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Replikacia

e zakladna funkcia bunky = Specifikovat biochemické vlastnosti
transkriptom + protedm = zabezpecenie a regulacia biochemickych
procesov v bunke

e pokracovanie v dcérskych bunkach = potreba replikacie

* replikacia = duplikacia gendmu materskej bunky a jej prenos do
dcérskej bunky

* presnost verzus mutdcie
 mechanizmy DNA replikacie su vysoko konzervované



Trosku historie

 replikacia Studovana od objavenia double-helix struktury
 Watson & Crick, Nature, 1953:

It has not escaped our notice that the specific pairing we

have postulated immediately suggests a possible copying
mechanism for the genetic material.”

» kazdé vlakno sluzi ako templat pre syntézu druhého
komplementarneho vlakna = semikonzervativny model
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* topologicky problém —aby sa mohla DNA replikovat, je potrebné
rozpletenie dvojsroubovice = zapletenie vlakien a rotacia

* pre predstavu:

1 otacka/10 bp, kompletna replikdcia DNA molekuly ludského
chromozomu 1 (250 Mb), by vyZzadovala 25 miliénov rotacii

e naopak cirkularna dsDNA (baktérie, bakteriofagy) bez volnych koncov
nemoze rotovat = nereplikuje sa podla hypotézy Watsona-Cricka

* Je navrhnuta dvojsroubovica skutocna struktura DNA???



Plektonemické vs. paranemické vinutie DNA

Plectonemic Paranemic

A g
ji =

Plectonemic Paranemic

© https://www.vedantu.com/question-answer/which-of-the-following-is-a-type-of-coiling-class-12-biology-chse-5f3a1c52f2247610961041d5
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Meselson-Stahl experiment
1958, Nature

znacenie DNA pomocou N + centrifugacia
v gradiente CsCl

= odliSenie rodicovskych a dcérskych

DNA molekul

Replikacia DNA
je
semikonzervativna
(Watson and Crick,
1953, Nature)
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DNA topoizomerazy

 zZnizuju nadmerné vinutie, ktoré vznika pri pohybe replikacnej vidlice

e zlom + znovu-spojenie vlakien

Supercoiled DNA C/\,-.-_XJ,-\E,-X
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Relaxed DNA C

typ | -zlom v 1 vldkne DNA
IA —prenos cez zlom (pocet vinutia -1), Top3
IB —rotacia okolo neporuseného vldkna, hlavné topo eukaryot

Type |l \Lk = +/- 2

Corbett and Berger_2004_AnnuRevBiophys

typ Il —zlom v oboch vldknach
(lIA, 1IB, pocet vinutia -2)



Human topoisomerase ot (romodimer

cryo EM structure, 3.6 A

d
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ATPase domain DNA-binding/cleavage domain Predicted unfolded
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- - Vanden Broeck et al, 2021, NatComm



Human topoisomerase lla

cryo EM structure, 3.6 A
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DNA replikacia v Cislach

Prokaryota (E.coli) Eukaryota (clovek)
* Geném 4.5x10° bp * Gendm 3x10° bp (700 x vacsi)
* Presnost 10°-10"* errors/bp  * Presnost 10° errors/bp
* Rychlost ~ 60 kb/min * Rychlost ~ 1-2 kb/min
 Pociatok replikacie: 1 * Pociatok replikacie: 30000-50000/b.cyklus
* 30 min/cely geném * 8h/cely gendm
% O
\ y,

Original DNA Strand 2

Figures from: Daniel Yuen at David Tribe Derivatives and Catherinea228 Dr. B. Fristensky and N. Brien, httpS//hOmeCCUman|t0baCa/Nfr|St/PLNT314O/|12/'12html




DNA replikacia 5" =2 3" * s
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Faze DNA replikacie

1. iniciacia

- zaCiatok uz v M/G1 (licensing), rozpletenie dvojsSroubovice DNA, vznik
replikacnej vidlice a naviazanie enzymatického komplexu

2. elongacia

-pridavanie nukleotidov a postup replikacnej vidlice

(topologicky stres, tazko replikovatelné lokusy, proteiny na DNA,
transkripcia, poSkodena DNA)

3. terminacia
- ukoncCenie replikacie



Replicatliorl unit

|
Replication origin
E | m__|_Fﬂ': E
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Proteinoveé komplexy

& Ongin licensing (G1 phase)
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* pre-IC
MCM2-7, DDK, CDKs, TOPBP1, GINS, CDC45, Treslin

* ReplizdOm —primaza, polymerazy, RPA, PCNA, RFC

* Histon remodelacné komplexy

Flaxibls BN Flaxible
origin _— ongin

e Chromatin remodelacné komplexy

Activataci :}rigin

[ATR. ATM. CHK1 and CHK?] Fragkos et al, 2015_MolCellBiol



PocCiatky replikacie

ARS Autonomously Replicating Sequences
v kvasinkach S.cerevisiae (cca 400) a pribuznych druhoch Saccharomycotina
miesta, do ktorych sa viaze ORC (pomocou WH domén a AT hookov)
100-200 bp

