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Abstract The cDNA of the human mutY homologue (hMYH) was cloned from the total RNA of the tumor cell
line SU-DHL-1 by reverse transcription-polymerase chain reaction (RT-PCR). Expression of hAMYH in a plasmid can
partially revert the mutator phenotype of the Escherichia coli mutY mutant MK609(DE3). The majority of the
recombinant hMYH protein in E. coli was precipitated in the inclusion bodies. A minor fraction of the soluble
recombinant protein was concentrated as the source of the protein in the activity assay. Recombinant hMYH displayed
both glycosylase and AP lyase activity. Three independent rabbit antisera against an N-terminal peptide, HY90, a
recombinant C-terminal fragment, and the full-length hMYH recombinant protein were prepared and affinity-purified,
and these antisera recognized the 59 kDa endogenous hMYH protein in Hela cells. Immunofluorescent staining
experiments with these three antisera showed a consistent nuclear distribution of hMYH, excluding the nucleoli. This
nuclear staining pattern was abolished if the antisera were incubated with specific peptide/protein competitors,
whereas the staining pattern was unaffected if the antisera were incubated with nonspecific peptide competitors.
Consistent with the immunofluorescent staining results, a flag-tagged transfected hMYH also showed a nuclear staining
pattern excluding the nucleoli. These results suggest that h(MYH is indeed a functional homologue of E. coli MutY and

is localized in the nuclei of mammalian cells. J. Cell. Biochem. 77:666—-677, 2000.
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Reactive oxygen species (ROS) generated as
byproducts of oxygen metabolism in cells can
damage genomic DNA [Ames and Gold, 1991;
Halliwell and Gutteridge, 1999]. Genomic DNA
was damaged by ROS at frequencies of 10* and
9 X 10* incidences of oxidative damage/cell/day
in human and rodent cells, respectively [Ames,
1989; Fraga et al., 1990]. Among the different
oxidative-damage DNA products, 8-0xo0-7,8-
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dihydrodeoxyguanine (8-oxoG or GO) is the
most stable adduct [Ames and Gold, 1991;
Cheng et al., 1992]. Both adenine and cytosine
can be incorporated opposite to the 8-oxoG le-
sion to produce mismatched base pairs by the
polymerases involved in replication [Maki and
Sekiguchi, 1992; Shibutani et al., 1991]. If the
8-0x0G lesions in the DNA are not properly
repaired, a high percentage of G/C to T/A trans-
version will occur through the 8-0xoG/A repli-
cation intermediate [Cheng et al., 1992; Moriya
et al., 1991; Moriya and Grollman, 1993; Wood
et al., 1990]. The GO repair system, which is
composed of three enzymes, MutM, MutY, and
MutT, in Escherichia coli, is responsible for
preventing the mutagenic effect of the 8-oxoG
lesions [Michaels et al., 1992; Tajiri et al.,
1995; Tchou and Grollman, 1993].

The MutT protein is a nucleotide triphos-
phatase that eliminates 8-oxo-dGTP from the
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nucleotide pool to prevent incorporation of
8-0x0G into the genome [Maki and Sekiguchi,
1992]. The MutM protein removes 8-0xoG from
the 8-0x0G/C base pair or the ring-opened pu-
rine lesions in the DNA with its glycosylase
activity, to produce an abasic site that is sub-
sequently repaired to restore the G/C base pair
[Boiteux et al., 1990; Chetsanga and Lindahl,
1979; Tchou et al., 1991]. Some 8-0x0G/C base
pairs escape repair by the MutM protein before
replication and produce a high percentage of
8-0x0G/A base pairs because the polymerase
involved in replication incorporates A opposite
to 8-0x0G from five-fold to 200-fold more fre-
quently than they incorporate C [Shibutani et
al., 1991]. The MutY protein, with its dual ad-
enine glycosylase and AP lyase activities
[Gogos et al., 1996; Lu et al., 1996; Manuel and
Lloyd, 1997; Tsai-Wu et al., 1992], removes the
A from the 8-0x0G/A base pair. The subsequent
repair synthesis mainly restores a C because
the polymerases involved in repair prefer a C
rather than an A across the 8-oxoG base
[Shibutani et al., 1991]. The resulting 8-0xo0G/C
base pair provides the MutM protein a second
opportunity to remove the 8-0xoG base. Conse-
quently, mutant strains of either mutM or
mutY exhibit a mutator phenotype with an in-
creased occurrence of G/C to T/A transversion
[Cabrera et al., 1988; Nghiem et al., 1988; Ra-
dicella et al., 1988].

