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ABSTRACT: The human 3-methyladenine DNA glycosylase (AAG) recognizes and excises a broad range
of purines damaged by alkylation and oxidative damage, including 3-methyladenine, 7-methylguanine,
hypoxanthine (Hx), and 1,N®-ethenoadenine (¢A). The crystal structures of AAG bound to €A have provided
insights into the structural basis for substrate recognition, base excision, and exclusion of normal purines
and pyrimidines from its substrate recognition pocket. In this study, we explore the substrate specificity
of full-length and truncated ASOAAG on a library of oligonucleotides containing structurally diverse
base modifications. Substrate binding and base excision kinetics of AAG with 13 damaged oligonucleotides
were examined. We found that AAG bound to a wide variety of purine and pyrimidine lesions but excised
only a few of them. Single-turnover excision kinetics showed that in addition to the well-known €A and
Hx substrates, 1-methylguanine (m1G) was also excised efficiently by AAG. Thus, along with €A and
ethanoadenine (EA), m1G is another substrate that is shared between AAG and the direct repair protein
AIKB. In addition, we found that both the full-length and truncated AAG excised 1,N*-ethenoguanine
(1,N?-£G), albeit weakly, from duplex DNA. Uracil was excised from both single- and double-stranded
DNA, but only by full-length AAG, indicating that the N-terminus of AAG may influence glycosylase
activity for some substrates. Although AAG has been primarily shown to act on double-stranded DNA,
AAG excised both €A and Hx from single-stranded DNA, suggesting the possible significance of repair
of these frequent lesions in single-stranded DNA transiently generated during replication and transcription.

DNA-damaging agents are ubiquitous, and cellular DNA
is constantly attacked by a variety of endogenous and
exogenous DNA-damaging agents. DNA can be deaminated
spontaneously or alkylated by endogenous intracellular
sources and by exogenous environmental agents. Such
damages can interfere with DNA replication and transcription
and may be mutagenic or cytotoxic to the cell. During
evolution, multiple DNA repair pathways have evolved to
maintain the integrity of DNA in all organisms. Among other
pathways, single-base aberrations can be repaired by the base
excision repair (BER) pathway. BER is initiated by DNA
glycosylases that recognize the damaged base in the genome,
followed by hydrolysis of the N-glycosylic bond, resulting
in the release of the damaged base and the generation of an
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abasic site. The abasic site is further processed by an AP
endonuclease or AP lyase, resulting in a strand break. After
trimming of the DNA ends, DNA is resynthesized by a DNA
polymerase and a DNA ligase seals the nick to restore
undamaged DNA (/).

Many DNA glycosylases exhibit strict substrate specificity.
The human 3-methyladenine DNA glycosylase (AAG), by
contrast, is able to recognize and excise structurally diverse
bases, including 3-methyladenine, 7-methylguanine, 1-N°-
ethenoadenine (¢A), and hypoxanthine (Hx), from DNA (2—38).
The crystal structure of AAG bound to DNA containing €A
provides insight into the binding and catalysis by this DNA

! Abbreviations: AAG, human 3-methyladenine DNA glycosylase;
mlG, 1-methylguanine; m1A, 1-methyladenine; m3T, 3-methylthymine;
m3C, 3-methylcytosine; m3U, 3-methyluracil; e3U, 3-ethyluracil; EA,
1,N®-ethanoadenine; €A, 1,N°-ethenoadenine; £C, 3,N*-ethenocytosine;
1,N?-¢G, 1,N*-ethenoguanine; M, G, pyrimido[ 1,2-o]purin-10(3H)-one;
Hx, hypoxanthine; U, uracil; AP, apurinic; ABH, AlkB homologue;
BCNU, 1,3-bis(2-chloroethyl)-1-nitrosourea; EDTA, ethylenediamine-
tetraacetic acid; EGTA, ethylene glycol bis(2-aminoethyl ether)-
N,N,N',N’-tetraacetic acid; BSA, bovine serum albumin; AlkA, Es-
cherichia coli 3-methyladenine DNA glycosylase; UDG, uracil DNA
glycosylase; UNG2, nuclear uracil DNA glycosylase; SMUGH, single-
strand-selective monofunctional uracil-DNA glycosylase 1; SD, standard
deviation.
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FIGURE 1: Structure of the AAG active site (green) showing the
flipped-out €A nucleotide (gold). The dashed line indicates a
hydrogen bond between N6 of €A (acceptor) and the peptide amide
(donor) of His136. This figure was generated using the coordinates
of the AAG—¢A crystal structure [Protein Data Bank entry 1f4r
(9)] using Pymol.

glycosylase (Figure 1) (9). In the active site complex, the
substrate nucleotide is rotated in the plane of the base pair
out of the duplex DNA into the active site of the enzyme.
Tyr162 of the enzyme is intercalated into the space vacated
by the lesion via the DNA minor groove, maintaining proper
base stacking and minimizing DNA distortion (9, 10). A
water molecule is involved in the nucleophilic attack on the
N-glycosylic bond by an acid—base catalytic mechanism with
Glul25 acting as a general base (9—171). Equally important,
the discrimination against pyrimidines is likely due to the
fact that AAG employs an acid—base catalysis that is more
suitable for selective excision of purines (/7). In addition,
the possible steric clash of the Asnl169 side chain with the
2-amino group of guanine and the inability of the 6-amino
group of adenine to accept a hydrogen bond from His136
may exclude these undamaged purine bases from the binding
pocket (9, 12).

