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ABSTRACT. The MutY protein ofEscherichia colremoves mismatched deoxyadenine residues from DNA.

In this study, duplex oligodeoxynucleotides containing modified bases are used as model substrates for
this enzyme. In contrast to a recent report [Lu, A.-L., et al. (19B3iol. Chem. 27023582], dA:8-

0x0-dG appears to be the preferred natural substrate for MutY, as evidenced by the specificity constants
(keafKm) for dA:8-ox0-dG and dA:dG of 39 608 106 and 383x 10°% (min~—t nM~1), respectively. Keat

for the duplex containing dA:dG was highest at lower pH; the rate of cleavage for the duplex containing
dA:8-ox0-dG was unaffected over a pH range of-5850. The presence of an 8-oxo function in dG
increased significantly the rate of removal of dA from all substrates tested. Replacement of dA by rA
reduced the specificity constant of dA:8-oxo-dG to 294,076 (min—! nM~1), whereas replacement of

dA by 2-O-methyladenosine virtually abolished enzymatic activity. Modifications of the dG moiety
generally were better tolerated than those of dA; however, introduction of a methyl ether at the 6 position
of dG produced a noncleavable substrate and replacement of dGyn2thylguanosine generated a
substrate with a low specificity constant. Rates of cleavage of duplexes containing dA:dC and
dA:tetrahydrofuran were three orders of magnitude lower than the reference substrate. Duplexes containing
a carbocyclic analog of dA were not cleaved. A model is proposed to explain the recognition of DNA
substrates by MutY and the catalytic properties of this enzyme.

Reactive oxygen species produced by endogenous orby Michaels and Miller (1992) and Tchou and Grollman
exogenous sources attack cellular DNA, forming a variety (1993)]. MutM (pg) protein removes 8-oxo-dG and for-
of modified bases and sugars, including 7,8-dihydro-8-oxo- mamidopyrimidines efficiently from duplex DNA except
2'-deoxyguanosine (8-oxo-d&)Halliwell & Gutteridge, when the former is paired with dA (Tchat al,, 1991, 1993).

1989). During DNA synthesis, dAMP may be incorporated Several MutM-like activities have been found in human cells

opposite dG (Echols & Goodman, 1991) or 8-oxo-dG (Besshcet al, 1993) and in yeast (deOliveiet al., 1994).

(Shibutaniet al,, 1991), leading to G:&T:A transversion MutT protein is an 8-oxo-dGTPase that eliminates 8-oxo-

mutations during the second round of replication in bac- dGTP from the dNTP pool irE. coli (Maki & Sekiguchi,

teria (Radicellaet al, 1988; Ngheinet al, 1988; Michaels 1992). The human analog of MutT protein has been cloned

et al, 1992 Woodet al, 1990; Moriyaet al,, 1991; Cheng and sequenced (Sakumi al, 1993).

et al, 1992) and mammalian cells (Moriyet al, 1993). MutY protein corrects errors arising from misincorpora-

Additionally, 8-0xo-dGTP in the nucleotide triphosphate +ion of JAMP opposite dG (Ngheiret al, 1988; Auet al.
pool can be incorporated, pairing with dA in the DNA 1989) or 8-ox0-dG (Michaelet al, 1992) during DNA

template and generating A:¥C:G transversions (Minniet replication inE. coli. Initially, MutY was reported to act
al,, 1994). _ _ . strictly as a DNA glycosylase, the purified enzyme being
MutM, MutT, and MutY proteins defenBischerichia coli free of significant AP endonuclease activity (4et al,

against the mutagenic effects of oxidative damage [reviewed 1988). Later, the protein was reported to contain AP-lyase

T This research was supported by Grants CA47995 and CA17395 . . . g
from the National Institutes of Health (to A.P.G.) and GM32184 (to the MutY protein ofE. coli has been identified in nuclear

activity (Tsai-Wuet al, 1992). A protein homologous to

J.H.M.). extracts of calf thymus and human Hela cells (McGoldrick
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630090, Russia. Mechanistic studies on five selected DNA glycosylases
S Department of Microbiology and Molecular Biology Institute, |ed to the suggestion that two general nucleophilic mecha-

University of California, Los Angeles, CA 90024.

® Abstract published i\dvance ACS Abstract§eptember 15, 1996. nisms are operating (Dodse al, 1994; Suret al, 1995;

1 Abbreviations: AP, apurinic/apyrimidinic; 1;1,4-anhydroribitol; Tchou & Grollman, 1995) .O'_"e mechanism concerns DNA
2'-O-meA, 2-O-methyladenosine; rA, adenosine; 8-oxo-dA, 8-oxode- glycosylases that exhibit similar rates for both glycosylase
oxyadenosine; dl, '2eoxyinosine; dTu, 7-deaza-@eoxyadenosine; and AP-lyase activities. It was proposed that an amino group

8-0x0-dG, 8-0x0-2deoxyguanosine; 8-oxo-dl, 8-oxd-@eoxyinosine;
6-meo-8-0x0-dG, 63-methyl-8-0x0-2-deoxyguanosine; 8-meoxo-dG, s . >
8-methoxy-2deoxyguanosine; D-meG, 2-O-methylguanosine; dAris, ~ an imino enzymeDNA intermediate (Kow & Wallace,

in these enzymes could serve as a nucleophile, generating

deoxyaristeromycin; 8-oxo-dNeb, 8-oxo-@oxynebularine; dGpme,  1987). The second mechanism involves DNA glycosylases
2-(2-amino-2-hydroxymethyl-1,3-dihydroxypropane hydrochloride)- 5cking concomitant AP-lyase activity. These enzymes could

deoxyguanosine-3nethylphosphonate; Tris-HCI, tris(hydroxymethyl)-

aminomethane hydrochloride buffer; ITPG, isopropyl 1-thi®- utilize a nucleophile from the medium, such as an activated

galactopyranoside; PAGE, polyacrylamide gel electrophoresis. water molecule, to effect base displacement.

