/Zkouska: - test + prednaska

Smc5/6

 Uvod - Analyza proteinu
— Domény
« fold-struktura (ss, PDB) MO A
« v PyMolu pfipravit 3D strukturu Ligase (/
 Interakce (IntAct)

— Komplexy |
* Funkce N

e Lokalizace Tandem-WHE;” ‘ 'hXTandem-WHD
— evoluce

o Konkrétni nova data — Clanek (< 5 let)

v-SMC x-SMC

Kleisin

Ujasnit si souvislosti, rozsifit si znalosti, aplikovat
poznatky z prednasek ...



Komplexy spojené s transkripci

DNA-vazebné motivy specifickych transkripénich faktoru
Obecné TFIl komplexy, histon ... a proces transkripce

- velky zlabek ma velikost odpovidajici
rozmérum a-Sroubovice a ma
exponovane vazebné skupiny

- nejCastéji interaguje Arg (pozitivni
naboj + vodikové vazby)

transcription factors

eukaryotic cells

1 Actruator proteins bind to pe ces of
DA called enhancers. Thoir birding
Lauses K ORA Lo Brend, Binning
THEM YEar 3 GEne romcter, ven

though they may be thousands of

e prairs ey

Othertrarssription
fadarprateing "7

4 Aninsulator can stop the enhancers
frwm bitieing o the preemater, f a

2 Crherranscription factor proteing protein calbed CTCF (ramed ‘o
jointhe activatar proteirs, forming “seieres COCTC, whirh perurs o 5
2 protein worm plex uhich binds to il . & 2053 binels t it S .
ke e premter. __?l—"

1
ene . - h
e T e Enhancer \
pori T = ? |
3 Thiis prortein complex makes iteasier 5 Methylation, the adeition of !
far RNA, palymerase to attach tothe amathiyl grolp tothe C
profater 2nd start transcribing ;"-"-'EUW“-;- preveni, CTCE :
4 OEre. - o attaching to tl_'!e insulator, -
A T turning it off, allowing the
R polymerase L g Facoet enhancers to bind to the prom oter.



Zipper typ * Velky zlabek ma velikost

Helix-turn-helix odpovidajici rozmérum a-
Sroubovice a ma exponovane
vazebné skupiny

* NejcCasteji interaguje Arg
(pozitivni nadboj + vodikoveée

Zinkovy prst
| Histon, HMG -box

o B-barl’el Vazby)
* [B-hairpin/ribbon « Prabéh transkripce — skladani
« SmiSené a/f3 komplex U

RNA pol I

TFIF >



- histony vazou DNA sekvencéné nespecificky

- histonové podjednotky (H2A, H2B, H3, H4) obsahuji svazky
3-4 Sroubovic skladanych proti sobé (histon fold)

- DNA se obtaci kolem valcovitého oktameru (2x4 histony)

- Sroubovice se vazou na cukrfosfatovou kostru DNA

H2A




1KX3

- 146bp — histon fold - centralni ¢ast DNA vaze tetramer H3-H4
- okraje DNA vazou dimery H2A-
- 10bp konce DNA vazou N-koncové Sroubovice H3



Skladani h iston u do nukleosomu

H3 N-term o &g
helix A ;
L 4 @ !

W H2A H2B H4 H3 H3 H4

H3 N-term
helix

- 146bp - centralni ¢ast DNA vaze tetramer H3-H4
- H3 dimerizuje pfes postrani Sroubovici N
- okraje DNA vazou dimery H2A-H2B

- 10bp konce DNA vazou Sroubovice H3
(acetylovany K56)

Ransom et al, Cell, 2010

H3-H4

'

H3-H4 tetramer



Sestavovani
nukleozomu:

klicova interakce mezi dvéma
H3-H4 dimery je
zprostredkovana histonem H3

Dimery H2A-H2B se vazou
nasledné z obou stran
tetrameru (H3-H4),

two dimers
bind to H3-H4
tetramer

H2AMH2B  poyreh/kontakt
tvofi lysiny a
argininy

Fiqure 4-26 Molecular Biology of the Cell (© Garland Science 2008)



BMH3 BH4

H2A

H2B I DNA

H2A/H2B
dimer DNA

H2A/H2B vaze dve vladkna
H3/H4 vaze jedno vlakno, ale
silngji (vice objima)

N3 DNA

i/}
er

McGinty a Tan, Chem Rev, 2015
(opacné barvy)



Konce histon u

- N- a C-konce histonu vybihaji z jadra nukleosomu a ovliviuji jeho dynamiku
- mohou posilit/oslabit interakce s DNA — rozvolnit nukleoproteinovy komplex

H3

/H3K79. o
W 119 stmzqﬂi

Histone globular
regions

" H2BC-term




Modifikace histon U

- napf. acetylace lysini (zména naboje) oslabi interakci s DNA a rozvolni vazbu
oktameru (zpfistupni DNA pro TBP)

- nasledné se TFIID vaze na Ac-H4 (K8, K16) prostfednictvim bromodomény
TAF1 proteinu (reader/writer/eraser )

-

anG?QGGtAnA?AITRssnaez.qrpvsnv A H2A

1 5 9 13 15 1] H3 -

119

o

/ " H2B C term
H2A C-term HIK7e @ f
HB . . 8 119 H2BK123 } H2A‘

PEPAKSAPAPKKGSKEKAVT IAQ DGEKRK
5 12 1415 20

Histone globular
regions

£
E

120

”QTART TGG*A i LATlAAﬁ Aparscvt—g H3
910 14 178 23 262728 36 79 K
3R
s
5
’ '
éc c cc x.c cca ann v:.nnuxqcx'r——_: H4 (B) |
' > bromodomain  subunit of TFIID
L ] L ]
N-terminal tails globular
domains

