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ABSTRACT

GINS is a key component of the eukaryotic Cdc45-minichromosome maintenance (MCM)-GINS (CMG) complex, which un-
winds duplex DNA at the moving replication fork. Archaeal GINS complexes have been shown to stimulate the helicase activity
of their cognate MCM mainly by elevating its ATPase activity. Here, we report that GINS from the thermoacidophilic crenar-
chaeon Sulfolobus solfataricus (SsoGINS) is capable of DNA binding and binds preferentially to single-stranded DNA
(ssDNA) over double-stranded DNA (dsDNA). Notably, SsoGINS binds more strongly to dsDNA with a 5= ssDNA tail than to
dsDNA with a 3= tail and more strongly to an ssDNA fragment blocked at the 3= end than to one at the 5= end with a biotin-
streptavidin (SA) complex, suggesting the ability of the protein complex to slide in a 5=-to-3= direction along ssDNA. DNA-
bound SsoGINS enhances DNA binding by SsoMCM. Furthermore, SsoGINS increases the helicase activity of SsoMCM. How-
ever, the ATPase activity of SsoMCM is not affected by SsoGINS. Our results suggest that SsoGINS facilitates processive DNA
unwinding by SsoMCM by enhancing the binding of the helicase to DNA. We propose that SsoGINS stabilizes the interaction of
SsoMCM with the replication fork and moves along with the helicase as the fork progresses.

IMPORTANCE

GINS is a key component of the eukaryotic Cdc45-MCM-GINS complex, a molecular motor that drives the unwinding of DNA in
front of the replication fork. Archaea also encode GINS, which interacts with MCM, the helicase. But how archaeal GINS serves
its role remains to be understood. In this study, we show that GINS from the hyperthermophilic archaeon Sulfolobus solfataricus
is able to bind to DNA and slide along ssDNA in a 5=-to-3= direction. Furthermore, Sulfolobus GINS enhances DNA binding by
MCM, which slides along ssDNA in a 3=-to-5= direction. Taken together, these results suggest that Sulfolobus GINS may stabilize
the interaction of MCM with the moving replication fork, facilitating processive DNA unwinding.

Chromosomal DNA replication is a highly regulated process
involving a large number of essential and optional protein

factors (1, 2). Efficient DNA unwinding is an essential prerequisite
for the duplication of the genetic material. In Eukarya, the
minichromosome maintenance (MCM) complex comprising six
subunits (MCM2 to MCM7) is the replicative helicase. However,
the heterohexameric MCM itself shows little helicase activity (3,
4), and two accessory factors, i.e., the tetrameric GINS complex
(Sld5, Pfs1, Psf2, and Psf3) and Cdc45, are required to activate
MCM (5). The complex of MCM, Cdc45, and GINS, referred to as
the CMG complex, is considered to be the active form of eukary-
otic helicase (5, 6). The eukaryotic GINS complex is able to bind to
the origin of replication and move along with the replication fork
(6–11). Cdc45 is also required for the progression of the replica-
tion fork (12, 13). Three-dimensional reconstructions of the over-
all arrangement of the Drosophila CMG based on single-particle
electron microscopy reveal that Cdc45 and GINS serve as a “latch”
to bridge the MCM2/MCM5 gate, forming a topologically closed
structure with a large interior channel (14). Biochemical evidence
shows that the ATPase and the DNA binding activities of CMG are
significantly higher than those of MCM2 to MCM7, suggesting
that GINS, together with Cdc45, activates MCM2 to MCM7
mainly by stimulating the ATPase activity of the complex and
promoting its binding to DNA (15). In addition to its ability to
bind to MCM, GINS also interacts with polymerase � (Pol �)-
primase and Pol ε (16, 17), indicating the important roles of GINS
in both the initiation and the elongation phases of DNA replica-

tion. It has been suggested that GINS may act as a molecular linker
that mediates the assembly of replication proteins around the
MCM helicase during DNA replication (18).

The archaeal DNA replication machinery represents a simpli-
fied and ancestral version of the eukaryotic one (19). Unlike ge-
nomes of eukarya, most known archaeal genomes encode only
one MCM homolog that forms a homohexamer. Notably, the ar-
chaeal MCM homohexamer alone exhibits robust helicase activity
and unwinds DNA in a 3=-to-5= direction (20–26). Unlike eu-
karya, in which the GINS complex comprises four distantly re-
lated subunits, archaea possess one or two GINS-encoding genes
(27). While most crenarchaea encode two GINS proteins that are
homologous to Sld2/Sld3 and Psf1/Sld5, respectively, the majority
of euryarchaea have a single Psf1/Sld5 homolog (27, 28). There-
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fore, the archaeal GINS complex is either a tetramer of two differ-
ent subunits assembled at a 2:2 ratio or a homotetramer of a single
subunit (27). Structural studies show that the heterotetrameric
GINS complex from the euryarchaeon Thermococcus kodakaraen-
sis exhibits an overall similarity in architecture to that of human
GINS (29). The physical and functional interactions between
GINS and MCM have been well documented in archaea. GINS
from the euryarchaeon Pyrococcus furiosus interacts with the P.
furiosus MCM (PfuMCM) and increases the helicase activity of
PfuMCM by stimulating its ATPase activity. It is worth noting that
PfuGINS does not bind to DNA and is unable to assist the loading
of PfuMCM (28). GINS complexes from the euryarchea Thermo-
coccus kodakaraensis and Thermoplasma acidophilum also interact
with their cognate MCMs and stimulate both the ATPase and the
helicase activities of the MCMs (30, 31). It was noticed that al-
though T. acidophilum GINS alone was unable to bind DNA, it
was able to form a glutaraldehyde-cross-linkable complex with its
cognate MCM on single-stranded DNA (ssDNA), suggesting the
possibility that the GINS helps the MCM bind to DNA (31, 32).
Like their eukaryotic counterparts, archaeal GINS complexes also
interact with other replication proteins, in addition to their cog-
nate MCMs. P. furiosus GINS binds to Orc1/Cdc6 (28), and T.
kodakaraensis GINS interacts with DNA polymerase D, PCNA,
replication factor C (RFC), and GINS-associated nuclease (GAN)
(33). Intriguingly, GAN, a RecJ-like exonuclease, is suggested to
be the archaeal counterpart of eukaryotic Cdc45 (34). However,
the presence of an archaeal CMG complex has not been demon-
strated (35).

