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ABSTRACT

Human MutY homolog (hMYH), an adenine DNA glyco-
sylase, can effectively remove misincorporated
adenines opposite template G or 8-oxoG bases,
thereby preventing G:C→T:A transversions. Human
cell extracts possess the adenine DNA glycosylase
activity of hMYH and can form protein–DNA complexes
with both A/G and A/8-oxoG mismatches. hMYH in cell
extracts was shown to be the primary binding protein
for A/G- and A/8-oxoG-containing DNA substrates by
UV cross-linking. However, recombinant hMYH
expressed in bacteria has much weaker glycosylase
and substrate-binding activities towards A/G
mismatches than native hMYH. Moreover, the protein–
DNA complex of bacterially expressed hMYH migrates
much faster than that of native hMYH in a non-dena-
turing polyacrylamide gel. Dephosphorylation of native
hMYH reduces the glycosylase activity on A/G more
extensively than on A/8-oxoG mismatches but does not
alter the gel mobility of the protein–DNA complex. Our
results suggest that hMYH in human cell extracts may
be associated with other factors in the protein–DNA
complex to account for its slower mobility in the gel.
hMYH and apurinic/apyrimidinic endonuclease
(hAPE1) co-migrate with the protein–DNA complex
formed by the extracts and A/8-oxoG-containing DNA.

INTRODUCTION

Cellular DNA damage induced by reactive oxygen species
(ROS) has been implicated in causing genetic instability, aging
and cancer (1). Among the various DNA adducts induced by
environmental carcinogens and endogenous oxidative phos-
phorylations that produce ROS, 7,8-dihydro-8-oxo-deoxy-
guanine (8-oxoG) is one of the most abundant and deleterious
mutagenic oxidative lesions in human cells (2). The major
toxicity of 8-oxoG is its high frequency of pairing with adenine
during DNA replication that can result in G:C→T:A transver-
sion mutations (3).

Dramatic progress has been made recently in understanding
DNA repair mechanisms, including reducing 8-oxoG in
Escherichia coli and higher organisms. It has been proposed

that MutT, MutM and MutY of E.coli are the major lines of
cellular defense against 8-oxoG lesions (4,5). In eukaryotes the
repair mechanisms analogous to the E.coli MutT-, MutM- and
MutY-dependent pathways have been identified. Human MutT
homolog (hMTH1) hydrolyzes 8-oxo-dGTP to 8-oxo-dGMP
and pyrophosphate, similarly to E.coli MutT (6,7). Removal of
the oxidized dGTP precursors for DNA polymerases reduces
the 8-oxoG content in DNA. Human 8-oxoG glycosylase
(hOGG1), a functional homolog of E.coli MutM, can effi-
ciently remove 8-oxoG lesions opposite cytosine but very
poorly when opposite adenine (8–11). Human MutY homolog
(hMYH) has been characterized in nuclear extracts (12,13) and
can cross-react with antibodies against E.coli MutY (14). The
adenine DNA glycosylase activity of mammalian MYH can
effectively remove adenines misincorporated opposite 8-oxoG
or G following DNA replication (12,14), thus eliminating
G:C→T:A transversions. Mismatch repair carried out by MutS
and MutL homologs (MSH and MLH) may be involved in the
repair of oxidative DNA damage. The MSH2/MSH6
heterodimer (MutSα) of Sacchromyces cerevisiae has been
shown to bind to A/8-oxoG-containing DNA and to be
involved in the repair of A/8-oxoG mismatches (15). Because
S.cerevisiae does not contain MutY and MutT homologs, the
role of MutSα remains to be investigated in other organisms.

hMYH shares sequence homology and functional similarity
with E.coli MutY. A cDNA of the human mutY gene (hMYH)
has been reported with an open reading frame encoding a 535
residue, 59 kDa protein (16). Takao et al. have shown that
there are two types of hMYH proteins: a mitochondrial form
(Type 1, residues 1–535) and a nuclear form (Type 2, residues
15–535) (17). However, Tsai-Wu et al. showed that Type 1 is
localized to the nuclei (18). Ohtsubo et al. also showed that
multiple forms of hMYH are located in the nuclei and mito-
chondria (13). These controversial results remain to be
resolved. The hMYH protein from the cloned cDNA has been
expressed in an in vitro transcription–translation system (17)
and in E.coli (18,19) and partially characterized. The expressed
recombinant hMYH has adenine DNA glycosylase activity on
A/8-oxoG-containing DNA substrates but very weak activity
on A/G-containing DNA substrates (17–19). However, the
hMYH protein expressed in a baculovirus system has efficient
binding and adenine DNA glycosylase activities on both A/G-
and A/8-oxoG-containing DNA substrates at low salt (1–50 mM)
concentrations (20). In this paper we compare the substrate

*To whom correspondence should be addressed. Tel: +1 410 706 4356; Fax: +1 410 706 1787; Email: aluchang@umaryland.edu



Nucleic Acids Research, 2001, Vol. 29, No. 12 2667

specificities of native and recombinant hMYH and investigate
the underlining mechanisms for their differential substrate
specificities. Because the protein–DNA complex of bacterially
expressed recombinant hMYH migrates much faster than that
of native hMYH in a non-denaturing polyacrylamide gel, we
suspect that hMYH in human cell extracts may be associated
with other factors. We demonstrate here that hMYH and
human apurinic/apyrimidinic endonuclease (hAPE1) co-
migrate in the protein–DNA complex formed by the extracts
and A/8-oxoG-containing DNA. Human MYH, not MutSα, is
the major protein in human cell extracts recognizing A/G and
A/8-oxoG mismatches and consequently repairs the
mismatches.

