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ABSTRACT

The 5-formyluracil (5-foU), a major mutagenic oxida-
tive damage of thymine, is removed from DNA by
Nth, Nei and MutM in Escherichia coli. However,
DNA polymerases can also replicate past the 5-foU
by incorporating C and G opposite the lesion,
although the mechanism of correction of the incor-
porated bases is still unknown. In this study, using a
borohydride-trapping assay, we identified a protein
trapped by a 5-foU/C-containing oligonucleotide
in an extract from E. coli mutM nth nei mutant.
The protein was subsequently purified from the
E. coli mutM nth nei mutant and was identified
as KsgA, a 16S rRNA adenine methyltransferase.
Recombinant KsgA also formed the trapped
complex with 5-foU/C- and thymine glycol (Tg)/
C-containing oligonucleotides. Furthermore,
KsgA excised C opposite 5-foU, Tg and 5-hydroxy-
methyluracil (5-hmU) from duplex oligonucleotides
via a p-elimination reaction, whereas it could not
remove the damaged base. In contrast, KsgA did
not remove C opposite normal bases, 7,8-dihydro-
8-oxoguanine and 2-hydroxyadenine. Finally, the
introduction of the ksgA mutation increased spon-
taneous mutations in E. coli mutM mutY and nth nei
mutants. These results demonstrate that KsgA has a
novel DNA glycosylase/AP lyase activity for C mis-
paired with oxidized T that prevents the formation
of mutations, which is in addition to its known rRNA
adenine methyltransferase activity essential for
ribosome biogenesis.

INTRODUCTION

Reactive oxygen species (ROS) are generated continually
in living cells during normal cellular metabolism. ROS are
also generated by exogenous sources, such as ionizing
radiation and various chemical oxidants. ROS can cause
a number of different types of oxidative damage to purines
and pyrimidines in DNA (1-3), which have been impli-
cated in mutation, cancer induction and aging (4,5). To
overcome the deleterious effects of oxidative base damage
in DNA, bacteria and eukaryotes have evolved the base
excision repair (BER) pathway (3,6-8). DNA glycosylases
catalyze the first step of the BER pathway by removing
oxidized bases from DNA. There are several DNA glyco-
sylases that specifically recognize and remove damaged
bases from DNA, generating an apurinic/apyrimidinic
(AP) site (3,5,6,8,9). DNA glycosylase-associated AP
lyase and AP endonuclease recognize the resultant
AP site and cleave the phosphodiester backbone at the
AP site, followed by DNA repair synthesis by DNA poly-
merases, and the nick in the DNA backbone is finally
rejoined by DNA ligases (8,10).

The Cg of guanine is readily oxidized and 8-oxo-
7,8-dihydroguanine (8-0x0G) is one of the most important
mutagenic lesions in DNA (6,8,9) as it causes G:C to T:A
transversions, due to mispairing with A during DNA rep-
lication (5,8,11). In Escherichia coli, two DNA glycosylases
are involved in the repair of 8-0x0G. MutM (formamido-
pyrimidine-DNA glycosylase) removes 8§-oxoG from
8-0x0G/C pairs generated in DNA (8,12). If unrepaired,
8-0xoG in the template directs incorporation of A
to form mutagenic §8-0xoG/A mispairs (5,8,12). In this
situation, MutY removes the A incorporated and thus pro-
vides a second opportunity to prevent mutations (3,5,13).
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Therefore, mutations in the mutM and mutY genes mark-
edly increase G:C to T:A transversions (13).

Thymine glycol (Tg), 5-formyluracil (5-foU) and
S-hydroxymethyluracil (5-hmU) are the major oxidative
damage products of thymine (1-3). These damages in
DNA are primarily repaired by endonuclease III (Nth),
endonuclease VIII (Nei) in E. coli and by their homologs
in S. cerevisiae, S. pombe and human cells (2,3,8,14-18).
5-foU and 5-hmU are also removed by MutM and AlkA
in E. coli (14,17,19).

The 5-foU has been elucidated to be a potent mutagenic
lesion in vivo (14,20,21). Recently, we found that the muta-
tion frequency of a plasmid containing a site-specific
5-foU lesion was significantly increased compared
with that of a normal T-containing plasmid (14). 5-foU
causes incorporation of mismatched bases C and G oppo-
site the lesion during DNA synthesis in vitro (22,23). In
this situation, bases misincorporated opposite 5-foU must
be removed from DNA. Furthermore, recent studies
revealed that 5-formyl-dUTP is incorporated opposite
C and G during DNA replication, which also implies a
significant potential for mutagenesis due to 5-foU (24,25).
Indeed, the addition of 5-formyl-deoxyuridine to the cul-
ture medium promoted mutagenicity at the /Aprt locus in
Chinese hamster fibroblast cells (26), indicating that 5-foU
is incorporated into DNA and has base pairing properties
different from T. Therefore, we propose that cells must
contain an additional enzyme(s) that excise 5-foU incor-
porated opposite C and G, although such DNA glycosy-
lases have not yet been identified. These facts led us to
examine whether E. coli has DNA glycosylase activity
for C and G incorporated opposite oxidatively damaged
T during DNA replication and for 5-foU incorporated
opposite C and G in the newly-synthesized strand from
5-formyl-dUTP generated in the nucleotide pool.

