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Abstract The enzyme O°-methylguanine-DNA methyl-
transferase (MGMT) is the most common form of
cellular defense against the biological effects of O°-
methylguanine (O°-MeG) in DNA. Based on PCR
amplification using primers derived from conserved
amino acid sequences of MGMTs from 11 species, we
isolated the DNA region coding for MGMT from the
hyperthermophilic archaeon Pyrococcus sp. KODI. The
MGMT gene from KODI1 (mgtk) comprises 522 nucle-
otides, encoding 174 amino acid residues; its product
shows considerable similarity to the corresponding
mammalian, yeast and bacterial enzymes, especially
around putative methyl acceptor sites. Phylogenetic
analysis of MGMTs showed that archaecal MGMTs
were grouped with their bacterial counterparts. The lo-
cation of the MGMT gene on the KOD1 chromosome
was also determined. The cloned KODI MGMT gene
was overexpressed using the T7 RNA polymerase
expression system, and the recombinant protein was
purified by ammonium sulfate fractionation, heat
treatment, ion-exchange chromatography and gel filtra-
tion chromatography. The purified recombinant protein
was assayed for its enzyme activity by monitoring
transfer of [*H]methyl groups from the substrate DNA
to the MGMT protein; the activity was found to be
stable at 90° C for at least 30 min. When the mgtk gene
was placed under the control of the /ac promoter and
expressed in the methyltransferase-deficient Escherichia
coli strain KT233 (Aada, Aogt) cells, a MGMT was
produced. The enzyme was functional in vivo and
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complemented the mutant phenotype, making the cells
resistant to the cytotoxic properties of the alkylating
agent N-methyl-N’-nitro- N-nitrosoguanidine.
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Introduction

The alkylation of guanine bases at the O° position is
considered to be a major source of induced mutations
and an important contributory factor in the develop-
ment of cancer in higher organisms. Simple methylating
agents, such as N-methyl-N’-nitro-N-nitrosoguanidine
(MNNG) and N-methyl-N-nitrosourea (MNU), are
potent mutagens and carcinogens that can cause cell
death, acting through covalent modification of the ge-
nome to generate miscoding alkylated base derivatives
and lesions that block DNA replication. Among the
many methylated bases formed, O°-methylguanine (O°-
MeG) appears to be a major premutagenic lesion in
organisms (Loveless 1969; Strauss et al. 1975; Sukumar
et al. 1983). Mutations involving the replacement of G-C
by A-T basepairs in DNA are often found in tumors
induced by alkylating agents. These mutations arise
when O°-MeG is formed and pairs with thymine during
DNA replication (Coulondre and Miller 1977; Ito et al.
1994). O°-MeG is efficiently repaired by specialized
DNA repair enzymes, the 0°-MeG DNA methyltransf-
erases (MGMT), which transfer methyl groups from
0°MeG, as well as from the minor methylated base
O*methylthymine (04-MeG), in the DNA to an internal
cysteine residue, repairing DNA lesions in a single-step
reaction (Karran and Lindahl 1979; Olsson and Lindahl
1980; Koike et al. 1990; Zak et al. 1994; Kawate et al.
1995). Since this reaction irreversibly inactivates the
enzyme, the capacity for repair of O°-MeG depends on
the number of active enzyme molecules per cell. The
enzyme is present in organisms from bacteria to humans,
and the characteristic suicidal reaction mechanism is
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conserved in all bacterial and eukaryotic cells (Demple
1990). The hyperthermophilic archacon Pyrococcus sp.
strain KOD1 was isolated from a solfataric hot spring
on Kodakara Island, Kagoshima, Japan (Morikawa
et al. 1994). Enzymes derived from this strain have been
shown to be extremely thermostable, and amino acid
sequences of those enzymes are closely related to their
eukaryotic homologs (Fujiwara et al. 1996). Studies on
hyperthermophilic archaea have begun only very re-
cently and our understanding of their biochemistry, ge-
netics, and molecular biology is still at an early stage.
Archaea constitute a third domain of living organisms,
sharing characteristics with both bacterial and eukary-
otic cells (Woese et al. 1990). On the molecular level,
Archaea are related to Eukarya and they can be used to
understand the nature and evolution of eukaryotic cells.
So far, no information on MGMT has been available
from Archaea, with the exception of the sequence of an
MGMT homolog from Methanococcus jannaschii
(Genbank accession number U67593). Thus, we set out
to characterize MGMT from KODI1 with the aim of
understanding the DNA repair mechanism in Archaea
and its evolution. This paper describes the cloning, se-
quencing and expression of the gene, and the purifica-
tion and basic characterization of KOD1 MGMT. The
amino acid sequence exhibits extensive homology to
those of the mammalian, yeast and bacterial enzymes,
and the recombinant methyltransferase is functional
both in vitro and in vivo.

Materials and methods

Bacterial strains, plasmids, and phages

E. coli IM109 was used as a host for plasmid DNA. E. coli TG-1
was used to subclone gene fragments for nucleotide sequencing.
E. coli strain KT233 (Aada Aogt; Takano et al. 1991) was used to
express the KOD1 MGMT gene and test for complementation of
the mutant phenotype of the host. E. coli HMS174(DE3)pLysS [F-
recA hsd® (tx1o-myip ) RifR (DE3) pLysS(Cm®)] was used as a
host for pET-8c (Studier et al. 1986) to overexpress the MGMT
gene from strain KOD1. Bacteriophages M 13 mp18 and mp19 were
used for preparation of single-stranded DNA.