MATERIALS AND METHODS

Preparation of human cell extracts

H2009, a human non-small cell lung cancer (NSCLC) cell line,
was kindly supplied by Dr Herbert K.Oie (National Cancer
Institute and National Naval Medical Center, Bethesda, MD).
H2009 cells were grown to late log phase in RPMI 1640
medium (Life Technologies, Rockville, MD) supplemented
with 10% fetal bovine serum (HyClone, Logan, UT). The cell
pellet from three T-75 flasks (∼3 × 107 cells) was resuspended
in 0.5 ml of buffer containing 50 mM potassium phosphate, pH
7.4, 50 mM KCl, 1 mM dithiothreitol, 0.1 mM EDTA, 0.1 mM
phenylmethylsulfonyl fluoride (PMSF) and 10% glycerol. An
equal volume of 0.1 mm glass beads was added to the cell
suspension and cells were disrupted by vigorous vortexing for
10 s at 4°C and cooled on ice for 20 s. Vortexing was repeated
10 times. The mixture was then centrifuged at 12 000 g for
15 min. The supernatant was aliquoted and stored at –80°C.
Human HeLa S3 cells, grown in Joklik’s minimal essential
medium with 5% newborn calf serum, 2 g/l NaHCO3, 1% non-
essential amino acids, 4 mM L-glutamine and 1% penicillin/
streptomycin, were purchased from The Cell Culture Center
(Minneapolis, MN). HeLa nuclear extracts were prepared as
described (12,21). The protein concentration was determined
by Bio-Rad protein assay (Bio-Rad Laboratories, Hercules,
CA).

Construction and expression of recombinant hMYH

The hMYH cDNA, ∼1.6 kb in length, was amplified from a
HeLa cDNA library (Invitrogen, Carlsbad, CA) by PCR using
gene-specific primers Chang 262 (5′-GCTATCATTAATAT-
GACACCGCTCGTCTCCCGC-3′) and Chang 227 (5′-
GCTAACCTAGGTCACTGGGCTGCACTGTTGAG-3′) and
the Expand High Fidelity PCR system (Boheringer Mannheim,
Indianapolis, IN). The AsnI–BamHI fragment of the PCR
product was subcloned into the pET11a vector at the cloning
sites of NdeI and BamHI. The second codon, ACA, of the
hMYH coding sequence was silently replaced with ACC to
increase the efficiency of translation, because ACA is a rare
codon in E.coli. The sequence of the hMYH gene was
confirmed by DNA sequencing and was as published (16). The
recombinant hMYH protein was expressed under control of a
T7 promoter. The expression host, GBE943
[lacIp4000(LacIq)lacZp4008(LacL8)srlC300::Tn10λ–IN(rrD-
rrnE)1micA68::Tn10Kan], harboring the λDE3 lysogen was
constructed according to the manufacturer’s procedures

(Invitrogen). Escherichia coli strain GBE943/DE3 harboring
an expression plasmid containing the hMYH cDNA was grown
in LB broth containing 50 µg/ml ampicillin at 37°C. Expres-
sion of the protein was induced at an A600 of 0.6 by addition to
the culture of isopropyl-1-thio-β-D-galactopyranoside to a
final concentration of 0.4 mM at 20°C. The cells were
harvested 10 h later.

Purification of recombinant hMYH

Recombinant hMYH was purified according to the purification
procedure detailed for recombinant Schizosaccharomyces
pombe MYH (SpMYH) expressed in E.coli (22). Cells (21 g)
were resuspended in 60 ml of buffer T (50 mM Tris–HCl, pH
7.6, 0.1 mM EDTA, 0.5 mM dithiothreitol and 0.1 mM PMSF)
and disrupted with 0.1 mm glass beads in a bead beater
(Biospec Products, Bartlesville, OK). The cell debris was
removed by centrifugation and the supernatant was treated
with 5% streptomycin sulfate to remove nucleic acids. After
stirring for 45 min the solution was centrifuged and the super-
natant was collected as Fraction I. Ammonium sulfate was
added to a concentration of 55% (w/v) and the protein was
precipitated for 4 h. After centrifugation the protein pellet was
resuspended in 25 ml of buffer T and dialyzed twice against 2 l
of buffer T for 4 h each. The protein sample was diluted 2-fold
with buffer A (20 mM potassium phosphate, pH 7.4, 0.1 mM
EDTA, 0.5 mM dithiothreitol and 0.1 mM PMSF) containing
0.05 M KCl as Fraction II and was loaded onto a 30 ml phos-
phocellulose column, which had been equilibrated with buffer
A containing 0.05 M KCl. After washing with 60 ml of buffer
A containing 0.05 M KCl, proteins were eluted with a linear
gradient of KCl (0.05–0.6 M) in buffer A. Fractions that had
hMYH adenine glycosylase activity on a DNA substrate
containing an A/8-oxoG mismatch were pooled as Fraction III.
Fraction III was then loaded onto a 20 ml hydroxyapatite
column equilibrated with buffer B (0.01 M potassium phos-
phate, pH 7.4, 10 mM KCl, 0.1 mM EDTA, 0.5 mM dithioth-
reitol and 0.1 mM PMSF). The flow-through and the early
elution fractions were pooled and dialyzed against 1 l of buffer
A containing 0.05 M KCl and 10% (v/v) glycerol for 2 h to
yield Fraction IV. Fraction IV was then loaded onto a 5 ml
heparin–agarose column equilibrated with buffer A containing
0.05 M KCl and 10% glycerol. Proteins were eluted with a
linear gradient of KCl (0.05–0.6 M) in buffer A with 10% glyc-
erol. Fractions containing hMYH adenine glycosylase activity
were pooled (Fraction V), divided into small aliquots and
stored at –80°C.

