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ABSTRACT: a-Anomeric 2-deoxynucleosidesxdN) are one of the products formed by ionizing radiation
(IR) in DNA under anoxic conditionst-2'-Deoxyadenosinex(dA) anda-thymidine @T) are not recognized

by DNA glycosylases, and are likely removed by the alternative nucleotide incision repair (NIR) pathway.
Indeed, it has been shown thedA is a substrate for thEscherichia coliNfo and human Apel proteins.
However, the repair pathway for removal @A and otherodN in yeast is unknown. Here we report
thatadA when present in DNA is recognized by tBaccharomyces carisiae Apnl protein, a homologue

of Nfo. FurthermoreqT is a substrate for Nfo and Apnl. Kinetic constants indicatedlo# andoT are
equally good substrates, as a tetrahydrofuranyl (THF) residue, for Nfo and Apnl. Elsewi and S.
cerevisiae cell-free extracts, we have further substantiated the role ofiftneandapnlgene products in

the repair ofadN. Surprisingly, we found that bacteria and yeast NIR-deficient mutants are not sensitive
to IR, suggesting that DNA strand breaks with termiriab®cking groups rather thamdN might contribute

to cell survival. We propose that the novel substrate specificities of Nfo and Apnl play an important role
in counteracting oxidative DNA base damage.

lonizing radiations (IRS)induce a broad spectrum of base NH,
and sugar modifications and strand breaks in DNAZ). N XNy
Importantly, even low doses of IR are likely to produce </ |
clustered lesions and double-strand breaks that disturb the I o N N/)
genome functions3). Thea-anomeric 2deoxynucleosides A
(adN) such asadA and oT (Figure 1) are produced by 2"-deoxyadenosine ; ;

abstraction of the anomeric hydrogen atom at' ®%
hydroxyl radicals 4). The intermediate radicals lead to
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Ficure 1: Natural andx-anomeric 2deoxynucleosides: dA (A),
adA (B), andaT (C).
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similar to 8,3-cyclopurine 2-deoxynucleosides and 5,6-
dihydropyrimidines §, 9, 10). Thus, cell hypoxia could be
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strains FF18733MATa his7—3 leu2—1,1121ys1—1 trpl—
289 ura3—52) (wild type) and its isogenic derivative BG1

an important factor in the DNA damage spectrum generated (apnlA::HIS3) were kindly provided by S. Boiteux (CEA,
by IR. Interestingly, cancer cells have adapted to grow under Fontenay aux Roses, France). YW4B88\Ta ade2-0 his3—

hypoxic conditions, and tumor hypoxia is associated with
poor prognosis and resistance to radiation therdgdy. (

The adA lesion is not repaired by DNA glycosylases/AP
lyases, and insteaéscherichia coliendonuclease IV (Nfo)
directly incises the phosphodiester boriddthe lesion in
DNA (12). Nfo is a monomer of 30 kDa displaying several
activities: AP endonuclease;-Bhosphatase,’ 3~ 5 exo-
nuclease, and' $hosphoglycoaldehyde diesterasd<15).

200 leu2-1 met15-0 trp1—63 ura3-0) was kindly provided

by T. Wilson (University of Michigan Medical School).
YW465 isogenic derivatives YW60&0n1A::HIS3), YW774
(apn2A::kanMX4), and YW781 épnlA::HIS3 apn?\:
kanMX4 were from the laboratory stock. Treatment with
paraquat was performed as described previousH. (The
whole cell-free extracts were prepared as described previ-

ously (26).

The nfo gene is under the control of the soxRS system and EnzymesThe Xth protein was purchased from Roche

can be induced by oxidative stred${19). Mutants devoid

Diagnostics (Meylan Cedex, France). PurificatiorEofcoli

of Nfo are hypersensitive to oxidative agents such as Ung, Tagl, AIkA, Mug, Fpg, and Nth and human Apel,

bleomycin andert-butyl hydroperoxide Z0).

