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ABSTRACT: Endonuclease VIII (Nei) excises oxidatively damaged pyrimidines from DNA and shares
structural and functional homology with formamidopyrimidine-DNA glycosylase. Although the structure
of Escherichia coliNei is solved [Zharkov et al. (200BMBO J. 21 789-800], the functions of many

of its amino acid residues involved in catalysis and substrate specificity are not known. We constructed
a series of Nei mutants that interfere with eversion of the damaged base from the helix (QLY&8A,
AQLY69—71) or perturb the conserved zinc finger (R171A, Q261A). Steady-state kinetics were measured
with these mutant enzymes using substrates containing 5,6-dihydrouracil, two enantiomers of thymine
glycol, 8-ox0-7,8-dihydroguanine, and an abasic site positioned opposite each of the four canonical DNA
bases. To some extent, all Nei mutants were deficient in processing damaged DNA, with mutations in the
zinc finger generally having a more profound effect. Wild-type Nei showed prominent opposite-base
specificity (G> C ~ T > A) when the lesion was 5,6-dihydrouracil cis-(5S,6R)-thymine glycol but

not for other lesions tested. Mutations in the @&971 loop eliminated this effect. Only wild-type Nei

and Nei-Q261A mutants could be reductively cross-linked to damaged base-containing DNA. Experiments
involving trapping with NaBH and the kinetics of DNA cleavage catalyzed by Nei-Q261A suggested
that this mutant was deficient in regenerating free enzyme from the DI¥A covalent complex formed

during the reaction. We conclude that the opposite-base specificity of Nei is primarily governed by residues
in the Q69-Y71 loop and that both this loop and the zinc finger contribute significantly to the substrate
specificity of Nei.

Endonuclease VIII (Nei), a bacterial enzyme with DNA from substrate DNAY, 2, 6), whereas Fpg excises oxida-
N-glycosylase and abasic site lyase [apurinic/apyrimidinic tively damaged purines/( 8). During catalysis, the dl of
(AP)! lyase] activities, participates in base-excision repair the N-terminal proline moiety of Nei attacks the 'Gitom
of oxidatively generated DNA damagg, ¢). Nei is homo- of the damaged nucleoside, leading to the loss of the base
logous to another prokaryotic enzyme, formamidopyrimidine- and the formation of a Schiff-base intermediate. The latter
DNA glycosylase (Fpg)3); together with Fpg and several rearranges to eliminate thé&ghosphatef elimination) and
eukaryotic homologues, it forms the Fpg/Nei family of DNA  5'-phosphated elimination) from the deoxyribose moiety.
repair glycosylases}( 5). Despite the structural homology, In bacteria, Nei likely serves as a back-up for endonuclease
Nei preferentially removes oxidatively damaged pyrimidines 11I, the major glycosylase with activity against oxidatively

; damaged pyrimidines.
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1 Abbreviations: AP, apurinic/apyrimidinic; 8-oxoG, 2-amino-7,9- . . . . . .
dihydro-1H-purine-6,8-dione (8-0xo-7,8-dihydroguanine); DHU, dihy- void left in the helix after base extrusion. The amino acids

dropyrimidine-2,4(H,3H)-dione (5,6-dihydrouracil); F, (3-hydroxytet-  forming this short loop also participate in unstacking of the
rahydrofuran-2-yl)methyl phosphate (tetrahydrofuran analogue of an base opposite the lesion, introducing a sharp kink into DNA,

abasic site); PAGE, polyacrylamide gel electrophoresig; T%8f5 6R)- ; ; ;
5,6-dihydroxydihydropyrimidine-2,4¢,3H)-dione (thymine glycol and forming hydrogen bonds with the base opposite the

enantiomer A); Tg, (5R69-5,6-dihydroxydihydropyrimidine-2,4-  1€sion, thereby contributing to the observed opposite-base
(1H,3H)-dione (thymine glycol enantiomer C). specificity.

10.1021/bi060663e CCC: $33.50 © 2006 American Chemical Society
Published on Web 09/09/2006



12040 Biochemistry, Vol. 45, No. 39, 2006 Kropachev et al.

Another important structural motif is a single C-terminal to the instructions of the manufacturer; the completeness of
Cys-type zinc finger bearing an arginine residue (Arg-252), uracil excision was confirmed by heating the product with
which is absolutely conserved among members of the Fpg/putrescine-HCI (pH 8.0) followed by polyacrylamide gel
Nei family (11). Arg-252 is involved in a tight network of  electrophoresis (PAGE) analysi&l}. Synthesis and purifica-
hydrogen bonds surrounding the lesion that hold DNA in a tion of oligonucleotides containing a single thymine glycol
highly distorted conformation. The functions of several residue were performed as described previougB).(The
important residues (Pro-1, Glu-2, Glu-5, Lys-52, Asp-128, sequence used in this case wdsGACAAGCGCAGY-
Asp-159, Glu-174, Arg-212, and Arg-252) have been ex- CAGCCGAACAC-3, where Y was (56R)-Tg or (53R,69-
plored by site-directed mutagenesitd,(12). In general, Tg. The opposite strands were complementary to the
mutations of amino acids involved in hydrogen bonding at corresponding modified oligonucleotides, except for A, C,
the active site compromise DNA glycosylase activity of Nei G, or T, positioned opposite the modified base. The modified
but, surprisingly, do not affect AP lyase activity. Structural strands were labeled at thé position usingy-[?P]ATP
studies (G. Golan, D. O. Zharkov, A. P. Grollman, and G. (Amersham Biosciences, Piscataway, NJ) and T4 polynucleo-
Shoham, paper in preparation) suggest that the active site otide kinase following the protocol of the manufacturer and
Nei possesses sufficient flexibility to compensate for the loss annealed to the complementary strand in a 1:2 ratio.
of a few prima facie critical interactions with the abasic Construction and Purification of Specific Nei Mutants.
substrate, allowing strand scission to take place. Conservation analysis of the Nei subfamily of the Fpg/Nei