’ methylation P phosphorylation Q acetylation U ubiquitylation |

+4-39b Molecular Biology of the Cell (© Garland Science 2008) 8 16 / l
histone Hé tall



- AP-1/IRF-3/IRF-7/NF-kB pokryva sekvenci -102 az -47 basi upstream od TSS = tj. mezi
nukleosomy (nukleosom-free oblast)

- nukleosom downstream zakryva TATA-box

- vSechny podjednotky (TA domeény) enhanceosomu interaguji s SAGA a CBP/p300
acetylasou - acetylace nukleosomu vede k remodelaci/pfemisténi a uvolnéni TATA-boxu
- uvolni se TATA-box pro vazbu TBP/TFIID a RNA polymerasy |l

(a) (b) Accessible GR
binding site

sekvence DNA muze byt
zcela zakryta
nukleosomem nebo
muze byt pfistupna nebo
muze byt v oblasti mezi
nukleosomy

Inaccessible GR Histone-DNA
binding site contact sites

GCNS5

--.“
Complex ; -

Pol 11

’_ Holoenzyme

Agalioto et al, Cell, 2000
Panne, CO in SB, 2008



Motivy DNA vazebnych domén

Zipper typ

— Leucinovy zip

— Helix-loop-helix
Helix-ota ¢ka-helix
— Winged helix
Zinkovy prst

— BBa zinc-finger

— Hormon-receptor
— Loop-sheet-helix
— Gal4

Histon, HMG -box
B-hairpin/ribbon
3- barrel

%

L 4

o-Sroubovice

B-listy

TBP, OB-fold,



OB-fold

(oligonucleotide/oligosacharide
binding)

- 4-5 anti-paralelnich B-listu
(B-barel) zakonceno a-
Sroubovici (kompaktni)

- vytvafi Uzkou jamku pro
jednoretézcovou ssDNA
(RNA, oligosacharidy)

- vaze 2-5 nukleotidu (baze,
cukry i fosfaty )

- SSB/RP-A a TRF proteiny
(replikace, HR, telomery ...
Dr. Spirek)

Liljas, kniha (2SNS)



OB-fold (oligonucleotide/oligosachcaride binding, 1JMC)

Vice OB — RPA70 (A+B) vytvafri prodlouzenou linearni kapsu



RPA

CST

POT1-TPP1

ATRIP, RAD9, MRE11,p53 - oprava DNA

- protein-proteinove
Interakce (integrita
komplexu + interakce s
dalSimi proteiny/komplexy)
- Dr. Spirek

/- N‘j DBD-ADBD-B  DBD-C
24 BN 78| rearo
nsn-n/
RPA32
nespecificka
vazba "
& ///| RPA14
/ OB1 OB2
B |
K TTAGGGT TAG-
specificka
~ OB1 OB2 vazba
KB POT1
7/ TPP1
K \ Telomerase

OB3
7/ CTC1 (cdc13 v kvasinkach)
STNT CST komplex (RPA-like)
R — regulace telomer
7 TEN1 (obsahuji ssDNA)

- ¢ast komplexu SHELTERIN
— chrani telomery (aby nebyly
povazovany za DSB, reguluje

pristup telomerasy)
Flynn a Zou, CR in BMB, 2010



reazy  RPA32
oy

"\

1 \A :) DBD-D A32

RPA70 / IM&? 2(30 - protein-proteinove
RPA'me\/ DBD-A\{DBD-B '\,‘ I interakce (integrita

110 181 290 301 422 436 616 komE)Iexu)
- cely komplex ~30nt

| 121

Centralni ¢ast RPA komplexu (1L10) a model celého komplexu

Bochkareva et al, EMBO J, 2002
Flynn a Zou, CR in BMB, 2010



TATA-box vazici protein (TBP) -
kllcovy pro sestaveni

pre niciaéniho komplexu (PIC)
@)

start of transcription
TATAbox

TBP TFIID

}_._
__aae»
’_
.

10 anti-paralelnich B-listu
pokryva MZ

Interkaluji se postranni
retézce Phe (hydrofobni v.)
vytvari ohyb (kink) a
rozpléta dsDNA \

Konsensni sekvence:
TATA(A/T)A(A/T)(A/G)




TBP a TFIA (B-barrel — neovlivni DNA strukturu)




- TFIIA (2 podjednotky) komplex interaguje s TBP a DNA a
zajistuje jeho spravnou pozici

- brani represorum v inhibici vazby TBP na TATA-box (ko-
aktivator nékterych sekvenéné specifickych trans. faktoru)
- B-barrel vaze DNA (neovliviiuje strukturu)

start of transcription

TATAbox |

Liljas a spol.



Figure 6-16 Molecular Biology of the Cell

Zacatek/iniciace transkripce —

o =
TFIID (nukleace komplexu) g 2
§ g 3 S 8K
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3 UTP,ATP
CTP, GTP

<

Table 6-3 The General Transcription Factors Needed for Transcription Initiation by Eucaryotic RNA Polymerase Il

TFIID |
TBP subunit 1 recognizes TATA box _
TAF subunits 13 recognizes other DNA sequences near the transcription start point; regulates DNA-binding
by TBP
TFlIB 1 recognizes BRE element in promoters; accurately positions RNA polymerase at the start
site of transcription
TFIIF 3 stabilizes RNA polymerase interaction with TBP and TFIIB; helps attract TFIIE and TFIIH
TFIIE 2 attracts and regulates TFIIH
TFIIH 9 unwinds DNA at the transcription start point, phosphorylates Ser5 of the RNA polymerase

CTD; releases RNA polymerase from the promoter

TFIID is composed of TBP and ~11 additional subunits called TAFs (TBP-associated factors); CTD, C-terminal domain.