Homologues ofE. coli Nfo have been identified in
eukaryotes, such &accharomyces cersiae AP endonu-
clease 1 (Apnl), accounting for90% of the total AP
endonuclease activity in cell1). Like Nfo, Apnl is a
metalloenzyme that has AP endonucleasali@sterase, '3
— 5' exonuclease, and'-phosphatase activitie2—24).
Yeast mutants lacking ApnBpnlA) are hypersensitive to
both oxidative (HO, and tert-butyl hydroperoxide) and

ANPG70, hOGG1, and hTDG proteins was performed as
described previously30). Human NTH1 protein was gener-
ously provided by R. Roy (American Health Foundation,
Valhalla, NY). Purification of Nfo was performed as
described previously1@). Apnl-cDNA was cloned into
plasmid pET1la (Novagen, VWR International S.A.S.,
Fontenay-sous-Bois, France), and the protein was overex-
pressed overnight at 30 in E. coli BL21(DE3) Origami
cells (Novagen, VWR International S.A.S.) after addition of

alkylating (methyl- and ethylmethane sulfonate) agents, and 0-2 MM isopropyl 15-p-thio-1-galactopyranoside and 2M

have 6-12-fold higher rates of spontaneous mutation than
the wild type @5). At present, it is not known whether Apnl
can repairadA andoT.

Recently, we have shown that Nfo, Apn1, and the human

major AP endonuclease 1 (Apel) are involved in the
alternative nucleotide incision repair (NIR) pathway and that
Apel incises duplex DNA at thedA andoT nucleosides

(26, 27). In the NIR pathway, a damage-specific endonu- |

clease nicks oxidative DNA base damage in a DNA

glycosylase-independent manner, providing the correct ends

ZnCl, to the growing culture in LB. Purification of Apnl
was achieved using four chromatographic steps as follows.
Cells (4 g) were lysed in buffer A [20 mM Hepes-KOH (pH
7.6), 1 mM dithiothreitol, and 5% glycerol] contaning 500
mM KCI, 0.1 mM EDTA, and Complete protease inhibitor
cocktail (Roche Diagnostics), using a French press device
at 18 000 psi. The homogenate was centrifuged at 49000
for 20 min, and the supernatant was adjusted to 30 mM KCl
in buffer A and passed through a column packed with 40
mL of QMA anion-exchange resins (Waters S.A.S., Saint-

for DNA synthesis coupled to the repair of the remaining Quentin-en-Yvelines Cedex, France) pre-equilibrated in the

5'-dangling nucleotide 26). Since the NIR pathway is

evolutionarily conserved from bacteria to humans, it has been
proposed that NIR may serve as a backup pathway for the

DNA glycosylase-mediated BER pathway. In this study, we
show thatndA andaT when present in DNA are recognized
by Nfo and Apnl. Furthermore, the physiological relevance

of adN in the absence of the NIR pathway was investigated.

EXPERIMENTAL PROCEDURES

Oligonucleotides and Strain®ligonucleotides (17-mers)
containing singleadA and oT lesions were prepared as
described previouslyl@, 28). The oligonucleotide sequence
was d(AGCATTCXGACTGGGT), where X isudA, oT,

or tetrahydrofuranyl (THF). This sequence has been previ-

ously used to study the repair ofdA in E. coli (12).
Complementary oligonucleotides, containing either dA, dG,
dC, or T oppositendN, were purchased from Eurogentec

same buffer. The flow-through fraction was applied to a 1
mL HiTrap-Heparin column (Amersham Biosciences, Orsay,
France). Proteins bound to the column were eluted by a 30
to 800 mM NaCl gradient in buffer A. Apnl was eluted at
400-500 mM NaCl. Fractions containing Apn1 were pooled
and passed throbga 1 mLHiTrap-N#* ion chelating column
(Amersham Biosciences). Finally, using an FPLC Superose
12 gel filtration column (Amersham Biosciences), a homo-
geneous preparation of Apnl was obtained. The homogeneity
of protein preparations was verified by SBBAGE. The
specific activities of various DNA repair enzymes were tested
on appropriate DNA substrates as previously descriBéd (
29-32).

Incision AssaysThe standard assay mixture for DNA
damage-specific incision activity (final volume of 20.)
contained 0.1 pmol of the'§%%P]- or 3-[32P]dCMP-end-
labeled 17-mer oligonucleotide duplex in 20 mM Hepes-
KOH (pH 7.6), 50 mM KCI, 0.1 mM EDTA, 1 mM DTT,

(Seraing, Belgium). Oligonucleotides were end-labeled and 100 xg/mL bovine serum albumin, and limiting amounts of

annealed as previously describ@d)( The resulting duplex
oligonucleotides are termed-& (G, A, or T), where X is
THF, adA, or aT.