The substrate specificity of Nei, with regard to its family of DNA glycosylases was carried out as described
preference for different lesions (lesion specificity) and for (18). Nei mutants were produced by site-directed mutagenesis
different bases opposite the lesion (opposite-base specificity),in the expression plasmid pET-24b (Novagen) carrying the
have not been systematically investigated. Approximately 20 Wild-type nei coding sequence inserted &itdd —Hindlll
different oxidatively damaged bases (both purine and pyri- restriction sitesZ3). The recombinant plasmids were main-
midine derivatives) are reportedly excised by Nei (reviewed tained in XL1-BlueE. coli cells. To obtain mutant Nei
in ref5), but reports of the relative efficiency of their excision Proteins, the plasmids were transfected into BL21(DE3)
are inconsistent. The preference of Nei for the opposite basecoli. The protocol for purification of the wild-type enzyme
is primarily G= A > (C or T) (2, 13—16), although Cwas  Was followed £3). No significant difference in expression

found to be the preferred base opposite xanthine and 8-oxo-0r chromatographic behavior was observed between wild-
7,8-dihydroadeninel(). type Nei and most of the mutants, with the exception of the

Q261A mutant, which requice2 h (rather than 3 h) of IPTG
induction and 100 mM (rather than 150 mM) NacCl in the
binding buffer for chromatographic steps. The total protein
concentration was determined by Bradford staini?d).(To
calculate the concentration of the active protein, binding of
Nei to F-containing DNA was measured by the gel mobility
shift assay, as described in the next section, with saturating
amounts of the ligand.

Determination of Apparent Dissociation Constants by Gel
Mobility Shift AssayReaction mixtures contained 6:10
nM 32P-labeled oligonucleotide duplex, 20 mM Tris-HCI (pH
7.5), 100 mM NacCl, 2 mM ethylenediaminetetraacetic acid,
1 mM dithiothreitol, 10% glycerol, and varying amounts of
MATERIALS AND METHODS the enzyme in a total volume of 1. The enzyme was

diluted with 5x reaction buffer containing 0.5 mg/mL bovine

Enzymes and OligonucleotidéB! polynucleotide kinase  serum albumin. Reaction mixtures were pre-equilibrated at
andEscherichia coluracil-DNA glycosylase were purchased 4 °C, and all operations were performed at this temperature.
from New England Biolabs (Beverly, MA). Oligonucleotides The enzyme was added to the reaction and allowed to bind
for site-directed mutagenesis were purchased from Sigma-to the DNA substrate for 3 min. Aliquots (GL) were
Aldrich (St. Louis, MO). 8-Oxo0-7,8-dihydro-aleoxygua- subjected to 8% nondenaturing PAGE (17 cm long), prerun
nosine phosphoramidite was prepared as described previouslyn 0.5x TBE at 200 V for at least 2 h. Samples were loaded
(20) and other phosphoramidites were purchased from Glenat 200 V, with a tracer dye (bromophenol blue, ©.5BE,
Research (Sterling, VA). Modified oligodeoxyribonucleotides and 10% glycerol) placed in a separate lane. Electrophoresis
for kinetic studies were synthesized by standard solid-statewas continued until the dye had migrate® cm from the
phosphoramidite chemistry and purified by reverse-phaseorigin. The gels were quantified using a Molecular Dynamics
high-pressure liquid chromatography. The sequence used wa$hosphorimager system. Binding constants were calculated
5'-CTCTCCCTTCXCTCCTTTCCTCT-3 where X was from at least three independent experiments using the
2-amino-7,9-dihydro-#i-purine-6,8-dione (8-oxo-7,8-dihy-  nonlinear fit routine implemented in SigmaPlot version 9.0
droguanine, 8-0x0G), (3-hydroxytetrahydrofuran-2-yl)methyl (Systat Software, Point Richmond, CA).
phosphate (tetrahydrofuran analogue of an abasic site, F), Assay for DNA Glycosylase Adities. The reaction
uracil, or dihydropyrimidine-2,4@,3H)-dione (5,6-dihy- mixture used for kinetic studies was the same as for studies
drouracil, DHU). Duplex oligonucleotides containing a single of binding except that glycerol was omitted and concentra-
AP site were obtained by treating the corresponding uracil- tions of the labeled duplex varied according to the purpose
containing duplexes with uracil-DNA glycosylase according of the experiment. Reactions were initiated by the addition

Recently, we developed a structurdlioinformatic ap-
proach designed to predict functionally important residues
in DNA glycosylases 11, 18). This method was used to
select residues contributing to substrate specificity of Fpg,
and several site-directed Fpg mutants with altered lesion or
opposite-base specificity were successfully construdtéd (
Here, we applied structural and conservation considerations
to select residues in Nei that are likely to contribute in the
multistage process of damage recognition. We report a
mutational analysis of the intercalation loop and the zinc
finger in Nei and the effect of mutations in these regions on
the activity and substrate specificity of this enzyme.
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'5 Mycobacterium tuberculosis ...HLGLYG.......GPTVCE....... i 1 PO RNVFWCPVCR|. .
-l s S . OB - . - el MUITE RSLYWCPGCR)|. .
Tropheryma whipplei = ...HLGI¥G.......GPAVCK....... Ihieiaiiin e RELYWCVVCQ. .
Xanthomonas campestris = ...HFLLFG.......YACSVQ....... Vhocwiina RRAFFCEVCR)|. .
= g
Escherichia coli il' - SRR ‘.:.'ASESL ....... RA'.:!‘FYCRQCQ. .
Magnetococcus sp. 'I'iE' ....... YASEAL....... RSSYYCPQCR). .
Neisseria meninigitidis RKFG. ...... YANESL....... RGTFYCPNCQ|. .
Brucella melitensis 'Ira - c YN YVCEAL. .20 vss RSTFFCASCQ). .
83 Bacillus subtilis Hi ....... YVDEAL....... RGTHFCAKCQ). .
WL Chloroflexus aurantiacus . ii ....... YANEAL....... RSTYFCPTCR. .
Desulfovibrio desulfuricans ... AREIFG. . . ... YADESL....... RTTVYCSNCQ). .
Synechococcus sp. a ....... YADESL....... RSTHWCPTOQ|. .
Deinococcus radiodurans s l- ....... YADREST, I RGTHFCPVCR)|. .
Mycobacterium tuberculosis JRTFG....... YADEAL. ...... RSSFYCPRCRQ

Ficure 1: Alignment of the sequences of Nei and Fpg proteins from different bacterial species. Protein sequences of Nei (top panel) and
Fpg (bottom panel) were aligned using Clustal@®)( The light gray boxes indicate the intercalating residues inserted in the DNA helix;

the dark gray box indicates the Arg residue conserved in Nei but not in Fpg (Arg-1#3dali Nei); and the white box indicates the
absolutely conserved GIn residue. Numeration of the residues in both Nei and Fpg is given according. toolheequences.