The heterotetrameric GINS complex from the hyperthermo-
philic crenarchaeon Sulfolobus solfataricus (SsoGINS) contains
two subunits of Gins23, a Psf2/Psf3 homolog, and two subunits of
Gins51, a remote homolog of Psf1/Sld5 (36). Unlike GINS from
euryarchaea investigated so far, SsoGINS was shown to be unable
to affect the helicase activity of its cognate MCM (SsoMCM) de-
spite the demonstrated physical interaction between the two pro-
tein complexes (36). Here, we report that SsoGINS was capable of
binding to DNA and sliding in a 5=-to-3= direction along ssDNA.
The protein complex promoted DNA binding by SsoMCM and
stimulated the helicase activity of SsoMCM. Our results suggest
that SsoGINS enhances the unwinding ability of SsoMCM at the
replication fork through its ability to interact and move along with
the helicase.

MATERIALS AND METHODS
DNA substrates. Unlabeled and biotin-, Cy3-, and Cy5-labeled oligonu-
cleotides (see Table S1 in the supplemental material) were synthesized at
Sangon BioTech (Shanghai, China). To prepare blunt-ended double-
stranded DNA (dsDNA) or dsDNA with one or two single-stranded tails,
an oligonucleotide was labeled with [�-32P]ATP (PerklinElmer) at the 5=
end using T4 polynucleotide kinase (TaKaRa) and purified using a G-50
MicroSpin column (GE Healthcare). The 32P-labeled oligonucleotide was
annealed to a complementary oligonucleotide (see Table S1) at a molar
ratio of 1:1.2 in 20 mM Tris-HCl, pH 8.0, and 100 mM NaCl. A 3= biotin-
labeled oligonucleotide (S15) (see Table S1) was radiolabeled at the 5= end
as described above. To radiolabel a 5=biotin-labeled oligonucleotide (S14)
(see Table S1), the DNA fragment was annealed to oligonucleotide S20
and filled in with [�-32P]ATP using Klenow fragment (Thermo). After the
sample was boiled for 3 min and subsequently cooled on ice, it was sub-
jected to electrophoresis in a 15% polyacrylamide gel containing 8 M urea
in 1� Tris-borate-EDTA (TBE) buffer. The band containing the desired
ssDNA was sliced and eluted out of the gel slice in 0.5 M ammonium

acetate, 100 mM magnesium acetate, and 1 mM EDTA, pH 8.0. Following
ethanol precipitation, the DNA was dissolved in Tris-EDTA (TE) buffer.
To prepare DNA fragments blocked at the end with a streptavidin (SA)-
biotin complex, the biotin-labeled DNA was incubated for 30 min at 4°C
with a 50-fold molar excess of streptavidin to ensure a 1:1 streptavidin/
biotin stoichiometry before gel purification.

An M13 ssDNA-based helicase substrate was prepared as described
previously (37) with some modifications. Briefly, a 45-nucleotide (nt)
oligonucleotide containing a run of 20 deoxyribosylthymine (dT) resi-
dues at the 5= end (oligonucleotide S12; 2 pmol) (see Table S1 in the
supplemental material) was annealed to M13 ssDNA (4 �g). The annealed
primer was extended with Sequenase (26 U; United States Biochemicals)
first in the presence of dCTP, dGTP, and dTTP (0.18 �M each) and
[�-32P]dATP (40 �Ci) for 5 min at 22°C and subsequently in the presence
of the deoxynucleoside triphosphates (dNTPs; 80 �M each) and 4 �M
ddCTP for 5 min at 37°C, according to the manufacturer’s instructions.
Reaction products were purified by using a G-50 MicroSpin column.

To prepare a 200-nt minicircular DNA substrate, the 5=-phosphory-
lated 100-nt strand A and 5=-phosphorylated 100-nt strand B (1 nmol
each) (see Table S1 in the supplemental material) were mixed with the
bridge strand AB (1.2 nmol) (see Table S1) in 50 mM Tris-HCl, pH 8.0, 10
mM MgCl2, 10 mM dithiothreitol (DTT), 1 mM ATP, and 0.025 mg/ml
bovine serum albumin (BSA) in a total volume of 200 �l. The mixture was
incubated for 5 min at 65°C and cooled slowly to room temperature. T4
DNA ligase (10,000 U; New England BioLabs) was added, and the incu-
bation was continued at 16°C for 12 h. The sample volume was then
expanded to 12 ml with the addition of ligation buffer. Following the
addition of the second oligonucleotide bridge strand BA (1.2 nmol) (see
Table S1), annealing and ligation reactions were performed as described
above. The sample was extracted with phenol-chloroform. The DNA was
precipitated with ethanol, dissolved in Tris-EDTA (TE) buffer, and sub-
jected to electrophoresis in an 8% polyacrylamide gel containing 8 M urea
in 1� Tris-borate-EDTA (TBE) buffer. The gel was stained with ethidium
bromide, and the band corresponding to the 200-nt minicircular DNA
was sliced under UV light. The DNA was eluted out of the gel slice in 0.5 M
ammonium acetate, 100 mM magnesium acetate, 1 mM EDTA, pH 8.0,
and 0.1% sodium dodecyl sulfate (SDS). Following ethanol precipitation,
the minicircular DNA was dissolved in TE buffer. The circular nature of
the DNA was verified by treatment with ExoI and ExoIII (New England
BioLabs).