S0006-2960(96)00694-0 CCC: $12.00 © 1996 American Chemical Society
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Table 1: Sequences of Oligonucleotides Used in Gel Mobility Shift
and DNA Cleavage Assays

5'-CTCTCCCTTCACTCCTTTCCTCT,
5-CTCTCCCTTCGCTCCTTTCCTCT,
5-CTCTCCCTTCFCTCCTTTCCTCT,
5'-CTCTCCCTTC-2'-0-meACTCCTTTCCTCT,
5'-CTCTCCCTTC-rACTCCTTTCCTCT,
5'-CTCTCCCTTC-8-0xoACTCCTTTCCTCT,
5'-CTCTCCCTTC-6-meo-dGCTCCTTTCCTCT
5-CTCTCCCTTC-8-meoxo-dGCTCCTTTCCTCT,
5-CTCTCCCTTC-dArisCTCCTTTCCTCT,
5'-CTCTCCCTTCdICTCCTTTCCTCT,
5-CTCTCCCTTC-dTUACTCCTTTCCTCT,
5-CTCTCCCTTC-8-0x0-dNebCTCCTTTCCTCT
5'-CTCTCCCTTC-8-0x0-dGCTCCTTTCCTCT
5'-AGAGGAAAGGAGGGAAGGGAGAG,
5'-AGAGGAAAGGAG-8-0x0-dGGAAGGGAGAG,

5'-AGAGGAAAGGAG-8-0x0-dIGAAGGGAGAG,
5'-AGAGGAAAGGAGAGAAGGGAGAG,
5'-AGAGGAAAGGAGCGAAGGGAGAG,
5'-AGAGGAAAGGAGTGAAGGGAGAG
5'-AGAGGAAAGGAGFGAAGGGAGAG,

In this paper, MutY is shown to bind tightly to duplex 5-AGAGGAAAGGAGdIGAAGGGAGAG,
oligodeoxynucleotides containing dA:8-ox0-dG or structur- 5'-AGAGGAAAGGAG-8-0x0-dAGAAGGGAGAG,
ally related mispairs. MutY cleaves the glycosidic bond of 5'-AGAGGAAAGGAG-2'-0-meGGAAGGGAGAG
dA in dA:8-ox0-dG at a rate higher than in dA:dG or other 5-AGAGGAAAGGAG-dGpmeGAAGGGAGAG
mismatches .teSted' AP-lyase activity was r.]Ot dete?ted n aWhere F, furan; 20-meA, 2-O-methyladenosine; rA, adenosine;
our preparations of MutY. The structuréunction Stu_d'es 8-ox0-dA, 8-oxodeoxyadenosine; dl, deoxyinosine; dTu, 7-deazadeoxy-
reported here lead us to conclude that MutY recognizes andadenosine; 8-oxo-dG, 8-oxodeoxyguanosine; 8-oxo-dl, 8-oxodeoxyi-
binds a unique configuration of hydrogen-bond donors and nosine; 6-meo-dG, 6&-methyl-8-oxodeoxyguanosine; 8-meoxo-dG,
acceptors exposed in the major groove of duplexes containingggg)‘ftg‘r’éi’ggﬁygi‘;‘?‘gog%egg;gese‘éfggggstmgﬂg?ﬁfe'ﬁ;gng'S-me
dA(anti):8-oxo-_dG(syr) or (jA(anFi):dG_(sy_rj. We propose deoxgguanosingian'ethylphosphénate. y : pme,
a model for this reaction in which binding of substrate to
MutY leads to eversion of dA from the interior of the DNA
helix, facilitating nucleophilic attack at Cbf dA, thereby
initiating cleavage of the glycosidic bond.

8-oxo-deoxynebularine

(8-oxo-dNeb)

Ficure 1: Structures of deoxynucleoside analogs.

Purification of MutY Protein E. coli IM109 bearing the
MutY gene overexpression plasmid pKKY was grown at 37
°C in 3 L flasks containing 1 L of yeast-tryptone media, pH
7.5, and 5Qug/mL ampicillin. The culture was grown to an
Asoo Of 0.8—1.0; IPTG (0.5 mM, final concentration) was

Materials Reagents of the highest grade commercially then added. Cells were incubated at"&for 1 h, at which
available were obtained from Fisher, Boehringer Mannheim, time ferrous chloride was added to a final concentration of
Sigma, Difco Laboratories, Bio-Rad, and Gibco-BRL. 50 uM. Cells were grown for 3 h at 37C and harvested.