MutY homologue activity in human HeLa
cells and calf thymus has been described
[McGoldrick et al., 1995; Yeh et al., 1991]. They
share enzymatic characteristics with the E. coli
MutY protein in that they recognize C/A, G/A,
and 8-oxoG/A mismatches and cleave the A
base, but not the G base. The ¢cDNA of the
human homologue (hMYH) has been cloned
and sequenced [Slupska et al., 1996]. This gene
is mapped to the short arm of chromosome 1,
between p32.1 and p34.3, and encodes a 535-
amino acid protein with 41% identity to the E.
coli MutY protein. However, no functional
analysis was presented. Here, we report on the
further characterization of the hMYH protein.
In vivo, expression of the hMYH protein re-
verted the mutator phenotype of the E. coli
mutY mutant strain MK609. In vitro, an ex-
tract of the mutY mutant bacteria expressing
the hMYH protein exhibited glycosylase and
AP lyase activity. Immunofluorescent staining
experiments with three affinity-purified anti-
hMYH antisera and transfection experiments

with a plasmid expressing exogenous hMYH
protein both showed that hMYH is a nuclear
protein. Together, these data suggest that the
hMYH protein plays an important role in re-
pairing oxidative damage to prevent formation
of mutations in the nucleus.

MATERIALS AND METHODS
Bacterial Strains, Peptides, Plasmids

E. coli strain MK609 (mutY zgd::Tet") and
its isogenic mutY wild type strain, AB1157,
were provided by Dr. M. Sekiguchi [Tajiri et
al., 1995]. AB1157(DE3) and MK609(DE3)
lambda lysogens were prepared with a A DE3
Lysogenization Kit (Novagen, Madison, WI)
according to the manufacturer’s protocol. E.
coli strain BL21(DE3) was obtained from No-
vagen. E. coli strain RIL, whose codon usage
has been optimized for the expression of eu-
karyotic genes, was supplied by Stratagene
(La dJolla, CA).

The nonspecific peptide coilin 561 was
synthesized as a free peptide with the fol-
lowing amino acid sequence: N terminus-
RLITIESPSNTSSTEPA-C terminus. The
N-terminal peptide HY90 (N terminus-
YDQEKRDLPWRRRAEDEMDL-C terminus)
was synthesized as a multiple antigenic pep-
tide (MAP) based on the Fmoc MAP resins
(Applied Biosystems, Foster City, CA).

Plasmids pET28b+ and pET32a+ were pur-
chased from Novagen. Plasmid pRK5F contain-
ing a FLAG epitope tag [Prickett et al., 1989]
was used in the transfection experiment and
was obtained from Dr. R.H. Chen [Feng et al.,
1995]. Separate N- and C-terminal cDNA frag-
ments of AMYH were cloned by RT-PCR from
the mRNA of a lymphoma cell line, SU-DHL-I,
and the full-length hMYH was obtained by
joining of these two fragments. The N-terminal
fragment was amplified with a forward primer,
5'-GGA TCC ATG ACA CCG CTC GTC TCC
CGC-3’, and a reverse primer, 5'-GAG CTG
CTG GGA AAC AAG GGT-3'. The C-terminal
fragment of hMYH was amplified with a for-
ward primer, 5'-CCA CGT ACA GCA GAG
ACC CTG-3’, and a reverse primer, 5'-CAG
GAT TCT CAG GGA ATG GG-3'. The BamHI/
PinAl fragment of the N-terminal clone and
the PinAl/Xhol fragment of the C-terminal
clone were joined to produce the full-length
hMYH. The BamHI/Xhol fragment containing
the full-length AMYH was cloned into the
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BamHI/Xhol sites of pET32a+ to produce a
recombinant protein in E. coli. The 700-amino-
acid (molecular weight: 76,725 Da) protein pro-
duced from this construct is a fusion protein
between the 6-histidine-thioredoxin epitope
tag and hMYH. An independent C-terminal
clone, hMYH-C, was amplified with PCR by use
of the forward oligonucleotide 5'-CTG GCC
TTG GAA GGG-3' and the reverse oligonucle-
otide 5'-CAG GAT TCT CAG GGA ATG GG-3’
from the full-length AMYH and was cloned into a
T-tailed pBluescript II KS+ (Stratagene). The
EcoRUHindIIl fragment containing hMYH-C
was subcloned into the EcoRI and HindlII sites
of pET28b+ (Novagen). The recombinant
hMYH-C contains 129 amino acid residues
with an expected molecular weight of 14,007
Da.

Overexpression and Purification of the
Recombinant Proteins

Protocols for overexpression and affinity
purification of the insoluble recombinant pro-
teins from E. coli have been reported [Wu et
al., 1998]. Bacteria with the recombinant
plasmids were cultured in Luxia-Bextani
(LB) medium supplemented with the appro-
priate antibiotics. Fifty milliliters of over-
night bacterial culture was added to 2 liters
of LB and incubated at 37°C for 2 h. Expres-
sion of the recombinant proteins was induced
by addition of isopropylthio-p-D-galactoside
(IPTG) to a final concentration of 1 mM, and
the bacterial culture was incubated for an
additional 2 h. The bacteria were harvested
by centrifugation in a Beckman JA-20 rotor
at 7,000 rpm, 4°C, for 15 min, resuspended in
20 ml phosphate buffered saline (PBS), and
lysed by sonication. The insoluble recombi-
nant proteins in the bacterial extract were
recovered by centrifugation at 15,000 rpm,
4°C, for 15 min, solubilized in 50 mM Tris-
HCI pH 7.0, 8 M urea, 50 mM imidazole, and
filtered through a 0.45 pm membrane. The
solubilized proteins were purified with an af-
finity nickel column, HiTrap Chelating (Am-
ersham Pharmacia Biotech, Uppsala, Swe-
den), with a linear gradient from 50 mM to
500 mM imidazole in the presence of 8 M
urea at a flow rate of 1 ml/min. The protein
concentration was determined with the pro-
tein assay reagent (Bio-Rad, Hercules, CA).

