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ABSTRACT

Adenine-DNA glycosylase MutY of Escherichia coli
catalyzes the cleavage of adenine when mismatched
with 7,8-dihydro-8-oxoguanine (GO), an oxidatively
damaged base. The biological outcome is the
prevention of C/G—A/T transversions. The molecular
mechanism of base excision repair (BER) of A/GO in
mammals is not well understood. In this study we
report stimulation of mammalian adenine-DNA glyco-
sylase activity by apurinic/apyrimidinic (AP) endo-
nuclease using murine homolog of MutY (Myh) and
human AP endonuclease (Ape1l), which shares 94%
amino acid identity with its murine homolog Apex.
After removal of adenine by the Myh glycosylase
activity, intact AP DNA remains due to lack of an effi-
cient Myh AP lyase activity. The study of wild-type
Apeil and its catalytic mutant H309N demonstrates
that Ape1 catalytic activity is required for formation of
cleaved AP DNA. It also appears that Ape1 stimulates
Myh glycosylase activity by increasing formation of the
Myh-DNA complex. This stimulation is independent of
the catalytic activity of Apel. Consequently, Ape1
preserves the Myh preference for A/GO over A/G and
improves overall glycosylase efficiency. Our study
suggests that protein—protein interactions may
occur in vivo to achieve efficient BER of A/GO.

INTRODUCTION

7,8-Dihydro-8-oxoguanine (GO) is a common oxidative DNA
lesion generated by direct modification via reactive oxygen
species or by incorporation of d(GO)TP during DNA synthesis.
GO lesions are mutagenic and can mispair with adenine during
DNA replication (1-3). If the resulting A/GO is not repaired
before the next round of DNA replication, a C/G—A/T trans-
version occurs and the opportunity for repair is lost. Defects in
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the A/GO repair system of Escherichia coli lead to a mutator
phenotype (4,5).

In E.coli A/GO is repaired via base excision repair (BER),
which is initiated by the DNA repair enzyme adenine-DNA
glycosylase (MutY). MutY catalyzes hydrolysis of the N-
glycosylic bond of the mispaired adenine base, generating an
apurinic/apyrimidinic (AP) site opposite the GO base (AP/GO)
(6). Subsequent steps to repair the AP site generated by MutY
are initiated by another BER enzyme, AP endonuclease (7-9).
AP endonuclease cleaves the sugar—phosphate backbone at the
AP site yielding a 5’-deoxyribose 5-phosphate and a 3'-
hydroxyl nucleotide residue. This abnormal 5’-abasic residue
is later removed and the gap is repaired by other components,
recreating the original state of the DNA and completing BER
for A/GO. In E.coli the two major AP endonucleases, endo-
nuclease IV (10,11) and exonuclease III (12,13), belong to two
different conserved families.

In vitro biochemical studies have demonstrated that the puri-
fied MutY protein can cleave undamaged adenine from both
A/GO and A/G mispairs (6,14,15). However, each shows
distinctly different glycosylase kinetics (16-18). With A/GO
substrate MutY causes an initial burst of product formation
followed by very slow turnover. In contrast, with A/G
substrate MutY lacks the initial burst of product formation and
displays a more rapid turnover. In the case of A/GO the slow
turnover that MutY exhibits is due to enhanced binding to GO-
containing DNA, which dramatically slows down release of
the product AP/GO. Physiologically, this tight binding may
prevent events that would otherwise lead to the loss of genetic
information on both DNA strands. The distinct glycosylase
kinetics and binding properties of E.coli MutY for A/GO-
versus A/G-containing substrates provide some biochemical
evidence to suggest that A/GO is its biologically relevant
substrate. This is also consistent with genetic studies (4). The
39 kDa adenine-DNA glycosylase MutY contains two func-
tional domains, an N-terminal catalytic domain p26 and C-
terminal domain p13, which can be separated by controlled
trypsin proteolysis (19). Studies of p26 domain crystal struc-
tures demonstrated that the mechanism for adenine removal is
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via nucleotide flipping (20). The C-terminal domain, p13, is
responsible for the distinct glycosylase kinetics and binding
properties for A/GO- versus A/G-containing substrates
(17,18).

MutY also possesses a residual uncoupled and controversial
AP lyase activity (21-24), which results in strand breaks 3’ to
the AP site, leaving a 3’-terminal unsaturated sugar derivative.
Recent studies by Williams and David (23), using a quantitative
glycosylase/lyase assay, have shown that the AP lyase activity
of MutY is ~10-fold less than its adenine glycosylase activity
(23). These levels are similar to the known monofunctional
enzyme uracil-DNA glycosylase (23), giving further support
for the monofunctional nature of MutY. However, it was also
shown that, unlike the monofunctional uracil-DNA glycosylase,
MutY is capable of forming a Schiff base intermediate, which
is characteristic of DNA glycosylases catalyzing a concomitant
B-lyase reaction (22-25).

