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The major damage to DNA caused by alkylating agents involves the formation of
O%methylguanine (0% meG). Almost all species possess O°%-methylguanine-DNA-
methyltransferase (Ogt) to repair such damage. Ogt repairs 0O%meG lesions in DNA
by stoichiometric transfer of the methyl group to a cysteine residue in its active site
(PCHR). Thermus thermophilus HB8 has an Ogt homologue, TTHA1564, but in this
case an alanine residue replaces cysteine in the putative active site. To reveal the
possible function of TTHA1564 in processing O°-meG-containing DNA, we character-
ized the biochemical properties of TTHA1564. No methyltransferase activity for
synthetic 0%meG-containing DNA could be detected, indicating TTHA1564 is an
alkyltransferase-like protein. Nevertheless, gel shift assays showed that TTHA1564
can bind to DNA containing O%meG with higher affinity (9-fold) than normal
(unmethylated) DNA. Experiments using a fluorescent oligonucleotide suggested that
TTHA1564 recognizes O%meG in DNA using the same mechanism as other Ogts.
We then investigated whether TTHA1564 functions as a damage sensor. Pull-down
assays identified 20 proteins, including a nucleotide excision repair protein UvrA,
which interacts with TTHA1564. Interaction of TTHA1564 with UvrA was confirmed
using a surface plasmon resonance assay. These results suggest the possible involve-
ment of TTHA1564 in DNA repair pathways.

Key words: DNA repair, methyltransferase, nucleotide excision repair,
O%methylguanine, Ogt.

Abbreviations: 2AP, 2-aminopurine; AGT, O°%alkylguanine-DNA alkyltransferase; ATL protein,
alkyltransferase-like protein; dsDNA, double-stranded DNA; DTT, dithiothreitol; hMGMT, MGMT from
Homo sapiens; MBP, maltose-binding protein; MGMT, O% methylguanine-DNA methyltransferase; MJOgt,
Ogt from Methanocaldococcus jannaschii; NER, nucleotide excision repair; O%-meG, O%-methylguanine;
Ogt, O%-methylguanine-DNA methyltransferase; ssDNA, single-stranded DNA; TRCF, transcription-repair

coupling factor; TTHBS8, Thermus thermophilus HB8; WT, wild-type.

A great amount of DNA damage arises from both
endogenous and exogenous DNA-damaging agents, for
example, alkylating agents (I). O%-alkylguanine is one
such lesion with potent toxicity and potential for muta-
genesis. Because O°%alkylguanine forms hydrogen
bonds with thymine in preference to cytosine, this lesion
usually leads to GC-to-AT transition mutations (2—4).
Among OF%-alkylguanine lesions, O%-methylguanine
(0%-meG) is the major mutagenic lesion produced by
simple methylating agents. O%-alkylguanine is generated
by antitumor alkylating agents and could also be formed
by S-adenosylmethionine. The enzymes involved in repair
of O%-alkylguanine lesions play an important role in cel-
lular drug resistance. Indeed, the phenomenon of cellular
drug resistance is directly correlated to the intracellular
level of these enzymes (5, 6).
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0°%-meG is repaired by O%-methylguanine-DNA methyl-
transferase (Ogt or MGMT), which accepts an alkyl
group on a cysteine residue at the active site (PCHR) in a
stoichiometric fashion (7-9). Transfer of the alkyl group
results in the suicidal inactivation of Ogt. Ogt acts as a
monomer and can transfer the alkyl group in the absence
of any cofactor (10-12). Some Ogt homologues of other
species are called O°%-alkylguanine-DNA alkyltrans-
ferases (AGTs), and the crystal structure of a human
AGT has been reported (13, 14). The structure of human
AGT reveals that a helix-turn-helix motif mediates
binding to the minor groove of DNA, and that O%-meG
is flipped out from the base stack into the active site.
The structural data supports the idea that methylated
nucleotide flipping is mediated by a tyrosine and argi-
nine residues in the active site of the enzyme. Therefore,
it has been generally accepted that AGT recognizes
0%-meG in DNA with nucleotide flipping (13, 14).

Although AGT and Ogt homologues have been found in
a wide range of organisms, several species possess no
such homologue. Instead, Ogt-like proteins that lack a
cysteine residue in their putative active site have been
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Homo sapiens MGMT 92 ESFTRQV(E KLK
Xenopus laevis LOC446289 93
Caenorhabditis elegans Agt-1 86
Saccharomyces cerevisiae MGMT 116
Escherichia coli Agt 86
Escherichia coli Ada 267
Bacillus subtilis Ogt 88
Methanocaldococcus jannaschii Ogt 77
Thermus thermophilus HB8 TTHA1564 66
Schizosaccharomyces pombe Atl-1 3
Aspergillus fumigatus AFUA_4G03150 7
Gibberella zeae hypothetical protein 7
Escherichia coli YbaZ (b0454) 30
Salmonella typhimurium YbaZ 30

Fig. 1. Amino acids sequence of homologous methyltrans-
ferase proteins and alkyltransferase-like proteins.

identified. In many instances the cysteine residue is
replaced by tryptophan (PWHR; Fig. 1) (15). These Ogt-
like homologues are called ATL (alkyltransferase-like)
proteins and they are found in a broad range of pro-
karyotic species as well as eukaryotes such as Schizo-
saccharomyces pombe and several fungi. Interestingly,
several species (e.g. Escherichia coli) possess both Ogt
and ATL protein, whereas others (e.g. S. pombe) have
only ATL protein. Some preliminary characterization of
ATL protein from E. coli and S. pombe has already been
reported (15-17). These proteins can bind both DNA and
DNA containing O%meG. However, due to a paucity
of quantitative data, it is unclear whether ATL protein
has a higher affinity for O®-meG-containing-DNA over
normal (unmethylated) DNA. Intriguingly, although ATL
protein lacks methyltransfer activity in the presence of
O%-methylguanine DNA, deletion of the ATL gene in
S. pombe increases the sensitivity of the cells to methyl-
ating agents (16). Indeed, wild-type (WT) S. pombe has
the ability to survive alkylation damage. Thus, it is
unclear how ATL protein, which lacks methyltransferase
activity, functions in repairing alkylated DNA. We
decided to focus our efforts on studying the repair of
0%meG damage in a species that has only ATL protein
and lacks Ogt protein.

