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To understand the structure-function relationship

Three-dimensional
Structure

(at atomic level)

• Biochemistry
• Molecular Biology
• Genetics
• Cellular Biology

• Bioinformatics
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Similar DNA
transaction

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.

Three Domains of Life

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

Unicellular
(similar shape)
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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 /  primase
Replication activation clamp   dimer PCNA   trimer
Clamp-loading complex RFC
New DNA synthesis DNA polymerase III DNA polymerase 
Primer removal DNA polymerase I RNaseH (with FEN)
Strand maturation DNA ligase DNA ligase

Comparison of Proteins working for DNA replication
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Eukaryotes Archaea
Origin Recognition Orc 1~6 hetero 6mer Orc homo 6mer
Template unwinding Mcm2~7 hetero 6mer MCM homo 6mer
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

Comparison of Proteins working for DNA replication
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(from the former institute BERI until now)

Miyata et al. (2005)

Oyama et al. (2001)

Nishida et al. (2006)

Nishino et al. (2001)
Nishino et al.
(2003, 2005)

Nishida et al. (2009)

Matsumiya et al.
(2002)

Stlzalka et al.
(2009)

Oyama et al.
(2009)

Eukaryotic and archaeal DNA replication proteins

Kajimura et al.
Unpublished

Oyama et al. (2016)

Oyama et al.
(2011)
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The Goal of Replisome, Still far away? or almost there?

Research
Members

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

Biochemistry

Crystallography Electron microscopy

Bioinformatics

3D structure analyses of archaeal DNA transacting complexes

T. Oyama
Osaka Univ.

Crystal
Structure

Electron
Microscopy

K. Mayanagi
Kyushu Univ.

T. Shirai
Nagahama Inst.

Functional analyses

Subunit assembly

Database survey

Subunit modeling Interface prediction

Macromolecular complex model

Diffraction & structure data Image & structure data

Sequence & biochemistry data

Y. Ishino
Kyushu Univ.
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Dr. Tsuyoshi Shirai, Nagahama Institute for Bio-science and Technology

The Goal of Replisome, Still far away? or almost there?

RFC-PCNA Crystal Structure
Okazakisome EM Structure CMG complex EM Structure

DNA polymerase D crystal structure

AMED: Construction of the supramolecular complex modeling pipeline

DNA polymerase D EM structure
GINS-GAN complex crystal structure
RFC EM and crystal structure
PCNA-Lig-FEN complex EM structure
Purified subunit interaction analysis

DNA polymerase D modeling #2181
GINS-GAN complex modeling #2027
RFC complex modeling
DNA polymerase mutant modeling #2179
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Unwindosome (CMG helicase holo-enzyme)
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Replication Fork Formation (Long Long Road)
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Eukaryotic and archaeal DNA replication

ReplicationRepair

5

27
3

4
6

5 1
2 3

51 51
23 23
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Cdc45, GAN and RecJ are homolog

2.1 Å, Nat. Commun. (May 2016)

2.3 Å, eLife, (Apr 2016)
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Archaeal and Eukaryotic GINS share the common architecture

Oyama et al. BMC
Biol. (2011)

Different subunit composition of 
GINS in the different species

Comparison of the overall tetramer 
assembly

Comparison among the 
corresponding subunits
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High resolution CMG EM structure

3.7 Å, Nat. Struct. Mol. Biol (Feb 2016)
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Similar enzymatic 
property

GAN could be an evolutionary intermediate between RecJ and Cdc45

Similar domain
architecture

  

Cdc45

GAN

RecJ
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Clamp-loading Complex (RFC-PCNA-DNA)
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Identification of the Replisome Components
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et al.

et al.

’ 1 2 3

E. coli Processivity of DNA polymerase is conferred by 
attachment to the sliding clamp loaded onto DNA 

Structural study of clamp-loading complex
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9090

180

Rod-shaped
Density

Double-stranded
DNA

Miyata PNAS (2005)

In vitro reconstruction of the 
RFC-PCNA-DNA complex

• Use of ATP analog (ATP S)
• Purification by gel-filtration

column chromatography

Pentagonal closed ring

RFC C-term. collar

Miyata NSMB (2004) DNA

PCNA clamp

RFC loader

C-term.

N-term.

Atomic mode
fitting

EM 3D Structure of RFC-PCNA-DNA

RFCN-term. AAA+

Hexagonal open ring

Open PCNA

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

P. furiosus
RFC-PCNA-DNA

Yeast
RFC-PCNA

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

Structural comparison between clamp loaders and clamps

21 
Electron microscopic analysis has proposed the “power-
stroke model” of walking of Dynein on microtubules.

Dynein, Another AAA+ ATPase Protein

Major motor proteins 
in the cell

22 

Clamp loaders and clamps are required throughout the cell cycle

(1) Various proteins working cooperatively 
with the clamp

(2) Alternative clamp loader/clamp 
systems  

Biomolecular Engineering Research Institute, Unpublished data

Saito et al. PEDS (2005)

Archaeal RFC is not a preserved ancestral type, 
but a degenerated version of eukaryotic RFC.
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Pyroccus furiosus DNA polymerase B

X-ray 2.6Å
Pol + 1/3 PCNA

Electron microscopy
Pol + PCNA + DNA

Archaeal DNA polymerases in complex with PCNA and DNA

3mer modeling
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Okazakisome
(FEN-PCNA-DNA, FEN-LIG-PCNA-DNA)

T. Okazaki, Tanpakushistu-Kakusan-Kouso (2002)

Leading strand

Lagging strand

Many short fragmets…
Unwinding

Primer synthesis

DNA strand synthesis

Primer removal & gap filling
Ligation
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d) 

FENFE

PolB

Lig

PCNA
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PCNA PCNA

upstream downstream
flap

Sequential model? Too-belt model? or another?

Mayanagi et al., Sci Rep (2018)26 

EM structure of FEN-PCNA-DNA

P. Furiosus FEN-1
Hwang et al., Nat. Struct. Biol. (1998)

Human FEN1-DNA complex
Tsutakawa et al., Cell. (2011)

50 nm
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EM structure of FEN-PCNA-DNA

50 nm
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EM structure of FEN-Lig-PCNA-DNA

50 nm
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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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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.

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.
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