» Uvod - Analyza proteinu
— Domeény
« fold-struktura (ss, 3D — homolog v PDB? — I-TASSER)
* Interakce (IntAct, BioGRID)

— Komplexy
 Funkce
* Lokalizace

— evoluce
 Konkrétni nova data — ¢lanek
* V PyMolu pripravit 3D movie

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

PhD studenti anglicky



- komplexy podilejici se na replikaci DNA
- komplexy ucastnici se prepisu informace
- komplexy opravujici poskozenou DNA
- komplexy vytvarejici strukturu chromosomu
- samotny chromosom je obrovskym dynamickym
nukleoproteinovym komplexem (nikoli hola DNA)

Co zde schazi??

Chromatin = histony ... 1
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- komplexy podilejici se na replikaci DNA
- komplexy ucastnici se prepisu informace
- komplexy opravujici poskozenou DNA

TRANSKRIPCE R

pb4/7

kvasinkovy PIC komplex
Gibbons et al, PNAS, 2012



- Samotny chromosom je obrovskym dynamickym
nukleoproteinovym komplexem s mnoha odlisnymi castmi
- DNA makromolekula asociovana s ruznymi proteinovymi
komplexy — (lidsky genom 3x10°bp — nataZeny fetézec 1chromosomu cca 4cm!!)
- komplexy vytvarejici strukturu chromosomu
- vytvari zakladni strukturu
- nukleosomy (histonovy oktamer) a histony (H1)
- HMG, HP proteiny
- vytvari specializované domeny
- centromery, telomery
- podili se na dynamice struktury
- kohesin, kondensin a SMC5-6 komplex
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Struktura a funkce eukaryotickych chromozomu (C9041)



komplexy vytvarejici strukturu chromosomu
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Nukleosom
oktamer histonu
H2A, H2B, H3, H4 N
histon fold




- 146bp — histon fold - centralni ¢ast DNA vaze tetramer H3-H4
- okraje DNA vazou dimery H2A-H2B
- 10bp konce DNA vazou N-koncové Sroubovice H3 (acetylovany K56)



Skladani histonu do nukleosomu
(komplexu)

H3 N-term i‘-
helix ':1““
P F )
W H2A HZB H4 H3

helix

- 146bp - centralni Cast DNA vaze tetramer H3-H4
- H3 dimerizuje pres postrani Sroubovici
- okraje DNA vazou dimery H2A-H2B

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

Ransom et al, Cell, 2010



o Sestavovéni nukleozomU'

b o

H3-H4 dlme/g

histone
octamer

v s o

- H3 dimerizuje pres postrani sroubovici a
vytvari tetramer ktery asociuje s DNA

- dimery H2A-H2B se vazou nasledne z obou
stran tetrameru (H3-H4),

- pfi uvolnovani odpadaji nejdrive dimery H2A-
H2B

- H2A a H3 existuji ve vice variantach, které

wodimers  MONOU byt zamenéeény v nukleosomu

[ bind to H3-H4
tetramer

A

%%—r II%. F 3 } . * £l : i R -' TP iz G ol B

Kse Y " : .

i st "" ii . ' . : g, H3 N-term

bl » - Y = z helix
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F H2A H2B8 H3

Nabalovanl a rozbalovani histonu

Figure 4-26 Molecular Biology of the Cell (© Garland Science 2008) Ransom et al, Cell, 2010



Histonové H3-H4 chaperony

H3 M-term a_‘-,

b H3 N-term
helix =1 oy hredix
-y G
¥ H2A HZ2B H2B H24 *
B Dyad G D

f"i"" Histone Ha/H4

x.m: A g ] ttr’l’- igrization interface 'U‘-,_

H4 helix 1.

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

- Postupné sestavovani (a uvolhovani) histonu je zprostfedkovano ruznymi
chaperony (+ ATP-dependent remodeling “stroji”)

- ASF1 (gntigilencing function, tetramerizace) => CAF1 (ghromatin assambly factor, vazba k DNA)

Ransom et al, Cell, 2010



Histon chaperony - replikace

- na ssDNA nukleosomy nejsou: replikace, transkripce, oprava DNA ...