Western blotting

Cell extracts (10 µg protein) and partially purified recombinant
hMYH (230 ng protein in 14 µl) were mixed with 3.5 µl of 5-fold
SDS loading dye (155 mM Tris–HCl, pH 6.0, 25% v/v glycerol,
5% SDS, 0.5 mg/ml bromophenol blue and 5% v/v β-mercap-
toethanol), fractionated by 10% SDS–PAGE and transferred to
a nitrocellulose membrane. In some experiments extracts were
allowed to react with DNA substrates (see below), fractionated
on an 8% native polyacrylamide gel and transferred to a nitro-
cellulose membrane. The membranes were allowed to react
with affinity purified antibodies against E.coli MutY, hMYH
peptides, hAPE1 (C-20; Santa Cruz Biotechnology, Santa Cruz,
CA), hPCNA (Ab-1; Calbiochem-Novabiochem, Darmstadt,
Germany) and hMSH2 (Ab-2; Calbiochem-Novabiochem).
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Antibodies against E.coli MutY were raised in rabbits and
purified essentially as described previously (14). The α344 and
α516 hMYH peptide antibodies against residues 344–361
(FPRKASRKPPREESSATC) and residues 516–535 (CDNF-
FRSHISTDAHSLNSAA) of hMYH were raised in rabbits and
purified by peptide affinity chromatography as described (23).
Western blotting was detected with the Enhanced Chemilumi-
nescence (ECL) analysis system (Amersham International)
according to the manufacturer’s protocol.

Protein dephosphorylation

Human MYH protein in cell extracts was dephosphorylated
with shrimp alkaline phosphatase (SAP) (Boehringer
Manheim). Cell extracts (10 µg protein) were treated with 2 U
SAP at 25°C for 10 min, after which proteins were fractionated
by 10% SDS–PAGE followed by western blotting with the
affinity purified antibodies against E.coli MutY. In addition,
cell extracts (25 µg protein) were treated with 5 U SAP at 25°C
for 10 min while one-fifth of the treated sample (5 µg protein
from cell extracts) was used for hMYH binding and glyco-
sylase assays as described below.

Preparation of oligonucleotide substrates

The 19mer oligonucleotide substrates containing the normal
base or 8-oxoG were synthesized and purified as previously
described (24). The sequences were Chang-68, 5′-CCGAG-
GAATTAGCCTTCTG-3′, Chang-69, 5′-GCAGAAGGCGA-
ATTCCTCG-3′ and Chang-179, 5′-GCAGAAGGCOAATTCC-
TCG-3′, where O represents 8-oxoG and the mismatched bases
are underlined. Heteroduplexes containing A/G or A/8-oxoG
mismatches were constructed by annealing Chang-68 with
Chang-69 or Chang-179, respectively. One picomole of
annealed duplexes was labeled at the 3′-end of the upper ‘A’
strand as described by Lu et al. (25) and Lu (26). The resulting
DNA duplexes were 20 bp in length and were purified by
passing them through G-25 Quick-Spin columns (Boehringer
Mannheim, Mannheim, Germany).

Assay of hMYH glycosylase activity

The hMYH glycosylase reaction mixture (20 µl) contained
5 µg extract protein or 82 ng partially purified recombinant
hMYH, 1.8 fmol DNA substrate containing an A/8-oxoG
mismatch labeled at the 3′-end of the A-containing strand,
75 µg/ml BSA, 10 mM Tris–HCl, pH 7.4, 0.5 mM dithio-
threitol, 2.25 mM EDTA, 5 µM ZnCl2 and 1.45% glycerol. The
reactions were performed at 37°C for 1 h. Unless specified,
samples after reactions were lyophilized to dryness, resus-
pended in 3 µl of formamide dye (90% formamide, 10 mM
EDTA, 0.1% xylene cyanol and 0.1% bromophenol blue),
heated at 90°C for 3 min, loaded onto 14% polyacrylamide/
8.3 M urea sequencing gels and analyzed by autoradiography.

Assay of protein–DNA binding complexes

The reaction mixture for hMYH binding activity on the A/8-
oxoG-mismatched DNA substrate was similar to that for the
glycosylase assay, except that 20 mM NaCl and 1 µg/ml
poly(dI·dC) were added to the reactions. The reactions were
carried out at 37°C for 30 min and were supplemented with
1.5 µl of 50% glycerol. The protein–DNA complexes were
then resolved on an 8% polyacrylamide gel in 50 mM Tris–
borate buffer. The gel was dried and autoradiographed.

Large-scale binding reactions were performed with 40 µg
H2009 cell extract or 0.8 µg recombinant hMYH protein and
10 pmol A/8-oxoG-containing DNA substrate in a 50 µl reac-
tion according to the procedure described above, except that
2 µg/ml poly(dI·dC) was used. After electrophoresis the
complex was transferred to a nitrocellulose membrane and
subjected to western blotting analysis. Alternatively, the gel
slices containing the protein–DNA complexes were excised,
crushed and soaked in 0.5 ml of 50% phosphate-buffered
saline (PBS) solution with 1 mM dithiothreitol and 0.1 mM
PMSF overnight at 4°C. The gel pieces were removed with a
Spin-X centrifuge filter unit (Costar, Cambridge, MA) and
washed with 0.2 ml of 50% PBS solution twice. The filtrate
was lyophilized to dryness, dissolved in 28 µl of distilled water
and mixed with 7 µl of the 5-fold SDS loading dye. The sample
was boiled and fractionated by 10% SDS–PAGE followed by
western blotting analysis with the antibody against hMYH
peptide (α516).