MutY homologs have been identified in Schizosaccharo-
myces pombe (SpMYH) and human (hMYH) (26-31),
suggesting that BER is also involved in the repair of A/GO
lesions in higher eukaryotic organisms. In humans an AP endo-
nuclease-mediated repair process presumably completes BER
of A/GO lesions. AP endonuclease, a homolog of E.coli
exonuclease III, has been identified in bovine, murine and
human cells (7). The crystal structure of the major human AP
endonuclease, Apel (also called HAP1, APEX and REF1),
reveals the mechanism for recognition and cleavage of AP
DNA by the 35 kDa monomeric protein (32,33). Two alterna-
tive repair pathways have been demonstrated in an in vitro
reconstituted system for the repair of AP lesions using human
repair enzymes (34). The first pathway is DNA polymerase
B-dependent and involves Apel, DNA polymerase B and either
DNA ligase I (35) or DNA ligase III (36). The second pathway
is proliferating cell nuclear antigen (PCNA)-dependent (37,38)
and involves Apel, replication factor C, PCNA, DNA
polymerase d or €, flap endonuclease and DNA ligase L. It is
not clear which AP repair pathway is involved in BER of A/
GO. Recently coupling between Apel and DNA-N-glyco-
sylases in repair systems has been studied in vitro using human
thymine-DNA glycosylase and human uracil-DNA glyco-
sylase (39,40). In the case of both enzymes it was shown that
Apel stimulates the glycosylase activity and proposed that it
cleaves the AP site after displacement of the glycosylase. So
far the effect of AP endonuclease on the adenine-DNA glyco-
sylase has not been studied.

Our efforts to elucidate the role of adenine-DNA glycosylase
in carcinogenesis have been two-fold: creating an animal
knockout model and characterization of the molecular mecha-
nism of the A/GO repair process. As a first step towards in
vitro reconstitution of the mammalian A/GO repair process we
looked for a functional interaction between murine adenine-
DNA glycosylase (Myh) and AP endonuclease, which is likely
the next step in BER of an A/GO lesion. We utilized Apel in
this study due to its close homology to the murine homolog
Apex (94% amino acid identity; 41) and previous characteriza-
tion of both wild-type and mutant proteins (42). We demon-
strate that Apel not only cleaves the AP DNA generated by
Myh, but also stimulates Myh glycosylase activity by
enhancing formation of Myh—-DNA complexes. As a conse-
quence of their individual enzyme attributes, Myh and Apel in
concert preserve the substrate preference for A/GO and

improve the efficiency of the glycosylase activity. Our data
suggest that an interaction between the glycosylase and AP
endonuclease may occur in vivo to facilitate mammalian BER
of A/GO.

MATERIALS AND METHODS

Identification and cloning of Myh

The hMYH cDNA sequence (27) was used to search the NCBI
non-redundant database. Two murine cDNA sequences (acces-
sion nos AA409964 and AA409965) with substantial sequence
homology to the hMYH gene were identified. Primers made
from these two sequences were used to amplify the Myh cDNA
sequence by PCR from a murine liver cDNA library (Strata-
gene, La Jolla, CA). The PCR products were cloned using a
TOPO TA cloning kit (Invitrogen, Carlsbad, CA) and
sequenced using a Sequitherm Cycle Sequencing Kit
(Epicentre Technologies, Madison, WI). The 5’-end of the Myh
sequence was amplified by rapid amplification of cDNA ends
(5’-RACE) using Marathon Ready cDNA libraries from liver
and testis (Clontech, Palo Alto, CA). The PCR products were
then cloned using a TOPO TA cloning kit (Invitrogen) and
sequenced using a Sequitherm Cycle Sequencing Kit
(Epicentre Technologies). The above experiments were
performed according to the manufacturers’ protocols.

Generation of rabbit polyclonal antibodies to Myh

A truncated Myh protein (Ser104—Pro316) was subcloned
between BamHI and Sall sites of pQE30 (Qiagen, Chatsworth,
CA) for the purpose of generating antibodies against Myh.
This truncated protein was expressed as inclusion bodies
following isopropyl PB-D-thiogalactoside (IPTG) induction,
purified (43) and then dissolved by boiling in phosphate-
buffered saline (PBS) containing 0.1% SDS for 5 min. The
dissolved truncated protein was used to generate rabbit poly-
clonal antibodies (Covance, Denver, PA).

To prepare the polyclonal antibody for western blot analysis,
the antibody (1 pl) was first incubated on ice for 1 h with
50mg E.coli CC104mutY acetone powder in 5 ml TTBS
(20 mM Tris—HCI, pH 7.6, 137 mM NaCl and 0.1% Tween
20). This was followed by centrifugation at 4°C for 30 min to
obtain a clear suspension. Usually a 1:10 000 dilution of the
antibody was used in the western blots.

Expression in E.coli and purification of Myh and Apel

The Myh cDNA, lacking the first 28 N-terminal amino acids,
was subcloned into the pQE30 vector (Qiagen) at the BamHI
site. Transformants of E.coli CC104mutY/pREP4 with
pQE30Myh were grown at 37°C in 100 ml of LB medium with
200 pg/ml ampicillin and 25 pg/ml kanamycin. When growth
reached an Agj, of 0.5, the 100 ml cell culture was used to
inoculate 2 1 of LB medium with 200 pg/ml ampicillin, 25 pg/
ml kanamycin and 10 uM IPTG. This culture was harvested
after overnight growth. The bacterial lysate was prepared in a
French press (16 000 p.s.i.) in buffer I (20 mM potassium
phosphate, pH 7.6, 10% glycerol and 0.5 mM PMSF). After
centrifugation the clear lysate was poured onto an SP Sepha-
rose column. The column was washed with 0.1 M KCI in
buffer I and was eluted with 0.5 M KCl in buffer I. The peak
Myh-containing fractions, as determined by western blot, were



combined. The KCI concentration was adjusted to 0.3 M by
addition of buffer I. This was poured onto a Ni**~NTA column.
The column was washed with buffer I plus 0.3 M KCI and
10 mM imidazole and then eluted with buffer I plus 0.3 M KCl
with 0.2 M imidazole. The fractions were analyzed by western
blot and peak fractions containing Myh were combined and
dialyzed overnight in buffer II (50 mM Tris—HCI, pH 7.6,
30 mM KCI, 1 mM EDTA, 1 mM DTT and 50% glycerol). A
clear protein sample was obtained after centrifugation of the
dialyzed sample and stored at —80°C in small aliquots. The
protein concentration was determined to be 0.887 mg/ml by
Bio-Rad Protein Assay (Bio-Rad, Hercules, CA).

