Souhrn predchozich prednasek
(relevantni pro tuto prednasku)

 Bunecny cyklus S.c. a S.p.
* Metodika analyzy kvasinek
* Geneticke metody



Osnova 7. prednasky

* Dynamika chromatinu
— VvV bunécnem cyklu
— organizace: centromery, telomery
— SMC komplexy

* Evoluce kvasinkového genomu



Zakladni prvky kvasinkoveho genomu

Saccharomyces cerevisiae (vs S.p.)
- haploidni genom - 12Mbp, 16 chromosomu (chrl=0.22 — chrXll=1.6Mbp)

- délka chromosomu XlI se u riznych S.c. liSi dle poctu (az 200) kopii rDNA v
repetici (9kbp), 262 tRNA, 40 snRNA,

- Kratké centromery a ARS (100bp)

- Geny (cca 6500) reprezentuji 75% celkové sekvence (kompaktni)

- Redundantni (2000 genu duplikovano) — cca30% genomu vzniklo duplikacemi
- <5% genu (220) obsahuje introny (0.5% genomu),

- 3% Ty1-5 transposony (46% u Clovéka)

- Kondenzovany/tichy heterochromatin: centromery, telomery a HMR/HML
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Chromosom Il
CEN=centromera
ARS=autosomal
replicating sequence
TEL=telomery

tRNA

Ty transposony

MAT a HML/HMR lokusy

Heterochromatin:
centromera
telomery

HMR a HML
(MAT je aktivni
uruje haplotyp)

Proc. Natl. Acad. Sci. USA 94:5213-5218.
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http://db.yeastgenome.org/cgi-bin/redirect.pl?source=DSB_graphic&url=http://www.pnas.org/cgi/content/full/94/10/5213?terms=&searchqstr=volume:94%21firstpage:5213%21tyear:1998%21fyear:1996%21fmonth:Feb%21tmonth:Apr%21tdatedef:28+April+1998%21fdatedef:6+February+1996%21hits:10%21sendit:Search
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Pozorovani DNA/chromosomu u kvasinek

« Chromosomy jsou u kvasinek malé a tézko pozorovatelné — barveni DNA na
fixovanych preparatech pomoci DAPI (4 ,6-diamidino-2-phenylindole)

« Pouziti flznich proteind-GFP (green fluorescence protein) pro studium
dynamiky chromatinu (H2A, kinetochora-centromera)

- TetR-GFP represor se vaze na TetO sekvence (operon) zaintegrovaneé v
pfesné definovaném lokusu

« ChIP (chromatin immune precipitation) — specifické sekvence, ChlP-seq nebo
,ChlIP on CHIP*

*
Saccharomyces cerevisiae

Schizosaccharomyces pombe ——

Pozadi = mtDNA




DNA v prubehu bunecného cyklu S. cerews:ae

_Spindle pole
(e) |
—(®)—(®)—

body
zahajeni tvorby pupene a duplikace SPB — zaCatek S faze tj. replikace

" ™ Nucleus

: MT-cytoplasmaticke

-jaderné
rozchod jadernych plakl na opacné poly — pfechod z S do G2 faze

S . M
jadro se protahuje — zaCatek M faze (u kvasinek se jaderna membrana nerozpada)
na zaCatku anafaze dochazi k oddeleni sesterskych chromatid a jejich segregaci




Separace a segregace chromosom

( + SPB=Cdc11-CFP)

Image courtesy of Jonathan Millar, Division of Yeast Genetics, National Institute for Medical Research, London



Kontrola bunecného cyklu (S. cerevisiae)
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Arrest —

Cut phenotype

LInequal segregation

cut defekt:
- chyba v koordinaci mitozy
(napf. spindle attachment)
- chyba v segregaci chromosom
(napf. kohesiny)

Yanagida, Phil Trans of RS, 2005
Nakazawa et al, JCS, 2011

http://jcs.biologists.org/content/suppl/2011/05/14/jcs.078733.DC1 cut14-208 mutant (kondensin)




205 APC/eyclosome

Ub and
268 proteasome proteolysis

Arrest

Localization
Cyclosome

or regulation

“ %
r‘umplmm proteclysis *-—.
cut CDK w CDK

activation mitotic inactivation

CYCLIn

M w Activated anaphase
spindle

Cut phenotype

Unequal segregation

M-Cyclin
Securin-Separin

Chromosome —=Sister chromatid
condensation separation

mis

v cut14 mutanté jsou
defekty v kondensaci a
segregaci, ale
checkpoint neni
aktivovan