* A element (11 bp) vysoko konzervovany 5'T/ATTTAYRTTTT/A 3’

(Y —pyrimidin, R-purin)

Méchali, 2001_NatRev_Genetics

Vyssie eukaryota —konzervovanost sa vytratila

* bohaté na A/T —l'ahka vazba proteinov (narusenie vodikovych vazieb), rozhoduje epigenetika

e Early replicating regions: H3K4me1/2/3, H3K9ac, H3K18ac, H3K36me3,a H3K27ac, euchromatin
e Late replicating regions: H3 a H4 hypoacetylacia, H3K9 a H3K27 metylacia

Casto tkanivovo-Specifické
Metddy studia pociatkov replikacie:
SNS-seq —short nascent strand seq
Bubble-seq —seq replikacnych bublin



Origin licencing /Origin firing

* M/G1 faza

* Origin licencing = oznacenie vsetkych potencialnich pociatkov (ORC + inaktivha MCM2-7)

e Origin firing = vyber aktivnych pociatkov, na ktorych dbjde k vytvoreniu replikanej vidlice a syntéze DNA
» ostatné pociatky —backup pre pripad spomalenia alebo zastavenia susednych replikacnich vidlic

* mechanizmy, ktoré zabranuju nedostatocnej alebo naopak nadmernej DNA replikacii
» aktivovanych len 10-20% (cicavce) MCM2-7
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Iniciacia

1. naviazanie MCM2-7 helikazy vo
forme dvojitého hexaméru na DNA
oznacenu pomocou ORC (origin
recognition complex)

2. naviazanie dalSich pomocnych
faktorov a vytvorenie preiniciacného
komplexu (pre-IC)

3. preskupenie MCM komplexu
(inaktivna/aktivna helikaza)

4. ,priming”“ DNA replikacie
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upravené z Fragkos et al, 2015_MolCellBiol



ORC Origin Recognition Complex

- viaze sa na DNA v pociatkoch replikacie, remodeluje DNA, rekrutuje Cdc6 a Domain architecture of DMmORC subunits and Cdc6é
MCM2-7 helikazu

IDH 518 533 550 819 B21 919
, . Orct { } ~~~~~~ BP AAA WH

- ATPaza (AAA+ rodina) . o ERXC ap3 : 5[:2 515 mz
) o —— NID.....C AsA+ O WH -

Orcl-5 - pentamérny kruh a6 329 230 595 608 721
. ) ) Orc3 { AAA+ H{ Insert }{ WH )

- evolucne pribuzné 1 aza 334 4s6
, Orcd { AAA+  H WH )

- AAA+ modul, C-term. WH -prvy kontakt s DNA 205 318__ 456
Orc5 ( AAA+ ) WH)

- otvorena (aktivna) vs. uzavretd (auto-inhibovana) konfiguracia 1 186 223 239
( ) ( ) g Orcé {TFIB

- A — Am- cNA i 249 542 556 660
Orcl BAH doména —nukleozém-remodelacna aktivita (H2A,H2B) i —IDR__E—3RRT )L WH)-

- Orcl, Orc5 viazu ATP, len Orcl ma ATPazovu aktivitu

upravené zo Schmidt and Bleichert_ 2020_NatComm

Orc6

BAH = bromo-adjacent homology domain
- odliSny povod, viaze sa na okrej pentaméru -interakcia s ORC3 IDR = intrinsically disordered region
- esencidlna pre udrZanie pre-RC komplexu BP = basic patch

TFIIB = transcription factor II1B-like domain

DNA sa viaze do centra pentaméru a dochadza k jej ohybu - rekrutovanie MCM2-7 + Cdt1



AAA+ modul

ATPases Associated with diverse cellular Activities
proteinova rodina, spolo¢ny konzervovany modul cca 230 aa

vyuZzivaju chemicku energiu z hydrolyzy ATP ku konformacnym zmenam,
ktoré nasledne p6sobia jako mechanicka sila na iné makromolekularne

su bSt réty Walker- A Walker-B
transloka’zy hellkézy GHHXXNGK][T/S] hhhhD[DVE]  Sensor 3

.—-—»—‘—-—-—-—H 'ﬂ* m a2 m al
Walker A -GXXXXGK][T/S] L20) de) de2) )
Walker B -hhhhD[D/E], h = hydrofébna aa g .

SRH = second region of homology

Second region of a-helical bundle

homaolagy Lid

Sensor 1, AF (Arginine Finger) —hydrolyza ATP

Sensor2 a3

Miller et al_2016_Archea (Vancouver B.C.)