Proteins. Recombinant S. solfataricus MCM (SsoMCM), DNA poly-
merase B1 (SsoPolB1), Cren7, and single-stranded DNA binding protein
(SsoSSB) were prepared as described previously (26, 38–40). To prepare
recombinant S. solfataricus GINS (SsoGINS), genes encoding Gins23
(SSO0772) and Gins51 (SSO1049) were amplified from the genomic DNA
of S. solfataricus P2 by PCR using Pfu DNA polymerase (see Table S1 in the
supplemental material for primer sequences). The PCR products were
inserted into NcoI/HindIII and NdeI/XhoI sites of plasmid pET-Duet-1
(Novagen). This introduced a hexahistidine tag at the C-terminal end of
Gins23. The expression plasmid was transformed into Escherichia coli
strain BL21 Rosetta. The cells were grown to an optical density at 600 nm
of 0.4, and protein synthesis was induced by the addition of 0.2 mM
isopropyl-�-D-thiogalactoside (IPTG). After incubation for 12 h at 15°C,
the cells were harvested by centrifugation and suspended in 20 mM Tris-
HCl, pH 8.0, 500 mM NaCl, and 0.2% Triton X-100. The cells were lysed
by sonication, and the lysate was incubated for 30 min at 70°C. The sample
was centrifuged, and the supernatant was purified by chromatography on
a HiTrap chelating column (1 ml; GE Healthcare) and subsequently on a
Mono Q 5/50 GL column (1 ml; GE Healthcare) as described previously
(41).

Electrophoretic mobility shift assays (EMSAs). The standard reac-
tion mixture (10 �l) contained 25 mM HEPES-NaOH, pH 7.0, 50 mM
sodium acetate, 5 mM MgCl2, 1 mM DTT, 0.1 mg/ml BSA, 5% (vol/vol)
glycerol, 2 nM 32P-labeled oligonucleotide substrate, and the amounts of
protein indicated in the figure legends. After incubation for 10 min at
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22°C, the samples were subjected to electrophoresis in a 5% polyacryl-
amide (79:1) gel in 0.1� TBE buffer. The gel was exposed to X-ray film
and quantified by using a PhosphorImager (GE Healthcare).

For EMSAs with fluorescence-labeled protein and DNA, SsoGINS was
labeled by incubation with a 5-fold molar excess of Cy5 succinimidyl ester
in labeling buffer (25 mM HEPES-NaOH, pH 7.0, 100 mM NaCl, 5 mM
MgCl2, and 10% [vol/vol] glycerol) for 4 h at 22°C, and excess dye was
removed through extensive dialysis in labeling buffer. The labeling effi-
ciency was determined by spectroscopy. A Cy3-labeled forked DNA frag-
ment was prepared by annealing oligonucleotide L1 with oligonucleotide
S5 (see Table S1 in the supplemental material). EMSAs were performed as
described above, with the exception that Cy3-labeled DNA (0.1 �M),
Cy5-labeled SsoGINS (1 �M), and SsoMCM (4 �M) were added as indi-
cated (see the legend to Fig. 5B). The gel was imaged on a Typhoon scan-
ner (GE Healthcare).

FRET assays. Steady-state fluorescence resonance energy transfer
(FRET) assays were performed on a Hitachi Fluorescence Spectropho-
tometer (F-7000). The standard reaction mixture (200 �l) contained 50
mM HEPES-NaOH, pH 7.0, 5 mM MgCl2, 0.1 mg/ml BSA, 0.1 �M forked
DNA with a 3= oligo(dT)20 tail labeled at the 3= end with Cy3 and a 5=
oligo(dT)20 tail labeled at the 5= end with Cy5 (LD1) (see Table S1 in the
supplemental material), and indicated amounts of SsoMCM and/or
SsoGINS (see the legend to Fig. 4). The excitation and emission wave-
lengths were at 532 and 545 to 750 nm, respectively. The FRET intensity
(I) was defined as follows: IFRET � ICy5/(ICy5 � ICy3).

DNA helicase assays. The standard reaction mixture (20 �l) con-
tained 25 mM HEPES-NaOH, pH 7.0, 50 mM sodium acetate, 5 mM
MgCl2, 1 mM DTT, 0.1 mg/ml BSA, 2.5 mM ATP, 1 nM 32P-labeled
oligonucleotide substrate (D4) (see Table S1 in the supplemental mate-
rial) or M13 ssDNA-based substrate, and specified amounts of SsoMCM
(see the legends to Fig. 6A, C, and D). SsoGINS was added when indicated.
After incubation for 30 min at 55°C, reactions were stopped by the addi-
tion of 5 �l of a stop solution (50 mM EDTA, 0.5% SDS, 30% [vol/vol]
glycerol, 0.1% bromophenol blue, and 0.1% xylene cyanol FF). The sam-
ples were subjected to electrophoresis in a 10% (for assays on the oligo-
nucleotide substrate) or 5% (for M13-based assays) polyacrylamide (19:1)
gel in 1� TBE buffer. The gel was exposed to X-ray film and quantitated
by phosphorimaging.

Coupled DNA helicase and polymerase assays. The standard reaction
mixture (20 �l) contained 50 mM Tris-HCl, pH 8.0, 1 mM DTT, 0.1
mg/ml BSA, 5 mM MgCl2, 2 nM 200-nt circular ssDNA annealed to a
32P-labeled oligonucleotide (S13) (see Table S1 in the supplemental ma-
terial), and indicated amounts of SsoMCM (see the legend to Fig. 6E).
After incubation for 5 min at 55°C in the presence or absence of SsoGINS
(1 �M), Cren7 (1 �M) was added, and the incubation was continued for
an additional 5 min. SsoPolB1 (25 nM) was then added. The reaction was
started by the addition of 2.5 mM ATP and 1 mM dNTPs (Roche). After
incubation for 30 min at 55°C, the reaction was extracted with phenol-
chloroform and mixed with an equal volume of 2� loading buffer (95%
deionized formamide, 100 mM EDTA, 0.025% bromphenol blue, and
0.025% xylene cyanol FF). After samples were boiled for 3 min and sub-
sequently cooled on ice, they were subjected to electrophoresis in a 5%
polyacrylamide (19:1) gel containing 7 M urea in 1� TBE buffer. The gel
was exposed to X-ray film.