Media

L broth (10 g tryptone, 5 g yeast extract, and 5 g NaCl in 1 I of
deionized water, pH 7.2) was used for the culture of E. coli.2 x YT
broth (16 g tryptone, 10 g yeast extract, and 5 g NaCl in 1 liter of
deionized water) was used for the preparation of phage DNA.
NZCYM medium (10 g NZ amine, 5 g NaCl, 5 g yeast extract, 1 g
casamino acids, and 2 g MgS0O4.7H,0 in 1 1 of deionized water,
pH 7.0) was used for enzyme preparation. Ampicillin was used at a
final concentration of 100 pg/ml.

Chemicals

N-PH]methyl-N-nitrosourea (N-FHJMNU) (0.2 mCi), was pur-
chased from Amersham Japan (Tokyo, Japan). N-methyl-N’-nitro-
N-nitrosoguanidine (MNNG) was from Nacalai-Tesque (Kyoto,
Japan), and restriction endonucleases, DNA polymerase, and T4
DNA ligase were purchased from Takara Shuzo (Kyoto, Japan).

Enzymes were used according to the methods recommended by the
suppliers. Chromosomal DNA of strain KOD1 was prepared from
a Sarkosyl lysate of cells as previously described (Imanaka et al.
1981). The GeneClean kit (Biol01, La Jolla, Calif., USA) was used
to recover DNA fragments from agarose gels.

Gene amplification, nucleotide sequence determination
and analysis

All the O°-MeG-DNA methyltransferases show significant homol-
ogy within the core motif I (region I) and very high homology within
the putative active site (region II). In order to isolate the MGMT
gene from KOD1, PCR was carried out using primers with sequences
based on the conserved regions I and II (forward primer: 5-A
GGGCAGT(G/A/T/C)GG(G/A/T/C)G(G/C)G/A/T/C)GC(G/A/
T/C)-3’, reverse primer: 5-GACCCT(A/G)TG(A/G)CA(G/A/T/
C)AC-3"). The amplification reaction was performed using genomic
DNA (1 pg) as a template in a 100-pl reaction containing 200 pmol
of each primer; 10 pl of 10 x Vent DNA polymerase buffer (New
England Biolabs, Beverly, Mass., USA); 10 ul of 2 mM dNTP
mixture (Takara Shuzo) and 1 U of Vent DNA polymerase. The
mixture was subjected to 30 cycles of heat treatment in a thermal
cycler (Gene Amp PCR System 2400, Perkin Elmer, Foster City,
Calif., USA) at 94°C, 55°C and 72°C for 1, 1 and 2 min, respec-
tively. The PCR product was cloned into the pUCI19 vector and the
sequence analysis confirmed that the amplified DNA fragment was
derived from a methyltransferase gene. The entire DNA region en-
coding MGMT was cloned using the PCR fragment labeled with
digoxigenin-dUTP (DIG DNA labeling system, Boehringer Man-
nheim GmbH, Mannheim, Germany) as a probe for Southern hy-
bridization. The plasmid library was constructed from 2- to 2.5-kb
Sacl fragments of KOD1 chromosomal DNA in the pUC18 vector,
and a positive clone harboring a 2.3-kb insert was selected. DNA
sequencing analysis was performed by the dideoxy-chain termina-
tion method with fluorescent primers and T7 DNA polymerase
(A.L.F DNA Sequencer, Pharmacia Biochemicals, Uppsala, Swe-
den) M13 mp18 and mp19 phages were used for preparation of the
single-stranded DNA. Nucleotide and amino acid sequence analys-
es, including an open reading frame search, molecular weight cal-
culation, and sequence alignment, were performed using DNASIS
software (Hitachi Software Engineering, Yokohama, Japan). Ho-
mology searches were done with the BLAST program from the
DDBJ E-mail Server.

Phylogenetic analysis

Alignment of amino acid sequences and estimation of the number
of amino acid substitutions per site (evolutionary distances between
sequences of extant species) was measured by calculating the de-
grees of amino acid difference between the sequences compared
(Kimura 1983). Positions where gaps are present in any of the
aligned sequences were excluded from the analysis. Based on the
resulting evolutionary distance matrix, a phylogenetic tree was in-
ferred using the Neighbor Joining (NJ) method (Saitou and Nei
1987). To assess the reliability of the inferred phylogenetic tree, the
bootstrap method (Felsenstein 1985) was also applied. The boot-
strap resamplings were repeated 1000 times, and for each resam-
pling a tree was inferred. The bootstrap probability that a
particular tree topology occurs during the resampling was evalu-
ated. Amino acid sequences in the conserved central domain was
used for the calculation using the ODEN (Molecular Evolutionary
Analysis System for DNA and Amino Acid Sequences) software
version 1.1.1 (National Institute of Genetics, Mishima, Japan) and
Bioresearch/Sinca software (Institute of Microbial Diseases, Osaka
University, Osaka, Japan).