- prfed temito procesy se musi histony odstranit a poté zase nabalit ...

(feedback: inhibice chromatin assembly inhibuje disassembly nukleosomu)

- 1. ASF1 (vaze MCM a PCNA) a 2. CAF1 (assembly) pro H3-H4
disassemPly a a§§embly

\FAeD A
. /Replication

= _machinery
o)

Sequence specific
DNA binding factor

d 7
Chromatin Chromatin
disassembly reassembly
=iy Parental HA/H4 heterodimer
~ > Parantal H2A/H2B heterodimer 250-300bp — CCa nu kleosom Incorporation of the parental

pattern of histone modifications

el New H3/H4 heterodimer h hist
Ransom et al, Cell, 2010 gui. M. new meronee

4 MNew HEZAMEB heteradimer




FACT komplex

- histon chaperon komplex FACT (facilitates chromatin transcription) je
slozen ze 2 podjednotek (Spt16 a Pob3/SSRP1)

- dimerizacni Cast také interaguje s DNA-polymerasou (spojeni s
replikaci) o :
- rozeznava histon H2A-H2B heterodimer
(interferuje s vazbou na DNA

tzn. rozruseni vazby H2A-H2B s DN

disassembly a assembly |~

a Loss-of-function deletion in FACTAC
— 817 1029
| | 1 Ul /] Y | 1
( Peptidase-like  PHL NI PHL %:c: Spt16
1 Spt16N 444| Spti6D 666 Spti6M 943 1029
1 Pob3N_ PHL _ PHL Pob3

220 Pob3M 477 552

Hondele et al., Nature, 2013




Histon chaperony

Table 1. Histone Chaperones Implica

ted in DNA Replication and Repair

f

Histone Cargo  Histone Chaperone Interactions and Function during Replication Interactions and Function during Repair
H3/H4 CAF-1 (p150, p60, p48) PCHMA, Asf1; chromatin assembly; heterochromatin
silencing
Asf RFC, MCM, CAF-1; promotes H3 K56 acetylation
leading to chromatin assembly; chromatin
disassembly”®; histone buffer
Rtt106 Chromatin assembly; heterochromatin silencing
NASP Histone buffer*
H2A/HZB FACT (Spt16 and Pob3); | MCM, BPA, DNA pol I; chromatin assembly®;
also binds H3/H4 chromatin disassembly™
MAP Histone shuttling; chromatin assembly™™; Ghmmatinl
Chzi T
H1 NASP Y g 1YL
CenH3a/H4 Scma3 (S.c. and S.p.); ; o
HJURP (H.s.) b e AnO
= [ e = 3
“*" indicates a likely role although not conc £y SRy . I 1
romyces pombe; H.5., Homo sapiens. Only t = — o8 4
all information given are cited in the text. ] v o 2 e g - Nl

- nove 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
remodelaénich komplexu (a teprve poté je H3 K56 deacetylovan a stabilizovan)
- pozdéjsi acetylace (Gcns-HAT) rozvolnuje nukleosomy v mistech transkripce



Funkéni diverzita variantnich histonu (pusara s srargava, Fess 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
— 71— | Cenp-A Csed Cid Centromeric nucleosomes
H2A . ) _ _ _ N . . .
o Different functions in various organisms: maintenance of pericentric and telomeric

H2A Z Hitz1 H2Ay= heterochromatin, transcriptional activation and viability

Sex body in mammals, site of DNA double stranded breaks; condensation and

T > | H2A X H2A H2Aw= silencing of male sex chromosome
MacroH2 Inactivation of X-chromosome, interferes with both transcription factor binding and
A - - SWI'SNF remodelling
H2A Bbd | — - Close spacing of nucleosomes

aDrosophila melanogaster has a single H2A variant, H2Ay, in addition to the major H2A. H2Av is not only a member of H2A.Z family,
it also contains an SQ motif similar to mammalian H24A_ X, It is phosphorylated at Ser137 and hence it is a functional homologue of
H2A X.