ORC D. melanogaster

cryo EM

0 ORC2
0 ORC3
0 ORC4

L ORC6
U cDC6

WH

AAAL

Orcd insert

ORC+Cdcé ring

upravené zo Schmidt and Bleichert_2020_NatComm



ORC S.cerevisiae

Orc2 1 233‘ AAA+ like

Orc3 1 T AAA+ like .

Orc4 AAA+ —— WHD —5529

Orc5 _ AAA+ — WHD — %479

Orc6 " . d
Cdcé

upravené z Feng et al_ 2021_NatComm AAA ring encircling DNA WHD spiral encircling DNA
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vazba WH cez kridla (Spicky tvoria tunel; 6WGC)




The dynamic nature of the human OR

_DNA-bound

dynamic
01 AAA+

Jaremko et al, eLife, 2020



Comparison of DNA binding by ORC complex
D.melanogaster Vs S.cerevisige

b
Fly ORC-Cdc6-DNA (PDB 7JGR) Yeast ORC-Cdc6-DNA (this study)
AAA+tier 1 WHD tier AAA+tier ¢ WHD tier
Orcl Pyl 8 ' Orc4 ? '

| “l’. Orc3 ﬁ
e Orc6-TFIIB-B

Top view Top view S

Feng etal_2021_NatComm



Ss
Mcem2

Mcm3
Mcmd
Mcm5
Mcmé
Mem7

MCM2-7 -helikaza

* MiniChromosome Maintenance

* Archaea: 6 identickych podjednotiek, hned’ aktivna

SS, Sulfolobus solfataricus

CTE

H 686
.......... 868

~WHD™

Zhai et al_2017_MolCell

e Eukaryota: podjednotky: 5-3-7-4-6-2 ring

sama o sebe nema helikdzovu aktivitu

potrebuje Cdc45 a GINS

* rodina AAA+ ATPaz

* 3'>5' helikaza

* iniciacia (preRC) + elongécia (CMG)
* postupuje s replikacnou vidlicou

Loading v G1

 pomocou ORC-Cdc6 komplexu (ATPazova aktivita Cdc6)
e Cdtl (Chromatin licensing and DNA replication factor 1)

e sumoylacia Mcm3 podjednotky = zabranenie predcasne;j

aktivacie

Aktivacia pocas S faze
e fosforylacia pomocou Cdc7/Dbf4 komplexu

e origin firing



MCM2-7 =struktira podjednotiek

A
N-koncova doména NTD N-terminal domain (NTD) C-terminal domain (CTD)
_ interakcia medzi MCM podjednotkami extension conserved core . conserved core ~ extension
. , . . . . A OB ATPase [ - WHD
* A -a-helixy, regulacia helikazovej aktvity — s NtHp WA H2i WB PS1 RF
* OB fold —vazba na ssDNA SV

* Zinc-binding motif -stabilizacia N-koncov a

NTD . CTD

komplexu exten
* N-koncovy B-hairpin -interakcia s DNA 'H"_{I
i S MO — o
C-koncova doména CTD \ L

* AAA+ ATPazova doména
- evolucéne konzervovana

Walker A (vazba ATP), H2i -helix 2 insertion B
hairpin (vazba DNA), Walker B (hydrolyza ATP),
PS1 -presensor 1 (vazba DNA), RF -arginine finger

* Degenerovana Winged Helix

- protein-interak¢éné motivy

Riera et al_2017_GenesDev



Aktivacia MCM helikazy

S.cerevisiage:

e Cdtl —vazba na N-koncoveé regidony Mcm2, Mcm6 a ORC/Cdc6 (G
Mcm4 = stabilizacia, single hexamer (SH) je naviazany e wepvy - aani
na ORC-Cdc6 v replikacnych pogiatkoch = ORC—CAch—  arrace Mom2- 7 ™
Cdt1-MCM2-7 (OCCM) komplex G, 60

NN PN AN A r%; POUOVOT
\=7

* naviazanie druhého MCM2/7 komplexu a tvorba
,head-to-head” dvojitého hexaméru (DH)
= pre-replikacny komplex (pre-RC)

Mcm2-7 ATPase l

4
00—+ —BI* Monocow —L» \ﬁm\x\:\
" Cdc

Mcm2-7 ATPase l DDI/  AiFase

e pre-RC nema helikazovu aktivitu az do S-faze " S-CDK
T 4 N

e G1/S-faza —DDK (Dbf4-dependent kinase) + S-CDK (S- e = 2
phase-specific cyclin-dependent kinase) = tvorba dvoch i
aktivnych Cdc45—-Mcm2—-7—GINS (CMG) helikaz (pre-IC)

Kang et al_2014_MolCell



A ocem

ORC/Cdch

interactions via NTD

ZFs hinder ring openin
§0p g Riera et al_2017_GenesDev



MCM?2-7 —cryo-EM Struktura, S.cerevisiae

Kontakty s DNA:

- ZF (zinc finger)

- H2I (helix 2 insertion loop)
- PS1 (presensor 1)

90° M _wMs
Lk M6 i
mz —+ i o bt
ol © M2 (0
; 0 acd ;
M5 M7
Maw o M6

Noguchi et al_2017_PNAS



A lagging-strand DNA extrusion model

C 5‘ll 3' 3’ 5r 3p
Lagging Leading Activated HexamerhT J .
Hexamer || ATPase motor /
. C q

N /| | Activation far:mrs 1"' h.
ch; 14 e C €
i Activated Hexamer I\ [ N
Leading|l| Lagging ATPase motor [ ¢
NS | e | Bl s 5 W

Noguchi et al_2017_PNAS

I. —konformacné zmeny spbsobené naviazanim aktivacnych faktorov — presunutie lagging-strandu

Il. - naklonenie a posunutie N-vrstiev MCM2-7 kruhov, vytlacenie lagging-strandu cez Mcm2-Mcm5 ,, brany“
lll. - dve aktivne helikazy putuju proti sebe v smere 3'> 5'

IV. - obojsmerny pohyb replikacnej vidlice



CMG komplex a) ‘“F’ ’“”E side view

M2 me ) CTD

Cdc45
MCM2-7 hexamér
GINS komplex

NTD

Sun et al_2016_Nucleus

Cdc45 a GINS sa viaze na NTD MCM komplexu
helikazova aktivita na dsDNA

» vazba Cdc45 a GINS spbsobuje:

-remodelaciu MCM dvojitého hexaméru (DH)
-vyssiu affinitu MCM DH k DNA

 CMG ostava naviazany na DNA az do terminacie replikacie —ubikvitinacia = degradacia



Cdc45
Cell Division Cycle 45

Yeast Cdc45 2ast versus Cdc45

- konzervovany

- dve Rec)-like a/B domény oddelené
kratkou helikalnou inter-doménou il S A
(ID) Psf2 \ " mmsd=188A

- ID stabilizuje NTD domény Mcm?2 a
Mcm5

- protruding helical motif (PHM)-
stabilizacia Pole

- Meier-Gorlin syndrom

Bai etal_2017_Adv Exp Med Biol



GINS

ma centralny por, ale prilis maly pre ssDNA
interaguje s Mcm3/5 na N-koncoch a s Cdc45
sluzi ako ,,scaffold” pre replizom

rekrutuje dalSie proteiny replizomu (napr. Pola, Pole...)
GINS ani Cdc45 nemaju ATPazovu aktivitu

b

Sid5 Y W — -
Psf1 I V- - - -
Psi2 I W
Psf3 I W

d

Psf1 = Sid5

Psf3 Psf2
?

Carroni et al_2017_SciRep

go-ichi-ni-san (5-1-2-3) = 4 podjednotky: Sld5, Psf1, Psf2, and Psf3

a Human GINS

'l & -
“‘: :Psf3 insert]

b Yeast GINS
Psf1-insert]

Jp P
T
v PR *#m
’ . I L
3 O . bt
* -‘ oy -V
- -l
:

Psﬂ-ms;erl.'!

sld5

upraveno z Bai et al_2017_Adv Exp Med Biol



Elongacia

* na veducom a opozdujucom sa vlakne

e vazba RPA na ssDNA

* Primaza-Pola: RNA/DNA primery na oboch ssDNA vlaknach DNA
 PCNA + RFC

e polymerazy: Pola, Pold a Pole -syntéza

e vystiepenie primerov, dosyntetizovanie medzier

e spojenie pomocou ligazy

* relaxacia: topoizomerazy | a ll



Ustilago maydis

a 1 48 171 4 2ro b
APARE e - S

APATO _Egﬁ;ﬂl
1 290 301 477 435 i 121 e

_ _ - g LB I RPATY
" _H i ] T211 .
» Replication Protein A , __
! PR
Phr r~h whartion il -"'"" o
¥ APAGZ
* zabranuje tvorbe sekundarnych stuktur TiTAYARGH dove

Pokrhel et al_2019_NSMB

chrani ssDNA pred endonukleazami

uloha v replikacii a v oprave DNA
* heterotrimér 1:1:1

RPA70 (70 kDa subunit)

RPA32 (32 kDa subunit)

RPA14 (14 kDa subunit)

e vazba na DNA pomocou OB foldov A-E (oligonucleotide/oligosaccharide binding motivov)



DNA Pola

nizka procesivita

bez proofreadingovej aktivity = nema
3'> 5' exonukledzovu aktivitu
asociovana s primazou

inicializuje syntézu DNA na oboch
retazcoch

pre aktivitu potrebuje CMG helikazu a RPA

vazba na CMG helikazu pomocou Ctf4
homotrimeru (Chromosome Transmission
Fidelity 4), ktory je v kontakte s GINS

