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* Mechanizmy DNA replikacie su vysoko konzervované
» Replikacia DNA je semikonzervativna

(Watson and Crick, 1953, Nature)

a) Semiconservative model

b) Conservative model
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DNA replikacia 5" =2 3" * s
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replikacia (leading vs lagging strand) ron_h rom deosyrbanucioside

Deoxyribose . triphosphates (dNTPs),

* Okazakiho fragmenty
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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




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



Replicallion unit

Proteinoveé komplexy
v DNA replikacii BN -

| ~0rcoT1
CDCEO
® O RC 1'6 f’@}mcm—?

e MCM2-7 helikaza :@:

b Pre-IC formation f‘a_ MCM10

° pre_RC _ORC1_6, CDC6’ CDTl’ MCM2_7 {G1-S phase transition)

|Replication origin
T

|~ G—RECOL4
Treslin-g ]

| -©-CDC4s
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* pre-IC-MCM2-7, DDK, CDKs, TOPBP1, GINS, CDC45,
Treslin

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

* Histon remodela¢né komplexy Flexible ' =6 Floxible

origin ongin

Activated origin

* Chromatin remodelac¢né komplexy

[ATR. ATM. CHK1 and CHKZ Fragkos et al, 2015_MolCellBiol




Gl-phase

S-phase

Origin licencing /Origin firing

* koniec M faze a G1 faza
* kvasinky —ARS, niekolko stoviek pociatkov

* vysSSie eukaryota —DNA topoldgia, Struktura a prostredie chromatinu, desiatky tisic pociatkov

* ORC —konzervovany, zabezpecuje vazbu MCM2-7 helikazy do pociatkov replikacie

* MCM2-7 helikaza v neaktivnej forme (dvojity hexamér) = origin licensing
* aktivovanych len 10-20% (cicavce) MCM2-7 = origin firing
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Técher and Pasero_2021_Cell

Origin licencing = oznacenie vsetkych
potencialnich pociatkov

Origin firing = vyber aktivnych pociatkov, na
ktorych dbjde k vytvoreniu replikacne;j
vidlice a ndslednej syntéze DNA

ostatné pociatky —backup pre pripad
spomalenia alebo zastavenia susednych
replikacnich vidlic (replikacny stres,
poskodenie, transkripcia, tazko
replikovatelné l6kusy,...)

mechanizmy, ktoré zabranuju
nedostatocnej alebo naopak nadmernej
DNA replikacii



PocCiatky replikacie

e ARS Autonomously Replicating Sequences

» v kvasinkach S.cerevisiae a pribuznych druhoch Saccharomycotina
* miesta, do ktorych sa viaze ORC (pomocou WH domén a AT hookov)

« 100-200 bp

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

(Y —pyrimidin, R-purin)

VysSie eukaryota —konzervovanost sa vytratila

Yeast 5
(Saccharomyces
carevisiag)

1i ORI sequence-specific,
not necessarily functional

d

Multicellular eukaryotes ORI site-specific

|

[nitiation site

Méchali, 2001_NatRev_Genetics

* bohaté na A/T —fahka vazba proteinov (narusenie vodikovych vazieb), rozhoduje epigenetika

* G-kvadruplexy, pociatky transkripcie, DNaza-hypersenzitivne oblasti

e Early replicating regions:

H3K4mel/2/3, H3K9ac, H3K18ac, H3K36me3,a H3K27ac

euchromatin
e Late replicating regions:

H3 a H4 hypoacetylacia, H3K9 a H3K27 metylacia

Casto tkanivovo-sSpecifické



Repli cat om unit

|Replication origin
1 W

L | I

Iniciacia
& Ongin licensing (G1 phasa) 9
1. naviazanie MCM2-7 helikdzy vo A o =
forme dvojitého hexaméru na DNA b
oznacenu pomocou ORC (origin G wcwe
recognition complex) =4
. . ; ivs , B RCX
2. naviazanie dalsich pomocnych :@’ ﬁ %j:
faktorov a vytvorenie preiniciacneho L0 5 i O 8- memic
komplexu (pre-I1C) _ freecau
FBE-II'I-'E:“--\'|
3. preskupenie MCM komplexu o [
. ’ ’ ol s i . GINS
(inaktivna/aktivna helikaza) i P
4. ,,priming“ DNA replikacie '
E% i ﬁ |

upravené z Fragkos et al, 2015_MolCellBiol



ORC Origin Recognition Complex

- viaze sa na DNA v pociatkoch replikacie, remodeluje DNA,

rekrutuje Cdc6 a MCM2-7 helikazu na DNA Domain architecture of DmORC subunits and Cdc6
- ATPaza (AAA+ rodina 1 198 519 533 550 819 B21 919
( ) orct (BAH)—CR—(BP)(_AAA: ) (WH)
ORC1-5 - pentamérny kruh % T NTD fﬂamﬁ«mﬁhﬁs—
- evoluéne pribuzné Orca € ARR ) Trser - WH)-
333 334 456
- AAA+ modul, C-term. HTH doména (WH, prvy kontakt s DNA)  Orc4 ( AAA+ ) WH )-
295 318 456
- otvorend (aktivna) vs.uzavretd (auto-inhibovand) konfigurdcia  ©5 ( A 133 2:23
, . ., Orcé {TFIB (CTD)
- ORC1 BAH doména (viaze sa ha H4K20me?2 = esenciadlna . - ChaE i
interakcia pre asociaciu s chromatinom) it 108 AR HCWH)-
ORC6 upravené zo Schmidt and Bleichert_ 2020_NatComm
- odli$ny pdvod, viaZe sa na okrej pentaméru -interakcia s ORC3 BAH = bromo-adjacent homology domain

IDR = intrinsically disordered region
BP = basic patch

. . , .. TFIIB = transcription factor IIB-like domain
-DNA sa viaze do centra pentaméru a dochadza k jej ohybu P

—>rekrutovanie MCM2-7



Walker- A Walker-B

GXXXXGK][T/S] hhhhD[D/E]  Sensor 3
O >85>
AAA+ modul
Sensor LArg finger Sensor 2
DL --©
Second region of a-helical bundle

ATPases Associated with diverse cellular Activities

homology

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
substraty

. .y Pyrobaculum aerophilum
translokazy, helikazy,... g e Sensor 3

P- Iml

Walker A -GXXXXGK[T/S] R fo (o)
€ Sensér?,j\ﬂ \k L‘

, = / - Mg:" _’:,_
Walker B -hhhhD[D/E], h = hydrofébna aa Ny 5\‘ “amfirfm ’f .
SRH = second region of homology r \wker! ‘5’7& j

| ( }-«--q

f\rgmme
" finger

Walker-B:
DID/E]

( Sensor 2

Sensor 1, AF (Arginine Finger) —hydrolyza ATP

Sensor 2 a3 o0 T, |
" & ( Walker:A: [T/S]
f-- y 4
(b} Cdet: ADP:Mg™ (PDIB: IFNN) {¢) MCM: ADP:Mg™ (PDB: 4R7Y)
Miller et al_ 2016_Archea (Vancouver B.C.)




ORC D. melanogaster

cryo EM

C
WH
AAA+
Orc3 insert
L ]
ORC+Cdch ring
Orcl AAA+ Orcd — Orcl Orcd — Orel
(no ATP, modeled) (+ATP, ODC)
Orcd , .4 Orcd .

