
Published online 27 September 2021 Nucleic Acids Research, 2022, Vol. 50, No. 7 3601–3615
https://doi.org/10.1093/nar/gkab799

NAR Breakthrough Article

Family D DNA polymerase interacts with GINS to
promote CMG-helicase in the archaeal replisome
Keisuke Oki1, Mariko Nagata1, Takeshi Yamagami1, Tomoyuki Numata1, Sonoko Ishino1,
Takuji Oyama 2,* and Yoshizumi Ishino 1,*

1Department of Bioscience and Biotechnology, Graduate School of Bioresource and Bioenvironmental Sciences,
Kyushu University, Fukuoka 819-0395, Japan and 2Faculty of Life and Environmental Sciences, University of
Yamanashi, Kofu, Yamanashi 400-8510, Japan

Received June 24, 2021; Revised August 29, 2021; Editorial Decision September 01, 2021; Accepted September 06, 2021

ABSTRACT

Genomic DNA replication requires replisome assem-
bly. We show here the molecular mechanism by
which CMG (GAN–MCM–GINS)-like helicase coop-
erates with the family D DNA polymerase (PolD)
in Thermococcus kodakarensis. The archaeal GINS
contains two Gins51 subunits, the C-terminal do-
main of which (Gins51C) interacts with GAN. We
discovered that Gins51C also interacts with the N-
terminal domain of PolD’s DP1 subunit (DP1N) to
connect two PolDs in GINS. The two replicases in
the replisome should be responsible for leading- and
lagging-strand synthesis, respectively. Crystal struc-
ture analysis of the DP1N–Gins51C–GAN ternary
complex was provided to understand the structural
basis of the connection between the helicase and
DNA polymerase. Site-directed mutagenesis analy-
sis supported the interaction mode obtained from
the crystal structure. Furthermore, the assembly of
helicase and replicase identified in this study is also
conserved in Eukarya. PolD enhances the parental
strand unwinding via stimulation of ATPase activ-
ity of the CMG-complex. This is the first evidence
of the functional connection between replicase and
helicase in Archaea. These results suggest that the
direct interaction of PolD with CMG-helicase is criti-
cal for synchronizing strand unwinding and nascent
strand synthesis and possibly provide a functional
machinery for the effective progression of the repli-
cation fork.

INTRODUCTION

Genomic DNA replication is essential for all living or-
ganisms, and its molecular mechanisms have been stud-
ied in the three domains of life, namely, Bacteria, Ar-
chaea and Eukarya (1–3). This accurate and tightly regu-
lated process requires the replisome assembly, in which he-
licase unwinds parental double-stranded DNA (dsDNA)
into single-stranded DNA (ssDNA). DNA polymerases
then synthesize nascent strands (4). The eukaryotic and
archaeal replicative helicases are named CMG-helicases,
which come from their eukaryotic components Cdc45 (cell
division cycle 45), MCM2–7 (mini-chromosome mainte-
nance) and GINS (go–ichi–ni–san, which means 5–1–2–
3 in Japanese as it consists of Sld5, Psf1, Psf2 and Psf3)
(5,6). MCM2–7, helicase’s catalytic core, belongs to the
AAA+ ATPase superfamily. ATP hydrolysis drives CMG-
helicase to translocate on the leading-strand template DNA
in the 3′–5′ direction (5,7,8). In the initial DNA replica-
tion step, the MCM2–7 double hexamer is loaded onto the
dsDNA at the replication origin. It remains inactive dur-
ing the assembly of other numerous replication factors, in-
cluding Cdc45 and GINS (6,9,10). The Dbf4-dependent ki-
nase (DDK) and cyclin-dependent kinase (CDK) phospho-
rylate MCM2–7, which then recruits Cdc45, followed by
the pre-loading complex (pre-LC) comprising GINS and
DNA polymerase ε (Polε) (11). Psf1 subunit of GINS sta-
bly binds Polε via its B-subunit Dpb2 to connect CMG-
helicase to DNA polymerase (12). Polε is critical for CMG
activation (13), and Dpb2 and the C-terminal domain of
Pol2, the catalytic subunit of Polε, probably interact with
MCM2–7 (14,15). CMG-helicase activation allows lagging-
strand ejection, double-hexamer separation and bidirec-
tional replication-fork progression (16). GINS also inter-
acts with DNA polymerase � (Pol�) via Ctf4 (17). Thus,
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the eukaryotic replisome retains at least two different DNA
polymerases.

In Archaea, the replisome assembly mechanism, includ-
ing helicase and polymerases, is still poorly understood.
In contrast to the eukaryotic MCM2–7, most archaeal
genomes contain only a single mcm homolog (18). Although
Thermococcus kodakarensis has three mcm genes (mcm1–
3) on its genome, only mcm3 is essential for cell viability,
and thereby, the MCM3 homo-hexamer appears to be the
replicative helicase (19,20). Indeed, we previously demon-
strated that GINS stimulates the ATPase and helicase ac-
tivities of MCM3 (hereafter referred to simply as MCM),
and GINS-MCM forms an archaeal CMG-complex with
GINS-associated nuclease (GAN), a homolog of Cdc45
(21). The similar CMG-helicase complexes have been re-
ported from Sulfolobus and Saccharolobus species (22,23).
The archaeal GINS is a homotetramer (�4) (24) or a
tetramer formed by two types of subunits, Gins51 and
Gins23 (�2�2) (23,25,26). T. kodakarensis GINS belongs
to the latter category. Gins51 is related to the eukaryotic
Sld5 and Psf1, which possess large �-helical ‘A domains’
at the N-termini, small �-strand-rich ‘B domains’ at the
C-termini and flexible linkers in between (26–29). By con-
trast, Gins23 resembles eukaryotic Psf2 and Psf3 and has a
permuted domain arrangement (B–A instead of A–B). Our
previous study revealed a striking structural similarity be-
tween T. kodakarensis and human GINS despite their low
sequence identity (26). GAN is a Cdc45/RecJ homolog be-
longing to the DHH hydrolase superfamily (30). Although
T. kodakarensis GAN does not exhibit nuclease activity in
physiological conditions nor stimulates MCM activity, it
forms a complex with MCM and GINS and is required for
cell growth at high temperatures (21).