In this study, by using a borohydride-trapping assay
(27), we identified and purified a protein with DNA gly-
cosylase activity for C paired with oxidized T. The purified
protein was identified as KsgA and was demonstrated
to contain a novel DNA glycosylase activity to repair
C/oxidized T- mispairs in DNA that prevents mutations,
in addition to its rRNA adenine methyltransferase.

MATERIALS AND METHODS
Enzymes and chemicals

T4 polynucleotide kinase was obtained from New England
Biolabs. Plasmid pGEX-4T-3, prepacked columns for fast
protein liquid chromatography (FPLC), HiTrap SP,
HiTrap Q, HiTrap Heparin, HiTrap Blue and Resource
S were purchased from GE Healthcare. Hydroxyapatite
column was obtained from Bio-Rad. Restriction enzymes,
KOD Plus DNA polymerase and T4 DNA ligase were
obtained from Toyobo. [y-**P] ATP (>148 TBq/mmol)
was obtained from ICN Biomedicals.

Synthesis of Tg-, 5-foU-, 5-hmU-, 8-0x0-G- and
2-hydroxyadenine-containing oligonucleotides

Oligonucleotides containing Tg, 5-foU, 5-hmU, §-oxoG
or 2-hydroxyadenine (2-ohA) at defined sites were
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Table 1. Nucleotide sequences of oligonucleotides

Designation Sequence Enzyme
tested

5-foU/N 5-GGTCGACTFAAGGTACC KsgA,
3-CCAGCTGANTTCCATGG MutY

Tg/N 5-GGACGACAXAAGGAACC KsgA
3-CCTGCTGTNTTCCTTGG

5-hmU/C 5-GATCCTCTAGAGHCGACCTGCA KsgA
3-CTAGGAGATCACCGCTGGACGT

8-0x0G/C 5-GAACTAGTG8ATCCCCCGGGCTGC KsgA
3'-CTTGATCACCTAGGGGGCCCGACG

2-0hA/C 5-GAACTAGTG2ATCCCCCGGGGCTGC  KsgA
3-CTTGATCACCTAGGGGGCCCCGACG

Tg/C* 5'-CGGCGCGCXCGGGCGGC KsgA
3-GCCGCCCGCGCGCGCCG

Tg/A* 5-GCCGCCCGXGCGCGCCG Nth, Nei
3'-CGGCGGGCACGCGCGGC

8-0x0G/A 5'-GAACTAGTGSATCCCCCGGGCTGC MutY

3-CTTGATCACATAGGGGGCCCGACG

F, X, H, 8 and 2 represent 5-foU, Tg, 5-hmU, 8-0xoG and 2-ohA,
respectively.

synthesized as previously described (21,28-30). Other
HPLC-purified oligonucleotides were purchased from
Takara Shuzo. The nucleotide sequences of oligonucleo-
tides used in this study are shown in Table 1.

Bacterial strains and media

Escherichia coli KSR7 was a mutM::Tet nth::Cm nei::Kan
derivative of E. coli CSH26 (14). Escherichia coli JA200/
pLC4-46 (31) was kindly gifted from Dr A. Nishimura
(The National Institute of Genetics, Mishima). The
ksgA::Kan mutant was kindly supplied by Dr T. Miki
(Fukuoka Dental University, Fukuoka). The construction
of E. coli mutants was carried out using P1 transduction.
E. coli mutM::Kan mutY::Tet ksgA::Kan and nth::Kan
nei::Cm ksgA::Kan mutants were isolated according to
Bochner et al. (32). Escherichia coli strains used for the
mutation assay are listed in Table 2. LB broth was used to
culture E. coli cells. When necessary, ampicillin (Amp),
chloramphenicol (Cm), tetracycline (Tet) and kanamycin
(Kan) were added to the medium at a final concentration
of 100, 30, 15 and 50 pg/ml, respectively.

Preparation of crude extract from E. coli cells

Overnight culture of E. coli KSR7 (501) was centrifuged,
and the cell pellet (150 g) was resuspended in 1.51 of buffer
A [25mM Tris—HCI (pH 7.5) containing | mM EDTA,
14mM B-mercaptoethanol (EtSH), 5% glycerol, 1 mM
PMSF, Img/ml of lysozyme and 100mM NaCl] and
stored at —80°C. The cells were incubated at 37°C for
15 min and then disrupted by sonication on ice after freez-
ing and thawing. The lysate was centrifuged at 35 000g for
40 min at 4°C. The supernatant was stored at —80°C before
use.