UV cross-linking and immunoprecipitation

H2009 cell extracts (20 µg protein) were incubated with 18
fmol 3′-end-labeled DNA substrate containing an A/8-oxoG or
A/G mismatch in a 20 µl reaction according to the binding
assay as described above. After incubating at 37°C for 30 min
the reactions were irradiated with a Stratalink UV Crosslinker
1800 (Stratagene, La Jolla, CA) under 254 nm UV light bulbs
(8 W) with a distance of 5 cm from the bottom of the 1.5 ml
microcentrifuge tube to the UV light bulb. Samples were
supplemented with 5 µl of 5-fold SDS loading buffer, boiled
for 5 min and then resolved by 10% SDS–PAGE. For immuno-
precipitation, 40 µl of protein G–agarose (50% in slurry; Life
Technologies, Rockville, MD) was washed twice with 0.5 ml
of PBS buffer and incubated with affinity purified hMYH
peptide antibody α344 (1 µg/ml) or α516 (2 µg/ml) in 0.1 ml
of PBS buffer at 4°C for 2 h with gentle rocking. The beads
were blocked with 8% bovine serum albumin at room temper-
ature for 30 min followed by washing with 0.5 ml of PBS
buffer three times. The UV irradiated sample was added to the
pretreated protein G–agarose bound or not with antibodies and
incubated at 4°C for 2 h. The mixtures were washed twice with
800 µl of PBS buffer and the pellets collected after centrifuga-
tion at 2500 g for 5 min. SDS sample buffer (40 µl) was added
to the pellets, which were then resolved by 10% SDS–PAGE.
The gel was dried and autoradiographed.

RESULTS

Native hMYH and recombinant hMYH have different gel
mobilities

The 535 residue hMYH protein was expressed in E.coli and
partially purified as described in Materials and Methods. This
form (Type 1) of hMYH has been shown by Takao et al. to be
transported into the mitochondria (17,27), but has been shown
by Tsai-Wu et al. to be localized to the nuclei (18). The expres-
sion levels of recombinant hMYH from hMYH cDNA cloned
into the pET11a expression vector were not very high, which
was also observed by other laboratories with different expres-
sion systems or fusion protein constructs (17–19), probably
because its sequence contains many rare codons for E.coli or it
is insoluble and toxic to the bacteria. However, we were able to
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partially purify hMYH for characterization. The final hMYH
protein preparation was analyzed by 10% SDS–PAGE
followed by silver staining (Fig. 1A, lane 1) and by western
blotting with affinity purified antibodies against E.coli MutY
(Fig. 1A, lane 2) and against the hMYH peptide (α516) (Fig.
1A, lane 3). The partially purified hMYH preparation
contained other proteins with molecular masses in the range
30–45 kDa, however, a band migrating at ∼60 kDa reacted
with both of the antibodies against hMYH peptide (α516) and
E.coli MutY.

Native hMYH, with a molecular mass of ∼60 kDa, was
detected in both nuclear extracts of human HeLa cells and total
cell extracts of human H2009 cells by western blotting with
hMYH antibody (α516) (Fig. 1B, lanes 2 and 4, respectively).
The native form of hMYH migrated slightly slower than bacte-
rially expressed recombinant hMYH (Fig. 1B, compare lane 1
with lanes 2 and 4). We show that native hMYH might be
modified in human cells because the mobility of native hMYH
(Fig. 1B, lanes 2 and 4) shifted to the same position as recom-
binant hMYH after treatment with SAP (Fig. 1B, lanes 3 and
5).

Native hMYH and recombinant hMYH exhibit differential
adenine DNA glycosylase activities on A/G and A/8-oxoG
mismatches

To test whether recombinant hMYH expressed in E.coli is
active, we assayed its DNA glycosylase activity on A/G- or A/
8-oxoG-containing DNA substrates. As shown in Figure 2A,

recombinant hMYH has strong glycosylase activity on an A/8-
oxoG mismatch but very weak activity on an A/G mismatch
(Fig. 2A, compare lane 8 with lane 4). A weak A/G glycosylase
activity of recombinant hMYH was also observed in previous
reports (17,19). However, H2009 cell extracts exhibited
comparable DNA glycosylase activities on both A/G- and A/8-
oxoG-containing DNA substrates (Fig. 2A, lanes 3 and 7,
respectively), as did purified E.coli MutY protein (Fig. 2A,
lanes 2 and 6, respectively). This result is consistent with find-
ings observed for native MYH from human Jurkat cells (13)
and calf thymus (14).

Because bacterially expressed recombinant hMYH lacks the
proper protein modifications whereas native hMYH in human
cell extracts has these, protein modifications may contribute to
the substrate discrepancy between native hMYH and recom-
binant hMYH. To test whether phosphorylation of hMYH has
any effect on glycosylase activity, we assayed native hMYH
glycosylase activity after it had been treated with SAP. About
40% of A/G- and A/8-oxoG-containing DNA substrates were
cleaved by the untreated cell extracts (Fig. 2B, lanes 1, 3, 4 and
6), however, only 0.8 and 10% of A/G- and A/8-oxoG-
containing DNA, respectively, were cleaved by the SAP-
treated extracts (Fig. 2B, lanes 2 and 5). The extent of reduc-
tion in hMYH glycosylase activity on an A/G mismatch by
phosphatase treatment was greater than that on an A/8-oxoG
mismatch. In control reactions, E.coli MutY glycosylase
activity was not affected by SAP treatment (data not shown)
and the buffer used in the SAP treatment had no effect on
hMYH glycosylase activity (Fig. 2B, lanes 3 and 6). These
findings suggest that protein phosphorylation does affect
hMYH glycosylase activity.