Overexpression of the KOD1 0°MeG-DNA methyltransferase
gene in E. coli and purification of the enzyme product

To overproduce the KOD1 MGMT protein, the fragment encoding
the protein was cloned into an expression vector, pET-8c,



containing the T7 promoter upstream of the Ncol site (the up-
stream cloning site) and the T7 terminator downstream of BamHI
(the downstream cloning site). The following pair of primers were
used: forward primer: 5-CCGCAGCTGAGCCGTGGAGAAG-
TTTAG-3’; reverse primer: 5-AGGGATCCTTTCAGCTTGTC
CATT-3". The fragment was amplified by using KOD1 chromo-
somal DNA (1pg) as a template. The expected product of 525 bp
was digested with Pvull and BamHI and inserted into pET-8c
after filling in the Ncol cohesive ends using T4 DNA polymerase.
The structure of the construct was verified by DNA sequencing
and the resultant plasmid was designated pKM-1m. E. coli
HM174(DE3)pLysS cells, harboring pKM-1m were grown over-
night at 37°C in NZCYM medium containing ampicillin (100 pg/
ml). The overnight culture was inoculated (1% inoculation) into
fresh NZCYM medium containing ampicillin (100 pg/ml), and in-
cubation at 37° C was continued until the optical density at 660 nm
reached approximately 0.4. The inducer IPTG (final concentration,
1 mM) was added and culture was continued for 6 h at 37° C. Cells
were harvested by centrifugation (8000 x g for 10 min) and then
washed with buffer A (50 mM TRIS-HCI, 0.1 mM EDTA pH 8.0).
The cell pellet was resuspended in the same buffer. The washed cells
were disrupted by sonication, centrifuged (8000 x g for 60 min) and
the supernatant was taken as a crude extract (Fraction I). Fraction |
was incubated at 90° C for 10 min, and then centrifuged (8000 x g
for 60 min) to remove denatured proteins. The clear supernatant
(Fraction II) was brought to 80% saturation by adding ammonium
sulfate, and kept at 4 °C for 2 h. The precipitate was collected by
centrifugation (8000 x g for 60 min), dissolved in buffer A, and
dialyzed overnight against the same buffer (Fraction III). Fraction
111 was applied to a Sepharose Q column (1.6 cm x 2.5 cm, Hi-Trap
Q) (Pharmacia), equilibrated with buffer A and eluted with a linear
gradient of NaCl (0 to 1 M) at a flow rate of 1 ml/min. Flow-
through fractions (Fraction IV) containing MGMT activity were
pooled, dialyzed overnight against buffer B (50 mM potassium
phosphate pH 6.5, 0.1 mM EDTA, 50 mM KCl) and applied to a
Mono S column (Pharmacia, Uppsala, Sweden), previously equil-
ibrated with buffer B. The homogeneous enzyme was eluted with a
linear gradient of KCI (50 mM to 1 M) at a flow rate of 1 ml/min.
Eluted MGMT fractions (Fraction V) were pooled, dialyzed
against buffer A containing 0.15 M KCI, and concentrated with
Centriprep-3 (Amicon, Beverly, Mass., USA). Concentrated
MGMT fractions were applied to a Superose 6 column (Pharma-
cia) equilibrated with buffer A containing 0.15 M KCI and eluted
at a flow rate of 0.5 ml/min. The molecular mass of recombinant
KOD1 MGMT estimated by gel filtration chromatography showed
that the protein exists in monomeric form (data not shown).

Gel electrophoresis of protein

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) was carried out by the method of Laemmli (1970). Protein
bands were detected by staining with 0.1% Coomassie brilliant blue
R-250. The molecular weight standards (Pharmacia) and their
molecular masses in kDa were: a-lactalbumin, 14.0; trypsin inhib-
itor, 20.1; bovine carbonic anhydrase, 30.0; ovalbumin, 43.0; al-
bumin, 67.0; phosphorylase b, 94.0.

Enzyme assay

DNA substrate containing O%-MeG residues was prepared by al-
kylation of calf thymus DNA with PHIMNU by a modification of
the method previously described (Bogden et al. 1981). A 1-ml ali-
quot of calf thymus DNA (2 mg/ml in 50 mM TRIS-HCI pH 9.0)
was incubated with 40 ml of PHIMNU (0.2 mCi) at 37°C for 4 h.
The DNA was precipitated by the addition of 0.1 volume of 3 M
sodium acetate and two volumes of cold ethanol. After centrifu-
gation, the DNA pellet was washed several times with cold 95%
ethanol, dried in a desiccator and redissolved overnight at 4°C in
0.15 N sodium chloride containing 0.015 N sodium citrate pH 7.0.
The DNA was reprecipitated, washed, dried as above and stored at
—20°C. The methylated substrate prepared in this manner had a
specific activity of 2520 cpm/mg.
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The enzymatic activity of MGMT was measured by detection of
[*H]methy! transfer from the substrate DNA to the cysteine residue
at the active site of the MGMT protein (Koike et al. 1990). In the
standard assay, the reaction mixture (100 pl) containing 70 mM
HEPES-KOH (pH 7.5), | mM DTT, 5 mM EDTA, 10 mg of BSA,
13.5 mg PHIMNU-treated calf thymus DNA (34,000 cpm) and the
enzyme, was incubated at 50°C for 1 h, and the reaction was ter-
minated by adding 500 pl of 5% trichloroacetic acid and placing
the sample on ice for 5 min. The mixture was heated at 90° C for
30 min to hydrolyze the DNA, placed on ice for 5 min, and then
100 pl of BSA solution (1 mg/ml) were added. The hydrolyzed
DNA was transferred onto a circular Whatman GF/C filter
(25 mm in diameter) under suction, and the filter was washed
several times with 5% trichloroacetic acid and ethanol. Radioac-
tivity of enzymes trapped on the filter was measured in a liquid
scintillation counter.

