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ABSTRACT

The common mismatch repair system processed by
MutS and MutL and their homologs was identified
in Bacteria and Eukarya. However, no evidence of a
functional MutS/L homolog has been reported for ar-
chaeal organisms, and it is not known whether the
mismatch repair system is conserved in Archaea.
Here, we describe an endonuclease that cleaves
double-stranded DNA containing a mismatched base
pair, from the hyperthermophilic archaeon Pyro-
coccus furiosus. The corresponding gene revealed
that the activity originates from PF0012, and we
named this enzyme Endonuclease MS (EndoMS)
as the mismatch-specific Endonuclease. The se-
quence similarity suggested that EndoMS is the or-
tholog of NucS isolated from Pyrococcus abyssi,
published previously. Biochemical characterizations
of the EndoMS homolog from Thermococcus ko-
dakarensis clearly showed that EndoMS specifically
cleaves both strands of double-stranded DNA into 5'-
protruding forms, with the mismatched base pair in
the central position. EndoMS cleaves G/T, G/G, T/T,
T/C and A/G mismatches, with a more preference for
G/T, G/G and T/T, but has very little or no effect on
C/C,A/C and A/A mismatches. The discovery of this
endonuclease suggests the existence of a novel mis-
match repair process, initiated by the double-strand
break generated by the EndoMS endonuclease, in Ar-
chaea and some Bacteria.

INTRODUCTION

DNA is damaged by endogenous and environmental fac-
tors, and thus the genetic codes have the opportunity to
change frequently in living cells. Therefore, during evolu-
tion, organisms have developed several repair systems that
function to maintain genome integrity. Extensive studies
on the molecular mechanisms of DNA repair systems, in-
cluding nucleotide excision repair (NER) and base excision
repair (BER), mismatch repair (MMR), homologous re-
combination repair (HR) and non-homologous end joining,
have been performed, and these functions are basically con-
served from prokaryotes to eukaryotes (1-8).

In spite of our increasing knowledge about DNA re-
pair, the pathways and proteins involved in DNA repair
in Archaea, the third domain of life, are still poorly un-
derstood (9-12). Homology searches of the repair proteins
encoded in the genomic sequences have suggested that Ar-
chaea have repair proteins involved in the NER (13), BER
(14), alkyl transfer (15), damage reversion (16) and transle-
sion synthesis (17) pathways, which are more similar to
their eukaryal than bacterial counterparts, as also observed
in DNA replication and recombination. Biochemical stud-
ies of the repair-related proteins in Archaea have been re-
ported, but the DNA repair pathways in archaeal cells have
not been well characterized to date. It is notable that many
proteins are missing in each repair pathway, based on anal-
yses of the total genome sequences of archaeal organisms.
Quite strikingly, the well-known MMR machinery is absent
in most archaeal species (18,19). Currently, MutS, MutL
and their homologs are the key players for the recognition
of base mismatches and the following displacement of the
mismatched site by the synthesis of a new DNA strand,
in MMR in Bacteria and Eukarya. The genes encoding
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the mutS/mut L homologs are mostly present in halophiles,
class II methanogens and a few other euryarchaea, but are
completely lacking in Crenarchaeota and Thaumarchaeota.
Furthermore, the mutS/mutL homologs were shown to be
dispensable for the maintenance of a low mutation rate in
Halobacterium salinarum NRC-1 (20), and the mismatch-
related function of the archaeal MutS homologs has not
been reported. It is not clear yet if these findings reflect the
lack of MMR ability in the archaeal cells, but it is likely
that Archaea have an alternative to the ubiquitous MMR
pathway using MutS/MutL found in Bacteria and Eukarya
(20,21). Actually, the mutation frequencies in the hyperther-
mophile Sulfolobus acidocaldarius, which has no mutS gene,
are comparable to or lower than those of other bacterial mi-
croorganisms, suggesting that Archaea maintain a high level
of genomic stability, despite their harsh environmental con-
ditions (22). Considering this situation, it was important to
search for the proteins involved in the MMR in Archaea. In
this study, we identified a novel endonuclease from a hyper-
thermophilic euryarchaea that recognizes the mismatched
bases in the DNA strand, and cleaves both strands to pro-
duce 5'-protruding ends. This enzyme is expected to func-
tion in MMR systems in the archaeal domain and in some
bacteria that lack the MutS/MutL system.

MATERIALS AND METHODS

Identification and cloning of the mismatch endonuclease gene
from Pyrococcus furiosus

The cosmid-based genomic library, in which each clone con-
tains a 3540 kb P. furiosus DNA fragment, was prepared
as described previously (23). Heat-stable cell extracts were
obtained from 500 independent clones, by a heat treatment
at 80°C for 10 min, and were used to screen for a mismatch-
specific nuclease activity. Cosmid DNA was prepared from
the clone exhibiting the heat-stable target activity and was
partially digested by restriction enzymes. The DNA frag-
ments were inserted into the pUCI118 vector, and the resul-
tant plasmids were introduced into Escherichia coli JIM109.
The heat-stable extracts were prepared from each clone and
were assayed for the nuclease activity. From these experi-
ments, we predicted that PF0012 is the candidate open read-
ing frame (ORF) that expresses the mismatch endonuclease
activity. PF0012 was cloned into the pET15b vector at the
Ndel-BamHI sites and expressed in E. coli cells.