In contrast to AAG, AlkB is an orthogonal DNA repair
protein that can directly reverse alkylation damage catalyti-
cally. Escherichia coli AIkB had first been shown to repair
methylated lesions, such as 1-methyladenine (ml1A) and
3-methylcytosine (m3C), in DNA and RNA (/3, 14) via
oxidative demethylation. Subsequently, 1-methylguanine
(ml1G) (15, 16), 3-methylthymine (m3T) (/5—17), and
3-ethylcytosine (/5) were also found to be AlkB substrates,
although with weaker activity on m1G and m3T than on m1A
and m3C. Among the human AlkB homologues discovered
thus far, only hABH1, hABH2, and hABH3 have been shown
to have repair activity on DNA and also RNA (/4, 18—21).
In addition to simple methylated base adducts, AIkB was
recently shown in E. coli and in vitro studies to repair 1,N°-
ethanoadenine (EA) (22), €A (23, 24), and 3,N*-ethenocy-
tosine (¢C) (23). In vivo (in mouse) and in vitro repair
activity on €A has been shown for mammalian ABH2 (25).

Although E. coli AIkB and the human ABH proteins are
able to repair etheno lesions, the mechanism of their repair
is completely different from AAG-initiated BER, which also
repairs éA and EA DNA lesions. Etheno base lesions can
be formed endogenously by the products of lipid peroxidation
and can be induced by exposure to environmental sources
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such as vinyl chloride and its metabolites chloroethylene
oxide and chloroacetaldehyde (26—33). EA is similar to eA
with the exception of having a saturated C—C bond in place
of the double bond between the two exocyclic carbon atoms
bridging the N® exocyclic and N1 heterocyclic nitrogens of
adenine. EA can be formed from the reaction between DNA
and 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU) (34), a
chemotherapeutic agent commonly used to treat brain tumors;
EA can be repaired by AAG, albeit inefficiently (35). Having
two different mechanisms for the repair of such an important
class of lesions could be advantageous, and the relative
activities of each pathway may differ between tissue and cell
types.

In this study, we have tested the binding and glycosylase
activity of AAG against a library of lesion-containing DNA
oligonucleotides (Figure 2) and have identified new substrates
for AAG. Both the full-length version and a truncated version
of AAG missing the 80 N-terminal amino acids (ASOAAG)
were used in this study, whereas previous studies primarily
focused on truncated AAG, because it is more easily purified.
We have shown that m1G, in addition to the already-known
substrates €A and EA, is a substrate shared between AAG
and AlkB. On the basis of earlier work showing that A and
Hx are refractory to repair when situated opposite a reduced
abasic site (36), it was thought that excision is only possible
in double-stranded (ds) DNA. However, in this study it was
surprising to find that both the truncated and full-length AAG
can excise €A and Hx from single-stranded (ss) DNA.
Furthermore, we found that both full-length AAG and
A80AAG have weak glycosylase activity on 1,N*-¢G.
Finally, we found that only full-length AAG, but not
AB0OAAG, excises uracil in both ss- and ds-DNA. We
demonstrate here, using a library of lesion-containing single-
and double-stranded DNA oligonucleotides, that AAG has
a wide range of substrate specificity, including multiple
classes of new substrates.

EXPERIMENTAL PROCEDURES

DNA Oligonucleotides. Oligonucleotides containing m1G,
mlA, m3T, and m3C were synthesized as described by
Delaney and Essigmann (/5). The synthesis of the oligo-
nucleotide containing EA was described by Frick et al. (22),
of those containing ¢A and ¢C by Delaney et al. (23), of
those containing 1,N?-¢G by Goodenough et al. (37), and of
those containing M1G by Wang et al. (38), and the synthesis
of oligonucleotides containing m3U and e3U will be
published elsewhere. Oligonucleotides containing Hx and U
were synthesized using phosphoramidites from Glen Re-
search (Sterling, VA). All of the oligonucleotides were 16-
mers with identical sequence (5’GAAGACCTXGGCGTCC3’)
where the only difference is in the central lesion, X (Figure
2). The single-stranded oligonucleotides were 5’-end-labeled
with 32P and purified using a MicroSpin G-25 column (GE
Healthcare). For studies involving double-stranded DNA
substrates, annealing was performed using a 1:1.5 ratio of
modified to unlabeled complement. The base opposite the
lesion was chosen to be the natural base-pairing partner of
the undamaged base. For U, m3U, and e3U, guanine was
used as the opposing base, since the lesions here were
assumed to form from deamination of cytosine and 3-alky-
Icytosine.
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FIGURE 2: Chemical structures and sequence context of the different DNA lesions tested in this study.