Protein purification

Proteins were assayed for the ability to form a
trapped complex with Tg/C- and S5-foU/C-containing
oligonucleotides. The extract prepared from E. coli
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Table 2. Escherichia coli strains used for spontaneous mutation assay

Strains Relevant genotype Construction

CSHI101 Wild-type

CSH101m mutM::Kan

CSHI101y mutY::Tet

CSH101my mutM::Kan mutY::Tet

CSH101k ksgA::Kan

CSH101c car96::Tet

CSH101ke ksgA::Kan car96::Tet PI1(CSH101c) x CSH101k
CSH101yk mutY::Tet ksgA::Kan P1(CSH101ly) x CSH101k
CSH101mkc mutM::Kan ksgA::kan car96::Tet P1(CSH101kc) x CSH10Im
CSH101mk4c mutM::Kan ksgA::kan Acar96::Tet Deletion of car96::Tet in CSH101mkc
CSH101myk mutM::Kan mutY::Tet ksgA::Kan P1(CSH101ly) x CSH101mk4c
CSH101-3 nth::Kan

CSH101z zdh925::Tet

CSH101-3z nth::Kan zdh925::Tet P1(CSH101z) x CSH101-3
CSH101-3zk nth::Kan zdh925::Tet ksgA::Kan PI1(CSH101-3z) x CSH101k
CSH101-8 nei::Cm

CSH101-38k nth::Kan nei::Cm ksgA::Kan P1(CSH101-8) x CSH101-3zk

The strains were constructed by P1 transduction. CC10ImkAc was isolated according to Bochner et al. (32).

KSR7 (mutM nth nei) cells (1400 ml) was loaded onto a
HiTrap SP Cation Exchange column, which had been
equilibrated with buffer A. Proteins were eluted with a
linear gradient of NaCl (100-1000 mM). Active fractions
that eluted between 340 and 580 mM NaCl were pooled
and dialyzed against buffer A. The dialysate was applied
to a HiTrap Heparin column and proteins were eluted
with a linear gradient of NaCl (100—1000 mM). Active
fractions eluted between 520 and 760mM NaCl and
were diluted with buffer A without NaCl, followed by
HiTrap Blue column chromatography. Proteins were
eluted with a linear gradient of NaCl (0.1-2 M). Active
fractions that eluted between 0.38 and 1.24M NaCl
were pooled, applied to a desalting column, which had
been equilibrated with buffer A, and then applied to a
Hydroxyapatite column. Proteins were eluted with a
linear gradient of NaCl (100—1000 mM). Active fractions
that eluted between 520 and 580 mM NaCl were pooled,
applied to a desalting column and eluted with buffer A.
Finally, active fractions were applied to a Resource S
column and proteins were eluted with a linear gradient
of NaCl (100-1000mM). The active fractions were
eluted between 550 and 650 mM NacCl (fraction V) and
stored at —80°C.

Protein sequencing

Fraction V was analyzed by SDS-PAGE on a 15% poly-
acrylamide gel, transferred to an Immobilon-PVDF mem-
brane (Millipore) by electroblotting and then stained with
Coomassie blue. The protein band (30 kDa) was excised
from the membrane, and the sequence of the N-terminal
amino acids of the protein was determined by using a gas-
phase amino acid sequencer Procise 494 HT Protein
Sequencing System (APRO Science).

Sodium borohydride trapping assay

Oli%onucleotides were labeled at the 5-end with
[y-’PJATP by T4 polynucleotide kinase and then
annealed to the complementary strand. DNA trapping

was performed in a reaction mixture (15pl) containing
50100 fmol of *?P-labeled double-stranded oligonucleo-
tide and crude extract (or purified protein) in 20 mM
HEPES-KOH (pH 7.6) containing 10 mM dithiothreitol
(DTT), 1.5mM MgCl,, 5SmM KCI, 2mM EDTA, 1%
glycerol and 5pg/ml of bovine serum albumin (BSA) in
the presence of 100mM NaBH,4. The aqueous solution of
NaBH,4 (1 M) was prepared just before use. After incuba-
tion at 37°C for 30 min, the reaction was terminated by the
addition of 2 x sample buffer. The samples were then
heated at 95°C for Smin, and subsequently subjected to
12% SDS-PAGE. The gels were exposed to imaging
plates and analysed with a BAS 1800 Image Analyzer
(Fuji Film).

Cloning of the E. coli ksgA gene

A plasmid expressing the glutathione-S-transferase (GST)-
KsgA fusion protein was constructed as follows; the plas-
mid pLC4-46 bearing E. coli ksgA gene (31) was amplified
with two PCR primers; one containing a BamHI site fol-
lowed by the sequence around the putative start codon
(5-ATATGCATCCATGAATAATCGAGTCCACCAG
G-3) and the other containing an EcoRI site followed by
the sequence around the stop codon (5-TAATGAATTCT
TAACTCTCCTGCAAAGGCGCGT-3). PCR was per-
formed in 100pl reaction mixture containing 20 mM
Tris—HCI (pH 7.5), 200 uM each dNTP, 2mM MgCl,,
I mM of primer and 1 unit of KOD Plus DNA polymer-
ase. The amplified fragment was digested with BamHI and
EcoRI, and then the BamHI/EcoRI fragment containing
the whole coding region of the E. coli ksgA gene was
inserted into BamHI/EcoRI-digested pGEX-4T-3. The
resulting plasmid was named pGEX-KsgA. The sequence
of the insert was verified not to contain any mutations in
the region.