Thermostability of the KOD1 O°-MeG-DNA methyltransferase

The homogeneous enzyme was incubated at 75°C and 90°C in
50 mM TRIS-HCI buffer (pH 8.0), for 10, 30, and 60 min, and the
remaining activity was assayed at 50°C in the standard assay de-
scribed above.

Analysis of the thermal denaturation profile of the KODI
methyltransferase by monitoring circular dichroism

Circular dichroism (CD) spectra were measured on a J-720 W
automatic spectropolarimeter (Japan Spectroscopic Company,
Tokyo, Japan) based on the published procedure (Kanaya and
Itaya 1992). The far UV spectra (200-260 nm) were obtained using
solutions containing 61.3 pg protein/ml in 0.5 mM TRIS-HCI
(pH 7.5), 0.5 mM NaCl in a l-cm optical path cell. The mean
residue ellipticity, 6 (measured in deg/cm? per dmol), was calcu-
lated using an average amino acid molecular weight of 110.

Thermal denaturation curves of KOD1 methyltransferase were
obtained by monitoring the change in the CD value at 222 nm of a
solution containing 61.3 pg protein/ml in 0.5 mM TRIS-HCI
(pH 7.5) in a l-cm optical path cell as the temperature was in-
creased at a rate of 0.5°C/min and the absorbance was monitored
at 222 nm. The temperature at the midpoint of transition (7m) was
estimated from curve fitting of the resultant CD values plotted
against temperature.

Expression of KOD1 MGMT in the E. coli mutant KT233

The plasmid pKM-1m containing the MGMT gene was digested
with Xbal and BamHI. The resultant fragment, containing the RBS
and the translational start and stop codons, was subcloned into
pUCI19 previously digested with the same restriction enzymes. The
resulting plasmid, named pKM-2m, was used to transform E. coli
strain KT233, which lacks both ogt and ada genes (Takano et al.
1991). A 3-ml aliquot of the culture was added to 30 ml of
NZCYM broth containing 50 pug/ml of ampicillin. Exponentially
growing cells (ODggy = 0.3~0.4) were induced with 1 mM IPTG at
37°C. After 3 h of incubation, the cells were harvested and sus-
pended in the same volume of M9 salt medium. A 1-ml aliquot of
the suspension was added to 1 ml of M9 salt medium containing
various concentrations of MNNG.

After incubation at 37°C for 10 min, 2 ml of LB broth were
added and, after appropriate dilution, the cells were plated on LB
(50 pg/ml ampicillin) plates. The number of viable cells (colonies)
was counted after overnight incubation at 37° C.

Nucleotide sequence accession number

The nucleotide sequence data reported in this paper will appear in
the DDBJ, EMBL and GenBank nucleotide sequence databases
under the accession number D86335.
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Results

Cloning, nucleotide sequence analysis and chromosomal
location of the O®-MeG-DNA methyltransferase gene
from Pyrococcus sp. KODI1

The probe DNA used to clone the complete gene was
made by PCR. PCR primer sequences were designed
after due consideration of the O°-MeG-DNA methyl-
transferases from 11 different species. After confirming
that the PCR product represented part of the nucleotide
sequence of an MGMT gene, this fragment was used as
a probe to isolate the whole gene from a library
containing Xhol fragments of defined size. The DNA
sequences of both strands were determined by the
dideoxy-chain termination method with M13 phages.
Figure 1 shows the nucleotide sequence of the KODI1
MGMT gene and its upstream region.

The open reading frame contains 522 nucleotides,
corresponding to a protein product of 174 amino acid

Fig. 1A The O%-MeG-DNA methyltransferase gene of KODI1 (mgtk)
overlaps a gene encoding an rRNA methyltransferase homolog (SpoU
homologue) gene located upstream. B Nucleotide and deduced amino
acid sequences of the MGMT gene and the overlapping gene for the
SpoU homologue. The putative ribosomal binding sites (RBS) are
underlined, and the first amino acid residue of each protein is
numbered +1. Conserved regions 1 and 2 of MGMT are boxed.
Region 2 contains the methyl acceptor cysteine residue, which is
marked by a circle. Region o, which is also boxed, is a region
conserved in rRNA methyltransferases. In both sequences asterisks

residues. The molecular weight of the protein calculated
from the predicted amino acid sequence was 19 515.
Based on the amino acid composition, KOD1 MGMT is
a highly positively charged protein, with a calculated
isoelectric point (pI) of 9.49. The putative ribosomal
binding site (GGAGGA), was located 6 bp upstream
from the start codon (Morikawa et al. 1994; Dennis
1997). A comparison of the amino acid sequences of the
KOD1 MGMT with those of mammalian, yeast and
bacterial homologs shows regions of sequence identity
scattered along the entire molecule. Remarkable se-
quence similarity is observed in the C-terminal region,
especially around the putative active site of methyl-
transferase (Fig. 2).