- moznost nove zabudovat histonove varianty

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

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




Variantni histony
A

Telomere Centromere Telomere

0 @
% \» Euchromatin
m w B Heterochromatin

with H2A.Z

fu DIUDRUNW P =
Rl ' " ' v W with H3.3
Silent Chromatin Open Chromatin T
B Siiencing complexes Canonical Nucleosome

Variantni histony mohou vyznacovat hranice chromozomalnich domeén.
(A) Typicky chromozom vykazujici doménove Clenéni. (B) V kvasinkach
brani H2A.Z sifeni umlCeného 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)



H2A.7Z -HZ2B chaperones

- H2A.Z je dulezity pro aktivaci transkripceA '\
- 1 nukleosom up- a 1 nukl. down-stream TSS

SWRH1-related remodeling complexes

§ Histone variant H2A.Z
O nistone Hza

> nistone Hes

@ nistone H3

§ nistone H4

- odstranén po aktivaci transkripce ... \r* Transcrption StartSte

~ B

Mucleosome Free Region (NFR)

L L]

C H2a.Z deposition

No transcription «§ Mucleosome reassembly

Gene prepared for transcription during repression

- D Activators binding | Acetylation

Activation of transcription — H2A.7 eviction
Transcription -

Canonical nuclecsome {2 7-containing nucleosome

Billon a Cote, BBA, 2012



Oprava poskozené DNA - chromatin

- na ssDNA nukleosomy nejsou ... oprava DNA

- pfed temito procesy se musi histony odstranit a poté zase nabalit ...

- pro mala poskozeni (NER, BER) postaci mensi zmény chromatinu zatimco
pro vetsi (DSB - resekce DNA tj. vznik ssDNA) musi nukleosomy odstranit
- NER (BER) doprovazeno acetylaci histont a remodelaci (posuvem)

- pfi DSB musi byt odstranény nukleosomy pomoci ASF1 a CAF-1, aby
mohlo dojit k u€inné resekci (patrné fyzicky spojené procesy)

- po opravé poskozené DNA jsou nukleosomy ulozeny zpét (diky interakci
PCNA s ASF1 a CAF-1 —i zde je H3 K56 acetylovan)

- Sgs1/BLM interaguje s CAF-1 a reguluje jeho funkci

- az kompletni reassembly chromatinu signalizuje dokoncCeni opravy!

(D-loop formation) l

Gap-filling DNA synthesis

Ligation

Upravené z Tatum & Li, 2011 e




Checkpoint Kinasas
Function under debate

ATP dependent H2A variant displacing
chromatin remodelers
Muclzcsome remodeling

Hiztone chaperonas
Mucleases

Break site nuclecsome

Donor site nuclecsome

Histonas bound to single

strand DMA (histone

composition, position and
* pccupancy unclaar)

Muclecsomes -

SIoL LI I«1+(\]8

)

e

o
Restoration of

chromatin after repair @1 '@'
Currant Opinion in Genetics & Development

Strand-invasion info
heterochromatic
donar

Tsabar & Haber, CO in GD, 2013




Oprava poskozené DNA — H2A histony

Before DNA damage
Removal of H2AX is inhibited

4@1@Tﬁrﬁf

Aftar DMA damage
YH2AX/HZB is transiently exchanged for H2A.ZHZB

-—&f&/ "@"ﬂi"‘

After DHA repair
yH2AX Iz exchanged for HZA/HZE

(jrerdy
A,
8 e g

Ransom et al, Cell, 2010

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

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

- po opravé poskozeni je YH2A.X
vyménén FACT komplexem za
nefosforylovany H2A. X (a H2A)

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

- H2A.Z varianta je zainkorporovana v
okoli poskozeni (SWR a Chz1) a
pomaha resekci DNA

- ukonceni opravy je signalizovano az
dokonCenim chromatinového viakna



bromodoména

H2A Z-H2B dimer
«— binding site

H2A.Z-H2B dimer

sacondary
binding ste >

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

ATP ADP+Pi

Ino80

Nucleosome sliding
AZ

First H2A.Z-H2B
dimer exchange

Second H2A.Z-H2B
dimer exchange

Arpd H2A.Z H2B

ATP ADP+Pi

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




1,544

'C-Module |

SWR komplex

- mapovani interakci pomoci cross-link a MS analyzy

Nguyen et al., Cell, 2013



SWR1: Functional modules

[ 2°%Z[H2BIbinding]
N-Module

[histone binding]