The APE] open reading frame (ORF) was PCR amplified with
Pfu polymerase using plasmid pCW26 (44) as template. APE]
was subcloned into pET28b (Novagen, Madison, WI) behind the
sequence for the hexa-histidine tag using BamHI and Xhol sites
at the 5’- and 3’-ends of the ORF, respectively, to generate
pET28b-APE]. The construct was verified by DNA sequencing.
To purify histidine-tagged Apel protein, overnight cultures of
E.coli BL21(DE3) harboring vector pET28b-APE] were used to
inoculate 2 1 of LB supplemented with 30 ug/ml kanamycin.
Protein expression was induced by addition of IPTG to 400 uM
during mid log phase, followed by incubation for 3 h at 37°C.
The cell pellet was washed once with PBS and then resuspended
in 40 ml of buffer A (50 mM HEPES-KOH, pH 7.5, 0.5 M KCl,
10% glycerol, 0.1 mM EDTA, 0.1 mM DTT and 1 mM imida-
zole) which contained 1 mM PMSF, 2 pug/ml aprotinin, 2 pg/ml
leupeptin and 1 pg/ml pepstatin A. Cells were lysed by two
passages through a French press cell. After clarification by
centrifugation at 30 000 g for 30 min the supernatant was loaded
onto a 10 ml Ni*>~NTA column (Qiagen) and washed with 10
column volumes each of buffer A supplemented with 1 and
20 mM imidazole. Proteins were eluted with a linear gradient of
20-100 mM imidazole. Peak fractions were pooled, dialyzed
against buffer B (50 mM HEPES-KOH, pH 7.5, 100 mM KClI,
10% glycerol, 1 mM EDTA and 0.1 mM DTT) and loaded onto
a Mono-S HR 5/5 column (Pharmacia, Piscataway, NJ). After
washing with 10 column volumes of buffer B the proteins were
eluted with a linear gradient of 100-250 mM KCI. Peak
fractions were pooled and dialyzed against buffer B for storage
at —80°C. Apel, at a final concentration of 0.5 mg/ml as deter-
mined by Bio-Rad Protein Assay, was purified to >94% homo-
geneity.

Escherichia coli MutY was purchased from Trevigen
(Gaithersburg, MD). Apel mutant H309N was purified in its
native form as described by Masuda et al. (42).

Glycosylase activity assay

Double-stranded DNA substrates (96mer) containing A/GO,
A/G or T/GO mispairs at position 60 were prepared in an
annealing buffer containing 70 mM Tris—HCI (pH 7.6) and
10 mM MgCl,, as described previously (45). The A-containing
strand was 5’-32P-end-labeled.

The glycosylase activity assay was carried out essentially as
described previously (6) except that EDTA was omitted from
the reaction buffer. The standard reaction mixture contained
20 mM Tris—HCI (pH 7.6), 50 pg/ml bovine serum albumin
(BSA), 1 ul of 3?P-labeled 96mer double-stranded DNA
substrate (final concentration 0.2 nM unless otherwise noted),
and 2 pl of purified recombinant Myh in a total volume of
20 pl. In the reactions with no Myh, 2 ul of buffer was added.
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The glycosylase activity assay was carried out at 37°C over the
indicated durations. Unless otherwise stated, the reaction
products were then treated with 4 pl of 1 N NaOH and heated
at 90°C for 4 min to completely convert the AP/GO (apurinic
site opposite GO) product to cleaved product prior to electro-
phoresis. The reaction products were mixed with 8 ul of
loading buffer (95% formamide, 20 mM EDTA, 0.05%
bromophenol blue and 0.05% xylene cyanol FF), heated at
94°C for 1 min and finally analyzed on a denaturing 15% poly-
acrylamide gel. Gels were dried and visualized by a Phos-
phorlmager 445 SI (Sunnyville, CA), and quantified by
Molecular Dynamics ImageQuaNT v. 4.2a. The percent
cleaved product was determined by dividing the intensity of
the cleaved product band by the total intensity. Total intensity
is the sum of the intensities of the intact band and the cleaved
product band minus the background intensity (obtained from
blank areas of identical size).

The experiments with Apel protein, its catalytic mutant
H309N and BSA (New England Biolabs, Beverly, MA) were
done under the conditions described above but with an addi-
tional 40 mM NaCl. An aliquot of 2 ul of Apel, H309N or
BSA of the desired concentration was added to the reaction
mixture to a final volume of 20 pl. In the reactions with no
Apel, H309N or BSA, 2 pl of buffer was added instead.

In time course experiments 20 pl samples were taken at the
times indicated in the figure legends. The reaction was stopped
either by addition of loading buffer and cooling to 4°C or by
addition of 4 pl of 1 N NaOH and incubation at 90°C for 4 min
followed by addition of loading buffer. Heating and gel
running conditions were the same as for other glycosylase
reactions.