A physical map of the KOD1 chromosome has been
constructed in our laboratory using pulsed-field gel
electrophoresis of Ascl, Pmel, and Pacl digests (Fuji-
wara et al. 1996), and the location of the gene for
MGMT was determined. Southern hybridization shows
that the MGMT gene is located on the fragments Ascl
D, Pmel A, and Pacl D of the KODI1 chromosome
(Fig. 3).

Another ORF, encoding a protein with 236 residues,
was found to show some overlap with the N-terminal
region of the MGMT gene (Fig. 1). Its product showed
high homology to the proteins SpoU and LAST, which
belong to a new family of putative rRNA methylases
(Koonin et al. 1993). The KODI rRNA methylase ho-
molog showed homology especially in the region «
(underlined in Fig. 1), which contains two conserved
glycines preceded by hydrophobic amino acid residues,

mark the stop codons and resembles the putative S-adenosylmethionine
A
Hind 1l
Yol Sacl _ Hind i Xl
500 bp rRNA methylase ~ OS-meG-DNA
methyltransferase
B
1 Spol homologue == M 1SV 4 203 0RAVGRAFLYGREVYHTLIGPLER 22

1 AGGCCTGATCCAACCACCACAACCGTTTAAAGCATCTCCGTTAAAGACCTACCGATGATATGGGTC 66
“RBS

5§ VLV EPEGPANTIGMI ARTMKNTEFSG G 26
67 GTTCTGGTCGAGCCCGAGGGGCCGGCGAACATCGGCATGATAGCGAGGACGATGAAGAACTTCGGC 132

27 F S R L VI LI NPNLTEESYAYAVHA 48
133  TTCTCAAGGTTAGTGCTCATCAACCCGAACCTGACCGAAGAGAGCTACGCCTACGCCGTCCACGCG 198

49 R DV LENALI LDSFEZ KALTETLFDEF 70
199 CGGGACGTCCTTGAAAACGCCCTGATTCTGGACTCATTTGAAAAGGCCCTTGAACTCTTCGACTTC 264

7" v TT G K KRF I PHRAPLMPW 92
265 ACAGTTGGGACGACTGGAAAGCCCGGAAAGCGGTTTATCCCGCATAGAGCGCCGCTGATGCCCTGG 330

9 EL VEGL I KDYPGEVIGI FFGRES S I 114
331 GAGCTGGTTGGGCTTATCAAGGACTACCCTGGAGAGGTABGAATATTCTTTGGGCGTGAGAGCATC 396
Region o
115 D MDVTLTIPTSETEY 136
397 GGCCTGAAGAACGAGGAGCTTGATGC TGGACGTCACCCTCACGATACCCACGAGCGAGBAGTAC 462

137 PV MNLAGQGAAAVY VLYELSTKEKTR R E 158
463 CCCGTTATGAACCTCGCACAGGGCGCAGCGGTAGTCTTGTACGAGCTGTCGAAGAAGAGGCCAGAG 528

159 P YV EALKPATRETEKEALVYRTWE 180
529 CCATACGTTGAGGCATTAAAGCCAGCTACCAGGGAGGAGAAGGAAGCGCTTGTAAGAACCTGGGAA 594

181 L NT A E RDVFVKVF 202
595 AAACTTCTCAATACTCTCGACTATCGAAAAGATGGTGAGAGAAGGGAGGTCTTTGTTAAGGTGTTT 660

|
661 CAGAGGGCCGTTGGCAGGGCGTTCGTCTACGGGAGGGAAGTCCACACGCTCATCGGGCCTCTAAGA 726

25 K ALKRLTEETCRSTE 235
727 AAGGCCCTTAAMGGCTGGAGGMTGCOGATGCTGAGCGTGGAGAAGTTTAGAGTCGGGGAGAGAG 792
1 MGMT —» RBS ML SV F RV GER 12