Rvb1/2

B

M

@ Single Rvb1/2
Heterohexamer

Conformational
changes

[Nucleosome]

SWR komplex

- EM ukazala celkovou strukturu komplexu a
konformacCni zmény po navazani nukleosomu

Nguyen et al., Cell, 2013
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% Nhp10- module
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INO80 komplex

- mapovani interakci pomoci cross-link a MS analyzy
- EM analyza ukazala celkovou strukturu komplexu

Arpg-
module Nhp10- ©

b module

Tosi et al., Cell, 2013



H2Btail . H3tail

- zmapovali i interakce INO80 s nukleosomem (jadro i ,ocasky”)

- konformaéni zména po navazani nukleosomu Tosi et al., Cell, 2013



- ,Sklouznuti®, rozlozeni, odstranéni nukleosomu nebo ,vyména“ histonovych

dimeru

INOBO biological functions

SWR1 biological functions

Transcription repression and activation

Transcription _MM
factors
INOED "

I QU=

H2A.Z deposition flanking nucleosome-free region

around transcription site
! H2A.Z HZE

Transcription
factors

DMA repair and checkpoint regulation

@, B & 6O ® (®)

Replication fork stabilization Replication fork progression
ONA damage tolerance

Replisome

Checkpoint
factors

k o
; E
I\ )
F [
| "l I
Eflr:ﬁinn
E

Loading of H2A.Z around DSB

v ”|“'

@E @}! @
Mir
Checkpoint factors

factors

H2A.Z deposition at the boundary of euchroamatin and heterochromatin

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

(integrita centromer a telomer)

Bao a Shen, Snapshot in Cell, 2010




Vazba H1 uzavira remodelaci chromatinu

NASP chaperon .
pridava histon H1

- nukleosom/H1 %/’
— dal$i non-histon <~
proteiny —

chromatinoveé
viakno




komplexy vytvarejici strukturu chromosomu

- vytvari zakladni strukturu
- nukleosomy (histonovy oktamer) a histony (H1)
- HMG, HP proteiny

- vytvari specializované domeény
- centromery, telomery

- podili se na dynamice struktury
- kohesin, kondensin a SMC5-6 komplex




Repetitivni sekvence vytvarejici

hetorochromatin | assambly e Specificky chromatin — CENP-A
histon, ktery kotvi kinetochoru

] » (kolem je pericentromericky
.M&Hﬂﬂa heterochromatin a SMC

LYY
S. pombe I—I.

~20-100 kb I-I-Ekh 4-T kb —I'3 kb ~20-100 kb dilfeka-13 komplexy)

eve-4 - tah mikrotubult a kohesiny

uul THN) “'uu zajiét’ujl’ spravnou segregaci v
D.melanogaster I_

anafazi

5-bp simple repeats

centromeric chromatin

w-Satellite Higher-order
Monomers a-satellite-arrays

~0.5-1.5 Mbp



Repetitivni sekvence vytvarejici
heterochromati assembly remomomatn  SPECIfICKY chromatin — CENP-A
histon, ktery kotvi kinetochoru

BRRO0 000 I § hetarohromatin & SMC

S. pombe ol | T | cn
~20-100 kb If|~3kb 4-7 kb I—I—B kbl ~20-100 kb Aileld-H3 komplexy)
§ =4 tah mikrotubult a kohesiny
lua 1K “ulu zajistuji spravnou segregaci v
Dmeianogasterl 7 | | anafaZI

|
' centromeric chromatin !