T. thermophilus HB8 (TTHBS8) is a Gram-negative
bacterium that grows at temperatures above 75°C (18).
It is the most thermophilic bacterium for which a gene
manipulation system has been established (19-21).
Proteins from this bacterium are stable against thermal
denaturation and are suitable for physicochemical stud-
ies. We selected TTHBS8 for the systematic study of
the structure and function of all proteins from a
single organism in a project named the ‘Whole Cell
Project’ (22, 23). We found only a single Ogt homologue,
TTHA1564, in the TTHB8 genome. This gene is anno-
tated as ogt and the corresponding amino acid sequence
displays 34 and 37% identity (49 and 56% similarity)
to AGT from E. coli and human, respectively. TTHA1564
is moderately homologous to normal Ogt and ATL pro-
teins found in other species, including a similar DNA-
binding domain. However, TTHA1564 does not have a
cysteine residue in its putative active site and is
therefore assumed to be an ATL protein. Interestingly,
TTHA1564 is very similar to ATL protein from other
species, but in this case the tryptophan residue at the
putative active site is replaced by alanine (PAHR).
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Sequences around the cysteine residue in the active site are
aligned.

Because ATL protein appears to be involved in repairing
methylated DNA from S. pombe, we anticipated that
TTHA1564 may play an analogous role in TTHBS.

In order to assess how TTHA1564 is involved in
repairing alkylation damages of DNA, we describe here
the biochemical characterization of TTHA1564. We
initially examined phenotypes of TTHBS8 tthal564-
deletion mutants, and overexpressed and purified
TTHA1564 as a maltose-binding protein (MBP)-fusion.
TTHA1564 displays no methyltransferase activity in the
presence of O°-meG-containing DNA. However, quanti-
tative studies show that TTHA1564 binds to OS-meG-
containing DNA with higher affinity than normal
(unmethylated) DNA. Furthermore, TTHA1564 binds to
05-meG-containing DNA with nucleotide flipping. These
results suggest TTHA1564 acts as a damage sensor that
presents O%-meG and possibly other O%-alkylation lesions
for processing by other repair pathways. Furthermore,
our studies show that TTHA1564 can interact with
nucleotide excision repair proteins and RNA polymerase.

MATERIALS AND METHODS

Materials—DNA-modifying enzymes, include restriction
enzymes, were purchased from TakaraBio (Otsu, Japan).
Yeast extract and polypeptone were from Difco
(Detroit, MI, USA) and Nihon Pharmaceutical Co., Ltd
(Tokyo, Japan), respectively. Escherichia coli strains
DH5a and Rosetta (DE3) together with plasmids
pT7Blue and pET-15b were from Novagen (Madison, WI,
USA). The plasmid pGEX-5X-1pGEX was from GE Health-
care Biosciences (Piscataway, NJ, USA). Amylose resin
and pMAL-cRI were from New England Biolabs (Beverly,
MA, USA). TOYOPEARL-SuperQ, TOYOPEARL-Phenyl
and TOYOPEARL-Ether 650M were from Tosoh (Tokyo,
Japan). SensorChip CM5 and amine coupling kit were
from Biacore AB (Uppsala, Sweden). The synthesized
oligonucleotides used for the methyl group transfer assay
and gel shift assay were from FASMAC (Atsugi, Japan).
Other synthesized DNA oligomers were from BEX (Tokyo,
Japan). Human MGMT (hMGMT) was from Sigma
(St Louis, MO, USA). All other reagents used in this
study were of the highest available commercial grade.

Construction of Expression Plasmids and QOver-
expression—Sequence data for TTHA1564, TTHA1440
and TTHA1323, corresponding to the tthal564, uvrA
and mutL genes, respectively, were obtained from the
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TTHB8 genome project (DDBJ/EMBL/GeneBank
AP008226). Using this information, six primers (i.e.
forward and reverse) for amplification of the three target
genes were designed and synthesized. The PCR was
carried out using LA Taq polymerase with the approp-
riate pair of primers as follows: 5'-ATATCATATGTGG
CTCCCCACGCCCTTAGGTCCCCT-3 and 5-ATATAGAT
CTTTATTAAAGGGCCCCCTCAAAGCGGA-3' (tthal564),
5-ATATCATATGGACCGCATCGTCATCCGG-3' and
5-ATATAGATCTTTATTAGTCCGCCGCCACCCCGAT-3'
(uvrA), and 5-ATATCATATGATCCGCCCCCTCCCTCCG
GAGCTTAG-3" and 5-ATATAGATCTTTATTAAGGTTCT
CGGGGTAGAGGTG-3' (mutL). Forward and reverse
primers contained Ndel and Bg/II recognition sites (under-
lined), respectively. The amplified fragments of ttha1564
and mutL were ligated into the pT7Blue by TA cloning.
Sequence analysis revealed that the constructions were
error-free. The gene fragments were then digested with
Ndel and BglII and ligated into the compatible sites of
pGEX-Ndel, in which an Ndel linker was inserted into the
EcoRI site of pGEX-5X-1, creating pGEX/tthal1564 and
pGEX/mutL. The gene fragments of pGEX/tthal564
and pGEX/mutL were transferred into pMAL-cRI using
EcoRI and Sall sites, creating pMAL/tthal564 and
pMAL/mutL. The gene fragment of uvrA was digested
with Ndel and BglIl and ligated into the compatible
sites of pET-HisTEV, creating pET-HisTEV/uvrA. pET-
HisTEV contains the tobacco etch virus (TEV) protease-
recognition site, Glu-Asn-Leu-Tyr-Phe-Gln-Gly, instead of
the thrombin-recognition site of the pET-15b vector
(Novagen). E. coli DH50 cells transformed by pMAL/
tthal564 or pMAL/mutL and E. coli Rosetta(DE3) cells
transformed by pET-HisTEV/urvA plasmid were grown
at 37°C for 20h using 1.51 of LB medium containing
50 pg/ml ampicillin. The cells were harvested by centrifu-
gation and stored at —20°C.