Cloning of the gene encoding TK1898 from T. kodakarensis

The gene encoding TK1898 was amplified by PCR di-
rectly from 7. kodakarensis genomic DNA, using the
forward primer TK1898-F (5-CGCGCATATGTCCAAG
GATAAGGTAACGGTCATC-3, the Ndel restriction
site is underlined) and the reverse primer TKI1898-
R (5-GGGGCGGCCGCCTAAAACAGTGTCTTCTGT
CTGCCCTTC-3, the Notl restriction site is underlined).
The fragment was amplified by Pfu DNA polymerase (Ag-
ilent), digested by Ndel and Notl (New England Biolabs)
and ligated by T4 DNA ligase (New England Biolabs) into
the corresponding sites of the pET21a expression vector
(Novagen). The resultant plasmid was designated as pET-
TK1898. Amino acid substitutions were introduced into

the TK1898 gene on the pET-TK 1898 plasmid by PCR-
mediated mutagenesis (QuikChange site-directed mutagen-
esis kit; Agilent), using the primers listed in Supplementary
Table S3. The nucleotide sequences were confirmed by the
standard dideoxy sequencing.

Overproduction and purification of TK1898

E. coli BL21 CodonPlus (DE3)-RIL (Agilent) cells trans-
formed with pET-TK 1898 were cultured in LB medium,
containing 50 wg/ml ampicillin and 34 pg/ml chloram-
phenicol, at 37°C until the culture attained an ODg greater
than 2.0. An aliquot of the culture was transferred to 1 1 of
fresh medium, to produce an ODygy below 0.05, and the cul-
tivation was continued at 37°C until the culture attained an
ODygg of 0.4. IPTG was then added to a final concentration
of 1 mM, and the cells were further grown for 24 h at 18°C
to induce the expression from pET-TK1819. The cells were
collected, resuspended in buffer A (50 mM Tris-HCI, pH
8.0, 0.5 mM DTT, 0.1 mM EDTA and 10% glycerol) con-
taining 0.5 M NaCl and sonicated. The soluble cell extract
was heated at 80°C for 30 min. The heat-resistant fraction
was treated with 0.15% polyethyleneimine in buffer A con-
taining 1 M NaCl, to remove the nucleic acids. The soluble
fraction was precipitated by 80% saturated (NH,4),SO4 and
resuspended in buffer A containing 1.5 M (NH4),SOy4. The
soluble fraction was applied to a 5 ml HiTrap Phenyl HP
column (GE Healthcare) and eluted with a linear gradient
of 1.5-0 M (NH4),SOy in buffer A. The fractions contain-
ing TK1898 were dialyzed against buffer A containing 0.4
M NaCl and were applied to a 5 ml HiTrap Heparin HP
column (GE Healthcare). The column was developed with a
linear gradient of 0.4-1.0 M NaCl in buffer A. The fractions
containing TK 1898 were diluted with buffer A to adjust the
salt concentration to 0.4 M NaCl and applied to a 1 ml Hi-
Trap SP HP column (GE Healthcare). The column was de-
veloped with a linear gradient of 0.4—1.0 M NaCl in buffer
A. The protein concentration was calculated by measuring
the absorbance at 280 nm. The theoretical molar extinction
coefficient is 12950 M~! cm~".

Gel filtration chromatography

Purified recombinant TK1898 (50 wM as a monomer in
25 wl) was applied to a Superdex 200 3.2/30 column (GE
Healthcare Life Sciences), and was eluted with buffer con-
taining 50 mM Tris-HCI, pH 8.0, 0.5 mM DTT and 0.5 M
NaCl. The standard marker proteins, including thyroglobu-
lin (670 000), y-globulin (158 000), ovalbumin (44 000) and
myoglobin (17 000), were subjected to gel filtration as a con-
trol.

Cleavage assay of mismatch-containing DNA

Cleavage of the fluorescently- (Cy5 or FITC) or *?P-labeled
substrate DNAs, formed with the oligonucleotides listed in
Supplementary Tables S1 and S2, by the proteins, was gen-
erally assayed at 55°C, in a reaction containing 20 mM Tris-
HCI, pH 8.0, 6 mM (NHy4),SOq4, 2 mM MgCl,, 100 mM
NacCl, 0.1 mg/ml BSA and 0.1% Triton X-100, with some
modifications. The detailed reaction conditions are briefly



described in each section. The reaction was quenched by
the addition of 25 mM EDTA, and then treated with 0.12
mg/ml proteinase K (Nacalai Tesque) at 50°C for 30 min.
The products were analysed by either 10% native PAGE
or 8 M urea-12% PAGE in TBE buffer (89 mM Tris, 89
mM boric acid and 2.5 mM EDTA, pH 8.3). The products
were visualized with an image analyzer, Typhoon Trio+ (GE
Healthcare).