T. kodakarensis retains two DNA polymerases, namely,
family B DNA polymerase (PolB) and family D DNA
polymerase (PolD). PolB was first identified in Pyrococ-
cus furiosus as a eukaryotic Pol�-like family B DNA poly-
merase (31), and PolD was then found as a novel family
based on its distinct amino acid sequence (32–34). In con-
trast to PolB, which possesses both 3′–5′ exonuclease and
polymerase active sites in one polypeptide, PolD separates
them in the DP1 and DP2 subunits, respectively. DP1 be-
longs to the calcineurin-like phosphodiesterase superfam-
ily, like the Mre11 nuclease (35,36). The second subunit
of all eukaryotic replicative polymerases (POLA2, POLE2
and POLD2) possess the conserved structures of DP1’s
core region, but they lost their 3′–5′ exonuclease activi-
ties. The catalytic subunits of the eukaryotic replicases also
possess a similar structure to DP2’s C-terminal domain,
which binds DP1 (37,38). By contrast, DP2’s catalytic core
is not similar to other DNA polymerases but rather ho-
mologous to the double-psi beta-barrel (DPBB) family of
RNA polymerases (39). Recent electron-microscopic (EM)
studies unveiled 3D structures of PolD from Pyrococcus
abyssi and T. kodakarensis, in complex with DNA and
the proliferating cell nuclear antigen (PCNA), a proces-
sivity factor (40,41). We reported very recently that PolD
connects primase to the archaeal replisome and that part-
ner exchange from primase to PCNA on DP2 switches
PolD’s function from de novo synthesis to processive
elongation (42).

Despite accumulating knowledge on the archaeal repli-
some, the mechanism by which archaeal replicative poly-
merase coordinates with CMG-helicase remains unclear.
We show here the molecular basis for archaeal replisome
assembly, in which GINS connects PolD to CMG-helicase.
The N-terminal domain of DP1 subunit (DP1N) bound
to the C-terminal domain of Gins51 subunit (Gins51C),
which we previously reported to bind GAN. Thereby, we
determined an atomic structure of the DP1N–Gins51C–
GAN ternary complex, which should act as the replisome
core in T. kodakarensis. A structural comparison of T. ko-
dakarensis DP1N–Gins51C–GAN with a corresponding re-
gion of the yeast replisome revealed that the structural
basis for the interaction with CMG-helicase is conserved
between PolD and Polε. We also provide functional in-
sights into the assembly of PolD and CMG-helicase. GINS
bound to two PolD molecules, which presumably con-
tributes to synchronization of DNA replication in both
leading and lagging strands. PolD-binding increased the
helicase activity and the ATPase activity of the archaeal
CMG-helicase by up to one order of magnitude, completely
changing its substrate preference from dsDNA to ssDNA.
These findings will provide insight into the archaeal repli-
some assembly for the effective progression of replication
fork.

MATERIALS AND METHODS

Recombinant proteins preparation

We prepared recombinant PolB, encoded by TK RS00010
(43); DP1, by TK RS09520 (44); DP2, by TK RS09525
(44); PolD (DP1 and DP2) (42); MCM (Mcm3), by
TK RS08085 (21); GINS, by TK RS02640 (Gins51) and
TK RS08080 (Gins23) (21); Gins51C (amino acids 138–188
of Gins51) (45); GAN wild type and D36A (nuclease defi-
cient mutant), by TK RS06185 (46); and PCNA (PCNA1),
by TK RS02635 (43) as described previously.

The pET-TaqLF expressing the large fragment of Ther-
mus aquaticus DNA polymerase (PolI) (referred to as
‘TaqLF’ in this study; it is a truncated mutant of the
5′–3′ exonuclease domain of Taq polymerase by TTH-
TAQP1A, with residues 1–867 deleted) was prepared.
The gene for TaqLF fragment was amplified from pTV-
Taq (47) using Pfu DNA polymerase with the primer
set ‘TaqLF-F/R’ (Supplementary Table S1). The ampli-
fied fragment was digested using NdeI and NotI restric-
tion enzymes and ligated using the T4 DNA ligase into
the corresponding sites of the pET-28a(+) expression vec-
tors (Novagen). The nucleotide sequence was confirmed
by sequencing using CEQ 2000XL (Beckman Coulter).
Escherichia coli BL21-CodonPlus (DE3)-RIL cells (Agi-
lent Technologies) containing recombinant plasmids were
cultivated at 37◦C in LB medium containing 50 �g/ml
streptomycin and 34 �g/ml chloramphenicol at 37◦C un-
til OD600 reached 0.3. The cloned gene expression was
induced by adding IPTG to a final concentration of 1
mM and further cultivated at 25◦C for 16 h to overpro-
duce TaqLF. The protein was purified using heat treat-
ment at 80◦C for 20 min, followed by polyethyleneimine
treatment and ammonium sulfate precipitation. Sequential
chromatography on HiTrap Butyl FF, HiTrap Heparin HP
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and HiTrap Q HP columns (GE Healthcare) were con-
ducted to obtain the homogeneous protein. The gene en-
coding the DP1N (amino acids 1–64 of DP1) was ampli-
fied by PCR using pET24a-DP1 as a template, and the
primer set, DP1-F/DP1N-R (Supplementary Table S1).
The amplified DNA was digested using NdeI-NotI and
was inserted into the corresponding sites of the modi-
fied pCDF-1b, resulting pCDF-DP1N. NcoI-recognition
sequence was changed to NdeI-recognition sequence in the
modified pCDF-1b. The DP1N protein was produced in E.
coli BL21 CodonPlus (DE3)-RIL cells, which were culti-
vated at 37◦C in LB medium containing 50 �g/ml strepto-
mycin and 34 �g/ml chloramphenicol at 37◦C until OD600
reached 0.3. Gene expression was induced by adding IPTG
to a final concentration of 1 mM and the cells were fur-
ther cultivated at 25◦C for 16 h. The protein was puri-
fied using heat treatment at 80◦C for 20 min, followed
by polyethyleneimine treatment and ammonium sulfate
precipitation. Column chromatography was conducted se-
quentially on HiTrap Butyl HP and HiTrap SP HP columns
(GE Healthcare).

The DP1N–Gins51C–GAN ternary complex was pro-
duced by co-expressing its three genes (DP1N, Gins51C and
GAN) in E. coli BL21-CodonPlus (DE3)-RIL cells. The
cells carrying pCDF-DP1N, pET28TEV-Gins51C (with an
N-terminal His6-tag) and pET21a-GAN were cultivated in
combination in LB medium containing 50 �g/ml strepto-
mycin, 50 �g/ml kanamycin, 50 �g/ml ampicillin and 34
�g/ml chloramphenicol at 37◦C until OD600 reached 0.3.
The gene expression was induced by adding IPTG to a fi-
nal concentration of 1 mM and the cells were further cul-
tivated at 25◦C for 18 h. The complex was purified using
heat treatment at 80◦C for 20 min, followed by sequen-
tial chromatography on HisTrap HP, HiTrap Q HP and
Hiload 26/60 Superdex 200 pg columns (GE Healthcare).
The complex-containing fraction was pooled and concen-
trated to 47 mg/ml for crystallization using a HiTrap Q HP
column.