AAG Protein Expression and Purification. ASOAAG with
the first 80 amino acids deleted from the N-terminus and
the full-length AAG protein were both used in this study.
The AB0AAG and full-length AAG proteins were cloned
and purified as described previously (/7) with and without
the gel filtration step, respectively. Previous studies have
shown that AAG possessing a truncation of its N-terminal
domain has catalytic activity similar to that of the full-length
protein (6, 11).

DNA Glycosylase Activity Assays. Glycosylase assays were
performed by incubation of 1000 nM AAG protein (10 pmol)
and 10 nM *?P-labeled DNA substrate (100 fmol) at 37 °C
in 10 uL of assay buffer containing 20 mM Tris-HCI buffer
(pH 7.8), 100 mM KCI, 5 mM fS-mercaptoethanol, 2 mM
EDTA, 1 mM EGTA, and 50 ug/mL BSA. The experiments
were carried out under single-turnover conditions where the
enzyme concentration was in 100-fold excess of the labeled
DNA substrate concentration. Initial screening experiments
of AAG glycosylase activity were performed by incubating
a 1:100 molar ratio of DNA oligonucleotide to AAG enzyme
in glycosylase buffer for 90 min (or 180 min for 1,N*-¢G
and uracil). For subsequent kinetics experiments, an aliquot
of the reaction mixture was removed for quenching at various
time points during the course of the incubation. Reactions
were quenched with 0.2 N NaOH, except for ¢C and m3C
where 0.2 M piperidine was used, and then mixtures were
heated at 75 °C for 15 min to cleave the DNA at AP sites.
Samples were then diluted with formamide loading buffer,
and cleavage products were resolved on a 20% denaturing
polyacrylamide gel. The fraction of uncleaved versus cleaved
substrate was determined on a Packard Cyclone Phospho-
rImager (Packard Instruments, Meriden, CT), analyzed with
OptiQuant (Packard Instruments), and quantified with the
Kodak 1D scientific imaging software (Eastman Kodak Co.,
New Haven, CT). Enzymatic rate constants were determined
by fitting the single-turnover kinetic data into the One Phase
Exponential Association equation (eq 1) using GraphPad
Prism (GraphPad Software, Inc., La Jolla, CA):

Y= Va1 =€) 1

where y is the amount of substrate cleaved at any particular
time point, V. is the maximum amount of cleaved substrate,
t is time, and kg, is the observed rate constant. Rate constants

for extremely slow reactions where the increase in cleaved
substrate amount did not follow an exponential increase were
determined using linear regression in the form of y = kgpt.

Electrophoretic Mobility Shift (Gel Shift) Assays (EMSAs).
Binding assays were performed in an assay buffer containing
50 mM HEPES (pH 7.5), 100 mM NaCl, 5 mM fS-mercap-
toethanol, 9.5% (v/v) glycerol, and 0.1 mg/mL BSA. ¥P-
labeled DNA substrate (2 nM) was incubated with increasing
concentrations of AAG in the binding assay buffer for 30
min at 4 °C and then directly loaded onto a 6% nondena-
turing polyacrylamide gel. After electrophoresis, the gel was
dried and the fraction of DNA bound by AAG was analyzed
and quantified as described above for the glycosylase assays.
The apparent dissociation constant K; was calculated by
fitting the quantified binding data to the One Site Binding
(hyperbola) equation (eq 2) in GraphPad Prism (GraphPad
Software, Inc.).

— Bmaxx
YT K, Fx

@)

where y is the total amount of bound substrate, B, is the
maximum specific binding, x is the concentration of the
protein, and Kj is the apparent binding constant.

RESULTS

AAG Recognizes a Wide Range of DNA Lesions. To
investigate thoroughly the substrate specificity of AAG, a
wide range of lesion-containing DNA oligonucleotides was
interrogated (Figure 2). Substrate binding and glycosylase
activity of both the full-length and ASOAAG proteins were
measured for single- and double-stranded lesion-containing
DNA oligonucleotides. Their identical sequence context
allowed us to eliminate the possible effects resulting from
the flanking base sequence on the ability of AAG to bind
and excise. Lesion recognition and substrate binding were
assessed by gel shift assays. To determine the quantitative
binding affinity of AAG for the base lesions, shown in Figure
2, various concentrations of AAG were incubated with a fixed
amount of substrate in duplex DNA. Surprisingly, AAG was
found to bind a large number of lesions in duplex DNA, but
to different extents (Table 1). It is important to note that for
all the lesions tested, band shifts were observed only using
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Table 1: Binding and Excision Kinetic Constants of Various Lesions by AAG“