Purification—All purification steps described below
were carried out at room temperature. The method of
purification of MBP-TTHA1564 and MBP-MutL was as
follows. Frozen cells (5g) were suspended in 50ml of
buffer I [560 mM Tris—HCI (pH 8.0), 1mM EDTA, 1mM
2-mercaptoethanol] and disrupted by ultrasonication
on ice. The cell lysate was clarified by centrifugation at
~30,000g for 20min and the supernatant was then
applied to an Amylose Resin column (bed volume 15ml)
that had been equilibrated in buffer I. Proteins were
eluted with a linear gradient of maltose from 0 to 10 mM
in a total volume of 200 ml of buffer I. Fractions contain-
ing the MBP-TTHA1564 or MBP-MutL were pooled and
applied to a TOYOPEARL-SuperQ column (bed volume
15ml) previously equilibrated with buffer I. The proteins
were eluted with a linear gradient of NaCl from 0 to
1.0M in a total volume of 200 ml of buffer I. Solid ammo-
nium sulphate was added to the fractions containing
MBP-TTHA1564 or MBP-MutL protein to a final concen-
tration of 1.0 M. The protein solution was then applied to
a TOYOPEARL-Ether 650 M column (bed volume 10 ml)
previously equilibrated with buffer I containing 1.0 M
ammonium sulphate. Proteins were eluted with a linear
gradient of ammonium sulphate from 1.0 to 0 M in a total
volume of 150ml of buffer I. Fractions containing the
MBP-TTHA1564 or MBP-Mutl. were collected and
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pooled. The collected solution containing MBP-
TTHA1564 was dialysed against buffer II [20 mM Tris—
HC1 (pH 8.0), 50mM NaCl, 1mM EDTA, 1mM dithio-
threitol (DTT), 5% (v/v) glycerol] at 4°C.

The method for the purification of His6-UvrA was as
follows. Frozen cells (5g) were suspended in 50ml of
buffer III [50 mM Tris—HCI (pH 8.0), 5mM ZnSO,4] and
disrupted by ultrasonication on ice. The cell lysate was
incubated at 70°C for 10 min and then centrifuged at
~30,000g for 20min. The clarified supernatant was
applied to a His-Bind Resin column (bed volume 15ml)
that had been charged with buffer IV (100mM NiCly)
and equilibrated with buffer V [20mM Tris—HCI
(pH 8.0), 500 mM NaCl, 10% (v/v) glycerol, 10 mM imid-
azole]. Proteins were eluted with a linear gradient of
imidazole from 10 to 500 mM in a total volume of 200 ml
of buffer V. Solid ammonium sulphate was added to the
fractions containing the His6-UvrA protein to a final
concentration of 1.0 M. The protein solution was then
applied to a TOYOPEARL-Phenyl column (bed volume
15ml) previously equilibrated with buffer I containing
1.0M ammonium sulphate. The proteins were eluted
with a linear gradient of ammonium sulphate from 1.0 to
OM in a total volume of 200 ml of buffer I. The collected
solution containing His6-UvrA dialysed against buffer VI
[50mM Tris—HCI (pH 8.0)] at 4°C. The fractions contain-
ing His6-UvrA were applied to a TOYOPEARL-SuperQ
column (bed volume 15ml) previously equilibrated with
buffer I. The proteins were eluted with a linear gradient
of NaCl from 0 to 1.0M in a total volume of 200ml of
buffer I. Fractions containing UvrA were collected. At
each chromatography step, the purity was assessed by
SDS-PAGE using a 10.5% (w/v) acrylamide gel. Purified
MBP-TTHA1564, MBP-MutL. and UvrA were identified
by peptide mass fingerprinting with MALDI-TOF MS.

Methyltransferase Assay—Methyltransferase activity
was assessed by demethylation analysis of DNA
using methylation-specific restriction enzyme and by
methylation analysis of the enzyme using mass spectro-
metry. A dsDNA duplex was made by annealing a 5'-32P-
labelled oligonucleotide 5-GCCCGGCCAXCTGCAGTT-3’
(X =05%-meG) to the complementary strand containing a
cytosine opposite the O%-meG. The melting temperature
of this duplex was calculated to be about 70°C, which
enabled us to perform the assay at 55°C. The duplex
(10nM) was incubated with 2.0pM TTHA1564 in
buffer II (10 ul) at 37°C for 16 h. After phenol/chloroform
treatment followed by ethanol precipitation, the purified
dsDNA was digested with Poull in 10mM Tris—-HCI
(pH 7.5), 10 mM MgCl,, 1mM DTT and 50 mM NaCl at
37°C for 3h. For demethylation analysis of product
DNA, the reaction was stopped by addition of an equal
volume of sample buffer (5 mM EDTA, 80% deionized
formamide, 10 mM NaOH, 0.1% bromophenol blue, 0.1%
xylene cyanol) and then the solution was loaded onto
a 15% acrylamide gel (8 M urea and x1 TBE buffer) and
electrophoresed in x1 TBE buffer. The gel was analysed
as described earlier. A positive control experiment was
carried out using hMGMT according to product informa-
tion from Sigma, with minor modifications. For methyla-
tion analysis of the enzyme, the reactant was digested
with Factor Xa in buffer II at 21°C for 16 h and then the
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mixture was separated by SDS-PAGE. After staining
the gel with Coomassie Brilliant Blue R-250, the band
containing TTHA1564 was excised and in-gel digested
with trypsin (Trypsin Gold; Promega, Madison, WI,
USA). The peptide fragments were analysed by MALDI-
TOF MS for identification of methylation.