- TFIID (1MDa, TAFs) komplex a TBP jsou kliCoveé pro
rozpoznani promotoru a poskytuji scaffold/leSeni pro sestaveni
transkripcniho systému (nukleace PIC)  Bieniosseketal, Nature, 2013

TAF1 cryoEM
TAF2 ;
| TAF3 |

| TAF7 |

Core-THID TTAF Holo-THID
Two-fold symmetric Structure rearrangement Asymmetric
symmetry broken P -

T
Preinitiation complex

- jadro komplexu (symetricke) tvori

TAF4, 5, 6,9 a 12 - po pripojeni vSech i o e S lan
podjednotek TFIID komplexu vCetné T ———
TBP vznika funk&ni (asymetricky) - G
holokomplex (PIC) @G>



- footprint analyza ukazala jak se TFIIA-TFIID/TBP komplex spole¢né vaze
na DNA (TFIIA poméaha vazat TATA box)

A DNase | footprint
5* label upstream 5’ label downstream
- mpIiup - - nHpomomp - -
- DA DA - - - - HIAODA -

-HG -
8 _..
—
31
nulm '.
: 2 1
—
—-— - — —
L I | —
-2 - —
lnrr. -_— 4
. -_._‘-g—-:l
“ .. - = - . =
-= ]
m— ——
+18 e -
— -
MTE p— .
- - -— --
ml"’ SE& B8
— - aan
133 — — . | =
— — -
- i _—
R X R B
+45 — = =
— ey
— — -
P g——— N =
- -55

o <
LL
= =

Cianfrocco et al, Cell, 2013 Q
Louder et al, Nature, 2016



pro dalSi postup transkripce je klicovy TFIIB — propojuje TFIID-
TFIIA s RNApol I

0 5|O 1 ?O 150 200 25|D 3?0

TFIIE | ESRSRONN B finger

start of transcription
TATAbox [~

TBP TFIID

—— Gl

TFIIB

- TFIIB (C-konec = CTD1 a CTD2) vaze TBP a 6-7bp up- a downstream od
ohybu DNA pres cukrfosfatovou kostru (blizko TATA boxu)



- TFIIB (N-konec) vaze RNA polymerasu Il a orientuje TFIID-
TFIIA-DNA komplex na pol Il (do jeho aktivniho centra/cleft)
- Zn-ribbon s dock, B-finger/reader s RNA tunelem

TFIE | SRSRGRN 6 finger

Upstream\ start of transcription
! TATAbox [

TFIIB

2k e

/ Downstream
DNA

Template DNA

- Non-template DNA
RNApol I v



- B-ribbon s dock, B-finger/reader s RNA tunelem, B-core/CTD1 s
wall, B-linker s CC clamp
- umisténi TFIIB determinuje pozici pocatku transkripce

- pozice B-reader (v RNA tunelu) limituje iniciacni krok (12nt RNA)
- po dosazeni 12nt RNA dochazi k disociaci TFIIB (elongace...)

Video

ukadzka RNA polymerasy

TFIE | RGRBBORN © finger

Linker

c
-B
Template
strand
—E*.- . Towards RMA
axit tunnel
RMA

Front view



start of transcription
TATA box [

TFIIB propojuje RNApol Il s jiz
sestavenym TBP/TFIID+

(postupnym odhalovanim detailt struktur, mutagenezi -
podjednotek, funkénimi testy (in vitro a in vivo) byly identifikovany I
Q.

TBP TFIID

vSechny TFIl a ur€eno poradi jejich pusobeni) TF,,B

P T\ sl J —'\)— 90° MTE DPE

(Q
C{D TFIIF _ other factors

1 eeee
s \f.~
- o

TFIIH

RNA polymeraselll

"\__a\i

UTP, ATP HELICASE ACTIVITY
CTP.GTP | AND CTD PHOSPHORYLATION

DISASSEMBLY OF MOST
GENERAL TRANSCRIPTION
FACTORS e e

- cryoEM komplexu
TBP(bez TFIID) +

+ TFIIB + RNApol 1|
- po navazani pol I
disociuje TAF1/2 ...

bez TFIID

- TRANSCRIPTION
BREu TATA BREd INR

-TBP - lIA - 1IB -

He et al, Nature, 2013



Rekonstrukce celého PIC

- biotin-DNA navazana na streptavidinové
kulicky — na DNA nachytany in vitro
sestavené komplexy — odstépeno Sall a
cryoEM - postupné rekonstituovan cely PIC

He et al, Nature, 2013

CT [

BREu TATA BREd

—> TFIID(TBP) —> TFIIA — TFIIB — Pol II/TFIIF — TFIIE—

TBP(bez TFIID) +

bt TFIIB + RNARol I + THIIE

+ TFIIF

start of transcription
TATA box [

(A)
}—‘— -
-

TBP TFIID

(B)
}— %
Q.

CID TFIIF _ other factors

|\ "yees
- -

RNA polymeraselll

=, @o6e
(D) - '




RNA pol I

- TFIIF (navazany na
pol II) stabilizuje DNA v

., prohlubni/cleft pol Il a
pomaha TFIIB s
nastavenim startu
~ES o (WHD z RAP30
" EETR e podjednotky vaze pfimo
| DNA: BREdownstream)
- vaze TFIIE a pomaha
tak stabilizaci komplexu