Electrophoretic mobility shift assay

Various concentrations (0, 0.5, 1, 2.5, 5 and 10 nM as a
dimer) of the protein were incubated with 5 nM 5'-Cy5-
labeled ssDNA (15 nt) and dsDNA (15 bp) containing sin-
gle base-pair mismatches, in a reaction solution (20 mM
Tris-HCI, pH 8.0, 6 mM (NH4),SOy4, 2 mM MgCl,, 100
mM NacCl, 0.1 mg/ml BSA and 0.1% Triton X-100) at 37°C
for 5 min. The protein—-DNA complexes were fractionated
by 8% native PAGE in 0.5x TBE buffer and visualized with
a Typhoon Trio+ imager (GE Healthcare Life Sciences).

T. kodakarensis cell extract preparation and western blot
analysis

T kodakarensis KOD1 was cultivated at 85°C under anaero-
bic conditions, in medium containing 5 g/1 Bacto Tryptone
(BD), 5 g/1 Bacto Yeast Extract (DIFCO), 5 g/l sodium
pyruvate (Nacalai Tesque) and 30.2 g/1 artificial sea salts
(Marine Art SF-1; Tomita Pharmaceutical). 7 kodakarensis
cells in both the exponential growth and stationary phases
were harvested. The whole cell extracts from 5 x 10'° cells
were disrupted by sonication in 2 ml of buffer, containing 50
mM Tris-HCI, pH 8.0, 0.3 M NacCl, 0.5 mM DTT, 0.1 mM
EDTA and 10% glycerol. The cell extracts and the purified
recombinant TK 1898 protein were separated by SDS-12%
PAGE and were subjected to a western blot analysis using
rabbit antibodies raised against the recombinant TK 1898
protein. The protein bands were detected by using Immo-
bilon (Millipore) and quantified with an LAS-3000mini im-
age analyzer and the Multi Gauge software ver. 3.0 (FUJI-
FILM).

RESULTS

Identification of a nuclease activity in the P. furiosus heat-
stable protein library

We tried to identify a novel enzyme with mismatch base-
specific endonuclease activity, by using a mixture of deoxy-
oligonucleotides containing A/C, T/C, G/A or G/T mis-
matches as the substrate, to screen for the activity from the
heat-stable protein library derived from P furiosus, as de-
scribed in the ‘Materials and Methods’ section. Among 500
independent heat extracts of E. coli clones transformed with
the cosmid-based P, furiosus gene library, we isolated a clone
producing a protein that specifically digests the double-
stranded oligonucleotide containing a G/T mismatch. The
cosmid DNA containing 35 kbp of P furiosus genomic
DNA was recovered from the E. coli clone exhibiting the ac-
tivity. The inserted genomic DNA fragment was subcloned
into the pUCT118 plasmid vector. As the second screening,
we searched for the nuclease activity in the heat-resistant
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Figure 1. Purified TK1898 protein. (A) Preparation of recombinant
TK1898. The protein markers (lane 1) and the purified TK 1898 (2 pug) (lane
2) were subjected to SDS-12% PAGE followed by staining with Coomassie
Brilliant Blue (CBB). The sizes of the markers are shown on the left of the
panel. (B) Gel filtration chromatography of the TK 1898 protein. The ar-
rowheads indicate the elution profile of the standard marker proteins, and
the numbers indicate the relative molecular masses.

cell extract from each transformant. One clone with the
target activity was found. The plasmid was prepared, and
the inserted fragment was sequenced. According to these
procedures, we identified the ORF PF0012, which corre-
sponds to the target activity, as in our previous successful
attempts to identify DNA polymerase D (23), the Holliday
junction resolvase Hjc (24), the Holliday junction migration
helicase Hjm (25) and the 3’- 5" exonuclease (PfuExol) (26).
The database homology search of the amino acid sequence
deduced from PF0012 revealed that this protein is present
and highly conserved in the three major archaeal phyla
and in some bacteria. One of the homologs from Pyrococ-
cus abyssi was previously reported as a single-stranded (ss)
DNA-specific endonuclease, designated as NucS (nuclease
for ssDNA) (27). Considering the further functional anal-
ysis of this enzyme in the cells, we decided to characterize
its homolog, encoded by TK 1898, from Thermococcus ko-
dakarensis, as a practical genetic manipulation system is al-
ready available for this organism (28), and it is suitable for
genetic studies as well as biochemical analyses. A sequence
comparison of the PF0012 homologs is shown in Supple-
mentary Figure S1.

Purification of the recombinant protein encoded by TK1898

The recombinant protein encoded by TK 1898 was success-
fully overproduced, by cultivating the E. coli cells bearing
the expression plasmid, pET-TK 1898, as described in the
‘Materials and Methods’, with IPTG induction. In general,
nuclease overproduction in E. coli as a recombinant pro-
tein is harmful to the host cells, and it is often unsuccessful.
In the case of TK1898, we developed suitable cultivation
conditions, in which we prepared a small preculture of the
transformed cells with full growth and then used it to in-
oculate the large culture, as described in the ‘Materials and
Methods’. The protein was purified to near homogeneity
(Figure 1A). From a 1 1 culture (3.4 g cells), 24 mg of ho-
mogeneous protein were obtained. The relative molecular
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Figure 2. Cleavage of mismatch-containing DNA by TK1898. (A) The
nucleotide sequences of the substrates (45 bp) containing the mismatched
base pair. The position of the mismatched base pair is indicated by
white letters on a black background. (B and C) The 5'-32P-labeled DNA
substrates (5 nM) containing the mismatched base pair were incubated
with various concentrations of TK1898 (0, 1.3, 2.5, 10 and 50 nM as
a dimer)(lanes 1-5, 6-10, 11-15 and 16-20) at 55°C for 5 min. The 5'-
32P_labeled ssDNA was incubated with no enzyme (lane 21) and 50 nM
TK 1898 (lane 22) at 55°C for 5 min. The products were analysed by native
10% PAGE followed by autoradiography. The base pairs at the 25th posi-
tions in the dsDNAs are indicted at the top of the panel, and the bases in
the labeled strands are indicated by asterisks.