of the enzyme and, after incubating for60 min at 25°C, analyses by site-directed mutagene$®; 12). The QLY loop
terminated by adding zL of formamide dye and heating inserts into the space left vacant after eversion of the
for 1 min at 95°C. An aliquot (5uL) of each reaction damaged nucleotide, forming multiple bonds with DNA. In
mixture was subjected to PAGE in 20% polyacrylamide/8 the Fpg family, the sequence of this loop is conserved only
M urea. After PAGE, radioactivity levels in each band of at position 70, which is nearly always occupied by a bulky
the gel were measured on a Phosphorlmager. In kineticaliphatic amino acid (Leu or Met). Even more surprisingly,
experiments, the enzyme concentration and length of incuba-the exact sequence is not conserved even within the Nei
tion were adjusted to cleave no more than 20% of the subgroup; position 69 can be occupied by Gin, Gly, or a
substrate, thereby maintaining initial velocity conditions. bulky residue (Figure 1). Thus, we have constructed two
Initial velocities (o) were plotted against the substrate mutations, one replacing all amino acids in the QLY loop
concentration [$] and the resulting hyperbolic curves were with alanines (Nei-QLY/AAA) and another deleting the
fit to a rectangular hyperbola by least-squares nonlinear entire loop (NeiAQLY). The first of these Nei mutants
regression. Apparent values fiify andVmax were obtained  presumably retains some void-filling capabilities but loses
for the cleavage reactioksawas calculated from the known  specific side-chain interactions between the QLY loop and

Vmax and the active enzyme concentration. For those casesDNA bases; the second mutant may not be able to fill the
in which we were unable to achieve saturation of substrate yqid.

DNA, apparent values for the specificity constadgs= keaf

Kwm, were obtained by linear regression of theversus [S§]

plot and individual values fok., and Ky, are not reported.

At least three independent experiments were performed for
each analysis.

In contrast to the poorly conserved QLY loop, Arg-171is
highly conserved among Nei proteins but not in the Fpg
subgroup (Figure 1). Such subgroup-specific conservation
may be indicative of residues involved in substrate specificity
a ) ) o (11, 18). This moiety lies at a distance from the lesion-

Cross-Linking.Reaction mixtures (1@L) containing 20 pinging pocket in the NeDNA complex and does not contact
nM of the appropriate DNA duplex, 50 nM wild-type or - pnA directly; however, this does not exclude it as an
mutant Nei, 25 mM Naphosphate (pH 6.8), 50 mM NaCl,  jmnortant determinant of specificity or catalysis because there
1 mM ethylenediaminetetraacetic acid, and 100 mM freshly 5re many examples of catalytically important residues located
dissolved NaBH were incubated at 37C for 5 min (or for at a distance from the active sit25). Thus, Arg-171 was
the period designated in time-course experiments), q“e”ChedrepIaced with alanine (Nei-R171A). Another position, GIn-
with 10uL of sodium dodecyl sulfate—contaiqing dye, heateq 261, is absolutely conserved in Fpg and Nei (Figure 1).
for 5 min at 95°C, and subjected to PAGE in the Laemmli - gocaise hoth Arg-171 and GIn-261 seem to be involved in
system 4). The gels were visualized using a Phosphorlm- w0 hositioning of the zinc finger of Nei, we generated a
ager. Nei-Q261A mutant and compared its properties with those
of Nei-R171A.

Binding of Nei and Its Mutants to Damaged DN¥any
Rationale for Site-Directed Mutagenesiavo regions of DNA glycosylases, including Nei, have a high affinity for
Nei that are potentially important in determining substrate DNA containing the tetrahydrofuran analogue (F) of an AP
specificity and catalytic activity of the enzyme, namely, the site. Unlike natural AP sites, F is resistantd@limination;
intercalation loop and the zinc finger, have largely escaped thus, it cannot be cleaved by DNA glycosylases with AP

RESULTS
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Table 1: Dissociation Constants (nM) of Nei and Its Mutants Bound to DNA Containing F, TgA, and TgC

lesion opposite base wild-type Nei Nei-QLY/AAA NaQLY Nei-R171A Nei-Q261A
F A 0.47+£0.11 26+ 7 15004+ 260 N/D* N/D
C 0.21+0.09 23+ 5 7104 80 N/D N/D
G 0.2940.12 30+ 6 82+ 35 140+ 110 3448
T 0.27+0.14 20+ 5 750+ 90 N/D N/D
TgA A 0.57+£0.15 42+19 1404 30 39+ 13 28+15
C 0.93+0.34 5.5+ 1.6 1304+ 30 22+ 4 55+25
G 0.774+0.19 6.3+ 2.2 120440 19+ 7 7.1+£17
T 0.71£0.17 3.6+ 1.3 180+ 50 14+ 3 21+9
TgC A 1.6+0.4 45+1.9 56+ 12 14+ 3 8.1+£25
C 0.78+ 0.23 4.3+ 1.0 96+ 28 26+ 3 9.0+ 3.7
G 1.6+0.4 4.3+ 0.9 75+ 24 15+ 3 11+ 2
T 0.86+ 0.28 3.5+ 1.3 1604 40 15+ 3 124+ 4

aN/D = not determined.

lyase activity. Wild-type Nei quickly processes substrates DHU is often used as a model oxidatively damaged
to a gapped product, while its mutants are of lower catalytic pyrimidine substrate for Nei, endonuclease Ill, and related
proficiency. The use of substrates containing F provides the enzymes 15, 26). Wild-type Nei cleaved DHU efficiently
most useful way to compare affinities of Nei and its mutants when placed opposite G (Figure 2), the natural context for
for the same lesion in DNA. this lesion, which is generated from Q7). A 7—9-fold