Yuan et al_2019 elife



Primozom = Pola-primaza

* Primazovy podkomplex:
-¢lovek: p49 (PRIM1) -katalyticka a p58 (PRIM2) P> —
-2-10 nukleotidov dlhy RNA primer

e Polymerazovy podkomplex:
- ¢lovek: p180 (POLA1) -katalyticka a p70 (POLA2)
-prediZi RNA primer =RNA-DNA hybridny primer

-flexibilné linkery pre konformacné zmeny

Baranovskiy et al_2016_J Biol Chem



Syntéza primerov

Pola mactlve/pnmase active Pola inactive/primase active

- d 'y )
& .", ‘ ” - plso ssDNA B ‘:""' 003 v
AR ; e TN s :
* A G A "p58 NTP 2 A e :
Py TS (&
;. & “(", < Imtlatlon CiEteR .
S . v
k)
3

i 7‘.: [' tf K'lss‘/ L S
< | platform Platigpss )
Primer f \
release { P180
_core

¢
p!atform
\"Al

:y/
0, [«
UJlatform

Switchto 3
Po|6/Pole

@
Pola active/primase active

e p49-p58,-p180,-p70

platform / linker
[ )

o"% +—DNA template
©, Initiating GTP
%‘ 3 RNA primer
g DNA primer

XN s Incoming dNTP or NTP
Pola active/primase inactive peeniingd or

Baranovskiy et al_2016_J Biol Chem

V.

p58C sa priblizi k p49 —syntéza RNA
primeru, vytlacenie p180
podjednotky Pola

po nasyntetizovani 9 nts p58
inhibuje p49

naviazanie Pola na 9 nts dlhy RNA
primer

prediZenie primeru (RNA/DNA)

po nasyntetizovani 30 nts, Pola
vymenena za Pol&/Pole



Syntéza primerov

incoming NTP p49
template . Q5

pricmer 4 , :k‘

catalytic
center

Baranovskiy et al_2016_J Biol Chem



PCNA a RFC

objavené ako esencialne proteiny pre replikaciu SV40 v ludskych burnkach

- Uloha v replikacii, v oprave DNA, v kontrole bunkového cyklu, v epigenetike

PCNA (Proliferating Cell Nuclear Antigen)

konzervovany od Archaea aZ po eukaryota

kizava svorka na DNA

v replikacii:
upevnuje polymerazu k DNA

RFC (Replication Factor C)
- ATPazova aktivita AAA+ ATPaza

- 1 velka (RFC1) a 4 malé podjednotky (RFC2-5)

- rozpoznava 3' koniec primeru
- konformacnu zmenu PCNA

;

RFC-PCNA open complex

(
o
- ‘s‘:“F
el

RFC !
DNA

ATP hydralysis
d c
A

Clamp-loading complex

Miyata et al_2004_NSMB

- otvara kruhovu formu za hydrolyzy ATP —loading PCNA

zabranuje predcasné uvolnenie polymerazy z DNA

esencialne pre vymenu Pol a za Pol §/¢

vymena DNA polymeraz pri pozastavenych replikacnych vidlic
PCNA je z DNA odstraneny na zaciatku G2 faze pomocou ELG1 RFC-like komplexu



PCNA

e homotrimér

* kazdd podjednotka ma IDCL (Inter-domain connecting loop)

* potrebny pre vazbu interakénych partnerov (Pold, p21, DNA ligaza...)

* C-teminalna €ast: interakcia s Polg, RFC, ...

* vnutorna €ast: pozitivne nabité Sroubovice—kontakt s DNA

PIP box (PCNA Interacting Peptide):

o Q-X-X-L/M/I-X-X-F/Y-F/Y

* motiv interagujuci s PCNA IDCL

* DNA polymerazy, p21, Fenl, DNA ligaza...

APIM (AlkB homologue 2 PCNA Interacting Motif)

* proteiny zucastnujuce sa opravy DNA

PCNA kéd

a Domain A

Domain B

Front view Side view

Dieckman et al_2012_The Eukaryotic Replisome:
a Guide to Protein Structure and Function

Rad6/Rad18 (5) Translesion synthesis
(4) Template switching Y =

S Siz2
Rad6/Rad18 followed
by Mms2-Ubc13/Rad5 __— Rad18
(1) Facilitates the switch to
Siz1 the ubiquitin modification
@ Ubiquitin
O sumo / Srs2
Elg1 (2) Inhibits crossovers

(3) Unloads PCNA from DNA

* posttranslacné modifikacie PCNA urcujlce vazbovych partnerov a funkciu PCNA Ahmed et al_2017_NAR