Preparation and Affinity Purification
of Rabbit Antisera

Preparation and purification of the anti-
serum were based on standard protocols, with
minor modifications [Harlow and Lane, 1988].
The Ni-column-purified recombinant proteins
were fractionated with a sodium dodecyl
sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gel and stained with Coomassie
brilliant blue R-250. Gel pieces containing the
recombinant proteins were sliced and used as
antigen. The MAP peptide HY90 was used di-
rectly as antigen. Four-month-old male New
Zealand white rabbits were immunized with a
mixture of 150 pg of the antigen and Imject
complete Freund’s adjuvant (Pierce, Rockford,
IL), followed by three boosts with a mixture of
75 pg of the antigen and Imject incomplete
Freund’s adjuvant (Pierce) at an interval of 3
weeks. Antisera were collected 7-10 days after
each boost. The purified hMYH protein was
fractionated on an SDS-PAGE gel and electro-
blotted to a Hybond-C Extra membrane (Am-
ersham Pharmacia Biotech), and the strip con-
taining the hMYH protein was excised for
affinity purification of the antisera. The strip
was incubated with the crude antisera at 4°C
for 16 h to adsorb the antibody, washed three
times with 20 mM Tris-HCI, pH 7.4, 150 mM
NaCl, and 0.3% Tween 20, and the bound an-
tibodies were eluted from the strip with 0.2 M
glycine solution (pH 2.0) and immediately neu-
tralized to pH 7.0 with 1.2 M Tris-base solu-
tion. Concentrations of the affinity-purified an-
tibodies ranged from 0.7 to 2.8 mg/ml. For
immunofluorescent staining competition ex-
periments, the antisera were incubated with
66.7 mg/ml of the synthetic peptides at 4°C for
16 h before use. These three antisera against
the full-length recombinant hMYH, the hMYH
C-terminal fragment, and the N terminal pep-
tide HY90 are referred to as anti-hMYH-fl,
anti-hMYH-C, and anti-HY90, respectively.

Western Blotting and Immunoprecipitation

Western blotting and immunoprecipitation
procedures were standard protocols [Harlow and
Lane, 1988; Sambrook et al., 1989]. A total of
1.75 pg to 7 pg affinity-purified antibodies were
used for immunoprecipitation. For Western blot-
ting, protein samples to be analyzed were frac-
tionated on an SDS-PAGE gel, electrotransferred
to a Hybond-C Extra membrane, and subjected
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to detection with the rabbit antisera, followed by
1:5,000 dilution of horseradish peroxidase-
conjugated donkey anti-rabbit IgG antibody
(Amersham Pharmacia Biotech). Dilution factors
of the primary antibodies in Western blot were
10-fold to 50-fold for HeLa cell extract and 200-
fold to 300-fold for the bacterial extract, respec-
tively. Results of the Western blots were detected
with an enhanced chemiluminescence kit (Amer-
sham Pharmacia Biotech) and recorded on
Hyperfilm-MP film (Amersham Pharmacia Bio-
tech).

Preparation of the Mismatched Repair Substrate

The procedure for preparing heteroduplex
DNA containing a G/A mismatch has been de-
scribed [Tsai-Wu et al., 1999]. The 5’ primer
(5'-ATC CGA TTC CGG CTC GTA TGT TGT
GTG-3’) and the 3’ primer (5'-CCT ACC CGG
GTA ACG CCA GGG TTT TCC CAG-3’) were
chemically synthesized either with or without
a biotin group attached at the 5’ end. Two
M13mpl8 phage derivatives, M13mm3 and
M13mm4, which had identical DNA sequences
except for a single nucleotide difference, were
used as templates for preparation of the het-
eroduplex. To prepare the A strand, the unbi-
otinylated 5’ oligonucleotide and the biotinyl-
ated 3’ oligonucleotide were used as primers
with M13mm3 as a template in the PCR reac-
tion. In contrast, the biotinylated 5’ primer and
the unbiotinylated 3’ primer were used in a
second PCR reaction with M13mm4 as a tem-
plate to produce the complementary G strand.
The PCR reaction included 50 pg of the tem-
plate DNA, 5 pmol of each of the two primers,
and 1 unit of KlenTaq DNA polymerase. The
PCR reaction was performed with denatur-
ation at 95°C for 5 min, 30 cycles of 95°C for
20 s, 63°C for 20 s, 72°C for 20 s, and a final
extension step at 72°C for 5 min. The unincor-
porated primers were removed from the 200-bp
PCR product by centrifugation at 13,200g for
20 min at 4°C with Microcon 10 (Amicon, Bev-
erly, MA). The purified PCR products were
bound to streptavidin-conjugated magnetic
beads M280 (Dynal, Oslo, Norway) and washed
with TE buffer (10 mM Tris-HCI, pH 7.6) three
times. The bound DNAs were denatured with
0.1 N NaOH for 10 min at room tempera-
ture for release of the unbiotinylated single-
stranded PCR product. The unbound A strand
and the unbound complementary G strand
were recovered from the respective tubes,