TFIIB

He et al, Nature, 2013
+59

- = Biotin

Sall

BREu TATA BREd
— TFIID(TBP) — TFIIA — TFIIB — /TFIIF — TFIIE—

b T
44 227 354
400
92 292
Dimerizace WHD

Vanini & Cramer, Mol Cell, 2012




b

BREu TATA BREd

—> TFIID(TBP) —> TFIIA — TFIIB —>

c

Sall

/TFIIF— TFIIE—>

- TFIIF vaze TFIIE a
pomaha tak stabilizaci
komplexu

- tandem 4x WHD
uzamyka DNA v
RNApol Il prohlubni

Vanini & Cramer, Mol Cell, 2012



a i A leSeni/scaffold

:::PD,/-%E? m
| : Sk 2 :

| ity

XPB

- XPB a XPD reguluji transkripci vs opravu DNA (NER)
lidsky PIC komplex

41 E +59 He et al, Nature, 2013
|_1H8iotin

T e o podeonone
TR e e - 450K Da), podkomplex

’ E ° § : i CDK7-cyclin H-MAT1

fosforyluje pol Il (Rpb1l)
- XPB v kontaktu s DNA
rozviji dvousroubovici




Kompletni PIC i s TFIID komplexem Louder et al, Nature, 2016

start of transcription
RNA polymerase Il

TATA box ™
GENERAL TRANSCRIPTION

DISASSEMBLY OF MOST
FACTORS e

ELICASE ACTIVITY
AND CTD PHOSPHORYLATION

¥

TRANSCRIPTION

UTP, ATP
CTP.GTP



- cely mechanismus aktivace

transkripce od vazby aktivatoru ...

uvolnéni chromatinove struktury
. zahrnuje jesté dalSi komplexy
(Jjako napr. mediator)

mediator

Gibbons et al, PNAS, 2012

TFIH

r activator protein
| ____§

e e e e -
L TATA box

enhancer start of
{binding site for BINDING OF transcription
activator protein) GENERAL TRANSCRIPTION

FACTORS, RNA POLYMERASE,
MEDIATOR, CHROMATIN REMODELING
COMPLEXES, AND HISTONE ACETYLASES

S —

chromatin
remodeling

mediator T Eaplx
ehp ‘

-

E |

TRANSCRIPTION BEGINS

histone-modifying
enzyme

RNA polymerase
capping
factors

Pristé

Dr. Blazek:
Uloha Cdk
kinas v
regulaci xg;gsﬁ;g/
transkripce a
bunééného

cyklu

splicing
proteins

3’ end processing
proteins



zacatek transkripce - faktory

TABLE 1 Components of the human general transcription machinery

Factor Protein composition Function

TFIIA | p35(a), p19(3), and p12 (y) Antirepressor; stabilizes TBP-TATA complex; coactivator

TFIIB p33 Start site selection; stabilize TBP-TATA complex; pol II/TFIIF recruitment
TFIID  TBP + TAFs (TAF1-TAF14) Core promoter-binding factor ATA oy 2O raNScription
Coactivator )
Protein kinase -%
Ubiquitin-activating/conjugating activity O
Histone acetyltransferase }——.%.
TFIIE  p56 (o) and p34 (3) Recruits TFIIH -
Facilitates formation of an initiation-compentent pol || o VI S
Involved in promoter clearance o+ \/7 .
TFIIF RAP30 and RAP74 Binds pol Il and facilitates pol Il recruitment to the promoter " ay

RNA polymerase Il

Recruits TFIIE and TFIIH

Quuu
Functions with TFIIB and pol Il in start site selection gﬂ-_

Facilitates pol Il promoter escape ) “ j
Dr. Spirek Enhances the efficiency of pol Il elongation Lyl < e -
TFIIH  P89/XPB, p80/XPD, p62, p52, ATPase activity for transcription initiation and promoter clearance E&E‘;ﬁi&”ﬁ;}&ggﬂm
g
p44, p40/CDK7, p38/Cyclin H, Helicase activity for promoter opening e f“‘-d
p34, p32/MAT1, and p8/TFB5  Transcription-coupled nucleotide excision repair ® _we 3
Dr. Blazek Kinase activity for phosphorylating pol Il CTD | e
E3 ubiquitin ligase activity TRANSCHIFTION
pol Il RPB1-RPB12 Transcription initiation, elongation, termination

Recruitment of mRNA capping enzymes
Transcription-coupled recruitment of splicing and 3’ end processing factors
CTD phosphorylation, glycosylation, and ubiquitination
Thomas et al., CRiBMB, 2006



GCNS

2 Pol 11
Complex

Holoenzyme

IFN-3 enhanceosom

Paol 11

DNA neni rovna volna kolej ..., > ]
oloenzym

ale obrovsky nukleoproteinovy
komplex

pfed i v prubéhu transkripce
musi byt proteiny (nukleosomy)
rozvolnény c¢i odstranény a poté
opét navazany

Pal 11

' " Holoenzyme

cep

Agalioto et al, Cell, 2000
Panne, CO in SB, 2008



..rozbalovani . %
&:ﬂ mMm’

nukleosom U {\)
klicova interakce mezi dvéma H—J L‘,J"
H3-H4 dimery je ua ma.n..

zprostredkovana histonem H3
H3- I-Mtnnm-er i Hi? ~H2B

Dimery H2A-H2B se vazou
nasledné z obou stran
tetrameru (H3-H4), E

1 bind to H3-H4
tetramer

- v opacné poradi Ize nukleosom
rozbalit

- chaperony (ATP-dependent
remodelacni “stroje”, ,chaperony pro
komplexy“) pomahaji sbalit i rozbalit ' S
nukleosomy |

Fiaure 4-26 Molecular Bioloav of the Cell (© Garland Science 2008)



FACT komplex

- histon chaperon komplex FACT (facilitates chromatin transcription) je
slozen ze 2 podjednotek (Sptl6 a Pob3/SSRP1)

-rozeznava histon H2A-H2B heterodimer
(interferuje s vazbou na DNA
tzn. rozruSeni vazby H2A-H2B s DNA)