(ODC) ({ODC)

0 ORC2
0 ORC3
U0 ORC4

U cDC6

upravené zo Schmidt and Bleichert_2020_NatComm



ORC D. melanogaster

a Orc1 - basic patch AAA+ - ISMs AAA+ - B-loops €  Winged-helix

B-hairpins

%

% 4

Orelg, M‘%; Oret BP-linker

@ Orcl ©0rc2 @ 0rc3 @ 0Orcd O Ore5 © Orcé @ Cdcé

ISM = initiator-specific motif

RF = arginine finger

BP = basic patch —binds DNA backbone
B loops —Orcl, Cdc6

-extended DNA binding site, off-center
position of the DNA in the ORC-Cdc6
channel

A
£

. y I 4
Joop| [RF-helix] glisM] - [Bloop] < [RF-helix]

upravené zo Schmidt and Bleichert_2020_NatComm



ORC S.cerevisiae

Orc3 1 — AAA+ like

AAA+ ——  WHD —5529

Orc5 — AMA+  — WHD —i479

Orc6

Cdcé

upravené z Feng et al_ 2021_NatComm

Front view (AAA side)

Orc4
AAA
e Y

AAA ring encircling DNA

, -'3; '\g WHD

WHD spiral encircling DNA



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
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MCM2-7

* MiniChromosome Maintenance

* Archaea: 6 identickych podjednotiek, hned’ aktivna

MTE MHTD-A CTE

P sss

B OE  ses

- B [a

@ I 033

= R s
& R 1017

B o5

it

HTI M-C Enker

SS, Sulfolobus solfataricus Zhai and Tye_ 2017_DNARep

e Eukaryota: podjednotky: 5-3-7-4-6-2 ring
* sama o sebe nema helikazovu aktivitu

* potrebuje cdc45 a GINS

* rodina AAA+ ATPaz

e 3'->5' helikaza

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

Loading:

e pomocou ORC-Cdc6 komplexu a Cdtl (Chromatin licensing
and DNA replication factor 1) v G1

® po vazbe je MCM2-7 komplex SUMOylovany

—zabrdnenie predcasnej aktivacie

Aktivacia pocas S faze

e fosforylacia pomocou CDK a DDK protein kinaz

e MCM2-7 uz nie je sumoylovany, ale fosforylovany
e aktivacia postupne, len v niektorych pociatkoch

e zaloha v pripade pozastavenych replikacnych vidlic



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.cerevisiae:

e (Cdtl —vazba na N-koncové regiony Mcm2, Mcm6 a Mcm4 = stabilizacia,

single hexamer (SH) je naviazany na ORC-Cdc6 v replikaénych = Aiiion . (S
pociatkoch = ORC-Cdc6-Cdt1-MCM2-7 (OCCM) komplex cue | Mom2.7 b N
* uvolnenie Cdcb6 a Cdtl ATPase | -

* naviazanie druhého MCM2/7 komplexu (za pomoci Cdc6, Cdtl a ORC) a
tvorba , head-to-head” dvojitého hexaméru (DH) TR
= pre-replikacny komplex (pre-RC) e

.
OO POROHO0
=

’ , , . ; e L 1.3 ~,._, ::;c:w}m: Fj;ﬂ '\_ﬁj_?gx{.{x_
e pre-RC nema helikazovu aktivitu az do S-faze | oK/ ATPase
, . . Mecm2-7 ATPase -
* narozhrani G1 a S-faze —aktivacia pomocou DDK (Dbf4-dependent —— S-CDK
kinase), S-CDK (S-phase-specific cyclin-dependent kinase) a dalSich R Tl
faktorov = tvorba dvoch aktivnych Cdc45-Mcm2-7—-GINS (CMG) helikaz Kosablitihe
(pre-iniciacny komplex) Kang et al_2014_MolCell

e aktivacia pre-iniciacniho komplexu —oddelenie DH do dvoch aktivnych
helikaz, naviazanie polymeraz do replikacnej vidlice = vznik aktivneho
replizému