Electrophoretic mobility shift assay (EMSA)

The Myh-DNA complex was studied using EMSA. The glyco-
sylase reaction mixture was split into two aliquots at the begin-
ning of the reaction. After the glycosylase reaction, one aliquot
was used for EMSA and the other for glycosylase analysis (as
described above). The EMSA samples were immediately run
on an 8% native polyacrylamide gel at 100 V (14 V/cm) until
the first dye front reached the bottom. The 8% gel was equili-
brated at 37°C and run for 5 min prior to loading of the
samples. The EMSA gel was dried, visualized and quantified
with a PhosphorImager using the same procedure as described
above.

To generate a product of free cleaved AP/GO (cAP/GO),
0.5 nM Myh was incubated with 0.2 nM A/GO substrate in the
presence of 50 nM Apel at 37°C for 30 min. The free cAP/GO
DNA could then be converted to a Myh—cAP/GO bound form
by adding increasing amounts of Myh and incubating the reac-
tion at 37°C for an additional 15 min. The reaction mixture was
then analyzed on an 8% native polyacrylamide gel equilibrated
at 37°C.

RESULTS
Cloning and purification of the murine MutY homolog Myh

The composite PCR sequence contains an ORF coding for a
murine homolog of adenine-DNA glycosylase (type 2) (29). It
has the alternative N-terminal sequence that begins with a
second methionine residue (Fig. 1). We designated it Myh
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Figure 1. Alignment of Myh protein with its homologs, h(MYH, SpMYH and E.coli MutY. Adenine-DNA glycosylase sequences (protein symbol and GenBank
accession no. in parentheses): Myh of Mus musculus (mMYH, AY007717); hMYH of Homo sapiens ((MYH, U63329); SpMYH of S.pombe (SpMYH,
AF053340); MutY of E.coli (EcMutY, P17802). The conserved amino acid residues among these four proteins are shaded gray. The strictly conserved amino acid
residues among these four proteins are shaded black. The conserved motifs (20) are indicated. The four Cys residues for binding of the [4Fe-4S] cluster are marked
with asterisks. The strictly conserved Asp residue, which is critical for catalytic activity, is marked with a dot. The putative PCNA binding sequence (QxxLxxFF;
46) is boxed. The amino acid residue Ser29 is marked with a triangle and marks the beginning of the recombinant Myh (see text).

(type 2). The putative Myh shares 78% amino acid identity and
86% similarity with hMYH, as determined by BestFit (46).
Both Myh and hMYH contain a putative PCNA-binding

A B

kDa M 1 2 3 4

sequence (QxxLxxFF; 47) (Fig. 1). 101 101
We expressed the recombinant Myh starting at Ser29 (Fig. L] 7
1). This eliminates four rare Arg codons (AGA and AGG, 0. B8 5 g - Myh
coding for Arg9, Arg20, Arg2l and Arg22), which in turn L
facilitates better expression of the recombinant protein. Low 147 =
expression levels of hMYH, which contains several rare 2'4 .7
arginine codons, were encountered previously (28). The hexa- ’ 284
histidine-tagged recombinant Myh, expressed in E.coli mutY, 20 38— - TN == 208

was purified by SP Sepharose and Ni%*-NTA chromatographic
separation (Fig. 2). The recombinant Myh was purified to near
homogeneity with an estimated molecular weight in close
agreement with the predicted size of 56 kDa. The purified frac-
tion also contained ~10% proteolytic degraded fragments of
~40 kDa. The yellow color in the Myh-containing fraction
(data not shown) was consistent with the presence of a
[4Fe-4S] cluster in the protein.

Apel cleavage of AP DNA generated by Myh

Before we investigated Apel cleavage of AP sites generated
by Myh, we first needed to determine whether Myh possessed
an AP lyase activity of its own. The procedure was similar to
that reported for E.coli MutY (23). Figure 3 shows that in the
presence of a saturating concentration of Myh, ~80% of A/GO

Figure 2. Expression and purification of Myh protein. The 10% SDS—poly-
acrylamide gel contains the following samples: lysate of CC104mutY/pREP4
cells containing pQE30 (lane 1) or pQE30/Myh (lane 2) after induction of Myh
protein expression by IPTG; fraction eluted from an SP Sepharose column in
the presence of 0.5 M KClI (lane 3); Myh protein eluted from a Ni**—NTA col-
umn in the presence of 0.2 M imidazole (lane 4). The gel was visualized by
Coomassie blue staining (A) and by western blot using polyclonal anti-Myh
antibody (B). Myh protein is indicated on the right. Lane M contains molecular
mass standards (Bio-Rad) as indicated on the left.

substrate was converted to glycosylase product within the first
5 min of the reaction. This was measured by the amount of
cleaved product (cAP/GO) in alkaline-treated samples. In
contrast, without alkaline treatment <10% of the substrate was



Nucleic Acids Research, 2001, Vol. 29, No. 3 747

A Ssubstrate (0.2 nM) *AIGO B =°
Myh (5 nM) L L. T S T ST S S S S Y E,... -—
NaOH . T T T S i =2
Time (min) 0051 6510 15304560 0 05 1 5 10 15 30 4560 = M
R
LACL G - - - - t
£ a0 | —
T m
Cleaved product- . ﬁﬂ‘“"dd‘ g,

0 ERE

Time {min}

Figure 3. Lack of efficient Myh AP lyase activity. The glycosylase reaction was carried out at 37°C with 0.2 nM A/GO substrate and 5 nM Myh. Samples were
taken at different time points as indicated, with or without alkaline treatment, and were analyzed on a 15% denaturing polyacrylamide gel. (A) Phosphoimage of
the reaction. The intact 96mer DNA (Intact) and cleaved 60mer product (Cleaved product) are indicated on the left. An asterisk indicates the 5’-end-labeled strand.