Figure 1. (A) Partially purified recombinant hMYH from E.coli. The partially
purified recombinant hMYH (230 ng protein in 14 µl of Fraction V) was
analyzed by 10% SDS–PAGE followed by silver staining (lane 1) and by
western blotting with affinity purified antibodies against E.coli MutY (lane 2)
and against the hMYH peptide (α516) (lane 3). The arrow indicates the
position of the recombinant hMYH (rhMYH). (B) Native hMYH is
phosphorylated in human cell extracts. Human HeLa nuclear extracts (lanes 2
and 3) and NSCLC H2009 total cell extracts (lanes 4 and 5) (10 µg protein per
lane) were separated by SDS–PAGE and hMYH was detected by western blot-
ting with antibodies against E.coli MutY. Samples in lanes 3 and 5 were treated
with SAP. N indicates samples without SAP treatment and S indicates SAP-
treated samples. Lane 1, the partially purified recombinant hMYH expressed in
E.coli (14 µl of Fraction V). The arrow indicates the 62 kDa molecular mass
standard (New England Biolabs prestained markers).

Figure 2. (A) Glycosylase activities of native hMYH (H), recombinant hMYH
(R) and E.coli MutY (Y). DNA substrates containing A/G (lanes 1–4) or A/8-
oxoG (lanes 5–8) were incubated with their respective enzymes (as marked at
the top of each lane) at 37°C for 1 h. Reactions in lanes 3 and 7 contained 5 µg
H2009 cell extract protein, those in lanes 4 and 8 contained 82 ng of recom-
binant hMYH and those in lanes 2 and 6 contained 72 fmol purified MutY.
Lanes 1 and 5 were DNA substrates alone. (B) Dephosphorylation of native
hMYH reduced its glycosylase activity. Cell extracts of H2009 (5 µg protein)
were applied to the hMYH glycosylase assay with DNA substrates containing
an A/G (lanes 1–3) or A/8-oxoG (lanes 4–6) mismatch. Extracts used in lanes
1 and 4 were not treated with SAP, those used in lanes 2 and 5 were treated
with SAP and those in lanes 3 and 6 were incubated with SAP buffer without
SAP. All the DNA samples were fractionated on a 14% polyacrylamide/8.3 M
urea sequencing gel. Arrows mark the intact DNA substrate (I) and the nicked
product (N).
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Native hMYH and recombinant hMYH have differential
binding affinities for A/G and A/8-oxoG mismatches

Recombinant hMYH could form a protein–DNA complex with
the DNA substrate containing an A/8-oxoG mismatch (Fig. 3A,
lane 8), however, binding to an A/G mismatch substrate was
very weak (Fig. 3A, lane 4). This recombinant hMYH binding
specificity is similar to a previous report on recombinant
hMYH expressed in an in vitro transcription–translation
system (17).

As shown in Figure 3A, H2009 cell extracts could effec-
tively bind to DNA substrates containing A/G or A/8-oxoG
mismatches (lanes 3 and 7, respectively). Figure 3B further
demonstrates that the extent of binding of H2009 cell extracts
with substrates containing A/G or A/8-oxoG mismatches was
dependent upon the amount of cell extract. Moreover, Figure
3B demonstrates that hMYH in human cell extracts had similar

binding affinities for A/G and A/8-oxoG mismatches. There-
fore, native hMYH in human cell extracts has a differential
affinity for an A/G mismatch from recombinant hMYH.
Dephosphorylation of hMYH in cell extracts had no effect on
hMYH binding affinity for both A/G and A/8-oxoG
mismatches (data not shown) although it could affect hMYH
glycosylase activity (Fig. 2B). To our surprise, the protein–
DNA complex (H-DNA complex) formed by the cell extracts
(Fig. 3A, lane 7) migrated much slower than that formed by
recombinant hMYH and A/8-oxoG-containing DNA (R-DNA
complex) (Fig. 3A, lane 8).

Because recombinant hMYH is not pure and cell extracts
contain other mismatch-binding proteins, it is possible that the
R-DNA and H-DNA complexes may not be derived from
hMYH itself. Other repair enzymes, such as the hMSH2/
hMSH6 heterodimer, may bind to A/8-oxoG-containing DNA,
as do the yeast homologs (15). To determine whether hMYH is
present in the binding complexes with an A/8-oxoG-containing
DNA in lanes 7 and 8 of Figure 3A, gel slices were excised
from the lanes containing unlabeled DNA substrate (Fig. 4A,
lanes 2 and 4) by alignment with complex bands containing
labeled DNA substrates (Fig. 4A, lanes 1 and 3). Proteins were
eluted from the gel slices and resolved by 10% SDS–PAGE.
Western blotting with antibody against hMYH peptide (α516)
detected hMYH in the eluted samples (Fig. 4B, lanes 1 and 2).
Consistent with the result in Figure 1B, Figure 4B also shows
that recombinant hMYH (Fig. 4B, lane 2) migrated slightly
faster on SDS–PAGE than native hMYH (Fig. 4B, lane 1).
Thus, hMYH is present in both the R-DNA and H-DNA
complexes.

Figure 3. (A) DNA-binding activities of native hMYH (H), recombinant
hMYH (R) and E.coli MutY (Y). DNA substrates containing an A/G (lanes 1–4)
or A/8-oxoG (lanes 5–8) were incubated with the respective enzymes (as
marked at the top of each lane) and fractionated on non-denaturing gels. No
protein was added to the reactions in lanes 1 and 5. Lanes 2 and 6, reactions
performed with 72 fmol purified MutY; lanes 3 and 7, reactions with 5 µg
H2009 cell extract protein; lanes 4 and 8, reactions with 82 ng recombinant
hMYH (Fraction V). Arrows indicate the positions of the native hMYH–DNA
complex (H-DNA), recombinant hMYH–DNA complex (R-DNA), MutY–
DNA complex (Y-DNA) and free DNA substrate (F). (B) Binding affinities of
cell extracts on DNA substrates containing A/G and A/8-oxoG mismatches.
Different amounts of the cell extracts were incubated with 1.8 fmol DNA
substrates containing A/G (marked by squares and a dotted line) or A/8-oxoG
(marked by triangles and a solid line) mismatch in the binding assay. The
percentages of DNA bound were analyzed with a PhosphorImager and plotted
against the amount of added cell extract of H2009. Data were obtained from
three independent experiments.