The affinities of Nei and its mutants for substrates decrease in the specificity constant was observed when
containing F positioned opposite each of the canonical basegyrimidines were located opposite DHU, primarily because
in DNA are listed in Table 1. The dissociation constants for of the decrease ik... However, when DHU was paired with
wild-type proteins were similar for all pairs, with the A, a dramatic decrease in efficiency was observed where
exception of F:A, which was bound X2-fold less ef- the DHU:A substrate was processed®500-fold less ef-
ficiently than other pairs. Replacement of specific side chains ficiently than DHU:G with bothKy, (increasing~20-fold)
in the QLY loop with methyl side chains of alanine caused and ke, (decreasing~120-fold) contributing to this effect.
a ~100-fold decrease in binding efficiency, but the effect A similar, albeit less dramatic, pattern was observed for
of the opposite base was still negligible. However, deletion Tga: Tga:G was the best substrate, withf@§ and Tg,:C
of the entire QLY loop had a dramatic effect on binding, so cleaved~10-fold less efficiently, owing mainly to the lower
that F:G was bound only 2.7-fold less than the natural k.., and Tg:A was the poorest substrate with the effect on
substrate, while th&q for F positioned opposite other bases Ky also being evident. Surprisingly, Nei cleaved cTg
increased~30—60-fold. Binding of the R171A and Q261A  opposite all four bases with nearly equal efficiency, with
mutants was estimated only for the F:G pair. The effect of Ky andkes: being similar for these substrates (Table ).
these mutations on lesion binding was comparable to thatand k., values for Tg:A and Tg::A were nearly identical
seen with the replacement or deletion of the QLY loop (Table to measurements reported earlier on the same subst28jes (
1). providing a control for the relative enzyme efficiency on

Dissociation constants were estimated for wild-type Nei different substrates.
and Nei mutants binding oligonucleotides containing two  As expected, wild-type Nei efficiently cleaved AP sites
known Nei substrates, §6R)-5,6-dihydroxydihydropyri- by p/6 elimination, withKy decreased at least 20-fold for
midine-2,4(H,3H)-dione (thymine glycol enantiomer A, G opposite the lesion and up ta3 orders of magnitude for
Tga) and (3R 69-5,6-dihydroxydihydropyrimidine-2,4H,3H)- A opposite the lesion compared to substrates containing a
dione (thymine glycol enantiomer C, §g These ligands  damaged pyrimidine base (Table 2). Notably, as with-Tg
are processed by wild-type Nei; therefore, the obseigd  containing substrates, no opposite-base preference of G to
reflects the affinity of the wild-type enzyme for both substrate A was observed. The overall efficiency of AP site cleavage
and product, whereas it reflects substrate binding only for was -2 orders of magnitude higher than that of base-
catalytically inactive Nei mutants. The values determined containing substrates, owing mainly to low€y; values, a
for Tg generally were on the same order as those for F, finding consistent with the suggestion that many DNA repair
indicating that the affinity of Nei and its mutants for the glycosylases have a higher affinity for the AP product than
uncleavable ligand is a good estimate of its general affinity for their base-containing substrate9,30).
for specific damaged DNA. Although oxidatively damaged pyrimidines are regarded

Substrate- and Opposite-Base Specificity of Wild-Type Nei. as the main substrates for Nei, several groups have reported
To provide a basis by which to estimate the effect of Nei activity against 8-oxoG, a common oxidatively generated
mutations and to assess the specificity of Nei for different purine lesion 14, 15). To analyze the effect of Nei mutations
substrates under identical conditions, we determined theon the recognition of 8-oxoG, which may occur via a
parameters of MichaekisMenten kinetics for wild-type Nei  different mechanism than the one that recognizes DHU or
acting on three well-known substrates, DHU Tgnd Tg;, Tg (31), we determined the kinetics of wild-type Nei on
as well as on 8-0xoG and AP sites. All four canonical bases 8-oxoG-containing substrates with all four canonical DNA
were positioned opposite the lesion, except in the case ofbases positioned opposite the lesion (Table 2). These
the AP site, when only A and G were tested as opposite experiments demonstrated that 8-oxoG was a much poorer
bases. The results of these experiments are summarized isubstrate for wild-type Nei than was DHU or Tg, wikty
Table 2. ~ 2 orders of magnitude less than for the oxidatively
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Table 2: Kinetic Constants of Nei and Its Mutants Acting on Different Lesions

wild-type Nei Nei-QLY/AAA Nei-AQLY
KeafKm KealKm KealKm
(nM—1 (nM-1 (nM-1
opposite Kwm Keat min~, Kwm Keat min—?, relative K Keat min~!, relative
lesion base (nM) (min~1) x10%)  (nM) (min~1) x 10°%) activity2  (nM) (min~1) x10%) activity
DHU A 160+ 120 0.035+ 0.015 0.22 38t 21 0.0043+ 0.0011 0.11 5.0¢ 107t uDLP
C 6.6+ 2.5 0.49+0.05 74 140t 60 0.80+0.11 5.7 7.7 1072 uDL
G 85+32 43+ 0.5 510 42+ 17 0.0039+ 0.0003 0.093 1.8& 104 544 28 0.0029+ 0.0004 0.054 1.k 104
T 35+13 0.19+ 0.02 54 160+ 120 0.70+ 0.23 4.4 8.1x 1072 UDL
TogA A 16+ 14 1.44+0.7 88 5.9 6.7 1072 3.7 4.2x 1072
C 4.7+29 0.69+ 0.18 150 5.6 3.% 1072 3.7 25x102
G 23+1.2 3.4+ 0.6 1500 5.4 3.6¢ 1073 3.7 25x103
T 4.6+ 2.6 0.67+ 0.16 150 5.4 3.6¢ 1072 3.7 2.5x 1072
TgC A 3.2+1.6 2.1+ 05 660 4.7 7.1x 10366+ 14 0.15+0.01 2.3 3.5x 1073
C 44+ 2.7 25+ 0.8 570 55 9.6¢< 1073 2.9 5.1x 1073
G 2.3+ 0.8 2.0+ 0.3 870 49+ 37 0.96+0.21 20 2.3x 1072 3.1 3.6x 1073
T 44+ 1.6 2.9+ 0.6 660 190t 80 1.3+£0.2 6.8 1.0x 1072 2.8 4.2x 1073
8-0x0G A 610+ 110 0.47+0.04 0.78 46<10359x%x 103 UDL
C 680+ 210 0.95+0.10 1.4 6.6x 103 4.7x 1073 UDL
G 580+ 200 0.79+0.11 1.4 5.8x 103 4.1x 103 UDL
T 13004+ 300 14+ 02 11 5.5x 1035.0x 1073 uDL
AP A 0.083+ 0.015 0.64+0.02 7700 28t7 0.09+ 0.01 3.2 4.2< 1074 UDL
G 0.11+0.03 0.53+0.13 4800 22+ 3 0.11+ 0.02 5.0 1.0x 1073 UDL
Nei-R171A Nei-Q261A
kca{KM kca{KM
(nM—? (nM~2
opposite min~1, relative Kwm Keat min~t, relative
lesion base x 10%) activity (nM) (min™Y) x 10%) activity
DHU A UDL 2604140 0.0144- 0.002 0.054 2.5¢ 10t
C UDL 2704+ 130 0.00&+ 0.001 0.030 4.% 104
G UDL 77+73 0.009+ 0.001 0.12 2.4 104
T UDL 1400+ 800 0.004+ 0.001 0.0029 5.4 10°°
TgA A 2.6 x 1073 2.7x10° 0.18 2.0x 1073
C 1.7x 1073 1.1x 10°° 0.19 1.3x 1073
G 2.1x 1073 1.4x 10°¢ 2104 100 0.344-0.06 1.6 1.1x< 1073
T 3.0x 103 2.0x 10° 0.20 1.3x 1073
TgC A 5.1x 1073 7.7x 1076 0.18 2.7x 104
C 2.8x 1073 49x 1076 0.17 3.0x 10
G 4.4x 1073 5.1x10°¢ 240+ 120 0.35+ 0.07 1.5 1.7x 103
T 5.3x 1073 8.0x 1076 0.17 2.6x 104
8-0x0G A 3.7x 1078 4.7x 1078 2.0x10° 2.6x10°
C 1.1x 103 79x 104 4.3x 107 3.1x 105
G 1.7x 1078 1.2x 1073 3.8x10° 2.7x10°
T 29x 103 2.6x 103 1.4x10° 1.3x10°
AP A 1x10°38 1.3x 1077 UDL
G 6x 10 1.3x 1077 UDL