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



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

W Mcm7 PS1 of M4 and M7 Mcm7
b : not engaging DNA ®
v ' \ N e = %
Mcm6 ! i S
e 5 - v Mcmé w Q"
A C Mcm5'  Mcm5 \:.‘,6-3 j | S ,p._'"'\
H [.-3' R ot k " . Mcm3 2 500w, Mcm3
examer o } 'y a3
: 4 e )/ % l: .
>
2 PS1 of M2 and M5 ’
not engaging DNA Mcm?2 7
Mcm2 McmS5 ¢ Mcm5
3!
Mcm7’ py £ : Lagging strand
Mcmé ha Hexamer |l A Mcm4
N-tier view of hexamer | N-tier view of hexamer I Section at DH interface Mcmé ey

o i

= . 8
%\ ¥ 1_{:; T/Jk
5 Mcm3
C-tier ring of Mcm2-7 C-tier ring of Mcm2-7
in the double-hexamer in the CMG helicase

Noguchi et al_2017_PNAS



A lagging-strand DNA extrusion model|

C 5! 3! 3; 3r 5! 3!
Lagging| || Leading Activated Hexamer | T ”
Hexamer || ATPase motor Lagging
C C strand
N ! ’ il Y — N
N Activation factors N t"?rﬂ
rimer
c : C u :
Hexamer | .
_ _ Activated Hexamer I\ { N
Leading||| Lagging ATPase motor *
3NS5 | 51l E4 | Y 315 v
Lateral shift and tilt of the N-tier rings Active helicase motors across each
separate and extrude lagging strands other to advance the two froks

Noguchi et al_2017_PNAS

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

II. - naklonenie a posunutie N-vrstiev MCM2-7 kruhov, vytlacenie lagging-strandu Georgescu et al_2016_PNAS
cez Mcm2-Mcmb5 ,brany”

lll. -2 aktivne helikdzy putuju proti sebe v smere 3'-5°

IV. - obojsmerny pohyb replikacnej vidlice



EI.) top view side view

CMG komplex

M2 me ) CTD

MCM hexamér
GINS komplex
Cdc45

NTD

Sun et al_2016_Nucleus

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

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



Cdca5 | - N I Y § 5"
Cell Division Cycle 45

- konzervovany

- dve RecJ-like a/B domény oddelené
kratkou helikalnou inter-doménou
(ID)

ID stabilizuje NTD domény Mcm2 a
Mcmb5

protruding helical motif (PHM)-
stabilizacia Pol2

viaze sa na M2 a M5 podjednotky
MCM komplexu

Meier-Gorlin syndrom

Bai etal_2017_Adv Exp Med Biol



* akronym z prvych pismen japonskych Cisel 5-1-2-3 (go-ichi-ni-san) = 4 proteinové podjednotky komplexu:
G | N S SId5, Psfl, Psf2, and Psf3

* vyskytuje sa aj u Archaea

e aktivacia MCM komplexu pomocou zmeny Struktury

* ma centralny por, ale prilis maly pre ssDNA

* interaguje s Mcm3/5 na N koncoch a s Cdc45

 sluzi ako ,,scaffold” pre replizém

* rekrutuje dalSie proteiny replizdému (napr. DNA Pola, DNA Pole...)

* GINS ani Cdc45 nemaju ATPazovu aktivitu

Yeast GINS

b a Human GINS b Yeast GINS
Sid5 Y - SN '
Psf1 I W - - I
Psf2 I W
Psf3 I W

Psf1-insertl

d

ﬁﬂ

Sids

Carronietal_2017_SciRep upraveno z Bai et al_2017_Adv Exp Med Biol



Elongacia

* na veducom a opozdujucom sa vlakne

* 3 DNA polymerazy z 13 sa u eukaryot zucastnuju replikacie
* DNA Pola, Pol6 a Pole

* CMG helikaza rozplieta dsDNA na dve ssDNA vlakna

* na ssDNA nasada RPA, ktora ju chrani pred nukleazami a tvorbou
sekundarnych struktur

* tvorba RNA/DNA primerov na templatoch na oboch ssDNA vldknach
pomocou komplexu Primaza-Pol a

* DNA polymerazy predlzuju primery

* Primery sa vystiepia, medzery sa dosyntetizuju

* Ligdza spoji este nespojené konce novo syntetizovaného retazca
* Topoizomerazy | a Il relaxuju DNA