mass of the protein estimated from its migration position
in the SDS-PAGE gel corresponded to 28 595.2, calculated
from the deduced amino acid sequence. The gel filtration
profile of the purified protein provided the predicted molec-
ular mass of 60 200, suggesting that the TK1898 protein
forms a homodimer in solution (Figure 1B).

Mismatch DNA cleavage activity and reaction conditions

To investigate whether the purified TK 1898 protein has mis-
match DNA-specific endonuclease activity, it was mixed
with oligodeoxynucleotides containing a mismatched base-
pair, G/T, C/T or T/T, and an A/T base-pair as a control
in the centre (Figure 2A), and the reactions were monitored
by native PAGE. As shown in Figure 2B and C the pro-
tein clearly cleaved the oligodeoxynucleotides, but it never
cleaved the DNA with the exact same sequence without
the mismatch or the single-stranded DNA under the same
conditions. Our detected mismatch-specific nuclease activ-
ity of PF0012 from P. furiosus seems to be conserved in
the homologs from Thermococcales, and therefore, we des-
ignated this enzyme as Endonuclease MS (EndoMS) as the
mismatch-specific endonuclease.

Determination of the cleavage site

To determine the exact cleavage site of TkoEndoMS in the
mismatch containing DNA, synthetic DNA substrates, la-
beled with P at the 5'-terminus of the upper or lower

strand, or with FITC at the 3’-terminus of the upper strand,
were used as the substrate DNAs after annealing with
the complementary strand DNA (Figure 3A). The prod-
ucts cleaved by TkoEndoMS were analysed by denaturing
PAGE, followed by autoradiography or fluorescent image
analysis. As shown in Figure 3B-D, TkoEndoMS cleaved
the third phosphodiester bond on the 5 side of the mis-
matched base in both strands, to produce a cohesive end
with a five-nucleotide long 5'-protrusion. As the cleavage
product is re-ligatable (Supplementary Figure S2), TkoEn-
doMS leaves 5'-phosphate and 3’-hydroxyl termini, similar
to many other repair endonucleases.

Optimal cleavage reaction conditions for mismatch-

containing DNA

For further characterization of this nuclease, the reaction
conditions were carefully optimized. The effects of pH, salt
concentrations, temperature and divalent cations on the ac-
tivity are shown in Supplementary Figure S3. The mismatch
endonuclease activity of TkoEndoMS functions in a broad
pH range, from 6.0 to 11. The mismatch-specific nuclease
activity is distinctly salt-resistant in vitro, as shown in our
previous study of the Holliday junction resolvase from P,
furiosus (24,29). This property is consistent with the high
salt concentration in the Thermococcal cells. The optimal
temperature of the reaction is around 60°C, but it probably
depends on the stability of the duplex DNA, because 80%
of the activity remained even after 30 min at 80°C. TkoEn-
doMS is an authentic, thermostable mismatch-specific en-
donuclease, which will be applicable to genetic engineering
techniques.

Mismatch specificity of TkoEndoMS

To analyse the mismatch specificity of the TkoEndoMS nu-
clease in more detail, we performed the cleavage reactions
using substrates containing all combinations of mismatched
bases (Figure 4). In addition to the clear endonuclease ac-
tivity with the G/T mismatch-containing dsDNA substrate,
DNAs containing G/G, T/T, T/C and A/G mismatches
were also cleaved, although with various efficiencies. How-
ever, very small amounts of products were detected for
DNAs containing C/C, A/C and A/A mismatches. An in-
osine (I)/T mismatch was also cleaved by TkoEndoMS,
with the same efficiency as G/T (Figure 3D). To deter-
mine whether TkoEndoMS introduces a nick into a DNA
containing C/C, A/C or A/A mismatches, reaction mix-
tures were fractionated by electrophoresis on a denatur-
ing gel in parallel with a native gel. A cleaved band was
detected from the G/T mismatch, but not from either the
A/C or C/C mismatch, indicating that TkoEndoMS did
not clearly cleave even one of the two strands of the DNAs
with these mismatches (Supplementary Figure S4). Fur-
thermore, the capability of TkoEndoMS to cleave dsSDNA
containing insertions/deletions was analysed, using the 3?P-
labeled oligonucleotides listed in Supplementary Table S2.
A dsDNA containing a one-base insertion/deletion was
cleaved less efficiently than a mismatched DNA, and two
and three-base insertions/deletions were not the target of
TkoEndoMS (Figure 5). This result suggests that small bub-
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Figure 3. Cleavage pattern of mismatch-containing DNA by TkoEndoMS. (A) The nucleotide sequences of the substrate (45 bp) containing the mismatched
base pair and the cleaved products are shown schematically. The mismatched base pair is indicated by white letters on a black background. The numbers
indicate the lengths of the strands cleaved by TkoEndoMS. The 5'-32P-labeled upper strand (B), 5'-32P-labeled lower strand (C) and 3'-FITC-labeled upper
strand (D) were used to make dsDNA substrates containing the mismatched base pair. The substrates (5 nM) were incubated with (+) or without (—) 50
nM TkoEndoMS (as a dimer) at 55°C for 5 min. The products were separated by 8 M urea-12% PAGE in TBE buffer. The size markers were loaded in
lanes 1 and 12 in panel B, in lanes 1 and 10 in panel C and in lane 1 in panel D. The sizes are indicated on the side of each band.
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Figure 4. Preference for base-pair mismatches of TkoEndoMS. Five
nanomoles of Cy5-labeled dsDNA (45 bp), containing single base-pair
mismatches (G/T, G/G, T/T, T/C, A/G, C/C, A/C, A/A), were incu-
bated with various concentrations of TkoEndoMS (lanes 1, no protein;
2,0.5nM; 3,1 nM;4,2.5nM;5,5nM; 6,10 nM; 7, 25nM; 8, 50 nM, as a
dimer) at 55°C for 5 min. The base pairs are indicated on the top of each
panel. The products were separated by 10% PAGE. The band assignments
are indicated on the side of the panels, s, substrates; p, cleaved products.

