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To understand the structure-function relationship

* Biochemistry
* Molecular Biology
Three-dimensional * Genetics

Structure * Cellular Biology
(at atomic level) :

e Bioinformatics
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Archaea are similar to bacteria in shape, but similar to eukaryote in DNA replication system.
Archaeal DNA transacting proteins are simple and stable than those from eukaryotes.

= Good model to understand the complex eukaryotic system
= Interesting target to consider evolution of life and proteins 4




Comparison of Proteins working for DNA replication

Bacteria Eukaryotes/Archaea
Origin Recognition DnaA Orc (with Cdc6)
Template unwinding DnaB & DnaG MCM (with Cdc45 & GINS)
sSDNA binding SSB RPA
Primer synthesis RNA primase DNA polymerase o./ primase
Replication activation B clamp dimer PCNA trimer
Clamp-loading y complex RFC
New DNA synthesis DNA polymerase Ill  DNA polymerase &/
Primer removal DNA polymerase | RNaseH (with FEN)
Strand maturation DNA ligase DNA ligase

Comparison of Proteins working for DNA replication

Eukaryotes Archaea

Origin Recognition Orc 1~6 hetero 6mer Orc homo 6mer

Template unwinding Mcm2~7 hetero 6mer MCM homo émer

MCM activator GINS hetero 4mer GINS 51:23=2:2 hetero 4mer
or homo 4mer

ssDNA binding RPA hetero 3mer RPA hetero 3mer

Replication activation ~ PCNA homo 3mer PCNA homo trimer

Clamp-loading RFC 1-5 hetero 5mer RFC L:S=1:4 5mer

Strand maturation DNA ligase DNA ligase

Eukaryotic and archaeal DNA replication proteins

(from the former institute BERI until now)
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The Goal of Replisome, Still far away? or almost there?

Research “Development of an experimental-based system for the
JST-BIRD macromolecular network modeling”
M em berS Project Leader: Dr. Tsuyoshi Shirai (2005~2009)

Crystallography Electron microscopy

3D structure analyses of archaeal DNA transacting complexes
o eroson “
Structure Microscopy
T. Oyama K. Mayanagi
Osaka Univ. Kyushu Univ.

Diffraction & structure data 1 Image & structure data

Macromolecular complex model
Subunit assembly
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The Goal of Replisome, Still far away? or almost there?
AMED: Construction of the supramolecular complex modeling pipeline

Supramolecular modeling target

Collaborator domain Support, Upgrading domain
DNA polymerase D EM structure DNA poly D modeling #2181
GINS-GAN complex crystal GINS-GAN complex modeling #2027
RFC EM and crystal structure RFC complex modeling
» PCNA-Lig-FEN complex EM structure DNA poly mutant modeling #2179
Purified subunit interaction analysis

.

: CMG complex
Okazakisome

o
Okazakisome EM Structure . 2 * CMG complex EM Structure
RFC-PCNA Crystal Structure Public domain . pNA polymerase D crystal structure

Unwindosome (CMG helicase holo-enzyme)
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Figure 1. Schematic drawings of the formation of the pre-1C and the initiation of DNA replication. See text for EUKaryOtIC CMG o ° .-.... Archaeal CMG
details.
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Cdc45, GAN and RecJ are homolog

ARTICLE 3 —_ -
== Structural basis for DNA 5-end r_e.r.ectuon
Structure of human Cdc45 and |mpl|cat|cms by Rec) 2.3 A, eLife, (Apr 2016)

for CMG helicase function

Aling €. Semon', Vingeran Sanning?, Vincenso Costanse® & Lica Pellegried

Kaiying Cheng, Hang Xu, Xuanyi Chen, Liangyan Wang, Bing Tian, Ye Zhao",
Yuejin Hua®

Koy Laboratory of Chinesa Ministry of Agriculture for Nuclear-Agricultural Sciances,
M Institute of Nudear-Agricultural Sciences, Zhejiang University, Hangrhou, China

2.1 A, Nat. Commun. (May 2016) N\@W’

Muannnnmnwwﬂ ]

