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ARTICLE INFO ABSTRACT

Article history: Oxidatively damaged DNA bases are substrates for two overlapping repair pathways: DNA glycosylase-
Received 15 December 2015 initiated base excision repair (BER) and apurinic/apyrimidinic (AP) endonuclease-initiated nucleotide
Accepted 20 June 2016 incision repair (NIR). In the BER pathway, an AP endonuclease cleaves DNA at AP sites and 3’-blocking

Available online 22 June 2016 moieties generated by DNA glycosylases, whereas in the NIR pathway, the same AP endonuclease incises

DNA 5’ to an oxidized base. The majority of characterized AP endonucleases possess classic BER activities,
and approximately a half of them can also have a NIR activity. At present, the molecular mechanism
underlying DNA substrate specificity of AP endonucleases remains unclear mainly due to the absence of a
Base excision repair published structure of the enzyme in complex with a damaged base. To identify critical residues involved
Nucleotide incision repair in the NIR function, we performed biochemical and structural characterization of Bacillus subtilis AP
AP endonuclease endonuclease ExoA and compared its crystal structure with the structures of other AP endonucleases:
Escherichia coli exonuclease III (Xth), human APE1, and archaeal Mth212. We found conserved amino acid
residues in the NIR-specific enzymes APE1, Mth212, and ExoA. Four of these positions were studied by
means of point mutations in APE1: we applied substitution with the corresponding residue found in NIR-
deficient E. coli Xth (Y128H, N174Q, G231S, and T268D). The APE1-T268D mutant showed a drastically
decreased NIR activity and an inverted Mg?* dependence of the AP site cleavage activity, which is in line
with the presence of an aspartic residue at the equivalent position among other known NIR-deficient AP
endonucleases. Taken together, these data show that NIR is an evolutionarily conserved function in the

Xth family of AP endonucleases.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Aerobic respiration gives rise to production of reactive oxygen
species (ROS), which damage cellular macromolecules. DNA is
prone to spontaneous decomposition and is a primary target of
ROS, which produce an array of oxidative modifications of the base
and sugar backbone [1,2]. In the absence of repair and cell renewal,
spontaneous and oxidative types of DNA damage tend to accumu-
late and may lead to premature aging, cancer, and neurodegener-
ative diseases [3]. The majority of oxidatively damaged DNA bases
including 5,6-dihydrothymine (DHT), 5,6-dihydrouracil (DHU), 5'-
hydroxyuracil (50hU), 5-hydroxycytosine (50hC), and pyrimidine-
derived hydantoins are substrates for two overlapping pathways:
DNA glycosylase-initiated base excision repair (BER) and AP
endonuclease-mediated nucleotide incision repair (NIR) [4—6]. At
the first step of the BER pathway, a DNA glycosylase hydrolyses the
N-glycosidic bond between the damaged base and the sugar,
leaving either an apurinic/apyrimidinic (AP) site or a single-
stranded DNA break [7]. At the second step, an AP endonuclease
cleaves 5’ next to the AP site leaving a single-stranded DNA break
flanked with a 3’-hydroxyl group (3’-OH) and a 5’-deoxyribose
phosphate moiety, or removes 3’-blocking groups in the one-
nucleotide (nt) gap to generate clean 3'-OH termini. Alternatively,
in the NIR pathway, an AP endonuclease directly cleaves 5’ next to a
damaged base and generates a single-strand break flanked with a 5’
dangling modified nucleotide and 3’-OH terminus [8]. Despite the
general assumption that BER, initiated by multiple DNA glyco-
sylases, is the main pathway for removal of the majority of oxidized
bases [9], certain types of lesions such as the a-anomers of 2’-
deoxynucleosides (adA, adC, and oT) are not repaired by DNA
glycosylases but rather by AP endonucleases in the NIR pathway
[10,11]. In line with this observation, we demonstrated that
expression of the NIR-deficient Escherichia coli endonuclease 1V
(Nfo) mutants in an AP endonuclease-null strain of E. coli sup-
presses its hypersensitivity to alkylation but not to oxidative DNA
damage, suggesting that the NIR pathway is necessary for protec-
tion of cells from potentially lethal oxidative DNA lesions [12]. The
NIR pathway can be found in all three domains of life—Archaea,
Bacteria, and Eukaryota—with the well characterized AP endonu-
cleases of Methanothermobacter thermautotrophicus AH Mth212,
E. coli endonuclease 1V, and human APE1 proteins [6,8,13].

AP endonucleases are multifunctional DNA repair enzymes. In
addition to their main activity (AP site cleavage), they can also show
3’-repair phosphodiesterase, 3’ —5’ exonuclease, and/or NIR ac-
tivities, albeit at lower efficiency [14—16]. Moreover, all of these
DNA repair functions are catalyzed by the single active site [17,18].
AP endonucleases are subdivided into two distinct families based
on structural folding and amino acid sequence similarity to either
Escherichia coli exonuclease III (Xth, Mg?*-dependent) or endonu-
clease IV (Nfo, independent of external divalent cations) [19].
Structural studies reveal that Xth and Nfo families of AP endonu-
cleases have two distinct highly conserved three-dimensional
folds: the Xth fold contains a two-layered B-sheet core flanked by
helices, whereas the Nfo fold contains a TIM B-barrel core, sur-
rounded by helices [17]. Although Xth and Nfo AP endonuclease
families have overlapping DNA substrate specificity, they are
distinguished by their modes of DNA damage recognition. Indeed,
cocrystal structures of Nfo bound to an AP site analog, tetrahy-
drofuran, revealed that the DNA helix is drastically distorted by
~90° bending with flipping out not only of the target AP site of the
DNA base stack but also of its opposing nucleotide [20,21]. In
contrast, cocrystal structures of human APE1, which belongs to the
exonuclease Il family, bound to abasic-site-containing DNA
showed that the DNA helix is kinked by only 35° with an AP site
flipped out into the active site pocket that excludes DNA bases,

while the opposite base remains stacked in the duplex [22].
Furthermore, all APE1-catalyzed DNA repair activities require the
presence of divalent metal ions. Moreover, the DNA substrate
specificity of the human enzyme varies dramatically depending on
cation concentration [6,23,24]. Indeed, divalent metal ions, pH, and
ionic strength requirements of the APE1-catalyzed AP endonu-
clease activity versus NIR activity are drastically different: NIR ac-
tivity requires low concentrations of Mg?" (<1 mM) and acidic/
neutral pH (<7), whereas maximal AP site cleavage activity is
achieved at high concentrations of Mg?* (>5 mM) and pH values
between 6.6 and 8.6 [25,26]. The 3’-repair phosphodiesterase ac-
tivity of APE1 requires the same reaction conditions as AP site
cleavage activity. Nevertheless, maximal activity can be achieved at
low Mg?* concentrations (1—2 mM) [23].

Contrary to APE1 and Mth212, previously reported prokaryotic
exonuclease III family AP endonucleases lack a NIR function, e.g.,
E. coli Xth and Mycobacterium tuberculosis exonuclease III
(MtbXthA) [8,27]. These observations raise the question about the
evolutionary process that leads to a loss or gain of new DNA repair
function. In the present study, to further explore the molecular
basis of the NIR function, we analyzed another member of the Xth
group: ExoA from the gram-positive bacterium Bacillus subtilis. Just
as in E. coli and other bacteria, the genome of B. subtilis encodes two
AP endonucleases: BsNfo (originally referred to as YqfS and enco-
ded by the yqfS gene) and ExoA (encoded by the exoAA gene), both
important for protection of germinating spores (for cell growth)
from abasic sites and from strand breaks in DNA induced by
endogenous and exogenous factors [28]. Genetic studies have
revealed that the lack of ExoA, or both ExoA and BsNfo, sensitizes
spores to dry-heat treatment but not to wet heat and genotoxic
agents, including N-methyl-N’-nitro-N-nitrosoguanidine (MNNG),
H,0,, and tert-butyl hydroperoxide (t-BuO;H) [29,30]. Neverthe-
less, outgrowing spores lacking both ExoA and BsNfo are sensitive
to H,0; and show increased mutation rates suggesting that these
AP endonucleases contribute to repair of DNA damage during
vegetative growth of B. subtilis [28,31]. The enzymatic activity of
recombinant ExoA has been previously characterized: ExoA is a
multifunctional AP endonuclease [29]. However, the possible
presence of the NIR function in Bacillus AP endonucleases has not
been studied. Here, we have analyzed the DNA substrate specificity
of ExoA in more detail including its NIR activity and we determined
its crystal structure at 1.84 A resolution. According to the structural
comparison of B. subtilis ExoA with E. coli Xth (PDB code 1AKO),
human APE1 (PDB code 1DEW), and with archaeal Mth212 (PDB
code 3GO00), four single amino acid residues in APE1 were
substituted with homologous ones identified in Xth. The resulting
APE1 mutants were characterized for their DNA substrate speci-
ficity. Strikingly, we found that substitution of T268 (an amino acid
residue located outside the active site, and involved in DNA contact)
had a dramatic effect on the NIR function and Mg?* dependence.
The evolutionary selection of this residue as a possible hallmark of
NIR capacity is discussed.