H3 N-term | %
helix -

Loss-of-function deletion in FACTAC
817 1029

TS ma G =1 Spti6
444] Spt16D |666 Spti6M 943 1029

Pob3

Hondele et al., Nature, 2013



Histonové H3 -H4 chaperony

tetramerization interface {J&

H4/H3 dimer - Asf1 CAF-1p55 - H4 helix 1

A
t‘r.‘!&‘ﬁ- l‘? !ﬁ W’l ,'i l %! : ‘ . m’b ‘

e Ll M sl I "

H3 N-t ‘ o ".“ ‘ 'M

= | i

s
W H2A H2B
B C =
Histone H3/H4

- ASF1 (antisilencing function) — interferuje s tetramerizacnim povrchem H3-H4
- CAF1 (chromatin assambly factor) — interferuje s vazbou H3-H4 k DNA)

Ransom et al, Cell, 2010



Histon chaperon vy - replikace

- procesy jako replikace, transkripce, oprava DNA vyzaduji odstranéni
nukleosomu (obsahuji ssDNA) ... a poté zase jejich nabaleni ... (feedback:
inhibice chromatin assembly inhibuje disassembly nukleosomu)

Ransom et al, Cell, 2010

Sequence specific
ONA binding factor

Chromatin
disassembly reassembly

=il Parental H3/H4 heterodimer
__» Parontal H2A/H2B heterodimer

el Mow H3/H4 heterodimer

4 MNew HIA/HIB heteradimer

250-300bp — cca nukleosom Incorporation of the parental
pattern of histone modifications

onto the new histones




Histon chaperon y

Table 1. Histone Chaperones Implicated in DNA Replication and Repair

Histone Cargo Histone Chaperone

Interactions and Function during Replication

Interactions and Function during Repair

H3/H4

H2A/H2B

H1
CenH3/H4

CAF-1 (p150, p60, p48)

Asf1

Rtt106
NASP

FACT (Spt16 and Pob3);

also binds H3/H4
NAP1

Chz1
NASP

Scm3 (S.c. and S.p.);
HJURP (H.s.)

PCNA, Asf1; chromatin assembly; heterochromatin
silencing

RFC, MCM, CAF-1; promotes H3 K56 acetylation
leading to chromatin assembly; chromatin
disassembly”; histone buffer

Chromatin assembly; heterochromatin silencing
Histone buffer*

MCM, RPA, DNA pol I; chromatin assembly*;
chromatin disassembly*

Histone shuttling; chromatin assembly**; chromatin
disassembly™*

Chromatin assembly”

Mis18, RbAp48, Nucleophosmin; centromere
identity

PCNA, BLM, WRN, Asf1; chromatin assembly;
promotes checkpoint recovery

CAF-1; promotes H3 K56 acetylation leading
to chromatin assembly; promotes checkpoint
recovery

Histone buffer*
yH2AX/H2B exchange for H2A/H2B

H2AZ H2B exchange for H2A/H2B; promotes
DNA resection

" indicates a likely role although not concTUSIVEly proven, ang - Maicates @ PoSSIDIE Toe. ©.C., oacearomyces cerevisiae, o.p., scnizosacena-

romyces pombe; H.s., Homo sapiens. Only the interacting proteins that are pertinent to DNA repair and replication have been listed. The sources of
all information given are cited in the text.

- nové syntetizované H3 (replikace) jsou acetylované na K56 — jsou specificky
rozeznavany a zainkorporovavany CAF-1 komplexem

- acetylace K56 (Sroubovice) interferuje s vazbou na DNA (cca 8x slabsi)

- pozice nukleosomu je nahodna a nasledné je ,upravena“ pomoci
remodelacnich komplexu (a teprve poté je H3 K56 deacetylovan a stabilizovan)



Before DNA damage
Removal of H2AX is inhibited

Aftar DNA damage
yH2AX/H2B is transiently exchanged for H2A . Z/H2B

|

_Kl—-'@f—@»

After DNA repair
yH2AX is exchanged for H2A/H2B

_&m@/“@;——-@f

Ransom et al, Cell, 2010

Oprava poskozene
DNA — histonové
varianty

- poSkozena DNA signalizuje/spousti
,DNA damage checkpoint” - kinasy

- H2A . X varianta je fosforylovana (v
okoli poSkozeni ~50kb béhem 15min;
H2A u kvasinek)

- H2A.Z varianta je zainkorporovana v
okoli poSkozeni (SWR a Chzl —
remodelacni komplexy) a pomaha
resekci DNA

- po opravé poskozeni je yH2A.X
vyménén FACT komplexem za
nefosforylovany H2A.X (a H2A) ...

- nefosforylovany H2A. X je chranén
pred FACT ribosylaci (PARP1)



Histon ové varianty

histone fold SPECIAL FUNCTION
| 1
H3
H3.3 A: transcriptional activation
CENP-A ¢ — : centromere function and
~ loop insert kinetochore assembly
(u kvasinek yH2A
H2A —_——————————————— fosforylovany H2A)
H2AX ' ' DNA repair and
. : recombination
H2AZ : : gene expression,
s ——————————— :
: chromosome segregation

transcriptional repression,

MAaCrOH2A | s i— . o
: ; X-chromosome inactivation

histone fold

Figure 4-41 Molecular Biology of the Cell (© Garland Science 2008) Mattiroli et al., EMBO Rep, 2015



Select human H2A variants Acidic Identity Chaperones
patch
HoA S | 100%  NAP1,FACT
H2A.B B | 35% -
H2AX S | s QEY  s2% _
oA | B/ %% APLF
Macro domain
(25 KDa)
. Acidic
Yeast H2A variants ik
H2A  § S,,,QEL 74% Nap1
H2AZ [ | 50% Swr1, Chz1
(Htz1)
A H2A-H2B H2A.Z-H2B