793 TGGTTTGGATCGGTGTAATCTTCTCTGGGAGGGTGCAGGGGATAGGCTTCGCGTTCGACAGGGGCA 858
3 VVWYIG6eVIFSGER Q Gl AFAFDRGE 34

859 CGCTGATGAAAAGAATCCACGAGCTTGGCGAGCACCTGGGGAAGAGAGGAGTCAGCATATCACTCG 924
3% T L M KR I H EHLGKRG GV S | S 56

925 ACGTCCAGCCGAGCGATTAGCCTGAGAAGGTGTTCAAAGTCCTGATTGGGGAGGTCGACAATGCCA 990
57 DV QP S PEKVYFKVLIGE 78

991 GCTTTCTCCGGGAACTTTCCTTTGAGGGCGTTACACCCTTTGAGAAGAAGGTTTACGAGTGGCTCA
79 S FLRELSFEGVTPFEIKTKVYVYE L 100

1057 CAAAAAACGTTAAAAGAGGGAGGGTTATAACCTACGGTGACCTTGCAAAGGCGCTCAACAGGTC 1122
101 T K NV K G S VI Ty D L N o122

1123 CGCGGECAGT TGGTGGGGCAATGAAGAGAAACCCGTATCCAATCGTTGTTICCCTGTCACAGGGTCE 1188
122. P R AV GGAIMKRNPYP | VVPOHRYV 144

Region 1 Region
TTGCACACGATGGTATTGGTTACTACAGCTCCGGGAT TGAGGAAAAGAAGTTCCTGCTGGAAATTG

1056

1189 1254
145 V AHDG I GYYSSGI!EEKKTFTLTLE.I 166
1255 AGGGGGTGAAAGAATGGACAAGGTGAAAGCTTAC 1288

16 E G V K E W
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MGMT_CRIGR i 159
MGMT_RAT I 158
MGMT_MOUSE I 159
MGMT_RABBIT v 159
MGMT_HUMAN Vv 154
MGMT_YEAST 1vesnrifl 179
MGMT_KOD1 1 150
MGMT_MJANN 137
ADA_SALTY 441
ADA_ECOL | 331
ADAB_BACSU 222
0GT_SALTY 177
0GT_ECOL | NETM 149
DAT1_BACSU ¢I 224
0GT_HAINF 236
NGMT_CRIGR 209
MGMT_RAT 209
MGMT_MOUSE ¥ | PTAGPA-SKGLEL TGTWLKSSFESTSSEPSGRN 211
MGMT_RABBI T AR—K 181
MGMT_HUMAN  155: AHZEHRL GKPGLGGSSELAGAWLKGAGATSGSPPAGRN 207
MGMT_YEAST  180: TEN 3 BKENSLSLSRL 206
NGMT_KOD1 151: a3 s 174
MGMT_MJANN  138: o} ‘ RARLNMVSFKFNKVY 167
ADA_SALTY 442: RWEVRR-4A R EE 463
ADA_ECOL | 332: SVSR— 354
ADAB_BACSU  223: TRRAREEFEM-TLRIDLEKRASSEMDVPH 230
0GT_SALTY ~ 178: TG RHYLLL 199
0GT_ECOLI 150: 17
DAT1_BACSU  225: TEJIAE AF 249
OGT_HAINF  237: TEFGEY.EA-RFIBOLIK | PY | DKGTENTKPRFFKKYHE—-——————— 275

Fig. 2 Com]?arison of the amino acid sequences of the C-terminal
halves of O°-MeG-DNA methyltransferases from various sources.
Gaps, indicated by dashes, were introduced to optimize the alignment.
White letters on a black background indicate amino acid residues
conserved in at least nine of the 15 species included. The methyl
acceptor cysteine is indicated by the asterisk. The abbreviations are as
follows and the entry names or accession numbers in protein or DNA
databanks are given in parentheses. PIR: Protein Information
Resource, SP: Swiss-Prot, GB: GenBank. MGMT_CRIGR, Cricetu-
lus griseus (Chinese hamster) (SP P26186); MGMT_RAT, (SP
P24528); MGMT_MOUSE (PIR A41809); MGMT_RABBIT (GB
177047); MGMT_HUMAN (SP P16455); MGMT_YEAST, Sac-
charomyces cerevisiae (SP P26188); MGMT_KODI, Pyrococcus sp.
KODI1 (This paper, GB D86335), MGMT_MIJANN Methanococcus
Jjannaschii (PIR H64490) ADA_SALTY, Ada Salmonella typhimurium
(PIR XYEBOT); ADA_ECOLI, Ada Escherichia coli (SP P06134);
OGT_ECOLI, Ogt E. coli (SP P09168); OGT_SALTY, Ogt S. typh-
imurium (SP P37429); ADAB_BACSU, AdaB Bacillus subtilis (SP
P19220); DAT1_BACSU, Datl B. subtilis (SP P11742); OGT_H-
AINF, Datl Haemophilus influenza (SP P44687)

(SAM)-binding motif that is conserved in a variety of
methyltransferases (Ingrosso et al. 1989; Koonin 1993).

Phylogenetic analysis

A phylogenetic tree was constructed by comparing the
amino acid sequences of known MGMTs from Eukarya,
Archaea, and Bacteria. As shown in Fig. 4, the phylo-
genetic tree shows a different profile from that of the
universal tree based on 16S rRNA sequences (Woese
et al. 1990). Archaecal MGMTs are grouped on the
bacterial branch rather than with Eukarya.

amy1 neutral amylase cobQ cobyric acid synthase
aspA aspartyl tRNA synthetase gdh  glutamate dehydrogenase
cpkB chaperone like protein of KOD1 gltA glutamate synthase

ginA  glutamine synthetase gtpk  4-a-glucanotransferase
pol DNA polymerase rec recombinant protein

thp TATA binding protein rrsA 16S rRNA

ior indole pyruvate ferredoxin oxidoreductase

pk ribose ph

P pyrophosp
mgtk  methylguanine DNA methylitransferase

Fi
(6]