bles are not suitable substrates for TkoEndoMS and indi-
cates that this enzyme is different from those in the S1 nu-
clease family.

mismatch insertion/deletion
(control) 1nt 2 nt 3nt
*2/3 2/*3  *26/3 26/*3 *27/3 27/*3 *28/3 28/*3
EndoMS — + — 4+ —+—4+ —+—+ —+ —+
S| - - - s e
- hod
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Figure 5. Cleavage property of TkoEndoMS for DNAs containing
insertions/deletions. The substrates were prepared with oligonucleotides.
The numbers of the oligonucleotides correspond to those in Supplemen-
tary Table S2. The substrates (5 nM) were incubated with (+) or without
(=) 20 nM TkoEndoMS (as a dimer) at 55°C for 30 min. The products
were separated by 8 M urea-12% PAGE.

Cleavage properties of TkoEndoMS for various structured
DNAs

TkoEndoMS seems to be an ortholog of P. abyssi NucS,
based on the sequence similarity. NucS was reported to
be a bipolar nuclease acting on branched DNAs, includ-
ing flapped and splayed DNAs (27). Furthermore, exten-
sive structural analyses of this protein have been published
(30,31). Therefore, we tested the branched DNAs, as well
as the mismatched DNAs, as substrates for TkoEndoMS.
To compare the cleavage activity precisely with that of the
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P. abyssi NucS, the same concentrations of the enzyme (0—
400 nM, as a dimer) and the substrate DNA (50 nM) were
mixed (the enzyme assays for the mismatched DNAs de-
scribed above included 0.5-50 nM of TkoEndoMS and 5
nM of DNA). As shown in Figure 6, TkoEndoMS cleaved
both 3'- (Figure 6A) and 5'-(Figure 6B) flapped and splayed
DNAs, as also observed for P. abyssi NucS. However, these
cleavages appeared to be non-specific and were less effi-
cient as compared with the results obtained with the G/T
mismatched DNA, in which a single band was clearly seen
as the main cleavage product. Some non-specific cleavages
were also observed in the reactions of the G/T mismatched
(Figure 6A and B), normal duplex and single-stranded
DNAs (Figure 6C). In these assays, an active site mutant
(D165A), which is described below, was used as a nega-
tive control. These results suggested that the cleavage of
flapped and splayed DNAs occurred only at concentrations
much higher than those efficient in mismatch cleavage, and
the mismatched DNA is the authentic substrate of TkoEn-
doMS, and perhaps of P. abyssi NucS as well.

Recognition of mismatch-containing DNA by TkoEndoMS

The binding specificity of TkoEndoMS to the mismatch-
containing dsDNAs was examined by an electrophoresis
mobility shift assay (EMSA). TkoEndoMS showed spe-
cific binding to only G/T-, G/G- and T/T-containing
DNAs in a Mg?*-dependent manner (Figure 7). This re-
sult corresponds with the cleavage reactions, in which these
three types of mismatches were efficiently cleaved (Figure
4). Stable complex formation of TkoEndoMS with G/T-
, G/G- and T/T-containing DNAs was observed when
an excess amount of TkoEndoMS was incubated with
these mismatch-containing DNAs. The T/C- and A/G-
containing DNAs were cleaved with less efficiently, but dis-
tinctly as shown in Figure 4. However, any shifted band was
not observed, as in the cases of C/C, A/C and A/A in this
experiment. These results suggest that TkoEndoMS pos-
sesses specific recognition ability for the mismatches made
of G and T. The requirement of Mg?* for the stable binding
suggests that TkoEndoMS may undergo a conformational
change upon Mg?* binding for recognition and cleavage of
mismatched DNA. To confirm that TkoEndoMS remained
bound to the DNA product with sticky ends, the samples
from the gel shift experiments were subjected to proteinase
K treatment and gel electrophoresis. The results revealed
that the shifted DNA in the gel was actually cleaved, as re-
ported previously for PfluEndoV (32) and PfuEndoQ (33).