. . o - . The cell paste was stored &80 °C. Generally, a yield of
'Ollgonucleotldes Uand'f'.Ed and mod|f|ed. oligonucle- 5—5.5 g of cells/1 L of medium was obtained. Purification
otides were prepared by solid-state synthesis on a DuPontOf MutY protein was carried out using a modification of the

Coder 300 automated DNA synthesizer. PhOSphoramiditesprocedure of Atet al. (1989). All fractionation procedures

of rA, 2-O-meA, 2-O-meG, dI, dTu, and dG-pme were \ are pherformed at-04 °C. Frozen cell paste (2668 g)

purchased from Glen Research. The syntheses of 0ligo- a5 thawed at 4C and resuspended in 6210 mL of 50
nucleotides containing 8-oxo-dG, 8-oxo-dA (Bodepetal, M Tris-HCI, pH 7.5/1 mM dithiothreitol/l mM EDTA/

1992), tetrahydrofuran (Takeshita al, 1987), 8-methoxy- 0.5 mM phenylmethanesulfonyl fluoride (buffer A) contain-
dG (Kuchinoet al, 1987), 6-methoxy-8-0xo-dG (Chamakura jng 0.1 M KCI. Cells were then disrupted by sonication.
etal, 1996), dAris (G. Dorman and F. Johnson, unpublished after centrifugation for 30 min at 9000 rpm, the lysate was
data), and 8-oxo-dNeb (V. Bodepudi and F. Johnson, treated with an aqueous solution of 25% (w/v) streptomycin
unpublished data) were carried out as described. Structuressuifate, added slowly with stirring to a final concentration
of the modified nucleosides used in these experiments areof 5%. Stirring was continued for 1 h; the solution was
shown in Figure 1 and sequences of oligonucleotides arecentrifuged for 30 min, and the supernatant solution was
listed in Table 1. Oligonucleotides were purified by HPLC  treated with ammonium sulfate, added slowly as a solid with
and PAGE (7 M urea, 20% acrylamide), as described stirring to a final concentration of 45%. The solution was
previously (Tchouet al, 1994), phosphorylated at thé-5  stirred for 1 h and centrifuged. The resulting pellet was
end with T4 polynucleotide kinase ang-{2P]ATP, desalted  dissolved in a minimum volume of buffer A, filtered through
with Nensorb 20 (Du Pont), using the manufacturer's a GF/C filter (Whatman, U.K.), diluted with buffer A to a
procedure, and drieth vacua final Axgo0f 6—8 OD, and loaded at 1 mL/min onto a 40 cm

EXPERIMENTAL PROCEDURES
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3 L (XK 50/70 Pharmacia) phosphocellulose column equili-
brated with buffer A. The column was washed with three

Biochemistry, Vol. 35, No. 40, 19963149

total volume of 8uL. The range of DNA concentrations
used was 0.£200 nM. For kinetic analysis, duplicate

column volumes of buffer A followed by three volumes of
buffer A containing 0.15 M KCI and then developed with
10 volumes of buffer A, using a linear (0.28.5 M) gradient 7.5, containing 0.5 mg/mL bovine serum albumin and 50%
of KCI. A large peak was eluted with 0.45 M KCI; fractions  glycerol (v/v). Aliquots (2uL) of this freshly prepared
were collected and combined (leading and trailing edges weresolution were added to each reaction mixture and incubated
discarded), concentrated using Centriprep 10 (Amicon), at 25°C for varying times (2 min to 17 h), depending on
diluted 10-fold with 5 mM potassium phosphate containing the rate of substrate cleavage. NH{lorpholino)ethane-

1 mM dithiothreitol (pH 7.5), and then loaded onto a 20 cm, sulfonic acid replaced Tris in experiments in which pH
150 mL (XK 16/20 Pharmacia) hydroxylapatite column. dependence was determined. Reactions were stopped by
The column was washed with two column volumes of 5 adding 1QuL of 20% aqueous piperidine (v/v), followed by
mM potassium phosphate, pH 7.5, 1 mM dithiothreitol heating at 95C for 30 min to cleave abasic sites. Reaction
and then developed with 10 volumes of a linear (0-602 mixtures were evaporateit vacug and the residue was

M) gradient of potassium phosphate, pH 7.5 containing 1 dissolved in 1Q:L of 9 M urea containing 0.01% bromphe-
mM dithiothreitol. Material eluted by 0.1 M potassium nol blue and 0.01% xylene cyanole. An aliquot{) was
phosphate was collected, concentrated by Centriprep, andsubjected to 7 M urea20% PAGE. Following autoradiog-
then diluted 3-fold with buffer A. The solution was loaded raphy, bands corresponding to cleavage products and unre-
in small portions (1.52 mg of protein) onto a HR5/5 MonoS  acted substrates were excised from the gel, and their

reaction mixtures were preincubated for 30 min at°g5
MutY protein was diluted in 10 mM Tris-HCI buffer, pH

column (Pharmacia). The latter was washed with 5 mL of
buffer A and developed with 10 column volumes of buffer
A containing KCI (6-0.5 M) in a linear gradient. Fractions

corresponding to the peak containing MutY activity were

radioactivity was determined by liquid scintillation counting.
The initial reaction rate was plotted versus substrate con-
centration. Values foK, Vmax and standard errors were
derived from a computer-fitted curve, using Enzfitter.

collected and divided into two portions. One portion
was stored and frozen at80 °C. These samples were

used for binding assays and kinetic studies. The second . . .
portion was concentrated with Centriprep and glycerol Cléavage by Muty protein of duplexes containing a single

added to a final concentration of 50% (v/v). This material MiSPair is shown in Figure 2. The apparent binding affinity
was stored at-20°C. Protein concentration was determined (Kq) of this enzyme for various substrates is summarized in

by means of a Bio-Rad protein assay solution, using the T@Ple 2. Binding of MutY to a duplex containing dA:8-
standard procedure and bovine serum albumin as a stand®*0-dG Ka = 5.5 nM) is approximately 4-fold higher than
ard. The specific activity of the enzyme was determined at {© @n unmodified duplex, 5-fold higher than to a duplex