E. coli Strains AB1157 leuB6 thr-1A(gpt-proA2) hisG4
argkE3 lacY1 galK2 ara-14 mtl-1 xyl-5 thi-1 tsx-33 rpsL31
SupE44 rag (wild type) and its isogenic derivative BH130
(nfo::karR®) were from the laboratory stoclS. cereisiae

purified enzymes or 6ug of cell-free extracts, unless
otherwise stated. Either 5 mM Ca@r MgCl, was included

in the reaction mixtures when using the Xth or Apnl and
Apel proteins, respectively. The reaction buffer was supple-
mented with 1 or 0.1 mM EDTA when using bacteria or
yeast cell-free extracts, respectively, unless otherwise stated.
Note that in the cell-free extracts Apnl has no absolute
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requirement for divalent cations2?). Incubations were aT-A
carried out at 37°C for 10 min, or 30 min for cell-free
extracts, unless otherwise stated. Reaction products were g
analyzed by electrophoresis in denaturing 20% (w/v) poly- §
acrylamide gels (7 M urea and &5TBE), visualized with

a Phosphorlmager Storm 840 instrument (Molecular Dynam-
ics, Sunnyvale, CA), and quantified using ImageQuant
software.

Surival Curves Sensitivity toy-rays was measured with
cell suspensions dE. coli AB1157 (wild type) and BH130
(nfo::karf®) under either anoxic (M or aerobic conditions
(air). Irradiation was performed as previously descritiz] (
393). Briefly, for y-irradiation, fresh cultures, grown to an
ODggo Of 0.6 at 37°C with aeration, were kept in an ice
bath during treatment. Prior to irradiation, the cultures were
diluted 1:10000 in 50 mM potassium phosphate (pH 7.6)
saturated with B or air. For saturation with nitrogen, the e e
buffer was degassed and then bubbled witHfd¥ 1 h. The
tubes were sealed under air oy, Mradiated with'3’Csy-rays 17-p*dC - W 17 mer
(1.7 Gy/min), and removed at 30 min intervals. Diluted
samples were plated in duplicate on LB agar at°87to

determine survival. THEgprac - AT

For yeast cell irradiation, the following strains ‘ -8 mer
were used: YW465 (wild type), YW605pnlA::HIS3),
YW774 (apn2A::KanMX4), and YW781 &pniA::HIS3
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apn2A::KanMX4). An exponentially growing cell culture dE; %

with an ODy of 1.0 was washed twice with 20 mM Sv T 5%t C
potassium phosphate buffer (pH 7.0) and resuspended in the e 25222 5¢

same buffer. Cells were diluted 1:50000 and irradiated with AA THE-A

80Co y-rays (2.9 Gy/min). Cells were diluted and plated onto
solid YPD (yeast peptone dextrose), and colonies were scorec ‘.... o - e -1Tmer
after incubation at 30C for 2 days. The results for bacteria

and yeast cultures were obtained from three independent

. e .3 mer
eXperlmentS.
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RESULTS FIGURE 2: Activities of variouskE. coli and human DNA repair
proteins on the duplerT-A and adA-T. (A) Activities of Ung,
Activity of Various E. coli Yeast, and Human DNA Repair ;agli AlkAt, .MU%SNth, Fpg, Xth, gnhd Nfo p;?tellns éﬁg qglngLDtge
; ; ; o pnl protein ofS. cereisiae and human Apel, ,
Proteins on Oligodeoxynucleotides ContainmgA andoT — ,Npa70 INTHL, and hOGG1 proteins toward-A. The 5-2p-
LesionsTo study the repair ofiT in DNA, we investigated  |apeledaT-A (10 nM) was incubated with an excess of a given
whether this lesion was a substrate for previously character-repair protein (100 nM) at 36C for 30 min. To avoid degradation
ized base excision repair (BER) enzymes. For this purpose,of the substrate by exonuclease activities of Xth and Apel proteins,
the 5-32P-labeledaT-A duplex oligonucleotide was incu- 0.1 and 0.5«M nonspecific GC 17-mer duplexes were added,