The GINS mutants (V148A/V170A and
V148D/V170D) and DP1N mutants (L7A/L12A and
L7D/L12D) were prepared using E. coli containing the
corresponding genes. Each mutation was introduced by
PCR-mediated site-directed mutagenesis and the produced
proteins were purified in the same way as wild type proteins.

DNA substrate preparation

The pBlueScript II SK(+) (pBS) plasmid was used as a pri-
mary substrate for obtaining the fork-structured DNA with
a long dsDNA region. The oligonucleotide ‘Xho1-NH2’
(Supplementary Table S1) was annealed to pBS and di-
gested using Xho1 to linearize pBS. After the purification of
linear DNA by Wizard SV Gel and PCR Clean-Up System
(Promega), the primer ‘polyApri45’ (Supplementary Table
S1) was annealed to linear pBS and then the primer ex-
tension was handled to make fork-structured dsDNA. The
products have a 2855 bp dsDNA region with 106 nt of ss-
DNA at the 3′-terminus to anneal primers or loading en-
zymes. After cleaning up the DNA, 5′-Cy5-labeled priHel2
(Supplementary Table S1) was annealed and used as the
substrate.

Surface plasmon resonance (SPR) analysis

The physical interaction of PolD with GINS was assessed
using a Biacore J system (GE Healthcare). PolD was im-
mobilized on a CM5 sensor chip (GE Healthcare) accord-
ing to the manufacturer’s recommendation. To measure the
kinetic parameters, 1000 nM of GINS was passed through a
running buffer (50 mM Tris–HCl, pH 8.0, 0.3 M NaCl, 0.1%
IGEPAL) through the PolD-immobilized chip at a contin-
uous flow of 30 �l/min at 25◦C for 120 s. The regeneration
buffer (50 mM Tris–HCl, pH 8.0, 1 M NaCl, 0.1% IGEPAL)
failed to eliminate the bound analytes.

Yeast two-hybrid assay

The interaction of the indicated proteins was detected us-
ing a Y2H detection system (Matchmaker Gold Yeast Two-
hybrid System, Matchmaker GAL4 Two-Hybrid System
3, Clontech). The plasmid pGBKT7, encoding the GAL4
DNA-binding region, and the plasmid pGADT7, encoding
the activation domains, were used to prepare plasmids con-
taining the indicated genes from T. kodakarensis. According
to the manufacturer’s protocol, the yeast Y2H Gold cells
were co-transformed with pGBKT7 and pGADT7 (Clon-
tech Matchmaker manual). Cell suspensions of each strain
(3 �l of 2 × 106 cell/ml) were spotted onto synthetic defined
plates without Leu and Trp for the non-selection and Leu,
Trp and His or Leu, Trp, His, and Adenine for two different
selection strengths. The agar plates were incubated at 30◦C
for 4 days, and cells showing the interactions of the two pro-
teins produced from the two co-transformed plasmids were
grown.

Native-PAGE gel shift assay

The protein-protein interaction was also detected using
native-PAGE. Each protein and mixture were incubated for
2 min at 60◦C, and then mixed with 5× gel-loading buffer
(15% Ficoll and 0.1% bromophenol blue) and subjected to
native-5% PAGE/TBE and Coomassie Brilliant Blue (CBB)
staining.

Gel filtration chromatography

Gel filtration chromatography was performed using the
SMART system (Amersham Pharmacia). In the exper-
iments testing the PolD–GINS and PolD–GINS–GAN
complex formation, each protein and mixture were incu-
bated for 3 min at 60◦C. Aliquots (20 �l) of the pro-
tein solution was applied on a Superose 6 PC 3.2/30 col-
umn (GE Healthcare) and eluted with a buffer contain-
ing 50 mM Tris–HCl, pH 8.0 and 0.15 M NaCl. Aliquots
(0.1 �l) of the applied solution and the aliquots (4 �l) of
each fraction from the eluates were subjected to 10% SDS-
PAGE containing WIDE RANGE Gel Preparation Buffer
(Nacalai Tesque), followed by silver staining. In these exper-
iments testing the DP1N–Gins51C interaction, each pro-
tein (120 �M) and mixture were incubated for 5 min at
60◦C, and were applied on a Superdex 200 PC 3.2/30 col-
umn (GE Healthcare). The aliquots (4 �l) of each fraction-
ated solution eluted with a buffer containing 50 mM Tris–
HCl, pH 8.0 and 0.3 M NaCl were applied Tricine–SDS–
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10%T, 2.6%C PAGE, followed by CBB staining. The stan-
dard marker proteins, including thyroglobulin (670 000), � -
globulin (158 000), ovalbumin (44 000) and myoglobin (17
000), were also subjected to the same gel filtration as con-
trols.

Pull-down assay

A pull-down experiment was conducted using DP1N-
producing E. coli cell extract and purified His-tagged
Gins51C. DP1N-producing BL21-CodonPlus (DE3)-RIL
cells (from 150 ml of LB medium) were re-suspended in
3 ml of binding buffer (50 mM Tris–HCl, pH 8.0, 0.5 M
NaCl) and sonicated to prepare the cell extract. Gins51C
(22 �l, 240 �M) was bound to 40 �l of Ni-NTA agarose at
25◦C for 1 h. After incubation, a 400 �l aliquot of cell lysate
was added. After 5 min of incubation at 60◦C, the unbound
fraction was separated. The resin was washed using 600 �l
of binding buffer thrice, and the bound protein was eluted
with 40 �l of binding buffer containing 0.5 M imidazole.
The eluates were subjected to Tricine–SDS–10%T, 2.6%C
PAGE, followed by CBB staining.