(B) Plot of the fraction cleaved versus time.
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Figure 4. Cleavage of AP DNA by Apel and its catalytic mutant H309N. The
glycosylase reactions were carried out at 37°C for 30 min with 0.2 nM A/GO
substrate, 5 nM Myh and increasing amounts of Apel as indicated. Then each
reaction mixture, without alkaline treatment, was analyzed on a 15% denatur-
ing polyacrylamide gel. A plot of the fraction cleaved by wild-type Apel or
catalytic mutant H309N versus concentration of Apel protein is shown.

converted to cAP/GO, with no significant increase over
60 min. These results suggest that Myh lacks efficient AP
lyase activity, resulting in the majority of the product
remaining in the intact (uncleaved) AP/GO form. Similar
results were obtained with the A/G substrate (data not shown).

We next addressed whether Apel can cleave Myh-generated
AP sites. To determine if the catalytic activity of Apel is
responsible, the catalytic mutant H309N was also used (42).
The H309N protein has ~10* of the wild-type catalytic
activity, but is still capable of binding to AP DNA (data not
shown; 42). The reactions in Figure 4 were performed with a
saturating concentration of Myh with A/GO substrate and in
the absence of alkaline treatment. They show that the combina-
tion Myh/Apel produced cAP/GO, whereas Myh/H309N was
unable to produce the cleaved product. Therefore, Apel can
cleave AP/GO generated by Myh and its catalytic function is
likely the mechanism of cleavage rather than stimulation of
potential Myh AP lyase activity.

Apel stimulation of Myh glycosylase activity

Since substrate preference has been seen with E.coli MutY and
other MutY homologs, we wanted to see if it was also present in
the Myh/Apel system. First, substrate preference with Myh
alone was determined by analysis of glycosylase product forma-
tion with both A/GO and A/G substrates (Fig. 5A). Samples
were treated with alkaline solution to completely cleave the AP

A B
3=
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g8
QoT
]
P
]
= pz4
g
o=
)
o
[Myh] (nM)
B g 80 [—e—*A/GO+Apel
3% ——*A/GO-Ape1
<k} —a—*A/G+Apel _*
a g 60 {—e—*A/G-Apel
3
zE
ox 40
°Q
=
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55 2]
o=
(0]
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0 025 05 075 1
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Figure 5. Substrate preference of Myh and Myh/Apel. Substrate DNA
(0.2 nM) was incubated with Myh alone or Myh/Apel at a constant molar ratio
of 1:100. The glycosylase reaction was carried out at 37°C for 30 min. Then
each reaction mixture, with alkaline treatment, was analyzed on a 15% dena-
turing polyacrylamide gel. An asterisk indicates the 5’-end-labeled strand.
(A) Plot of the fraction of glycosylase product versus Myh. Each individual
point is represented with error bars as an average of data from two to four
experiments. (B) Plot of the fraction of glycosylase product versus Myh/Apel
(only Myh concentrations are indicated; Apel concentrations can be calculated
based on a constant 1:100 molar ratio).

products prior to electrophoresis. Approximately 3 nM Myh was
required to achieve maximum cleavage of the A/GO substrate.
We consistently observed higher adenine glycosylase activity on
the A/GO substrate than on the A/G substrate over the Myh
concentration range tested. We concluded that Myh alone
showed a preference for A/GO over A/G.

The substrate preference of Myh/Apel for A/GO and A/G
was then determined and compared with the substrate prefer-
ence observed for Myh alone (Fig. 5B). The total amounts of
glycosylase product after alkaline treatment were analyzed
with increasing amounts of Myh alone or Myh/Apel, where
the latter was maintained at a constant molar ratio of 1:100. In
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Figure 6. Glycosylase stimulation by Apel and H309N. The glycosylase reac-
tions were carried out at 37°C for 30 min with 0.2 nM A/GO substrate and
increasing concentrations of Myh in the presence of 50 nM wild-type Apel (wt
Apel), 50 nM catalytic mutant H309N (H309N mutant), 50 nM BSA or buffer.
Then each reaction mixture, with alkaline treatment, was analyzed on a 15%
denaturing polyacrylamide gel. A plot of the fraction of glycosylase product
versus [Myh] is shown.

the range 0—1 nM Myh we observed that Apel significantly
stimulated glycosylase activity on the A/GO substrate. This
stimulation was less significant with the A/G substrate. The
preference for A/GO over A/G with Myh/Apel was ~10:1 and
was similar to the preference seen with Myh alone. Overall,
Apel maintains the Myh substrate preference while stimu-
lating glycosylase activity.

In order to determine whether the catalytic activity of Apel
is required for glycosylase stimulation, the catalytic mutant
H309N was tested (Fig. 6). Myh alone, Myh/50 nM Apel or
Myh/50 nM H309N were incubated with A/GO substrate in the
range 0-0.625 nM Myh. The total amount of glycosylase
product was analyzed after alkaline treatment. Myh/50 nM
BSA was also included as a non-specific protein control.
Increased glycosylase product was seen for both Myh/Apel
and Myh/H309N over Myh alone and both showed a greater
increase than that seen with Myh/BSA. At 0.5 nM Myh an
increase in cleavage of 40-45% was observed with Myh/Apel
and Myh/H309N, compared with only 5% seen with Myh/
BSA. The fact that the Apel catalytic mutant H309N retains
the ability to stimulate Myh glycosylase activity on the A/GO
substrate suggests that protein—protein interaction between
Myh and Apel may be the mechanism of stimulation. This
concept will be discussed later in this paper. The stimulation of
Myh glycosylase activity by increasing concentrations of Apel
is shown in Figure 7. The highest concentration of Apel
resulted in a product level similar to that produced by Myh
alone at a 10-fold higher concentration (Fig. 7, lanes 3 and 9).