Figure 4. hMYH is present in the protein–DNA complexes. (A) Gel retard-
ation assay. Lanes 1 and 3, DNA binding assay performed with H2009 cell
extracts or recombinant hMYH and 32P-labeled A/8-oxoG-containing DNA as
described in lanes 7 and 8 of Figure 3A, respectively. The large-scale binding
reactions were performed with 40 µg H2009 cell extract (lane 2) or 0.8 µg
recombinant hMYH (lane 4) and 10 pmol unlabeled A/8-oxoG-containing
DNA substrate in 50 µl reactions. Gel slices were excised from lanes 2 and 4
(boxed) by alignment with the complexes in lanes 1 and 3, presumably contain-
ing the H-DNA and R-DNA complexes, respectively. Arrows indicate the
positions of the free DNA substrate (F), native hMYH–DNA complex
(H-DNA) and recombinant hMYH–DNA complex (R-DNA). (B) Western
blotting analysis of eluted protein–DNA complexes. Protein–DNA complexes
were eluted from the gel pieces in lanes 2 and 4 of (A) and fractionated by 10%
SDS–PAGE followed by western blotting with antibody against hMYH
(α516). Lane 1 indicates native hMYH and lane 2 is recombinant hMYH.
Molecular mass standards (New England Biolabs prestained markers) were
run in a parallel lane. Arrows mark the positions of native hMYH and recom-
binant hMYH (rhMYH).
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hMYH is the major protein recognizing A/8-oxoG
mismatches in human cell extracts

Further experiments were designed to determine whether the
A/8-oxoG-containing DNA substrate was primarily bound by
hMYH. The complexes formed by extracts of H2009 cells and
a labeled 20 bp DNA substrate containing an A/8-oxoG
mismatch were cross-linked by UV irradiation and resolved by
10% SDS–PAGE. To evaluate the method, we analyzed puri-
fied E.coli MutY (∼39 kDa) with a 20 bp DNA substrate
containing an A/8-oxoG mismatch and detected one complex
with a size of 52 kDa after 5 min UV irradiation (data not
shown). No cross-linked product was detected with human cell
extracts and an A/8-oxoG-containing DNA when UV irradia-
tion was omitted (Fig. 5, lane 1), implying there was no protein
covalently bound to the DNA substrate under binding conditions.

The cross-linked protein–DNA complex could be detected
after 0.5 min UV irradiation and its amount increased as expo-
sure time to UV irradiation increased (Fig. 5A, lanes 2–7). The
major UV cross-linked protein–DNA product had a molecular
mass of ∼73 kDa, which is consistent with the sum of the
molecular masses of hMYH protein (∼60 kDa) and the double-
stranded 20 bp DNA (∼13 kDa). With a longer exposure time
to UV irradiation two minor complexes with molecular masses
of ∼75 and ∼60 kDa (>2 min UV, Fig. 5A, lanes 5–7) and
another complex with a molecular mass of ∼180 kDa (>40 min
UV, data not shown) were also detected. The formation of 32P-
labeled protein–DNA complexes could be titrated out by
adding a 100-fold excess of unlabeled DNA substrate
containing an A/8-oxoG mismatch (Fig. 5A, lane 8) and were
also abolished by proteinase K treatment (Fig. 5A, lane 9),
indicating that the cross-linked complexes were composed
of proteins and DNA. Similarly, native hMYH could be cross-
linked with A/G-containing DNA substrate by 5 min UV irra-
diation (Fig. 5A, lane 11).

To confirm that hMYH is indeed the major protein binding
to DNA substrates containing an A/8-oxoG mismatch the UV
cross-linked protein–DNA complexes were immunoprecipi-
tated by antibodies against human hMYH peptides (α344 or
α516). As shown in Figure 5B, the 73 kDa protein–DNA
complex could be immunoprecipitated by hMYH antibodies
α344 (Fig. 5B, lane 4) and α516 (Fig. 5B, lane 5). The 73 kDa
binding complex was not found in the immunoprecipitants
from reactions without either UV irradiation or added anti-
bodies (Fig. 5B, lanes 2 and 3, respectively). Taken together, our
results indicate that hMYH is not only present in the H-DNA
binding complex in Figure 3A (lane 7) but also is the primary
protein recognizing the 20 bp DNA substrate containing an
A/8-oxoG mismatch.

Determining putative hMYH-interacting proteins in the
protein–DNA binding complex

Two possibilities may explain the mobility differences
between the two complexes of A/8-oxoG-containing DNA
with native and recombinant hMYH. First, native hMYH from
cell extracts, but not recombinant hMYH from bacteria, may
be post-translationally modified. We have ruled out an effect
of phosphorylation because the complex of phosphatase-
treated native hMYH and DNA migrated to the same position
as the untreated protein (data not shown). The effects of other
types of modification require further testing.