Influences of the neighbouring nucleotide sequence on cleav-
age

In the MMR system in E. coli, the repair efficiency is af-
fected by the sequences around the mismatched bases (34).
We used DNA substrates containing mismatched bases
surrounded by different neighbouring sequences for the
TkoEndoMS assay. For the DNA containing the G/T mis-
match, the neighbouring sequence did not strongly affect
the cleavage efficiency (Supplementary Figure SSA). How-
ever, for the DNA containing the T/C mismatch, G/C was
clearly more preferable than A/T as neighbouring bases

(Supplementary Figure S5B). In contrast, DNA contain-
ing the A/C mismatch was not clearly cleaved when ei-
ther A/T or G/C neighboured the nucleotides (Supplemen-
tary Figure S5C). Although we presently do not know what
this preference means physiologically, this information is
also useful for understanding how EndoMS recognizes the
DNA substrate.

Mutational analysis of TkoEndoMS

The deduced amino acid sequence of EndoMS is clearly
conserved in most archaeal organisms. Pyrococcus abyssi
NucS is considered to be a member of the RecB-family nu-
cleases, and the protein contains the characteristic motifs
(27). The scientists who studied P. abyssi NucS made sev-
eral mutant proteins by site-specific mutagenesis, based on
their crystal structure and sequence comparisons with other
RecB-family proteins, and experimentally demonstrated the
presence of one active site residue (Y191) and three DNA
binding site residues (R42, R70 and W75) in the protein
(27). We mutated some of the residues in the predicted active
site (Supplementary Figure S1). The purified proteins with
a point mutation in the motifs, D165A, E179A or K181A,
lost the activity to cleave the mismatch-containing DNA,
as predicted (Supplementary Figure S6). These results sup-
port the proposal that TkoEndoMS is a genuine mismatch-
specific endonuclease. Analyses of the R44 and W77 muta-
tions, corresponding to R42 and W75 of P. abyssi NucS, will
be helpful for our further understanding of the structure-
function relationships of the EndoMS endonuclease.

Interaction with PCNA

Proliferating cell nuclear antigen (PCNA) is a well-known
clamp molecule that provides a scaffold for many pro-
teins functioning in DNA replication and repair (35,36).
Pyrococcus abyssi NucS reportedly interacts with its cog-
nate PCNA (27,30,31). The putative PCNA-binding se-
quence in TkoEndoMS is QKTLEF, at the C terminus (Sup-
plementary Figure S1), and it seems to be a short ver-
sion of the PIP (PCNA Interacting Protein) box (37).
We prepared a truncated TkoEndoMS, in which the C-
terminal five residues were deleted (TkoEndoMSAPIP).
The cleavage activity of TkoEndoMSWT was stimulated
by TkoPCNA in a concentration-dependent manner, while
that of TkoEndoMSAPIP was not (Figure §). However,
even in the presence of TkoPCNA, TkoEndoMS did not
generate any detectable products from dsDNAs containing
A/A, A/C and C/C mismatches.

Detection and estimation of the number of EndoMS
molecules in 7. kodakarensis cells

To confirm that EndoMS is produced in Thermococcal
cells, a western blotting analysis was performed. Using the
anti-TkoEndoMS antiserum, prepared with the recombi-
nant EndoMS protein as the antigen, a major band with
the same size as the recombinant EndoMS was detected
from the total extract of 7. kodakarensis cells (Supplemen-
tary Figure S7). The EndoMS protein was detected in the
cell extracts prepared from both exponential and station-
ary phases of cultured 7. kodakarensis. A standard curve
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Figure 6. Cleavage of the structured DNA by TkoEndoMS. TkoEndoMS activi

ities on the 3'-flapped duplex and the 3'-splayed duplex (A), the 5'-flapped

duplex and the 5'-splayed duplex (B) and the normal duplex and the single strands (C) were analysed. Each panel included the products of the duplex
containing a G/T mismatch, as a positive control. The inactivated mutant D165A (Mut) was used as a negative control. The substrates with the schematic
illustrations are shown at the top of the figure. The 5'-Cy5-labeled strands are marked with asterisks. The numbers on the strands indicate the length of
the oligonucleotides. The substrates (50 nM) were incubated with the indicated protein concentrations (as a dimer) at 55°C for 10 min. The products were
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Figure 7. DNA-binding properties of TkoEndoMS. EMSA of TkoEn-
doMS in the absence of MgCl, with 2.5 mM EDTA (A) and in the presence
of MgCl, (B). Five nanomoles of Cy5-labeled ssDNA (15 nt) and dsDNA
(15 bp) containing single base-pair mismatches were incubated with var-
ious concentrations of TkoEndoMS (lanes 1, no protein; 2, 0.5 nM; 3, 1
nM; 4,2.5nM; 5, 5nM; 6, 10 nM as a dimer) at 37°C for 5 min. The base
pairs are indicated on the top of each panel. The band assignments are
indicated on the side of the panels.

was created by the band intensities of the serially diluted
recombinant TkoEndoMS protein, and the number of En-
doMS molecules in T. kodakarensis was estimated to be 500
molecules (monomer), per cell from the band intensity of

in the first lane in panel A. The sizes are indicated on the left side of panel

TkoEndoMS in the constant amount of cell extract and the
standard curve.