( \
A

“ L v

maji (mirné) odliSné vlastnosti
vysledny chromatin se lisi od
,2hormalniho*

Mattiroli et al., EMBO Rep, 2015



Select human H3 variants Identity Chaperones

H3.1/2 A 100% ASF1, CAF-1
H3.3 S AAIG S 96% ASF1, HIRA,
DAXX/ATRX
Centgoeve I - HJURP
Yeast H3 variants
H3 S SAIG S 88% Asf1, CAF-1,
HIR
Cenacwt I 0% Somd
H3-H4 H3.3-H4

CenH3CENP-A_H4

Mattiroli et al., EMBO Rep, 2015



Variantni histony

Centromere Telomere

Euchromatin
B Heterochromatin
with H2A.Z
B with phosphorylated Ser31
with H3.3
! with centromeric H3

A

Telomere

Silent Chromatin Open Chromatin
B Siiencing complexes Canonical Nucleosome

Variantni histony mohou vyznacovat hranice chromozomalnich domeén.
(A) Typicky chromozom vykazujici domenoveé ¢lenéni. (B) V kvasinkach
brani H2A.Z Sifeni uml€eného chromatinu do sousednich oblasti...

(D) Centromerické nucleozémy obsahuji centromerickou variantu H3.

- CenH3/CENP-A ... specificky v centromerach
- H2A.Z - v regulaci transkripce, oprave DNA, hranice chromatinu

(integrita centromer a telomer)



Funkéni diverzita variantnich histonu (eusaria s snargava, FE8S J. 2005)

Histone Variant Functional association

Mammals | Yeast | Drosophila

H3 H3.1 - - S-phase subtypes
H3.2 - - S-phase subtypes
H3.3 H3.3 H3.3 Transcriptionally active regions
—1 > | Cenp-A Csed Cid Centromeric nucleosomes
H2A i o . . o :
] Different functions in various organisms: maintenance of pericentric and telomeric
H2A.Z Htz1 H2Ay=3 heterochromatin, transcriptional activation and viability
Sex body in mammals, site of DNA double stranded breaks; condensation and
T > | H2A X H2A H2Ay= silencing of male sex chromosome
MacroH2 Inactivation of X-chromosome, interferes with both transcription factor binding and
A - - SWI/SNF remodelling
H2ABbd | — - Close spacing of nucleosomes

- moznost nové zabudovat histonove varianty pomoci chaperonu
a remodelacnich komplexu

- nejznamégjsi: CenH3/CENP-A (specificky v centromerach —
ukotveni kinetochor — kliGovy pro segregaci chromosomu)

- H2A.X kli¢ovy v opravé DNA

- H2A.Z v regulaci transkripce, oprave DNA, hranice chromatinu



specificky chromatin s CENP-A histonem kotvi kinetochory -
tah mikrotubult (a kohesiny) zajiStuji spravnou segregaci v
anafazi — CENP-A musi mit jiné vazebné schopnosti ...

7 7
N N\
normal nucleosome with
nucleosome centromere-specific
(A) histone H3

sequence-specific
DNA binding protein

microtubule

yeast kinetochore centromere-
specific

(B) nucleosome

Figure 4-48 Molecular Biology of the Cell (© Garland Science 2008)



Pericentric Kinetochore Pericentric

heterochromatin assembly heterochromatin
Centromery
oo 1111
SO0 W e
S. pombe
(| H diMeK4-H3
~20-100 kb ~3 kb 4-7 kb =5 kb ~20-100 kb
Dmeianogasrerl IIII IIIIIIIIII IIIIIIII N II
- | Repetitivhi sekvence vytvarejici
p simple repeats
P e specificky chromatin — CENP-A
~500 kb . ’ sy
histon, ktery kotvi kinetochoru
i 1] . . L
00000 00 0 0 0000000 (kolem je pericentromericky
i heterochromatin a SMC
mooms | asmmmaars | movomen komplexy)
~0.5-1.5 Mbp

tah mikrotubult a kohesiny
zajistuji spravnou segregaci v
anafazi



Remodela €ni komplexy

- neodstranuji histony, ale pomahaji pfi vyméné histonovych variant (SWR)
nebo ,sklouznuti“ (INO80, RSC) tj. remodelovani nukleosomu

INOBO biological functions SWR1 biological functions
Transcription repression and activation H2A.Z deposition flanking nucleosome-free region
around transcription site
Transoription H2A Z H2B Z
faciors d } N\ T
ol ( YR
Transc:ript
factors
- = Loading of H2ZA.Z around DSB
DMA repair and checkpoint regulation
WX
@I nl '.ﬁ‘ ﬁl () & @y @ GG,
PP TS INOBD a RPA o t ﬂ '_QD‘QD' -W—
Replication fork stabilization Replication fork progression I
DONA damage tolerance @, @ @
—apap— f
= " . ] . < L "y ."' L [ &;1{
. J _ | Checkpaint factors
\ T a0 o R . Va s P factors
hTEE = : v I H2A.Z deposition at the boundary of euchromatin and heterochromatin
ULE N conaition INOSO | Pt
¢ i Checkpoint Y
: o | ) factors - ) \ -

Bao a Shen, Snapshot in Cell, 2010




bromodoména

A
H2A Z-H2B dimer
«— binding site
H2A.Z-H2E dimer
secondary
binding ste >

Billon a Cote, BBA, 2012 Bao a Shen, Snapshot in Cell, 2010

ATP ADP+Fi

yird

First HZA.Z-HZ2B
dimer exchange

H2A H2B

Second H2A.Z-H2B
dimer exchange

ATP ADP+Pi

- SWR komplex specificky zamenuje H2A-H2B dimer za H2A.Z-H2B




1102 ‘(P¥T) 119D ‘LOHSAVYNS

RSC remodelovaci komplex

Remodeler/nucleosome complex

DNA entry/exit points Histone H3 tall

Model of the RSC-nucleosome complex
® Sth1 conducts ATP-dependent DNA translocation