Kinetics of A/GO cleavage in the presence of Myh/Apel

Accumulation of both glycosylase product and cleaved product
was monitored simultaneously over the course of 60 min reac-
tions containing Myh, Myh/Apel or Myh/H309N with A/GO
substrate (Fig. 8). Figure 8 A shows accumulation of glycosy-
lase product (AP/GO). At 0.5 nM Myh generated only 16%
AP/GO within the first 10 min and this level was maintained
over the course of the 60 min reaction. However, 0.5 nM Myh/
5 nM Apel and 0.5 nM Myh/5 nM H309N generated 55 and
42% AP/GO, respectively, within the first 10 min and also
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Figure 7. Effect of Apel concentration on glycosylase stimulation. The glyco-
sylase reactions were carried out at 37°C for 30 min with 0.2 nM A/GO and
0.5 nM Myh in the presence of increasing amounts of Apel. 5 nM Myh is also
included. Then each reaction mixture, with alkaline treatment, was analyzed
on a 15% denaturing polyacrylamide gel. The intact 96mer DNA (Intact) and
cleaved 60mer product (Cleaved product) are indicated on the left. An asterisk
indicates the 5’-end-labeled strand.
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Figure 8. Accumulation of the glycosylase product AP/GO (A) and the
cleaved product cAP/GO (B) over time. The glycosylase reactions were carried
out at 37°C with 0.2 nM A/GO substrate and 0.5 nM Myh in the presence of
5 nM wild-type Apel (wt Apel), 5 nM catalytic mutant (H309N mutant) or
buffer. Samples were taken at different time points as indicated, with or with-
out alkaline treatment, and were analyzed on a 15% denaturing polyacrylamide
gel. (A) Plot of the fraction of glycosylase product AP/GO versus time. Indi-
vidual points represented with error bars are the average from two experi-
ments. (B) Plot of the fraction of cleaved product cAP/GO versus time.

maintained this level over the course of the 60 min reaction.
Figure 8B shows accumulation of the cleaved product (cAP/
GO). cAP/GO, which is only seen with Myh/Apel, gradually
accumulated over the course of the 60 min reaction. The
kinetics of Myh alone (Fig. 8A) are similar to those shown for
E.coli MutY (16) and are due to tight binding of Myh to its
glycosylase product AP/GO (17,18). The stimulation of glyco-
sylase activity with Myh/Apel and Myh/H309N takes place at
the beginning of the reaction, providing a significant amount of
AP/GO product. Therefore, it seems that the rate limiting step
in the formation of cAP/GO could be either release of the AP/
GO product by Myh or the endonuclease activity of Apel, but
not the glycosylase activity of Myh.

Protein—-DNA complexes in the presence of Myh/Apel

We looked at protein-DNA interactions using EMSA to help
explain the stimulation of glycosylase activity with the Myh/
Apel system. The reactions were carried out at 37°C for 10
min with 0.5 nM Myh alone, 0.5 nM Myh/50 nM Apel, 0.5 1M
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Figure 9. Stimulation of Myh-DNA complex formation by Apel and H309N.
The glycosylase reactions were carried out at 37°C for 10 min with 0.2 nM A/GO
substrate and 0.5 nM Myh in the presence of 50 nM wild-type Apel (wt Apel),
50 nM catalytic mutant H309N (H309N mutant), 50 nM BSA or buffer. One
aliquot of each reaction was directly analyzed by EMSA on an 8% native poly-
acrylamide gel. The other aliquot, with alkaline treatment, was analyzed on a
15% denaturing polyacrylamide gel. An asterisk indicates the 5’-end-labeled
strand. (A) Phosphoimage of Myh—DNA complexes. The observed bands a
and b are marked on the right. The bound and free DNA forms are indicated on
the left. (B) Phosphoimage of accumulation of glycosylase product. The intact
96mer DNA (Intact) and cleaved 60mer product (Cleaved product) are indicated
on the left.

Myh/50 nM H309N or 0.5 nM Myh/50 nM BSA. Formation of
protein—-DNA complexes was analyzed (Fig. 9A). Simultane-
ously, the glycosylase reaction products were monitored
(Fig. 9B). While no protein—-DNA complexes were observed in
the reactions containing only Apel or H309N (Fig. 9A, lanes
2-4), increased amounts of the Myh—-DNA complex were
observed in the Myh/Apel and Myh/H309N reactions when
compared to Myh alone (Fig. 9A, lanes 5-7). These increases
correlated with the increase in glycosylase products in the
corresponding samples (Fig. 9B, lanes 5-7). Apel stimulation
of Myh-DNA complex formation was further demonstrated
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using a non-cleavable DNA substrate, T/GO (18,29). Figure 10
shows that while Apel alone does not bind to T/GO, increased
binding of Myh to T/GO was achieved in the presence of Apel
(Fig. 10, lanes 7-9). A similar stimulatory effect was also
observed in the presence of the catalytic mutant H309N
(Fig. 10, lanes 12—14), but was not seen in the presence of BSA
(Fig. 10, lanes 2—4). Cleavage of T/GO was monitored over the
course of the experiment and no cleavage was detected (data
not shown). A double-stranded DNA containing C/GO was
also used as a non-specific DNA control and no Myh-DNA
complex was observed under these experimental conditions
(data not shown). These results show that Apel, even in its
non-catalytic state, can stimulate formation of Myh-DNA
complexes and suggest that this may be the mechanism of
glycosylase stimulation.