Second, the H-DNA complex may be derived from hMYH
complexed with its associated protein(s). Recently we showed
that hMYH physically interacts with human AP endonuclease
I (hAPE1), proliferating cell nuclear antigen (PCNA) and
replication protein A (RPA) by co-immunoprecipitation and
affinity binding to glutathione S-transferase (GST)–hMYH
fusion protein (28). To investigate whether these hMYH-inter-
acting proteins are present in the H-DNA complex we
performed a gel shift assay with cell extracts and an A/8-oxoG-
containing DNA, transferred the complex to a nitrocellulose
membrane and then applied western blotting with antibodies
against hMYH (α516), hAPE1, PCNA and hMSH2 (Fig. 6,
lanes 2–5, respectively). A similar binding reaction with
labeled DNA substrates was run concurrently and an autoradi-
ogram is shown in lane 1 of Figure 6. The western blots and the
autoradiogram were aligned with Rainbow protein markers

Figure 5. hMYH is the primary protein recognizing A/8-oxoG and A/G mis-
matches in human cell extracts. (A) UV cross-linking of human H2009 cell
extracts with DNA containing A/8-oxoG (lanes 1–9) or A/G (lanes 10 and 11).
Lanes 1–7, time course of UV irradiation. Lane 1, the reaction sample with A/
8-oxoG-containing DNA was not UV irradiated. Lanes 2–7, samples were irra-
diated with UV light for 0.17, 0.5, 1, 2, 3 and 5 min, respectively. Lane 8, as
lane 7 but 100-fold unlabeled A/8-oxoG-containing DNA substrate was added.
Lane 9, as lane 7 but the sample was treated with 3 µg proteinase K for 10 min
at room temperature. Lane 10, the reaction sample with A/G-containing DNA
was not UV irradiated. Lane 11, the extract with A/G-containing DNA was
irradiated with UV light for 5 min. Lanes 10 and 11 are from a non-concurrent
experiment. The results are not intended to compare the intensity of hMYH
cross-links to A/G- and A/8-oxoG-containing DNA substrates. Molecular
mass standards (New England Biolabs prestained markers) were run in a
parallel lane. (B) Human MYH is cross-linked to the A/8-oxoG-containing
DNA. The UV cross-linked protein–DNA complexes were immunoprecipi-
tated by antibodies against hMYH peptides. Lane 1, the reaction sample was
irradiated with UV light for 5 min and was similar to lane 7 in (A) but without
the immunoprecipitation procedures. Lane 2, immunoprecipitate with α344
antibodies from an unirradiated sample. Lane 3, immunoprecipitate from a
5 min UV irradiated sample but with no antibody added. Lane 4, immuno-
precipitate with α344 antibodies from a 5 min UV irradiated sample. Lane 5,
immunoprecipitate with α516 antibodies from a 5 min UV irradiated sample.
The arrow marks the position of the major protein–DNA complex. Molecular
mass standards (New England Biolabs prestained markers) were run in a
parallel lane.
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(Amersham Pharmacia Biotech). As shown in Figure 6, hMYH
protein detected by western blotting (lane 2) co-migrated with
the H-DNA complex (lane 1) on a non-denaturing polyacryl-
amide gel. The majority of hAPE1 also co-migrated with the
H-DNA complex (Fig. 6, lane 3). Another weak hAPE1 band
that migrated faster than the H-DNA complex may be derived
from free hAPE1, hAPE1–DNA or hAPE1 complexed with
other proteins. However, PCNA and hMSH2 migrated faster or
slower, respectively, than did the H-DNA complex (Fig. 6,
lanes 4 and 5). Our results suggest that the H-DNA complex
contains hMYH and hAPE1 but not PCNA and hMSH2. Thus,
hAPE1 may interact directly with hMYH in the base excision
repair process and contribute to the slower migration of the
protein–DNA complex formed by human cell extracts.

DISCUSSION

In this paper we compare recombinant hMYH expressed in
E.coli with native hMYH. Our results on the Type 1 form (resi-
dues 1–535) of recombinant hMYH are consistent with
previous findings on this protein expressed in E.coli and by an
in vitro transcription–translation system (17–19). According to
Takao et al. (17) Type 1 hMYH is transported into the mito-
chondria, however, Tsai-Wu et al. (18) showed that Type 1 is
localized in the nuclei. We have identified A/G- and A/8-
oxoG-specific adenine glycosylase activities in human and calf
nuclear extracts (12,14) as well as in calf mitochondria (29).
Both nuclear extracts and total cell extracts contain one major
form of hMYH with a molecular mass of ∼60 kDa (Fig. 1B),
suggesting that the nuclear form of hMYH is dominant in
human cells. As shown in Figure 5A, in the cross-linking
experiments the 73 kDa hMYH–DNA complex is the major
form and its molecular mass is consistent with the sum of the
molecular masses of hMYH protein (∼60 kDa) and the double-
stranded 20 bp DNA (∼13 kDa).

Recombinant and native hMYH differ in several respects.
First, native hMYH protein in human cell extracts, but not
bacterially expressed hMYH, is phosphorylated. As shown in
Figures 1B and 4B, native hMYH migrated slightly slower
than recombinant hMYH on SDS–PAGE. Dephosphorylation
of hMYH protein from human cell extracts by phosphatases
shifted migration of native hMYH on SDS–PAGE to the same
position as recombinant hMYH (Fig. 1B). Consistent with this
result, we found that bacterially expressed hMYH could be
phosphorylated with [γ-32P]ATP in vitro by several protein
kinases (Y.Gu and A.Lu, unpublished data). Secondly, recom-
binant hMYH expressed in bacteria has much weaker glycosy-
lase and substrate-binding activities on an A/G mismatch than
does native hMYH. SAP-treated extracts had only 2 and 25%
of the hMYH glycosylase activity on A/G and A/8-oxoG
mismatches, respectively, of the untreated extracts. However,
dephosphorylation of native hMYH protein did not alter its
DNA-binding activity or gel mobility of the protein–DNA
complex. Therefore, protein phosphorylation may modulate
hMYH glycosylase activity and may, in part, account for the
preferential reduction in A/G glycosylase activity of bacterially
expressed hMYH. Recently Shinmura et al. (20) reported that
hMYH expressed in a baculovirus system had efficient binding
and glycosylase activities on an A/G-containing DNA at low
salt (1–50 mM) concentrations, the same low salt concentra-
tions as used in our hMYH assay reactions. This suggests that
hMYH expressed in the baculovirus system may be phosphory-
lated. When bacterially expressed hMYH was phosphorylated
by protein kinase C its binding and glycosylase activities were
not significantly enhanced (data not shown). This may be
because of the low efficiency of in vitro phosphorylation or
because protein kinase C is not the in vivo kinase of hMYH.