25 °C as described below, using duplex oligodeoxynucle- Containing dA:dG, and 8-fold higher than to duplexes
otides containing a single dA:dG mismatch. Specific activi- containing 20-meA:dG or F:dG. The presence of an 8-0x0

ties were in the range of 95165 x 1CF units per mg of function in the base oppositg dA invariably increases apparent
protein. Kq of the enzyme for modified DNA (compai€ values of
Binding Assay Duplicate reaction mixtures, containing 9A:dG. rA:dG, 2-0-meA:dG, F:dG, dI:dG, dTu:dG, and

80 fmol of oligomer, 62.5 mM Tris-HCI (pH 7.5), 0.125 M 3-0X0-0/LdG [0 their §-0x0-dG analogsis values for
KCl, and 6.25 mM potassium EDTA in a final volume of 8 MutY did not correlate witfka or Ki/kea for all substrates;

uL, were incubated for 15 min at4C with varying amounts for example, MutY binds tlghtl_y Ha = 5.8-7.2 nM) to
of MutY protein. As described previously (Tchet al, nonclef':\vable duplexes containing dA:6-methoxy-8-oxo-dG
1994), samples of reaction mixtures(E) were loaded onto ~ © dTu:8-0x0-dG.
a 7% nondenaturating polyacrylamide (acrylamide/bisacryl- ~ The deoxyribose moiety of dA appears to play a relatively
amide= 29:1) gel (19x 15 cm), which was 50 mM in Tris- ~ minor role in binding MutY to the naturally occurring
borate and 0.05 mM in EDTA. Samples were run at 80 V Mispairs, dA:8-oxo-dG and dA:dG. When dA in either pair
at 4°C until the marker dyes (loaded separately in one well) is replaced by rA or by a carbocyclic analog of dA,
penetrated the gel, at which point the voltage was increaseddeoxyaristeromycin, binding was not impaired; a significant
to 180 V. Gel electrophoresis was stopped after the xylene increase in appare#i; was noted only for 20-meA:8-oxo-
cyanole marker migrated for-46 cm. Following autorad- ~ dG (Ka = 27). The presence of d-B-methyl group in the
iography, bands corresponding to bound and free oligode-Ssugar ring opposite the group being cleaved (4/2meG)
oxynucleotide were excised from the gel. Radioactivity was did not reduce appareidy for this mismatch.
determined by liquid scintillation counting, using Liquiscint The effect of structural modifications of DNA on the
(National Diagnostics). The fraction of DNA bound was catalytic properties of MutY protein may be deduced from
plotted against the concentration of free enzyme. The the results of kinetic studies summarized in Table 2. The
apparent dissociation constaK) is defined as the amount  specificity constanti(./Kr,) for duplex DNA containing dA:
of enzyme required to bind 50% of the DNA present. The 8-oxo-dG (39 600) serves as a point of reference. Duplex
Kq and standard errors of deviation for these constants weresubstrates containing other mismatches are classified as
determined using the Enzfitter program (Leatherbarrow, moderate (2941333), weak (3581), minimal (cleavage
1987). after extended incubation), or poor (no cleavage after
Kinetic Studies The standard reaction mixture contained extended incubation in the presence of excess enzyme). The
62.5 mM Tris-HCI, pH 7.5; 0.125 M KCI; 6.25 mM in  enhancing effect of the 8-oxo substituent in the dG moiety
EDTA (potassium salt), and varying amounts of an oligo- can be appreciated by noting tkg; values for the several
nucleotide duplex labeled witffP at the 5terminus in a pairs of substrates in which cleavage is detected in at least

RESULTS
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Ficure 2: Cleavage of mismatch-containing oligonucleotides by MutY protein. DNA substrates (53.6 nM) were assayed for glycosylase
activity at 25°C with 20 nM (lanes 3 and 8-13) or 60 nM (lane 47) MutY. Incubations were for 20 min (lane 1), 1.5 h (lanes 2 and

3), and 7 h (lanes413). Reaction mixtures were treated as described under Experimental Procedures. MutY was omitted from reactions
in lanes 14-21. Oligonucleotides containing the following mismatches were used as substrates: dA:8-oxo-dG (lanes 1 and 14), dA:dG
(lane 2), dA:2-O-meG (lane 3), rA:8-0x0-dG (lanes 4 and 15}(meA:8-0x0-dG (lanes 5 and 16), F:8-0x0-dG (lanes 6 and 17), dTu:
8-0x0-dG (lanes 7 and 18), dI:8-oxo-dG (lanes 8 and 21), dI:dG (lane 9), dA:dl (lane 10), dA:dI* (lanes 11 and 19), 8-oxo-dA:dI* (lane
12), 8-ox0-dA:8-0x0-dG (lanes 13 and 20). The nucleosides shown first were located in pyrimidine-rich chains (see Table 1); these
oligonucleotides were labeled at theend. In lanes 11, 12, and 19, the purine-rich chains are labeled (“*” indicates labeled chain). The
extent of cleavage of dTu:8-oxo-dG and dl:dG mismatches in the presence or absence of MutY, following piperidine treatment, were equal
(compare lanes 7 and 18, and 9 and 21, respectively).