In the above reactions we did not observe formation of an
Apel-DNA complex, which has a faster electrophoretic
mobility than the Myh—DNA complex (data not shown). Nor
did we observe a Myh—Apel-DNA tertiary complex. However,
the amounts of cleaved product cAP/GO generated within the
first 10 min of the reaction were minimal (Fig. 8B) and perhaps
too low for these other complexes to form. Therefore, we
studied the protein—-DNA interaction under conditions of
excess CAP/GO. EMSA was then performed after a 30 min
reaction using the same samples as in Figure 7 but without
alkaline treatment (Fig. 11A). Accumulation of free cleaved
product cAP/GO (band bb), which migrates slightly slower
than the free intact DNA (band b) (40), was observed in the
presence of increasing amounts of Apel. Accumulation of
Myh-DNA complex (band a) was also observed, which may
be due to the ability of Apel to enhance Myh—-DNA complex
formation. Even under these conditions, where significant
amounts of cAP/GO DNA are formed, we still did not observe
formation of an Apel-DNA or a tertiary complex. The
inability to observe an Apel-DNA complex allows us to
speculate that it may be unstable under our conditions. This
instability is consistent with a previous study showing that the
t,, of Apel-DNA is only ~30 s in solution (48). Interestingly,
the free cAP/GO DNA generated by 0.5 nM Myh/50 nM Apel
can form a stable complex with Myh (Fig. 11B), which is
demonstrated when excess Myh is present, causing an increase
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Figure 10. Stimulation of Myh binding to non-cleavable T/GO substrate by Apel and H309N. The binding reactions were carried out at 37°C for 10 min with
50 pM T/GO DNA in the presence of Myh, Myh/Apel, Myh/H309N or Myh/BSA at the concentrations indicated. The binding products were analyzed by EMSA
on an 8% native polyacrylamide gel. An asterisk indicates the 5’-end-labeled strand. The observed bands a and b are marked on the right. The bound and free DNA

forms are indicated on the left.
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Figure 11. Accumulation of free cAP/GO and subsequent binding to Myh. The glycosylase reactions were carried out at 37°C for 30 min with 0.2 nM A/GO
substrate and (A) 0.5 nM Myh (sub-saturating concentration) in the presence of increasing amounts of Apel or (B) 0.5 nM Myh/50 nM Ape1 with addition of more
Myh after the 30 min glycosylase reaction. Myh—-DNA complexes were analyzed by EMSA on an 8% native polyacrylamide gel. The observed bands a, b and bb
are marked on the right. The bound and free DNA forms are indicated on the left. An asterisk indicates the 5’-end-labeled strand.
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Figure 12. Myh—-DNA complex formation. The glycosylase reaction was car-
ried out at 37°C for 30 min with 0.2 nM substrate DNA and 5 nM Myh (satu-
rating concentration) in the presence of 5 nM Apel. Myh—DNA complexes
were analyzed by EMSA on an 8% native polyacrylamide gel. The observed
bands a, b and bb are marked on the right. The bound and free DNA forms are
indicated on the left. An asterisk indicates the 5’-end-labeled strand.

in band a and a corresponding decrease in band bb (Fig. 11B,
lanes 2-6).

The reactions depicted in Figure 12 occurred under a satu-
rating Myh concentration which produces maximum amounts
of AP (60-70%) or cAP (45-60%) products (data not shown).
Figure 12 shows that Myh is unable to bind AP/G or cAP/G
(Fig. 12, lanes 3 and 4) but binds to both AP/GO and cAP/GO
DNA (Fig. 12, lanes 7 and 8). To further confirm that band a
was composed of protein—-DNA (AP/GO or cAP/GO)
complexes, proteinase K was added. This resulted in complex
disruption and an increase in band b (free AP/GO) or band bb
(free cAP/GO), respectively (data not shown). In addition,
Myh cannot bind to C/GO or C/G (data not shown). We
conclude that Myh binding is specific for AP/GO and cAP/GO
DNA.

Turnover of Myh in Myh/Apel

A study of Myh turnover with or without Apel was performed
using a substrate:Myh ratio of 10:1. A representative experi-
ment is shown in Figure 13; 5 nM A/GO substrate was incu-
bated with 0.5 nM Myh alone or 0.5 nM Myh/50 nM Apel.
Both AP/GO products (with alkaline treatment) and cAP/GO
products (without alkaline treatment) were analyzed over a5 h
time course. Myh alone at 0.5 nM generated ~0.12 nM glyco-
sylase product within the first 10 min and this level was main-
tained over 5 h. However, in the presence of 50 nM Apel,
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Figure 13. Turnover of Myh. The glycosylase reactions were carried out at
37°C with 5 nM A/GO substrate and 0.5 nM Myh in the presence of 5 nM
Apel or buffer. Samples were taken at different time points, with or without
alkaline treatment, and analyzed on a 15% denaturing polyacrylamide gel. A
plot of the formation of AP/GO with alkaline treatment (+NaOH) or cAP/GO
without alkaline treatment (-NaOH) versus time is shown.