~500 kb
1 — Inner
nm 00 0.0 0000000 netochors
H. sapiens I I Inner

} I} - I | centromere
a-Satellite Higher-order o-Satellite
Monomers a-satellite-arrays Monomers

~0.5-1.5 Mbp

— Quter
R kinetochore

8 Microtubule
Velké komplexy viditelneé EM
Carroll a Straight, Trends in Cell Biol, 2006

Nature Reviews | Molecular Cell Biclogy



Mad2 komplexy kontroluji ukotveni

kinetochor (konformacni zmeéna -

o%ﬂg? _____ : @@dokud nejsou vsechny nedojde k
©o O segregaci)

' : e - APC komplex (ubiquitin ligasa)

- proteolyticky $tépi napf. sekurin

P e @ : _  (uvolfiuje separasu, ktera $tépi
dynactin /A% ; : . . r 7 .
Gl _c—cifed kleisin tj. otevira kohesin)

y . Ndc80/
Spclos/ | MIS12 | HECT :
KMNLT - complex| complex :

' ,@@'@ Inner kinetochore ;

nucleosomes

Mature Reviews | Molecular Cell Biology Nature Reviews | Molecular Cell Biology



vytvari zakladni strukturu
- nukleosomy (histonovy oktamer) a histony (H1)
- HMG, HP proteiny
- vytvari specializované domeény
- centromery, telomery
- podili se na dynamice struktury
- kohesin, kondensin a SMC5-6 komplex




d min DAPI SccIWT ScelRR-DD  GFP

M Od el Uhimann et al., Nature, 1999 150
se pa race — Scc1RR-DD

o 180
chromosomu
(S. cerevisiae)

150
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Separasa-securin ‘

Komplex Mad2/Cdc20
inhibuje APC — po jeho
uvolneni degraduje
(ubiquityluje) sekurin —
uvolni se tak separasa
— Stépi Scc kleisin
kohesinovéeho komplexu
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ATP-binding cassette (ABC)

a b Walker A
C-motif
a Hinge C

Periplasm ATP

binding
—

ATP hydrolysis Agagement

T T

Transition C motif
state

ATP binding

LU L L SRR G L L B i) ok L

C-terminal

Walker B Cytoplasm domain

Walker A E ATP-binding
C motif i - 5.9
Loading i exit 213

pres otevirani *<<4 N /S (:-?..:)
head konce ... : |
N

Dimerizace, vazba na DNA



Kohesin ,,objlmé” DNA
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i
{ Pouziti fliznich proteintl pfi studiu

kohese sesterskych chromatid
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wit Q544K wit

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

Gruber et al., Cell, 2006



0 nkA 100 nv Rapamycin

Uzamceni je pro bunku letalni

—

ﬁ /—-Il'--...__n» _} Chromatin

Scc2/Sced

Smec3

- loading pres hinge
- exit pres head
- Wpl1 destabilizuje Scc1-SMC3

Current Biclogy
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Loading pres hinge, exit pres
head dvéma zpusoby — $tépenim
Kleisinu nebo ATP-rizeny

- regulace acetylaci SMC3

- regulace fosforylaci Scc3



Condensation looping/cohesion DNA-repair

MukB homodimer Smc2  Smecd Smet sme3  SMC6  SMC5

—SUMO

— ubiquitin

B MukR Condensin Cnhesin SmrkiR

uoljonpoJajul JINS

- common features:

- long SMC arms, dimers=hinge, ATPase heads
bridged by kleisin subunits, ring shape (trapping of DNA)
- specific features:

- Nse2 SUMO ligase, Nse1 ubiquitin E3-ligase
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figure 3. Overview of the mitotic chromosome cycle. The top and bottom parts of the cartoon indicate the major events regulating
he dynamics of cohesin and condensin, respectively, along with their regulatory factors. [CGreen circle] Cohesin; (magenta circle|
ondensin [; (light-magenta circle] condensin II. See the text for details.

Losada & Hirano, 2005, Gen&Dev

- aby se mohl chromatin dale kondenzovat musi byt Cast kohesinu

odstranéna
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- CTCF se vaze/kolokalizuje v
oblastech s H3.3 a H2A.Z variantnimi
histony

-CTCF interaguje s kohesinem a spolu
vytvari transkripCni smycky

- ZAVER: struktura chromatinu je
modulovana mnoha proteinovymi
komplexy na ruznych stupnich jeho
organizace

Millau a Gaudreau, Bioch. Cell Biol, 2011