2. Materials and methods
2.1. Reagents and oligonucleotides

All oligodeoxyribonucleotides containing modified residues,
and their complementary oligonucleotides were purchased from

Eurogentec (Seraing, Belgium), including the following: 30 mer for
kinetic studies d(TGACTGCATAXGCATGTAGACGATGTGCAT) where

X is either alpha-anomeric 2'-deoxyadenosine (adA), 5,6-
dihydrouracil (DHU), 5,6-dihydrotymine (DHT), 5-
hydroxycytosine  (50hC), 5-methylcytosine (5 mC), 5-

hydroxymethylcytosine (50hmC), 1,N®-ethenoadenine (eA), uracil
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(U), urea, 5R-6S-thymine glycol (Tg), 7,8-dihydro-8-oxoguanine
(80x0G) or tetrahydrofuranyl (THF), and 30 mer complementary
oligonucleotide, containing either dA, dG, dC or T opposite the
adduct. Oligonucleotides were either 5'-end labeled by T4 poly-
nucleotide kinase (New England Biolabs, OZYME France) in the
presence of [y->2P]-ATP (3000 Ci-mmol~!) (PerkinElmer SAS,
France), or 3'-end labeled by terminal transferase (New England
Biolabs) in the presence of [0-32P]-3'-dATP (Cordycepin 5'-
triphosphate, 5000 Ci-mmol~!) (PerkinElmer) as recommended by
the manufacturers. It should be noted that after [32P]-3'-dAMP la-
beling of 30 mer oligonucleotides, their lengths extended by one
nucleotide. Oligonucleotides were annealed as previously
described [32]. The resulting duplex oligonucleotides are referred
to as X-N, where X is a modified residue and N is an opposite
residue (C, G, A or T) in complementary strand, respectively.

The following oligonucleotides were used to measure 3'—5’

exonuclease and 3'-repair diesterase activities: Ex020,
d(GTGGCGCGGAGACTTAGAGA);  Ex020™F  d(GTGGCGCGGA-
GACTTAGAGAX), where X is 3'-terminal THF; Ex020",

d(GTGGCGCGGAGACTTAGAGAp), where p is 3'-terminal phos-
phate; 5P-Exo019, d(pATTTGGCGCGGGGAATTCC), where p is 5'-
terminal phosphate; and complementary Rex-T,
d(GGAATTCCCCGCGCCAAATTTCTCTAAGTCTCCGCGCCAC). The
nicked/gapped duplexes, Ex020-T, Exo20™F.T, Exo20”-T were
comprised of 5P-Exo19 and Rex-T, and Exo020, or Exo020%, or
Ex020™F respectively. Schematic representations of the oligo-
nucleotide duplexes used in the present work can be found in
Fig. S1.

In the present study, to measure the 3'-phosphatase activity of
the AP endonucleases, we prepared 20 mer (Ex020) oligonucleotide
containing 3'-terminal radioactive phosphate residue - 32P. Previ-
ously, we have shown that human tyrosyl-DNA phosphodiesterase
1 (Tdp1) can remove 3'-terminal cordycepin nucleoside producing
an oligonucleotide fragment with a phosphate residue at the 3’ end
[33]. For this, Ex020 was 3'-end labeled using cordycepin [¢->2P]-3'-
dATP to obtain a 21 mer Ex020-[32P]-3'-dAMP fragment, which was
then treated with recombinant Tdp1 (generously provided by Prof.
Olga Lavrik, Novosibirsk, Russia). The resulting 20 mer Ex020-3'-32P
fragment and 5P-Exo19 oligonucleotide were annealed to the
complementary Rex-T oligonucleotide and the resulting Exo20P-T
gapped duplex oligonucleotide was used as the DNA substrate to
measure the 3'-phosphatase activity of AP endonucleases under
steady state reaction conditions.

2.2. E. coli strains and plasmids

Escherichia coli strain BH110 (nfo::kan® [A(xthA-pncA)90
X::Tn10]), is an isogenic derivative of AB1157, was from the labo-
ratory stock [32]. B. subtilis ExoA was PCR-amplified from genomic
DNA provided by Dr. U. Mechold (Institut Pasteur, Paris, France)
with oligonucleotide primers d(GGATCCATGAAGTTGATTTCATG-
GAA) and d(CATATGTCATATATTGATGATAAGTT).

The native non-tagged wild-type (WT) and mutant human APE1
proteins were expressed and purified using AP endonuclease
deficient E. coli strain and expression vector pET11a-APE1 as
described previously [34]. Site-directed mutations within the APE1
coding sequence in pET11a-APE1 were generated using the
QuickChange site-directed mutagenesis kit (Quickchange® XL, Site-
Directed Mutagenesis Kit, Stratagene). The strain BH110 was
lysogenized with the helper phage (ADE3) harboring a copy of the
T7 RNA polymerase gene, using the DE3 lysogenization kit (Nova-
gen, Merck4Biosciences, France). The resulting E. coli BH110 (DE3)
was transformed by pET vectors encoding ExoA and APE1 under
control of the T7 promoter.

2.3. Purification procedure

The purified E. coli endonuclease VIII (Nei) and AP endonuclease
Nfo were from the laboratory stock. The non-tagged native human
APE1 wild type and mutant proteins were expressed and purified
from E. coli BH110 (DE3) strain to avoid cross contamination with
bacterial AP endonucleases as described elsewhere [4].

Bacillus subtilis ExoA was purified from E. coli BH110(DE3) strain,
transformed by electroporation with pET11a-ExoA plasmid. For
protein overexpression and purification, overnight saturated cul-
tures were diluted 1:100 in fresh LB and grown to
ODgoonm = 0.6—0.7 at 30 °C. Then, protein was induced by 0.1 mM
isopropyl B-p-1-thiogalactopyranoside (IPTG) overnight at room
temperature. Cells were harvested by centrifugation and resus-
pended in 1/50 vol of lysis buffer (20 mM Hepes-KOH pH 7.6,
40 mM NaCl) supplemented with Complete™ Protease Inhibitor
Cocktail (Roche, Switzerland) and a lysed with a French press at
18,000 psi. The homogenate was centrifuged at 40,000g for 30 min
(4 °C) and the supernatant was passed through a column packed
with 50 mL of Q-Sepharose Fast Flow resin (GE Healthcare) pre-
equilibrated in the same buffer. The flow-through fractions con-
taining ExoA were pooled and loaded onto a 1 mL HiTrap-Hep-
arin™ column (GE Healthcare). Bound proteins were eluted in a
20—600 mM KCl gradient. The purified protein samples were
pooled and buffer-exchanged with a PD-10 Desalting column (GE
Healthcare) pre-equilibrated in 20 mM Hepes-KOH pH 7.6, 50 mM
NaCl. When required, purified protein was concentred with a
Microcon centrifugal filter unit YM10 (Merk-Millipore).

2.4. DNA repair assays

The standard incision assay conditions (20 pL) contained 5 nM
[32P]-labeled of each duplex oligonucleotide substrate and the
indicated amount of enzyme in an optimized enzyme-specific
buffer. Thus, the reference reaction buffer contained 50 mM KCl,
20 mM HEPES-KOH pH 7.6, 0.1 mg mL™! BSA and 1 mM DTT.
B. subtilis ExoA reactions were complemented with 1 mM MgCly,
except otherwise stated, whereas control reactions with E. coli Nei
and Xth proteins were performed in the standard reaction buffer
supplemented with KCl up to 100 mM, and with 1 mM EDTA or
5 mM CaCly, respectively. Human APE1 assay conditions vary
depending on the DNA repair pathways studied. The standard AP
endonuclease assay was performed under high Mg?* concentration
(>5 mM) and pH 7.6 (BER conditions): the reaction mixture (20 pL)
contained 5 nM [>?P]-labeled THF-T duplex oligonucleotide, 5 mM
MgCl,, 100 mM KCl, 20 mM Hepes-KOH pH 7.6, 0.1 mg mL~! BSA
and 10 pM of the enzyme, unless specified otherwise. The standard
NIR assay was performed at a low Mg?* concentration (<1 mM)
and acidic/neutral pH (<7) (NIR conditions): the reaction mixture
(20 pL) contained 5 nM [*’P]-labeled adA-T or other DNA base
lesions-containing duplex oligonucleotide, 0.5 mM MgCly, 50 mM
KCl, 20 mM Hepes-KOH pH 6.8, 0.1 mg mL~! BSA and 0.2 nM APE1,
unless specified otherwise. The standard exonuclease and 3'-repair
diesterase assays were also performed at low Mg?* concentrations
(<1 mM) and acidic/neutral pH (<7): the reaction mixture (20 pL)
for APE1 protein contained 5 nM [3?P]-labeled Ex020-G, or
Ex020™F.T, or Exo20F-T nicked/gapped duplex oligonucleotide,
1 mM MgCl,, 50 mM KCI, 20 mM Hepes-KOH pH 6.8, 0.1 mg mL™!
BSA, and 0.2 nM of the enzyme, unless specified otherwise. All
assays were performed at 37 °C for 10 min, unless specified
otherwise. Reactions were stopped by adding 10 pL of a solution
containing 0.5% SDS and 20 mM EDTA and then desalted in hand-
made spin-down columns filled with Sephadex G25 (GE Health-
care) equilibrated in 7 M urea, unless otherwise stated. It should be
noted that the samples were not desalted when analyzing the
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products of reaction generated by the 3'-phosphatase and 3'—5’
exonuclease activities of AP endonucleases, unless otherwise
stated. In these cases, the reactions were stopped by adding 10 pL of
a solution containing 0.5% SDS, 20 mM EDTA and 7 M Urea. Finally,
the purified and non-purified reaction products were heated at
95 °C for 3 min and then separated by electrophoresis on dena-
turing 20% (w/v) polyacrylamide gels (7 M urea, 0.5 x TBE). The gels
were exposed to a Fuji FLA-3000 Phosphor Screen, then scanned
with Fuji FLA-3000 or FLA-9500, and analyzed using Image Gauge
V4.0 software. Unless otherwise specified, all enzymatic assays
were repeated at least three times.