0.5 nM Myh was capable of generating ~0.31 nM glycosylase
product over the course of 5 h. If we assume that the plateau
reached in the absence of Apel is a functional measure of the
active Myh protein present (0.12 nM), then all further activity
seen is due to stimulation by Apel. Most of this stimulation
occurred in the interval 10—120 min.

DISCUSSION

A defect in MutY leads to a mutator phenotype in E.coli, quali-
fying MutY homologs as candidates for cancer involvement in
higher eukaryotes. In addition to constructing an animal model
defective in this enzyme activity to elucidate the roles of MutY
in carcinogenesis, it is also important to understand the
molecular mechanism of BER for A/GO. In this work we
present evidence of a functional interaction between adenine-
DNA glycosylase and AP endonuclease. The murine homolog
Myh is 515 amino acids in length and corresponds to hMYH
(type 2) (29), which is translated from the second methionine.
While purification of recombinant h(MYH from E.coli has been
difficult (28-31), we were able to purify the hexa-histidine-
tagged recombinant murine homolog Myh to near homo-
geneity relatively easily. The recombinant Myh complements



the E.coli mutY phenotype (data not shown), showing that
neither the hexa-histidine tag nor lack of the first 28 N-terminal
amino acids prevents biological function.

We demonstrated that the recombinant Myh lacks efficient
AP lyase activity as judged by a comparison of the amount of
cleaved product (in the absence of alkaline treatment) to the
amount of glycosylase product (in the presence of alkaline
treatment). Our results with Myh are consistent with recent
work on E.coli MutY, which demonstrated that the AP lyase
activity is much weaker than, and uncoupled from, the adenine
glycosylase activity of MutY (23). This lack of efficient AP
lyase activity of Myh leads to the formation of intact
(uncleaved) AP products, which then wait to be converted to
the cleaved product by the next enzyme in BER.

The AP endonuclease Apel can cleave the AP product
generated by Myh. The catalytic activity of Apel is essential
for this cleavage, as a catalytically impaired mutant, H309N,
while capable of binding to AP DNA, is unable to generate the
cleaved product. In addition to endonuclease activity, Apel
also stimulates Myh glycosylase activity on an A/GO
substrate. The initial stimulation does not require catalytic
function of Apel, since it is retained in the mutant H309N.
Using a non-cleavable DNA substrate we demonstrate that
Apel decreases the Myh—substrate DNA dissociation constant,
thereby promoting efficient formation of Myh-DNA
complexes and, as a consequence, generating more glycosylase
product. After the initial stimulation we observed a slow stimu-
latory effect over the course of several hours in the presence of
a 100-fold excess of Apel over Myh. This slow stimulatory
effect was not observed when the Apel concentration was
reduced to 10-fold excess (data not shown). The mechanism of
this slow stimulatory effect is not clear at this point. Apel may
increase the rate of Myh product release or, alternatively, this
effect could simply be explained by an attenuation of product
inhibition by Apel endonuclease activity. The substrate prefer-
ence of Myh and stimulatory effect of Apel lead to signifi-
cantly more AP/GO product over AP/G product in the Myh/
Apel system when compared to Myh alone, supporting the
concept that A/GO is the biologically preferred substrate for
Myh.

Myh protein not only forms a stable Myh—-DNA complex
with its own product, AP/GO DNA, but also with the Apel
product, cAP/GO DNA. In the Myh/Apel in vitro system the
state of the cAP/GO, bound or free, depends on the concentra-
tions of both Myh and Apel. In the presence of a sufficient
amount of Apel to convert AP/GO to cAP/GO, low concentra-
tions of Myh allow free cAP/GO to accumulate, while high
concentrations of Myh lead to bound cAP/GO. Formation of
stable Myh—cAP/GO complexes may be inhibitory to Myh
turnover in our in vitro repair system. Physiologically, Myh
binding to cAP/GO in vivo may protect DNA from loss of the
unpaired base catalyzed by non-specific nucleases and subse-
quent generation of a double-strand DNA break. Alternatively,
Myh binding to cAP/GO may suggest that Myh has a role to
play in BER after Apel cleavage.

In our normal EMSA we did not observe the formation of an
Apel-DNA complex, which suggests that the Apel-DNA
complex is unstable. This is consistent with published results
(48). We also did not observe a Myh—-Apel-DNA tertiary
structure, even with prolonged gel runs (data not shown),
suggesting that either the structure was not formed or that it is
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too unstable for detection. However, it is still possible that a
Myh-Apel-DNA complex formed but that its mobility is very
similar to the Myh-DNA complex (band a) and therefore
cannot be separated under our experimental conditions. Due to
the inability to observe Apel-DNA or Myh-Apel-DNA
complexes, it is not clear whether the displacement of Myh
occurs prior to Apel cleaving the AP/GO substrate.

Overall, our study suggests that protein—protein interaction
may play an important role in achieving efficient BER of A/GO in
vivo. However, since we have only studied the interaction of
the first two enzymes in the process, the characteristics demon-
strated here may not hold true when the entire complement of
enzymes is utilized. So far, two BER pathways for repair of AP
lesions have been identified in an in vitro reconstituted system
using human repair enzymes (34). It is not clear at this point
whether Myh may be involved in one or both of these path-
ways in vivo. One piece of evidence that suggests that Myh
may be involved in the PCNA-dependent pathway of BER is
the presence of a putative PCNA-binding sequence, shown in
Figure 1. Since the other enzymes in both BER pathways have
been identified, the next logical step is to piece together all the
BER components and determine their connection to Myh, so
that a complete characterization of the molecular mechanism
of the repair of A/GO can be achieved.
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