Table 2: Kinetic and Binding Parameters for MutY Protein

DNA duplex Kq (NM) Km (NM) Vimax ("M min~ x 107) Keat (Min~t x 10°) KealKm (Min~2 nM~1 x 10°)
dA:T 21+ 3.8 noncleavable
dA:dG 26+5.3 124+1.7 4.64+0.2 4.64+0.2 383
dA:8-ox0-dG 5.5+ 0.7 24405 95+ 3.5 95+ 3.5 39600
rA:dG 254+ 3 <0.12
rA:8-oxo-dG 10+ 2.1 16+ 2.6 1+ 0.04 4.7+ 0.02 294
2'-0O-meA:dG 48+ 6.7 noncleavable
2'-O-meA:8-ox0-dG 2H 3.6 <0.12
dA:2’-O-meG 18+ 25 124+2.6 49404 0.984-0.05 81
dA:dl 17+3.1 <0.12
dA:8-oxo-dI 8.0+ 1.2 3.3:05 3.2+1.0 32.6+:1.0 9890
F:dG 42+ 9.5 noncleavable
F:8-o0x0-dG 11+ 1.4 noncleavable
dl:dG 46+ 10 <0.12
dl:8-oxo0-dG 8.2£1.0 17+ 2.7 3+0.2 0.594-0.04 35
dTu:dG 28+ 3.5 noncleavable
dTu:8-ox0-dG 7.2-1.1 noncleavable
8-oxo0-dA:dG 29 7.2 noncleavable
8-ox0-dA:8-ox0-dG 1#H1.8 <0.22
dA:8-oxo-dA 14+ 2.4 114+ 3.3 20+ 0.9 10+ 0.5 909
dA:8-oxo-dNeb 25+ 4.7 9.1+ 1.7 15+ 0.6 7.5+ 0.3 824
8-0x0-dNeb:8-0x0-dG 12 3.0 12427 3+0.2 0.614-0.04 51
dA:8-methoxy-dG 26+ 4.1 2.4+ 05 6.4+ 0.2 3.2+ 0.1 1333
dA:6-methoxy-8-oxo-dG 5.80.8 noncleavable
dAris:8-o0x0-dG 13+ 1.9 noncleavable
dA:dGpme 1447 5.6+ 0.6 0.284-0.03

aValues calculated from initial rates of cleavage.

one of the two duplexes (compare dA:dG, rA:dG(2meA: (dI:dG or dI:8-0x0-dG) or by oxidation at C8 (8-oxo-dA:8-
dG, dl:dG, and 8-oxo-dA:dG with the corresponding pair in oxo-dG or 8-oxo-dA:dG) reduced the specificity constant of
which 8-oxo-dG replaces dG). MutY by three orders of magnitude compared to the
The adenosine moiety of dA:8-oxo-dG was selectively reference duplex. Weak enzymatic activitg{Km = 51)

modified at N7, N6, H8, and Cand the guanosine residue was retained in the pair where the 6-amino group of dA was
of this mispair at C8, O6, N2, and Cl'able 3). In addition, replaced by H and an 8-oxo group was introduced (8-oxo-
the 3-methylphosphonate of dG was prepared. ReplacementdNeb:8-oxo-dG).

of adenine N7 by carbon abolished enzymatic activity when  Modifications of the deoxyribose moiety of dA also were
the base opposite 7-deazad2oxyadenosine was 8-oxo-dG explored. Replacement of dA by rA reduced the specificity
or dG. Replacement of the 6-amino group by a keto function constant of 8-oxo-dG:dA from 39 600 to 294. Introduc-
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Table 3: Structure Function Relationshigs

series
modification dA:oxo-dG dA:dG

none 39 600 (6) 383 (26)
adenine

N7—C 0(7) 0(28)

N6—O 35 (8) tr

N6—H1; H8—O 51 (12)

H8—0 tr (11) 0(29)

2H—OH 294 (10) tr

2H —Ome tr (27) 0 (48)
8-oxoguanine

08—H 383 (26)

08—0Me 1333 (20)

06—H; N2—H 824 (25) 0

N2—H 9280 (8) tr (17)

06—0Me 0(5.6)

06—NH2; N2—H 909 (11) 0

2H—2'0OMe 81 (14)

aValues fork.a/Kn, are given in min nM~1 x 1; K4 is shown in
parentheses.

Ficure 3: Cleavage of mismatch-containing oligonucleotides by
MutY protein. DNA substrates (30 nM) were assayed for glyco-
sylase activity at 25°C with 30 nM MutY. Oligonucleotides

containing the following mismatches were used: dAris:8-oxo-dG
(lanes 1 and 2); dA:8-oxo-dG (lane 3). MutY was omitted from
the reaction in lane 2. Incubations were for 3 min for dA:8-oxo-
dG and 11 h for dAris:8-0x0-dG mismatches. Pyrimidine-rich

oligonucleotides containing a single dA or dAris (see Table 1) were

Biochemistry, Vol. 35, No. 40, 19963151

and conversion of the' hosphate to a methylphosphonate
group reducedk.,: 30-fold.

Initial rates of cleavage of duplexes containing dA:dC and
dA:F mispairs were estimated to be 0.00175 and 0.002 nM/
min, respectively, 3 orders of magnitude lower than the
corresponding value for dA:8-oxo-dG. The carbocyclic
analog of dA, deoxyaristeromycin, was completely resistant
to cleavage by equimolar concentrations of MutY (Figure
3, lane 1). The labeled strand of duplexes containing *dl:
dA, *dI:8-oxo-dA, *dG:8-0x0-dG, *dA:dA, *8-0x0-dG:8-
ox0-dG, *T:8-o0x0-dG (the “*” indicates thé?P-labeled
chain) were not cleaved under the conditions employed;
namely, 6-12 h of incubation at 28C with a 5-10-fold
molar excess of enzyme (data not shown).

The effect of pH on the initial rate of cleavage of the
naturally occurring duplexes used in this study is shown in
Figure 4. The range of pH investigated, 5A5, was limited
by the activity of the enzyme. The duplex containing dG:
dA was cleaved significantly more rapidly at lower pH; the
rate of cleavage for a duplex containing dA:8-oxo-dG was
unaffected by pH over the range tested.