RESULTS
DNA binding by SsoGINS. It has been demonstrated that human
GINS interacts strongly with DNA, binding preferentially to
ssDNA or to dsDNA containing ssDNA stretches over dsDNA
(42). However, the GINS complexes from the euryarchaea P. fu-
riosus and T. acidophilum do not bind DNA (28, 32). To determine
if GINS from the crenarchaeon S. solfataricus (SsoGINS) was able
to bind to DNA, we first prepared ssDNAs and dsDNAs of differ-
ent lengths and with random sequences and tested the ability of
SsoGINS to interact with these DNAs by an electrophoretic mo-

bility shift assay (EMSA). As shown in Fig. 1A and D, SsoGINS
failed to bind to a 20-nt or 30-nt ssDNA, bound weakly to a 42-nt
ssDNA, but bound strongly to a 62-nt ssDNA, as indicated by the
appearance of a shifted band. When a 100-nt ssDNA was used, the
second shift was generated, suggesting the binding of two mole-
cules of SsoGINS to the DNA. On the other hand, SsoGINS was
unable to bind a 20-bp dsDNA but bound weakly to a 30-bp ds-
DNA. Furthermore, the protein complex generated two retarded
shifts on a dsDNA fragment of 42-bp or longer (Fig. 1B and E).
These observations suggest that SsoGINS was able to bind shorter
dsDNA fragments than ssDNA fragments. However, it is worth
noting that SsoGINS showed greater affinity for ssDNA fragments
than for dsDNA fragments when the sizes of the fragments were
no shorter than those required for stable binding. For example,
SsoGINS bound to the 62-nt ssDNA considerably more strongly
than to a 62-bp dsDNA, prepared by annealing the 62-nt ssDNA
with its complementary strand, with apparent dissociation con-
stants (Kds) of 0.33 	 0.13 �M for the former and 1.56 	 0.3 �M
for the latter, as measured on the basis of the amount of the pro-
tein required for the retardation of one-half of the amount of the
labeled input DNA. Therefore, SsoGINS is similar to human GINS
in binding preferentially to ssDNA. In addition, the binding of
SsoGINS to ssDNA appears to be as strong as that of the human
protein (42).

To gain some clues about the striking difference between
SsoGINS and the GINS complexes from the euryarchaea P. furio-
sus and T. acidophilum in DNA binding properties, we performed
a sequence analysis on archaeal GINS. All known crenarchaeal
GINS proteins except for Sld5/Psf1 homologs from Pyrobaculum
species are separated phylogenetically from their homologs in eu-
ryarchaea (see Fig. S6 in the supplemental material). The Psf1/
Sld5 homolog (SSO1049) from S. solfataricus is distantly related to
homologs from P. furiosus (17% similarity at the amino acid se-
quence level) and T. acidophilum (13% sequence similarity), the
latter of which encodes a single GINS protein. S. solfataricus Psf2/
Psf3 (SSO0772) is only 24% similar at the amino acid sequence
level to Psf2/Psf3 from P. furiosus. Therefore, it is possible that
GINS complexes from crenarchaea, such as S. solfataricus, differ
from those from euryarchaea in properties such as DNA binding
ability.

We then sought to determine if SsoGINS exhibited sequence
preference in DNA binding. As shown in Fig. 1C and F, both
oligo(dT)62 and an oligonucleotide containing a run of 62 deoxy-
ribosylcytosine residues [oligo(dC)62] were tightly bound by the
protein, whereas an oligonucleotide containing a series of 62 de-
oxyribosyladenine residues [oligo(dA)62] was not measurably
bound. Unexpectedly, SsoGINS was able to form two shifts on
oligo(dT)62 but only one shift on oligo(dC)62, although it showed
similar affinities for the two oligonucleotides. It is possible that the
size of oligo(dT) efficiently bound by the protein was shorter than
that of oligo(dC). This possibility is supported by the finding that
SsoGINS bound well to oligo(dT)42 but could hardly bind to oli-
go(dC)42 (see Fig. S1 in the supplemental material). Since an
oligonucleotide with a run of 62 deoxyribosylguanine residues [oli-
go(dG)62] could not be readily synthesized, we tested the binding
of SsoGINS to an oligonucleotide comprising alternating dA and
dG [oligo(dAdG)62] or alternating dA and dC [oligo(dAdC)62]
(Fig. 1C and F) residues. SsoGINS bound oligo(dAdC)62 well but
was barely able to bind oligo(dAdG)62. Based on these results, we
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conclude that SsoGINS preferentially binds to pyrimidine-rich
ssDNA over purine-rich ssDNA.

SsoGINS slides along ssDNA in a 5=-to-3= direction. To fur-
ther investigate the nature of DNA binding by SsoGINS, we pre-
pared DNA fragments comprising both double-stranded and
single-stranded regions in various arrangements (Fig. 2). Interest-
ingly, SsoGINS bound more tightly to a dsDNA with a 5= ssDNA
tail (Kd, 0.28 	 0.06 �M) than to a dsDNA with a 3= ssDNA tail
(Kd, 0.84 	 0.22 �M). A possible interpretation for this observa-
tion is that SsoGINS was able to slide in a 5=-to-3= direction along
the ssDNA upon binding to the DNA but could hardly move lat-
erally on dsDNA. Therefore, the protein complex was retained
more readily on the dsDNA with a 5= ssDNA tail than on the
dsDNA with a 3= ssDNA tail. To exclude the possibility that
the observed polarity in binding by SsoGINS resulted from the
difference of the protein in affinities for the two termini, we
performed an EMSA on a DNA fragment containing a 20-dT

single-stranded region flanked by two 21-bp dsDNA stretches
(Fig. 2A). The binding was as strong as that observed on the
dsDNA with a 5= ssDNA tail (Kd, 0.30 	 0.09 �M), indicating
that a single-stranded terminus did not play an important role
in DNA binding by the protein.