Gel Shift Assay—Synthesized oligonucleotides (5'-GC
CCGGCCAXCTGCAGTT-3, X =0%meG or G) were label-
led at the 5 end with [y->2P]JATP using T4 polynucleotide
kinase. Double-stranded DNA (dsDNA) substrates were
made by annealing the labelled oligonucleotide to the
complementary oligonucleotide containing a cytosine
opposite the O%-meG. DNA—protein complex was anal-
ysed by gel shift at room temperature (24). The reac-
tion was carried out at room temperature in a 10pul
of buffer II containing 0-2.0uM protein and 10nM
32p_labelled single-stranded DNA (ssDNA) or dsDNA.
The mixtures were loaded onto a 12% (w/v) polyacryl-
amide gel and electrophoresed in x1 TBE buffer (89 mM
Tris-borate and 2mM EDTA). The gel was dried and
placed in contact with an imaging plate. The bands were
visualized and analysed using a BAS2000 image analyzer
(Fuji Film, Tokyo, Japan). Competitive gel shift assays
were performed using the 3*P-labelled ssDNA and unla-
belled ssDNA. In these reactions 2.0 uM TTHA1564 was
incubated with 10nM of 32P-labelled ssDNA and 0-10 uM
of unlabelled oligonucleotide in buffer II.

Fluorescence Analysis of Base Flipping—A synthesized
oligonucleotide [5-GGGTGTTGAXYTAGTTGTCAT-3,
where X=0%meG, Y=2-aminopurine (2AP)] was
annealed to a complementary oligonucleotide (5-ATG
ACAACTATCTCAACACCC-3) to obtain fluorescent
dsDNA. The 16puM fluorescent dsDNA was incubated
with 0-16 pM TTHA1564 in buffer II (200 ul). Fluores-
cence emission spectra of the mixture with an excitation
wavelength of 315nm were obtained at 25°C with a
HITACHI spectrofluorometer, F-4500.

Deletion Disruption of the T. thermophilus tthal564
Gene—The tthal564 gene deletion mutant was con-
structed according to the published recombination
method (21). We constructed a plasmid containing the
tthal564 gene interrupted by a heat-stable kanamycin
resistance gene, htk (20). T. thermophilus HB8 was
transformed by this plasmid and three kanamycin-
resistant clones were isolated as disruptants of the
tthal564 gene. Deletion of the #thal564 gene on the
chromosomal DNA was subsequently verified by PCR
analysis using genomic DNA as template.

Measurement of Streptomycin Resistance—Overnight
cultures of T. thermophilus HB8 WT, Atthal564 and
AmutS [a gift from Dr Kenji Fukui (RIKEN SPring-8
Center)] strains were plated on TT-streptomycin plates
[4% (w/v) polypeptone, 2% (w/v) yeast extract, 1% (w/v)
NaCl, 15% (w/v) phytagel and 50pug/ml streptomycin
(pH 7.5)] and then incubated at 70°C for 24h. The
number of colonies of streptomycin-resistant mutants on
each plate was counted. Overnight cultures were also
diluted 108-fold into TT medium [8% (w/v) polypeptone,
4% (wlv) yeast extract, 3% (w/v) NaCl, 400 uM MgCl,,
400uM CaCl, (pH 7.4)] and the diluted cultures were
plated on TT plates [4% (w/v) polypeptone, 2% (w/v) yeast
extract, 1% (w/v) NaCl, 15% (w/v) phytagel (pH 7.5)] and
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incubated at 70°C for 24h. The number of colonies on
each plate was then counted. The mutation rate was
established as the ratio between the number of colonies
growing on medium containing streptomycin and the
total number of cells plated (25).

Pull Down Assay—About 300 nmol of MBP-TTHA1564
or MBP-MutL in buffer VII [20mM Tris-HCl (pH 8.0),
50mM NaCl] was applied to an amylose resin column
(bed volume 2ml) that had been equilibrated with buffer
VI. Frozen TTHBS cells (0.8g) were suspended in 8ml
of buffer VI and disrupted by ultrasonication on ice.
Next, the lysate was centrifuged at ~30,000g for 20 min.
Then, 7ml of the supernatant was applied to the
MBP-TTHA1564-immobilized or MBP-MutL-immobilized
column. After thoroughly washing the column with
buffer VI, bound proteins were eluted with 6ml of
buffer VI containing 10mM maltose. The proteins in
the eluate were separated by SDS-PAGE, and identified
by peptide mass fingerprinting using MALDI-TOF MS.
For analysis of interaction of TTHA1564 with UvrA,
46 nmol of purified UvrA in buffer VII was applied to the
MBP-TTHA1564-immobilized column.

Surface Plasmon Resonance Assay—A surface plasmon
resonance assay was performed using a BIAcore 1000
instrument. Purified recombinant MBP-TTHA1564 and
MBP (at a concentration of 0.85uM) were immobilized
onto the Sensor Chip CM5 using amine coupling. The
immobilization resulted in 950 and 200 resonance units
for MBP-TTHA1564 and MBP, respectively. All succes-
sive experiments were performed at 25°C in buffer VII as
the running buffer. UvrA (10 pul) was injected at a flow
rate of 10 pl/min at concentrations ranging from 100 to
800nM. Bound proteins were then dissociated by injec-
tion of 1M NaCl. The MBP-immobilized flow cell was
used as a reference to subtract nonspecific binding and
baseline drift. Based on the reference-subtracted sensor-
gram data, dissociation constants (K4) were determined
by global fitting to a 1:1 Langmuir model using the
BIAevaluation 3.0 software.