C-terminat
domain {5

He cow TH._ll.ee

ructusn of drtoed ecenplox viewsd from she side. Proten
domaing of drtac] & ses. The DA and S58-Ct arm colored ceangs and yalier
tesgecthoely T pres 1 s magenis spheres. Twa regom that arm dacidesd in the
iRwc) stnactss tne..m. 324F) arw highbightad in )«v‘ | halizes that faem & hesical gateway ars sso
Isteled. (81 Ovarsll sttucture of the difte) he CHA, The downacream
nuclecticies stack well 1 memas the doutia-str e PAGE gl shemwing the mcheass
actbvitiers of diflereen truncal o of dritect. ¥-Flu atsabed 20 n1 ssCNA (100 P was incubssced with
various conceecrations of cfleeont uncations of driec) pratens (ses methods)

13

Archaeal and Eukaryotic GINS share the common architecture

Tetramer Subunits Note

form a (ABype) B (BA-type) . B .
2~ wth S WY rp S peea Different subunit composition of

pil D pp D GINS in the different species
T kodakaraensis o fl, Ginss| T (iimzlaI:}-F:n Present structure
T avidophilum TacGins T - Present madeling

B daman

(A) TheGINS Human GINS

Comparison of the overall tetramer
assembly

Comparison among the
Gins51 vs. SidS, rmsd: 1.7 A (87aa.)  Gins$l vs L rmsd: 2.3 A (85aa) corresponding subunits

! il Oyama et al. BMC
. rmsd: 16 & (820.) Biol. (2011) 14

High resolution CMG EM structure

Structure of the eukaryotic replicative CMG helicase

suggests a pumpjack motion for translocation 3.7 A, Nat. Struct. Mol. Biol (Feb 2016)

Fuanning Yuan'?, Lin Bai, fingchuan Sun?, Roxana Georgescu™, Jun Lin®, Michael E O Doanell! & Huilin Li'?
Resolution (A)

GINS
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GAN could be an evolutionary mtermedlate between RecJ and Cdc45

Nucleio Acids Research Advance Access published Septomber §, 2016

Nk s ek 00|
o Tk S I ]
Atomic structure of an archaeal GAN suggests its dual A“"’" A“‘"
roles as an exonuclease in DNA repair and a CMG . | By u
e L)
ok T CHA et OQQEE' ﬁ%
Qyama'’, Soncke lahing, T Shiraf®, Takeshi Yamagam®, Mariko Nagata®, MCM GINS GINS
mlow. Maram) Kasunchit are YosHim! W™ e (hetero hexamer) (aa'pp) ‘h""'“ hexamer) (a.f, or u,)
ic CMG Archacal CMG
Similar enzymatic Similar domain

property & architecture




Clamp-loading Complex (RFC-PCNA-DNA)
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Identification of the Replisome Components
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Reconstitution of Complete SV40 DNA Replication with Purified
Replication Factors*

(Received for publication, Septesber 20, 1993, and in revised form, January 26, 1994}

Shou Waga, Glenn Bavert, and Bruce Stillman}
From the Cold Spring Harbor Laboratory, Cold Spring Harbor, New York 11724
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ing DNA replication from the siminn virus 40 (SV40) ori- i
in is describod. Using these proteins, complete SV40 - | i
nm replication was reconstituted with only purified - o981 P w—
n factors: SV40 large tumor antigen m_._r e
(Tm nplluuun protein A lRPnJ. mmpohomrm aa= - Ay
1and IT, DY bon factor C ———n
uu?c:. the prolifernting cell nuclear antigen (PCNAJ, o
MNA polymerase &, maturation factor 1 (MF1), and DNA 23— e g

Bg-ul.ml?l.-n los emuclemlnd.l)mligml 10— ol . i
were both i T pro-
duction of covalently nlued circular relaxed llww n Tgali
e 4] IR e e et
showa ey b “'”‘u":"i"' DA "“":‘lm: sequences. Tha requinement for Rase HI in proposed hecamse it is
i a froms the SVAD origho. Combined with m:ll{wmllnfﬂ"ﬂ primers using a synthetic lagging strand
these previous studies, our results suggest that MF1
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ly, whereas lian DNA che I fune-
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DNA lignse
lignse 1 has a specific role as a replicative DNA ligase in
eukaryotic cells.