To further verify the suggestion that GINS is able to track uni-
directionally on ssDNA, we prepared a 42-nt ssDNA blocked at
either the 5= or the 3= end with a biotin-streptavidin (SA) complex.
The biotin-SA complex served as a physical block, which would
presumably prevent SsoGINS from sliding off the end of the DNA
fragment. As shown in Fig. 1A and 2, SsoGINS bound approxi-
mately 20-fold more strongly to the 42-nt ssDNA containing a 3=
biotin-SA block (Kd, 0.36 	 0.06 �M) than to the 42-nt ssDNA
without the biotin-streptavidin block (Kd, 7.74 	 0.95 �M). In
contrast, binding of the protein complex to the 42-nt ssDNA with
a 5= biotin-SA block (Kd, 8.27 	 0.92 �M) was similar to that to
the unblocked 42-nt ssDNA. Based on these results, we con-

FIG 1 Binding of SsoGINS to ssDNA and dsDNA fragments. (A, B, D, and E) Binding of SsoGINS to ssDNA or dsDNA of various lengths. SsoGINS was mixed
with 32P-labeled 20-, 30-, 42-, 62-, and 100-nt ssDNA fragments (S1, S3, S7, S17, and OligoA) (see Table S1 in the supplemental material) or with 20-, 30-, 42-,
62-, and 100-bp dsDNA fragments (D1, D8, D9, D7, and D10) (see Table S1). The protein-DNA complexes were subjected to polyacrylamide gel electrophoresis.
The gel was exposed to X-ray film (A and B) and quantified by phosphorimaging (D and E). Concentrations of SsoGINS were 0, 0.1, 0.2, 0.4, 0.8, and 1.6 �M,
indicated by the triangles above the lanes. (C and F) Sequence preference of SsoGINS in ssDNA binding. SsoGINS was mixed with a 32P-labeled 62-nt
homopolymeric ssDNA or a 62-nt ssDNA with alternating A and G or A and C (see Table S1). The protein-DNA complexes were subjected to polyacrylamide gel
electrophoresis. The gel was exposed to X-ray film (C) and quantified by phosphorimaging (F). Concentrations of SsoGINS used in the assays were 0, 0.1, 0.2, 0.4,
0.8, and 1.6 �M, in respective order, as indicated by the triangle above the lanes. Data shown in panels D to F represent an average of three independent
measurements.

FIG 2 Binding of SsoGINS to DNAs of different structures. SsoGINS was mixed with a 32P-labeled DNA fragment containing a 42-bp dsDNA region with a 5=
tail (D2) or a 3= tail (D3) (see Table S1 in the supplemental material), a 32P-labeled partial dsDNA fragment containing a 20-dT region in the middle (D6) (see
Table S1), a 42-nt ssDNA with 5= biotin-SA, or a 42-nt ssDNA with 3= biotin-SA. The protein-DNA complexes were subjected to polyacrylamide gel electro-
phoresis. The gel was exposed to X-ray film (A) and quantified by phosphorimaging (B). Concentrations of SsoGINS were 0, 0.1, 0.2, 0.4, 0.8, and 1.6 �M,
indicated by the triangles above the lanes. Data shown in panel B represent an average of three independent measurements.
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clude that SsoGINS is able to slide along ssDNA in a 5=-to-3=
direction.

SsoGINS interacts with both ssDNA tails of a forked DNA.
Notably, binding of SsoGINS to a dsDNA fragment with both 5=
and 3= tails at one end (forked DNA; Kd, 0.13 	 0.02 �M) or a
dsDNA containing a single-stranded bubble in the middle (bub-
bled DNA; Kd, 0.17 	 0.06 �M) was even stronger than that to the
dsDNA with a 5= ssDNA tail (Kd, 0.28 	 0.06 �M) or to a dsDNA
containing a single-stranded region in the middle (gapped
DNA; Kd, 0.30 	 0.09 �M) (Fig. 2 and 3). It appears that
although SsoGINS bound preferentially to the 5= tail of the forked
DNA, the 3= tail of the DNA was likely involved in stabilizing the
binding. To look further into the potential role of the 3= tail in the
binding of SsoGINS to the forked DNA, we performed a fluores-
cence resonance energy transfer (FRET) assay using a forked DNA
molecule labeled with Cy3 (donor) on the 3= tail and with Cy5
(acceptor) on the 5= tail. As shown in Fig. 4B, the labeled DNA
molecule displayed a FRET value of 33.63% 	 0.55% in the ab-
sence of SsoGINS. As an increasing amount of SsoGINS was
added, the FRET efficiency increased, with a maximum of 44.96% 	

FIG 3 Binding of SsoGINS to forked and bubbled DNA. SsoGINS was mixed
with a 32P-labeled DNA fragment containing a 42-bp dsDNA region with both
5= and 3= tails at one end (D4; forked DNA) or a 32P-labeled partial dsDNA
fragment containing a 20-T bubble in the middle (D5; bubbled DNA) (see
Table S1 in the supplemental material). The protein-DNA complexes were
subjected to polyacrylamide gel electrophoresis. The gel was exposed to X-ray
film (A) and quantified by phosphorimaging (B). Concentrations of SsoGINS
were 0, 0.1, 0.2, 0.4, 0.8, and 1.6 �M, in respective order, as indicated by the
triangles above the lanes. Data shown represent an average of three indepen-
dent measurements.

FIG 4 Effect of binding by SsoMCM (A) and/or SsoGINS (C and B) to forked
DNA on the distance between the two single-stranded tails of the DNA.
SsoMCM and/or SsoGINS were mixed with forked DNA with a 3= oligo(dT)20

tail labeled at the 3= end with Cy3 and a 5= oligo(dT)20 tail labeled at the 5= end
with Cy5 (LD1) (see Table S1 in the supplemental material). Fluorescence
intensity was recorded over a range of wavelengths from 545 to 750 nm. Car-
toons show the proposed effect of the binding of the protein(s) on the distance
between the two single-stranded tails of the forked DNA.