RESULTS

TTHA1564 Lacked Methyltransferase Activity to
0%-meG in DNA—We examined the methyltransferase
activity of TTHA1564 by demethylation analysis of
0%-meG-containing DNA substrate (Fig. 2A). Reactions
were performed at 37 or 55°C because MBP fused to
TTHA1564 was unstable above 55°C. The DNA substrate
included a Puvull recognition sequence (5'-CAGCTG-3')
containing O%-meG at the third base position (under-
lined). Thus, the methylation status of the substrate
could be conveniently determined by incubation with
the methylation-sensitive restriction enzyme Pvull. DNA
pretreated with TTHA1564 was not susceptible to cleav-
age by Puull (Fig. 2A), suggesting TTHA1564 lacks
methyltransferase activity under the conditions used in
our experiments. This analysis was validated by a posi-
tive control experiment, in which the same DNA sub-
strate pretreated with hMGMT was cleaved by Puull
(Fig. 2B). Despite the fact that Ogt requires no cofactor,
we could not exclude the possibility that TTHA1564
might need a cofactor for activity. Therefore, we also
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Fig. 2. Methyltransferase activity assay of TTHA1564 by
demethylation analysis. (A) The activity of TTHA1564 (2 uM)
for 18 bp dsDNA (10nM). The product DNA was incubated with
Poull and then analysed by polyacrylamide %el electrophoresis.
In the O%meG row, dsDNA containing O°-meG within the
recognition sequence of Puull is indicated by the plus sign,
whereas the normal dsDNA by the minus sign. (B) The positive
control experiment using hMGMT. The middle lane represents
the sample not treated with Pvull. (C) Activity in the presence
of metal ions at 10mM. In the normal lanes, the assays were
performed for normal dsDNA in the presence of TTHA1564, and
the right lane represents the sample not treated with Pvull.

performed the same experiments in the presence of metal
ions (Fig. 2C), but no demethylation of the substrate
DNA could be detected.

We reasoned that if a methyl group is transferred from
0%-meG-containing DNA to TTHA1564, the mass of the
protein will increase by 14 Da. Thus, we carried out mass
spectrometric analysis to examine the possible transfer of
a methyl group to the protein. Tryptic fragments
of TTHA1564 incubated with O°-meG-containing DNA
were analysed by MALDI-TOF MS. TTHA1564 has a
unique cysteine residue located just N-terminal to the
putative active site. A single tryptic fragment (108-
ACPFFLLVPAHR-119) contains both the cysteine resi-
due and the putative active site motif. As anticipated,
analysis of TTHA1564 prior to incubation with O%meG-
containing DNA gave a peak with an m/z of 1369.6
(Fig. 3A), which corresponded to the theoretical mass of
the Cys-containing fragment without modification.
However, after incubation of the protein with O®-meG-
containing DNA we also identified a peak with an m/z of
1369.6. No peak corresponding to the Cys-containing
fragment with a mass increase of 14 could be detected
(Fig. 3B). Furthermore, none of the other tryptic frag-
ments identified in this analysis showed an increase in
mass over the anticipated values based on the primary
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Fig. 3. Methylation assay of TTHA1564 by mass spectrom-
etry. After incubation with normal dsDNA (A) or O%meG-
containing dsDNA (B), the protein was subjected to SDS-PAGE.
The excised band was in-gel digested with trypsin and the
fragments were analysed by MALDI-TOF MS. The peak marked
with an asterisk (m/z of 1369.6) corresponds to the fragment
containing the unique cysteine residue and putative active site
motif.

amino acid sequence of the protein (data not shown).
Thus, our results indicate that TTHA1564 alone does not
possess methyltransferase activity under the experimen-
tal conditions used in this study.

TTHA1564 Specifically Binds to O°-meG-containing
DNA—To examine DNA-binding activity of TTHA1564,
gel shift assays were performed using four kinds of
18-mer or 18-bp DNA: O0S%-meG-containing ssDNA,
0%-meG-containing dsDNA, normal ssDNA and normal
dsDNA (Fig. 4). In each case, a complex of the protein
with the respective DNA species was detected. Plots
showing the percentage of shifted band versus protein
concentration for both ssDNA and dsDNA are given in
Fig. 4B. Interestingly, O%-meG-containing DNA showed
a larger percentage of shifted bands compared to normal
DNA. However, this result was insufficient to demon-
strate whether TTHA1564 has specificity towards
0°%-meG-containing DNA.

To further investigate whether TTHA1564 has a
higher affinity for O%-meG-containing DNA over normal
DNA we carried out competitive inhibition assays. The
competitive inhibition experiments were performed by
incubating TTHA1564 with 32P-labelled normal dsDNA
and a varying concentration of cold competitor DNAs
(Fig. 5A). Our results indicate that TTHA1564 specifi-
cally binds to O%-meG-containing DNA in preference to
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Fig. 4. Gel shift assay of TTHA1564. (A) TTHA1564 at the
indicated concentration was incubated with 10nM dsDNA
(18 bp) containing 0%-meG. (B) TTHA1564 at the indicated con-
centration was incubated with 10nM ssDNA (18-mer) contain-
ing 0%meG. (C) The percentages of complexed substrate plotted
against protein concentration. Symbols represent the following:
filled circles, O%-meG-containing ssDNA; open circles, O%-meG-
containing dsDNA; filled triangles, normal ssDNA and open
triangles, normal dsDNA.

normal DNA. Similar results were obtained in the same
experiment with *?P-labelled O®-meG-containing DNA
(Fig. 5B). From these competition studies, K3 values of
TTHA1564 with normal DNA or O%meG-containing
DNA were estimated to be 3.7 and 0.41 uM, respectively.
Our results indicate that TTHA1564 exhibits a ~9-fold
greater affinity for DNA containing O®-meG compared
with normal DNA.

TTHA1564 Flips 0%meG Nucleotides from DNA—To
elucidate the mechanism of recognition of O%-meG in
DNA, we investigated base flipping using fluorescence
dsDNA. 2AP, a fluorescent analogue of adenine, has
often been used as a probe to detect base flipping (26). In
this experiment, one DNA strand contains a 2AP residue
3’ adjacent to O%meG residue. When 2AP is situated
inside the duplex, its fluorescence is quenched by inter-
action with the neighbouring bases. However, when the
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>

% Shifted
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[Unlabeled ssDNA competitor] (uM)

T T T T T

% Shifted
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Fig. 5. Comgetitive gel shift assay. (A) Inhibition of
32P.]abelled O°-meG-containing ssDNA-TTHA1564 complex with
unlabelled ssDNA competitors. (B) Inhibition of 32P-labelled
normal ssDNA-TTHA1564 complex with unlabelled ssDNA
competitors. TTHA1564 (2.0 uM) was incubated with 10nM of
32p_]abelled ssDNA (18-mer) and 0—-10 uM of unlabelled ssDNA
(18-mer) at room temperature. Unlabelled ssDNA competitors
were 0% meG-containing ssDNA (circles) and normal ssDNA
(triangles) in both panels. The percentages of complexed substrate
plotted against concentration of unlabelled ssDNA competitors.

base adjacent to 2AP flips out from the duplex there is an
increase in fluorescence intensity.

