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To protect cells from oxidative DNA damage and mutagenesis,
organisms possess multiple glycosylases to recognize the damaged
bases and to initiate the Base Excision Repair pathway. Three DNA
glycosylases have been identified in mammals that are homolo-
gous to the Escherichia coli Fpg and Nei proteins, Neil1, Neil2,
and Neil3. Neil1 and Neil2 in human and mouse have been well
characterized while the properties of the Neil3 protein remain to
be elucidated. In this study, we report the characterization of
Mus musculus (house mouse) Neil3 (MmuNeil3) as an active DNA
glycosylase both in vitro and in vivo. In duplex DNA, MmuNeil3
recognizes the oxidized purines, spiroiminodihydantoin (Sp), gua-
nidinohydantoin (Gh), 2,6-diamino-4-hydroxy-5-formamidopyrimi-
dine (FapyG) and 4,6-diamino- 5-formamidopyrimidine (FapyA),
but not 8-oxo-7,8-dihydroguanine (8-oxoG). Interestingly, Mmu-
Neil3 prefers lesions in single-stranded DNA and in bubble struc-
tures. In contrast to other members of the family that use the
N-terminal proline as the nucleophile, MmuNeil3 forms a Schiff
base intermediate via its N-terminal valine. We expressed the gly-
cosylase domain of MmuNeil3 (MmuNeil3Δ324) in an Escherichia
coli triple mutant lacking Fpg, Nei, and MutY glycosylase activities
and showed that MmuNeil3 greatly reduced both the spontaneous
mutation frequency and the level of FapyG in the DNA, suggesting
that Neil3 plays a role in repairing FapyG in vivo.

base excision repair ∣ endonuclease VIII Like 3 ∣ 2,6-diamino-4-hydroxy-5-
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DNA glycosylases play an important role in maintaining
genomic integrity by recognizing various nonhelix distorting

base lesions created by ionizing radiation, alkylating, or oxidizing
agents, which are often cytotoxic or mutagenic (1). DNA glyco-
sylases cleave the N-glycosylic bond and release the base lesion
from the sugar backbone, resulting in an apurinic or apyrimidinic
(AP) site (2). Besides glycosylase activity, some of these enzymes
also have a lyase activity to process the AP site. In this way, DNA
glycosylases initiate the Base Excision Repair (BER)† pathway
and create the substrates for further processing by a series of
BER enzymes including phosphodiesterases, AP endonucleases,
DNA polymerases, and DNA ligases to complete lesion re-
pair (3).

DNA glycosylases that recognize oxidized bases can be divided
into two families based on structure and sequence homology
(4, 5), the Nth family, whose members are widely distributed
in bacteria, archaea, and eukaryotes (5), and the Fpg/Nei family,
which is more sparsely distributed across phyla. Fpg/Nei family
members are characterized by a signature helix-two turns-helix
(H2TH) motif and a zinc finger (or “zincless finger”) motif for
DNA binding; they also have a conserved N terminus harboring
a proline residue (P2) important for catalysis (6). In Escherichia
coli, formamidopyrimidine DNA glycosylase (EcoFpg) mainly re-
cognizes oxidized purines (7), and endonuclease VIII (EcoNei)
mainly recognizes oxidized pyrimidines and adenine-derived
4,6-diamino- 5-formamidopyrimidine (FapyA) (8).

A number of years ago, three Fpg/Nei homologs were identi-
fied in mammals, Neil1, Neil2, and Neil3 (9–13). Neil1 and Neil2
have been successfully characterized and their substrate specifi-
cities well studied (9–13). However, unlike Neil1 and Neil2, Neil3
has a long C-terminal extension with unique structural features
(summarized in Fig. 1A) and unknown function. Neil3 also lacks
the catalytic proline at its N terminus, but has instead a valine
residue. Although the N-terminal valine is present in another
Fpg/Nei family member from Acanthamoeba polyphagamimivirus
(MvNei2) which has robust glycosylase activity (14), there is no
direct evidence so far that this residue functions in catalysis.
Therefore, it was difficult to predict if Neil3 actually had glyco-
sylase activity.