binding glycosylase activity
ABOAAG ABOAAG full-length AAG
base excised:pairing initial excision initial excision
partner K, £ SD (nM) kovs = SD (min~")”  rate (fmol/min)® ke & SD (min™'")” kg £ SD (fmol/min)?  rate (fmol/min)“
ml1G:C 648 + 154 0.101 £ 0.010 4.46 0.065 + 0.005 3.68
mlA:T 176 £ 28 NA NA NA NA
m3T:A 189 £ 35 NA NA NA NA
m3C:G 61+9 NA NA NA NA
m3U:G 27+ 4 NA NA NA NA
e3U:G 103+ 12 NA NA NA NA
eA:T 7+1 0.027 £ 0.003 1.98 0.029 £ 0.003 2.12
EA:T 340 + 129 0.017 £ 0.001 0.47 0.016 £ 0.001 0.51
eC:G 10+ 1 NA NA NA NA
1,N*-£G:C 928 + 137 0.079 £ 0.011 0.44 0.074 £ 0.012 0.46
MIG:C NB NA NA NA NA
Hx:T 125 £ 30 0.425 £+ 0.070 30.4 0.390 £ 0.061 27.6
UG NB NA NA 0.062 £ 0.002¢ 0.062¢
eA (ss) NB 0.030 £ 0.006 1.22 0.043 £ 0.005 1.65
Hx (ss) NB 0.062 £ 0.011 2.01 0.061 £ 0.007 1.90
U (ss) NB NA NA 0.063 £ 0.003¢ 0.063¢

“ Full-length AAG was not observed to bind DNA at all in the gel shift assay. ASOAAG was not observed to bind to single-stranded DNA. NB and
NA represent no detectable binding and no activity, respectively (<0.3% and 0.3 fmol, respectively). ” Activity rate constants ky,, were determined from
one-phase exponential association except for U. © The initial rate is the product of the rate constant k., and the maximum saturation cleavage (maximum
amount of abasic product formed), except for U where the initial rate is equal to the rate constant obtained from linear regression. ¢ Rate data for U

were fitted with linear regression in the form of y = k.

the truncated ASOAAG and not the full-length protein (data
not shown). However, the factors responsible for not observ-
ing band shifts with the full-length AAG are presently
unknown. Hence, only the binding data for ABOAAG are
shown. However, using surface plasmon resonance, full-
length AAG has been shown to bind to DNA oligonucle-
otides containing Hx and AP sites (39).

Figure 3 shows representative experiments for a weak
binding substrate (m1G), a moderate binding substrate (e3U),
and a very strong binding substrate (¢A) with ASOAAG
(Figure 3A,C.E), with corresponding quantification of the
binding (Figure 3B,D,F), from which the apparent dissocia-
tion constants (K,) were calculated (Table 1). The strongest
affinity was observed for €A and ¢C, with a K4 of ~ 10 nM,
followed by m3U with a K4 of ~30 nM. AAG exhibited
moderate binding affinity for m3C, Hx, e3U, m1A, and m3T,
with apparent binding constants between 60 and 200 nM.
Weak to very weak binding was observed for EA (K4 = 340
nM), m1G (K; = 648 nM), and 1,N*>-eG (Kyq = 928 nM).
AAG bound several AlkB substrates; these include simple
methylated bases (m1G, m1A, m3T, and m3C), as well as
the more complex cyclic lesions EA, €A, and &C. The
apparent relative strength of AAG binding was as follows:
eA and eC > m3C > ml1A > m3T > EA > m1G (Table 1).

It is also interesting to note that, in addition to €A and
eC, AAG exhibited very strong binding to 3-methyluracil
(m3U) and 3-ethyluracil (e3U), but not to uracil itself. Very
weak binding for 1,N%-eG was seen, but no binding was
detected for M1G. In a comparison of the difference in
binding affinity of U, m3U, and m3T in relation to their
structural similarity, m3U differs from U by the addition of
a methyl group at the N3 position, yet this modification is
sufficient to increase its binding affinity for AAG signifi-
cantly to a K4 of ~30 nM compared with no binding shown
by U. However, the binding affinity of m3T (K4 ~ 200 nM),
which has methyl groups on both N3 and C5 analogous
positions of uracil, was much lower than that of m3U.

AAG Excises Only a Few of the Lesions to Which It Binds.
We tested the glycosylase activity for both the full-length
protein and ASOAAG on the library of lesion-containing
oligonucleotides. The glycosylase reactions were carried out
under single-turnover conditions where the enzyme was in
100-fold molar excess of the oligonucleotide substrate, such
that the reaction kinetics should not be a function of
enzyme—substrate binding rates (/2). Single-turnover gly-
cosylase kinetics measures the rate of reaction steps after
formation of the initial AAG—DNA complex (/2).