Crystallization and structure determination

We crystallized the DP1N–Gins51C–GAN ternary com-
plex using the hanging-drop vapor diffusion method. The
initial screening was performed using the semi-automatic
dispensing machine Mosquito (TTP Labtech) with the com-
mercially available crystallization screening reagents Crys-
tal Screen HT and the INDEX HT (Hampton Research).
Crystallization drops were prepared by mixing equal vol-
umes (200 nl) of the protein solution and a reservoir solu-
tion and then were incubated against the reservoir at 293
or 277 K. Long and rectangular-shaped single crystals were
obtained from a reservoir INDEX H07 containing 0.15 M
DL-malic acid, pH 7.0 and 20% (w/v) PEG3350 at 293 K.
The crystals were thin and fragile. To get thicker and more
stable crystals, optimizing the crystallization condition was
set up manually. The second screening successfully found
larger crystals by mixing 2 �l of the protein solution (17
mg/ml) with 1 �l of a reservoir containing 0.15 M DL-malic
acid, pH 7.0, 1 mM tris (2-carboxyethyl) phosphine and
14% (w/v) PEG3350 at 293 K. Although the crystals were
still thin, their quality was ehough for high-resolution struc-
ture determination. X-ray diffraction data were collected
on BL26B1 of SPring-8, Harima, Japan. The crystals were
soaked into a reservoir solution supplemented with 20%
(v/v) glycerol for seconds, and flash-frozen in liquid nitro-
gen and maintained the cryogenic temperature using a cold
nitrogen gas stream (100 K) on the beamline. The diffrac-
tion spots were recorded on an EIGER X 4M detector with
a fine-slicing (0.1◦/frame, a total of 1800 frames) collection
strategy. The data were processed using XDS (48), POINT-
LESS (49) and AIMLESS (50) programs (Supplementary
Table S2). There were two ternary complexes in the asym-
metric unit, having a Matthews coefficient of 2.67 and a
solvent content of 54%. The crystal structure of DP1N–
Gins51C–GAN was determined by molecular replacement
using the PHENIX program package (51). A polyaniline
model of the previously determined GAN–Gins51C binary

complex crystal structure (PDB code: 5GHS) was used as a
probe and the two complexes were correctly located in the
asymmetric unit. The position of the C-terminal DHH1 do-
main of GAN, which is connected to the N-terminal DHH
domain through the long linker helix, was drastically dif-
ferent (Supplementary Figure S1). Therefore, DHH1 was
manually fitted into the electron density map. Furthermore,
there were clear electron density maps corresponding to
DP1N, and the atomic models of Pyrococcus horikoshii
DP1N (PDB code 2KXE (52)) were fitted into the map
to complete the ternary complex model construction. The
overall atomic model was built using the COOT program
(53) and refined using PHENIX. Manual model correction
and refinement were iterated until convergence (Supplemen-
tary Table S2).

Leading-strand replication assay

A leading-strand replication assay was conducted by detect-
ing the primer extension activities of polymerases using al-
kaline agarose gel electrophoresis. The reactions were per-
formed as follows unless otherwise indicated. For the he-
licase loading reaction, the substrate DNA (10 nM) was
mixed with 100 nM MCM (as the hexamer), 200 nM GINS
and 200 nM GAN (D36A) in 20 �l of a buffer containing
25 mM Tris–HCl at pH 8.0, 5 mM MgCl2, 5 mM DTT and
50 nM 5′-Cy5-labeled priHel2 DNA. After 5 min of incuba-
tion at 70◦C, each of 100 nM PolB, 100 nM TaqLF or 200
nM PolD and 200 nM PCNA (as the trimer) were added
and further incubated at 70◦C for 3 min. Next, the reaction
was started by adding dNTP and ATP to achieve a final
concentration of 0.125 mM dNTP (each) and 5 mM ATP,
followed by incubation at 70◦C for 10 min. The aliquots (8
�l) of the reaction mixture were added to 3 �l of stop so-
lution (12.5% Ficoll, 100 mM EDTA and 0.1% Orange G).
The products were analyzed on a 1.5% alkaline agarose gel
in 50 mM NaOH and 1 mM EDTA and then visualized by
using a Typhoon Trio+ image analyzer.

ATPase assay

The reaction mixtures (50 �l) containing 25 mM Bis–Tris,
pH 7.0, 50 mM NaCl, 5 mM MgCl2, 2.5 mM ATP, 2 mM
DTT and 100 nM MCM (as the hexamer) were incubated
for 10, 20 and 30 min at 70◦C in the presence or absence of
40 �M (in nucleotides) DNA (M13 mp18 ssDNA or M13
mp18 RF DNA). The effects of GAN and GAN–GINS,
and PolD were analyzed by adding 0–0.4 �M GINS, GAN
and PolD (as the tetramer, monomer and heterodimer, re-
spectively) to the reaction. According to the manufacturer’s
protocol, the orthophosphate produced in the reactions was
quantified with an EnzChek Phosphate Assay kit (Thermo
Fisher Scientific). The standard error of the mean (SEM)
was calculated from three independent experiments.

Helicase assay

The helicase activity was measured with trap DNA in 20
�l of reaction mixture containing 25 mM Tris–HCl at pH
8.0, 50 mM NaCl, 5 mM MgCl2, 5 mM DTT, 0.1% Tri-
ton X-100, 2.5 mM ATP, 10 nM DNA substrate (Cy5-
hel1/hel2, Supplementary Table S1), 250 nM trap DNA,
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Figure 1. PolD stably binds GINS via DP1 and Gins51. (A) Yeast two-
hybrid assay on PolD and GINS showing the interaction between PolD
(DP1 and DP2) and GINS (Gins51 and Gins23). Cell suspensions of each
strain were spotted onto SD plates without Leu and Trp (SD/2DO, left)
for the non-selection plate or Leu, Trp and His (SD/3DO, middle), and
Leu, Trp, His and Adenine (SD/4DO, right) for the selection plates with
two different selection strength. The minus sign indicates the transfor-
mants with the bait or prey plasmid without insert DNA. Notably, no
matter how many attempts that were made, the combination of pGBKT7-
Gins23 and pGADT7-Gins51 did not produce any transformant even from
non-selected plates. (B) Analysis of purified recombinant protein by SDS-
PAGE. Purified PolD (2.8 �g) and GINS (2 �g) were subjected to SDS-
7.5% PAGE and SDS-12% PAGE, respectively, followed by CBB staining.
Protein size markers were run in lane M, and their sizes are indicated on
the left side of the gel. (C) SPR analyses of GINS with the PolD-bound
chip. 1000 nM of GINS was loaded onto the PolD-immobilized chip for
120 s and washed with a running buffer.