RPA

» Replication Protein A

Phsphorviadion mesi

n APA32

Trimarizabon cors

e zabranuje tvorbe sekundarnych stuktur ssDNA
chrani ssDNA pred endonukleazami Pokrhel et 2l 2019_NSMB
 uloha v replikacii a v oprave DNA

e heterotrimér 1:1:1

RPA70 (70kDa subunit)

RPA32 (32kDa subunit)

RPA14 (14kDa subunit)

 vdzba na DNA pomocou Siestich OB foldov A-E (oligonucleotide/oligosaccharide
binding motivov)

* viaze RFC (Specifita pre PCNA)

Ustilago maydis



DNA Pola

nizka procesivita
bez proofreadingovej aktivity = nema
3'-5' exonukleazovu aktivitu

Pola asociovana s primazou, s ktorou tvori
heterotetramér

inicializuje syntézu DNA na oboch retazcoch
pre aktivitu potrebuje CMG helikazu a RPA

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

domain

Yuan et al_2019 elife



Primozom = Pola-primaza o €

* Primazovy podkomplex:

-kvasinky: Pril -katalyticka a Pri2

-Clovek: p49 -katalyticka a p58

-vytvori 2-10 nukleotidov dlhy RNA primer
na templatovej DNA

e Polymerazovy podkomplex:
-kvasinky: Pol1 -katalyticka a Pol12
Clovek: p180 -katalyticka a p70

-predizi RNA primer vytvoreny primazovym komplexom RNA-DNA =
hybridny primer

-flexibilné linkery pre konformacné zmeny

Baranovskiy et al_2016_J Biol Chem



Syntéza primerov

Pola inactive/primase active Pola inactive/primase active

N )

o o
2 w
1 EE)
.}%

o ( st
Switchto ' Lp’am’"“ [
PoI6/PoI£/." ‘

RNA NTPs

| p180 elongatlon

| OOI'e

platform

@
Pola active/primase active

linker p49-p58,-p180,-p70

Lp]atform / linker

; b+ DNA template
-‘ %ﬁntlatmg GTP
B RNA primer
- DNA primer

. e - Incoming dNTP or NTP
Pola active/primase inactive e

Baranovskiy et al_2016_J Biol Chem

1. p58C sa priblizi k p49 —iniciacia syntézy RNA
primeru

2. pri elongacii RNA primeru p58C pohybujuca sa
spolu s RNA primerom vytlaci p180
3. ked dizka primeru dosiahne 9 nts p58 inhibuje p49

4. takto vytlacena p180 je v pozicii, Ze sa moze
naviazat na 9 nts dlhy RNA primer

5. Pola predizi primer
6. Ked primer dosiahne dizku cca. 30 nts, Pola sa
vymeni za Polé alebo Pole

e Pola Specificky rozpozndva RNA/DNA komplex
vytvoreny primazou a za¢ne polymerizovat RNA
primer pridavanim dNTP

e po nasyntetizovani urcitej dizky DNA Pola strati
kontakt s RNA/DNA A-Sroubovicou a uvolni sa z
DNA



Syntéza primerov

incoming NTP p49
template . Q5

pricmer 4 , :k‘

catalytic
center

Baranovskiy et al_2016_J Biol Chem



PCNA a RFC

objavené ako esencidlne proteiny pre replikaciu SV40 v ludskych burikach

()
o
RFC !
DNA
ATP hydralysis
d c
o

RFC (Replication Factor C)

PCNA (Proliferating Cell Nuclear Antigen)

, 5 - potrebny k uchyteniu PCNA na DNA e ——
- konzervovany od Archaea az po eukaryota _ ATP4zova aktivita AAA+ ATP4za Miyata et al_2004_NSMB
- kizava svorka na DNA - 1 velka (RFC1) a 4 malé podjednotky (RFC2-5)

- rozpozndva 3' koniec primeru
- sposobuje konformaénu zmenu PCNA
- otvara kruhovu formu za hydrolyzy ATP

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

- v replikacii:

* upevnuje polymerazu k DNA

* 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

homotrimér

kazda podjednotka ma IDCL (Inter-domain connecting loop)
potrebny pre vazbu interakénych partnerov (Pold, p21, DNA ligdza...)