Several attempts to verify the glycosylase activity of Neil3 pro-
teins have been unsuccessful. Although Morland et al. (12) found
that lysates from insect cells overexpressing human NEIL3 can
recognize 2,6-diamino-4-hydroxy-5N-methylformamidopyrimi-
dine (MeFapyG) in vitro, subsequent studies failed to detect any
glycosylase activity of NEIL3 using either the purified or the in
vitro translated full-length NEIL3 or its glycosylase domain
(15–17). In addition, Torisu et al. generated Neil3 knock-out
mice, however, these mice were viable and remained apparently
healthy into adulthood (24 weeks) with no overt phenotype (17).
Notably, Takao et al. were able to detect weak lyase activity for a
single-stranded substrate using the purified NEIL3 glycosylase
domain. They also observed that expression of NEIL3 partially
rescued the hydrogen peroxide sensitivity phenotype in an E. coli
nth nei mutant (18). Still, whether Neil3 contained glycosylase
activity remained controversial. In this paper, we report the char-
acterization of Mus musculus (house mouse) Neil3 (MmuNeil3)
as a functional glycosylase using purified full-length MmuNeil3
(MmuNeil3 wt) and its glycosylase domain (MmuNeil3Δ324).
Moreover, by utilizing an E. coli mutation frequency assay, we
were able to demonstrate the in vivo glycosylase activity of
MmuNeil3.
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Results and Discussion
MmuNeil3 Constructs. In order to study the substrate specificity of
MmuNeil3, we first cloned and expressed the wild-type full-
length MmuNeil3 with a C-terminal His tag (MmuNeil3 wt) in
E. coli. Considering MmuNeil3 wt was unstable and prone to
aggregate during the purification process, we were only able
to partially purify the protein. We therefore constructed a
C-terminal 324 amino acid truncation mutant of MmuNeil3
(MmuNeil3Δ324) fused with a C-terminal His tag. Like other
Fpg/Nei family members, MmuNeil3Δ324 possesses the com-
plete Fpg/Nei-like glycosylase domain that contains a conserved
N terminus, the H2TH motif, and the Fpg/Nei family zinc finger
motif (Fig. 1). MmuNeil3Δ324 was more stable than the wild-type
protein and we were able to overexpress and purify Mmu-

Neil3Δ324 to apparent homogeneity. We then examined the
proper processing of the N-terminal initiator methionine residue
in our protein preparations because it might mask the potential
active site in MmuNeil3. By Edman degradation N-terminal se-
quencing we estimated that about 46.4% of MmuNeil3 wt and
57.9% of MmuNeil3Δ324 had the N-terminal Met processed
and verified the N-terminal sequences of both protein constructs
(Table S1).

MmuNeil3 is a Bifunctional DNA Glycosylase That Recognizes Sp and
Gh in Double-Stranded Substrates. We tested DNA glycosylase/AP
lyase activity of both MmuNeil3 wt and MmuNeil3Δ324 on dou-
ble-stranded DNA substrates containing a single modified base.
As shown in Fig. 2, MmuNeil3 wt andMmuNeil3Δ324 are bifunc-
tional with both glycosylase and lyase activities. The best sub-
strates for both proteins are the further oxidation products of
8-oxoG, Sp (includes two diastereomers Sp1 and Sp2) and Gh
(Figs. 2 and 3A). MmuNeil3 wt and MmuNeil3Δ324 showed
weaker activity on MeFapyG and some pyrimidine lesions such
as Tg and 5-OHU, but no activity on 8-oxoG (Fig. 3A and
Fig. S1). Unlike EcoFpg, EcoNei, and NEIL1 that cleave their
substrates via β,δ-elimination leaving the majority of cleavage
products with a phosphate at the 3′ end (9, 11), but like MvNei2
(14), MmuNeil3 wt, and MmuNeil3Δ324 cleaved their substrates
primarily via β-elimination leaving cleavage products with an
α,β-unsaturated aldehyde (Fig. 2). Although small amounts of
β,δ-elimination products were observed.

MmuNeil3 Prefers Single-Stranded, Fork and Bubble Substrates. Be-
cause NEIL1 and NEIL2 recognize lesions in single-stranded,
fork and bubble structured substrates (19, 20), we asked whether
MmuNeil3 can also recognize lesions in these substrates. When
tested on 32P-labeled single-stranded oligodeoxynucleotides con-
taining various base lesions, interestingly, MmuNeil3 wt and
MmuNeil3Δ324 were active on most of these lesions (Fig. 3B
and Fig. S2). In addition, MmuNeil3 wt and MmuNeil3Δ324 pre-
ferred single-stranded substrates over double-stranded substrates
measured under the same reaction conditions (Fig. 3, compare
B to A). We then examined the activity of MmuNeil3 on 5-
OHU carried in forked, single-stranded, double-stranded, or 5-
nt, 11-nt and 19-nt bubble structure substrates, and found that
MmuNeil3 wt and MmuNeil3Δ324 preferred single-stranded
and larger bubble (11-nt and 19-nt bubble) structures over
double-stranded, fork, or smaller bubble (5-nt bubble) substrates
(Fig. S3). This pattern of substrate preference of MmuNeil3 is
similar to NEIL2 that prefers 5-OHU in single-stranded
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Fig. 1. Alignment of the structural features of Mus musculus Neil3 with re-
presentative members of the Fpg/Nei family. Domains and motifs in the
scheme are described in the box below. Sequences of the conserved N termi-
nus are shown in the bracket. MmuNeil3 wt: wild-type Mus musculus Neil3;
MmuNeil3Δ324: glycosylase domain of Mus musculus Neil3; NEIL1: human
Neil1; NEIL2: human Neil2; MvNei2: Mimivirus Nei2; EcoNei: Escherichia coli
Nei; EcoFpg: Escherichia coli Fpg.