DISCUSSION

The results of this investigation provide insight into the
structural requirements for the recognition of mismatched
base pairs by the MutY protein &. coliand, in turn, suggest
a molecular mechanism by which dA is removed from DNA.
As originally conceived (Ngheinet al,, 1988; Radicellaet
al., 1988), the function of MutY involved correction of dG:
dA mispairs arising during DNA replication . coli. Later,
MutY was shown to act on DNA containing 8-oxo-dG:dA
(Michaelset al, 1992), suggestive of a role for this enzyme
in cellular defenses against oxidative DNA damage. The
process of repair involves binding of MutY to duplex DNA
and preferential recognition of dG:dA and 8-oxo-dG:dA
mispairs, followed by cleavage of the glycosidic bond to
generate an abasic site. The strand containing the abasic

labeled. Reactions were stopped by adding an equal volume of 10Site then i$ restored by the s_everal enzymes participating in
M urea containing dyes and immediately loaded on a 75 cm 20% DNA repair (Demple & Harrison, 1994).

polyacrylamide gel. The lower band in lane 3 corresponds to an

oligonucleotide containing an abasic site.

tion of a 2-hydroxyl function reduced the specificity con-
stant of dG:dA from 383 to negligible levels. A-@-methyl

substitution in adenosine similarly reduced enzymatic ac-

tivity.

Binding of MutY to DNA Initial binding of MutY protein
to DNA appears to be non-sequence-specific, mediated most
likely through electrostatic interactions with the phosphodi-
ester backbone (Dowd & Lloyd, 1989; lat al,, 1995). The
enzyme shows relatively high apparent affini§y & 21 nM)
for unmodified duplex DNA. TheéKy for binding of MutY

Modifications of 8-oxoguanine appear to be better tolerated {0 duplexes containing 8-oxo-dG:dA is 4-fold lower thar]
than those of the adenine moiety (Table 3). ReplacementPinding to unmodified DNA and 5-fold lower than to dG:

of 08 by O-me or by H reduced the specificity constant 30-

dA, reflecting a tighter complex for the oxidized substrate.

and 103-fold, respectively. The contribution of the C2-amino These results paralle.l the enhanced thermodynamic stability
function was established by comparing structural analogs of Of 8-0x0-dG:dA relative to the dG:dA duplex (Pluet al,
dG and 8-oxo-dG. Duplexes containing dA:dl possessed 1995).

minimal substrate activity, but only a 4-fold decrease in the
specificity constant was observed for dA:8-oxo-dl, compared MutY in the presence of poly(dl:dC).

to dA:8-0x0-dG. Replacement of O6 by MNidr by H in

Lu et al. (1995) performed a similar binding study of
By providing an
excess of competing nonspecific sites, the relative contribu-

8-0x0-dG, combined with substitution of the 2-amino group tion of specific binding is magnified at the expense of
by H, generated substrates with specificity constants of 909 overestimating the concentration of free protein. This study
and 824, respectively. Conversion of 8-oxoguanine to the also combines singly- and multiply-bound complexes in their
8-O-methyl ether reduced the specificity constant to 1333; analysis. Using this model, binding of MutY to 8-oxo-dG:
introduction of a methyl ether at the 6 position produced a dA was calculated to be approximately 80- and 5200-fold
noncleavable substrate. Methylation of theé®position of stronger than binding to dG:dA and unmodified DNA
dG produced a substrate with a specificity constant of 81 duplexes, respectively.
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Ficure 4: pH dependence of the catalytic activity of MutY protein. Experiments were performed as described under Experimental Procedures
except that the time of incubation for the higher concentrations of mispairs at pH 5.55 and 6.0 was reduced to 20 min. Panel A: dA:8-
oxo-dG. Panel B: dA:dGe, B, and a represent data for pH 5.55, 6.0, and 7.5, respectively.

The relatively lowKy observed for binding of MutY to  structure has been confirmed by X-ray crystallographic
duplexes containing 8-0x0-dG:dA may be relevant to the analysis (McAuley-Hechet al, 1994).
repair of oxidative DNA damage i&. coli. MutY creates In duplex DNA, conformation of G:A mispairs is se-
an abasic site on the strand opposite 8-oxoguanine, generatinguuence- and pH-dependent (Priateal., 1987; Hunteeet al.,
a substrate fofpg protein. Removal of 8-oxoguanine from 1986; Leonardet al, 1990; Brownet al, 1990). NMR
this intermediate bypg protein, together with its AP-lyase  studies (Gao & Patel, 1988; Carbonnaatxal, 1991) have
activity, could lead to double strand cleavage with lethal shown that the G:A mismatch has anti:anti conformation
consequences for the cell. Th& for MutY binding to at neutral pH, adopting the dAfti):dG(syn) conformation
duplexes containing a synthetic abasic site, determined undemt lower pH (K, of transition is 5.9-6.0). The specificity
similar experimental conditions (Tchetial, 1994), provides  constant for duplexes containing dA:dG increases when the
support for the proposal (Michaett al, 1992) that MutY pH is lowered; in contrast, the action of MutY on dA:8-
protein remains bound to its substrate, prevenfiggprotein oxo-dG is not pH-dependent (Figure 4). These results
from acting until the abasic site created by MutY is repaired suggest that a dAgt)):dG(syn) alignment is required for
by the concerted actions of an AP endonuclease, DNA optimal catalytic activity of the enzyme.
polymerase and DNA ligase (Demple & Harrison, 1994).  |ntroduction of bulky substituents at the 8-position tends
Repair synthesis involves preferential incorporation of dCMP to convert purine nucleosides fraanti to synconformation
opposite the lesion (Shibutaei al, 1991), creating a lesion  (Usegi & Ikehara, 1978; Kanayet al., 1984; Howarcket al.,
that is relatively resistant to cleavage by MutY but which 1985). In the present analysis, we will assume that 8-oxo-
can be readily incised bypg protein and subsequently  2'-dG, 8-oxo-deoxynebularine, 8-methoxy-dG, and 6-meth-
repaired (Tchowet al, 1991). oxy-8-0x0-dG are in theynconformation when paired with