C-teminalna ¢ast: interakcia s Polg, RFC, ...
vnutorna €ast: pozitivne nabité Sroubovice—kontakt s DNA

PIP box (PCNA Interacting Peptide):

Q-X-X-L/M/1-X-X-F/Y-F/Y

motiv interagujuci s PCNA IDCL

obsahuju ho proteiny interagujuce s PCNA

DNA polymerdazy, Dnmtl, p21, Fenl, DNA ligaza...

APIM (AlkB homologue 2 PCNA Interacting Motif)

proteiny zucastnujuce sa opravy DNA

PCNA kéd

* posttranslacné modifikacie PCNA uréujuce vazbovych partnerov a funkciu PCNA

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
Ahmed et al 2017_NAR



DNA polymerazy 6 a e JEPH
x

5' - 3' DNA polymerazova aktivita

Leading 4 Lagging
3' - 5' exonukleazova aktivita strand g
mutdcie v exonukleazovej doméne polymeraz v nadorovych bunkach -
po DNA putuju pomocou PCNA REG clamp loader RhA primer
vymena polymerazy a za 6 alebo € po syntéze primeru
Pola ma afinitu k A-helixu RNA/DNA a z B-helixu DNA/DNA disociuje "= ODomnelland Kurth 201 3_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

Pold a Pole nemaju 5' — 3' exonukleazovu aktivitu, ktorou by vedeli vystiepit primery
tuto ulohu vykonava RNaza H1 a FEN1

polymerdzy zaplnia medzery, DNA ligaza zliguje nespojené konce



Polymeraza O

Pol &

katalyticka podjednotka polymeraz: tvar fudskej ruky

- ,dlan” je vysoko konzervovana —polymerdazova aktivita

»palec” drzi DNA na mieste a zvySuje procesivitu

a
28 Catalytic core oae  CTD 4107
p125 = m
T CysA CysB
1 s4 OB 1s0 PDE 469
p50 - - i
1 PBBN 467 .
p66 - § | Regulatory subunits
1 107 L
p12 S

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 (vytvoreny DNA Pola)

po strete s dalSim primerom dosyntetizuje este par nukleotidov a vytesni kus RNA primeru
vyCnievajuci 5' koniec RNA primeru je po tom rozpoznany FEN1 nukleazou, ktora ho vystiepi

DNA ligdza 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



a NTD 1186 Linker 1308 CcTD CysA, Cyst
Poz 1 (=D - 2222
1270 2100
NTD 168 PDE Mooring helix Dpb2-BD

Polymeraza € =

oz ) T — -
94 210348
e objavena v 1990 ako tretia DNA polymeraza o s « calcineurin-like PDE domain
. o s . o . Dpb3 —-—-— -
esencialna pre replikaciu S. cerevisiae : oo « HF - histone fold
. / . ' . Dpba 11— )-196 .
» dvojnasobna velkost oproti Pol& e C—C-term. region

* najvacssia podjednotka (p261/Pol2) obsahuje:

Pol2 NTD Pol2 NTD Stable Pal2 NTD

-
- @
s

- NTD = katalyticku €ast (syntéza a proofreading)

- CTD -protein-proteinové interakcie

v |
Dpbaid ~ \

Pol2 CTD Pol2 CTD

* pre svoju aktivitu nepotrebuje PCNA

1 Pol2NTD Pol2 NTD Flexible Poi2 NTD

} !
A ?‘ 1,1 (

Pol2 CTD Pol2 CTD Missing Dpb3/4.