Fig. 2. DNA glycosylase/lyase activity of MmuNeil3. Double-stranded substrates containing Sp1, Sp2, Gh, or an AP site (25 nM) were incubated with 25 nM
activeMmuNeil3 wt (lanes 6, 13, 20, and 27), MmuNeil3Δ324 (lanes 7, 14, 21, and 28), EcoFpg (lanes 2, 9, 16, and 23), EcoNei (lanes 3, 10, 17, and 24), NEIL1 (lanes
4, 11, 18, and 25) and MvNei2 (lanes 5, 12, 19, and 26) at 37 °C for 30 min. Reactions were stopped by formamide stop buffer to measure glycosylase plus lyase
activities. Lanes 1, 8, 15, and 22, No enzyme control.
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substrates, fork, and larger bubble substrates, while it differs from
EcoNei and NEIL1 that prefer 5-OHU in double-stranded sub-
strates (Fig. S3).

In γ-Irradiated DNA, MmuNeil3 Exhibits a Broad Lesion Recognition
Spectrum and Preference for FapyG and FapyA. Because substrate
specificity (kcat∕Km) is affected by both kcat and Km parameters,
it is hard to compare the specificity using a single enzyme and
substrate concentration at a single time point. We therefore used

a “pooled assay” in which gas chromatography/ mass spectrome-
try (GC/MS) was used to detect the lesions released by a glyco-
sylase from γ-irradiated calf thymus DNA containing multiple
lesions. This method allows the measurement of substrate speci-
ficity under conditions where the enzyme concentration is far less
than the substrate concentration and the enzyme encounters nu-
merous lesions on the same substrate (21). In addition, by nor-
malizing the signals for all substrates recognized by a given
glycosylase, we can compare the substrate recognition patterns
of different glycosylases (21). Interestingly, MmuNeil3Δ324 exhi-
bits a broad lesion recognition pattern and prefers FapyA and
FapyG followed by 5-OHU, 5-OHC, and 5OHMH, then by Tg
and 8-oxoA. As with oligodeoxynucleotides containing a single
8-oxoG, no activity on 8-oxoG was detected (Fig. 4). The sub-
strate recognition pattern of MmuNeil3 differs from that of
EcoFpg which recognizes oxidized pyrimidines poorly, EcoNei
which recognizes FapyA but not 8-oxoA and FapyG, and from
NEIL1 which prefers FapyA and FapyG and shows weak prefer-
ence for oxidized pyrimidines (Fig. 4, Table S2).

Kinetics Analysis of MmuNeil3Δ324. We determined the kinetic
parameters of MmuNeil3Δ324 with double and single-stranded
oligodeoxynucleotides containing an Sp1 or an AP site. The gly-
cosylase activity against Sp1 was analyzed by quenching the reac-
tions with NaOH and heat treatment while the lyase activity was
evaluated by quenching with formamide stop buffer. As shown in
Table 1, the MmuNeil3Δ324 glycosylase reaction is rapid relative
to the lyase reaction; the catalytic turnover rate (kobs) for the
glycosylase reaction relative to the rate for the lyase reaction
is about 70-fold faster on a double-stranded substrate and
2,000-fold faster on a single-stranded substrate. A time course
of MmuNeil3Δ324 excising double-stranded Sp1 under mul-
tiple turnover conditions (Fig. S4) suggested that although
MmuNeil3Δ324 is bifunctional (with rates of 0.119�
0.016 min−1 for single-stranded Sp1 and 0.053� 0.002 min−1
for double-stranded Sp1 substrates), its lyase activity is not
coupled to its glycosylase activity, since the slow lyase reaction
of MmuNeil3Δ324 does not limit the enzyme turnover of the gly-
cosylase reaction.