: : i : respectively. In addition, Mg@was replaced with 0.1 mM EDTA
bated with a variety of purified BER enzymes. Since not all in the reaction buffer for Apnl. (B and C) Comparison of the acti-

DNA glycosylases possess AP site-nicking activity, the \jties of Ape1, Apn1, and Nfo proteins on-A, THF-A, adA-T,
samples were treated with piperidine after incubation with andaT-A duplexes. five nanomolar §32P]- (c) or 3-[32P]dCMP-

the enzymes. This step allows chemical cleavage of the DNA labeled (B) THFA duplex oligonucleotide was incubated with a
at the potential abasic site generated by base excision. Whe§iven enzyme at 0.2 (B) or 1 nM (C) at 3T for 5 min. The

the variousE. coli, S. cereisiae and human enzymes were reaction products were analyzed as described in Experimental

Procedures.
tested onaT-A, only Nfo and Apnl cleaved the labeled

oligonucleotide at the'gposition of the modified nucleoside  12). Therefore, it was not possible to determine whether Apel
(Figure 2A, lanes 9 and 11). Despite being used in molar js active towardeT andadA. To characterize the incision
excess (10:1 enzyme:substrate ratio), Ung, Tagl, AkA, Mug, efficiency of Nfo, Apnl, and Apel towarddA-T and
Nth, Fpg, Xth, GSF-hTDG, ANPG70, hNTH1, and hOGG1  ¢T-A, we used low enzyme concentrations (8120 nM).

proteins did not act omT-A (Figure 2A, lanes 38, 10,  As a control substrate, we used TAFand A-A duplex

and 13-16). Similar results were obtained with thelA-T oligonucleotides containing a model abasic site and a
oligonucleotide (data not shown), indicating that Nfo and mismatch, respectively. All three AP endonucleases cleaved
Apnl are enzymes that procesdN DNA lesions in yeast. ~ THF-A with high efficiencies (Figure 2B, lanes-2, and

Under the reaction conditions that are optimal for AP Figure 2C, lanes68). As previously shown, Apel was not

endonuclease activity and an excess amount of the enzymeable to inciseadA-T and aT-A in the presence of 5 mM
Apel completely degraded thd-containing oligonucleotide ~ MgCl, (Figure 2B, lanes 6 and 10), although it incised these
possibly due to the'dexonuclease activity (Figure 2A, lane lesions at low MgGl concentrations and at pH 6.27).
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100- e — ‘:_‘__’4 Table 1. Kinetic Constants for the Incision of Duplex
A _— e Oligonucleotides Containing Various Lesions Paired with Different
80- Ve Bases by thée. coli Nfo and S. cereisiae Apnl Protein3
- 7~
§ / Apnl Nfo
c 604 - A KealKnm Keaf K
) / - - kear  (min~? keat  (min”t
'? ‘ - - substrate Ky (nM)®  (min™Y) nM=1Y) Kwu(nM)  (min71) nM™Y)
— 'l /
g 401 . — adA-A  184+3.0 14+07 076 21420 32422 15
— - - adA-T 174+2.1 1.2+0.1 0.07 24+2.1 14403 0.58
adA-G  30+4.2 11+1.2 0.37 31+52 24+25 0.79
20+ odA-C  12+15 54+03 046 13+32 16+10 1.3
aT-A 65+1.7 3.1+£02 048 75+£3.0 11.0+0.2 15

ol T 17+15 7702 045 8.0+19 14+15 18

0 T T T T T 1 oT'G  29+19 7.8402 027 88+21 94+06 11
00 01 02 03 04 05 086 07 aT-C 14420 35+01 025 3.8+11 77409 2.1
THF-A 58+0.8 46+0.3 080 38408 45+02 1.2