Recognition of Mispairs in DNAMaodification of potential dA (anti), in which case N2, N1, and O6 of guanine and its
hydrogen bond donor and acceptor sites in DNA strongly analogs, and N6, N7, and H8 of dA and structurally related
affects the enzymatic activity of MutY. All base modifica- purines are exposed in the major groove of DNA, and H8
tions tested redudea{Km; in some cases, activity is inhibited  of guanine or O8 of 8-oxoguanine, along with N3 of dA,
with little effect on overall binding of MutY to DNA (Table  are found in the minor groove (Figure 5). The mispairs

3); however, ability to recognize the mispair and/or perfor-
mance of catalytic functions appear to be impaired. As with
other DNA-binding proteins (Seemaet al,, 1976; Steitz,

1990), recognition of substrates by MutY involves, but may
not be limited to, interactions with hydrogen bond donors

examined in this study represent modifications of purine
bases designed to selectively alter their ability to act as
hydrogen bond acceptor or donors. In some cases, these
modifications also create steric constraints.

In DNA containing a dGyn:dA(anti) or 8-oxo-dG éyn:

and acceptors exposed at the edges of base pairs in thglA(anti) pair, N2 and N1 of guanine and N6 of adenine

grooves of DNA.
Using 2D NMR technigues combined with restrained

appear in the major groove as potential hydrogen-bond
donors; O6 of guanine and N7 of adenine are hydrogen-

molecular dynamics, we have determined the structure of bond acceptors (Figure 5a). N3 of adenine and O8 of oxo-
oligodeoxynucleotides containing 8-oxo-dG:dA, the preferred dG are hydrogen-bond acceptors and appear in the minor
substrate for MutY, establishing that 8-oxoguanine and dA groove (Figure 5b). For substrates in which N7, N6, or H8

form a Hoogstein pair with the modified base assuming a of adenine are replaced by C, O, and O, respectively,
synconformation (Kouchakdjiast al,, 1991). This solution  specificity constants for MutY are reduced by three orders
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Ficure 5: Models a and b represent the central three base pairs of an 11-mer DNA duplex showing views from the major and minor
groove, respectively. The structure of the dA{j):8-oxo-dG6yr) base pair was determined by 2D NMR analysis (Kouchakdjiaal,

1991) coupled with restrained molecular dynamics. Hydrogen-bond donors and acceptors are colored light and dark, respectively. In model
¢, dA has been everted 180eaving a gap in the duplex while 8-oxo-dG remains ingirconformation. This model was constructed by
analogy to the crystal structure of the Hha DNA methyltransfer@¢A complex in which dC in a dG:dC pair is everted (Klimasauskas

et al, 1994).

of magnitude. The contribution of N1 of adenine was not relate to structural interference with the catalytic functions
directly explored although, in its protonated form, this of this enzyme. Binding remains strong, a conclusion
position plays an important role in stabilizing a mispaired supported by the lowy (10 nM) observed for rA:8-oxo-
dG in thesynconformation. In each pair of substrates, in dG. In contrast, the decrease of specificity constant observed
which the dG moiety contains an 8-oxo group, the specificity after methylating the '2position of 8-oxoguanine or by
constant of the 8-oxo derivative is higher by approximately converting the 3phosphate to a methylphosphonate more
two orders of magnitude. This result could indicate binding likely is related to steric factors governing the position of
of MutY to O8 of the modified base but more likely enzyme and substrate or electrostatic interactions.
represents the preference of dG in dG:dA mispairs to remain  We conclude from this analysis that the edges ofsy@(
in theanti conformation at pH 7.5 (Carbonnaexal,, 1991; dA(ant) and 8-oxo-dGgyn):dA(ant) mispairs present a
Brown et al, 1990). This partially stacked structure, unique configuration of hydrogen-bond donors and acceptors
stabilized by bifurcated hydrogen bonds, binds much lesswhich are recognized by complementary groups in MutY
effectively to MutY (Luet al, 1995; this paper). protein. Specific binding is conferred in the major groove

8-oxo-dl differs from 8-oxo-dG in lacking a 2-amino by simultaneousnteraction of MutY with donors and/or
group. Absence of this group is associated with a small acceptors on each base in the mispair. 8-oxo-dG:dA is
increase in appare€y and only a 4-fold decrease in the associated with a 100-fold greater specificity constant
specificity constant, suggesting that the presence of N2 of compared with dG:dA. This preference is consistent with
guanine is not of critical importance to enzymatic activity. the fact that, at pH 7.5, dG and dA assume thati
The effect of removing N2 (dl:dA) is much more marked in conformation with protonation of dA being required to form
the dG:dA series (Table 3). The specificity constant of MutY a Hoogstein pair with dG in theynconformation. There is
for dA:8-0x0-dG is reduced by at least several orders of no indication that either of the hydrogen bond acceptors
magnitude when O8 and O6 are convertedQeanethyl exposed in the minor groove [O8 of 8-oxo-d@f) and N3
ethers. Duplexes in which O6 is removed and which also of dA(anti)], which have identical counterparts in the dA-
lack the 2-amino group lose biological activity, suggesting (anti):dT(anti) Watson-Crick pair, are involved in binding
that O6 and O8 of guanine play a role in recognition of to MutY.
substrates by MutY. Model for the Catalytic Action of MutY We envisage