aRelative activity was defined as the ratio of the specificity constagf) for the mutant to that for the wild-type enzynfeJDL = under
detection limit.

damaged pyrimidines. Together with a slight decreaseg,in containing substrates and all 8-oxoG-containing substrates.
this resulted in a 501000-fold decrease in the specificity The residual activity for Tg-containing substrates was very
constant. No significant opposite-base effect was observedlow and was usually not saturated in steady-state kinetic
for 8-oxoG. experiments (Table 2). Zinc finger mutants also caused a
Activity of Nei Mutants To evaluate the contribution of ~ Significant reduction in catalytic activity against damaged
the QLY loop and zinc finger to Nei catalytic activity, we Pyrimidines and 8-oxoG. Interestingly, when the Nei-specific
measured kinetic constants for all four Nei mutants on the Arg-171 was mutated, the relative loss of activity for 8-0xoG
same set of substrates used for comparable measuremenf§ompared to the wild-type Nei) was—3 orders of
of wild-type Nei. Replacement of the QLY loop residues Magnitude less than the loss of activity for Tg. On the other
with alanines led to a-2—4 orders of magnitude decrease Nand, the Q261A mutation had a greater detrimental effect
in the specific activity of the enzyme for damaged pyrim- On €xcision of 8-oxoG than on excision of damaged
idines and 8-0x0G. The sole exception was DHU:A, where Pyrimidines. In both R171A and Q261A mutants, the
the effect was very low (2-fold) and related to the initially OPPOSite-base discrimination against A was removed, al-
low specificity of wild-type Nei for this substrate. The Nei- though G was still preferred as the opposite base by Nei-
QLY/AAA mutant showed similaks,values for DHU:Aand ~ Q261A acting on DHU and both Tg isomers.
DHU:G, the poorest and best DHU-containing substrate, In our previous work 10), we showed that several
respectively, for wild-type Nei. Deletion of the QLY loop mutations in key catalytic residues of Nei (Glu-2, Lys-52,
rendered the enzyme completely unreactive to most DHU- and Arg-252) resulted in the loss of glycosylase activity but
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A apparent opposite-base specificity but could not be cross-
50 200150 100 50 25 10 5 2 1 [Sl, M linked to other Nei mutants (left cqlqmn in Figure 3). The
Ao oo oot oo e o o same held true for 8-oxoG-containing substrates (central

column in Figure 3) and Tg-containing substrates (data not

*‘ - €S shown). On the other hand, when AP site-containing DNA

was used as a substrate, both wild-type and mutant Nei

proteins demonstrated similar accumulation of the cross-
linked form (right column in Figure 3), although they showed
almost no activity in cleaving this substrate (see the previous
section). An exception was th®QLY mutant, which was
<«—P trapped much less efficiently (right column in Figure 3).

Mechanism of Nei Q261A Inaettion. Among the Nei
mutants investigated, only the Q261A mutant could be cross-
linked to damaged base-containing DNA; nevertheless, it
B demonstrated very low catalytic efficiency with all substrates
when analyzed according to the Michaelldenten equation.
We have assumed that the mutant form of the enzyme could
form a Schiff base but could not be released from the
covalent complex, resulting in low enzyme turnover. To test
this hypothesis, we measured product accumulation with
wild-type Nei and Nei-Q261A. Figure 4A shows that wild-
type Nei demonstrated a burst phase in the reaction of
DHU:G cleavage, followed by exponential accumulation of
the product up to 1 h. A burst phase was also observed for

V, NM/min

0 : : ' : Nei-Q261A at the same concentration of the active enzyme.
0 50 100 150 200 . o ) :
However, in sharp contrast to the activity of wild-type Nei,

[S],, nM cleavage of the substrate by the mutant enzyme nearly

FIGURE 2: Cleavage of a DHU:T substrate by wild-type Nei. (A) Stopped after this initial reaction phase, indicating very slow

Gel of a representative experiment is shown. S, substrate oligode-product release and low enzyme turnover. The addition of
oxyribonucleotide; P, products (Nei releases products of foth more enzyme during the reaction (arrows in Figure 4A)

2ngc(?e2|iTeigateigtri]\}e\fiSi?rI]et as trgdfgggoﬂgﬁett%%m?h?é)mRoetglti:tt)i/on caused more bursts of activity, which reached the plateau as
vglocity’vers%s the )s/hbstratepconcentration was plotted (three toS00N as th_e first burst, suggestl_ng that the marked reaction
four experiments for each concentration, with meaS8EM shown) slowdown is not due to exhaustion of some degraded form
and fit with a rectangular hyperbola to obtain the kinetic values Of the substrate that could otherwise be efficiently cleaved

listed in Table 2. by Nei-Q261A.