To measure kinetics parameters, 0.1—100 nM (or up to 5 pM for
DHU-G) of duplex oligonucleotide substrate was incubated under
standard reaction conditions. For Ky and kc,¢ determination, the
linear velocity was measured and the constants were determined
from Lineweaver-Burk plots. The kinetic parameters for exonu-
clease activity, when multiple degradation fragments appeared,
were determined by measuring the reaction products as integrated
intensities of the fragments (expressed as percentage of total sub-
strate). The value obtained for each fragment was multiplied by the
number of catalytic events required for its formation, and total
exonuclease degradation was calculated as the sum of those
products.

2.5. Crystallization, data collection and processing of ExoA and
APE1

Crystallization trials for ExoA at 17 mg mL~' were screened in
sitting-drop vapour-diffusion experiments using the Classics suites
and PEG II suites from Quiagen on a nanodrop robot (Cartesian,
Proteomic Solution). Condition 40 from PEG II suites was manually
optimized at 293 K with home made solution in hanging drops
composed of a 1:1 vol ratio of crystallization solution (16% PEG
4000, 0.1 M Tris pH 8.5, 0.2 M CaCly). Crystallization trials for wild-
type and D210 N APE1 at 20 mg mL~! in presence of a damaged
DNA 15-mer (adA-T or DHU-T) in a molarity ratio 1:1 or 1:5
respectively were also screened. Conditions F8 (20% PEG 8000,
200 mM MgAc and 100 mM cacodylate pH 6.6) and B1 (70% MPD
and 100 mM Hepes-KOH pH 7.5) from PEG II suites led to crystals.
Crystals were flash-frozen in a cryo-protectant solution (mother
solution supplemented with 22% or 25% PEG 400 for PEG condition)
or directly for MPD conditions.

Data-collection experiments were carried out at 100 K on the
PROXIMA 1 beamline at SOLEIL synchrotron (Saint Aubin, France)
for ExoA crystals and on PROXIMA 2 beamline for APE1 crystals.
Diffraction intensities were integrated with the program XDS [35].
Structure determination was performed by molecular replacement
with PHASER [36] using the coordinates of human APE1 (PDB code
1BIX [37]), as a search model. Co-crystals of APE1-DNA were finally
DNA-free APE1 from two crystals forms (form I corresponding to
PDB code 1BIX and form II corresponding to 4LND). Refinement was
performed with BUSTER-2.10 [38]. Electron density map was
evaluated using COOT [39]. Molecular graphics images were
generated using PYMOL (http://www.pymol.org). Data collection
and processing statistics are given Table 1.

3. Results

3.1. Bacillus subtilis ExoA cleaves oligonucleotide duplexes
containing a synthetic AP site and adA

Other studies revealed that exonuclease Il family AP endonu-
cleases from E. coli (Xth), humans (APE1), and possibly B. subtilis
(ExoA) have an absolute requirement for divalent cations, typically
Mg?*, for their catalytic activities [25,29,40]. We thus measured the

Table 1
Crystallographic data.
Protein/PDB code ExoA/5CFE APE1/5CFG
Space group Cell parameters (A°)  P212:2; 2
a=>523 a=86.5
b =619 b =451
c=733 c=78
8 =105.1
Resolution (A) 45-1.84 (1.95-1.84) 45-1.8(1.9-1.8)

No. of observed reflections 124,963 (19,843) 98,262 (15,351)

No. of unique reflections 21,096 (3324) 27,028 (4259)
Rsym (%) 11.4 (66.2) 103 (73.2)
Completeness (%) 99.6 (99.1) 99.3 (98)
I/o 121 (3) 9.1(2)
Reryst (%) 16.7 185

Rree (%) 20.7 204

rms bond deviation (A) 0.009 0.01

rms angle deviation (°) 1.07 1.07
Average B (A?)

protein 20.9 29.2
ligand 169 32

solvent 24.6 33.6

DNA cleavage activity of ExoA on THF-T and adA-T duplexes under
reaction conditions optimal for Xth and APE1. For this purpose, we
used 3'-end [32P]3/-dAMP-labeled duplexes as DNA substrates in
order to determine the mechanism of action of enzymes and to
discriminate between of a bifunctional AP lyase/DNA glycosylase
activity and an NIR-AP endonuclease activity [8]. A NIR-AP endo-
nuclease cleaved 5’ next to damaged base and generated two
cleavage fragments: the 5’ upstream fragment with a 3'-OH group
and a 3’ downstream cleavage fragment containing a 5’-damaged
dangling nucleotide. In contrast, a bifunctional AP lyase/DNA gly-
cosylase excised the damaged base and then cleaved DNA 3’ next to
the remaining AP site thus generating a 5 upstream fragment with
a 3’ blocking sugar phosphate group and a 3’ downstream cleavage
fragment with 5’-terminal phosphate. Consequently, the size of 3'-
cleavage fragments differed by one nucleotide between the NIR and
BER pathways, and this difference could be detected by denaturing
PAGE only if the DNA substrate was labeled at the 3’-end. As shown
in Fig. 1A, a control treatment of 3’-end [>?P]-3/-dAMP-labeled
duplexes by APE1 generated a 21-mer cleavage product that
migrated faster than the 31-mer substrate. Incubation of THF-T and
adA-T substrates with ExoA yielded the same cleavage products as
APE1 did (lanes 3—12), suggesting that ExoA has both AP endonu-
clease and NIR activities. After an increase in protein concentration,
ExoA showed a nonspecific 3’ -5’ exonuclease activity on both
DNA duplexes that led to the gradual disappearance of both the 3'-
end labeled DNA substrates and cleavage products in the gel (lanes
5—12). Nevertheless, in agreement with another study [29], ExoA
cleaved a synthetic AP site with high efficiency, at enzyme con-
centrations of 0.1 and 0.5 nM, depending on Mg?* concentration.
ExoA could cleave 50% and 100% of 100 nM THF-T duplex in 10 min
(lanes 4 and 5). To measure ExoA-catalyzed cleavage of the adA-T
duplex, only 10 nM ExoA and low MgCl, concentrations were used,
in order to limit the nonspecific exonuclease activity of the enzyme.
We observed cleavage of the adA-T duplex next to the adA site in
the absence and presence of 0.1 mM MgCl, (lanes 11—12). Never-
theless, the NIR activity of ExoA under experimental conditions
used here was much lower as compared to its AP endonuclease
activity on the THF-T duplex.

To determine whether the apparent loss of the DNA substrates
and products during incubation with ExoA (Fig. 1A) is due to the
nonspecific 3’ — 5’ exonuclease activity of the bacterial enzyme, we
analyzed the reaction products without desalting the samples. For
this purpose, 3’-end [*?P]labeled THF-T and adA-T duplexes were
incubated with human APE1 or B. subtilis ExoA proteins, and after
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Fig. 1. Incision action of B. subtilis ExoA on 3’-end [>?P]-3/-dAMP-labeled THF-T and adA T oligonucleotide duplexes. (A) PAGE analysis of incision assays of THF-T (lanes 1-9) and
adA-T substrates (lanes 10—13). AP endonuclease was evaluated with a THF-T substrate incubated either with APE1 (0.5 nM, lane 2) or with increasing concentrations of ExoA
(0.05—50 nM, lanes 3—9) in a buffer containing 5 mM MgCl,. The NIR substrate adA-T was treated with 10 nM ExoA in the presence of 5, 0.1, or 0 mM MgCl, (lanes 10—12) and APE1
under NIR conditions (lane 13). (B) Analysis of the reaction products in undesalted samples on short running time denaturing PAGE. THF-T (lanes 1-5) and adA-T (lanes 6—9)
substrates were incubated or not incubated with APE1 and varied amounts of ExoA in the presence of 5 mM and 0.1 mM MgCl,, respectively. (C) Metal dependence of ExoA
(0.25 nM) incision on THF-T (lanes 2—8) and adA-T (lanes 11—17) substrates in the presence of the indicated concentration of MgCl, and/or ZnCl,. Substrate and incision product
sizes are indicated on the left. “c” indicates control reactions without an enzyme. For details see Materials and Methods.

the reaction, the samples were directly loaded and shortly analyzed
by a denaturing PAGE without chromatographic desalting in order
to visualize all the reaction products. As shown in Fig. 1B, under
these reaction conditions, APE1 cleaved 3’-[3P]labeled THF-T and
adA-T duplexes and generated 21-mer cleavage fragments but not
radiolabeled dAMP residues (lanes 5 and 9). ExoA also cleaved the
3'-[32P]labeled duplexes and produced 21-mer cleavage fragments,
but in addition, it generated fast-running radiolabeled dAMP resi-
dues (lanes 3—4 and 7-8), indicating the presence of a 3’ -5’
exonuclease activity that removes the 3'-terminal [>?P]-3/-dAMP
nucleotide in a nonspecific manner. Moreover, when we used a 10-
fold lower amount of the protein (0.1 nM), ExoA cleaved the 3/-[>?P]
labeled THF-T duplex without generating a significant amount of
the radiolabeled dAMP residues (lane 2). These results indicate that
the loss of radiolabeled material during incubation with the bac-
terial AP endonuclease is due to its nonspecific 3’ — 5’ exonuclease
activity.