Structural study of clamp-loading complex

\\w Clamp (PCNA) Clamp loader (RFC)
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PCNA

Matsumiya et al. (2002)
RFC-PCNA
binary complex

Primer—template DNA

Clamp-loading
complex

RFCS
Oyama et al. (2001)

In vitro reconstruction of the
RFC-PCNA-DNA complex
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RFC C-term. collar

Pentagonal closed ring

mmmp RFCN-term. AAA*

Open PCNA

b 90 90
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50KDA = )
S arcs Atomic mode LROd'ShaPEd Double-stranded
— e = —FoNA fitting Density DNA
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RFC loader

Miyata PNAS (2005)

Hexagonal open ring
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Yeast RFC—PCNA complex
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attachment to the sliding clamp loaded onto DNA owman et i, (2004) 19

Processivity of DNA polymerase is conferred by

* Use of ATP analog (ATPYS)

« Purification by gel-filtration
column chromatography

Miyata NSMB (2004)

PCNA is opened in a
spring washer-shaped
conformation with a half
spiral pitch of double-
stranded DNA.

PCNA clamp
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Structural comparison between clamp loaders and clamps

E. Coli P. furiosus Yeast
RFC-PCNA

RFC-PCNA-DNA

y complex

Miyata et al., Proc Natl Acad Sci (2005) 21

Dynein, Another AAA* ATPase Protein

e The 2.8 A crystal structure of the dynein
[ . motor domain
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Electron microscopic analysis has proposed the “power-
stroke model” of walking of Dynein on microtubules.
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Clamp loaders and clamps are required throughout the cell cycle

(1) Various proteins working cooperatively (2) Alternative clamp loader/clamp
with the clamp systems

PCNA interacting proteins 0] @

. Function Repicaion  Repar
{: LIF  15% 164
omLes 153 180 Clamp loader RFC1 Rad17
bl RFC2-5  RFC2-5
15 1 Clamp PCNA x3 Rad9

g PIP (PCNA-Interacting
Protein) Box peptide
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Biomolecular Engineering Research Institute, Unpublished data

Archaeal RFC is not a preserved ancestral type, %‘ =
but a degenerated version of eukaryotic RFC. @

Saito et al. PEDS (2005) ' 23

Archaeal DNA polymerases in complex with PCNA and DNA

Structural determinant for switching between Pyroccus furiosus DNA polymerase B

the polymerase and exonuclease modes in the
PCNA-replicative DNA polymerase complex

irokass Hinhicda®, Kowts Mayanagi®, Shinichi Kiyanart, Vekhi fatn®’, Takuf Oyama, Yohirues ibine:
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cell nuclear antigen (PCNA)-DNA ternary complex
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Okazakisome
(FEN-PCNA-DNA, FEN-LIG-PCNA-DNA)

Leading strand
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Sequential model? Too-belt model? or another?
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EM structure of FEN-PCNA-DNA
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P. Furiosus FEN-1 Human FEN1-DNA complex
Hwang et al., Nat. Struct. Biol. (1998) Tsutakawa et al., Cell. (2011) 27
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EM structure of FEN-Lig-PCNA-DNA
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The DNA button pass, handing-over mechanism

FEN-PCNA-DNA FEN-Lig-PCNA-DNA Lig-PCNA-DNA

Human Lig-DNA
Pascal et al., Nature (2004)
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Summary

We have studied archaeal Replisome (DNA replication machinery) by
the combined approach of structural biology with X-ray crystallography
and electron microscopy, molecular biology, and bioinformatics.

1. At the initial stage, CMG unwinds the template DNA for the new
DNA strand synthesis. We determined the crystal structure of MCM
activator GINS and GAN. GAN might be an evolutional intermediate
from RecJ to Cdc45.

2. At the middle stage, PCNA acts as a universal activator for the DNA
transacting enzymes such as the replicative DNA polymerase, and we
proposed a clamp-loading mechanism based on the electron
microscopy RFC-PCNA-DNA ternary complex.

3. At the late stage, Okazaki fragment maturation is essential in
particular on the lagging strand. We determined EM FEN-PCNA-
DNA and FEN-Lig-PCNA-DNA complexes and proposed a new

“DNA button handing over mechanism” from FEN to Lig on PCNA.
31