Condensin

Kinetochore Anaphase spindle

movement

condensation, kinetochore,
spindle coordination
Spindle, chromosome

Adherin
S'Etﬁr_ ompletion of Kinetgthore MT

‘nhea

“ ) ‘mm_mbu“n Spindle, MT, motor

Spindle

Cohesin formation $ f-tubulin
kinesin

Yanagida, Phil Trans of RS, 2005



Centromera S. pombe

(b) Fission yeast centromere/kinetochore
- Outer repeat — inner repeat — central core — inner repeat — outer repeat
T TriMek | Histone H3 35110 kb
| Swié Cbhi | [ Kips | Kinesin

Cbh2
Klpt
Abp1 | L6

Aurora

| S
Centromere/ Bub3 Hecd Mad1
kinetchore < ‘mﬁﬂm NUP2

,,

MT-binding [ Dist | [_Klp2 | Alp14
+TIPs {k‘_l..\_ [ Tipl | Mal3 |

- kontrola interakce mezi MT a CEN
- kondenzované chromozomy
- geny pro heterochromatin (HP1, metylace ...)
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Cnp1/Cengp

Swie/HP1

- pouze 3 chromozomy (13 Mbp = 3.5, 4.6, 5.7)

Swie/HP1

- velké repetitivni centromery (40-150kb) a 1kb pocatky replikace
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A) GAGGCUUUCG
B) AAUGCGGAGU
) UCUAGCUUCG
D) UGGAUUAAGG
E) ACAAGUGAUA
F) UGCGCAACUC
G) UACAAGAUAU
H) UGAGCAUALC
1) UGCCUAUUUA
1) UCUACCUCAG
K) UGUGUCCAUA
L) UAAACAACUU

GUUUAGUCGC
AAGGCUAAUC ACGGUA
CCAUCAAUAA GUA
AGAAGCGGUA
AGAGUAGGUG U
CUGCUUAUCG UC
AGCGCCACAC U
CUAAUGACAG UA
UACAUUUCCC
CAGUCCUUGG GAAA
UCCAUGCUGU GUCCA
GCAAUAUCUG CCA

G} Reinhardt a Bartel, Science, 2002, http://www-bcf.usc.edu/~forsburg/main7.htmi



Pericentric Kinetochore Pericentric
heterochromatin assembly heterochromatin

. Me-K9 H3
5. pombe
I I I H diMeK4-H3
~20—100 kb ~3 kb 4-T kb ~3 kb ~20-100 kb
O melanoegaster [T I T
| |
! 5-bp simple repeats !
| I
" centromeric chromatin '
~500 kb
H. sapiens _
| I I I
wu-Satellite Higher-order wu-Satellite
mMonomears o-satellite-arrays MOoNomers
~0.5-15 Mbp

Carroll a Straight, Trends in Cell Biol, 2006



Centromera S. cerevisiae

(c) Sudding yeast centromere/kinetochore
125-bp CEN DNA
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- Sekvencné specificka centromera se patrné vyvinula z puvodné
repetitivni/sekvencné nespecificke



Orientace chromosomu v mitotickém jadre

A Mitotic interphase

% @ centromere
@ telomere
@ sPre
—

FISH — fluorescence in situ hybridization (1992)

B 25
%m Interphase

T Z;
W

(=N
Rabl, 1885
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Tadei a Gasser, Genetics, 2012



http://www.celldiv.com/content/2/1/17/figure/F2?highres=y

Struktura kvasinkovych telomer
TGrs/CraA

CNER[ Y Y WW

Repetice ~5.5kbp 300bp

E. Blackburn, Nobelova cena, 2009
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S. cerevisiae, S. exiguus

S. castellii, 5. dairensis
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Cohen et al., Curr Genetics (1998), p.83



Ochrana kvasinkovych telomer

- musi byt prodluzovany (telomerasou),
jinak by se zkracovaly po kazdé replikaci

- musi byt chranény, jinak by byly
povazovany za konec zlomené DNA
\/\ C::A/TG s DNA (»opraveny” napf. fuze chromosomu)

@ Rif1p, Rif2p - struktura telomer a subtelomer umlcuje
V¥ Rapip transkripci (silencing)

Sirdp, Sir2p, Sir3p

- S. pombe vs S. cerevisiae
@ nucleosome (heterochormatin se Swi6 vs Sir proteiny)

Estip, Cdc13p
-¢_ Est2p, TLCT




Represe u kvasinkovych telomer

- struktura telomery a subtelomery umicuje
transkripci (silencing)

a) | _napf. HML a HMR lokusy jsou umi&ené
— -—.. (pouze MAT lokus urCuje parovaci typ)