Next, we examined in detail the dependence of ExoA-catalyzed
DNA repair activities on divalent metal concentration. As shown in
Fig. 1C, in the presence of a limiting concentration of the enzyme
(0.25 nM), ExoA cleaved THF-T without a divalent cation, and its AP
endonuclease activity increased with the increase in Mg?* con-
centration, reaching a maximum of cleavage at 5 mM MgCl,, within
the range of concentrations of MgCl, tested (lanes 2—8). The
presence of 0.1 mM ZnCl, in reaction buffer inhibited AP endonu-
clease activity of ExoA (lane 9) as compared to the buffer without
divalent cations (lane 2), but addition of 0.1 mM Mg?* restored the
cleavage activity of ExoA (lane 10). ExoA cleaved the adA-T duplex
with low efficiency (only 20% substrate cleavage at 0.05 mM
MgCl;), and this activity was not stimulated by higher MgCl, con-
centrations as compared to AP site cleavage activity (lanes 12—17).
Under these conditions, no significant cleavage of the adA-T duplex
was observed in the absence of Mg?*, whereas addition of 0.1 mM
ZnCl; inhibited 3'—5’ exonuclease but not NIR activity of ExoA
(lane 19 versus 13). Taken together, these data suggest that ExoA is a
metal-dependent enzyme endowed with a weak NIR activity and a
highly efficient AP site cleavage activity.

3.2. Characterization of DNA substrate specificity of B. subtilis ExoA
using oligonucleotide duplexes containing various modified DNA
bases

We further examined the DNA substrate specificity of ExoA by
means of oligonucleotide duplexes containing various DNA base
modifications, including urea, thymine glycol (Tg), 5,6-
dihydrothymine (DHT), 5,6-dihydrouracil (DHU), 5-
hydroxycytosine (50hC), 8-ox0-7,8-dihydroguanine (8oxoG), 1,N%-
ethenoadenine (eA), uracil (U), 5-methylcytosine (5 mC), and 5-
hydroxymethylcytosine (50hmC). As a control and also to
generate the DNA size markers, we incubated the DHU-G duplex
with E. coli DNA glycosylase Nei, E. coli Nfo, and human APE1. The
3’-end-labeled duplexes were incubated with ExoA or control
repair enzymes, and the reaction products were analyzed by
denaturing PAGE in a 20% gel.

As shown in Fig. 2, control NIR AP endonucleases Nfo and APE1
generated [>’P]labeled 21-mer cleavage fragments (lanes 3—4),
which migrated more slowly than did the 20-mer products
generated by DNA glycosylase Nei (lane 2). This cleavage pattern
indicated that Nfo and APE1 incised 5’ next to a damaged nucleo-
tide and generated a 21-mer cleavage product containing a 5’-
dangling DHU nucleotide (lanes 3—4), whereas Nei excised the DHU
base and cleaved the remaining AP site on the 3’ side, thus gener-
ating a 20-mer cleavage product that lacks the damaged nucleotide
(lane 2). The results revealed that in addition to THF-T and adA-T
duplexes, ExoA also cleaves Urea-T, DHU-G, DHT-A, and 50hC-G
(Fig. 2, lanes 6, 8—10, and 14 and Fig. S2). Furthermore, the cleavage
fragments generated by ExoA migrated at the same position in the
electrophoretic gel as did the products of NIR AP endonucleases,
indicating that ExoA incised a damaged duplex 5 next to a
damaged nucleotide. No specific cleavage was observed after in-
cubation of ExoA with Tg-A, 80xoG-C, ¢A-T, UG, 5 mC-G, or
50hmC-G duplexes (Fig. 2, lanes 7, 11—13, and 15—16 and Fig. S2).
Taken together, these results suggest that although B. subtilis AP
endonuclease has a weak NIR activity (as compared to that of Nfo
and APE1), it has broad DNA substrate specificity similar to that of
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Fig. 2. DNA substrate specificity of B. subtilis ExoA. Denaturing PAGE analysis of
Ex0A incision activity on the 3'-end [*’P]-3'-dAMP-labeled oligonucleotide du-
plexes containing various DNA base lesions. Lanes 1—4, DHU-G incubated or not
incubated with 50 nM Nei, 0.5 nM Nfo, and 0.5 nM APE1; Lanes 5—16, THF-T, Urea-T,
Tg-T, DHU-G, DHT-A, 50hC-G, 80x0G-C, AT, U-G, adA-T, 5 mC-G and 5 ohmC-G
duplex oligonucleotides incubated in the presence of 1 nM ExoA for 10 min at 37 °C.
Substrate and incision product sizes are indicated on the left. “C” indicates a control
reaction without an enzyme. Products of the reaction were desalted prior to separation
by denaturing PAGE. For details see Materials and Methods.

E. coli Nfo [41,42].

3.3. The presence of Mg>* ion in APE1 crystal structures

The structural mechanism of NIR function of exonuclease III-
related AP endonucleases is not well understood due to the
absence of a published crystal structure of an enzyme complexed
with NIR substrates. Therefore, we attempted to obtain the crystal
structures of ExoA (see below) as well as the WT APE1 and APE1-
D210 N mutant in complex with a 15-mer adA-DNA or DHU-DNA.
We obtained either DNA crystals or crystals of APE1 in complex
with a truncated DNA duplex due to the exonuclease activity of
APE1 [43], and/or a DNA-free enzyme. The DNA-free WT APE1
crystals were obtained in two crystal forms depending on the
crystallization conditions. The form at pH 6.5 (form I), which was
solved at high resolution (1.8 A), is that of the first deposited
structure with PDB code 1BIX [37] obtained at pH 6.2 with Sm?*
consisting of one molecule in the asymmetric unit. The second form
obtained at pH 7.5 (form II), which was solved at 2.7 A resolution, is
that of the deposited structure with PDB code 4LND obtained at pH
6.5, and at 1.92 A resolution consists of three molecules per
asymmetric unit [44]. Although the crystallization conditions (70%
MPD and 100 mM Hepes-KOH pH 7.5) of form II and the storage
buffer (20 mM Hepes-KOH pH 7.5 and 50 mM KCl) of the purified
APE1 were devoid of metal ions, the form II structure showed a
single Mg?* in the active site indicating that the enzyme has ac-
quired an endogenous metal ion during the production of the
enzyme in E. coli. We found that the Mg?* ion interacts only with
the side chains of D70 and E96. The lack of complete coordination
may be due to the low metal occupancy because APE1 has trapped
metal ions during its production in E. coli. Form I was solved under
crystallization conditions including 200 mM of magnesium acetate.
The resulting structure showed a single Mg?* ion in the active site
with remarkable coordination of ideal octahedral geometry formed
by the two carboxylate groups D70 and E96 and four water mole-
cules at distances of 1.9—2.1 A, which are typical for Mg-oxygen
bonds (Fig. S3). A similar octahedral metal coordination has been
reported elsewhere in the same binding site referred as the “A” site
in the three molecules of the asymmetric unit of the form II crystal

(PDB code 4LND) and more recently in the single molecule of the
asymmetric unit of a new crystal form obtained with the C138A-
APE1 point mutant (PDB code 4QH9) [18,44]. A Mn?* ion, instead
of a Mg?*, occupies the metal-binding site in 4QH9 [18]. Inspection
of the electron density maps revealed no more metal-binding sites
in the form I and form II structures, particularly around a putative
second metal site named the “B site,” where a second Pb%" ion was
found interacting with the side chains of D210, N212, and H309,
which are the three essential catalytic residues [26]. Later on, it was
shown that Pb?* inhibits APE1 [45]. A water molecule occupies the
position of the second Pb?*, and this was observed in all DNA-free
APE1 structures solved in the presence of a divalent metal ion
bound in the A site. The well-coordinated Mg?* showed a tem-
perature factor of 32 A2, which is consistent with a fully occupied
metal site, which interacts with the side chains of N68 and D308
through two water molecules involved in the octahedral coordi-
nation (Fig. S3).

3.4. Structure of the B. subtilis ExoA protein and structural
comparison with E. coli Exolll, Mth212 and APE1: identification of
crucial amino acid residues in APE1

We next determined the crystal structure of the ExoA protein at
1.84 A resolution by molecular replacement using the coordinates
of human APE1 (PDB code 1BIX [37]) as a search model. Data
collection and processing statistics are given in Table 1. We could
not obtain the crystals of ExoA as a NIR complex. Structural com-
parison of ExoA with all other PDB entries using SSM-EBI (http://
www.ebi.ac.uk/msd-srv/ssm) [46] indicated that ExoA has, as ex-
pected, the AP endonuclease fold derived from the E. coli Exolll
family. The structures most similar to our ExoA structure are the
human APE1 (PDB code 1DEW) and archaeal Mth212 (PDB code
3G00) with a root mean square deviation (rmsd) ~1 A over 245 and
250 Ca atoms, respectively. Its superposition with E. coli Xth yielded
a rmsd of 1.6 A (PDB code 1AKO) with 33% sequence identity. The
active site of EXoA contains one well-defined Ca?* jon coming from
the crystallization conditions. The low B-factor of the metal
(16.9 A2) implies full occupancy. The metal position and ligands
were found to be essentially the same as those for the metal ion in
APE1: N9 and E36 (equivalent to APE1 residues D70 and E96) and
four water molecules (Fig. S3). Therefore, the metal ion bound in a
single site is a common feature in exonuclease Il family of AP
endonucleases.