Enzyme (nM) THET 24+41 25430 10 162420 93+1.2 058

Lo . THFG 24+44 11410 048 10.0+22 5.7+£05 0.57
Ficure 3: Activities of Nfo (filled symbols) and Apnl (empty THEC 13+12 26420 20 48+10 45+02 09

symbols) proteins toward oligonucleotides containirgnomeric - -
2-deoxynucleosides and tetrahydrofuranyl, as a function of enzyme *A 17-mer duplex oligonucleotide substrate—a00 nM) was
concentration. A 532P-labeled (5 nM)adA-T (circles), oT-A incubated under standard reaction conditions (see Experimental Pro-
(triangles), or THFG (squares) duplex oligonucleotides were cedures). Forky and kear determination, the linear velocity was
incubated with the indicated amount of a given enzyme at@7  measured and the constants were determined from LineweBuek

for 10 min. The products of the reaction were analyzed as describedplots. b Kinetic constants values are shown with the standard deviation.
in Experimental Procedures.

the relative order for opposite base-dependent incision of

Interestingly, at the low enzyme concentration, Apnl was qdA-dN oligonucleotide duplexes was as follows: dA
less efficient at cleavingdA-T andaT-A than Nfo (Figure dC > dG > T; that of THF oligonucleotides was as fol-
2B, lanes 7, 8, 11, and 12). None of the enzymes showedlows: dC> T > dA > dG (Table 1). However, the incision
any detectable cleavage of the oligonucleotide containing theefficiency of Apnl onoT-dN oligonucleotide duplexes
A-A mismatch (Figure 2C, lanes-). Taken together, the  varied only slightly depending on the paired base. In contrast
results demonstrate for the first time that (i) Nfo recognizes to Apni, the incision efficiency of Nfo did not depend
aT when present in DNA and (i) yeast Apnl can also incise significantly upon the base opposite TH&JA, and aT
adA-T andaT-A. (Table 1). The relative order of the opposite base preference

Kinetic Parameters and Base Pair Specificity of Nfo and for Nfo in THF-dN was as follows: dA dC > T ~ dG. In
Apnl.For quantitative evaluation of the substrate specificity odA-dN, it was as follows: dA> dC > dG > T. In aT-
of Nfo and Apnl, the amount of incised oligonucleotides dN, it was as follows: dC= T > dA > dG (Table 1).
containing THF adA, andaT was measured. As shown in Nucleotide Incision Actity in E. coli and S. cerasiae
Figure 3, protein concentration-dependent product formation Cell-Free ExtractsData obtained with the purified proteins
reveals the difference between Nfo and Apnl. The preferred suggest that the incision ofdN-containing oligonucleotides
substrate for Nfo wasT, while it was THF for Apnl. The  depends on thexfo and apnl genes inE. coli and S.

relative order of substrate preference was as followE:A cerevisiae respectively. Therefore, we assessed the incision
> THF-A > adA-T for Nfo and THFA > oT-A > adA:T activity for 5-labeled adA-T and aT-A in the cell-free
for Apnl. Nfo and Apnl recognize THFydA, and oT extracts of varioug. coliandS. cereisiaestrains. As shown

lesions only when they are present in duplex DNA, and in Figure 4, specific incision products odA-T andaT-A
incision was not observed for single-stranded DNA (data not were detected with wild-type strains but not with thi®
shown). Interestingly, Nfo was slightly more efficient than andapnimutants (lanes-36 and 16-13). In agreement with
Apnl onadN substrates (Figure 3). kinetic parameters, the incision efficiency @flA-T in the