DNA polymerazy 6 a €

5' - 3' DNA polymerazova aktivita
3' = 5' exonukleazova aktivita
po DNA putuju pomocou PCNA

Direction of ™
replication fork

: ' d Lagging
PCNA 4 strand
1 \ 4

\

RFC clamp loader RNA primer

Vy'mena polvmera’zy o 7a 6 alebo € pO Syntéze primeru ~ O’Donnell and Kurth_2013_Encyclopedia of Biophysics

RFC loaduje PCNA na koniec primeru a na PCNA sa naviaze Pol 6 alebo €

Pold syntetizuje opozdujuci sa retazec

Pole syntetizuje veduci retazec

Pol6 a Pole nemaju 5' = 3' exonukledzovu aktivitu, nevedia vystiepit primery -

RNaza H1 a FEN1

polymerazy zaplnia medzery, spojenie koncov pomocou DNA ligazy



TO

Polymeraza O Poi s s ) %ol

. . 7 . 7 o / . a

katalyticka podjednotka polymeraz: tvar ludskej ruky i s o B

p—
YA LS
\Y4 . 7 Vé 7 . . 1 OB 1 PDE
,dlan“ je vysoko konzervovana —polymerazova aktivita ps0 o m— 3 Pe
v . v e o« . 66
,palec” drzi DNA na mieste a zvysSuje procesivitu PO A o | Reguistory subunits
1 107 b

pi2 ==

PIP

Lancey et al_2020_NatComm

3' = 5' proofreading - oprava chyb pri replikacii, maturacia Okazakiho fragmentov

* syntetizuje DNA na opozdujucom sa retazci az po dalsi primer

* po strete s dalSim primerom dosyntetizuje eSte par nukleotidov a vytesni ¢ast RNA primeru

e vycCnievajuci 5' koniec RNA primeru je rozpoznany a vystiepeny FEN1 nukleazou (asociovana
s pold)

* DNA ligaza spoji Okazakiho fragmenty



Polymeraza 6 —ludska, cryoEM
d

~150 A

/o .N} —

Y 0EL~

Primer-template DNA ATTE
5-AGC "'15. GACCAT GF&T Afl"M 'I"Gﬂ"’,
S ATACTGGTACTAATGCTTAACKAATTIAAGCACGTC- 5

I=-T

\l Exonuclease
CysB

N-terminal (]~
pﬁt}nﬂ

Palm
Fingers

Thumb

Lancey et al_2020_NatComm



Polymeraza € =

e objavena v 1990 ako tretia DNA polymeraza
esencialna pre replikaciu S. cerevisiae

* dvojnasobna velkost oproti Pold

* najvacssia podjednotka (p261/Pol2) obsahuje:
- NTD = katalyticku cast (syntéza a proofreading)

- CTD -protein-proteinové interakcie

e pre svoju aktivitu nepotrebuje PCNA

* mooring helix:

- tvar L, koncova cast linkeru medzi NTD a CTD

- rekrutuje Dpb3-Dpb4 podjednotky

e Dpb3, Dpb4 —neesencialne, ale udrzuju rigidnu

Strukturu Pole

NTD 1186 Linker 1308 CTD CysA, Cyst

Poi2 1 - = D 2222
1270 2100

NTD 168 PDE Mooring helix Dpb2-BD

ppb2 1 (i CIoE D 689
94 210 348

Dpb3 1_“201 e calcineurin-like PDE domain
e HF — histone fold

HF c
Dpb4 1 —(CHT)—196 .
e C-C-term. region

Pol2 NTD Pol2 NTD Stable Pal2 NTD

-
- @
s

v |
Dpbaid ~ \

Pol2 CTD Pol2 CTD

1 Pol2NTD Pol2 NTD Flexible Poi2 NTD

| |
A ?‘ 1,1 /i

Pol2 CTD Pol2 CTD Missing Dpb3/4.

upraveno z Yuan et al_2020_NatComm



Leading ssDNA path from the CMG helicase to the Pole

C-tier motor ring

N-tier ring

Mcm C-tier
Mem MN-tier

Parental & Leading
dsDNA = ssDNA path
‘ Daughter
Lagging dsDNA
ssDNA path
Cdc45

CMG helicase

PolE holoenzyme

Yuan et al_2020_NatComm



Polymerase

Polymerase o

Catalytic or
A-subunit

B-subunit
Primase small
subunit
Primase large
subunit

Polymerase &

Catalytic or
A-subunit

B-subunit
C-subunit

D-subunit
Polymerase ¢

Catalytic or
A-subunit

B-subunit
C-subunit

D-subunit

Species

H. sapiens

POLA1 (p180)

POLA2 (p70)
PRIM1 {p49)

PRIM2 (p58)

H. sapiens

POLD1 (p125)

POLD2 (p50)
POLD3 (p66 or
pB8)

POLD4 (p12)

H. sapiens

POLE or POLE1

POLE2
POLE3 (p17;
CHRAC17)

POLE4 (p12)

S. cerevisiae

POL1

POL12
PRI

PRI2

S. cerevisiae

POLS

POL31
POL3Z

S. cerevisiae

POL2

DPFBZ2
DFB3

DPB4

Podjednotky polymeraz H.s. vs S.c.