Both archaeal Mth212 and human APE1 have highly efficient
NIR activities, whereas bacterial ExoA and Xth show weak and no
NIR activities, respectively. In order to identify the residues
responsible for the gain of NIR activity by APE1 and its absence in
Xth, we superimposed and compared the three structures of hu-
man APE1 (PDB code 1DEW), archaeal Mth212 (PDB code 3G00),
and ExoA with that of E. coli Xth (PDB code 1AKO) using COOT [39]
and performed a structure-based sequence alignment with manual
editing from a CLUSTAL alignment (Fig. 3A). As shown in Table 2,
comparative analysis of the alignments revealed several amino acid
residues involved in the active and DNA-binding sites that differ
between NIR-proficient and NIR-deficient AP endonucleases.
Among the nonconserved residues between Xth and the three
other AP endonucleases, we focused on residues of the active site as
well as those implicated in DNA binding, which are potentially
important for the NIR activity. We identified four residues: N174
and G231 located in the active site pocket and another two involved
in DNA binding: Y128 and T268 (APE1 numbering, Fig. 3B and S4).
The equivalent residues of the two conserved residues N174 and
G231 from the active site of NIR AP endonucleases are the bulkier
residues Q112 and S178, respectively in Xth, making the active site
pocket of Xth smaller than that of the three other AP enzymes; this
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A APE1l (1DEW) 62 LKICSWNVDGLRAWIKK.KGLDWVKE .EAPDILCLQETKCSENKLPA.EL...QE
Mth212 (3G00) 4 LKIISWNVNGLRAVHRK.GFLKWFME.EKPDILCLQEIKAAPEQLPRKLR. ..HV
ExoA (5CFE) 1 MKLISWNVNGLRAVMRKMDFLSYLKE.EDADIICLQETKIQDGQV.D..L...QP

Xth (1AKO) 1 MKFVSFNINGLRARP...HQLEAIVEKHQPDVIGLQETKVHDDMFP. . .LEEVAK

111 LPGLSHQYWSAPSDKEG?SGVGLLSRQC}?LKVSYGIGDEEHDQE . .GRVIVAEFD. . ..SFVLVTAYVP
53 .EG.YRSFFTPAE.RKGYSGVAMYTKVPPSSLREGFGVERFDTE. . GRIQIADED. . . .DFLLYNIYFP
49 .ED.YHVYWNYAV.KKGYSGTAVFSKQEPLQVIYGIGVEEHDQE. .GRVITLEFE. .. .NVFVMTVYTP
49 L.G.YNVEYHG. ..QKGHYGVALLTKETPIAVRRGFPGDD. . EEAQRRITMAEIPSLLGNVTVINGYFP

174 ﬁAGRGL.V..RLEYRQRWDEAFRKFLKG.LAS.RKPLVLCGDLNVAHEEIDLR.NP.KG..NK..KNAE
114 NGKM. . .SEERLKYKLEFYDAFLEDVNR.ERDSGRNVIICGNFNTAHREIDLA.RP.KE. .NS..NVSG
109 NSRRGL.E..RIDYRMOQWEEALLSYILE.LDQ.KKPVILCGDLNVAHQEIDLK.NP.KA. .NR..NNAG
112 QGE.SRDHPIKFPAKAQFYQONLONYLETEL .KRDNPVLIMGDMNISPTDLDIGIGEENRKRWLRTGKCS

232 FTPQERQGFGELLQAVPLADSFRHLYPNTPYAYTFW%YMMNARSKNVGWRLDYFLLSHSLLPALCDSKI
173 FLPVERAWIDKFIEN.GYVDTFRMFN.SDPGQYTWWSYRTRARERNVGWRLDY FFVNEEFKGKVKRSWI
167 FSDQEREAFTRFLEA.GFVDSFRHVYPDLEGAYSWWSYRAGARDRNIGWRIDYEVVSESLKEQIEDAST
179 FLPEEREWMDRLMSW.GLVDTFRHANPQTADRFSWEFDYRSKGFDDNRGLRIDLLLASQPLAECCVETGI

301 RSKAL....GSDHCPITLYLAL
240 LSDVM....GSDHCPIGLEIEL
235 SADVM....GSDHCPVELIINI
247 DYEIRSMEKPSDHAPVWATFRR

Fig. 3. Sequence alignments and structure of the APE1—DNA complex. (A) Structure-based sequence alignment of four Xth family AP endonucleases. Red color indicates the
conserved amino acids for all proteins and blue color that for amino acids for APE1, Mth212, and ExoA proteins but not for Xth. *APE1 amino acids chosen for mutation analysis. (B)
Ribbon representation of the APE1-DNA complex (PDB code 1DEW). The four residues labeled for mutagenesis and kinetic analysis are shown in sticks.
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Structural and functional roles of various amino acid residues in the exonuclease Il family of AP endonucleases.

Exonuclease IIl family AP endonucleases

Structural and functional roles

APE1 ExoA Mth212 Xth
1 175—-181 Similar to APE1 Practically absent 113-122 DNA insertion loop
2 G176 R111 K116 R113 DNA binding
3 R177 and M270 R112 and R204 M117 and R209 —R216 Insertion into DNA duplex and DNA locking
4 N222-N229 Similar to APE1 Similar to APE1 1163-K176 Small loop in APE1, ExoA, and Mth212 but big one in Xth (a;5)
5 N222 N164 V170 K176 DNA contact
6 A230 A165 S171 C177 DNA binding
7 Y128 Y63 Y68 H62 DNA contact
8 T268 S202 S207 D214 Contact with 5’-phosphate of neighboring 3’ nucleotide of AP site
9 R185 R120 K125 K125 Possible contact with dUMP in active site
10 N174 N109 N114 Q112 Volume of active site pocket
11 G231 G166 G172 S178 Volume of active site pocket

situation should prevent a flipped out damaged base from being
accommodated into the active site pocket. The side chain of N174
and the Co. of G231 are located at 2.47 and 4.20 A distance from the
04’ and C1’ of the flipped out AP site, respectively. The conserved
tyrosine, Y128, Y63, or Y68 in APE1, ExoA, and Mth212, respectively,
is H62 in Xth. This tyrosine interacts with the phosphate group of
the n-1 nucleotide of the AP site [47]. Replacing the tyrosine with a
histidine can affect DNA binding due to the residue length and the
position of protonated atom at physiological pH. Threonine at po-
sition 268 of APE1 is equivalent to serine in ExoA and Mth212, and
to the acidic residue D214 in Xth. This T268 belongs to the loop
region, which penetrates the DNA helix from the minor groove
close to the AP site. Its side chain is sandwiched between the M270
side chain and the DNA phosphate backbone. It could interact with
the 5’-phosphate group of the neighboring 3’-nucleotide of the AP
site (n + 1). Modeling an aspartate at position 268 would affect the
DNA binding either directly with the phosphate group of the DNA
backbone due to repulsive charges or via the M270, which by
moving avoids steric clashes with the side chain of T268 and could
affect DNA distortion.

3.5. Biochemical characterization of the APE1 mutants

To examine the role of the nonconserved amino acid residues
identified in the 3D alignment, we constructed and characterized
four single point APE1 mutants Y128H, N174Q, G231S, and T268D.
Because these substitutions make APE1 more similar to its E. coli
ortholog, we expected that they would convert APE1 to a NIR-
deficient AP endonuclease similar to Xth. All four APE1 mutant
proteins were purified to homogeneity and analyzed for the
following repair functions with the respective DNA substrates. AP
endonuclease activity was measured by means of the THF-T duplex,
and NIR endonuclease activity by means of duplexes adA-T and
DHU-G. It should be noted that for each distinct APE1-catalyzed
DNA repair activity, we used specific reaction conditions. In addi-
tion, the previously characterized NIR- and 3’-exonuclease-defi-
cient/BER-proficient APE-D308A mutant [34] together with wild-
type APE1 served as negative and positive controls, respectively.

As shown in Fig. 4, all APE1 mutants could cleave the duplex
oligonucleotide containing a synthetic AP site (THF); however,
under BER assay conditions, the APE1-T268D mutant showed a
lower AP endonuclease activity as compared to WT APE1 and other
mutants including D308A (lane 7 versus lanes 2—6). As for the NIR
activity, among APE1 mutants tested, only D308A and T268D
showed a noticeable deficiency in the cleavage of the adA-T duplex
(lanes 10 and 14), as compared to that of WT (lane 9). These data
suggest that amino acid residue T268 is necessary for both BER and
NIR activities. In contrast, under non—steady-state reaction condi-
tions other three APE1 mutants Y128H, N174Q, and G231S showed
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Fig. 4. Comparative characterization of AP site cleavage and NIR activities of APE1
mutants. 5'-[*2P]labeled 30-mer THF-T (100 nM) and adA-T (10 nM) were incubated at
37 °C with 1 and 5 nM of the APE1 WT and mutant proteins for 5 min under BER
conditions and for 10 min under NIR conditions, respectively. Products of the reaction
were desalted prior to separation by denaturing PAGE. The arrow denotes the position
of the 30-mer substrate and 10-mer cleavage product.

a more or less wild-type level of the BER and NIR activities (lanes
4—6 and 11-13).