Expression and purification of the KsgA

Escherichia coli KSR7 (mutM nth nei) was transformed
with the plasmid pGEX-KsgA. The cells were grown at



37°C in LB medium containing Amp until the optical den-
sity at 600 nm reached 0.6. After the addition of 0.4 mM of
isopropyl B-D-galactopyranoside (IPTG), the culture was
further incubated at 24°C for 8 h. The cells were harvested
and resuspended in buffer B [SOmM sodium phosphate
buffer (pH 8.0) containing 14mM EtSH, 1 mM PMSF,
5% glycerol and 1% Triton-X-100] with 500 mM NaCl.
The cells were disrupted by sonication on ice after freezing
and thawing. After centrifugation of the cell lysate at
32 000g for 40 min at 4°C, the supernatant was applied
to a glutathione-Sepharose 4B column and washed with 10
column volumes of 50 mM Tris—HCI (pH 8.0). The bound
protein was eluted with 15mM glutathione in 50 mM
Tris—HCI (pH 8.0), followed by dialysis against buffer C
[25mM Tris-=HCl (pH 7.5) containing 14mM EtSH,
ImM EDTA, 5% glycerol and 100mM NaCl]. The
GST-KsgA fusion protein was then cleaved by thrombin
by incubation for 12 h at 4°C. The protein digest was fur-
ther applied to a HiTrap SP column and ecluted using a
linear gradient of NaCl. KsgA protein eluted between
180-330mM NaCl and was subsequently stored at —
80°C before use. The GST-KsgA was also purified from
E. coli CSH101ly (MutY-deficient) and BL21 induced by
IPTG as described above.

Purification of E. coli Nth, Nei and MutY

Nth, Nei and MutY of E. coli have been purified as pre-
viously described (14,18,33).

Cleavage assay for DNA glycosylase/AP lyase activity

DNA cleavage assay was carried out at 37°C in a reaction
mixture (10ul) containing 10mM Tris—HCI (pH 7.5),
25~ 100 fmol of **P-labeled double-stranded oligonucleo-
tide, the purified KsgA, 1mM EDTA and 50 mM NaCl.
The reaction was terminated by the addition of stop solu-
tion (95% formamide, 0.1% xylene cyanol, 20mM
EDTA). After heating at 95°C for 5min, the samples
were cooled and then loaded onto 20% polyacrylamide
gels in 90 mM Tris—borate (pH 8.3) containing 7M urea
and 2mM EDTA. After electrophoresis at 1150V, the gels
were exposed to imaging plates and analysed with a BAS
1800 Image Analyzer (Fuji Film).

Measurement of spontaneous mutant frequency

A single colony of various strains of E. coli (Table 2) were
inoculated into LB medium containing the appropriate
antibiotics and cultured at 37°C to stationary phase. The
mutation to rifampicin resistance was assayed as follows;
0.1 ml of the culture was plated on LB plates containing
150 pg/ml of rifampicin and then incubated at 37°C for
about 40 h. To determine viable cells, the overnight cul-
tures were appropriately diluted and plated on LB plates,
followed by incubation at 37°C for 18 h. The mutant fre-
quency was estimated by the number of mutant cells/10®
viable cells.
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RESULTS
Identification of a DNA glycosylase activity

DNA glycosylase with associated AP lyase activity forms
a transient Schiff base intermediate with an AP site in
DNA, which can be reduced by NaBH,; or NaCNBH;
to generate a stable trapped DNA-—protein complex (27).
We used this trapping assay to identify and characterize
protein(s) with DNA glycosylase/AP lyase activity for
5-foU/C- and Tg/C-containing oligonucleotides. A y->*P-
labeled double-stranded oligonucleotide containing a
single 5-foU or Tg opposite G, A, T and C was incubated
with the extract prepared from E. coli mutM nth nei
mutants in the presence of 100mM NaBH,. Trapped
DNA-protein complexes were analyzed by SDS-PAGE.
In Figure 1, one shifted band was detected with the oligo-
nucleotide containing Tg/C- (lane 4) and 5-foU/C (lane 8),
indicating that E. coli has a DNA glycosylase activity for
Tg/C and 5-foU/C.

Purification of protein with 5-foU/C- and Tg/C-DNA
glycosylase activity

We purified the DNA glycosylase for 5-foU/C and Tg/C
by standard chromatography techniques. Proteins were
assayed for the ability to form trapped complexes with
Tg/C-containing oligonucleotide. The purification steps
for the protein are shown in Figure 2 and it was purified
through HiTrap SP (fraction I), HiTrap-Heparin (fraction
IT), HiTrap-Blue (fraction III), Hydroxyapatite (fraction
IV) and Resources S. The recovery of proteins was 5.9, 3.4
and 0.18% after HiTrap SP, the HiTrap-Heparin and the
Resource S column (fraction V) chromatography,
respectively.

Comparing the size of the trapped complex with that of
known DNA glycosylases such as MutM and Nth, we
estimated the molecular weight of the trapping-active

Tg/N 5-foU/N

1 2 3 4 5 6 7 8
Trapped

—
- complex

T ——

. T ——

“ Free DNA

Figure 1. Formation of trapped complexes of protein and Tg/C- and
5-foU/C-containing oligonucleotides in the presence of NaBH,.
Oligonucleotides substrates (100 fmol) containing Tg/N and 5-foU/N
mispairs were incubated at 37°C for 30 min with extract (15 pg protein)
from E. coli KSR7 (mutM nth nei mutant) in the presence of 100 mM
NaBH,. The samples were subjected to 12% SDS-PAGE. Lane 1,
Tg/G; lane 2, Tg/A; lane 3, Tg/T, lane 4, Tg/C; lane 5, 5-foU/G;
lane 6, 5-foU/A; lane 7, 5-foU/T; lane 8, 5-foU/C. The positions of
the trapped complex and free DNA are indicated.