Upon addition of TTHA1564, the 2AP-containing
dsDNA showed a significant change in the fluorescence
spectrum with a peak at around 366nm (Fig. 6A).
Furthermore, the fluorescence intensity increases in a
protein concentration-dependent manner (Fig. 6B).
A similar spectral change of the same fluorescent
dsDNA was also observed for Methanocaldococcus
Jjannaschii Ogt (MJOgt) (Fig. 6C and D). MJOgt pos-
sesses a cysteine residue in its active site and exhibits
methyltransferase activity (27). These results suggest a
flipping-out of O%-meG from the duplex upon binding of
protein. Therefore, it can be assumed that TTHA1564
rotates the O%meG base moiety around the DNA back-
bone into an extrahelical position and recognizes the
base in the putative active site. Therefore, we conclude
that TTHA1564 has the same mechanism of recognition
of O%-meG base as those of other Ogt proteins containing
a PCHR active site, although THA1564 has no cysteine
residue in its active site.

Disruption of tthal564 Gene Increases the Spontaneous
Mutation Rate—To investigate the physiological role of
TTHA1564 in vivo, we made a tthal564-disruptant
mutant (A#thal564). The Atthal564 and WT strains
exhibited similar growth rates in rich medium (data not
shown). We also measured the spontaneous mutation

J. Biochem.
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Fig. 6. Fluorescence analysis of base flipping by TTHA1564.
The 2-AP and 0O%-meG-containing dsDNA (16 uM) was incubated
with TTHA1564 (A) or MJOgt (C). We measured fluorescence
spectra of the mixture using an excitation wavelength of 315nm.
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Fig. 7. Effect of disruption of the {thal564 gene on the
spontaneous mutation rate. Spontaneous mutation rates for
WT, Atthal564 and AmutS strains were measured by monitor-
ing streptomycin resistance. The mutation rate was calculated
as the ratio between the number of colonies on the medium with
streptomycin and the total number of cells plated.

rate of the WT and At¢thal1564 strains using streptomycin
resistance as a phenotypic marker (Fig. 7) (25). The
mutation rate of Atthal564 was significantly higher
than WT (significant level, P<9 x 107'2). This mutation
rate was comparable to that of mut¢S-disruptant strain
(AmutS) of TTHBS8. Because MutS is a mismatch repair
protein, these results strongly suggest that TTHA1564
is also involved in DNA repair in vivo.
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The spectra shown were obtained by subtracting the spectrum
in the absence of TTHA1564 from those in the presence of
TTHA1564. Fluorescence intensities at 366nM were plotted
against protein concentrations of TTHA1564 (B) or MJOgt (D).

TTHA1564 Interacts with a Nucleotide Excision Repair
Protein—If TTHA1564 can recognize an O%-meG lesion
but cannot remove it from the DNA, it is reasonable to
suppose that a known repair system may be involved
in the repair of this lesion. To investigate a putative
TTHA1564-related repair pathway, we attempted to
identify proteins that interact with TTHA1564 using a
pull-down assay involving a MBP-TTHA1564-immobilized
column. Excluding MBP-TTHA1564, our pull-down assay
detected approximately 40 bands in the fraction eluted
from the MBP-TTHA1564-immobilized column with malt-
ose (Fig. 8A). Furthermore, these protein bands were not
detected in the fraction eluted from the MBP-immobilized
column (Fig. 8A). Therefore, the 40 protein species appear
to specifically interact with TTHA1564. Peptide mass
fingerprinting by MALDI-TOF MS successfully identified
21 out of the 40 candidate TTHA1564-binding proteins
(Table 1).

Many DNA-binding proteins were identified, among
which UvrA (TTHA1440), a nucleotide excision repair
(NER) protein, was the most intriguing. UvrD helicase
(TTHA1427) was also identified, although the number
of matched peptides was not significant. DNA ligase
[NAD*] (TTHA1097) and UvrD helicase are known to be
involved in DNA repair, including the NER pathway. It is
also noteworthy that three subunits of RNA polymerase
core enzyme, RpoA (TTHA1664), RpoB (TTHA1812) and
RpoC (TTHA1813), appear to bind to TTHA1564. Our
results also indicate that PIWI motif protein (TTHBO068),
putative Rad52 homologue (TTHA0081), as well as some
additional proteins, may interact with TTHA1564.
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Fig. 8. Identification of proteins interacting with
TTHA1564. (A) Pull-down assay using MBP-TTHA1564.
Lane 1, protein size marker; lane 2, fraction eluted from the
MBP-TTHA1564-immobilized column with maltose; lane 3,
fraction eluted from the MBP-immobilized column with maltose.
(B) Interaction of UvrA with TTHA1564. The purified UvrA was
applied to a MBP-TTHA1564-immobilized column. Fractions
from the flow-through (FT), eluted by washing with a buffer
(wash) and eluted with maltose (elution with maltose) were
analysed by SDS-PAGE. The series of bands just under the
MBP-TTHA1564 correspond to MBP, probably generated by
adventitious degradation of. MBP-TTHA1564. (C) Interaction of
UvrA with MBP (control experiment).

It is possible that the apparent interaction between
TTHA1564 and the other DNA-binding proteins identi-
fied in this study could be an artifact of their interac-
tion with the same fragment of DNA. To verify that
TTHA1564 directly interacts with these candidate pro-
teins, we carried out a control experiment using a MBP-
fused form of T. thermophilus MutL. MBP-MutL was
a convenient control in these experiments because MutL
is also a DNA-binding protein. Thus, we overexpressed
MutL as a MBP fusion. Several proteins that inter-
acted with MBP-MutL were identified (Table 2), but none
of the significantly interacting proteins are listed in
Table 1. Note that DNA-binding protein HU, a cold shock
protein and the o subunit of RNA polymerase appear in
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both Tables, but their respective scores were not
significant in either experiment. We cannot exclude the
possibility that MutL. interacts with RNA polymerase,
although the subsequent control experiments support the
hypothesis that the interaction of TTHA1564 with UvrA
and RNA polymerase is meaningful. We can, however,
conclude that RNA polymerase binds TTHA1564 more
tightly than MutL.