Hydrolytic AP endonucleases, in addition to their AP site
cleavage and NIR activities, also possess 3’-phosphatase and
nonspecific 3’ —5’ exonuclease functions to remove 3’-blocking
phosphate residues and 3’-terminal regular nucleotides, respec-
tively, in DNA strand breaks generated by ROS and repair enzymes
[14,48]. To test whether the APE1 mutant proteins have the 3’ —5’
exonuclease and 3’-phosphatase activities, we used the Exo20-T
and Exo020°-T duplex oligonucleotides containing one nucleotide
and one nucleoside gap, respectively (Fig. S1). Results revealed that
0.2 nM WT APE1 removed more than 80% of 3’-terminal phosphate
residues in the 3'-[?P]labeled Ex020"-T duplex in 10 min, indi-
cating robust 3’-phosphatase activity (Fig. S5). All four APE1 mu-
tants (Y128H, N174Q, G231S, and T268D) could remove 3’-
phosphate residues but with somewhat lower efficiency as
compared to WT APET1 at the same protein concentrations (Fig. S5).

APE1-Y128H and APE1-T268D mutants showed the lowest and
highest 3’-phosphatase activity, respectively, as compared to the
other two mutants. Regarding the 3’ — 5’ exonuclease activity, 4 nM
WT APE1 could degrade more than 90% of 20-mer 5'-[>?P]labeled
Ex020 in the Ex020-T duplex in 10 min at 37 °C under the experi-
mental conditions used (Fig. S6). As expected, no significant
exonuclease activity was observed when we used the control NIR-
deficient APE1-D308A mutant. Unexpectedly, APE1-T268D showed
only a 10-fold less efficient 3’ -5’ exonuclease activity than WT
APE1 did. On the other hand, the NIR-proficient APE1-Y128H
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showed a decreased 3’ —5’ exonuclease activity as compared to
APE-WT, suggesting that NIR and exonuclease functions in APE1
could be mutationally separated. Except for APE1-Y128H, the NIR-
proficient APE1 mutants (N174Q and G231S) were found to have
approximately the same wild-type level of 3’ -5’ exonuclease ac-
tivity (Fig. S6).

3.6. Steady-state kinetic characterization of APE1 mutants

To quantify the observed differences in the repair activities of
APE1 mutants, we measured steady-state kinetic parameters of the
repair reactions and calculated the Ky, Kcat, and kcat/Ky values for
the WT APE1 and for the four relevant mutants. The following DNA
substrates were used: the THF-T duplex to measure AP endonu-
clease activity under BER and NIR conditions; the adA-T and the
DHU- G duplexes to measure NIR activity under NIR conditions; and
the Exo20'HF.T recessed duplex, containing THF at the 3’ end of a
gap, to measure 3’-repair phosphodiesterase activity. As shown in
Table 3, all four APE1 mutants tested, except G231S, showed
reduced repair activities in comparison with the WT APE1 on one or
several DNA substrates tested. For comparison, the kinetic param-
eters of APE1-D308A acting on the same DNA substrates were
remeasured and the values (Table 3) were found to be similar to
those obtained in our previous study [34]. The mutants can be
subdivided into three groups by the degree of change in their DNA
substrate specificity. The first group, which includes only the APE1-
G231S mutant, showed virtually no changes in DNA repair activities
as compared to WT APE1. The second group, containing mutants
APE1-Y128H and N174Q, showed a significant but still minor
reduction in the kg,¢/Ky values for AP site cleavage under BER
conditions (4- and 9-fold for Y128H and N174Q mutant, respec-
tively, mainly due to the decrease in Ky values), NIR activity on
DHU-G (6-fold for N174Q due to the decrease in k¢y¢ value) and 3'-
phosphodiesterase activity (3-fold for N174Q). In the third group,
APE1-T268D and D308A mutants showed a dramatic 3700-fold
reduction and no NIR activity on the adA-T duplex, respectively,
mainly due to the decrease in kcy. In contrast to APE1-D308A,
T268D yielded a strong (50-fold) reduction in the NIR activity on
the DHU-G duplex due to the decrease in both Ky and k¢ versus
only a 4-fold reduction observed with the D308A mutant.

It is noteworthy that the T268D-catalyzed AP site cleavage ac-
tivity was found to have 10-fold higher efficiency under NIR

conditions, whereas under BER conditions a 440-fold reduction was
observed relative to WT APE1, mainly due to an increase and
decrease in ke under NIR and BER conditions, respectively
(Table 3). Similar to D308A, the T268D mutant also showed a
moderate decrease (~7-fold) in the 3’-phosphodiesterase activity as
compared to WT APE1. In summary, analysis of the kinetic pa-
rameters indicated that APE1-T268D is deficient in the NIR function
on DNA substrates containing both a- and B-anomers of nucleo-
tides, but can still perform BER: AP endonuclease and 3’-phos-
phodiesterase functions were observed at a low Mg?*
concentration.

3.7. Divalent metal ion dependence of AP endonuclease and NIR
activities catalyzed by the APE1-T268D mutant

Previously, Masuda and colleagues and our laboratory showed
that Mg+ dependence of the APE1-catalyzed cleavage is sigmoidal
with strong stimulation of the BER activity on an AP site and dra-
matic inhibition of the NIR activity on both DHU-G and adA-T
substrates at increasing concentrations of MgCl,: from 0.1 to 10 mM
[4,6,23]. A mutation of aspartate 283 to alanine results in the loss of
sigmoidal Mg?* dependence of AP site cleavage catalyzed by APE1-
D283A [23]. Here, we examined the influence of MgCl, concen-
tration on APE1-T268D-catalyzed BER and NIR functions. As shown
in Fig. 5, cleavage activities of APE1-T268D toward an AP site and
adA-T also showed a strong Mg>" dependence, but the metal
activation profile was strikingly different from that of WT APE1.
Indeed, the APE1-T268D mutant was found to have the highest AP
endonuclease activity at low MgCl, (<2 mM) and the lowest ac-
tivity at high MgCl, concentration (>10 mM) (Fig. 5). This activity
profile is inverted in comparison with the Mg?*-dependent profile
of WT APE1 AP endonuclease activity [4,6,23]. In contrast, Mg?*-
dependent profile of the APE1-T268D-catalyzed cleavage of adA-T
was more similar to that of WT APE1 [4]. The mutant and wild-type
APE1 showed the highest NIR activity at 0.5 and 1 mM MgCly,
respectively, and both enzymes were strongly inhibited at a high
MgCl, concentration (10 mM). The Mg>*-dependent profile of
APE1-T268D catalyzed AP site cleavage activity was in agreement
with steady-state kinetic parameters of the mutant.

The unusual Mg?*-dependent profile of APE1-T268D when
acting upon an AP site may be due to the presence of an innate
divalent metal ion in the protein [49]. Indeed, according to our

Table 3
Steady-state kinetic parameters of the WT and mutant APE1 proteins.
DNA substrate®  APE1 WT APE1 G231S APE1 Y128H APE1 N174Q APE1 T268D APE1 D308A
Ko DM Kear, min™' Ky, DM Keap, min~! Ky, DM Keap, min™! Ky, DM keae, min™' Ky, DM Keap, min~' Ky, DM Keap, min~!
THF-T° 0.5 0.17 0.72 0.35 12 0.22 0.78 0.28 0.79 2.7 0.92 0.55
THF-T¢ 7.7 97 18 200 37 110 27 37 78 2.2 11 70
adA-T° 1.6 15 1.0 1.0 23 0.9 1.5 0.7 12 0.003 None None
DHU-G 29 0.31 9.4 0.066 25 0.31 25 0.045 110 0.024 8.6 0.025
Ex020™F.T 6.0 20 6.4 23 74 16 9.3 10 85 42 43 13
DNA* APE1 WT Fold decrease of kc/Ky value in APE1 mutants compared to WT
keat/Km, min~'-M~¢ APE1 G231S APE1 Y128H APE1 N174Q APE1 T268D APE1 D308A
THF-T" 340 0.70 19 0.95 0.10 0.57
THF-T¢ 12,700 1.1 4.3 9.14 440 2.0
adA-T° 940 0.94 24 2.0 3700 o
DHU-G 11 1.5 0.86 5.9 50 3.7
Ex020™F.T 3300 0.95 1.6 3.0 6.8 11

2 Each type of DNA substrate was used to measure a specific APE1 activity under appropriate optimal reaction conditions: THF-T for AP endonuclease activity; adA-T and
DHU- G for NIR activity; Exo20™F.T for 3'-repair diesterase activity (see Materials and Methods). To determine Ky and k., the linear velocity was measured, and the constants
were calculated using Lineweaver-Burk plots. Standard deviations for Ky and ke, values varied within 20—40%. None = no activity was detected under these experimental

conditions.
b NIR reaction conditions were used for the AP endonuclease assay.