. . . Slow product release may result from (a) the inability of
retention of the ability to cleave AP-containing DNABY gt catalyzes elimination after the Schiff base has been
elimination. To assess the activity ofzmcfmgermutants and formed, (b) the inability of the enzyme to hydrolyze the
loop mutants toward the AP site, we measured kinetic gepitt pase aftefs elimination, or (c) a high affinity of the
parameters for these enzymes acting on AP:A and AP:G g7y me for the product in a noncovalent complex. To address
substrates. Surprisingliea:andKy could be measured only a6 possibilities, we measured the accumulation of different
for the Nei-QLY/AAA mutant; the decrease in enzyme ¢, mq of the NeiDNA cross-link during treatment with
activity because of this mutation was comparable to its effect NaBH,. As seen in Figure 4B, wild-type Nei formed a cross-
on cleavage of base-containing substrates. Nei-R171A poSyinked complex with DHU:G within 1 min and its concentra-
sessed very low but detectable activity. Because substratgiq, rose steadily but slowly in 8 min, consistent with the

saturation could not be achieved, only the/Ku ratio is gyistence of the burst phase. However, at the 15 and 30 min

reported (Table 2). We did not observe cleavage by Nei- e hoints, most of the covalent complex was converted

Q261A and NeiAQLY. , into a higher mobility product, likely corresponding to the
Cross-Linking of Nei Mutants to Damaged DN#s with elimination of a cross-link with the segment of DNA ®

other DNA glycosylases with AP lyase activity, Nei forms e sjte of covalent attachment of Nei. Nei-Q261A initially

a transient covalent complex with DNA after base excision ¢q-med the complex as efficiently as the wild-type Nei. Its

as well as with DNA-containing abasic sites. Pro-1 attacks ¢, cenration also increased slowly, but only a trace of the
CI' of the damaged nucleoside to generate a Schiff base,jq,,.mobility product was observed at the longer reaction

which can be trapped by the reduction with sodium boro- (imes (Figure 4B). This result is consistent with a mechanism
hydride or related agent_s._The formation of t_h_e stable trapped;, \which Nei-Q261A fails to initiatef elimination after
complex reflects the efficiency of nucleophilic attack; thus, gcpifi-pase formation.

this parameter can be used to qualitatively estimate the degree
to which the active site of the enzyme is perturbed by a pjscussionN
mutation.

We investigated cross-linking of Nei and its mutants to  Structural Context of the Mutation§he mutations studied
various DNA substrates. DHU-containing substrates could in this paper can be divided into two groups according to
be cross-linked to wild-type Nei and Nei-Q261A with no their structural context. The first group, QLY691AAA
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Ficure 3: Borohydride trapping of Nei and its mutants. Representative gels for wild-type Nei and Nei mutants are shown for DHU (left
column), 8-oxoG (central column), and AP site (right column) opposite all bases. Arrows indicate the cross-liEKN@eand free
oligonucleotides (DNA). The time of incubation was 5 min; the reactions were performed @ 3% described in the Materials and
Methods.

andAQLY69—71, affects the tripeptide loop that the enzyme 172 and Leu-180). Thus, Arg-171 and GIn-261 could
inserts into the void formed in DNA after the damaged contribute significantly to the positioning of the zinc finger
nucleoside has been everted from the helix. This loop forms during the catalytic reaction. Although GIn-261 is absolutely
extensive contacts with DNA, including stacking, van der conserved in all members of the Fpg/Nei family, Arg-171
Waals, hydrophobic, and hydrogen-bond interactions, andsurprisingly is not; in fact, its conservation only within the
can be regarded as the single most important structural motifNei subfamily was the reason that it was selected for
of the NetDNA interface, contributing 269 Aof the total mutagenesis. IrE. coli Fpg, Lys-154 occupies a position
876 A2 of the buried surface area(). Kinetic experiments  equivalent to that of Arg-171 in Nei but forms a different
with other DNA glycosylases suggest that their void-filling set of hydrogen bonds, possibly reflecting differences in zinc
elements are inserted after rather than concurrently with finger dynamics during substrate binding and catalysis.
nucleotide eversion and prevent the everted lesion from Interestingly, a K154A mutation in Fpg has been reported
falling back into the double helix32—34). In addition, the to affect both its substrate specificity and the kinetics of
inserted moieties often contribute to the opposite-base product release 38, 39). Overall, R171A and Q261A
specificity of DNA glycosylases35—37); in Nei, GIn-69 mutations are expected to affect the substrate specificity and/
forms a hydrogen bond with the estranged adenine H&ye (  or catalytic efficiency of Nei.
The QLY motif is not conserved in Fpg, where the residues  Substrate Specificity of Nelinitially, Nei was identified
that fill the void (Met-73, Arg-108, and Phe-110) are derived as a DNA glycosylase excising oxidatively damaged pyri-
from different regions of the polypeptide. Thus, mutations midines (). Since then, a number of other substrates for
of the first group are expected to destabilize the Michaelis this enzyme have been described on the basis of limited
complex and influence the target-base and opposite-basekinetic data §). An especially provocative finding was that
specificity of Nei. Nei can remove 8-0xoG from DNA, suggesting a role for
The second group of Nei mutations, consisting of R171A Nei as a “back-up” for Fpg1). Importantly, this activity
and Q261A, was predicted to affect functions of the zinc was reported only for oligonucleotide substrates, and excision
finger. Arg-171, located in thetF helix of the protein, is ~ Of 8-0x0G from irradiated high-molecular-weight DNA was
involved in an extensive network of hydrogen bonds span- not observed®). Here, we have determined the parameters
ning the tip of the zinc finger (Leu-249, Ser-250, and Pro- of Michaelis-Menten kinetics for wild-type Nei using
253) and the H2TH motif (Ala-154 and Asn-168). GIn-261 several oxidatively damaged pyrimidines (DHU, sT@nd
lies immediately C-terminal to the zinc finger, at its bottom, Tdc), 8-0x0G, and AP sites as substrates.
also interacting with both zinc finger elements (Tyr-255 and  In most cases (with the exception of DHU:A, see the next
Cys-257) and the remainder of the C-terminal domain (Val- section), wild-type Nei excised damaged pyrimidines32
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Ficure 4: Dead-end complex formation in the Nei-Q261A mutant.
(A) Representative time course of product accumulation during
cleavage of DHU:G (50 nM) with wild-type NeiQ) and Nei-
Q261A (@). The concentration of the enzymes was 10 nM. Arrows
indicate additions of incremental 10 nM Nei-Q261A. Solid lines
show a fit of the experimental data to a model with an initial burst
followed by an exponential increase to a maximum. (B) Time course
of accumulation of cross-linked products from DHU:G by wild-
type Nei and Nei-Q261A.<) No enzyme added. Arrows cor-
respond to the full-length cross-linking product (1), cleaved cross-
linked product (2), and free oligonucleotides (3); the incubation
time is indicated on the figure.