. 3 Physical map of the KOD1 chromosome and location of the
°-MeG-DNA methyltransferase-encoding gene (mgtk)
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Fig. 4 Phylogenetic tree for O%-
MeG-DNA methyltransferases.
Evolutionary distances were
computed by the Neighbor
Joining method and the tree
was constructed using ODEN
and Biosearch/Sinca programs.
Segments corresponding to an
evolutionary distance of 0.1 are

shown. Each name at the ter-
minus refers the species from
which the sequence originated

Method: N-J
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Overexpression and purification of KOD1
methyltransferase from recombinant E. coli

E. coli HM174(DE3)pLysS harboring pKM-Im was
grown and gene expression was induced by IPTG. Cells
were disrupted by sonication, and the crude extract was
used for further enzyme purification. Taking advantage
of the overproduction of the methyltransferase protein
in cells harboring pKM-Im, MGMT was purified to
apparent physical homogeneity. The purity of the final
preparation after the FPLC step on Superose 6 was
examined by electrophoresis on 16% polyacrylamide
gels containing 0.1% SDS (Fig. 5). A single protein
band of 20 kDa was observed, in excellent agreement
with the value calculated from the nucleotide sequence.
The purified recombinant protein was assayed for its
methyl transferase activity and exhibited an activity of
1100 cpm/mg.

kDa 1

94
67

43

20

14

Fig. 5 SDS-PAGE analysis of MGMT purification. Lanes 1 and 6,
molecular markers; lane 2, total cell protein; lane 3, Fraction I (crude
extract); lane 4, Fraction II (heat treated); lane 5, purified MGMT.
The purified protein has an estimated molecular mass of 20 kDa,
which agrees with the value deduced by sequence analysis

ADA-S. typhimuriun

Thermostability of KOD1 O%-MeG-DNA
methyltransferase

The thermostability of recombinant KOD1 MGMT was
estimated from the activity remaining after heat treat-
ment at 75°C and 90° C. After incubation at both 75°C
and 90°C for 30 min, KOD1 MGMT showed no de-
crease in enzymatic activity. When KOD1 MGMT was
incubated for 60 min at both temperatures, the re-
maining activities were 77% at 75° C and 34% at 90° C,
respectively.

Thermal denaturation of MGMT was examined by
monitoring CD spectra at 30°C and 90° C. The results
indicated that the spectrum of the enzyme does not
show any drastic change at 90° C (Fig. 6A). The thermal
denaturation curve was then obtained by monitoring
the change in the CD value at 222 nm. The curve in
Fig. 6B shows that KOD1 MGMT is a very thermos-
table repair enzyme which is still not fully denatured
even at 98°C.

Phenotypic complementation assay of E. coli mutant

In order to confirm that the cloned fragment encodes a
0°%MeG-DNA methyltransferase that is functional
in vivo, the gene was expressed in E. coli (Aada Aogt)
cells. The plasmid pKM-2m, containing the lac pro-
moter upstream of the MGMT coding sequence, was
introduced into the methyltransferase-deficient E. coli
strain KT233 (Aada Aogt), which was then exposed to
different concentrations of MNNG. We determined the
survival ratios of KT233 (Aada Aogt) cells with and
without the KOD1 MGMT gene, after MNNG treat-
ment. When the protein was overproduced by expression
of the KOD1 MGMT gene from a multicopy plasmid
vector, the sensitivity of KT233 (Aada Aogt) cells to the
alkylating agent was clearly decreased, as shown in
Fig. 7. The data indicate that the methyltransferase
from KOD1 encoded by the MGMT gene in pKM-2m is
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Fig. 6A,B Analysis of the thermal denaturation profile of KODI1
methyltransferase. A CD spectra. B Thermal denaturation curve
monitored by CD analysis at 222 nm

biologically functional and can recognize and demethy-
late O°-MeG residues in E. coli cells at 37°C

Discussion

0°-MeG-DNA methyltransferase (MGMT) is present in
organisms from bacteria to humans. The structure and
function of MGMTs have been studied extensively in
some organisms, particularly in E. coli (Demple et al.
1985; Le Motte and Walker 1985; Marginson et al. 1985;
Nakabeppu et al. 1985; Sekiguchi et al. 1996). However,
no report of MGMT has been available from Archaea,
except for the sequence of an MGMT homolog from
M. jannaschii (Genbank accession number U67593).
Ours is thus the first report to document the in vivo and
in vitro enzymatic characteristics, as well as the ther-
mostability profile, of an MGMT from a hyperthermo-
philic archaeon, Pyrococcus sp. strain KODI.