To further characterize the substrate specificities of Nfo extracts was lower than that aif *A (Figure 4, lanes 3 and
and Apnl, we measured thg, ke, andkeo/Ky values using 5vslanes 10 and 12). As expected from the inducible nature
duplex oligonucleotides containing one of the four possible of Nfo by redox cycling agentsl{), extracts derived from
bases opposite THFydA, andaT. As shown in Table 1,  growing cultures of the wild-typ&. coli strain treated with
the appareni../Ku values measured for Apnl indicate that paraquat had greatly enhanced the incision of atA-T
the most preferred substrate for this enzyme was THF, andaT-A lesions (lanes 15 and 17 compared to lanes 3 and
whereasaT and adA were repaired less efficiently. In  10). These results show that Nfo and Apnl are indeed the
contrast, the preferred substrate for Nfo wdsrather than enzymes that incisadN in bacteria and yeast.
THF andadA. Interestingly, the apparekg./Ky values for Radiation Sensitity of E. coli nfo and S. cetésiae apnl
Apnl (70 mint nM~1) and Nfo (580 min* nM~1) toward Mutants.To study the physiological relevance of theN-
odA-T were 4 and 40 times higher, respectively, than that specific incision activity, we assessed the radiosensitivity of
of Apel (16 mint nM~%) (27). Nfo and Apnl cleaved THF, the mutant strains. Irradiation experiments were performed
adA, andaT when these lesions were placed opposite any under N so anoxic conditions could be achieved. The
of the four bases. However, the incision efficien&y,(Kw) coli nfo mutant was not particularly sensitive ferays and
of Apnl toward THF andxdA exhibited 4-fold (THFC vs survived slightly better than the wild type undes Ksee
THF-G) and 11-fold ¢dA-A vs adA-T) variations, respec-  Figure 1A of the Supporting Information). In agreement with
tively, depending on the paired base (Table 1). For Apnl, a previous observation, thdo mutant was not sensitive to
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A § § - S been tested. Characterization of th_e substrate specificity of
g § 933, 3§ Y938 Ecol e Nfo and Apnl showed that the relative order of the substrate
E w 8PE w 8F +paraquat s £ preference was as followsuT-A > THF-A > adA-T for
¥ L. © D;E coce £%3%% Nfo and THFA > oT-A > odA-T for Apnl, indicating
e2585% 225855 388 =zefef that adA-T is a less preferred substrate thaf and THF

oA T oTA aBsT oT=A oAT  oT-A

_— for both Nfo and Apnl. Interestingly, molecular modeling

w studies of a 9-mer duplex oligonucleotide containing a single

oadA show that theadA-T base pair is able to form two
hydrogen bonds, one of which is not canonic&B8)(

‘ - ‘ . ‘ . . - Recently, the NMR solution structure of the DNA decamer

duplex showed thatdA is intrahelical and stacks in a reverse

* Watson-Crick fashion, which is consistent with a slight

1234567 8910112131415161718 1920212223 decrease in thermostability39). This may suggest that
FiIGURE 4: Cleavage of oligonucleotides containinganomeric recognition and catalysis afdA by the repair protein could
deoxynucleotides by whole-cell extracts froBa coli and S. be less efficient than THF andT. Indeed, we observed a

cerevisiae cells. Assays were carried out with the3%P-labeled significant decrease in thi./Ky values for incision of

duplex oligonucleotides containingdA-T or oT-A. A duplex . ;
oligonucleotide (10 nM) was incubated with 10 nM Nfo protein or %t]Hegg\Aa:d%jﬁlzx by Nfo and Apn1 relative to those for

6 ug of cell-free extracts fronk. coli [wild-type (WT) and mutant

strains without or with paraquat induction] aBdcereisiae under The differential recognition of a modified residue is
standard nicking assay conditions. For details, see Experimentaldependent upon the opposite base, and is an important
Procedures. characteristic of DNA repair enzymes. The incision efficiency

. o of THF-N andadA-N by Apnl varied dramatically with the
y-rays under aerated conditior)}. TheS. cereisiae apnl  opposite base, whereas cleavage of these lesions by Nfo
single ancapn1 apnZouble mutants were also not sensitive yaried only slightly (2-fold) with all base pairs tested. The
to IR as compared to wild-type cells (see Figure 1B of the yata obtained with Nfo acting upon THF andA were in
Supporting Information)APN2 encodes a second AP en- good agreement with previous observationg, 40). The
donuclease that is related to the human Apel Bndoli apparent preference of Apnl and Nfo towacdiA-A
Xth proteins 84, 35). ~ compared tardA-T may reflect the distinct structure and