100 nM MCM (as the hexamer), 400 nM GINS (as the
tetramer), 400 nM GAN (D36A, exonuclease deficient mu-
tant), 400 nM PolD and 400 nM DP1. After incubation at
65◦C for 20 min, the reactions were stopped by adding 5 �l
of stop solution (12.5% Ficoll, 100 mM EDTA, 0.5% SDS
and 0.1% Orange G) and the aliquots (5 �l) were separated
by 10% PAGE in TBE supplemented with 0.1% SDS. The
results of the electrophoresis were visualized by using a Ty-
phoon Trio+ image analyzer.

RESULTS

PolD, but not PolB, interacts with GINS

Genetic analyses showed that PolD is essential for the cell
viability of T. kodakarensis whereas PolB is not, and dis-
rupting the polB gene does not affect cell growth (54,55).
These reports imply that PolD, but not PolB, works in the
replisome as a replicative DNA polymerase. In fact, affinity

Figure 2. The GINS complex binds to two PolD molecules. (A) Stoichio-
metric ratio of PolD and GINS analyzed by native-PAGE. The amounts
of proteins are indicated at the top of the gel. Black and white arrowheads
indicate the PolD2–GINS and PolD1–GINS complexes, respectively. (B)
Complex formation of PolD and GINS analyzed by gel filtration chro-
matography. A fixed amount of PolD (2.4 �M) was mixed with 2.4 and 1.2
�M GINS. The elution profiles, monitored by the absorbance at 280 nm,
are shown. The peak positions of the marker proteins are indicated on the
top. Aliquots of each fraction were subjected to SDS-PAGE, followed by
silver staining.

purification experiments co-isolated PolD and GINS from
P. abyssi (56) and T. kodakarensis (57) cell extracts. More re-
cently, an in vitro analysis showed that PolD’s DP1 subunit
and GINS’ Gins51 subunit from Thermococcus sp. 4557 in-
teract with themselves (58). Our yeast two-hybrid (Y2H) ex-
periment supports the earlier report of DP1–Gins51 inter-
action, as well as the DP1–DP2 interaction for PolD and
the Gins51–Gins23 interaction for GINS complexes (Fig-
ure 1A). By contrast, the same Y2H analysis did not re-
veal interactions between PolB and GINS subunits (Sup-
plementary Figure S2). We next purified the recombinant
PolD and GINS (Figure 1B) and analyzed them using SPR.
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Figure 3. DP1’s N-terminal domain interacts with Gins51’s C-terminal domain. (A) Domain organization of DP1 and Gins51. N: N-terminal, IDR:
intrinsically disordered region, PDE: phosphodiesterase, OB: oligonucleotide/oligosaccharide binding, C: C-terminal. (B) Yeast two-hybrid assay showing
the interactions between Gins51 and DP1 fragments. (C) DP1N was tested for interaction with His-tagged Gins51C on Ni-NTA resin and analyzed by
CBB-stained SDS-PAGE. Lane I is the input fraction containing DP1-producing cell lysate and purified Gins51C. Lane B and U are bound and unbound
fractions, respectively. (D) Complex formation of Gins51C and DP1N analyzed by gel filtration chromatography. Purified Gins51C (top) and a mixture of
DP1N and Gins51C (bottom) were analyzed. Aliquots of each fraction were subjected to Tricine-SDS-10%T,2.6%C PAGE, followed by CBB staining.

We loaded GINS onto the PolD-immobilized chip and ob-
tained a sensorgram, which reached a plateau in a few sec-
onds, and the continuous flow solution showed no dissocia-
tion (Figure 1C). These data strongly suggest that the PolD–
GINS complex is distinctly stable, and PolD, but not PolB,
forms a complex with CMG-helicase in the replisome.

Two PolD molecules bind to GINS

We next analyzed the stoichiometry of PolD and GINS in
the complex. Similarly, the eukaryotic Polε directly binds
GINS via the interaction of Dpb2 and Psf1 (12). However,
contrary to the eukaryotic hetero-tetrameric GINS, T. ko-
dakarensis GINS is a tetramer of two Gins51 subunits and
two Gins23 subunits, conferring the potential for interact-
ing with two PolD copies per GINS. As expected, native-
PAGE analysis showed that the mixture of PolD and GINS
formed two retarded bands (indicated by the black and
white arrowheads in Figure 2A), considered to reflect the

PolD–GINS complexes with 2:1 and 1:1 ratios, respectively.
We further mixed PolD and GINS at 1:1 and 2:1 molar ra-
tios (corresponding to lanes 4 and 5 in Figure 2A, respec-
tively) and subjected them to analytical gel filtration chro-
matography. As shown in Figure 2B, PolD and GINS co-
eluted earlier than individual proteins. The peak height cor-
responding to the PolD–GINS complex clearly increased
when half amount of the GINS was mixed with PolD. The
apparent molecular weight of the complex from the elution
position is much higher than the size marker of 670,000,
although the theoretical molecular weight of PolD2–GINS
from amino acid sequences is 543,451.4. This difference
could be due to the intrinsically disordered regions in DP1
(44). Therefore, we conclude that GINS can connect two
PolD molecules. We speculate that GINS links two PolD
molecules to CMG-helicase to synthesize both leading and
lagging strands. A weak positive signal showing the DP2–
DP2 interaction was observed in the Y2H experiment (Fig-
ure 1A). Although our previous research identified that
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Figure 4. Crystal structure of the DP1N–Gins51C–GAN ternary complex. (A) Domain organizations of GAN, Gins51 and DP1. The DHH, CID-like,
and DHH1 domains of GAN are colored blue, green and orange colors, respectively. The C-terminal domain of Gins51 (Gins51C) and N-terminal domain
of DP1 (DP1N) are colored in magenta and cyan, respectively. (B) Cartoon representation of the DP1N-Gins51C-GAN ternary complex. The missing
part is indicated with a dotted line. (C) Surface model of the DP1N–Gins51C–GAN ternary complex.

T. kodakarensis PolD exists as a heterodimer of DP1 and
DP2 in solution (44), dimerization of DP2’s N-terminal do-
main has been reported in P. horikoshii (59–61). The inter-
action possibly contributes in adjusting the positions of the
two PolD molecules to synthesize both strands simultane-
ously.

N-terminal domain of DP1 interacts with C-terminal domain
of Gins51

To elucidate how the complex’s structure enables GINS to
bind two PolD molecules without any steric hindrance, we
identified the DP1 region that interacts with Gins51. As
shown in Figure 3A, DP1 consists of an N-terminal glob-
ular domain (1–61) and a catalytic core domain (229–735)
that are flexibly tethered by an unstructured (intrinsically
disordered) region (62–228) (39,52). On the basis of this
structural property, we divided DP1 into five parts and
subjected them to Y2H analysis. This experiment clearly
showed an interaction between the N-terminal domain of
DP1 (1–64, DP1N) and Gins51 (Figure 3B).