Lang and Huang

3414 jb.asm.org November 2015 Volume 197 Number 21Journal of Bacteriology

http://jb.asm.org


0.28% at 1.2 �M SsoGINS, suggesting that the 5= and the 3= tails
were drawn closer as a result of the binding by the protein com-
plex (Fig. 4B). As a control, the addition of the single-stranded
DNA binding protein from S. solfataricus (SsoSSB) to the assay
system resulted in a slight decrease in FRET efficiency (see Fig.
S5 in the supplemental material), presumably due to the re-
duced flexibility of the SsoSSB-bound single-stranded tails.
These data support the contention that although SsoGINS
bound preferentially to the 5= tail of the forked DNA, it was also
in contact with the 3= tail in such a fashion that the binding of
the complex to the DNA was stabilized.

SsoGINS stabilizes the binding of SsoMCM to DNA.
SsoGINS is able to interact with SsoMCM (36). It has been re-
ported that SsoMCM loads on the 3= tail of a forked DNA while
externally grabbing the 5= tail (24, 25). In the present study, we
show that SsoGINS preferentially bound to the 5= tail of a forked
DNA while interacting with the 3= tail. Therefore, it is of interest to
learn if SsoGINS would influence the binding of SsoMCM to
DNA. In the EMSAs, SsoMCM alone was able to generate a slow-
migrating shift on the forked DNA (Fig. 5A). In the presence of
1 �M SsoGINS, which by itself produced a fast-migrating shift,
the addition of an increasing amount of SsoMCM was accompa-
nied by a decrease in the amount of the SsoGINS-DNA shift and
an increase in the amount of the SsoMCM-DNA shift. The drastic
difference between the SsoGINS-DNA and the SsoMCM-DNA
complexes in mobility is presumably due to the difference be-
tween the molecular masses of the two DNA binding protein com-
plexes. Notably, the formation of the SsoMCM-DNA complex
occurred at significantly lower SsoMCM concentrations in the
presence of SsoGINS (Kd, 0.18 	 0.03 �M by monomer) than in
the absence of the protein (Kd, 0.56 	 0.09 �M) (Fig. 5A and E). A
similar observation was made when an ssDNA with a random
sequence instead of the forked DNA was used in the assays (Fig. 5C
and F). Furthermore, the slow-migrating band was slightly up-
shifted in the presence of SsoGINS, suggesting the formation of
an SsoMCM-SsoGINS-DNA complex. Given the large size differ-
ence between the SsoMCM hexamer and the SsoGINS complex,
the difference between the SsoMCM-DNA and the SsoMCM-
SsoGINS-DNA in gel mobility was expected to be small. There-
fore, to confirm the association of SsoGINS with the slow-migrat-
ing shift, we performed an EMSA on the same DNA fragment as
that used in the experiment shown in Fig. 5A, except that the
DNA was labeled with Cy3 instead of 32P. SsoGINS was labeled
with Cy5. SsoGINS clearly comigrated with the band containing
the DNA and SsoMCM, demonstrating the formation of the Sso-
GINS-SsoMCM-DNA complex (Fig. 5B). Taking advantage of the
finding that SsoGINS bound very poorly to oligo(dA)62 (Fig. 1C),
we also determined if the effect of SsoGINS on DNA binding by
SsoMCM depended on the binding of SsoGINS to the DNA.
While SsoMCM bound less strongly to oligo(dA)62 than to the
62-nt ssDNA with a random sequence (see Fig. S2 in the supple-
mental material), the binding of the helicase to oligo(dA)62 was
barely enhanced by SsoGINS (Fig. 5D and F). Taken together,
these results suggest that SsoGINS was able to promote the bind-
ing of SsoMCM to DNA, and the ability of SsoGINS to bind the
DNA was required for the stimulatory effect.

To gain further insights into the effect of SsoGINS on the in-
teraction of SsoMCM with DNA, we performed the following
FRET assays. As predicted from the previous studies (24), FRET
increased as an increasing amount of SsoMCM bound to the flu-

orescence-labeled forked DNA, and the highest FRET value
(45.98% 	 0.65%) was obtained at a protein concentration of 1.6
�M (Fig. 4A). Intriguingly, when SsoGINS and SsoMCM were
added to the binding mixture at 1.2 and 1.6 �M, respectively,
levels that would allow each of them to produce the highest FRET
efficiency or to generate the largest gel shift in the EMSAs, a FRET
value higher than the maximum FRET obtained with either pro-
tein was recorded (50.74% 	 0.45%) (Fig. 4C). It appears that
SsoGINS did not compete with SsoMCM for binding to the DNA,
and, instead, the two proteins bound simultaneously to the DNA
in a manner that would bring the two single-stranded tails closer
than each of the proteins alone could. Based on these and previous
results, we speculate that SsoMCM and SsoGINS bind to the 3= tail
and 5= tail, respectively, of the forked DNA and contribute to the
stability of the SsoMCM-SsoGINS-DNA complex by interacting
externally with their respective unbound tail as well as by protein-
protein interactions.

SsoGINS enhances processive DNA unwinding by SsoMCM.
SsoGINS showed no significant effect on the helicase activity of
SsoMCM in a previous study (36). Since we found that SsoGINS
enhanced DNA binding by SsoMCM, we decided to redetermine
if the former would affect the helicase activity of the latter. The
forked DNA substrate (D4) (see Table S1 in the supplemental
material) was used in the helicase activity assays. As shown in Fig.
6A, when SsoGINS was added to the helicase reaction, an 
2-fold
increase in the helicase activity of SsoMCM was observed (Fig.
6B). It was shown that PfuGINS stimulated the helicase activity of
PfuMCM by increasing its ATPase activity. By comparison,
SsoGINS did not affect the ATPase activity of SsoMCM (see Fig.
S4 in the supplemental material).