mixed in a new tube, and renatured with the
addition of 0.1 N HCI at room temperature for
at least 1 h. The G/A mismatch-containing het-
eroduplex was purified by ethanol precipitation
and was then ready for use. Before labeling the
heteroduplex radioactively, we performed
Hinfl digestion to create a 3’ recessive end at
the A strand. Radioactive 3?P-labeled nucleo-
tide was incorporated into the 5’ end of the
heteroduplex with the Klenow fragment.

Glycosylase/Lyase Activity Assay

Assays for glycosylase or AP lyase activity
were based on published protocols, with minor
modifications [Tsai-Wu et al., 1992]. The radio-
actively labeled DNA heteroduplex and the en-
zymes were incubated in 20 mM Tris-HCI, pH
7.6, 80 mM NaCl, 1 mM EDTA, 2.9% glycerol,
29 mM ammonium sulfide, and 1 mM ferrous
ammonium sulfate at 37°C for 4 h. The reac-
tion mixture was vacuum-dried and resus-
pended in termination solution (95% form-
amide, 10 mM NaOH, 0.05% bromophenol
blue, 0.05% xylene cyanol). For the glycosylase
activity assay, the mixture was heated at
95°C for 5 min before loading on a 6%
polyacrylamide/8 M urea sequencing gel, fol-
lowed by autoradiography. For the AP lyase
activity assay, the heating step was omitted.

Reversion Assay

The mutation frequencies of bacteria with or
without recombinant protein expression were
determined by reversion assay, with minor
modifications [Tajiri et al., 1995]. Approxi-
mately 150 cfu of the bacteria to be tested were
seeded in 5 ml of LB and cultured at 37°C
to ODgpp nm = 0.1. Protein expression was in-
duced by a final concentration of 0.1 mM IPTG
at 25°C for 16 h. The bacterial cultures were
diluted with 1X M9 saline (42.3 mM Na,HPO,,
2.2 mM KH,PO,, 8.6 mM NaCl, 18.7 mM
NH,C]), plated on LB plates containing 100
pg/ml of rifampicin, and incubated at 37°C for
determination of the mutation frequency.

Transfection

Transfection was performed with a FuGENE
6 transfection kit (Roche Molecular Biochemi-
cals, Mannheim, Germany) according to the
manufacturer’s protocol. HeLa S3 cells were
split to a final 25% confluence in a 3.5-cm cul-
ture dish and cultured for an additional 16 h
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before transfection. The DNA sample (2 pg)
was dissolved in 100 wl Dulbecco’s modified
Eagle’s medium (DMEM), mixed with diluted
FuGENE 6 reagent, and incubated at room
temperature for 15 min before being added to 2
ml of the culture medium. The cells to be trans-
fected were incubated in this mixture for 16 h
before the immunofluorescent staining experi-
ments.

Immunofluorescent Staining

The procedure for immunofluorescent staining
was a modification of the standard protocol [Har-
low and Lane, 1988]. Cells to be stained were
grown on cleaned coverslips to a density of 70%
confluence. Cells on the coverslip were rinsed
with PBS three times, fixed with 2% paraformal-
dehyde at room temperature for 15 min, rinsed
with PBS three times, and blocked with blocking
solution (10% fetal bovine serum, 0.2% saponin,
0.05% Tween 20) at room temperature for 30
min. The blocked samples were rinsed with three
consecutive 5-min PBS washes, challenged with
the primary antibodies (diluted 10-fold to 50-fold)
with the blocking solution for 1 h, rinsed with
three consecutive 5-min PBS washes, and
stained with 3.3 pg/ml Alexa 488 (or Alexa 594)-
conjugated goat anti-mouse (or goat anti-rabbit)
IgG antibody (Molecular Probes, Eugene, OR) at
room temperature for 1 h. For staining the
FLAG-transfected cells, a final concentration of
2.4 png/ml of the anti-FLAG antibody was used.
The stained specimens were rinsed with three
consecutive 5-min PBS washes, mounted with
anti-fading mounting medium (1 mg/ml
p-phenylenediamine, 50% glycerol, 0.02% NaNs),
and stored at —20°C before examination. The
specimens were examined with an Axiovert
100 TV microscope (Zeiss, Jena, Germany).
The images were recorded with a cooled-CCD
Quantix camera (Photometrics, Tucson, AZ).