S/

v
I
N
AV
[,
\
TN
M

— - ADEZ2 reporter je pod kontrolou telomer
pouze obCasné nahodné transkribovan

- v prubéhu evoluce nékteré geny méni
lokalizaci a jsou jinak regulovany

3 ade2 |

S @

i |
X [ ADEZ MWW




'rDNA - repetice

* rDNA koduje geny pro ribosomalni RNA (chromosom XIl)
- Je vysoce konzervativni

« |dentifikace a odliSovani kvasinkovych druhu

« Sledovani evolucnich trajektorii
« Az 200 kopii v radé za sebou

* Problém s homologni rekombinaci

* Problém s replikaci — ve stejném smeéru jako

transkripce (probiha v S-fazi — kolize)

* S\
MY

nuclealus

Rabl. 1885



Komplexy chromatinu
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.\
e oF - nukleosom (oktamer histont H2A, H2B, H3, H4)

Y N | - Topoisomerasa Il, SMC komplexy
_ q‘ // _ kohesin — smycky, dcefiné chromatidy

-Vyjadreni genetické informace je ovlivnéno mnoha

. /TR
T \§
N faktory - regulace transkripce, bunécny cyklus ...

kondensin — kondenzace pro mitozu
SMC5-6 — oprava DNA
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d min DAPI SccIWT ScelRR-DD  GFP

M Od el Uhlimann et al., Nature, 1999 15i]
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o 180
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Pouziti TEV proteasy
kohesinovy komplex
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maintenance of
chromosome)
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Cohesin:
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Pouziti fiznich proteinu pfi studiu kohese
sesterskych chromatid

100 nM Rapa

SMC3-Scc1-Frb + SMC1-FKBP12 (vazi rapamycin)

Gruber et al., Cell, 2006

\ b

Haering et al, 2002, Mol Cell



Vstup DNA pres opacny konec nez uvolneni

B Gruber et al., Cell, 2006
0 nkA 100 nv Rapamycin

Uzamceni je pro bunku letalni
H,.._n"___h

ﬁ /n"--..__n Chromatin

Smec3 Smc1  Loading

Scc2/Sccd

Sme3 acetylation by Ecol

Curren t Biclogy
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SMC komplexy napomahaji pfi opraveé dvou-
retezcovych zlomu v G2/M fazi

Centromera Hocw DSB

20 e

i .

£
g A————F——— _l- :—_‘:'_-*__.._ v o 5
chiP signal

© A A A _/\_/\_/Lﬁ

L}-

50 kb 2 kb 2 ki 50 kb Distance (kb)
70 Gohesinloaded '+ * * *‘ Duubl:-strand break Cohesin loaded
during S phase Y Y 1‘ Y 1' Y 7 during 5 phasa

180 il =}

Yanagida, Phil Trans of RS, 2005 Lowdens a Toh, Current Biology, 2005



Oprava DSB
(dvouretezcove
zlomy)

G1
{ ®
v ©
delece ...

Lisby a Rothstein,

G2/M

DNA repair, 2009

Kazdy DSB je nebezpelny pro buriku.

Zakladni mechanismy opravy DSB,

spole¢né pro S. c. a S. p. (evoluéné

vzdalené), Ize nalézti ... u Clovéka
Functional class Saccharmyces cerevisiae ~Mammalian

DMA damage sensors Mre11-Rad50-Xrs2
Rfal-Rfa2-Rfa3

Checkpoint proteins Rad24-RFC
Dde1-Mec2-Rad1y
Mec1-Dde2
Tal
Dpb11

I
v

Homologous -
recombination Semd
proteins Rads2

Rad51, Rad55-Rad57

Radbd
Radsg

Rdhs4
Sgsi

End-jzining proteins YhuiO-YkuB0
Dnl4-Lif1-Mej1

Fso?
Structural components Smes-Smos

Smcil-Sme3
H2A

MRE11-RADS0-NES1
RPA1-RPAZ-RPA3

RAD17-RFC
RADS-HUS1-RADT
ATR-ATRIP
ATM
TopBF1

BRCA2-PALB2
DSS1
RADS2
RAD51, RAD51B, RAD51C
RAD51D, XRCC2, XRCC3
RADS54
RADS52B
RADS4E
BLM, RTS, WRN

KUTO-KLB0
LIG4-XRCC4
DMA-PEes
Artemis

SMCS5-SMCS
SMC1-SMC3
H2AX



Kontrola bunecného cyklu (S. cerevisiae)
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Maintenance of genome stahility
I 1