Given the proposed possibility that SsoGINS and SsoMCM are
able to slide along ssDNA in opposing directions, thus allowing
the former to stabilize the interaction of the latter with a progress-
ing fork, we then investigated if SsoGINS would influence the
processivity of SsoMCM in DNA unwinding by using a modifica-
tion of a well-established assay (5, 20, 37, 43). In the assay, an
oligonucleotide primer annealed to M13 ssDNA was extended
with Sequenase first in the presence of radiolabeled dNTPs and
subsequently with a mixture of dNTPs and ddCTP to yield radio-
labeled extension products of various sizes. As shown in Fig. 6C,
SsoMCM was able to unwind dsDNA of no longer than 200 bp
under the assay conditions. However, the addition of SsoGINS
allowed up to 
700 bp of dsDNA to be unwound by SsoMCM. It
was noticed that more unwinding of dsDNA longer than 
150 bp
occurred with increasing amounts of SsoGINS. In contrast, un-
winding of dsDNA shorter than 
150 bp was not significantly
enhanced by SsoGINS (Fig. 6C and D). It was reported that hu-
man replication protein A (RPA) stimulated the processivity of
human CMG helicase by sequestering the emerging ssDNA (37).
In our assays, however, SsoSSB displayed no stimulatory effect
on the unwinding activity of SsoMCM, eliminating the possi-
bility that SsoGINS promoted the processivity of SsoMCM
simply by binding to the ssDNA generated in the unwinding
reaction (Fig. 6D).

We then determined if SsoGINS would help SsoMCM func-
tion in a coordinated fashion with S. solfataricus DNA polymerase
B1 (SsoPolB1). A rolling-circle assay was established, in which a
200-nt circular ssDNA was annealed to a radiolabeled 100-nt
complementary ssDNA with a 5= tail of 20 dT residues. Cren7 (1
�M), a chromatin protein highly conserved among crenarchaea,
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was included in the assay to inhibit the potent strand displacement
activity of SsoPolB1 (44). The helicase activity of SsoMCM was
not affected by Cren7 (1 �M) (see Fig. S3 in the supplemental
material). Given the design of the minicircular template, exten-
sion products of �220 nt in length would have been synthesized
by SsoPolB1 using as the template the ssDNA unwound by
SsoMCM. As shown in Fig. 6E, SsoMCM (0.1 �M) was able to
unwind 
30 bp of dsDNA in the absence of SsoGINS under the

assay conditions. SsoMCM became significantly more efficient in
unwinding reactions in the presence of SsoGINS than in its ab-
sence, permitting SsoPolB1 to synthesize products of up to 
500
bp (Fig. 6E). The stimulatory effect of SsoGINS was most pro-
nounced at lower SsoMCM concentrations. It was noticed that
hot spots existed for the termination of chain elongation by
SsoPolB1. By contrast, termination of unwinding by SsoMCM
occurred more randomly in the M13 ssDNA-based assays (Fig. 6D

FIG 5 Effect of SsoGINS on DNA binding by SsoMCM. (A, C, and D) Effect of SsoGINS on the gel retardation patterns of SsoMCM on various DNAs.
SsoMCM was mixed with a 32P-labeled forked DNA (D4) (see Table S1 in the supplemental material) (A), a 62-nt random ssDNA (S1) (see Table S1) (C),
or oligo(dA)62 (D) in the presence or absence of SsoGINS (1 �M). The protein-DNA complexes were subjected to polyacrylamide gel electrophoresis. The
gel was exposed to X-ray film. Concentrations of SsoMCM were 0, 0.05, 0.1, 0.2, 0.4, and 0.8 �M, indicated by the triangles above the lanes. (B) EMSAs
with fluorescence-labeled protein and DNA. Cy5 labeled SsoGINS (1 �M) and/or unlabeled SsoMCM (4 �M) were incubated with a Cy3-labeled forked
DNA (LD2; 0.1 �M) (see Table S1). The protein-DNA complexes were subjected to polyacrylamide gel electrophoresis. The gel was imaged on a Typhoon
scanner. (E and F) Quantitative analysis of gel retardation patterns shown in Fig. 3A, C, and D by phosphorimaging. Data shown represent an average of
three independent measurements.
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FIG 6 Processivity of SsoMCM. (A and B) DNA unwinding by SsoMCM. SsoMCM (0.2 �M) was incubated with a radiolabeled oligonucleotide substrate (D4) (see
Table S1 in the supplemental material) in the presence of increasing amounts of SsoGINS. Reaction products were subjected to electrophoresis in a polyacrylamide gel
in 1� TBE buffer. The gel was exposed to X-ray film (A) and quantitated by phosphorimaging (B). Data shown in panel B represent an average of three independent
measurements. Left lane, boiled substrate; second lane from left, no protein added; far-right lane, 0.8 �M SsoGINS. Concentrations of SsoGINS were 0, 0.1, 0.2, 0.4, and
0.8 �M, indicated by the triangles above the lanes. (C) Effect of SsoGINS on the processivity of SsoMCM. SsoMCM (0.2 �M) was incubated with a radiolabeled
M13-based substrate in the presence of increasing amounts of SsoGINS. Reaction products were subjected to electrophoresis in 5% polyacrylamide gel in 1� TBE buffer.
Left lane, boiled substrate; second lane from left, no protein added; far-right lane, 1.2 �M SsoGINS. Concentrations of SsoGINS were 0, 0.1, 0.2, 0.4, 0.8, and 1.2 �M,
indicated by the triangles above the lanes. (D) Effect of SsoSSB on the processivity of SsoMCM. Various amounts of SsoMCM were incubated with the radiolabeled
M13-based substrate in the presence of SsoGINS (1 �M) or SsoSSB (1.6 �M). Reaction products were subjected to electrophoresis in 5% polyacrylamide gel in 1� TBE
buffer. The gel was exposed to X-ray film. Left lane, boiled substrate. Concentrations of SsoMCM were 0, 0.1, 0.2, and 0.4 �M, indicated by the triangles above the lanes,
for each set of conditions. (E) Coupled DNA helicase and polymerase assays. SsoMCM was preincubated for 5 min with a 32P-labeled oligonucleotide (S13) (see Table
S1) annealed to a 200-nt circular ssDNA in the presence or absence of SsoGINS (1 �M). Cren7 (1 �M) was added, and the incubation was continued for an additional
5 min. SsoPolB1 (25 nM) was then added. After further incubation, reaction products were processed for electrophoresis in polyacrylamide gel containing 7 M urea in
1� TBE buffer. The gel was exposed to X-ray film. Concentrations of SsoMCM were 0, 0.1, 0.2, and 0.4 �M, respectively, as indicated by the triangles above the lanes,
for the conditions with SsoGINS and without SsoGINS. Values at the left of panels C to E are nucleotides.
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and E). Presumably, the presence of the strong termination signals
in the minicircle assays was attributed to steric hindrance, result-
ing from the synthesis of the new DNA strand by SsoPolB1, to the
movement of SsoMCM or SsoPolB1 along the template DNA.
Taken together, our results suggest that SsoGINS increased the
efficiency of DNA unwinding by SsoMCM.