Next, we focused on the interaction of TTHA1564 with
UvrA. To verify whether TTHA1564 protein interacts
with UvrA, we carried out the same assay using purified
UvrA instead of the crude protein extract from TTHBS
cells. UvrA was eluted in the flow-through fraction and
in the TTHA1564-eluted fraction (Fig. 8B). Thus, at least
a proportion of the UvrA applied to the column appears
to interact with TTHA1564. In a control experiment
using an MBP-immobilized column, UvrA eluted exclu-
sively in the flow-through fraction (Fig. 8C). This experi-
ment indicates that UvrA does not interact with the
column resin or with MBP. Taken together, our experi-
ments indicate that the interaction of MBP-TTHA1564
with UvrA is significant.

To further investigate TTHA1564-UvrA interaction in
detail, we carried out surface plasmon resonance assays.
Our results verify that UvrA interacts with TTHA1564
immobilized on a sensor chip (Fig. 9). The association
rate constant of TTHA1564 for UvrA is 107mM s},
and the dissociation rate constant is 3.3 x 107 2s~ L. The
dissociation constant K4 is 30nM at 25°C.

DISCUSSION

TTHA1564 is homologous to Ogt from other species but
lacks a critical cysteine residue in its putative active site.
In this study, we have used a variety of methods to
investigate whether TTHA1564 is involved in repairing
alkylation damaged DNA. As anticipated, given the lack
of a cysteine residue in the active site, we were unable
to detect any methyltransferase activity using our puri-
fied TTHA1564. Unfortunately, we were unable to carry
out our experiments at temperatures above 55°C due
to instability of the MBP portion of the recombinant
protein. Therefore, we cannot entirely exclude the possi-
bility that TTHA1564 exhibits methyltransferase activity
above 70°C, which is the optimal growth temperature
for TTHBS. Nevertheless, we conclude that TTHA1564 is
an ATL protein based on sequence analysis and on our
biochemical characterization studies.

We also assessed the DNA-binding activity of
TTHA1564. Gel shift assays confirmed that TTHA1564
binds to DNA. Furthermore, TTHA1564 binds to O%-meG-
containing DNA with a significantly higher affinity (about
9-fold) than to normal DNA. This is the first report of
quantitative measurements related to the affinity of an
ATL protein for O%meG-containing DNA. The K4 value
(0.41 M) of TTHA1564 to O°®-meG-containing DNA is
similar to that of MGMT (0.5-20 uM) (14, 28-31).

We also observed the flipping-out of O%-meG base upon
binding TTHA1564. Base flipping involves rotation of
backbone bonds in dsDNA to locate a nucleotide inside
the protein pocket, and is a mechanistic feature common
to most DNA glycosylases and methyltransferases (32).
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Table 1. Summary of proteins interacted with TTHA1564.
Gene number Gene ID Protein name Molecular Peptides
mass (kDa) matched
TTHA1812 YP_145078 RNA polymerase B’ chain (RpoC) 170.7 29
TTHA1813 YP_145079 RNA polymerase B chain (RpoB) 125.2 20
TTHA1440 YP_144706 Excinuclease ABC subunit A (UvrA) 105.1 10
TTHA1355 YP_144621 DNA gyrase subunit A 89.1 8
TTHA1139 YP_144405 Polynucleotide phosphorylase 78.1 17
TTHA1097 YP_144363 DNA ligase [NAD"] 76.9 9
TTHB068 YP_145307 Hypothetical protein 76.6 10
TTHA1634 YP_144900 Peptide ABC transporter, peptide-binding protein 70.4 9
TTHA1329 YP_144595 Glutamine synthetase 50.5 14
TTHA0196 YP_143462 Transporter, periplasmic component 40.3 5
TTHA1664 YP_144930 DNA-directed RNA polymerase o chain (RpoA) 35.0 6
TTHBO045 YP_145284 Repeat motif-containing protein 31.9 5
TTHA0244 YP_143510 Single-stranded DNA-binding protein (SSB) 29.8 8
TTHA0081 YP_143347 Conserved hypothetical protein 24.3 4
TTHA1657 YP_144923 AT-rich DNA-binding protein 23.2 6
TTHAO0175 YP_143441 Cold shock protein 8.2 4
Proteins below were not significant.
TTHAO0506 YP_143772 Malate synthase 58.7 7
TTHA1427 YP_144693 UvrD helicase 57.4 7
TTHA1153 YP_144419 Mercuric reductase 48.5 4
TTHAO0718 YP_143984 Uracil-DNA glycosylase A (UDGA) 23.0 5
TTHA1349 YP_144615 DNA-binding protein HU 10.4 3
These proteins were identified by peptide mass fingerprinting with MALDI-TOF MS.
Table 2. Summary of proteins interacted with MutL.
Gene number Gene ID Protein name Molecular Peptides
mass (kDa) matched
TTHA1261 YP_144527 4-g-glucanotransferase (amylomaltase) 57.2 14
TTHA0617 YP_143883 Nicotinate phosphoribosyltransferase 56.4 9
TTHA1542 YP_144808 Probable cell cycle protein Mesd 56.3 14
TTHA1213 YP_144479 Acetolactate synthase large subunit 55.7 7
TTHA0495 YP_143761 2-phosphoglycerate kinase 54.0 8
TTHA1563 YP_144829 (neo)pullulanase 53.7 10
TTHA0648 YP_143914 Probable glycosyltransferase 41.2 11
TTHA0196 YP_143462 Transporter periplasmic component 40.3 7
TTHA0645 YP_143911 Putative glycosyltransferase 37.9 6
TTHA1689 YP_144955 50S ribosomal protein L2 30.5 7
TTHA1692 YP_144958 50S ribosomal protein L3 22.4 5
TTHA1680 YP_144946 50S ribosomal protein L5 21.0 5
TTHA1677 YP_144943 50S ribosomal protein L6 19.5 8
TTHA0255 YP_143521 Ferric uptake regulation protein 17.0 4
TTHA1349 YP_144615 DNA-binding protein HU 10.4 4
Proteins below were not significant.
TTHA1328 YP_144594 5'-nucleotidase precursor 55.5 5
TTHB198 YP_145437 Hypothetical protein 45.0 6
TTHA0579 YP_143845 Sugar ABC transportor ATP-binding protein 42.1 6
TTHA1064 YP_144330 Diaminohydroxyphosphoriboxylaminopyrimidine 40.7 5
deaminase + 5-amino-6-(5-phosphoribosylamino)
uracil reductase (RibD)
TTHA1664 YP_144930 DNA-directed RNA polymerase o chain 35.0 4
TTHAO0175 YP_143441 Cold shock protein 8.2 3