Single-turnover glycosylase activity assays were performed
with time courses of up to 90 or 180 min, depending on the
reaction rates. Among the damaged bases tested, AAG was
active on m1G, EA, €A, Hx, 1,N>-¢G, and uracil in double-
stranded DNA; AAG was also active on €A, Hx, and uracil
in single-stranded DNA (Table 1). Both full-length and
truncated AAG appeared to exhibit very similar excision
kinetics for most substrates except for U. No glycosylase
activity was observed toward m1A, m3T, m3C, m3U, e3U,
eC, or MIG (Table 1). Among the various AlkB substrates
tested (m1G, m1A, m3T, m3C, EA, €A, and ¢C), AAG-
mediated excision was observed only for m1G, EA, and €A.
Thus, among the methylated AlkB substrates, m1G was the
only lesion to be repaired by AAG, with a fairly fast observed
rate constant of ~0.1 min~! for both the full-length protein
and A80OAAG (Figure 4A,B and Table 1). It is interesting
that despite AAG’s ability to bind to all four methylated
lesions, only m1G was excised, even though AAG bound
mlG the least tightly among the four (Table 1). Although
the purine site of alkylation for m1G is identical to m1A,
AAG did not excise ml1A (Table 1). m3T and m3C are
pyrimidines and are not expected to be excised by AAG on
the basis of the acid—base catalytic mechanism that favors
the removal of damaged purines (/7). Two other AlkB
substrates repaired by AAG were EA and €A in duplex DNA.
Guliaev et al. (35) previously reported that EA is a 65-fold
weaker substrate for AAG than €A; however, this study
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FIGURE 3: ASOAAG binds to different lesions with different affinities. Gel mobility shift assay for the binding of ABOAAG to oligonucleotides
containing (A) m1G, (C) e3U, and (E) €A. Graphical representation of the binding of ASBOAAG to (B) m1G, (D) e3U, and (F) €A.

shows the excision rates of EA and €A to be far less disparate
with initial rates of 0.5 and 2.0 fmol/min, respectively
(Figures 4C,.D and 5A,B and Table 1). No glycosylase
activity toward eC was observed despite AAG’s very strong
binding affinity for this lesion (Table 1).

Single-Turnover Kinetics of Excision of 1,N°-Ethenoad-
enine and Hypoxanthine from Single- and Double-Stranded
DNA. The activity of AAG on €A and Hx substrates was
measured to compare its excision activity on newly identified
substrates in the same sequence context; excision kinetics

for ASOAAG and full-length AAG were monitored for up
to 90 min (Figure 5). The observed rate constant for the eA:T
pair was found to be ~0.03 min~! for both full-length and
A80AAG (Table 1), and those for the Hx:T pair were ~0.4
min~! (Table 1); therefore, the excision rates for these lesions
do not appear to be influenced by truncation of AAG’s
N-terminus.

We unexpectedly also saw that AAG exhibited catalytic
activity against €A and Hx in single-stranded DNA (Figure
5A,C.D,F). Although most previous studies have monitored
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FIGURE 4: m1G and EA, known AlkB substrates, are cleaved by AAG when present in double-stranded DNA. Glycosylase activity of AAG
toward (A) m1G and (C) EA. No AAG represents incubation without AAG for the longest time point of the assay. Graphical representation
of the glycosylase activity toward (B) m1G and (D) EA by (H) AS80OAAG and (a) full-length AAG. For comparison with EA, the data of
AAG glycosylase activity toward €A from Figure 5B are also shown in panel D: (@) ASOAAG and (O) full-length AAG.

AAG activity on duplex DNA, activity on single-stranded
DNA was previously reported for oxanine and €A (40).
Among all adducts tested in this study, the only substrates
that could be excised from single-stranded DNA by AAG
were €A and Hx (and uracil, which was weakly excised).
Interestingly, the observed rate constants for €A in single-
and double-stranded DNA were very similar (~0.03—0.04
min~!) (Table 1), and the initial excision rates were only
slightly higher (~1.5-fold) for duplex DNA than for single-
stranded DNA (Table 1). In contrast, the observed rate
constants and initial excision rates for Hx in single-stranded
DNA (~0.06 min~! and 2 fmol/min, respectively) were ~7-
and 15-fold lower, respectively, than those in duplex DNA
(~0.4 min~! and 30 fmol/min, respectively) (Table 1).
Both AS8OAAG and Full-Length AAG Excise 1,N*-¢G. It
was previously shown that glycosylase activity toward 1,N-
€G in duplex DNA was observed for full-length AAG, but
not for the truncated form of AAG lacking the first 73 amino
acids (417). It was also shown that the inability to excise was
not due to an inability to bind, since the truncated AAG was
observed to bind 1,N*-eG (41); thus, it was concluded that

the nonconserved, N-terminal part of AAG was essential for
glycosylase activity toward 1,N?-¢G (41). However, here we
show that both ABOAAG and full-length AAG were able to
cleave 1,N?-eG from double-stranded DNA, albeit to a
limited extent. As seen from Figure 6, both forms of the
protein excised ~6% of the 1,N2?-¢G base lesion at saturation,
with observed rate constants of 0.08 and 0.07 min~' for
A80AAG and full-length AAG, respectively (and initial rates
of ~0.5 fmol/min) (Table 1). Such rate constants were among
the third highest of the lesions tested in this study, while the
corresponding initial excision rates turned out to be very low.
However, neither AAG glycosylase activity nor binding was
observed for the structurally similar M1G adduct (Figure 2
and Table 1).