DISCUSSION

Unlike all known archaeal GINS (28, 31, 32), SsoGINS bound
strongly to DNA. Strong DNA binding was previously observed
only with human GINS (42). Drosophila GINS exhibited rather
weak affinity for forked DNA (15). In Archaea, GINS from neither
P. furiosus nor T. acidophilum bound DNA in EMSAs (28, 31, 32).
Like human GINS, SsoGINS preferentially bound to single-
stranded DNA over double-stranded DNA. Structural studies
show that the four subunits of human GINS form a ring-like te-
tramer with a central channel, which is proposed to be able to
accommodate at least ssDNA (45). Since archaeal GINS com-
plexes resemble their eukaryotic counterparts in architecture (29),
the possibility exists that SsoGINS binds DNA in the same man-
ner. Crystallographic and electron microscopic studies on eukary-
otic GINS have revealed various sizes for the central channel, rais-
ing the possibility that the protein complex is flexible in structure
to permit changes under various conditions (8, 42, 45–47). There-
fore, it may be speculated that SsoGINS is capable of undergoing
conformational changes upon binding to DNA or when passing
DNA into its central channel.

Intriguingly, SsoGINS bound more tightly to dsDNA with a 5=
tail than to dsDNA with a 3= tail. Furthermore, the affinity of the
protein complex for an ssDNA fragment was substantially higher
when the fragment contained a biotin-SA block at the 3= end than
when it had the block at the 5= end. These results indicate that
SsoGINS was able to slide along ssDNA in a 5=-to-3= direction. It is
worth noting that human Cdc45, a key factor in the human CMG
complex, slides along ssDNA in a 3=-to-5= direction (48). It would
be of interest to determine if a eukaryotic GINS complex resem-
bles SsoGINS in ssDNA tracking. If both GINS and Cdc45 are able
to slide along ssDNA in the absence of ATP hydrolysis or any other
forms of energy input, they would fit well with their roles as com-
ponents of a CMG complex at a progressing replication fork.
MCM serves as a motor for the moving CMG complex by tracking
along the leading strand in a 3=-to-5= direction at the expense of
ATP. Cdc45 may migrate in front of the MCM on the same strand,
acting as a molecular “wedge” (48). Given the polarity of its mo-
tion, GINS would presumably slide with the MCM along the lag-
ging strand.

Like other archaeal GINS complexes, SsoGINS promoted DNA
unwinding by SsoMCM. This observation contrasts with a previ-
ous report, in which no significant effects of S. solfataricus GINS
on the helicase activity of MCM were detected (36). Since no ex-
perimental details are provided in the report, we speculate that the
discrepancy results from the differences in the experimental con-
ditions used in the two studies. We found that the SsoGINS-me-
diated stimulation was more pronounced with unwinding of lon-
ger dsDNA than with that of shorter dsDNA by SsoMCM. While
unwinding of short oligonucleotide substrates by the helicase was
moderately facilitated by SsoGINS, the sizes of dsDNAs unwound
by SsoMCM in the presence of SsoGINS were significantly longer
than those in the absence of SsoGINS. This appears to be consis-
tent with the observation that SsoGINS did not stimulate the

ATPase activity of SsoMCM. Stimulation of the ATPase activity of
MCM by GINS has been widely observed. In Drosophila, the rate
of ATP hydrolysis by CMG was about 300-fold higher than that by
MCM2 to MCM7 (15). GINS from P. furiosus, T. kodakaraensis,
and T. acidophilum were also shown to enhance the ATPase and
thus the helicase activity of their cognate MCM (28, 30, 31). The
lack of the drastic stimulation of unwinding of the oligonucleotide
substrates may be attributed to the inability of SsoGINS to
stimulate the ATPase of SsoMCM. How would SsoGINS affect
the processivity of SsoMCM then? SsoGINS bound to the 5=
single-stranded tail of a forked DNA appeared to be in contact
with the 3= single-stranded tail, as demonstrated in our FRET
assays. This agrees with the higher affinity of SsoGINS for the
forked DNA substrate than for the same DNA except for the
lack of the 3= single-stranded tail. On the other hand, SsoMCM
bound to the 3= single-stranded tail of a forked substrate inter-
acting with the 5= single-stranded tail via the surface of the
complex (24, 25). Indeed, the FRET efficiency was significantly
higher when both protein complexes were allowed to bind to a
forked DNA with two tails fluorescently labeled with donor and
acceptor fluorophores, respectively, than when either alone
was. Given the protein-protein interaction between SsoGINS
and SsoMCM and the opposite directions in which they slide
along ssDNA, SsoGINS probably serves to stabilize DNA bind-
ing by SsoMCM at a progressing fork, thereby enhancing the
processivity of the helicase. The stimulatory effect of SsoGINS
on the processivity of SsoMCM was also observed when DNA
unwinding was coupled with DNA synthesis by SsoPolB1 on a
circular template bound by Cren7, a chromatin protein, point-
ing to the physiological relevance of the functional interaction
between the two protein complexes. In conclusion, our results
suggest that the ability of SsoGINS and SsoMCM to bind to and
migrate with a progressing replication fork in a coordinated
and interactive fashion may provide a mechanistic basis for the
promotion of the processivity of SsoMCM by SsoGINS.
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