We attempted to identify the PolD-interacting region
in Gins51 but could not get a clear answer from a fur-
ther Y2H experiment (Supplementary Figure S3). How-
ever, it is noteworthy that Gins51C (131–188) fused with
GAL4’s activation domain showed a self-activating signal.
Nevertheless, cells producing it in combination with DP1N
fused with GAL4’s DNA-binding domain did not grow,
suggesting that the DP1N–Gins51C interaction inhibited
cell growth. To test whether DP1N interacts with Gins51C,
we performed a pull-down experiment using purified His-
tagged Gins51C and E. coli extracts containing recombi-

nant DP1N. His-tagged Gins51C pulled down DP1N from
the lysate (Figure 3C). Furthermore, gel filtration chro-
matography showed that Gins51C and DP1N co-eluted ear-
lier than Gins51C alone (Figure 3D). These results show the
DP1N–Gins51C complex formation.

Gins51C binds to both DP1N and GAN

The interaction between Gins51C and DP1N contributes
to the stable binding of GINS and PolD, as shown in Fig-
ure 1C. Gins51C also binds to GAN with the same affin-
ity as the PolD–GINS interaction (22,45). A recent report
isolated a recombinant DP1–Gins51–GAN complex from
Thermococcus sp. 4557 (58). We further tested simultaneous
binding of PolD and GAN to GINS, and found that GAN
co-eluted with PolD–GINS earlier than GAN alone from a
gel filtration (Supplementary Figure S4A). Although GINS
can bind two GAN molecules (22,45), a limited resolution
of the gel filtration chromatography prevented us from de-
termining stoichiometry of each component.

To investigate the structural basis of the DP1N–
Gins51C–GAN interactions, we tried to determine the crys-
tal structure of this ternary complex. We overexpressed the
proteins in E. coli and successfully purified the DP1N–
Gins51C–GAN complex by sequential chromatography, in-
cluding gel filtration (Supplementary Figure S4B). This re-
sult indicated that Gins51C is sufficient for GINS to interact
with both PolD and GAN concurrently. We obtained the
crystals from this protein sample (Supplementary Figure
S4C) and finally solved an atomic structure of the DP1N–
Gins51C–GAN complex at 2.45 Å resolution (Figure 4 and
Supplementary Table S2). DP1N and GAN bound oppo-
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Figure 5. The interface between Gins51C and DP1N. (A) Amino acid sequences of Gins51C and DP1N. Amino acids are colored by secondary structure
(red, �-helix; blue, �-sheet). The black and white rhombuses indicate the amino acids involved in inter-subunit hydrophobic and hydrophilic interactions,
respectively. (B, C) Close-up view of interaction interface between DP1N and Gins51C. The amino acids involved in the hydrogen bonds (B) and hydropho-
bic interactions (C) are indicated. (D) Complex formation of DP1N-wt with GINS mutants (top) and DP1N mutants with GINS-wt (bottom) tested by
native-PAGE. Each protein (100 pmol of DP1N, and 50 pmol of GINS) and mixtures were analyzed.

site sides of the globular Gins51C, and no contacts between
DP1N and GAN were observed.

DP1N–Gins51C interface

DP1N is composed of four �-helices (Figure 4), as shown by
the NMR-determined N-terminal structure of P. horikoshii
DP1 (52). The Gins51C–DP1N interaction occurs between
a loop (L1), �-sheets (�2 and �3) and an �-helix (�1) of
Gins51C, and �1, L1, �2 and L3 of DP1N, with a 646.0
Å2 interface (Figures 4 and 5). The interaction involves two
hydrogen bonds (Figure 5A and B) and many hydrophobic
interactions (Figure 5A and C). To verify functional valid-

ity of this structure, we analyzed the DP1N–Gins51C inter-
action by a gel shift assay using native-PAGE after intro-
ducing substitution mutations into these proteins. Replac-
ing valine 148/170 of Gins51 or leucine 7/12 of DP1 with
alanine had no apparent effect. However, substitution of
these amino acids with aspartic acid, the hydrophilic amino
acid, completely abolished the complex formation (Figure
5D and Supplementary Figure S5).

GAN–Gins51C interface

GAN bound Gins51C with an 872.4 Å2 interface, mainly
composed of �4 in Gins51C and �2 of DHH domain
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Figure 6. Structural basis for the replisome assembly is conserved between Archaea and Eukarya. (A) Structural comparison of DP1N from T. kodakaren-
sis with p70N of Pol� (PDB: 2KEB) and p58N of Polε (PDB: 2V6Z) from a human. Cartoon representation ranging from cyan (N-terminus) to blue
(C-terminus). (B) Structural comparison of the DP1N–Gins51C–GAN complex from T. kodakarensis and Dpb2N–Psf1C–Cdc45 from Saccharomyces
cerevisiae (PDB: 6HV9).

in GAN in an antiparallel manner, consistent with our
previous report on the TkoGAN–Gins51C dimeric com-
plex (Figure 4B, C, and Supplementary Figure S1) (45).
Those two structures were well superimposed, except for the
DHH1 domain of GAN, with a root mean square deviation
(RMSD) of 0.27 Å over 297 corresponding C� atoms. The
current structure missed density for residues 332–337 in the
middle of the linker in GAN, indicating the partial melting
of the long �-helix, and the DHH1 domain shifted towards
the CID-like domain by approximately 19 Å with a 35◦ ro-
tation (Supplementary Figure S1). Comparisons of GAN’s
free form with the Gins51C-bound form (45) or GAN from
T. kodakarensis and P. furiosus (62) revealed similar DHH1
domain movements. Because DP1N binding apparently did
not affect either Gins51C or GAN’s DHH1, a crystal pack-
ing effect may cause this domain movement. The DHH1

domain seems flexible, accompanying a binding or a partial
melt in the middle of the linker’s �-helix to form a substrate-
binding cleft between DHH and DHH1 (62,63).