Excision of Uracil from Single- and Double-Stranded DNA
by AAG. In addition to hypoxanthine (the deamination
product of adenine), AAG has also been shown to excise
the guanine-derived deaminated bases xanthine (42) and
oxanine (40). Here, we observed that deaminated cytosine,
namely uracil (U), was excised by AAG, although very
slowly (Figure 7 and Table 1). Moreover, like oxanine, U
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FIGURE 5: AAG cleaves €A and Hx in both double-stranded and single-stranded DNA. Glycosylase activity of AAG toward €A and Hx.
Gels showing AAG excision of €A in (A) double- and single-stranded DNA. No AAG represents incubation without AAG for the longest
time point of the assay. Graphical representation of the glycosylase activity toward €A in (B) duplex DNA and (C) single-stranded DNA
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duplex and (F) single-stranded DNA by (M) AS80OAAG and (a) full-length AAG.

was excised by AAG from both single- and double-stranded single-turnover excision with U appeared to be very slow
DNA; only the full-length AAG exhibited such activity. The and exhibited kinetics that followed a linear rather than an
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exponential fit, yielding initial excision rates (and also
observed rate constants) of ~0.06 fmol/min for both single-
and double-stranded DNA (Table 1), which is ~7-fold lower
than that for 1,N?-G, whose level of saturation cleavage was
only ~6% (Figure 6B). Although uracil can be weakly
cleaved by AAG, the alkylated m3U and e3U (deamination
products of m3C and e3C, respectively) were not excised
despite their significant binding to AAG. In contrast, the
EMSA was not sensitive enough to detect binding of either
form of AAG to substrates containing U. Notably, among
the substrates tested in this study, uracil was the only
substrate toward which the truncated and full-length AAG
exhibited different activity.

DISCUSSION

The human 3-methyladenine DNA glycosylase (AAG) is
known to have a broad substrate specificity for damaged
purines, including 3-methyladenine, 7-methylguanine, €A,
and Hx (2—38). In this report, we examined substrate binding
and excision kinetics of both full-length and truncated
A80AAG, for a library of lesion-containing DNA oligo-
nucleotides in both the single- and double-stranded form. In
addition to confirming previous findings, we identified
several new substrates for full-length and truncated AAG in
single- and double-stranded DNA, namely, m1G (ds), Hx
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(ss), 1,N?-eG (ds by ASOAAG), and uracil (both ss and ds
by full-length AAG).

Although human AAG has been primarily shown to repair
lesions in double-stranded DNA, excision activity on single-
stranded DNA was previously observed for €A and oxanine
(40). Binding and excision of oxanine in duplex DNA appear
to be independent of the opposite base; indeed, a comple-
mentary strand is not necessary as seen from the similar
binding and excision efficiencies for oxanine in 62-mer
single- and double-stranded DNA (40). In addition to AAG,
other DNA glycosylases have also been shown to excise
damaged bases from single-stranded DNA. For instance, in
E. coli, the 3-methyladenine glycosylase (AlkA) has been
shown to remove 3-methyladenine from single-stranded
DNA (43), and in mammals, the bovine uracil DNA
glycosylase (UDG) (44) and human SMUG1 (45) also excise
uracil from single-stranded DNA substrate. In this study, we
have observed AAG activity on lesion-containing single-
stranded DNA. We found both ¢A and Hx within single-
stranded DNA to be good substrates for AAG. ¢éA was
excised with similar observed rate constants in single- and
double-stranded DNA, although in single-stranded DNA the
initial excision rates were lower (Table 1). For Hx, it was
previously shown that Hx could only be excised when paired
with a base, preferably T rather than C (36, 40, 46—48),
and not in single-stranded DNA, suggesting that it is the base
pair instead of the damaged base alone that affects the
recognition by AAG. However, to our surprise, we observed
that Hx can also be repaired in single-stranded DNA,
although with observed rate constants ~7-fold lower (initial
rates ~15-fold lower) than those in double-stranded DNA
(Table 1). Excision from the single-stranded DNA may be
possible because the reduced level of base stacking and the
lack of base pairing may increase the chances of the damaged
bases being captured from the less rigid single-stranded
structure. One might argue that the single-stranded DNA may
form a secondary structure containing duplex DNA, thus
allowing excision to occur. However, other than €A and Hx
(and uracil to a weak extent), no other substrates were
observed to be excised from single-stranded DNA, indicating
that excision of lesions from single-stranded DNA may be
damage-specific. A previous report showed that AAG did
not bind or excise the DNA duplexes with €A or Hx paired
opposite an abasic site (36), suggesting that the binding of
damaged purine bases by AAG may require an opposite base
or an opposite strand. However, we demonstrated catalytic
activity toward €A and Hx in single-stranded DNA, although
no binding of AAG to single-stranded DNA was detected
by the gel shift assay.