DISCUSSION
EndoMS-mediated repair pathways

In this study, we identified a novel endonuclease activity
that recognizes a mismatched nucleotide in double-stranded
DNA, and hydrolyzes the third phosphodiester bond on the
5'-side of the mismatched nucleotides of both DNA strands.
The generated 5'-protruding ends are ligatable with 3’-OH
and 5'-P termini, and thus are similar to those produced by
a restriction endonuclease. Furthermore, the finding that
DNA containing small bubble structures was cleaved less
efficiently suggests that insertion and deletion mutations
are not suitable targets of EndoMS. The homologous pro-
tein, designated as NucS, from P. abyssi was reported to
be a bipolar nuclease acting on branched DNAs, and it is
predicted to be involved in the processing of an intermedi-
ate structure of DNA, during DNA metabolism. However,
its cleavage site was not confidently defined and its actual
role remained to be solved (27). In the published study, nu-
clease assays were performed with 50 nM DNA substrate
and 50-1500 nM NucS (as a monomer). Our present results
showed that 1.3 nM TkoEndoMS (as a dimer) could cleave 5
nM dsDNA substrate containing a G/T mismatch, while 50
nM TkoEndoMS (as a dimer) never cleaved 5 nM ssDNA
(Figure 2). Furthermore, higher amounts of TkoEndoMS
cleaved the flapped and splayed DNAs at several sites, as
also observed for P. abyssi NucS. These results suggested
that the NucS homologs are mismatch-specific endonucle-
ases. It would be interesting to determine whether P. abyssi
NucS has the same mismatch-specific endonuclease activity.
The Cell nuclease, originally isolated from celery, cleaves
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Figure 8. Interaction of TkoEndoMS with TkoPCNA. (A) Purified re-
combinant proteins were analysed by SDS-12.5% PAGE. Three micro-
grams of each protein were loaded, and the gel was stained with CBB, lanes
1, marker; 2, WT; 3, APIP. (B) Four nanomoler (as a dimer) of TkoEn-
doMS WT (upper panel) or APIP (lower panel) were incubated with 5 nM
DNA containing a G/T mismatch and TkoPCNA. The concentrations of
TkoPCNA (as a trimer) are indicated above the gel. The products were
separated by 10% native PAGE. The representative results are shown. The
band assignments are indicated on the side of the panels, s, substrates; p,
cleaved products. (C) The measurements of the products from four inde-
pendently performed experiments are shown with the error bars (standard
error of the mean).

heteroduplex DNA containing a mismatch site, and it is
now widely used for TILLING (Targeting Induced Local
Lesions in Genomes) analyses and Genome editing to de-
tect point mutations or mismatch sites (38,39). However,
Cell is a member of the single-strand specific nucleases, rep-
resented by nuclease S1, and its cleavage activity for a mis-
match site depends on the smallest single-strand region in
the duplex DNA, as an S1 nuclease family member (40). The
physiological role of Cell has not been well characterized,
but it may function in programmed cell death (41).

For a long time, the means by which MMR is performed
in archaeal organisms without the MutS/MutL proteins
have remained a mystery (9). We have been interested in
the MutS homolog in P. furiosus (PF0474), and character-
ized it in vitro. However, the recombinant PfuMutS lacked
mismatch recognition in vitro, although it exhibited ATPase
and nonspecific DNA binding activities (F. Matsunaga, un-
published results). The same result was published by an-
other group at that time (42). Archaea possessing MutS ho-
mologs have not been confirmed to have this MMR system
function so far, and thus the archaeal MutS homologs are
probably not mismatch recognition proteins, as experimen-
tally demonstrated previously (20).

EndoMS is now a strong candidate component of the
MMR pathway in Archaea. In the currently characterized
MMR pathways, the discrimination between parent and
daughter strands is important to avoid mutations in the
genomes. In the MMR pathways in E. coli and closely
related +y-proteobacteria, strand-discrimination is depen-
dent on the methylation of GATC sequences by the Dam
methylase (3). The parent strand is fully methylated before
replication, but just after replication, the nascent strand
is not methylated yet. The MMR system works with this
hemimethylated state to excise the mismatched nucleotide
from the nascent strand. However, most bacteria and eu-
karya lack this discrimination system, and probably use the
clamp-dependent system, in which the B-clamp or PCNA
activates the latent MutL nuclease in a strand-specific man-
ner (6). In the EndoMS-related MMR pathway, the daugh-
ter strand does not need to be distinguished from the par-
ent strand, because this endonuclease cleaves both strands
beside the mismatched site. The HR process could follow
after the EndoMS-mediated double-strand break, and end-
resection would be processed by Mrell, Rad50, HerA and
NurA (43). Interestingly, the endoMS gene seems to exist
in an operon with the radA gene, which encodes the key
protein for HR, and is conserved as RecA in Bacteria and
Rad51 in Eukarya (44), in the 7. kodakarensis genome, as
pointed out previously (27). It has been suggested that poly-
ploidy might be a common trait of euryarchaeal cells (45),
and recently the copy number of the chromosomal DNA in
T kodakarensis was actually demonstrated to be 7-19 copies
per cell (46). Therefore, the multiple copies of DNA would
be advantageous for efficient homologous recombinational
repair in euryarchaeal cells. However, the adjacent locations
of the endoMS and radA genes on the genomes are con-
served only in the genus Thermococcus, but not in many Ar-
chaea. Further analyses are required to determine whether
this gene organization in Thermococcus is physiologically
relevant. In addition, the functional interaction between
TkoEndoMS and TkoPCNA was detected in this study. En-
doMS does not turn over to cleave the mismatch site. How-
ever, the specific binding of PCNA is advantageous for En-
doMS to access the mismatch site, because PCNA is on the
DNA strand during DNA replication. Itis also possible that
the function of EndoMS with PCNA is important to facili-
tate the following processes by interactions with other pro-
teins, as suggested for MutSa and MutLa (47). The discov-
ery of EndoMS as a mismatch-specific endonuclease pro-
vides great insights toward the identification of the novel
repair pathway for mismatched DNA and also the evolu-
tion of repair enzymes.