orders of magnitude more efficiently than 8-oxoG. In fact,
DHU:A, used as a “reference” pyrimidine lesion in a study
of 8-0xoG excision by Nei15), was the poorest of all
pyrimidine substrates tested (Table 2), conveying the mis-
leading impression that 8-oxoG is removed by Nei as
efficiently as damaged pyrimidines. We conclude that
8-0x0G isnota physiological substrate for Nei based on (a)
these kinetic data, (b) the inability of Nei to excise 8-oxoG
from high-molecular-weight DNAK), and (c) the insignifi-
cant difference in G:C— T:A transversions betweefpg
mutY neiandfpg mutY nthiriple mutants oft. coli (14).

DHU and both Tg enantiomers were in general efficient

Kropachev et al.

model for oxidatively generated pyrimidine damage in studies
on DNA repair and mutagenesis because it is an efficient
substrate for DNA repair enzymebs 42—48), and its effect

on DNA polymerases is typical for oxidatively damaged
pyrimidines @9, 50). Therefore, use of DHU in comparison
with other damaged bases may provide valuable insight into
the mechanism of lesion recognition by Nei, as was done
with Fpg 19).

Role of the Intercalation Loop in Nei Catalysis and
Specificity All DNA glycosylases that have been structurally
investigated gain access to'@f the lesion through eversion
of the nucleotide from the DNA helix; the resulting void in
the helix is occupied by amino acid residues from the protein
(51). These void-filling or “plugging” residues serve several
purposes. First, they stabilize the damaged nucleoside in the
flipped-out conformation. Second, they form a wedge
between the estranged base and those adjacent to it on the
undamaged strand, thereby assisting in kinking DNA, a
distortion observed in all DNA glycosylas®NA com-
plexes. Finally, bonds often are formed with the base opposite
the lesion, contributing to opposite-base specificity.

The role of the plugging residues in catalysis has been
studied for several other DNA repair glycosylases using site-
directed mutagenesis. In human alkyladenine glycosylase,
AAG, replacement of the intercalating Tyr-162 with Ser
nearly abolishes DNA binding and cleavage, whereas
substituting Phe for Tyr-162 has a much less pronounced
effect 62). Likewise, replacement of Arg-108 with Ala in
E. coli Fpg reduces enzymatic activity by2 orders of
magnitude but influences binding only minimallg9). In
E. coli MutY, replacement of Tyr-82 by Cys leads to a
decline in DNA binding, enzyme activity, and its ability to
complement the mutator phenotyperitutY mutM E. coli
(53). An analogous mutation in the human MutY homologue
MYH is associated with familial adenomatous polypoSi4) (

The replacement of Tyr-82 with Phe decreases affinity of
the enzyme for damaged DNA, while Leu is a fully
functional substitute for Tyr-8256). Perhaps the most
thorough set of studies of helix plugging was performed for
uracil-DNA glycosylase (Ung) fronk. coliand humans, in
which the residues involved are Leu-191 and Leu-272,
respectively 83, 56—58). For this enzyme, a “pinchpull—
push” model was propose82) in which the damaged base
eversion is initiated by compression of the DNA backbone
and the Leu residue is inserted later to stabilize the flipped-
out conformation. This model has been validated by stopped-
flow studies for Fpg, a close relative of Ne&d4, 59).

In Nei, replacement of functional residues in the intercala-
tion loop leads to a decrease of approximately2lorders
of magnitude in the affinity of the enzyme for damaged
DNA. Deletion of this loop has an even more pronounced

substrates for Nei in most opposite-base contexts. It shouldeffect (~2—4 orders of magnitude). Thus;2—5 kcal/mol

be noted thatis-Tg is subject to slow interconversion at C6
to producetransTg even in DNA @0), and although the
majority of these lesions in our experiments weieTg (22),

a small admixture ofransTg is likely, complicating the

of the overall complex stabilization energy is provided by
loop insertion, of which 0.63 kcal/mol is due to specific

contacts made by the loop residues with DNA. The effect
of loop mutations on enzyme activity is more pronounced:

analysis of Nei stereospecificity. Whereas Tg has been shownthe specific activity of Nei-QLY/AAA is decreaseg1—4

to appeain vivo during oxidative stress4(), it is not clear
whether DHU is formed in the cells, because this lesion is
preferentially generated by ionizing radiation under oxygen-
free conditions Z6) and there is no direct assay for it in

orders of magnitude, whereas N&RLY is completely
inactive on some substrates. Interestingly, in some cases, the
mutation severely affecteldy but reducedk., to a lesser
extent (e.g., a 200-fold increaseHiy and a 5-fold decrease