RESULTS

Human AMYH cDNA, which encodes a 535-
amino-acid protein with an expected molecular
weight of 59,034 Da, was amplified from the
cDNA of a lymphoma cell line, SU-DHL-1, with
RT-PCR based on the published sequence (Ac-
cession number U63329, [Slupska et al.,
1996]). The DNA sequence of our AkMYH cDNA
clone was determined on both strands to be
identical to the reported sequence. The encoded
hMYH protein contains an iron-sulfur cluster

(C-X5-[KRS]-P-[KRAGL]-C-X,-C-X;-C), which
is conserved in the MutY homologues from dif-
ferent organisms [Lu and Fawcett, 1998]. A
putative nuclear localization signal (PCS-
RKKPR) is present at the C-terminus of the
protein (Fig. 1). Initial attempts to overexpress
the full-length hMYH protein in E. coli
BL21(DE3) failed, presumably because of the
high percentage of rare codons for E. coli in
the ¢cDNA. However, a C-terminal fragment,
hMYH-C, with a lower percentage of rare
codons can be overexpressed upon IPTG induc-
tion (Fig. 2A).

Subsequently, we were able to overexpress
the full-length hMYH protein (h(MYH-fl) by us-
ing an E. coli strain, RIL, whose codon usage
had been optimized for the expression of eu-
karyotic genes. As shown in Fig. 2B, a 77-kDa
fusion protein between hMYH and the
6-histidine-thioredoxin tag in the plasmid can
be expressed upon IPTG induction, and the
majority of the protein was present in the in-
soluble inclusion body. Both proteins were pu-
rified from the inclusion body to near homoge-
neity on an affinity nickel column (Fig. 2A and
2B). Rabbit antisera against hMYH-fl and
hMYH-C, as well as a synthetic peptide HY90
(Fig. 1), were prepared and affinity-purified
against the recombinant hMYH protein. These
antisera recognized a 59-kDa protein in the
HeLa extract (Fig. 3).

The E. coli mutY mutant exhibited a mutator
phenotype; this mutator phenotype can be re-
versed by expression of the MutY protein or a
functional homologue in the bacterium [Lu and
Fawcett, 1998]. To examine whether AMYH is
indeed a functional homologue of mutY, we
chose to express the hMYH protein with
pET32a+ in the mutY mutant MKG609.
Lambda DE3 lysogen of bacterium MK609 was
prepared for the bacterium to produce hMYH
from plasmid pET32a+. Figure 4 shows that a
77-kDa protein was produced upon IPTG in-
duction, suggesting that hMYH was present in
the mutY mutant bacterium MK609(DE3). As
shown in Table I, the presence of the hMYH
clone in the bacteria can reduce the mutation
rate slightly, presumably due to leaky expres-
sion of the protein. Induction of the hMYH
protein with IPTG can further reduce the mu-
tation rate 10-fold.

The hMYH protein purified from the insolu-
ble inclusion body was subjected to a
denaturation/renaturation process in an at-
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Fig. 1.

Amino acid sequence of hMYH. The amino acid residues constituting the iron-sulfur cluster typical of the

endonuclease Ill family proteins are boxed. The amino acid sequence corresponding to the peptide HY90 used to

generate the anti-peptide antiserum is underlined. The hMYH-C terminal fragment starts from Leu

444 (arrow) and

continues to the stop codon. The putative nuclear localization signal is marked with a double underline.

tempt to recover its enzymatic activity. No ac-
tivity was observed in such a preparation (data
not shown). Alternatively, we chose to prepare
active hMYH from the soluble fraction of the
mutY mutant extract. Figure 4 shows that
hMYH can be produced in the mutY mutant
MK609(DE3) (Fig. 4A), and the majority of the
protein was in the insoluble inclusion body
(Fig. 4B). A small fraction of the protein was in
soluble form, which can only be detected by
concentration of the protein with immunopre-
cipitation by use of the anti-hMYH-C anti-
serum, followed by Western blot (Fig. 4B). The
concentrated crude extract of hMYH in the
mutY mutant was used as the source in
the activity assay. The enzyme preparation
was incubated with a double-stranded DNA
substrate containing a G/A mismatch that was
labeled with 3?P at the A strand.

All reaction mixtures were treated with so-
dium hydroxide before fractionation in a dena-
turing urea gel. This sodium hydroxide treat-
ment induces breakage of the phosphodiester
backbone immediately downstream of an
a-basic site and therefore can reveal the glyco-
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Fig. 2. Overexpression of the recombinant hMYH proteins in

E. coli. A: SDS-PAGE gel stained with Coomassie blue, showing
the recombinant h(MYH-C fragment in BL21(DE3). Lane 1: Un-
induced E. coli extract. Lane 2: IPTG-induced E. coli extract.
Lane 3: Affinity-purified hMYH-C protein with the Ni column.
B: SDS-PAGE gel stained with Coomassie blue, showing the
recombinant full-length hMYH protein in RIL. Lane 1: Unin-
duced E. coli extract. Lane 2: IPTG-induced E. coli extract. Lane
3: Soluble fraction of the IPTG-induced E. coli extract. Lane 4:
Insoluble fraction (inclusion body) of the IPTG-induced E. coli
extract. Lane 5: Affinity-purified full-length hMYH from the
inclusion body with the Ni column. Arrows mark the positions
of the recombinant proteins.
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Fig. 3. Characterization of the antisera. A: Western blots of the
unpurified anti-hMYH-C (lanes 1 and 2) and anti-HY90 (lanes 3
and 4) antisera on E. coli extracts. Lanes 1 and 3: Extracts of E.
coli without the recombinant protein. Lanes 2 and 4: Extracts of
E. coli expressing the recombinant full-length hMYH protein in
plasmid pET32a+. Both antisera recognize a 77-kDa protein
(arrow) that is a fusion between the full-length hMYH and the
thioredoxin plasmid pET32a+. B: Western blots of the affinity-
purified anti-HY90 antiserum (lane 1) and anti-hMYH-fl anti-
serum (lane 2) on Hela cell extracts. Both affinity-purified
antisera recognize the 59-kDa endogenous hMYH protein (ar-
rows). Note that the affinity-purified anti-hMYH-fl antiserum
also recognizes three other bands.