¢ Standard AP endonuclease reaction conditions were used for the AP endonuclease assay.
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Fig. 5. Magnesium-dependent activity profiles of the APE1-T268D mutant and APE1-
WT. (A) AP endonuclease activity of 0.5 nM APE1-T268D and APE1-WT toward
100 nM 5’-[>2P]labeled 30-mer THF-T duplex, in the presence of varying MgCl, con-
centrations in the buffer consisting of 20 mM Hepes-KOH pH 7.6, 50 mM KCl, and
0.1 mg mL~" BSA for 5 min at 37 °C. Lanes 1 and 18, control untreated duplexes; lanes
2-9, THF-T incubated with 0.5 nM APE1-T268D in the presence of 0, 0.01, 0.1, 0.5, 1, 2,
5, or 10 mM MgCly; lanes 10—17, THF-T incubated with 0.5 nM APE1-WT in the
presence of 0, 0.01, 0.1, 0.5, 1, 2, 5, or 10 mM MgCl,. (B) NIR activity of 10 nM APE1-
T268D and 2 nM APE1-WT toward 10 nM 5'-[>?P]labeled 30-mer adA-T duplex, in
the presence of varying MgCl, concentrations in the buffer consisting of 20 mM Hepes-
KOH pH 7.6, 50 mM KCl, and 0.1 mg mL~" BSA for 10 min at 37 °C. Lanes 1 and 10,
control untreated duplexes; lanes 2—9, adA-T incubated with 0.5 nM APE1-T268D in
the presence of 0, 0.01, 0.1, 0.5, 1, 2, 5, or 10 mM MgCl; lanes 11—18, a.dA-T incubated
with 2 nM APE1-WT in the presence of 0, 0.01, 0.1, 0.5, 1, 2, 5, or 10 mM MgCl,.
Products of the reaction were desalted prior to separation by denaturing PAGE. The
arrow denotes the position of the 30-mer substrate and 10-mer cleavage product.

crystallographic data, APE1 could chelate divalent metal ion con-
taminants from the buffer solutions without added Mg?*, which
were used for the purification steps and reactions with DNA. To
examine this phenomenon, we incubated the APE1 WT and T268D
mutant proteins with 10 mM EDTA in order to pull out all metal
cations present in the proteins. After that, the enzymes were
diluted more than 1000-fold with the buffer without divalent metal
ions and these dilutions were tested for the AP endonuclease and
NIR activities in the reaction buffers containing varied amounts of
MgCl, (0—10 mM). As shown in Fig. 6A and B, the APE1-T268D
mutant treated or not treated with EDTA showed the highest ac-
tivity on the THF-T duplex in the presence of 1 mM MgCl, (Fig. 6A,
lanes 4 and 8), but was strongly inhibited by 10 mM MgCl, (lanes 5
and 9). In contrast, the APE1-WT protein treated or not treated with
10 mM EDTA was found to have the highest activity on the THF-T
duplex in the presence of 10 mM MgCl; (Fig. 6A, lanes 14 and 18 and
Fig. 6B) but was strongly inhibited at a low concentration of MgCl,
(1 mM; Fig. 6A, lanes 13 and 17 and Fig. 6B). Thus overall, incuba-
tion of the APE1 WT and T268D mutant proteins in the buffer
containing a high concentration of a metal-chelating agent did not
lead to the statistically significant changes in the profile of Mg?*
dependence of the AP site cleavage activity catalyzed by APE1, as
compared to the control APE1 proteins incubated in buffer without
EDTA and metal cations (Fig. 6B).

We also determined whether incubation of the APE1-T268D
mutant with EDTA has an effect on the NIR activity. As shown in
Fig. 6C, both the EDTA-treated and untreated APE1-T268D mutants
catalyzed cleavage of the adA-T duplex in the presence of 0.1 mM

MgCl, with similar efficiency values (lanes 2—4 versus 6—8). EDTA-
treated and untreated APE1-T268D mutants were found to cleave
adA-T even in the absence of any added metal cations, although
with negligible efficiency (lanes 5 and 9), suggesting that APE1 in
which all metal cations are removed by EDTA treatment can still
use some divalent metal ions contaminants that may be present at
extremely low concentrations in the reaction buffers without
added MgCl,. In conclusion, all these results suggest that removal of
all metal cations from the proteins did not significantly influence
the Mg2* dependence of the APE1-WT and APE1-T268D mutant.
Therefore, we believe that the inverted Mg+ dependence of AP site
cleavage activity catalyzed by APE1-T268D is not due to the pres-
ence of an innate metal cation in the protein.

4. Discussion

4.1. NIR activity of BsExoA and critical residues in Xth family NIR-AP
endonucleases

In the present work, we studied the NIR activities of B. subtilis
and human AP endonucleases using structural analysis coupled to
biochemical and mutational studies. The ability of spores of
B. subtilis to survive during long periods of metabolic dormancy
points to the existence of highly efficient DNA repair pathways that
can deal with genomic lesions caused by long-term exposure to
environmental factors [50]. Here, we further characterized the DNA
substrate specificity of the B. subtilis Xth family AP endonuclease
ExoA and solved its crystal structure. Our results show that ExoA, in
addition to BER functions, has a weak NIR activity toward o-
anomeric nucleotides and several oxidized pyrimidines in duplex
oligonucleotides. We found that the E. coli ortholog of ExoA, the Xth
protein, does not have a NIR function; instead, in E. coli, a second AP
endonuclease (Nfo) can catalyze the cleavage of the adA-T duplex
[8,10]. Genetic studies showed that spores lacking both BsNfo and
ExoA show dramatically slowed germination and outgrowth and
increased spontaneous and H;0»-induced mutation frequency,
suggesting that both AP endonucleases are necessary for repair of
abasic sites and oxidized DNA bases in vivo [28]. Furthermore,
BsNfo and ExoA might play a role in counteracting DNA base
damage induced by UV light and ionizing radiation [31]. On the
basis of these observations, we believe that the ability of ExoA to
repair oxidatively damaged DNA bases serves as a backup activity to
BsNfo which most likely also have an NIR function.

Superimposition of the crystal structures of ExoA, Xth, Mth212,
and APE1 revealed differences between the NIR-deficient Xth and
the NIR-proficient AP endonucleases APE1, Mth212, and ExoA. For
example, the active sites of NIR AP endonucleases contain the
conserved residues asparagine-174 and glycine-231, whereas in
Xth, these residues are replaced by bulkier glutamine-112 and
serine-178 residues, thus making the active site of E. coli AP
endonuclease smaller than that of APE1, Mth212, and ExoA.
Threonine-268 in APE1 (S202 and S207 in ExoA and Mth212,
respectively), which participates in contacts with the 5’-phosphate
residue of the neighboring 3’-nucleotide to AP site, is replaced by
the negatively charged D214 residue in Xth. This finding is sug-
gestive of potential differences in specific DNA-protein interactions
between NIR-proficient and NIR-deficient AP endonucleases.

Here, by introducing single amino acid changes N174Q, G231S,
Y128H, or T268D into APE1, which correspond to the evolutionary
changes that occurred between E. coli and human enzymes, we
expected that these APE1 Xth-like mutants would be NIR-deficient.
Nonetheless, the detailed biochemical characterization of the DNA
substrate specificity of the mutants showed that only one out of the
four APE1 mutants, namely T268D, substantially lost NIR activities
(Fig. 4 and Table 3). The T268D substitution might strongly perturb
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Fig. 6. Effects of incubation of APE1-WT or APE1-T268D mutant with 10 mM EDTA on their AP endonuclease and NIR activities. (A) Magnesium-dependent AP site cleavage activity
profiles of EDTA-treated and untreated APE1-WT and APE1-T268D mutant. The 5'-[>?P]labeled 30-mer THF-T duplex (10 nM) was incubated with 0.5 nM APE1-T268D or APE1-WT,
in the presence of varying MgCl, concentrations in the buffer consisting of 20 mM Hepes-KOH pH 7.6, 50 mM KCl and 0.1 mg mL~" BSA for 5 min at 37 °C. Lanes 1 and 10, control
untreated duplexes; lanes 2—5, EDTA-treated APE1-T268D in the presence of 0, 0.1, 1, or 10 mM MgCl,; lanes 2—5, untreated APE1-T268D in the presence of 0, 0.1, 1, or 10 mM
MgCly; lanes 11—14, EDTA-treated APE1-WT in the presence of 0, 0.1, 1, or 10 mM MgCl,; lanes 15—18, untreated APE1-WT in the presence of 0, 0.1, 1, or 10 mM MgCl,. (B) Graphical
representation of the data in panel A. (C) NIR activity of EDTA-treated and untreated APE1-T268D mutant. The 5'-[*?P]labeled 30-mer adA-T duplex (10 nM) was incubated with
5-20 nM APE1-T268D, in the absence or presence of 0.1 mM MgCl, in the buffer consisting of 20 mM Hepes-KOH pH 7.6, 50 mM KCl, and 0.1 mg mL~" BSA for 10 min at 37 °C. Lane
1, control untreated duplex; lanes 2—5, 5, 10, or 20 nM EDTA-treated APE1-T268D in the presence of 0.1 and 0 mM MgCly; lanes 6—9, 5, 10, or 20 nM untreated APE1-T268D in the
presence of 0.1 and 0 mM MgCl,. Products of reaction were desalted prior to separation by denaturing PAGE. The arrow denotes the position of the 30-mer substrate and the 10-mer

cleavage product.

the APE1 interactions with DNA via electrostatic repulsion and its
interference with M270 loop insertion in the DNA minor groove. It
was shown that the substitution of amino acid residues M270 and
M271 with alanine does not decrease the AP site cleavage activity of
APE1, indicating that these residues do not participate in the abasic
nucleotide flipping [22]. Because T268 belongs to the same loop
region of M270 and M271, it probably does not participate in the
flipping mechanism. The presence of high concentrations of metal
ions leads to a very low catalytic efficiency of the T268D mutant in
terms of AP site cleavage, meaning that combining an aspartate at
position 268 with metal ions affects the binding of DNA substrate
or/and the stability of the enzyme—substrate complex.