In B-DNA containing a dG:dA or 8-oxo-dG:dA mismatch, several discrete steps in the MutY-catalyzed removal of
the sugar residues of adenine are largely shielded fromadenine from DNA. Initially, MutY is seen as binding
protein interactions; thus, Gthe primary site of nucleophilic  nonspecifically to DNA, an interaction mediated primarily
attack by MutY, is not accessible to the enzyme in either by electrostatic interactions between the protein and phos-
groove. The inhibitory effects of replacing deoxyribose with phodiester backbone (von Hippel & Berg, 1989; Dowd &
ribose (compare dA:dG with rA:dG and dA:8-oxo-dG with Lloyd, 1989). In addition, hydrophobic contacts are made
rA:oxo-dG) or of modifying the 2position of adenine may  between DNA and the target recognition domain of the
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FiGUurRE 6: Mechanistic scheme showing nucleophilic attack on Ii}lwater. See text for details.

protein. The second step involves translation of DNA inaccessible to proteins binding in the major groove. In the
relative to the protein; a scanning process known as facilitatedeverted position (Figure 5c¢), Ctan be attacked linearly
linear diffusion (Lohman, 1986; von Hippel & Berg, 1989; by a nucleophilic group of the protein or, alternatively, by a
Dowd & Lloyd, 1990). Through this movement, the protein water molecule. We propose below a mechanism for this
rapidly reaches the mispair. Scanning of short oligodeoxy- essential step in reactions catalyzed by MutY.

nucleotides takes only a short time; in macromolecular DNA,  Thek.for MutY increases with decreasing pH when the
the rate of diffusion could be rate limiting. The third step DNA substrate contains a dG:dA mispair. This effect is not
of the process involves recognition of the mispair by MutY. observed for duplexes containing 8-oxo-dG:dA. dG:dA
As in other DNA—protein interactions, recognition involves mispairs are stabilized by protonation of dA, with dG
complementary hydrogen bond donor/acceptor pairs in theassuming theynconformation. Protonation tends to prevent
major groove (Seemaet al,, 1976) where the dA:8-oxo-dG  eversion of dA; however, this base competes also for the
mispair displays distinctive features (Figure 5). Additional active site pocket in MutY. This process should be facilitated
interactions may stabilize the MutYDNA complex; for by the ability of protonated adenine to serve as an electron
example, methylation and ethylation experiments suggest thatsink.

phosphate groups on either side of the mispair on both strands Mechanistic Considerations DNA glycosylases that

of MutY are involved in complex formation (Let al,, 1995). exhibit similar rates for glycosylase and AP lyase activity
The importance of nucleotide sequence context in recognitionare believed to involve a covalent imine (probably proto-
of mispairs by MutY also is suggested by the report of Lu nated) as an intermediate in a reaction that leads ultimately
et al. (1995) but has not been examined systematically.  to strand scission (Kow & Wallace, 1987; Dodsenal.,

The model proposed for subsequent steps (Figure 5c¢) is1993). In the absence of an appropriately placed nucleophilic
based, in part, on an analogy with crystal structures of amino group, a specifically positioned water molecule could
uraciDNA glycosylase (Molet al, 1995), Hhal DNA be deprotonated to generate an hydroxyl anion which then
cytosine-5-methyltransferase (Klimasauskgal., 1994), and nucleophilically displaces the heterocyclic base (Figure 6,
several other enzymes (Robers$ al, 1995). In these  1—2), generating an abasic site (3). The lyase function of
structures, the base involved in the enzymatically catalyzed such an enzyme operates on the ring-opened form (4) of the
modification is displaced from the interior of the helix. abasic site. The half-life of abasic sites in DNA is measured
Displacement (eversion) of the base, often referred to asin hours; a lyase function minimally would require depro-
“flipping out”, facilitates binding to a pocket in the enzyme tonation of the Ehydroxyl group, as shown in 3. A second
and appears to be common in enzymes involved with basedeprotonation at the' dosition (5) would inducg-elimina-
modification and DNA repair (Roberts, 1995). Base eversion tion of the 3-phosphate residue to yield 6. Whether this
involves rotations around a number of bonds in the DNA mechanism also requires protonation of the aldehyde group
backbone, an increase in the interphosphate distances suris debatable. It also is not clear if the same deprotonating
rounding the mispair, and conformational changes in the groups are involved in both steps. Normally, water depro-
protein (Cheng & Blumenthal, 1996). The protein fills the tonations of this type can be accomplished by a carboxylate
gap in the helix left by the everted base and provides anion, a histidine/serine combination or a histidine residue
hydrogen bonding to the orphan base on the opposite strandalone, and a combination of such systems cannot be ruled
In B-DNA, C1' in the deoxyribose moiety is essentially out. At present, little definitive information is available
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concerning the mechanistic actions of MutY although there complex between endonuclease V and duplexes containing
is suggestive evidence, based on homology to the crystala single thymine dimer. This suggests that a mechanism

structure of endonuclease Ill (Keat al, 1992), that Asp- such as that shown in Figure 6, which involvegCHas a
138 is involved in the glycosylase function of this enzyme nucleophile, is involved in cleavage of the phosphodiester
(Dodsonet al., 1994). backbone by MutY.

Comparison with Results of Other#fter these studies
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