EndoMS homologs in Archaea

We analysed the genomes of the three domains of life to
determine the distribution of EndoMS homologs. EndoMS
is conserved in most of the organisms in Archaea that lack
functional MutS homologs (Supplementary Figures S1 and
S8). Furthermore, the organisms in Actinobacteria, which
also lack MutS homologs in their genomes, have an En-
doMS homolog in the Bacterial domain (19). These bac-
terial homologs share sequence similarity along the entire
region with the archaeal EndoMS, and may have a simi-



lar mismatch-specific endonuclease activity. We have started
to characterize the EndoMS homologs from other archaea
and bacteria to understand the meaning of the distribu-
tion of this protein. EndoMS apparently came into exis-
tence during evolution in the archaeal domain, and may
serve as the main enzyme for the MMR process in most
archaeal organisms. Alternatively, EndoMS could be de-
rived from a virus that infected some archaeal cells, and
the gene may have been assimilated within the bacterial
genomes by horizontal gene transfer from Archaea. The
organisms possessing functional MutS/MutL do not need
to maintain EndoMS. The EndoMS-dependent MMR and
the MutS/MutL-dependent MMR may have been selected
during evolution.

Mismatch specificity of TkoEndoMS

Our in vitro assays revealed that TkoEndoMS has some sub-
strate specificity dependent on the types of mismatch bases.
G/T, G/G and T/T are most preferable, T/C is moderate,
and A/G, A/A, A/C and C/C are cleaved much less effi-
ciently by TkoEndoMS. The in vitro DNA binding prop-
erties of TkoEndoMS clearly correlated with these cleavage
preferences, and the different cleavage efficiencies seemed to
depend on the recognition of mismatched DNA by the En-
doMS protein. In E. coli, MutS is the mismatch recognition
protein, and its binding preference was determined in the
early studies of MMR. MutS binds G/T most preferably,
followed by G/A = A/C and then T/C in vitro (34). The
binding affinities were quantified for various mismatched
DNAs (48). In the case of E. coli MutS, binding to the
mismatch-containing DNA is endothermic in most cases,
but the binding to a pyrimidine-pyrimidine mismatch was
apparently exothermic (48). The crystal structures of MutS-
mismatched DNA complexes with AT, G/T, A/C, A/A
and G/G are similar, suggesting the common binding mode
for these mismatches (49-51). However, MutS may have a
different binding mode for the pyrimidine-pyrimidine mis-
matches (48). EndoMS may also have different binding
modes, depending on the mismatched bases.

The DNA-bound structures of this enzyme family remain
largely unknown, except for that proposed for the apo-form
of the P. abyssi NucS crystal structure (27). In the proposed
scheme, the double-stranded DNA was unwound on NucS,
and the branched single-stranded DNA passed under the
loop between the N- and C-terminal domains to access the
active site. To examine the activity discovered in this study,
a homology model of the TkoEndoMS-DNA complex was
constructed based on the proposed scheme (Supplemen-
tary Figure S9). The model suggested that the double-
stranded DNA had to be totally unwound to explain the
observed cleavage pattern. TkoEndoMS recognizes mis-
matched bases (G and T), and no context-dependent detec-
tion was observed in this study. Therefore, discriminating
mismatched bases on separated strands is implausible, and
TkoEndoMS should have a different DNA-binding struc-
ture from the proposed model structure. Crystal structure
analyses of the complex of TkoEndoMS and a mismatched
DNA are underway in our group to elucidate how EndoMS
recognizes and cleaves the mismatched DNAs, and why En-
doMS shows different recognition efficiencies for various

Nucleic Acids Research, 2016, Vol. 44, No. 7 2985

mismatched DNAs. It will also be interesting to determine if
the substrate preference of EndoMS, shown in this study, is
an actual property of the nuclease in 7. kodakarensis cells.
There may be some mechanism for EndoMS to cleave all
kinds of mismatched DNA efficiently, perhaps by forming
complexes with other proteins in the cells. If A/C type mis-
matches are not efficiently cleaved by EndoMS in the cells,
then 7. kodakarensis may have another enzyme responsible
for the repair of this type of mismatch. Further investiga-
tions will provide answers to these compelling questions.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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