Thirdly, the protein–DNA complex of recombinant hMYH
migrates much faster than that of native hMYH in a non-dena-
turing polyacrylamide gel. We have ruled out an effect of
phosphorylation, but other types of modification are not
excluded. Our results also eliminate the possibility that the
protein–DNA complex (H-DNA complex) formed with cell
extracts may not be derived from hMYH itself. Figures 4 and 5
demonstrate that hMYH is indeed in the H-DNA complex. Our
data support the possibility that the H-DNA complex may
contain hMYH and its associated protein(s). Recently we
detected physical interactions of hMYH with hAPE1, PCNA
and RPA by co-immunoprecipitation and affinity binding to
GST–hMYH fusion protein (28). Our results suggest that the
H-DNA complex may contain hMYH and hAPE1 but not
PCNA and hMSH2. Parker et al. observed that the interaction
of PCNA and hMYH was weaker than that of hAPE1 and
hMYH (28). The weak interaction between PCNA and hMYH
may not be detected under the stringent conditions used in the
gel retardation assay. Another possibility is that the interaction
of PCNA and hMYH may be weakened in the presence of
mismatch-containing DNA.

hAPE1 cleaves the phosphodiester bond on the 3′-side of an
AP site to generate a 3′-OH group for DNA polymerases. The
presence of hMYH and hAPE1 in the H-DNA complex
suggests that upon removal of the mismatched adenines
hAPE1 may be recruited to the complex to carry out the next
step of DNA repair, so that the cytotoxic and mutagenic AP
sites can be completely processed. Our results are consistent
with a recent report by Yang et al. that hAPE1 can stimulate

Figure 6. Western blotting of proteins fractionated on a native gel. Lane 1 is
the DNA binding reaction with H2009 cell extract and labeled A/8-oxoG-
containing DNA and is from an autoradiogram. Samples in lanes 2–5 were
then transferred to a nitrocellulose membrane and subjected to western blotting
analyses using antibodies against hMYH (α516, lane 2), hAPE1 (lane 3),
PCNA (lane 4) and hMSH2 (lane 5). Arrows indicate the positions of the native
hMYH–DNA complex (H-DNA) and free DNA (F). The Rainbow protein
markers used to align the western blots with the autoradiogram are marked: M,
220 kDa myosin; P, 184 kDa phosphorylase; A, 66 kDa albumin; O, 45 kDa
ovalbumin; C, 30 kDa carbonic anhydrase; T, 20 kDa trypsin inhibitor.
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mouse MYH glycosylase activity by enhancing MYH–DNA
complex formation (30). However, Yang et al. did not observe
a MYH–APE1–DNA tertiary complex (30). It is possible that
the H-DNA complex may contain other proteins besides
hMYH and hAPE1. hAPE1 can also enhance activities of other
glycosylases, such as thymine-DNA and uracil-DNA glyco-
sylases (31–33). In contrast to hMYH, direct interactions of
hAPE1 with these glycosylases have not been demonstrated
and hAPE1 promotes the dissociation of these glycosylases
from AP sites.

This study also demonstrates, for the first time, that hMYH
is the major protein in human cell extracts recognizing A/G
and A/8-oxoG mismatches by UV cross-linking. In addition to
the major band formed by hMYH, some other minor bands
were observed at longer times of UV irradiation (Fig. 5A).
These complexes may be derived from different forms or
degraded products of hMYH as well as other proteins. Saccha-
romyces cerevisiae MSH2/MSH6 heterodimer (MutSα) has
been shown to bind to A/8-oxoG mismatches and to be
involved in repairing 8-oxoG damage (15). Human MSH6
(hMSH6) has also been shown to cross-link to T/G mismatches
upon UV irradiation (34). If the hMSH2/hMSH6 heterodimer
functions like the yeast homologs and can bind to an A/8-oxoG
mismatch, the UV cross-linked complex of MSH6 with a 20 bp
DNA would be expected to have a molecular mass of
∼175 kDa. After 40 min UV irradiation one complex with a
molecular mass of ∼180 kDa appears (data not shown),
presumably an hMSH6–DNA complex. Consistent with the
notion that hMutSα is not the major repair protein for A/8-
oxoG mismatches, hMSH2 is not found in the protein–DNA
complex on the non-denaturing polyacrylamide gel (Fig. 6). A
homolog of E.coli MutY in S.pombe (SpMYH) has been char-
acterized as an adenine DNA glycosylase (22). Schizosaccha-
romyces pombe SpMYH∆ strains have increased mutation rates
(D.Chang, Y.Gu and A.Lu, unpublished data). These results
provide supporting evidence that MutY homologs are the
major enzymes repairing A/8-oxoG mismatches in S.pombe.
However, our conclusion does not minimize the importance of
MSH2/MSH6-dependent repair in S.cerevisiae, because
S.cerevisiae does not contain a MutY-like protein. Rather, our
finding that hMYH is the key protein recognizing and
repairing A/8-oxoG mismatches in human cell extracts empha-
sizes the biological significance of hMYH in defending against
the mutagenic effects of 8-oxo lesions.
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