2120 Nucleic Acids Research, 2009, Vol. 37, No. 7

1 2 3 4 5 6 7 8
! ' —-— e D e 83KDa
e — . 62KDa
'z . =
= e we WY - 47.5KDa
B e S e emm—
e
-_— — — T
o ok - 32.5KDa
| —
. ' L e L
- b
T - E3 25KDa
-‘ - ‘_‘ ——— o
e — — r
il -

Figure 2. Protein purification of the sodium borohydride trapping-
active protein. The borohydride-trapping active protein was purified
from E. coli mutM nth nei mutant extract by standard chromatography
techniques. Proteins from each purification step were separated by 12%
SDS-PAGE and stained with Coomassie Blue. Lanes 1 and 8, molec-
ular weight marker; Lane 2, crude extract; lane 3, Hi-Trap SP; lane 4,
Hi-Trap Heparin; lane 5, HiTrap-Blue; lane 6, Hydroxyapatite; lane 7,
Resource S. The arrow indicates the band for the candidate protein
(trapping-active) used for determination of the N-terminal amino acid
sequence.

protein to be about 30kDa (lane 7, indicated as arrow in
Figure 2). We isolated the protein band from the gel and
determined the sequence of the N-terminal amino acids,
which were NNRV-QGHLA. This sequence aligned with
that of a polypeptide starting at the second codon of the
E. coli ksgA gene (NNRVHQGHLA) (34,35). The KsgA
protein has 273 amino acid residues with a molecular
weight 30.4 kDa (34-37).

Expression and purification of E. coli KsgA

The entire open reading frame of the ksgd gene was
amplified by PCR and subcloned into a plasmid vector
pGEX-4T-3 to obtain the pGEX-KsgA fusion construct.
The fusion protein was expressed in E. coli KSR7 mutM
nth nei mutant/pGEX-KsgA induced with IPTG and then
purified by a glutathione-Sepharose 4B column chromato-
graphy. The 30.4 kDa KsgA protein after cleavage of the
GST-KsgA fusion protein with thrombin is shown
(Figure 3). The KsgA protein was further purified by
HiTrap SP chromatography.

Cytosine—-DNA glycosylase activity of KsgA

The trapping and cleavage assays were performed to dem-
onstrate that recombinant KsgA had a DNA glycosylase
activity for Tg/C and 5-foU/C. **P-labeled Tg/C- and
5-foU/C-containing  double-stranded  oligonucleotides
were incubated at 37°C for 60 min with purified KsgA.
Figure 4 shows that KsgA could form a trapped complex
with Tg/C-containing DNA (lanes 1-4) in the presence of

KDa 1 2 3 4 5 6 7

160
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Figure 3. Expression and purification of E. coli KsgA. Escherichia coli
KSR7 carrying pGEX-KsgA was induced by 0.4mM of IPTG at 24°C
for 8h. Proteins were separated by 12% SDS-PAGE and stained with
Coomassie Blue. Lanes 1 and 7, molecular weight marker; lane 2,
soluble fraction disrupted by sonication; lane 3, flow-through fraction
from glutathione-Sepharose column; lane 4, purified GST-KsgA fusion
protein after elution from glutathione-Sepharose column; lane 5, fusion
protein after digestion by thrombin; lane 6, purified KsgA after elution
from Hi-Trap SP column.

Tg/C 5-foU/C

1 2 3 4 5 6
— - . Trapped
: complex

Figure 4. Formation of trapped complexes of purified KsgA with
Tg/C- and 5-foU/C-containing double-stranded oligonucleotides.
Oligonucleotide substrates (100 fmol) containing Tg/C (lanes 1-4) and
5-foU/C (lanes 5 and 6) were incubated at 37°C for 30 min with purified
KsgA in the presence of 100 mM NaBH,. The samples were separated
by 12% SDS-PAGE. KsgA was added at 0 (lanes 1 and 6), 20 (lane 2),
50 (lane 3) and 100 (lanes 4 and 5)fmol, respectively.



NaBH4. The intensity of the trapped complex increased
with the amount of KsgA added. The trapping activity
was confirmed with 5-foU/C-containing oligonucleotide
(lanes 5 and 6). These results indicated that purified
KsgA has DNA glycosylase with associated AP lyase
activity for C/oxidized T-containing oligonucleotides.

We next performed the DNA cleavage assay. The oligo-
nucleotide containing 5-foU, Tg or 5-hmU was **P-labeled
at the 5'-end and annealed with the non-labeled comple-
mentary oligonucleotide containing C opposite the
oxidized T. The double-stranded oligonucletides were
incubated with purified KsgA at 37°C for 90min and
the products were analyzed on 20% polyacrylamide gels.
KsgA did not excise Tg, 5-foU and 5-hmU opposite C from
double-stranded oligonucleotides (Figure Sa, lanes 7-21).