sylase activity of an enzyme. Recombinant E.
coli MutY protein was used as positive control
for glycosylase activity. Addition of iron and
sulfur ions to the reaction enhanced glycosy-
lase activity, and therefore iron and sulfur ions
were included in all subsequent reactions (Fig.
5A, lanes 1 and 2). The extract of MK609(DE3)
mutY mutant did not display any glycosylase
activity (Fig. 5A, lane 3), whereas the extract
containing hMYH from MK609(DE3) produced
a cleaved DNA fragment of the same size as
that produced by the MutY protein (Fig. 5A,
lane 4). This suggests that hMYH, like MutY,
can recognize the G/A mismatch in the sub-
strate and remove the adenine from the DNA
double helix. However, it is noteworthy that
the relative glycosylase activity on the G/A
mismatch heteroduplex of the recombinant
hMYH is much lower than that of MutY. To
determine whether hMYH possesses lyase ac-
tivity in addition to glycosylase activity, we
performed the same experiment, with the ex-
ception that the sodium hydroxide treatment
was omitted from the reaction. As shown in
Fig. 5B, the cleavage product can still be ob-
served without sodium hydroxide treatment,

MK&0S (DE3) MK6E09 (DE3)  MKEDS (DE3)
+hMYH +hMYH
-IPIG +HPIG

Ts P P T S IPP T S IP P

- R
. &
T

8 9 10 1112

-
1 2 3 4 5 6
Fig. 4. A: Overexpression of the full-length hMYH protein in
the mutY mutant strain MK609(DE3), as shown in a Western
blot with the anti-hMYH-C antiserum. Lane 1: MK609(DE3).
Lane 2: MK609(DE3) with the vector pET32a+. Lane 3: Unin-
duced hMYH/pET32a+ in MK609(DE3). Lane 4: IPTG-induced
hMYH/pET32a+ in MK609(DE3). B: Presence of soluble re-
combinant hMYH as shown in an immunoprecipitation/
Western blot. Anti-hMYH-C antiserum was used for the immu-
noprecipitation and the Western blot. Total (T; lanes 1, 5, 9),
soluble (S; lanes 2, 6, 10), and insoluble (P; lanes 4, 8, 12)
proteins from the same number of bacteria were loaded on the
gel and probed with the anti-hMYH-C antiserum. Similar to Fig.
2, the majority of the proteins were in the inclusion body (lane
12). A small fraction of the recombinant hMYH protein can be
detected in soluble form by 16-fold concentration with immu-
noprecipitation (lane 11). Arrow and asterisk mark the positions
of the recombinant hMYH and the heavy chain of IgG,
respectively.

suggesting that hMYH also possesses lyase ac-
tivity (lanes 3 and 4).

The computer program PSORT II (http:/
psort.nibb.ac.jp) suggests that hMYH has a
65% possibility of being localized in the mito-
chondria and a 22% possibility of being local-
ized in the nucleus. We used affinity-purified
antisera in immunofluorescent staining exper-
iments to determine the subcellular localiza-
tion of hMYH. Figure 6 shows that endogenous
hMYH is concentrated in the nucleus, exclud-
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TABLE 1. Complementation of hMYH to the
Mutation Frequency of the mutY Mutant®

Mutation rate
(rif ® to rif ™)
(X 1078  -Fold

AB1157(DE3) 3.21 1.0
MK609(DE3) 81.8 25.5
MK609(DE3)/pET32a+ 176.0 54.8
MK609(DE3)/hMYH 44.9 14.0
MK609(DE3)/hMYH + IPTG 16.8 5.23

2The wild-type (AB1157(DE3)), mutY mutant (MK609(DE3)),
and mutY mutant with or without recombinant hMYH
protein expression were spread on a rifampicin-containing
plate for determining the spontaneous mutation rates of
these strains. Row 1 shows the spontaneous mutation rate
of mutY wild-type AB1157(DE3) and is defined as 1. The
mutY mutant MK609(DE3) has a 25.5-fold increased mu-
tation rate (rows 1 and 2). The presence of the plasmid
pET32a+ increased the mutation rate twofold (rows 2 and
3). However, leaky expression of hMYH reduced the muta-
tion fourfold (rows 3 and 4), and full induction of AMYH
with IPTG reduced the mutation rate 10-fold (rows 3 and
5). These results are summarized from triplicates of six
independent experiments.