In agreement with our previous observations, both the NIR
endonuclease activity on adA-T and the exonuclease activity on
nicked duplex DNA are concurrently reduced in the APE1-T268D
mutant (Fig. 4 and S6), thus further supporting the observations
that NIR and exonuclease functions are likely to be mechanistically
linked in NIR AP endonucleases [4,51]. Nonetheless, APE1-T268D
shows only a ~10-fold reduction in the 3’ —5’ exonuclease activity
as compared to WT APE1. Furthermore, the NIR-proficient APE1-
Y128H mutant has a moderately decreased 3’ —5’ exonuclease
activity, suggesting that NIR and exonuclease functions in APE1 can
be at least partially mutationally separated. The substitutions

N174Q and G231S, which considerably reduce the volume of the
active site pocket of APE1, prevent the accommodation and
recognition of a flipped out DNA base. The analysis of kinetic con-
stants did not reveal dramatic changes in the DNA substrate spec-
ificity of APE1-N174Q, and especially of the G231S mutant, as
compared to WT APE1. These data confirm that the active site
pocket cannot bind a flipped out damaged base as suggested by the
APE1—DNA structures with an AP site. Therefore, using mutagen-
esis and kinetic studies, we provide new lines of evidence that NIR
activity takes place without a classical base flipping mechanism. At
present, the molecular basis of recognition of the damaged base by
AP endonucleases remains unclear due to the absence of a structure
of a damage recognition complex. However, it is tempting to hy-
pothesize that NIR-AP endonucleases recognize DNA damage via
changes in the sugar puckering and in the distance between two
neighboring phosphates in the DNA backbone at the site of the
lesion. These phenomena in turn may also depend on the overall
flexibility and dynamics of the DNA substrate and the enzyme.

4.2. The metal-binding site

Divalent metal ions play an essential role in AP endonuclease-
catalyzed DNA repair activities such as protein stability, APE1-
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substrate interaction, and catalysis [18,23,49]. It should be noted
that in the absence of added Mg?* and chelating agents in the
in vitro kinetic assays, APE1 can still retain metal ions in its metal
binding site during the protein production in E. coli; this state of
affairs enables the enzyme to be catalytically active under these
conditions. Various studies showed that this robust activity can be
fully suppressed by rigorous chelation of Mg?*, indicating that this
cofactor is necessary for catalysis [52,53]. Several structural and
mutational studies have pointed to the existence of alternative
conformations of APE1: with a second metal-binding site referred
to as site “B” [26,54]. Furthermore, based on molecular dynamics
simulation of APE1 bound to an AP site of DNA, it has been pro-
posed that Mg?* may move between the two metal-binding sites
during the reaction: from precleavage site “B” to product retention
site “A” [55]. Two recent structural studies on the role of the metal
in APE1 revealed that a single metal-binding site is present in APE1:
the Mg?" ion cannot bind to the B site, and movement of Mg>"
between sites A and B is inappropriate as catalytic evidence
because the B site is located in the active site very closely to the
three crucial catalytic residues [18,44]. Here, the two solved crystal
forms (I and II) from the same batch of purified APE1 (obtained
under different crystallization conditions: acidic and basic pH
conditions/with and without metal, respectively) revealed a single
bound Mg?* in the expected site. The finding of a very well-
coordinated metal in form [ just as in PDB codes 4LND (form II
with Mg?*), 4QH9 (form IIl with Mn?*), and 4QHE (form III with
Mg?"), correlates with diffraction at very high resolution (below
2 A) and a role of a metal in protein stabilization. The presence of
the single metal ion in the active site of APE1 regardless of pH is
also validated by our two crystal structures. The 4QH9 structure
shows two partially occupied Mg?* sites that are 0.7 A apart: one
involving coordination primarily with E96 (A site, 0.35 occupancy)
and the second involving coordination with both D70 and E96 (B
site, 0.65 occupancy). The designations of A and B in this context
refer to alternate positions of the Mg+ cation. The presence of two
partial sites for metal indicates that the metal can be mobile just as
the E96 side chain for which three conformations have been
observed [18]. In our form I structure, the conformation of E96
corresponds to that for the A site in 4QHE, which is different from
that of the B site, which resembles that in 4QH9 (Mn?*) and 4LND
(form 11 Mg?"). The single preformed metal-binding site in APE1
involving D70, E96, and, to a lesser extent, D308 in the endonu-
clease activity is necessary for stabilization of the enzyme alone
and of the DNA product complex with the O3’ leaving group.
Indeed, a structural comparison between Nfo and APE1 bound to a
DNA forming a product complex with a single Mg?* ion combined
with mutagenesis kinetic analysis revealed that D210 and D212
coordinate the catalytic water molecule responsible for DNA
cleavage. Moreover, ExoA contains an identical preformed metal-
binding site in which the conserved glutamate confers plasticity
to the active site, thus giving a metal ion flexibility in the active site.

4.3. N-terminal amino acid residues of APE1 and APE1-T268D
mutant

The first 42 N-terminal disordered amino acid residues of APE1
are highly enriched in positively charged basic lysine and arginine
residues, which can engage in electrostatic interactions with DNA
phosphates. Recently, Tell and coworkers demonstrated that the
first 33 amino acid residues mediate the binding of APE1 to RNA
and to negative calcium responsive sequence elements (nCaRE) of
certain gene promoters [56,57]. The deletion, mutation, and/or
acetylation of lysine residues among the first 33 amino acid resi-
dues of APE1 lead to increased AP site cleavage activity [56,58],
whereas deletion of the first N-terminal 61 amino acid residues

results in a dramatic decrease of the NIR activity [6]. This result
suggests that, these potential additional interactions of the N-ter-
minal amino acid residues of APE1 with DNA in the presence of low
concentrations of Mg?* promote NIR activity, whereas at high Mg>*
concentrations (BER conditions), these disrupted interactions lead
to an increased rate of enzymatic cleavage of the AP site. The dra-
matic 440-fold decrease in the kinetic efficiency (kca¢/Ky) in terms
of AP site cleavage in APE1-T268D suggests that under BER condi-
tions, the DNA-binding mode of the mutant is strongly affected.
According to all these observations, we can hypothesize that the
APE1-T268D mutant reveals the contribution of the N-terminal
domain to the protein-DNA substrate interaction, which in turn
under NIR conditions enables the mutant enzyme to cleave an AP
site in duplex DNA with a 10-fold higher kinetic efficiency as
compared to the WT enzyme. In line with this notion, Mg>"
dependence of BER and NIR activities of the APE1-T268D mutant
showed analogous profiles, which are similar to that of the WT
APE1 for NIR activity, supporting a cooperative effects of the N- and
C-terminal DNA-binding sites on DNA incision activities, being both
necessary for the NIR DNA substrates.

4.4. The NIR function signature

To find out whether the role of the APE1 T268 residue is
conserved beyond the enzymes characterized in this study, we
performed a multiple sequence alignment using amino acid se-
quences from recently characterized exonuclease Ill-related pro-
teins (Fig. S7), such as prokaryotic enzymes (Mycobacterium
tuberculosis MtbXthA and Neisseria meningitides NApe and NExo)
and plant enzyme (Arabidopsis thaliana atARP). MtbXthA lacks a
NIR activity [27], whereas AtARP has a robust NIR activity toward
the adA-T duplex (our unpublished observation). The protein
sequence alignment shows that NIR-deficient EcXth and MtbXthA
contain an aspartic acid residue at the position corresponding to
T268 in APE1, whereas NIR-proficient plant ARP contains a glycine
there. According to the known crystal structure of NApe [59] and
the sequence homology with APE1, we believe that NApe and NExo
may be NIR-proficient and deficient AP endonucleases, respec-
tively. Therefore, one could use the presence of an aspartic residue
versus a noncharged serine, threonine, or glycine residue in Xth-like
AP endonucleases as a possible hallmark for NIR deficiency and NIR
proficiency among exonuclease Ill-like AP endonucleases,
respectively.

In conclusion, taken together, these results show that (i)
exonuclease Il family AP endonucleases from gram-positive bac-
teria have NIR functions with conserved amino acid residues
involved in the removal of oxidatively damaged DNA bases, un-
derlying the evolutionary conserved role of NIR function; (ii)
structural analysis coupled to biochemical characterization of APE1
mutants reveal that amino acid residues in the active site pocket are
not involved in the interactions with damaged DNA bases; (iii)
structure-function analysis allows for mutational separation of
conserved repair activities in AP endonucleases. These phenomena
in turn form the basis for studies on the biological role of NIR
function in the fight against potentially lethal DNA lesions gener-
ated by oxidative stress.
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