biological samples. Nevertheless, DHU is widely used as ain ke for AP:G in Table 2), while in others, the opposite
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was observed (a 5-fold increase iy and a 1100-fold changes in the proteirDNA complex [(0), G. Golan, D.
decrease i for DHU:G). Destabilization of the transition  O. Zharkov, A. P. Grollman, and G. Shoham, paper in
state for DHU:G was approximately the same (4423 kcal/ preparation]. Arg-252 of Nei and the homologous Arg-258
mol, as calculated from thlke.s wild-type/mutant ratio) for of E. coli Fpg are hypothesized to play a mechanistic role
both the alanine replacement and the deletion mutant, ofin f and ¢ elimination catalyzed by these enzymes by
which 3.2-3.7 kcal/mol likely results from the loss of stabilizing the negative charge at the leaving phosphate
specific interactions with the DHU base (e$0.5—1 kcal/ moiety (). Obviously, a proper conformation of the zinc
mol destabilization for TgG and AP:G). Clearly, the nature  finger is very important for the action of Fpg/Nei enzymes.
of the damaged base influences events during plugging andLess clear, however, is the role of the interactions between
chemistry steps even if the opposite base is the same. Athe zinc finger and the rest of the protein with respect to the
similar picture was observed earlier for Fd®), where the specificity and activity of the enzyme.
R108A mutation barely affects excision of DHU:C by this In this paper, we investigated two Nei mutants, R171A
enzyme (a 2-fold increase ki) but more strongly inhibits ~ and Q261A, that were predicted to perturb the normal
excision of 8-0xoG:C (a 12-fold decreasekn). positioning of the zinc finger while leaving intact the
Three well-known examples of DNA glycosylases with conformation of this motif. Both mutant enzymes demon-
strong opposite-base specificity are Fpg, OGG1, and MutY strated a pronounced loss in catalytic activity, indicating that
proteins. The first two enzymes have a strong preferencecorrect interactions of the zinc finger with the remainder of
for C opposite the lesion, while MutY excises A paired with the protein are important for Nei activity. Interestingly, these
G or 8-0x0G. Interestingly, even for Fpg and OGGL1, the proteins differed with respect to their ability to cross-link to
recognition of C is achieved by different structural means: the DNA substrate after sodium borohydride treatment. While
in the former, a single Arg residue (Arg-108kn coli Fpg) the R171A mutant was deficient in cross-linking to base-
donates hydrogen bonds t@ @nd N3 of C 86, 60), whereas containing substrates and readily cross-linked to AP sub-
in OGG1, these moieties of the estranged C make bifurcatedstrates, the Q261A mutant was efficiently trapped with both
hydrogen bonds with two Arg residues and thé dnine types of substrates, using a variety of base lesions (DHU,
donates a hydrogen bond to an Asn side-chain amideTga, Tdc, and 8-oxoG). This observation suggests that at
carbonyl @5). Prior to this study, Nei was not regarded as least the initial stage of the reaction, the formation of the
an enzyme with a pronounced opposite-base specificity; Schiff base, is not affected by the Q261A mutation. On the
hence, the structure of the NBINA covalent complex was  other hand, certain reaction steps were markedly inhibited
determined with A opposite the lesiorl(). A single in this mutant. For example, product release was slow, and
hydrogen bond formed betweeneAof GIn-69 and N3 of the accumulation of different cross-linking species suggested
A was also interpreted as a lack of opposite-base specificity.that Nei-Q261A does not proceed foelimination to any
Here, however, we have shown that wild-type Nei strongly significant extent. The treatment of the product with pu-
discriminatesagainstA opposite the lesion, at least for some trescine, an organic base that promotes hydrolysis of AP sites,
substrates (DHU and hgsee Table 2). G appears to be a caused a moderate increase in cleavage efficiency by Nei-
preferred opposite base for wild-type Nei, an observation Q261A but not wild-type Nei (not shown), indicating that
explained by the possibility of forming an additional the product in Nei-Q261A is, at least partly, an AP site,
hydrogen bond between e® of GIn-69 and R of G. perhaps still covalently complexed to the protein as a Schiff
Elimination of this functional group in Nei-QLY/AAA and  base.
Nei-AQLY leads to a loss of the preference for G and  Despite the availability of the structures of free N8) (
discrimination against A, supporting the role of the QLY and Nei covalently bound to DNALQ), the precise role
loop in determining the opposite-base specificity of Nei. played by the zinc finger in the mechanism of action of Fpg/
Similarly, opposite-base preferences of Fpg are changed,Nei enzymes is not completely clear. It has been suggested
albeit in a more complex manner, by substitution of Ala for (10, 36) that correct positioning of Arg-252 is crucial for
Arg-108 (19). base excision by Nei; however, Arg-252 has been shown to
Role of the Zinc Finger in Catalysis by Ne\ single be dispensable for Schiff-base formation ghdlimination
C-terminal Cys-type f/S-antiparallel zinc finger is a dis-  at preformed AP sites1(Q). Unlike the R252A mutation,
tinguishing feature of Fpg/Nei enzymes, being present in all R171A and Q261A, mutations remote from the immediate
bacterial Fpg and Nei proteins and in eukaryotic NEIBR (  DNA-binding residues, have a profound deactivating effect
Interestingly, even when no zinc-binding residues are ap- on substrate binding and catalysis by Nei. Analysis of the
parent in the sequence alignment of eukaryotic NEIL1 structure of free and DNA-bound Ne9)(reveals that the
proteins, this part of the protein adopts a zinc-finger-like zinc finger changes its conformation upon DNA binding,
conformation (“zincless finger”) in the X-ray structure of with the tip of the finger moving~4 A. This leads to the
human NEIL1 61). Disruption of the zinc finger motif by  loss or reorientation of several contacts formed by Arg-171
site-directed mutagenesis is detrimental for substrate bindingwith the zinc finger. Clearly, DNA binding requires a precise
and catalytic activity ofE. coli Fpg 62, 63). Minimal and specific motion of the zinc finger, which may be impeded
changes in the structure of this motif are tolerated; e.g., ain the R171A mutant. On the other hand, the changes around
replacement of 4 with Co?* in Fpg produces a fully active  GIn-261 between the free and DNA-bound state are relatively
enzyme 64). In Nei, Arg-252 is positioned within A turn minor; however, no structure of Nei is available that would
at the tip of the zinc finger, where it is involved in the reflect events occurring after Schiff-base formation.
coordination of the phosphates flanking the lesion; mutation  The strong inhibition of AP site cleavage by both zinc
of this residue ablates DNA glycosylase activity, but the AP finger mutations was not expected, considering that several
lyase function is retained because of compensating structuraimutants of critical residues (Glu-2, Lys-52, and Arg-252)
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retain good activity on this substrate. The crystal structure 14.

of Glu-2 and Arg-252 mutants bound to DNA (G. Golan,

D. O. Zharkov, A. P. Grollman, and G. Shoham, paper in ;¢
preparation) shows that they could nevertheless adopt a =

conformation suitable for nucleophilic attack at a preformed

AP

machinery for lesion eversion in these mutants appears to ;¢ Wiederholt, C. J., Patro, J. N., Jiang, Y. L., Haraguchi, K., and

site with some minor structural adjustment; thus, the

be intact. The inactivity of Nei-R171A and Nei-Q261A on
AP sites could be rationalized by defectsfrelimination,

as described above, because they both efficiently cross-link

to AP-DNA. The AQLY loop mutant, also inactive on AP
sites and poorly cross-linked, is likely defective in lesion
eversion because of its inability to insert the intercalation
loop into the DNA helix.

In summary, we have designed and studied several mutants ;g
of Nei that proved to be defective in different stages of

damaged base processing. Our results support the model of

sequential recognition of the lesior&lj and underscore the
importance of protein dynamics in identification and cleavage
of damaged DNA by DNA repair glycosylases.
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