The structural basis for the replisome assembly is conserved
between Archaea and Eukarya

Eukaryotic replicative DNA polymerases (Pol� and ε) share
the structure of DP1N (Figure 6A) (52). Among them, the
N-terminal domain of Dpb2 interacts with the C-terminal
domain of Psf1 to link Polε with CMG-helicase (12). Thus,
we extracted Dpb2N–Psf1C–Cdc45 from the reported cryo-
EM structure of S. cerevisiae DNA–CMG–Polε (14) and
compared it with the corresponding structure obtained in
this study (Figure 6B and Supplementary Figure S6). The
overall arrangement was conserved, though DP1N and
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Figure 7. Only PolD binds the CMG helicase complex. (A) Flowchart of
the leading-strand replication assay using CMG, PolD, and PCNA. The
3 kb of fork-structured dsDNA substrate was constructed as described in
Material and Methods. (B) Reaction procedure and alkaline agarose gel
of reaction products. ‘+’ and ‘++’ in the GAN line stand for equal (200
nM) and excess (800 nM) amounts of GAN (D36A) compared with GINS,
respectively.

Dpb2N differ in their directions. Gins51C bound to DP1N’s
�1–�2 surface, but Psf1C bound to the �1–�3 surface.

The interaction of PolD with CMG-helicase allows efficient
and coupled DNA replication

It is hypothesized that PolD follows CMG-helicase in a
coordinated manner, like the replisome members for fork
progression. To investigate functional relationship, we con-
structed a leading-strand replication assay using recombi-
nant proteins (MCM, GINS, GAN, PolD and PCNA) and
a synthetic DNA substrate mimicking a replication fork,
as described in Figure 7A. T. kodakarensis PCNA can self-
load onto DNA strand, and RFC is not necessarily needed
to load PCNA onto DNA strand to stimulate DNA poly-
merase in vitro (43). Despite PCNA assistance, PoID poorly
extended the primers and products shorter than 0.5 kb was
accumulated in the absence of CMG-helicase (lane 10 in
Figure 7B) due to its poor strand displacement ability. We
confirmed that PolD could not extend this dsDNA sub-
strate, but it fully extended 3 kb of pBlueScript II SK(+)
ssDNA with a single primer (Supplementary Figure S7A).
By contrast, full-length products were generated in lanes 12,
13, and 15 of Figure 7B, indicating that PolD completely ex-
tended the primer after CMG-helicase unwound 3 kb of the
dsDNA region. The nascent strand synthesis seems so pro-

cessive that we observed no intermediate products. GINS
was critical for the reaction (compare lanes 12 and 14),
whereas GAN did not promote it by itself (compare lanes
12–15).

Seeking to clarify the importance of the specific connec-
tion of PolD with CMG-helicase, we compared the reac-
tions using PolB and Taq DNA polymerase (Figure 7B).
PolB synthesized DNA strands mainly until ∼1 kb after
unwinding dsDNA by its strand displacement activity, and
CMG-helicase had no effect (lanes 6–9). On the other hand,
Taq DNA polymerase did not extend the primer (lanes 2–5).
We verified that these two polymerases could also synthe-
size full-length products on ssDNA (Supplementary Fig-
ure S7B). These data reveal that PolD tethering to CMG-
helicase via GINS couples unwinding and synthesis and is
essential for efficient DNA replication.

PolD stimulates ATPase and helicase activity of MCM–
GINS complex

To investigate how PolD binding affects CMG’s helicase ac-
tivity, we directly measured it using a short splayed arm
DNA. GINS and GINS–GAN can stimulate the helicase
activity of MCM in vitro (21), but no effect was noticed in
the condition with a lower protein concentration here (Fig-
ure 8A, lane 2–4). In this condition, PolD clearly stimu-
lated the helicase activity of the MG and CMG complex
(compare lanes 3, 4, 7 and 8). This stimulation was not
observed from DP1 alone. We further measured ATPase
activity of MCM in the presence and absence of GINS,
GAN, and PolD (Figure 8B and Supplementary Figure
S8). Consistently with previous reports, MCM showed a
DNA-dependent ATPase activity, which can be stimulated
by GINS (Figure 8B, lanes 1 and 2) (19,21). It is striking
that PolD drastically stimulated the ssDNA-dependent AT-
Pase activity in the presence of GINS by approximately 11-
fold relative to just MCM alone (lanes 1 and 4) and 5-fold
relative to MCM–GINS (lanes 2 and 4). In the absence of
GINS, PolD did not stimulate but rather slightly suppressed
the ATPase activity of MCM (lanes 1 and 3) presumably
because of competitive DNA binding between MCM and
PolD. The ssDNA was preferable over the dsDNA for this
stimulation. We previously reported that GAN did not stim-
ulate the activity (21). Consistently, little difference was ob-
served in the presence and absence of GAN in both heli-
case and ATPase assays (compare lanes 7 and 8 in Figure
8A, and lanes 4 and 5 in Figure 8B), suggesting that GAN
does not affect critically on the helicase activity. DP1 alone
did not clearly stimulate helicase or ATPase activity in the
presence of GINS, although a slight difference was observed
between the ATPase reactions with and without DP1 (Fig-
ure 8B, lanes 2 and 7). DP2 alone did not promote AT-
Pase activity (Figure 8B, lanes 9–11). These results indicate
that GINS-tethered PolD stimulated the ATPase activities
of MCM, resulting in the stimulation of the helicase activi-
ties of the archaeal CMG complex. DP1 is enough to con-
nect PolD and GINS, but both DP1 and DP2 are required
to stimulate the strand unwinding. The effective leading-
strand synthesis by PolD in the presence of MG or CMG
complexes, shown in Figure 7, seems to reflect the promo-
tion of the helicase activity of CMG cooperated with PolD.
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Figure 8. PolD stimulates the strand unwinding activity of MCM–GINS complex. (A) Helicase activity of MCM in the presence of GINS, PolD, DP1,
and GAN. The 5′-Cy5-labeled splayed-arm DNA substrate was incubated with the indicated proteins. The helicase activity is expressed at the bottom of
the panel as the relative amount of unwound DNA (%) with the standard error of the mean from the three independent experiments. (B) MCM’s ATPase
activity in the presence of a 4-fold excess of GINS, PolD and GAN. The ATPase activity is expressed as the amount of Pi released by a constant MCM
amount (as the hexamer) in the absence or presence of circular ssDNA or dsDNA. The error bars represent the standard error of the mean. The effects of
GINS and PolD (PolD, DP1, or DP2) on the ssDNA-dependent ATPase activity of MCM were assessed by two-way ANOVA Tukey’s multiple comparison
test. Lanes 5, 8 and 11, which focus on the effect of GAN, were excluded from the statistical analysis. The ATPase activity of MCM in the presence and
absence of GINS was clearly stimulated by PolD (compare lane 4 with lanes 1 and 2), and the significant differences (P < 0.05) were observed in the effect
of PolD. The calculated P-values were shown above the lanes.