During DNA replication and transcription, the transient
single-stranded regions that arise may expose more potential
sites of damage on the DNA bases; therefore, it would be
beneficial to the cell if there is a mechanism for repairing
damage on single-stranded DNA, especially if it is replica-
tion- or transcription-blocking. Although the advantage of
base excision in single-stranded DNA is not evident, it is
possible that in vivo, an abasic site or strand break may cause
replication or transcription to stop. Polymerase arrest could
stimulate recombination, and a stalled RNA polymerase may
trigger transcription-coupled repair. Conversion of a diverse
set of lesions to a uniform AP site may be a way to
consistently trigger a repair—recruitment signal.
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In addition to the aforementioned €A, we have also found
that AAG and AIkB share other classes of DNA damage as
substrates such as EA and m1G. Formed by chloroethyl
nitrosoureas that are used in cancer therapy and structurally
similar to €A, ethanoadenine (EA) was recently shown to
be metabolized by AlkB (22). Unlike eA whose unsaturated
exocyclic ring is planar, EA’s nonplanar saturated ring may
give rise to less stable aromatic base stacking interactions
with the active site residues of AAG, possibly leading to
the poorer binding ability and less efficient repair of EA.

Guliaev et al. (35) showed that AAG was able to repair EA,
but with a 65-fold lower efficiency than for eA. We, however,
found an only ~4-fold difference in initial excision rates in
this study (Table 1); this discrepancy could be possibly due
to differences in sequence context, or the position of the
lesion. Despite AAG’s weak binding to EA, excision was
efficient, with up to 30% EA being released (Figure 4C,D
and Table 1). In addition to cyclic lesions (22—24), simple
methylated lesions such as m1G, m3T, m1A, and m3C also
interfere with normal Watson—Crick base pairing and were
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all shown to be AlkB substrates (/3—17). However, despite
the observed binding between AAG and these lesions,
excision was only seen for m1G (Figure 3A,B and Table 1).
It is also worth reiterating that binding affinity clearly does
not predict excision activity. For instance, AAG exhibited
very weak binding to m1G (Table 1 and Figure 3), yet it
was able to excise ~50% of m1G at saturation (Figure 4A,B),
making m1G among the top three lesions to be excised. In
fact, AAG bound to a Hx:T canonical substrate only
moderately well (with a K4 of 125 nM) yet exhibited the
fastest excision rate (Table 1). We observed instances in
which strong binding substrates are weakly excised and vice
versa. Indeed, AAG does not excise all of the substrates to
which it binds. Hence, it is very difficult to point out any
trends relating binding affinity and excision rates.

We questioned why AAG can cleave m1G but not the
structurally analogous m1A. Some main differences between
mlA and m1G include the O6 atom of m1G, which can serve
as a hydrogen bond acceptor from the main chain amide of
His136 in the enzyme active site, whereas m1A has an amino
group at the N6 position and cannot accept the hydrogen
bond for stabilization (which is how AAG discriminates
against normal adenines) (9). Moreover, m1A is positively
charged and lacks a 2-amino group, whereas m1G is neutral
and, like guanine, has a 2-amino group that could clash with
Asnl169. Charge probably has little effect on the AAG-
mediated excision in this case, since the positively charged
mlA is not a better substrate than mlG. Perhaps the
hydrogen bond between the O6 position of the m1G base
and His136 enhances binding in the active site and plays a
stronger role in recognition and binding than the cation—rx
interaction between the positively charged ml1A and the
aromatic active site residues. The lack of excision of m3C
and m3T was expected and may be explained by the fact
that protonation of the nucleobase likely occurs at N7 or N3
of purines for AAG-catalyzed excision (//) and is more
suitable for purines than for pyrimidines, eliminating the
likelihood of repairing cytosine or thymine adducts.

