MUTO3

Jlekuusa 5



®AKTOPbLI, YHACTBYIOLWUE B KOHITPECCUUA
(BbICTPAUBAHUN XPOMOCOM B TEOMETPUYECKOM
LLEHTPE BEPETEHA)

® 1) POCT U YKOPAYHNBAHUE MUKPOTPYBO4EK.

@ 2)cunbl HAMPABJ/IEHHBIE K MO/TFOCAM (MPUNTOXXEHDI
HA KUHETOXOPbI - MOTOpbI, AenoNnMepusalus
MUKpPOTpY6oOueK).

@ 3)Ccunbl, HANPAB/IEHHBIE OT NOJ1FOCOB
(MPUNOXEHDbI HA KWHETOXOPbI U MZTIEYU XPOMOCOM
- TOZIKaKoLWMe CUJibl OT HEKUHETOXOPHbIX U
KUHETOXOPHbIX MUKPOTPY6OUYEK, MOTOPDI -
XPOMOKMWHE3UHDI).



OCHOBHbIE COBbITUA,
MPOUNCXOOALLUNE BO BPEMA
META®A3bI
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oCcunInMPOBAHUE KMHETOXOPOB K NMONMKOCY N OT
NMOJIFOCA BO BPEMA OBUXEHUA XPOMOCOM B
NO3OHEW NPOMETA®A3E U AHADA3E




NMEPETEKAHUE CYBBbEOUHUL TYBYITIUHA O
MMUKPOTPYBOYKAM BEPETEHA

Microtubule flux in the spindle
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CybbeanHnubl TybynuHa MOCTOSIHHO  BKMKOYAKTCA B MUKPOTPYOOYKM Y
KNWHETOXOPOB M MNepeMeLLaroTca K Morntcam, rge OHM 3aTeM OTCOEeLUHSAROTCA.
Taknm obpasom, OHM NMOCTOSAHHO MepeTeKkatoT OT KMHEeTOXOopa K Moscy B cOCTaBe
MUKPOTPYOOUKM MM KMHETOXOPHOW bmnbpunnbl. Bo Bpems meTtadasbl, OnvHa
KWHETOXOPHbLIX MUKPOTPYDOO4YeKk ocTaetcs 0e3 nmaMeHeHuu, Tak Kak gobaBrieHue
cyObeauHuy, y nrtoc KoHua OanaHcupyetca ybaBneHnem cybbeaunHul, Yy MUHYC
KOHLA..



«FLUX» TYBYJIIMHA BO BPEMHA
META®A3DbI
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SPINDLE ASSEMBLY CHECKPOINT (SAC) - MTPOBEPKA
NMPUKPEMJNEHNA XPOMOCOM K MUKPOTPYBO4YKAM
BEPETEHA
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BO3MOXXHbI MEXAHU3M PABOTbI BEJIKOB SAC
HA KMHETOXOPE
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YoaneHue O0enkoB YeKNnOMHTa C NPUKpPenneHHoro
K MUKpOTpyOoukamMm KuHetoxopa (McHugh and
Welburn, 2017)
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b Prometaphase

= Bipolar spindle formation
¢ Chromosome congression \

Monotelic kinetochore
attachment (type Il)
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OCHOBHBbIE COBbITUA, MPONCXOOALLUUE
B AHAPAIE

A. Anaphase Sister chromatids separate
Cohesin %hromatids approach

degrades\ poles (APC/C active)

' j;’ XN Interdigitated interpolar

= ] microtubules bundied by
\( PRC1 and stem body
material
‘-\‘na hase B: Spindle 80
mlgrate apart (APC/C ““'active) Centrosomes
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ISTAIlNbI YAANEHNA KOFESUMHOB C XPOMOCOM
BO BPEMA MUTOS3A (Martson, 2015)

A. MITOSIS Separase (Esp1)
Sister chromatids G Securin (Pds1)
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YoaneHne  KoresauHoB B npodrasze  npoucxoauT  nNyTem
doccopunuposaHua cyoveaMHuMubl Scc3/SA2 KOresmHoB W
aktTuBaumn ©Oenka Wap1 (HenpoTeONMUTUYECKUU  MEeXaHU3M).
PacwenneHne Scc1 cybbeauHuubl npu ydYacTum cenapasbl
3anycKkaet pacxoxpeHue XpOMOCOM B Hadane aHadasbl
(npoTeonUTUYECKMN MEXaHN3M).