DNA is drawn from one side of the nucleosome and
pumped toward the other

Disruption of histone-DNA contacts leads to remodeling
outcomes (see below)

Predicted translocase
binding site Dyad axis

The differant aiteamase af SWI/SNF chramatin ramadalinn

ATP-dependent Ay
chromatin remodeling
complex

DNA-binding protein

CATALYSIS OF
NUCLEOSOME SLIDING

Figure 4-29 Molecular Biology of the Cell (© Garland Science 2008)

-

~

~u

RSC (SWI/SNF) komplexy obKIopi nukleosom (rozvolni Se vazba s DNA a posouva se)



Gerhold a Gasser, TiCB, 2014

1

(A) RSC - RSC (SWI/SNF) komplexy obklopi
Nucleosome engulfing nukleosom (rozvolni se vazba s DNA a

posouva se)
- nukleosom je zavésen na SWR-C
komplexu — komplex vaze jesté dimer,
ktery je schopen vyménit
- nukleosom je uchopen INO80
komplexem (pres podobné slozeni
podjednotek — funguji odliSné)

(C) SWR-C (D) INO80-C
Nucleosome clinging Nucleosome grasping

TRENDS in Cell Biology




- Samotny chromosom je obrovskym dynamickym
nukleoproteinovym komplexem s mnoha odliSnymi ¢astmi

- DNA makromolekula asociovana s raznymi proteinovymi
komplexy — (lidsky genom 3x10°bp — natazeny fetézec 1chromosomu cca 4cm!!)

Average human chromosome:
DNA molecule: ~4 cm

o 10 000x
Mitotic chromosome ~4 um

Genome sizes:

human 3 billion bp 2m
field bean 13 billion bp Om
trumpet lily 90 billion bp 60 m

salamander <120 billionbp 80 m




- Samotny chromosom je obrovskym dynamickym
nukleoproteinovym komplexem s mnoha odliSnymi ¢astmi
- DNA makromolekula asociovana s raznymi proteinovymi
komplexy — (lidsky genom 3x10°bp — natazeny fetézec 1chromosomu cca 4cm!!)
- komplexy vytva fejici strukturu chromosomu
- vytva Fi zakladni strukturu
- nukleosomy (histonovy oktamer) a histony (H1)
- HMG, HP proteiny
- vytvari specializované domény
- centromery, telomery
- podili se na dynamice struktury
- kohesin, kondensin a SMC5-6 komplex

Struktura a funkce eukaryotickych chromozomu (C9041)



Dynamika chromatinu

Dr. Grobsky




mitoticky o iterfzni shortregionof — ANANNNNN,  120m

: A~ T
“beads-on-a-string” W 11 nm
form of chromatin '\ / 1
Y

30-nm chromatin

fiber of packed 30 nm
nucleosomes

section of

chromosome in

extended form 300 nm

condensed section
of chromosome

centromere

entire
mitotic
chromosome

1400 nm

NET RESULT: EACH DNA MOLECULE HAS BEEN
PACKAGED INTO A MITOTIC CHROMOSOME THAT
1S 10,000-FOLD SHORTER THAN ITS EXTENDED LENGTH

(A)

Figure 4-20 Molecular Biology of the Cell (© Garland Science 2008)



- H2A, H2B, H3, H4 histony vytvari
nukleosomy = prvni uroven
organizace

- histon H1 propojuje nukleosomy

- Jakeé jsou dalSi organizacni
urovné?

- SMC jsou nezbytné pro vytvareni
chromatinovych smycek

Figure 4-72 Molecular Biology of the Cell (© Garland Science 2008)

short region of

DNA double helix Qf/\\//\’\//\,\//\'\// 12nm
“beads-on-a-string” W :

form of chromatin

11 nm

30-nm chromatin
fiber of packed
nucleosomes

30 nm

section of
chromosome in

extended form 300 nm

condensed section

—

of chromosome (1 '_ ¢ Y
: 0 | ;__ /% /lm J_700 nm
I\I I/centromere

entire

chromosome

NET RESULT: EACH DNA MOLECULE HAS BEEN
PACKAGED INTO A MITOTIC CHROMOSOME THAT
1S 10,000-FOLD SHORTER THAN ITS EXTENDED LENGTH



Haering and Jessberger, Exp Cell Biol, 2012

- SMC jsou nezbytne pro
vytvareni chromatinovych
smycek

- podili se na regulaci
segregace chromosomu a
na oprave DSBs

plEWwoIyd-enul

(wsuapuod g usayoo)

—
-

SPIRWOIND JDJSiS

inter-chromatid
SMC6 SMC5

MukB homodimer Smc2 Smc4 Smc1

Smc3

B mknr Candensin Cohasin Smes/R

44

)

2J9WONUDD

|
inter-chromatid

|

- slozeni SMC komplexu
- dlouha ramena SMC,
dimerizace pres hinge,
ATPase heads
premostény ATP a
kleisinovou podjednotkou
- SMC proteiny vytvari
krouzky, které drzi DNA



Komplexy SMC

Prokaryota Eukaryota (esencialni)
- - ¢ Bacterial SMC ¢N-terminus Hinge C-terminus
Coiled-coil Coiled-coil
SMCH }-SMC ,

homodimer 2x myosin heads<

Myosin tail

b IEpsaET
HETER

%

Y
SloZent: RO
SMC dimery (homo- a hetero-) - konzervovangjsi (starsi) nez histony
non-SMC podjednotky (2 — 6)



Condensin | Condensin |l Smch/6

/- HEAT-I =
HEAT-IA HEAT-IB  HEAT-IIA . Tandem-WHD Tandem-WHD

Cohesin complexes
COhEQﬂ Sister chromatids

- nejlépe prostudovany kohesin — objima
DNA — pojme 2 vlakna (chromatinova
smycCka nebo sesterské chromatidy)

SCC3
(SA1/SA2) Haering a Gruber, Cell SnapShot, 2015

PDS5



Kohesin interaguje s CTCF ...