ing the nucleoli, of HeLa cells, as shown by
staining with anti-hMYH-fl, anti-hMYH-C,
and the anti-peptide antiserum anti-HY90 (A,
B, and C, respectively). The staining pattern
obtained with anti-HY90 was the same in the
breast cancer cell line MCF10A (Fig. 6D). The
nuclear staining pattern was abolished if the
anti-HY90 antiserum was preincubated with
the specific peptide competitor HY90 (Fig. 6E)
or if the anti-hMYH-C antiserum was preincu-
bated with the purified hMYH (Fig. 6G). In
contrast, the nuclear staining pattern was not
affected if a nonspecific peptide competitor, coi-
lin 561, was used (Fig. 6F). To consolidate the
results further, we transfected a flag-tagged
hMYH to HeLa cells and stained the cells with
the anti-flag antibody. Fig. 6H is a phase con-
trast image of such an experiment. As shown in
Fig. 61, the transfected cell displayed a nuclear
staining pattern, excluding the nucleoli, whereas
no staining was observed in the untransfected
cells. It is worthy to note that considerable cyto-
plasmic staining was observed in the transfected
cells but not in the untransfected cells, sug-
gesting a small portion of the exogenous
hMYH, as detected by anti-FLAG staining, was
present in the cytoplasm. This observation is
consistent with the nucleus-mitochondria shut-
tling model of the hMYH protein as discussed
in the following section.

A
hMYH from muty - - - +
E. coli mutY protein + + - -
Fe+S - 4+ o+ o+
NaQH + o+ o+ o+
. . - —
12 34
B
hMYH frommuty - - + + + -
mutY mutant - - = = + -
wild type e
Fe+S + 4+ o+ o+ o+ 4
NaOH + - + = + +

. 9
.

123 4 5 6

Fig. 5. A: Glycosylase activity of the recombinant hMYH. Solu-
ble recombinant hMYH protein in MK609(DE3) was used as the
source of enzyme (lanes 3 and 4). Recombinant E. coli MutY
protein was used as positive control (lanes 1 and 2). Double-
stranded DNA containing a G/A mismatch and **P-labeled at the
A strand was used as the substrate. After incubation of the en-
zymes and the DNA substrate, the reaction mixture was treated
with NaOH before fractionation in a 6% denaturing gel. Sodium
hydroxide treatment induced breakage of the phosphodiester
backbone immediately downstream of an abasic site, revealing
the glycosylase activity of the enzyme. Addition of iron and sulfur
enhanced the activity of the recombinant h(MYH (lanes 1 and 2).
Soluble recombinant hMYH possesses glycosylase activity (lanes 3
and 4). B: AP lyase activity of the recombinant hMYH. NaOH
treatment did not induce cleavage of the DNA substrate (lanes 1
and 2). The extract of the mutY mutant MK609 did not exhibit any
activity, whereas the mutY wild-type extract exhibited glycosylase
activity (lanes 5 and 6). The presence of the cleavage product in
the absence of NaOH/heat treatment (lane 4) suggests that hMYH
also possesses AP lyase activity.
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Fig. 6. Nuclear localization of hMYH in cultured cell lines.
Hela cells were used in all panels except in panel D, where
MCF10A cells were used. Anti-hMYH-fl (A), anti-hMYH-C (B),
and anti-HY90 (C, D) display a nuclear staining pattern exclud-
ing the nucleoli. This nuclear distribution pattern was unaf-
fected if the antiserum was preincubated with a nonspecific
peptide competitor (F: anti-HY90 + peptide coilin 561) and
was abolished if the antisera were incubated with a specific
competitor (E: anti-HY90 + peptide HY90; G: anti-hMYH-C +

DISCUSSION

MutY is a bifunctional adenine glycosy-
lase/AP lyase responsible for repairing DNA
mismatches induced by oxidative damage
[Tsai-Wu et al., 1992]. It belongs to a DNA
repair protein superfamily which includes the
MutY family [Lu and Fawcett, 1998], the endo-
nuclease III (Endo III) family [Thayer et al.,
1995], the OGG1 family [Aburatani et al.,
1997; Lu et al., 1997; Radicella et al., 1997;
Roldan-Arjona et al., 1997], and the AlkA fam-
ily [Labahn et al., 1996; Yamagata et al., 1996].
Two of the most conserved sequences in the
Endo IIT and MutY families are the helix-
hairpin-helix (HhH) domain and the iron-
sulfur cluster. The HhH domain was identified
as the thymine glycol-binding site in the crys-
tal structure of Endo III [Kuo et al., 1992], and
the iron-sulfur cluster (Cys-X4-Cys-X,-Cys-X;5-

recombinant hMYH protein). Note that the background fluo-
rescence was intentionally enhanced to show that the nucleus
was devoid of staining. Panels H (phase contrast image) and 1
(fluorescence image) show the results for HeLa cells transfected
with flag-tagged hMYH. The transfected hMYH protein also
displays nuclear staining excluding the nucleoli. A-G share the
same size bar, whereas H and | share another bar as shown in
the figures.