ABMXYLWUE CUTIbl AHADPA3DbI A n AHAPA3DLI B

ANAPHASE A ANAPHASE B

(1) a sliding force is generated between
interpolar microtubules from opposite
poles to push the poles apart; the
interpolar microtubules also elongate;
(2) a pulling force acts directly on the
poles to move them apart

shortening of kinetochore
microtubules; movement
of daughter chromosomes
to poles; forces generated
mainly at kinetochores

microtubule growth
at plus end of polar
microtubules



Anaphase A: Disassembling Microtubules Move
Chromosomes toward Spindle Poles (Asbury, 2017)

(b) disassembly at both ends

(a) disassembly at plus ends only
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Figure 4. Chromosome-to-pole motion during anaphase A is coupled to microtubule disassembly.
(a) Simple mechanism with disassembly occurring only at microtubule plus ends, as seen in yeasts,
where minus end attachments to the poles are static and no flux occurs [26-29]. (b) Dual mechanism, as
in cultured mitotic human cells, where chromosome-to-pole motion is a superposition of a kinetochore’s
movement relative to the microtubules, which is coupled to plus end disassembly, and the microtubules’
flux relative to the poles, which is coupled to minus end disassembly [30]. (c) Mechanism observed
for autosomal half-bivalents in meiotic crane-fly spermatocytes, with disassembly at minus ends and
assembly at plus ends [10,31]. Switching between mechanism (b) and mechanism (c) has been directly
observed in Xenopus egg extract spindles [32].



YHYACTUE DAM1 N SKA1 B COHETAHUM
NPUKPEMMEHNA C AENONIMMEPU3ALUEN
MMUKPOTPYBO4EK
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BO3MOXHbIE MEXAHU3Mbl COHYETAHUA PASBOPKU
MUKPOTPYBO4YEK C ABUXEHUEM XPOMOCOM K
MONMIOCAM
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Models showing the possible mechanisms of
KT-MT attachment in human cells vs yeast (from
Thomas et al., 2017)
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KT movement
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Direct kinetochore—spindle pole connections
are not required for chromosome segregation
(Sikirzhytski et al., 2014)
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BO BPEMA AHA®A3blI XPOMOCOMbI OBUXYTCHA K
NMONMIOCAM HA YKOPAHUBAIKOLWLUNXCA

MUKPOTPYBO4YKAX
\\/ \\/
> N e N B MuUTOTUYECKME KINETKM BBOAUNU
>\ 4 MEYEHbIN TYOYNNH, KOTOPbIN

/(f,l\ Time V‘ }\

‘K r/// | . / BKITHO4Anca B MUKPOTPYOOUKM
\ Y Orisorily A Z BepeTeHa. Cpasy nocre Havana
R il T aHada3bl, C NOMOLLbI0 Na3epa

| | | | 6bINO NPOBeAeHO
obecuBevYmBaHme Norocbl OKOMNO
BEpXHero nosntca. 3aTtem
Habnoganu 3a gnoopecueHUnen
B 30He obecuBeumBaHus. B
OAaHHOW KIeTKe XpPOMOCOMbI
gocTturann obecuBeYeHHYH0 30HY
bbicTpee, 4YeM nonoca gocrurana
nontoca BepeTeHa.




OYHKLUMN MOTOPHbIX BEJIKOB B AHA®A3E B

OUTWARD PUSH ON
SPINDLE POLES plus-end-directed
motor protein

»
astral overlap microtubules

mi 1 . : )
icrotubules minus-end-directed . 7

+ motor protein

~ | OUTWARD PULL ON SPINDLE POLES

(+) KOHeu OopueHTUpOBaHHble MOTOpPHble Oenku CBA3bIBAOT aHTUnapansenbHble
MEXMOSOCHbIE MUKPOTPYOOYKM N BbI3bIBAKOT UX CKOSIbXXEHWE OTHOCUTENbHO Opyr
apyra, pacTankueagd nositoca Apyr oT gpyra. KpacHble cTpernkm o603HavaroT
HarnpaBlfieHWE CKOMbXeHud.  (-) KOHeL, OpUEeHTUpPOBaHHble MOTOPHbLIE Oenku
CBA3bIBAKOTCHA C KMNETOYHbIM KOPTEKCOM M C acTpalibHbIMWU MUKPOTPYOOYKamu, U
TAHYT nMoOfca B pasHble CTOPOHLI. OTW acTpalbHble MUKPOTPYDOUKM
yKOpaymBatroTCs Mo Mepe TOro, Kak rnositoca NpuTarnBaroTCAa K KOPTEKCY.



Prime movers: the mechanochemistry of mitotic
kinesins (Cross and McAinsh, 2014)
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» Sister kinetochores move poleward (anaphase A)
* Spindle elongation (anaphase B)
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10 Poleward microtubule flux
(‘treadmilling’)

9 Polar ejection force
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12 Central spindle sliding

KIF23, KIF20A,
KIF4, KIF10
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