(a)

sub-TAD

T
1
1
1
|
I
1
1

H
E T enhancer-promoter
: I B interactions
(~T1AhD,,b) : J L (usually < 100 Kb)
i . CTCF
¢ Cohesin
" ) Mediator
L L R
- CTCF ,jizoluje* transkripcni W —— ~d

faktory a reguluje trankripci
- interaguje s kohesinem a podili
se na utvareni vyssich
chromatinovych struktur P

Enhancer._

- ' I"
-
Bonora et al. CO in GD, 2014 '\~/

Ay




... a kohesin interaguje s mediatorem

(a)

BT enhancer-promoter

1 interactions

- 1
L

= (usually < 100 Kb)

(~ 1 Mb)

N

- mediator interaguje s GTFs a
RNA polymerazou
(zprostredkuje interakce mezi
GTFs a aktivatory transkripce)

- kohesin interaguje s
mediatorem a napomaha tvorbe
transkripcnich smycek

Carlsten et al., TiBS, 2013



sub-TADs

G00-1000 ki
= |

@CTCF &> Cohesin | Mediator

kohesin se podili na regulaci
,cell-specific* transkripce a
chromatinoveé struktury (ukazuje
se jak uzky vztah mezi témito
urovnémi existuje)

kombinace interakci kohesinu s
CTCF a mediatorem jsou klicové
pro ,bunécnou specificitu*

Bodnar & Spector, Cell, 2013
Phillips-Cremins et al, Cell, 2013

ES cell-derived
ES cell neural precursor cell

9 CTCF <_>Cohesin ﬁ Mediator




Chromatinové domeny maiji raznou strukturu smycek a vlaken
— lokalizace domeén v prostoru jadra — ukotveni

(heterochromatinu v bllzkostl membrany NP)
NNV $2nm P

\ 4

Nucleosome (10-nm fiber)

DDD v
\ 4

30-nm chromatin fiber Irregular folding of nucleosome
(without regular chromatin fiber)

DNA

Nucleus

Chromosome

~10um 3~700nm

Maeshima et al, Chromosoma, 2014



0

Condensin Il

Linear looping

A
0

Condensin Il

Kschonsak a Haering, BioEssays, 2015  Condensinl  Condensin |I

v-SMC x-SMC  v-SMC Iy

HEAT-IA HEAT-IB  HEAT-lIA

Condensin Il J_* e

: W\

Hirano, CSHPB, 2015  |Lateral compression

6

C
Cohesin
) —3fE—
Axial compression

@]

@ 1.-> <= Condensin |
Condensin |
Metaphase

Kondensin | ,,zuzuje“ zatimco
komplex Il kondensuje podélné
(osoveé)



Kondensin tvori centralni osu (Cervena) — organizuje
nepravidelné smycky chromatinovych viaken

The Formation Of The Radial Loop Chromosome

Packing
Ratio

Double Stranded DNA >oooooooooo<}ém

!

10 nm Nucleosomes

l

30 nm Solenoid

Chromosome

11 x10%bp.

(per miniband)

12x10*

18 loops/
Miniband

1.2x10*

30 nm

Woodcock a Ghosh, CSHPB, 2010



Establishment of
Sister-Chromatid Cohesion

- na navlecCeni kohesinu na DNA a jeho
stabilizaci se podili mnoho faktoru (loading
faktor NIPBL/MAUZ2, acetylace ESCO1)

- kohesin je odstranén z ramen pfi
kondenzaci, ale na centromerach ho chrani
shugoshin

- v anafazi je otevien separasou

<2 | NiPBUMAUZ . Soparss
i WAPL/PDS5
Cohesin 0
G1 Mitosis
u u LI i
Cohesin Cohesion Cohesion Prophase Yen et al., Cell, 2013 Anaphase
loading and unloading establishment maintenance Zakari et al., WIREs Dev Biol, 2015



ChIP signal

LA LMM

T 1 1 -

Haering a Gruber, Cell SnapShot, 2015

50:kb 2kb ‘ 2 kb 50 kb Distance (kb)
Cd\es"l loaded ‘ 4 ‘ ‘ ‘ 4 Douue.‘tnnd mk Cd"ﬁiﬂ |Oad9d
during S phase v Y Y v Y t ' during S phase
) 7=
-

Kohesin a SMC5/6 napomahaji pfi opravé dvou-retézcovych
zlomu v G2/M fazi (kohesin drzi homologni sesterskeé chromatidy
pfi sobé — lepSi HR)

'ESCO1/2.

Q.~ > DNA damage ‘
=p IR P & Sl

Smc5/6 loadmg
I ' ~ Sororin

Topo |

Q2 J

Cohesin loading Smc5/6 loading



Cohesion Transcription

Roberts ‘_Dgfecti\_ve SA1 ( \
Syndrome  proliferation \ \ |

Precocious -e— Esco2 |
dissociation of g SA2 Cornelia de Lange
/ sisters ] [ —®  Syndrome

Cancer -¢— Aneuploidy ’
Reduced loading at Transcriptional dysregulation

\ Impaired precise sites Smc1 e
telqme_re --— SA1 Nipbl Smc3 SA1
replication HDACS :Ea d;-1 dsSA/B

Current Opinion in Cell Biology

Remeseiro & Losada, CO in Cell Biol, 2012

Mannini et al, Hum Mut, 2013

T

mutace podjednotek kohesinu a jeho
regulacnich faktort zpusobuji
kohesinopatie (napr. Cornelia de Lange
syndrom = transkrip¢ni defekt) a ruzné
typy nadoru (defekt segregacni — 95%
nadoru je aneuploidnich)