Next, the oligonucleotide containing C was **P-labeled
at the 5-end and then annealed with non-labeled comple-
mentary oligonucleotide containing Tg opposite the C.
The double-stranded oligonucleotide was incubated with
purified KsgA and it was evident that KsgA cleaved the
oligonucleotide containing C opposite Tg (Figure 5a, lanes
1-6). The 5-foU/C* oligonucleotide was almost completely
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cleaved by incubating at 37°C for 180min with GST-
KsgA (107 pmol), while the enzyme could not excise Tg
and 5-foU opposite C.

The oligonucleotides containing C/5-foU and C/5-hmU
were also cleaved by purified KsgA (Figure 5b). KsgA
cleaved the double-stranded oligonucleotides containing
C opposite Tg, 5-foU and 5-hmU from the DNA at sim-
ilar efficiencies. As shown in Figure 5c, KsgA cleaved the
oligonucleotide at the C via a B-elimination reaction, as
compared to the mobility of oligonucleotides cleaved by
purified Nth (B-elimination) and Nei (f,0-elimination).
The cleavage did not require the reaction with NaOH,
indicating that KsgA is a bifunctional DNA glycosylase.
Therefore, we demonstrate that KsgA catalyzes both the
cleavage of the glycosylic bond to release C opposite oxi-
dized T and the incision of the phosphodiester backbone
at the resulting AP site. In contrast, KsgA did not cleave C
paired with normal T, G, A and C (data not shown).
Furthermore, it could not excise C opposite oxidized pur-
ines, 8-0x0G and 2-ohA (data not shown).

It was also evident that the enzyme purified from
E. coli mutY mutant had the activity to excise C opposite

@ C*/Tg Tg*/C 5-hmU*/C 5-foU*/C

1 2 3 4 5 6 8§ 9 10 11 1213 14 1516 17 18 19 21

' -

Substrate ~ - -e ..m.
Product - .~
(b) (©)

1 23 4 5 6 7 1 2 3
Substrate *

. . o ©
%_
Product . ' - - . B
- ® <[ b

Figure 5. Cleavage of oligonucleotides containing Tg/C and 5-foU/C mispairs by purified KsgA. (a) The oligonucleotides containing 50 fmol C*/Tg
(lanes 1-6), Tg*/C (lanes 7-12), 5-hmU*/C (lanes 13-18) and 5-foU*/C (lanes 19-21) (asterisks indicate labeled strand) were incubated at 37°C
for 90 min with increasing amounts of purified KsgA. KsgA was added at 0 (lanes 1, 7, 13 and 19), 12.5 (lanes 2, 8 and 14), 25 (lanes 3, 9 and 15), 50
(lanes 4, 10,16 and 20), 75 (lanes 5, 11, and 17) and 100 (lanes 6, 12, 18 and 21) pmol. (b) Unlabeled 5-foU, Tg or 5-hmU-containing oligonucleotides
were annealed to a 32P-labeled oligonucleotide containing C opposite the oxidative modifications of thymine. The double-stranded oligonucleotides
(50 fmol) were incubated at 37°C for 60 min without (lanes 2, 4 and 6) or with (lanes 3, 5 and 7) purified KsgA protein (100 pmol). Lane 1, 8-mer
marker. (c) 5'-P32-labeled GCCGCCCGCGCGCGCCG/3'-CGGCGGGCTgCGCGCGGC (Tg/C?) (10 fimol) was incubated at 37°C for 60 min with
purified GST-KsgA (107 pmol), and 5'-P**labeled GCCGCCCGTgGCGCGCCG/3-CGGCGGGCACGCGCGGC (Tg/A*) (10fmol) with Nth
(4pmol) or Nei (6.5pmol). The products were separated by denaturing 20% PAGE in gels containing urea. Lane 1, purified GST-KsgA; lane 2,
purified GST-Nth (B-elimination), lane 3, purified Nei-his (,6-elimination).
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5-foU (Figure 6). Furthermore, the purified MutY did not
excise C opposite Tg and 5-foU, while it efficiently cleaved
the 8-0xoG/A-containing oligonucleotide (Figure 6). The
results indicated that the DNA glycosylase activity of
ksgA is not due to contaminating MutY.

Increase in the spontaneous mutant frequency by
introduction of the ksg A mutation in E. coli mut M mutY
and nth nei mutants

We examined whether spontaneous rifampicin resistance
mutations are enhanced by the introduction of the

Substrate

Product . .
4
Figure 6. Cleavage of oligonucleotides 5-foU/C by GST-KsgA purified
from E. coli mutY mutant. The C*/5-foU-containing double-stranded
oligonucleotide (10fmol) was incubated at 37°C for 60min with
GST-KsgA purified from E. coli mutY mutant (107 pmol) or purified
GST-MutY (62 pmol). Purified GST-MutY was also incubated with the
8-0x0G/A oligonucleotide under the same conditions. The products
were separated by denaturing 20% PAGE in gels containing urea.
Lanes 1 and 4, no enzyme; lane 2, GST-KsgA purified from E. coli

mutY mutant with 5-foU/C; lane 3, GST-MutY with 5-foU/C; lane 5,
GST-MutY with 8-0x0G/A.

ksgA::Kan mutation in E. coli CSH101 in the presence
and absence of various DNA glycosylases. Table 3
shows that the spontaneous mutant frequency significantly
increased in the E. coli mutM mutY ksgA mutant,
compared with the mutM mutY mutant. Furthermore,
the E. coli nth nei ksgA mutant also showed enhanced
spontaneous mutant frequency compared with the
parent strains. The increase in mutant frequency is
rather modest in ksgA mutants, much less than observed
in E. coli deficient in MutM, MutY or Nth, Nei.