Nature of DNA Lesions Induced by IR under AnoXic thermodynamic properties of the lesion-containing duplexes.
Conditions.To generate a natural DNA substrate containing Alternatively, we can speculate that the large decrease in
adN, a purified supercoiled plasmid DNA was irradiated e incision efficiency ofudA-T by Apnl as compared to
under anoxic conditions. As expected, IR produced single- Nfo could be due to the damage recognition mechanism of
stranded breaks in circular duplex DNA (see Figure 2 of the Apnl which may be somehow different from that of its
Supporting Information). The irradiated plasmid DNA was pacterial homologueA().
further nicked by the Nth, Fpg, Nfo, and Apnl proteins, |t has been shown that the nucleotide incision activity of
generating double-strand breaks. This result indicates thatnig and Apn1 requires the same catalytic active site as AP
irradiation of DNA under anoxic conditions generates gjie cleavage4l, 42). The Nfo protein detects AP sites by
multiple types of lesions which are substrates for various jsertion of its side chains into the DNA minor groovis).
DNA glycosylase/AP lyases and AP endonucleases (se€jt then flips the target AP site and the opposite nucleotide
Figure 2 of the Supporting Informatlpn). Since the DNA " 5yt of the DNA base stack to produce a°dfend in the
glycosylases are also active on DNA irradiated undgriN - qyplex. Interestingly, normaB-nucleotides are sterically
is_difficult to conclude whethendN, AP sites, or 5,6-  excluded from binding in the enzyme active site pocket. It
dihydropyrimidines in plasmid DNA were incised by Nfo  geems that a nucleotide in theconfiguration, such agdA,
and Apnl. can be accommodated by placing it in the solvent-accessible

pocket on the enzyme surface. However, the proposed model
DISCUSSION and other DNA glycosylase based-models are unable to

The occurrence oftdA and oT nucleosides might have  explain the ability of Nfo and Apnl to accommodate certain
important biological consequences since the eukaryotic modified bases in thg-configuration such as 5,6-dihydro-
nucleus is a very poorly oxygenated cellular compartment pyrimidines @6) and 3N*-benzetheno-dC4¢) in the same
due to the fact that the oxidative metabolism in eukaryotes active site.

has been confined to mitochondrizgg( 37). Previously, we UsingE. coliandS. cereisiaecell-free extracts, we have
have demonstrated thadA is repaired by Nfo inE. coli shown that NIR is the major activity towardA andaT in
and by Apel in human cells via the NIR pathwdy,(27). bacteria and yeast. The observation that the NIR-deficient

However, the yeast enzyme which participates in the repair strains ofE. coli and yeast were not sensitive to IR under
of adN had not previously been identified. In this work, we both oxygen and anoxic conditions was unexpected since
investigate the repair adA andaT in S. cereisiae and odA is a moderately blocking lesion for a DNA polymerase,
whether known DNA glycosylases are able to recognize and one might expect some degree of sensitivitpdé in
adN. vivo (8). However, IR generates a variety of types of DNA
Our results show for the first time that Apnl shares damage, including single-strand breaks withb®cking
common substrate specificity with Nfo and Apel in process- moieties, double-strand breaks, and clustered lesions which
ing adA andaT lesions. In contrast, these lesions are not are highly cytotoxic 45—47). Indeed, under anoxic condi-
the substrates for any of the DNA glycosylases that have tions and at the relatively small doses of radiation corre-
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sponding to 75% survival used in this study, 98% of the
supercoiled DNA was converted to an open circular form,
indicating efficient formation of single-strand breaks. The
E. coli xth nfodouble ands. cereisiae apnl apn2 tppftiple
mutants are extremely sensitive to IR, suggesting that DNA
strand breaks with'alocking moieties are likely the most
lethal lesions generated by IRQ, 48). Therefore, it is
possible that 3blocking lesions might mask the cytotoxic
effect of IR-inducedxdA andaT in the NIR-deficient strains.

Since inE. coliand yeast there are no enzymes other than
Nfo and Apnl that recognizexdN, it is reasonable to
speculate that the repair pathway for these lesions is
conserved. It has been argued that bleomycin might also
generatexdN in DNA (49). TheE. coli nfoandS. cereisiae
apnl mutants are sensitive to oxidizing agents, such as
bleomycin andtert-butyl hydroperoxide, indicating the
biological relevance ofxdN and possibly other oxidative
DNA damage which are not substrates for DNA glycosylases.
In summary, we have shown that Apnl can incise DNA
containingadA and aT lesions in budding yeast. Kinetic
parameters indicate thatdN and AP sites are incised by
Nfo and Apn1 with similar efficiencies. The observation that
enzymes are conserved frdin coli to yeast and humans to
processudA andaT lesions implies that base lesions with
the a-configuration with respect to thN-glycosidic bond
might be biologically significant.
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