* mooring helix:

- tvar L, koncova cast linkeru medzi NTD a CTD

- rekrutuje Dpb3-Dpb4 podjednotky

e Dpb3, Dpb4 —neesencialne, ale udrzuju rigidnu
Strukturu Pole

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

» ked sa 2 replikacné vidlice stretnu
* na konci S-faze, ale v skuto¢nosti sa replikony terminuju v priebehu S-faze
 velkost replikonu: 31 kbp, rychlost’ replika¢nej vidlice: 1,5 kb/min

i ”fg 10 minut od zaciatku replikacie sa dve replikacné vidlice stretnl a dojde k terminacii
replikacie

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

* odstranenie CMG:

- Mcm7 je polyubikvitylovana na K48

- Cdc48 rozpozna polyubikvitinylovany CMG komplex a oddeli ho od chromatinu

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



Ludsky replizdm

* model vychadzal z kvasiniek / [TIMELESS

* obsahuje proteiny, ktoré nemaju ortolégov v kvasinkach (rozpadnutie replizomu, stabilita tf
replizému a prepojenie replikdcie s DNA opravou)

* CMG helikaza

- MCM2-7+CDC45+GINS

- N-vrstva = helikalne OB a ZnF domény
- C-vrstva = ATPazové domény

* model vychadzajuci z cryoEM D.m. CMG:

- veduci retazec je tlaceny cez centrdlny kanal MCM2-7, zatial o opoZdujuci retazec sa viaZe ¥
mimo poru (MCM3 a MCM5 ZnF domény) \

- NTH (N-terminal hairpin) MCM7 —otoceny k poslednému paru baz dsDNA —funkcia v separacii ~Ii' :
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)
- CLASPIN (S.c. Mrc1)
* AND-1 (S.c. Ctf4) —trimér, ,scaffold” —zakladna pre vazbu dalsich proteinov na replika¢nu vidlicu

Jones et al_ 2021 _EMBOJ



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 f\.

13-mer
repeats

(A=T)-rich .
region Oric

9-mer repeats

» 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 Ill -heterotrimér: a, € a 6 —syntéza NOPEY ) QK
oboch retazcov " g Ve 3 s ¥ * Parental strand

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

« (PolllIB). —kizava svorka, procesivita polymerazy
* CLC (Clamp Loader Complex) —loader svorky
-podjednotky PolllI&(y/T)38 Yy

Lagging strand B

Oakley_2019_ProtSci



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

* mutacie, neobvyklé DNA struktury, CFS ® dsapmas | 1S
(Common Fragile Sites), konflikty Y aofbons
replikdcia-transkripcia, p6sobenie 0300 \:memh - aud '%»
chemikalii /liekov, aktivacia onkogénov ... LY

. . C Disturbed origin firing =)
 ak nie je pod kontrolou —kolaps /«v\\ | &
replikacnych vidlic —tvorba DSB (Double \ § 00y T o~
Strand Breaks) —narusenie stability § & Y000000s L, s
genomu (mutacie, Copy Number 2 L T —
i ‘hromo: 2 g Misbhed  ©® | ", Teiimopiete @
Alterations CNAs, chromozomalne Ry
preskupovanie,...) TN, x- f“"?% T oo™
7 . . v . Ve 7 e v Da DO Y At o

* mutacie v replikachej masinérii a kontrole aj

—vyvojove vady, starnutie, anémia, primo and Teixeira_ 2019_GenetMolgiol

rakovina,...



Replikacny stres

'd

Collapsed fork

Replication fork
> demise

Replication forks

\ DNA lesion
Damage bypass by\
Stable fork template switch
1

b

N Tl s
Template switch

|

i

7

Smc5/6

Stabilization of fork 1

!
e\

l Smch/6

q

Restart of replication fork

Error-free bypass

Kegel and Sjogren_ 2010_Cold Spring Harb Symp Quant Biol

OO RPA

translesion
synthesis

—

PR & T
(NERNNEEE." "4

POLD1

POLD3
Pol © ubiguitin 4*» lesion
FOLD POLD2
REV3 5o Pol n
Pol O Rev1 O Eg::{
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
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