AAG protein can exist as several alternatively spliced
forms (49—52), and it has been shown that the nonconserved
N-terminus does not affect the recognition and glycosylase
activity for some substrates (6, 53). In a previous study,
Saparbaev et al. found that both the full-length AAG and
the truncated AAG lacking the first 73 amino acid residues
were able to bind to 1,N*-¢G, but only the full-length protein
was able to release it from duplex DNA (47). It was
suggested that a change in the active site conformation of
truncated AAG and the absence of N-terminal amino acid
residues essential for eG catalysis are possible factors
responsible for the inactivity of truncated AAG on G. Here
we also found 1,N*-eG to be a substrate for AAG, as
previously reported (26, 41). However, in our study, both
the full-length protein and ASOAAG excised 1,N*-eG equally
well, albeit weakly (Figure 6A,B and Table 1). Perhaps the
possible conformational change caused by deletion of the
N-terminal tail still allows the protein to bind and excise
the shorter 16-mer oligonucleotides (this study) but hinders
excision in the longer oligonucleotides [30—31-mer used by
Saparbaev et al. (41)]. The fact that 1,N>-¢G is repaired by
MUG (41) and AAG (Figure 6 and Table 1) (41, 54)
underscores the importance of its repair for proper cellular
homeostasis. In another study, Adhikari et al. found that the
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N-terminal tail is required for the turnover in the Hx excision
reaction (39). Their experiments using both truncated (NA100)
and full-length AAG showed that truncation crippled the
turnover of AAG activity on Hx under multiple-turnover
conditions, but not under single-turnover conditions (39). The
binding experiments using SPR spectroscopy showed that
the truncated AAG binds AP site-containing DNA with
6-fold higher affinity compared to Hx-containing DNA. In
contrast, full-length AAG showed almost equal binding
affinity toward its product as well as its substrate. Therefore,
the study concluded that the N-terminus of AAG plays
important role in overcoming product inhibition (39).

AAG is known to have an additional role in repairing
deaminated bases such as hypoxanthine and oxanine. Uracil
arises as a deamination product of cytosine, or it can be
misincorporated opposite A from the dNTP pool during DNA
synthesis. Like all deaminated base lesions, uracil is pro-
mutagenic, and efficient repair of this lesion is accomplished
by base excision involving uracil DNA glycosylases (UDGs),
comprised of four families thus far (45, 55). In this study,
we have found that the full-length AAG (and not ASOAAG)
can excise uracil, a pyrimidine, to a limited extent with slow
excision kinetics, in single- or double-stranded DNA when
paired with G (Figure 7A—C and Table 1). Single-stranded
activity was also observed here, similar to that in the
deaminated bases hypoxanthine (Figure SD—F and Table 1)
and oxanine (40). The UNG2 and SMUGI1 glycosylases
exhibit initial excision rates of approximately 10% per minute
(0.1 min™ ") for a 146-mer oligonucleotide, with the removal
being almost complete by 15 min (56); for pyrimidines in
addition to uracil, the MUG uracil DNA glycosylase excises
eC:G, U:G, and T:G mismatches with rate constants of ~0.2,
0.04, and 2.5 x 107® s}, respectively (57). Thus, compared
to the rates of other uracil glycosylases, AAG activity toward
uracil (~6 x 107 min™!) is relatively weak and may not
account for significant uracil removal in vivo.

According to previous structural and biochemical studies,
AAG has been proposed to remove damaged purines using
the general acid—base catalysis reaction mechanism (58).
In this mechanism, the first step is the leaving group
activation in which the damaged purine is protonated at N7
by a water molecule from the bulk solvent. This step, which
is coupled to nucleophile activation and its approach,
destabilizes the glycosidic bond, resulting in removal of the
damaged base and formation of an abasic site. Assuming
that the site of protonation is conserved in AAG, one can
propose that AAG effectively protonates all purines and
might fail to effectively protonate the damaged pyrimidines
because of its unfavorable binding stereochemistry in the
active site. However, the removal of the uracil base has been
proposed to be different from that of the general acid—base
catalysis mechanism and is known to be removed in its
anionic form (58). Various studies on UDGs have shown
that these enzymes remove uracil through the effective
stabilization of its free anionic form (58). The activity of
full-length AAG on uracil can be explained on the basis of
the hypothesis that similar to UDGs, the active site of AAG
might also stabilize the anionic form of uracil base, thereby
resulting in its removal.

In conclusion, we report significant overlap in substrate
specificity between AAG and other repair enzymes such as
AlkB, MUG, and UDG. As a genotoxic and mutagenic
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lesion, m1G was known to be a substrate repaired efficiently
by the direct reversal protein AlkB, and we now find that it
is a good AAG substrate. It would seem advantageous to
the cell to have backup DNA repair systems for eliminating
this lesion in the event that one system is unavailable.
Evaluation of the mutagenic and genotoxic activities of m1G
in AAG-proficient and AAG-deficient cell lines is a priority
based upon this study. As a damaged lesion from the
environment and from lipid peroxidation byproducts, 1,N?-
eG is also a shared substrate between MUG and AAG.
Although both truncated and full-length AAG exhibited
similar glycosylase activity toward most substrates in this
study, it was shown by another study that the N-terminal
domain was essential in the excision of 1,N?-¢G. However,
we did find that the truncated and full-length AAG protein
exhibited different activity toward uracil, highlighting the
significance of the N-terminus in the glycosylase activity of
AAG. Moreover, our results for AAG activity on €A- and
Hx-containing single-stranded DNA may underscore the
significance of single-stranded DNA repair, in which other
repair proteins such as photolyase and AIkB are also
involved.
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