G, s G, M
RAD17 Egcl_g RAD17  SGS1 RAD17 BUB1,3 BUB2
RAD24 DPB11 RAD24 RAD24 MAD1,2,3 BFA1/BYR4
MEC3 MEC3 MEC3

DRC1
DMNA damage Replication intra-S (replication) DMNA damage Mitotic Mitotic
checkpaoint (G4) checkpoint (S) checkpoint (S) checkpoint (Gs) checkpoint (M) checkpoint (M)
G, arrest in response S phase arrest Slowing of replication G arrest in response  Meta-Anaphase Block of exit
to DMA damage in response to in response to DNA tuEDNA damage arrest in response  from mitosis
replication blocks  damage in S phase to spindle damage
1 ]
Human homologs
Yeast Human Cancer syndrome
- MEC1
TEL1 MEC1/TEL1 ATR/ATM Ataxia telangiectasia
MRE11=-RAD50=-XR52 , , i .
Transducer and RADS MRE11 MRE11 Ataxia telangiectasia-like disorder
e gﬁﬁia XRS2 NES1 Mijmegen breakage syndrome
Hﬁgﬁ RADS3/DUN1  hCHK2 Li-Fraumeni syndrome
- PD31
S5G51 BELMMWRMN/BTS  Bloom, Wermer & Rothmund-

Thomson syndromes

Zakladni mechanismy kontroly bunécného cyklu, segregace, opravy DSB
jsou konzervované od kvasinek az po Clovéka ...

Problémy se segregaci Ci opravou poSkozené DNA maji konsekvence ...
aneuploidie ... rakovinné bujeni ... ale také dulezity faktor v evoluci ...

Kolodner et al, Science (2002)



Celogenomova duplikace — S.cerevisiae

cca 30% genomu S.c. vzniklo duplikacemi => cca 2000 genU duplikovano nebo
doslo k celogenomové duplikaci (WGD) => a poté doslo k pfeskupovani a redukci
segmentul (i chromosomu) — 30% genomu u S.c. je pozUstatkem celogenomové
duplikace (nikoli duplikace segmentu ¢i genu)

WGD (16)
(16)
(16)—=
9—(16) -6
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Evoluce kvasinkoveho genomu

« srovnani kvasinkovych genomu ukazalo na existenci ,prakvasinky® s 8-mi
ancestralnimi chromosomy (cca 4500 geny)

* nejblize anc. genomu je Lachancea kluveri (8 chromosomu, nejméné = 15
preskupeni v genomu)

S. cerevisiae (16)_
WGD ae
Origin of point (16) S.-hay
centromeres (16) 3 C.glabrata (13) post-WGD
-0—|(16) -6 N. castellii (10)
-2 V. polyspora (14)
« ancestralni kvasinka proSla 5 [[=1® T
celogenomovou duplikaci o \ s -1 Zzowi () ]
(WGD) 8->16 chromosomu ® 2 K actis (6)
. o (8) ]
© - A. gossypii (7)
v , . v , (8) L. waltii (8) Non-WGD
*nékteré kvasinky néktere )
Chromosomy ztratili (naplv’. (8) L. thermotolerans (8)
C.glabrata = 3 chromosomy) kL, pouvert (8)
P. pastoris (4)

Candida spp. (8)

Gordon et al., PLoS Genetics, 2011



LKIu5
b /\
h[ Lklu7
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*o
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Lklug

Figure 2. Cartoon showing the rearrangements indicated by lowercase letters in Figure 1. Monocolored chromosomes belong to the
WGD Ancestor. Chromosomes in gray boxes are extant L. kluyveri chromosomes. Events encircled by a color correspond to events on branches of the
same color in Figure 1. Black crossed lines between chromosomes represent points of interchromosomal translocations, and square brackets along
chromosomes (events ¢, f and h) represent inversions. Arrows point to the products resulting from each rearrangement. The rearrangement for event
o (marked with two asterisks) is not shown as it involves a reciprocal translocation located one gene from the edge of the Ancestral inference, which
essentially swaps the telomeres of Anc3 and AncB at the ends of Lklu3 and Lklu4.

Preskupovani

chrom. bloku u

L.kluveri

 pfeskupeni prostrednictvim
rekombinace (mikrohomologii)

* L.k. neztratil chromosom -
patrné zplsobeno absenci
genu DNL4, POL4, NEJ1 -
dulezité pro NHEJ
mechanismus (oprava
poskozené DNA napr.
dvouretézcovych zlomda, které
jsou nutné pro flze
chromosomu i pfeskupovani =>
omezené preskupovani)

Gordon et al., PLoS Genetics, 2011



Redukce chromosomu telomera-telomera
fuzemi

* napf. Zygosaccharomyces rouxii ztratila 1 chromosom diky telomera-
telomera fuzi 2 ancestralnich chromosomu - soucasné ztratily centromeru
(chromosom nemuze mit 2 centromery — problémy se segregaci)

WGD

Origin of point
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Gordon et al., PLoS Genetics, 2011




Zavery

« Kvasinky jsou vyuzivany v
biotechnologiich (pivo...)

 V klinicke praxi mohou byt nebezpecné
pro pacienty se snizenou imunitou ...

« Jako modelovy organismus
 studium bunéénych procesu
» Geneticke, evolucni ... analyzy