DISCUSSION

We investigated the functional replisome formation in T. ko-
dakarensis. A summary of the interactions revealed in this
study is schematically shown in Figure 9. Connecting he-
licase and polymerases is a smart strategy and is an effi-
cient DNA replication machinery. Here, we reported struc-
tural and functional insights into the interaction of the
archaeal GINS with PolD to connect replicative helicase
and polymerase. We found that GINS connects two PolD

molecules via two Gins51 subunits (Figures 1 and 2), sug-
gesting the assembly of a symmetric replisome, in which
we presume that each PolD is responsible for either leading
or lagging strands. The GINS complex of T. kodakarensis,
like most crenarchaeal organisms, consists of two Gins51s
and two Gins23s. However, in most euryarchaeal organisms
like Thermoplasma acidophilum, GINS is a homo-tetramer
of a single subunit, Gins51 (24,25). A notable difference is
that T. acidophilum’s GINS requires disordered linkers be-
tween its A and B domains of its Gins51 forming a tetramer
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Figure 9. A model for the replisome activation in Archaea. Functional
replisome is constructed and schematically drawn based on the interaction
analyses in this study. Inactive MCM is loaded onto the DNA first, fol-
lowed by the recruitment of PolD2–GINS1–GAN2. The activated MCM
shows the ATPase activity, resulting in translocation on leading-strand
template DNA in the 3′–5′ direction. Each subunit is shown in a differ-
ent color. Domain structures and the disordered flexible regions are rep-
resented by balls and lines, respectively. Two molecules of PolDs are con-
nected by GINS, and synthesize nascent leading and lagging strands, re-
spectively.

(64). We previously constructed a homology model of T.
acidophilum GINS based on a negative-stain EM analysis
(26). The 3D structure model of the T. acidophilum homote-
tramer GINS, in which the Gins51-type dimer was stacked
onto the Gins23-type dimer, was to that of T. kodakarensis
GINS. In this structure, the C-terminal B-domain of the two
subunits corresponding to the Gins23-type subunit partic-
ipated in the inter-subunit interaction and were unlikely to
interact with PolD due to the steric hindrance. Therefore, we
assume that the homotetrameric GINS from T. acidophilum
binds two PolD molecules using two Gins51-type subunits
out of four subunits.

We further demonstrated that DP1N and Gins51C (both
tethered to the core regions by disordered linkers) mediate
the PolD–CMG interaction (Figure 3). Gins51C simulta-
neously bound to DP1N and GAN, a CMG-helicase com-
ponent (Figures 3 and 4). As seen in SPR and gel filtra-
tion chromatography analyses (Figure 1C and Supplemen-

tary Figure S4A), the PolD–GINS–GAN complex forma-
tion was highly stable compared to the MCM–GINS in-
teraction (KD = 1.9 × 10−7) (21). We assume that PolD,
GINS, and GAN constitutively form a complex in cells and
are jointly loaded onto or unloaded from MCM. This com-
plex formation mode is different from that in eukaryotes, in
which GINS and Polε are loaded onto MCM as a fragile
pre-LC, following Cdc45.

Structural comparison between T. kodakarensis DP1N–
Gins51C–GAN and S. cerevisiae Dpb2N–Psf1C–Cdc45 re-
vealed a common basis for the replisome formation (Fig-
ure 6). In contrast to Psf1, the C-terminal domain of Sld5
(Sld5C) contributes to the eukaryotic GINS complex as-
sembly (28) but not to that of the other replisome compo-
nents. Previously, Xu and collaborators reported the inter-
action of Gins51C and Cdc45 from the Sulfolobus species
and proposed that during the diversification of Psf1 and
Sld5, which evolved from the common ancestral Gins51,
the Cdc45-interaction site on Sld5C has diverged and lost
the ability to interact with Cdc45 (22). Our data strongly
support this scenario, and the same can be true for the in-
teraction with DNA polymerases. Another diversified point
is that Sld5 acquired an extra N-terminal �-helix contain-
ing a Ctf4 interacting peptide (CIP)-motif, which neither
Psf1 nor Gins51 possessed, for the interaction with Pol� via
Ctf4 (17). A multiple sequence alignment of the archaeal
Gind51s, eukaryotic Sld5s and Psf1s are exhibited in the
Supplementary Figure S9. Interestingly, the N-terminal do-
main of the second subunit (p70) of human Pol� is respon-
sible for the interaction with CMG-helicase (via AND-1)
(65), as well as with SV40 helicase T-antigen (66). A recent
report further showed that the second subunit of S. cere-
visiae Pol� also plays a critical role in tethering Pol� to the
replisome during multiple cycles of Okazaki fragment syn-
thesis, even though it lacks the corresponding N-terminal
domain (67).

We also showed that PolD binding to CMG-helicase is
critical for coupling unwinding and synthesis, allowing ef-
ficient DNA replication (Figure 7). Consistent with our
data, the human Polε, but not Pol�, can follow eukaryotic
CMG-helicase. Human Polε reportedly conducted a pro-
cessive DNA strand synthesis only in the presence of CMG
complex in vitro (68). Additionally, Polε regulates CMG-
helicase, and it is involved in activation of CMG-helicase
at the replication origin and lets it stall at the lesion. If S.
cerevisiae Polε stops synthesizing at roadblocks, CMG stalls
unwinding due to polymerase-helicase uncoupling (69,70).
Furthermore, a recent single-molecule study revealed that
S. cerevisiae CMG switches to a diffusive mode on ds-
DNA when uncoupled from DNA polymerase. Upon en-
countering a new replication fork, the CMG can switch
back to ssDNA to restart the replication (71). A study us-
ing Xenopus laevis egg extract showed that Polε and GINS
leave the replisome when the replication fork collapses (72).
Strikingly, we found that PolD promoted CMG-helicase
activity and stimulated its ATPase activity by one order
of magnitude in the presence of ssDNA (Figure 8). The
functional switch observed in our reconstitution analyses
may explain the underlying reason that DNA polymerases
regulate CMG-helicase activation at origin or stalled
forks.
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At present, we found no direct interaction between MCM
and PolD. Thus, the structural mechanism of the functional
switch for stimulating the helicase activity of CMG using
PolD remains unknown. Moreover, 3D structure of PolD
is quite different from that of family B DNA polymerases
but is rather similar to that of RNA polymerase II. Further
structural and biochemical studies will unveil the molecu-
lar mechanism of the functional regulation in the archaeal
replisome.
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