Function

Catalytic subunit;
polymerase activity;
inactivated
exanuclease
Regulatory subunit
Primase

Primase

Catalytic subunit; has
both polymerase and
exonuclease activity
Accessory subunit
Accessory subunit

Accessory subunit

Catalytic subunit; has
both polymerase and
exonuclease activity
Accessory subunit
Accessory subunit

Accessory subunit

Doublie and Zahn_2014_Front. Microbiol.



Terminacia

« stretnutie 2 replikacnych vidlic
* v priebehu S-faze

 velkost replikonu: 31 kbp, rychlost replikacnej vidlice: 1,5
kb/min

« za 10 minut stretnutie dvoch replikacnych vidlic

 odstranenie CMG:

- Mcm7 -polyubikvitylovana na K48

- Cdc48 rozpozna polyubikvitinylovany CMG komplex,
disociacia

- PCNA je odstraneny na zaciatku G2 faze pomocou ELG1-
RFC-like komplexu

* RFB (Replication Fork Barrier):
- §pecifické miesta gendmu, ktoré dokazu zastavit' replikacnu vidlicu
- pri replikacii rDNA —RF v opacnom smere ako rDNA transkripcia

Replicative r-z5-7 |CMG-associated proteins
DNA helicase !

» Convergence
* Encounter

* Bypass

End-on view
i@: Passage of CMG and associated
gl proteins onto dsDNA

Okazaki fragment
Pol s processing

S

l Replisome unloading 1:

E3 ligase recruitment and MCM7
ubiquitylation

C? Replisome unloading 2:

CMG extraction by p97
N\~
Ua\8 AL

Dewar and Walters_2017_Nat Rev Mol Cell Biol




Ludsky replizdm

* model vychadzal z kvasiniek

* obsahuje proteiny, ktoré nemaju ortolégov v kvasinkach (rozpadnutie/s
replizému, prepojenie replikacie s DNA opravou)

* model vychadzajuci z cryoEM D.m. CMG: > 3 ..ﬂ; '

mimo péru (MCM3 a MCM5 ZnF domény) \

- NTH (N-terminal hairpin) MCM7 —otoceny k poslednému paru baz dsDNA —funkcia v W L ZnF channel FESE
separacii Jones et al_2021_EMBOJ

dvojsroubovice?
* Pole (POLE1 = Pol2 S.c., POLE2 = Dpb2, POLE3 = Dpb3, POLE4 = Dpb4 )

FCP (Fork Protection Complex) -rychly a efektivny postup replizému, prepojenie replikacie
a dalSich procesov (SCE) a aktivaciu checkpointov

TIMELESS-TIPIN (S.c. Tof1-Csm3) —udrziava rychlost replikacie, smeruje DNA do centralneho
poru
CLASPIN (S.c. Mrcl) —odpoved na replikacny stres

AND-1 (S.c. Ctf4) —trimér, ,,scaffold” —zakladna pre vazbu dalsich proteinov na replikacnu
vidlicu



Cryo-EM struktura ,,jadra” [udskéeho replizomu

CLASPIN
TIMELESS

CLASPIN

AND-1 TIMELESS

SepB timer
CF —

BN

1810
i
P

Jones et al_2021 _EMBOJ



Replikacia v baktériach Escherichia coli

» pociatok oriC 1245 bp, DnaA sa viaze na 4 Specifické 9-
méry = rozvolnenie DNA v 13-mérovych repeticiach -
naviazanie helikazy

* koniec Ter region naproti oriC (cirkularny chromozém)
* DnaB = helikaza

* DnaG = primaza -syntéza RNA primerov (10 nts)

* SSB —tetramer, ochrana ssDNA

* DNA polymerase lll —heterotrimér: a, € a 6 —syntéza
oboch retazcov

- Pollllat —syntéza DNA
- Polllle —proofreading (3' > 5' exonukleaza)
- Pollll@ —neesencialna, stabilizuje €

« (PolllIB). —kizava svorka, procesivita polymerazy
e CLC (Clamp Loader Complex) —loader svorky, y komplex

