna B aHada3se 1 CHUMMaeTCs TONbKO C nney
XPOMOCOM, HO HE C LIEHTPOMEPHOIo PerMoHa, rae
HaxoasTcst KNHeTOXopbl. OKOMOLEHTPOMEPHbIE
KOoresuHbl 3alluLeHbl OT cenapasbl B Menose 1
CBA3aHHbLIM C KNHETOXOPOM BenkoMm shugoshin (An.
«QyX-OXpPaHHUK). LLyrownH pekpyTtmpyer
doocdaTasy, koTopas cHMMaeT pocdaTthl C
LEHTPOMEPHbIX KOre3anHoB, Aenas nx
He,EI,OCTyFIHbIMI/I ana cenapasbl. B koHUe menosa 1

B B N § Aovgms i 24 P B 4 A L\ F F S\, "mmm e




(A) MEIOSIS
kinetochore
microtubules
\ y, - - E
cohesin kinetochore
' \ /

haploid daughter nuclei

cohesin

H{H

METAPHASE | ANAPHASE | METAPHASE I ANAPHASE I TELOPHASE Il
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chromatid




* KpoccuHrosep TuatenbHO perynmpyeTca:
Ha Ka)KOyr roMoJIOrM4YHYH napy XpoMocom
npuxoanTcs He MeHee OOHOro (MOCKOMNbKY
FOMONOr1 OOMKHbI YOepXXmnBaTbCA B MECTE)
HO 1 He boree Tpex NepeKkpecToB
(KpoccoBepHaa UHTepdrepeHUns).

* B Meno3e 4yacTto BO3HUKAKT OLLMNOKMN.
Hanpumep, HenpaBubHOE pacxoXgeHune
rOMOJS10roB — HOHAN3bIOHKLUUSA, YTO BEOET K
NOABIIEHUIO NTULLHEN UMW HEeOOoCTaloLWen
XPOMOCOMBI.



KOHTpONb KNeTo4yHoro aerieHnAa U pocTa

BHeK/1eTO4YHbIe CUTHA/Ibl, PErY/IMPYIOLLIME KAETOUYHbIN POCT,
Ae/IeHUE U «BbXKMBaHUE», MOTYT ObITb pa3ge/ieHbl Ha TPU Kaacca:

1. Mitogens (mumozener), crumyanpytowme Ka1eTouHOE AeneHme,
B OCHOBHOM nyTem akTuBauum G1/S-Cdk, uto BeaeT K cHATUIO 6/10Ka
K/IeTOYHOM MPOrPeccum Mo KAGTOUYHOMY LIUKAY.

2. Growth factors (pocmossie pakmopel), cTumyaupyrowme
K/IETOUYHbIN pocT (yBe/AUYEeHME KAETKM) NyTEM aKTUBALUM CUHTE3a
6e/1KOB U APYrMX MaKPOMO/IEKY/ C OAHOBPEMEHHbIM NOAaB/AeHUeM
UX pacnaga.

3. Survival factors (¢pakmopel evimueaHus), KoTopble NOAABAAIOT
anonmos, TeéM CaMbiM CTUMY/IMPYA KAETKY K BbIXKUBaHMUIO.

cell growth; cell proliferation: to explain



Platelet

(TpomMOouunT)

mitochondrion

microtubule

PDGF (platelet-derived growth factor)
— pOCTOBOU (paKTOpP C LLUNPOKOU
CneundPUYHOCTbIO;

EGF (epidermal growth factor);
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* KNneTkn nmeroT orpaHNYeHHOE YNCno
aeneHnn (npepen Xendnuka).

 [locne aTtoro npegena KNeTkn BXoOAT B
Hegensuieecst COCTOSIHMUE, U3 KOTOPOTrO YyXKe
HUKOraa He BbIXOOAT. TO COCTOSAHUE
Ha3bIBAETCH pennnKaTUBHbIM KITETOYHbIM
cTapeHunem (replicative cell senescence).

» OrpaHmnymnTenem 4Ymcna KrneTo4vHbIX
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