We designed the PCR primers based on known
MGMT sequences from 11 different species and ob-
tained part of the gene corresponding to the KODI1
MGMT gene. The entire gene was cloned using the PCR
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Fig. 7 Survival of cells after treatment with N-methyl-N’-nitro-N-
nitrosoguanidine (MNNG). E. coli KT233 (Aada, Aogt ) cells carrying
one of the following plasmids were treated with various concentra-
tions of MNNG at 37° C for 10 min and the survival frequencies were
determined. Filled circles, pKM-2m; open circles, pUC-19

product as a probe for Southern and colony hybridiza-
tions. The KOD1 MGMT gene has an ORF composed
of 522 bases and preceded by a putative ribosomal
binding site (GGAGGA). The deduced isoelectric point
of KOD1 MGMT (pI = 9.49) showed that this protein
was positively charged, suggesting that it can efficiently
bind DNA (Graying et al. 1996). When the amino acid
sequences of the KOD1, mammalian, yeast and bacterial
MGMTs were aligned (Fig. 2), regions of high sequence
conservation was observed. Of these the most notable
region is the sequence PCHRV (Region 2 in Fig. 1),
which is found near the C-terminus and contains the
cysteine residue that serves as the methyl group acceptor
(Olsson and Lindahl 1980; Demple et al. 1985). The
sequence RAYV (at positions 110-112 of the KODI se-
quence) is also conserved as the core of a sequence
composed of ten amino acids, PXA(A/V)RAV(G/A)XA
(Region 1 in Fig. 1), which may possibly constitute the
active site of MGMT (Sakumi et al. 1991). A feature
which differentiates archacal MGMTs from bacterial
and eukaryotic ones is also found within the latter re-
gion. The MGMTs of KOD1 and Methanococcus jan-
naschii do not have the motif XA(A/V), which are
conserved in bacterial and eukaryotic MGMTs. At
present it is not clear what kinds of role these residues
might play. Bacterial and eukaryotic MGMTs might
have picked up the tripeptide in the course of evolution.

No phylogenetic analysis has previously been per-
formed on the available MGMT sequences. We there-
fore constructed a MGMT tree, including the newly
determined KOD1 sequence, in the hope of better un-
derstanding the general evolutionary relationships
among the three domains, Bacteria, Eukarya and
Archaea. The phylogenetic tree was constructed by the
NJ method as shown in Fig. 4. Archaeal MGMTs were
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grouped with their bacterial counterparts. The profile of
the tree does not agree with that of the universal tree of
life based on 16S rRNA sequences (Woese et al. 1990).
The MGMT tree is quite unique, because archaeal
proteins which are involved in genetic information
processing generally share characteristics with their eu-
karyotic counterparts. More sequence information on
MGMTs from various organisms including other arch-
aea should clarify the phylogenetic tree. KODI may
possess another, unknown MGMT gene which is more
closely related to eukaryotic MGMTs.

KODI MGMT was overproduced using the pET
expression system and the recombinant protein was
purified to homogeneity by ammonium sulfate frac-
tionation, heat treatment, ion-exchange chromatogra-
phy and gel filtration chromatography. The molecular
mass of the recombinant KOD1 MGMT, estimated by
gel filtration chromatography, shows that the protein
exists in a monomeric form, as has also been shown for
other MGMTs. KODI MGMT possesses methyl
transferase activity and it was found to be stable at 90° C
for 30 min. The thermal denaturation curves showed
that KOD1 methyltransferase is a very thermostable
protein, which is not fully denatured even at 98°C.
However, the enzymatic activity of KODI MGMT
could not be measured precisely at temperatures higher
than 50° C probably due to instability of the substrate
DNA. High temperatures may cause melting of the
substrate DNA, resulting in inhibition of the interaction
between substrate DNA and MGMT. This idea is
compatible with the evidence that MGMT shows a
strong preference for duplex over single-stranded DNA
(Demple 1990). The DNA-protein complex model based
on the three-dimensional structure of Ada O°-methyl-
guanine-DNA methyltransferase from E. coli also sup-
ports this idea (Moore et al. 1994). The thermostable
DNA polymerase from KODI1 also shows a lower op-
timum for activity in vitro than the optimal temperature
for hyperthermophile cell growth (Takagi et al. 1997). In
cells of hyperthermophiles, some accessory proteins,
such as a histone-like protein, may stabilize DNA and
facilitate the catalytic reactions of DNA-related enzymes
(Graying et al. 1996). Further in vitro study is necessary
for better understanding of reaction mechanisms at
high- temperature environments.

The KOD1 MGMT can be expressed in E. coli as an
active form which is functional even at 37° C. The repair
system in Archaea seems to be quite similar to that of
bacteria, as revealed by the fact that a repair-deficient
E.coli mutant could be rescued by expression of the
archaeal protein in the cell.

Sequencing also uncovered an ORF encoding a pro-
tein of 236 residues which overlaps the N-terminal re-
gion of the MGMT gene. The deduced product showed
high sequence similarity to the protein SpoU, which
belongs to a new family of rRNA methylases (Koonin
and Rudd 1993). It is noteworthy that two genes en-
coding different kinds of methylation-related enzyme are
arranged in tandem. At present, the biological function

of the SpoU homolog is unclear. Further analysis is
required to obtain detailed information about the bio-
logical roles of this gene.

Hyperthermophilic archaea live in an environment
that is very similar to that of the primitive earth. Early
organisms must also have been exposed to deleterious,
high-temperature environments. It was therefore essen-
tial to develop effective DNA repair systems. Hence, the
study of archaeal MGMT is expected to provide inter-
esting clues concerning primitive systems of DNA re-
pair. Crystallization and detailed structural analysis are
now in progress. The three-dimensional structure will
allow us to elucidate the relationship between structure
and function of their enzymes.
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