These proteins were identified by peptide mass finger printing with MALDI-TOF MS.

In the crystal structure of human AGT in complex with  to other Ogts. In hAGT, Tyr114 and Arg128 are involved
0%-meG-containing dsDNA, the O%meG is flipped out in the nucleotide flipping. Corresponding tyrosine resi-
from the base stack (13). These results suggest that dues are also conserved in MJOgt (Tyr99 and Arglll)
TTHA1564 recognizes an O%-meG base moiety by flipping  and TTHA1564 (Tyr88 and Argl00; Fig. 1). Therefore,
of the target base out of the duplex in a similar manner = we conclude that ATL proteins, including TTHA1564,
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Fig. 9. Surface plasmon resonance assay for interaction
of TTHA1564 with UvrA. The UvrA solution (100-800nM)
was injected over a sensor chip containing immobilized
MBP-TTHA1564. The control sensorgrams for the sensor chip
containing immobilized MBP were subtracted from the measur-
ing sensorgrams.

possess all the necessary residues for flipping out
0%-meG, but lack the active site residues required for
alkyltransferase activity.

We analysed the effect of disruption of the TTHA1564
gene on the growth rate and spontaneous mutation rate
of TTHBS8. No significant difference in the growth rate
of WT strain and ¢thal564-disruptant could be detected
in rich media. However, the disruptant displayed a
significantly increased spontaneous mutation rate, com-
parable to that of the mutS gene disruptant. These
results strongly suggest that TTHA1564 is involved in
DNA repair. Furthermore, the presence of a methylating
agent caused 5- to 8-fold increase in spontaneous muta-
tion frequency in the ¢thal564-disruptant compared
with the wild-type (personal communication). Since this
experiment used His™ reversion by G:C to A:T transition,
this result suggest that TTHA1564 played an important
role to prevent GC-to-AT transition mutations, which can
be caused by O%-meG mispairing with thymine (2-4).

Intriguingly, our results demonstrate that TTHA1564,
despite lacking any detectable methyltransferase activ-
ity, is involved in repairing damage to DNA induced
by O%°meG. We hypothesized that TTHA1564 might
be involved in repairing O%meG and possibly other
OS-alkylation lesions by acting as a damage sensor for a
separate repair system. To examine whether TTHA1564
interacts with other proteins, we performed a pull-down
assay. Our results show that TTHA1564 interacts with
several proteins including UvrA and RNA polymerase.
Interaction of TTHA1564 with UvrA was further con-
firmed using recombinant UvrA. The K, value for inter-
action between UvrA and TTHA1564 strongly suggests
this interaction is significant. In NER, UvrA acts as
a damage recognition protein together with UvrB.
NER can remove a wide range of DNA lesions that
differ in terms of their chemistry and structure. It is
known that O%-meG is a substrate for NER in E. coli,
although distortion of the DNA structure caused by
this lesion is minimal (33, 34). Therefore, TTHA1564
appears to recruit UvrA to the site of the O%-meG lesion
in order to efficiently initiate NER. Interestingly, it was
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suggested that the C145A mutant hAGT binds to
O%-methylguanine lesions in DNA and prevents their
repair by NER (35). In the case of TTHA1564, interac-
tion with UvrA may stimulate release of TTHA1564
from the DNA.

Our pull-down assay also identified the o, B, and p’
subunits of RNA polymerase as interacting with
TTHA1564. Thus, we consider that RNA polymerase
core enzyme interacts with TTHA1564. This finding
prompted us to examine the functional association of
TTHA1564 with the transcription-coupled repair path-
way. The transcription-coupled repair pathway is trig-
gered by an elongating RNA polymerase that becomes
stalled at lesions in the DNA template and removes the
stalled RNA polymerase from DNA and recruits UvrA to
the lesion. Transcription-repair coupling factor (TRCF)
removes a stalled RNA polymerase covering the damaged
DNA and recruits UvrA (36, 37). TRCF interacts with
both RNA polymerase and UvrA (38). Our observation
that TTHA1564 interacts with both UvrA and RNA
polymerase raises the possibility that TTHA1564 may act
like TRCF. Indeed, the binding affinity of TTHBS8
UvrA for TTHB8 TRCF is similar to that of TTHA1564
(data not shown). In addition, the amino acid sequence
of TTHA1564 shows some similarity to that of the B
domain of TRCR and UvrB of TTHBS8, which is an
interaction domain to UvrA. However, there is currently
no direct experimental evidence to support the notion
that TTHA1564 may act like TRCF. Alternatively, it has
been suggested that the transcription machinery may
play an important role in sensing DNA damage and
activating DNA repair pathways when stalled at blocking
lesions (39). It is known that E. coli RNA polymerase
efficiently bypasses O°-meG lesions to insert uracil into
the transcript opposite to O%-meG, resulting in a C-to-U
transition mutation (40). TTHA1564 bound to an 0%-meG
lesion may prompt the RNA polymerase to stall at
the lesion site. Involvement of TTHA1564 in NER,
transcription-coupled repair and transcription remains
to be examined.
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