13-mer

repeats

(A=T)-rich
region

Leading DNA polymerase
strand —_—— Parental
S strand

Oy e

Y

complex {

SSB

DnaB helicase

DnaG primase
Primer

SV ODugy
Lagging M
strand DNA polymerase

llic et al_2018 antibiotics



Replikacia v baktériach Escherichia coli

E. coli Gene

Enzyme/Protein
Function

Description

dnoA

Initiator Protein

Melts DNA at oriC, exposing two template ssDNA strands

dnaB

Helicase

Unwinds the DNA helix at the front end of each replication
fork during replication

dnaC

Helicase Loader

Loads the DnaB Helicase onto the ssDNA template strands

dnaG

Primase

Synthesizes RNA primers used to initiate DNA synthesis

dnak

wt-Catalytic Subunit of
DNA Polymerase ||

Catalytic subunit of the main replicative polymerase during
DNA replication

dnaQ

e-Editing Subunit of DNA
Polymerase Il

Editing subunit of the main replicative polymerase during
DNA replication

dnal

[f-clamp subunit of DNA
Polymerase Il

Clamping subunit of the main replicative polymerase during
DNA replication

pold

DNA Polymerase |

Processes Okazaki fragments and also fills in gaps during
DNA repair processes

pol8

DMA Polymerase ||

Proocfreading and editing, especially on lagging strand
synthesis and some involvement in DNA repair

ssh

Single Stranded Binding
Proteins (S5B)

Bind with single-stranded regions of DNA in the replication
fork and prevent the strands from rejoining

A dimer encoded
by gyrd and gyrB

DNA Gyrase

Type |l Topoisomerase involved in releiving positive
supercoiling tension caused by the action of Helicase

A dimer encoded
by parC and parE

Topoisomerase |V

Type |l Topoisomerase involved in decatenation of
daughter chromosomes during DNA replication

figA

DNA Ligase

Fixes nicks in the DNA backbone during DNA replication,
DNA damage, and DNA repair processes

Note: Only the genes involved in the formation of the catalytic domain of DNA polymerase lil are listed

https://wou.edu/chemistry/courses/online-chemistry-textbooks/ch450-and-ch451-biochemistry-defining-life-at-the-molecular-level/chapter-9-dna-replication-and-repair-2/




Re p | | ka Cny St res - spomalenie alebo zastavenie replikacnych vidlic

Impaired origin

PR , v , A Unusual DNA structure B licensing
* mutacie, neobvyklé DNA struktury, CFS 5 e,
. . . . 7 . = §
(Common Eragle stes, KONl replikicia: couly oo § poerti@orooBongy
transkripcia, posobenie chemikalii /liekov, %,
aktiVéCia On kogénov s C Disturbed origin firing ?\‘;;‘:
g
* kolaps replikacnych vidlic =DSB (pouble Strand m PO 5 &
Breaks) —narusenie stability gendmu (mutacie, § oo N 00000005 _a
go py Nu m ber Alterations CNAS’ ;:i Nucleotide pool D < Transcription-replication E
chromozomalne preskupovanie,...) Ry L
R T R-loop
7 . . v . Ve 7 e - m—r | % -w
e mutdacie v replikacnej masinérii a kontrole — Y, 7 s S

vyvojoveé vady, starnutie, anémia, rakovina,...

Primo and Teixeira_ 2019_GenetMolBiol



Replikacny stres

Replication forks

\ DNA)‘-I‘E}SiDn

s, 7

Collapsed fork Stable fork

Replication fork

— > demise —\

Smc5/6

l Smc5/6

q

Restart of replication fork

Stabilization of fork

N

Damage bypass by
template switch

1

rl \_
Template switch

1
i

A

Sgs1/Top3/Rmil l Smc5/6

1

o
N

hid

Error-free bypass

Kegel and Sjogren_ 2010_Cold Spring Harb Symp Quant Biol

[N RNRNNENE — Tkl

translesion
synthesis

POLD1
A POLD3
‘( )pCNA Pol & © ubiguitin «*» lesion
\M/ FOLD4  poLp2
REVA Hice? Poln
Pol1
Rev1
©Oo© RPA Pol & O Pol k
POLD2/POLD3

Shilkin_ 2020_Biochemistry



Translokaza, ATPazova aktivita, vazba ssDNA, dsDNA

SMC5/6V repllkécn SMC5/6

Legend
SMC
2,5
w ? (%71
VAN ) -»>
Fork progression = s < %?Zz‘f,{'\'
TN sCl
Smc5/6 wt g1
& O %ﬂ,ﬂ, T Mormal replication (
Smch/6
S ™
SCI
v
smc5/6 mutant ﬁ
AR Replication delay e—— — DNA
- extruding
AN DNA DNA loop
WY SMC
000t v v :

Kegel and Sjogren_ 2010_Cold Spring Harb Symp Quant Biol upravené z Palecek_ 2018_Genes



Dakujem za pozornost!

Paramecium Parlor

@AmoebaSisters

Hey Jerry, can
you take a second Sorry, boss, but

shift today? | can only do the
‘ 5" to 3.

([

No one envied the job of the DNA
polymerase shift manager.