Partial amino acid sequence alignment for E. coli KsgA,
MutM and Nei

The amino acid sequence of KsgA was compared with
that of E. coli MutM and Nei. MutM and Nei have the
conserved N-terminal, helix—two-turns—helix (H2TH) and
zinc-finger motifs (38—40). As shown in Figure 7, KsgA
had a C-terminal region (amino acid 214-273) with
sequence homology to the DNA binding H2TH motif of
MutM (amino acid 129-229) and Nei (amino acid
126-189) (38-40).

Table 3. Spontaneous rifampicin resistant mutations in E. coli strains
with different DNA glycosylase activities

Relevant genotype Rifampicin resistant mutants/10® cells

wild-type 214+10
mut M 122 £23
mutY 255425
ksgA 72+18
mutM ksgA 264430
mutY ksgA 227427
mutM mutY 985 £35
mutM mutY ksgA 2691 £136
nth nei 122+40
nth nei ksgA 402+24

Rifampicin was added at 150 pg/ml on LB-agar plates. The values
represent the mean = SD (n = 4). The P <0.05, indicating significant
difference at the 95% confidence level.

. H2TH motif L
(@) Conserved N-terminal «—— 5 Zincfinger
MutM 269 aa [ NNNNNY ||
: 1 : \\ ’I ’I
Nei 263 aa [ NN\ |
| /
1 1
KsgA 273 aa Methyltransferase domain 214 X / 273
| INNNNNY

(b)

ok

MutM 148 AKKAT---AIKP I LER G Tz PRI AEC: BN VIKATLLREIEQ 212
Nei 145 IfF JQFAG oA YL TGN: i BL AV ATIS PRESYAT 212
KsgA 214 TUE R S KfiRN SAM:IAE o YCQ IINVIIAISNAPLQ f3= 273

E 3 * k *

Figure 7. Comparison of amino acid sequences for KsgA, MutM and Nei. (a) Domain organization of E. coli MutM, Nei and KsgA. (b) Partial
amino acid sequence alignment for KsgA (amino acid 214-273) and the DNA binding H2TH domains of E. coli MutM and Nei. The conserved
sequences of the H2TH domains of KsgA, MutM and Nei are indicated. The identical and similar amino acids between the MutM and Nei, Nei and
KsgA are boxed in black and gray, respectively. The common amino acids between these three proteins are marked as asterisks.



DISCUSSION

Thymine is vulnerable to hydroxyl radicals, which attack
the 5,6-double bond of the pyrimidine ring and the exo-
cyclic 5-methyl group, producing several kinds of oxida-
tive damage. The primary product of the 5,6-double bond
is Tg, while the oxidation of the 5-methyl group yields
5-foU and 5-hmU (1-3). 5-foU is produced by ionizing
radiation in yields comparable with those of Tg and
8-0x0G (1). Several lines of evidence revealed that 5-foU
is a potentially mutagenic lesion (15,20,21). DNA poly-
merases read through the sites of 5-foU in the template
without a pause one nucleotide prior to and opposite the
5-foU sites in the template (22,23). 5-foU directs the incor-
poration of dCMP and sometimes dGMP opposite the
lesion (15,22,23,26). These 5-foU/C and 5-foU/G mis-
matches must be corrected by a post-replication repair
mechanism to prevent the formation of mutations.
However, mismatch DNA glycosylases that excise misin-
corporated bases opposite 5-foU and Tg from DNA have
not yet been identified.

In this study, we identified a DNA glycosylase activity
that can remove C preferentially from the oligonucleotides
containing C/5-foU, C/Tg and C/5-hmU and revealed as
the E. coli KsgA protein. This has been proven from the
following experiments; purified KsgA was trapped by the
C/5-foU- and C/Tg-containing oligonucleotides (Figure 4)
and furthermore, it cleaved the double-stranded C/oxi-
dized T-containing oligonucleotides via a B-elimination
reaction (Figure 5). On the other hand, 5-foU in the tem-
plate is recognized and removed from DNA by MutM,
Nth and Nei in E. coli (14-18). C/5-foU-DNA glycosylase
activity found in this study was not due to any contam-
inations from these DNA glycosylases as the KsgA pro-
tein was purified from the E. coli mutM nth nei mutant.
The enzyme activity is not due to contaminating MutY
(Figure 6). KsgA showed a unique substrate specificity;
it removed specifically C opposite Tg, 5-foU and
5-hmU, whilst it did not excise Tg, 5-foU and 5-hmU
opposite C (Figure 5a). It also did not recognize C oppo-
site normal bases, 8-0xoG and 2-ohA. These results
demonstrated that KsgA has a novel DNA glycosylase/
AP lyase activity that removes C mispaired with oxidized
T from DNA. KsgA thus behaves like MutY by cleaving
the undamaged DNA strand. MutY excises the normal
base A incorporated opposite 8-0xo0G (3,5,13). This pro-
vides a second chance for incorporating C opposite
8-0x0G during repair, which could be subsequently
cleaved by MutM. In the case of KsgA, cleavage of C in
a duplex DNA opposite 5-foU and Tg will allow insertion
of A opposite these lesions during repair, which would
allow subsequent removal of the lesions themselves by
MutM, Nth or Nei.