Cys) is important because of its glycosylase
activity and binding to DNA [Porello et al.,
1998].

The human MutY homologue has been
cloned and sequenced based on its homology to
MutY [Slupska et al., 1996]. Recently, Takao et
al. [1999] showed that the gene product en-
coded by this gene possessed glycosylase activ-
ity specific for GO/A mismatch. In this report,
we also demonstrate that hMYH is indeed a
functional homologue of MutY both in its abil-
ity to complement the mutator phenotype of a
mutY mutant in vivo and in its ability to cleave
a G/A-containing DNA heteroduplex in vitro.
As shown in Fig. 4, most of the recombinant
hMYH protein was in the insoluble inclusion
body. Renaturation of the affinity-purified
hMYH protein from the inclusion body failed to
show a glycosylase activity (data not shown).
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Fig. 7. Intracellular shuttling model of h(MYH. The intracellular hMYH protein has a steady-state nuclear distribu-
tion (left panel). Upon induction (e.g., elevated oxidative potential in the mitochondria), the nuclear hMYH is
translocated to the mitochondria to repair oxidative damage in the mitochondrial DNA. hMYH, filled circles; N,

nucleus; mito, mitochondria.

Because a minor fraction of the hMYH protein
was present in soluble form (Fig. 4), we chose to
use the soluble hMYH protein in the mutY
mutant bacterial extract as the source for the
enzymatic assay. Recombinant hMYH protein
indeed possessed an adenine glycosylase activ-
ity because, in a reaction assay followed by
NaOH/heating treatment, the mutY mutant
bacterial extract-containing hMYH protein
could produce a specific cleavage product,
whereas the mutY mutant bacterial extract
alone could not produce any cleavage product.
Although we showed that this cleavage product
could be observed in the absence of NaOH/heat
treatment, suggesting that hMYH protein
might also posses AP lyase activity, it is still
possible that this activity comes from another
AP lyase activity in the bacterial extract. Assay
with a purified enzyme will provide a definitive
characterization of the activity of the hMYH
protein.

MutY protein is one of the enzymes respon-
sible for correcting DNA mismatches in the
bacterial genome in preventing the occurrence
of mutations [Michaels and Miller, 1992;
Nghiem et al., 1988]. The functional homologue
hMYH should serve the same purpose in pre-
venting mutations in the nuclei of human cells.
To serve its function properly, hMYH should be
able to be imported into the nucleus. Two pu-
tative nuclear localization signals (NLSs) are
present in hMYH. The first (PWRRR at 98) is
found in the conserved region and thus might
not be the functional NLS. Takao et al. [1998]
showed that the second region (PKKPR at 505)
is a functional NLS in that it can target a
heterologous green fluorescent protein (GFP)
into the nucleus. However, the C-terminal flag-

tagged full-length hMYH, when transfected
into COS cells, displayed a mitochondrial dis-
tribution. Furthermore, Takao et al. [1999]
demonstrated the presence of an alternative
spliced form of hMYH (type 2) that did not
possess the first 14 amino-acid residues, but
otherwise shared an identical amino acid se-
quence with the original hMYH (type 1), and
this type 2 hMYH was targeted to the nucleus
when transfected into COS cells. Based on this
observation, they hypothesized that type 1
hMYH is a mitochondrial form, whereas type 2
hMYH is a nuclear form, and the mito-
chondria-targeting sequence (MTS) is function-
ally dominant over the NLS. This is in contrast
to our observation that the full-length hMYH
(type 1 in their designation) is a nuclear pro-
tein.

That the hMYH protein is a nuclear protein
is supported by several lines of evidence. First,
three independent anti-hMYH antisera all
showed nuclear staining that could be com-
peted out by a specific peptide. Because these
antisera recognized the endogenous hMYH
protein, the results of the immunofluorescent
staining should reflect the authentic distribu-
tion of the hMYH protein in the cells. Second,
the exogenous flag-tagged hMYH produced by
transfection with use of our vector was local-
ized to the nucleus. Exclusion of the staining
from the nucleoli is particularly indicative of a
specific targeting of the transfected hMYH pro-
tein. Furthermore, the only G/A-specific ade-
nine glycosylase purified from HeLa cells were
from the nuclear extract [Yeh et al., 1991].

These data support the idea that hMYH is a
nuclear protein that acts to prevent the occur-
rence of mutations in the nucleus. The current
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model, based on Takao’s [Takao et al., 1999]
and our observations, is that hMYH is a shut-
tling enzyme with a steady-state nuclear dis-
tribution (Fig. 7). This enzyme has dual func-
tions in preventing mutations from occurring
in the nucleus as well as in the mitochondria.
Upon induction, presumably elevated oxidative
potential in the mitochondria, MTS of hMYH
can become dominant over NLS, and some un-
identified nuclear factors can recognize the
MTS and transport hMYH from the nucleus to
the mitochondria. Whether hMYH behaves like
a shuttling protein is currently under investi-
gation.
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