The ksgA gene has previously been shown to encode a
30.4 kDa protein with 16S rRNA adenine dimethyltrans-
ferase activity (41-43). This protein is required for ribo-
some biogenesis and methylates two highly conserved
adjacent adenosine residues in a loop region at the
3’-end of 16S rRNA (41-43). KsgA has eight motifs
(motifs I to VIII) essential for S-adenosylmethionine-
dependent methyltransferase (34,37,43). KsgA has the
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ability to protect the E. coli Era mutant (E. coli RAS-
like protein) against cold-shock stress (44). However, the
methyltransferase activity of KsgA was not required for
the suppression of the cold-sensitive phenotype of the era
strain, suggesting that KsgA possesses a different activity
other than its rRNA methyltransferase activity (35,44).
Inoue et al. (35) suggested that the C-terminal domain
of KsgA is essential for this additional function in E.
coli. In this study, we found that KsgA has a novel activity
of DNA glycosylase with associated AP lyase for C mis-
paired with oxidized thymine.

Structural and biochemical mechanisms underlying the
DNA glycosylase activity of KsgA are still unknown.
There are several well-conserved DNA binding domains
in DNA glycosylases (45) and KsgA has a homologous
sequence (Figure 7) comparable with the H2TH motif
observed in E. coli Nei and MutM (38-40). The sequence
is located in the C-terminal region of E. coli KsgA, where
the motifs I to VIII essential for the activity of its rRNA
methyltransferase are not contained (35). It therefore
seems possible that the H2TH-homologous sequence is
essential for the DNA glycosylase activity of KsgA.
However, the active sites of KsgA for the DNA glycosy-
lase activity remains uncertain. Inoue e al. (35) found
using gel shift assay that purified KsgA has the ability to
bind to double-stranded DNA. Interestingly, a KsgA
mutant (R248A) did not show any gel shift. Structural
and active sites of the DNA glycosylase activity of KsgA
is currently under investigation in our laboratory.

The present experiments suggest that KsgA plays an
important role in prevention of DNA against oxidative
stress in vivo. This is supported by the fact that the addi-
tion of the ksgA4 mutation increased spontaneous mutant
frequency in E. coli mutM mutY and nth nei mutants
(Table 3). It is likely that KsgA acts in an MutM and
MutY-independent repair pathway. Nth and Nei directly
excise oxidized pyrimidines from DNA (3,8,38,39)
whereas KsgA recognizes and removes C incorporated
opposite oxidized T during DNA replication. Hence, the
effects of mutations of the nth, nei and ksgA would be
additive. The increase in mutant frequency is rather
modest (about 2- to 3-fold) in ksgA mutants, much less
than observed in E. coli deficient in MutM, MutY or Nth,
Nei. MutM, Nth and Nei may primarily excise the 5-foU
produced in DNA. To clarify the types of mutations in
ksgA mutant is under investigation using a plasmid DNA
containing C/oxidized T.

Escherichia coli MutT has phosphatase activity for
8-0x0-dGTP produced in the nucleotide pool under con-
ditions of oxidative stress, preventing the incorporation of
8-0x0-dGTP into DNA during replication (5,46).
S5-formyl-dUTP are efficiently incorporated into DNA
and cause mutations (24,25), however, MutT cannot
degrade such deleterious nucleotide triphosphates, such
as S5-formyl-dUTP (data not shown). Therefore, E. coli
must harbor other phosphatase activities for the 5-foU
derivatives. Recently, Titz et al. (47) reported that the
E. coli protein YjjG 5 is a house-cleaning nucleotidase
in vivo and 5-foU was thought to be a candidate
substrate for the protein (47). Therefore, it is likely that
E. coli has a similar repair enzyme system for preventing
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mutations due to 5-foU and Tg to the ‘GO’ system for
8-0x0G (5-9).

KsgA is ubiquitous and conserved in all living cells so
far examined, from bacteria to humans (29,37,48,49). The
yeast KsgA ortholog (Diml) is essential for cell growth
(43). However, its essentiality is not due to its methyltrans-
ferase activity but depends on its pre-18S rRNA proces-
sing activity (35,43). A human KsgA ortholog with rRNA
methyltransferase activity was originally found as human
mitochondrial transcriptional factor Bl (h-mtTFBI)
(48,49). The methyltransferase activity of h-mtTFBI is
not required for an essential role in its transcription reg-
ulation (35). These observations suggest that KsgA ortho-
logs with conserved methyltransferase activity are
recruited to play additional physiologically important
roles within cells. We are currently examining whether
human orthologs have the same DNA glycosylase activity
as E. coli KsgA.
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