MmuNeil3Δ324 has a similar catalytic turnover rate for the
glycosylase reaction (3.2 min−1, Table 1) on double-stranded
Sp substrate as does E. coli Nei (1.6–13.0 min−1 (22–24)) and
Fpg (6.0–34.2 min−1 (22–24)) proteins, although it is much
slower than NEIL1 (177 min−1 (25)) on the same substrate.
However, MmuNeil3Δ324 exhibits a much higher binding affinity
to a double-stranded Sp substrate (Km ¼ 0.753 nM, Table 1),
compared to EcoFpg (Km ¼ 25 nM (24)) and EcoNei (Km ¼
30 nM (24)). Therefore, the catalytic specificity of Mmu-
Neil3Δ324 on double-stranded Sp (4.25 min−1 nM−1, Table 1)
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is comparable to that of EcoFpg (0.24–5.05 min−1 nM−1 (22,
24)), and higher than EcoNei (0.05–1.39 min−1 nM−1 (22, 24)).

Like NEIL1 and NEIL2, MmuNeil3Δ324 prefers single-
stranded DNA or partially single-stranded DNA structures
such as bubble and fork structures (Fig. 3 and Fig. S3). Both
NEIL1 and NEIL2 show faster catalytic turnover rates on bubble
substrates (0.125 min−1 for NEIL1 and 0.038 min−1 for NEIL2
(19)) than on the corresponding duplex substrate (0.0658 min−1
for NEIL1 and 0.0082 min−1 for NEIL2 (19)) with DNA
containing 5-OHU, as well as higher specificity (about 3-fold
higher for NEIL1 and 7-fold higher for NEIL2 (19)). In contrast,
we observed the catalytic turnover rate of MmuNeil3Δ324 on
single-stranded Sp1 to be about 58 times higher than on a duplex
Sp1 substrate while the specificity is about 130-fold higher. Thus,
MmuNeil3Δ324 appears to be relatively more efficient on single-
stranded DNA substrates than either NEIL1 or NEIL2. Accord-
ing to the structural and biophysical studies of many DNA glyco-
sylases bound to duplex substrates, damage specific glycosylases
go through a “nucleotide flipping” step to “push” the base lesion
out of the helix, “plug in” amino acids to stabilize the opposite
strand and “pull” the lesion into the active site pocket (26, 27). It
is possible that the single-stranded substrates (Fig. 3B, Fig. S3,
and Table 1) and larger bubble structured substrates (Fig. S3)
used in our study lowered the transition state energy barrier
for MmuNeil3 during this “nucleotide flipping” step in vitro.
Whether Neil3 proteins exhibit this single-stranded substrate pre-
ference in vivo is still unknown. It is possible that like the NEIL1
and NEIL2 proteins, which have been proposed to function dur-
ing transcription and/or replication when partly unwound regions
of DNA can be accessed (3), Neil3 proteins might also function in
single-stranded regions of the genome during these processes.
Also there is an interesting observation that NEIL2 can be stimu-
lated by YB-1 protein so that the catalytic turnover rate of NEIL2
increases about 3-fold on a bubble structured substrate contain-
ing 5-OHU (28). It is also possible that Neil3 proteins require a
partner(s) to stimulate its activity in vitro and in vivo.

MmuNeil3 Forms a Schiff Base via an N-Terminal Valine. To test
whether the primary amine of the valine residue in MmuNeil3
forms a transient imine intermediate (Schiff base) for catalysis,
we first used a borohydride-dependent “trapping assay” to mea-
sure Schiff base formation by MmuNeil3. In this assay, we incu-
bated an equal molar ratio of active enzyme and substrate in the
presence of 50 mM NaCNBH3, which can reduce the transient
Schiff base intermediate to a covalent enzyme-DNA complex.
Using the 32P-labeled double or single-stranded substrates con-
taining Gh, we detected the enzyme-DNA complex formed by
MmuNeil3 wt (lanes 6, 13 in Fig. 5) and MmuNeil3Δ324 (lanes
7, 14 in Fig. 5) migrating at the predicted positions on an SDS-
PAGE gel relative to EcoFpg (lanes 2, 9), EcoNei (lanes 3, 10),
NEIL1 (lanes 4, 11), and MvNei2 (lanes 5, 12) as controls. We
then further tested whether the DNA was linked to the N-
terminal valine in the MmuNeil3Δ324-DNA complex using
Edman degradation. If the DNA was linked to the N-terminal

valine, the MmuNeil3Δ324-DNA complex would sequence dif-
ferently from the MmuNeil3Δ324 protein alone, and as pre-
dicted, we observed that the first sequencing cycle of the
enzyme-DNA complex appeared as a blank cycle (Table S1). Be-
cause valine can form a secondary amine after linkage to the
DNAmolecule, it can be cleaved by Edman sequencing. However
the cleaved DNA cannot be detected and a blank cycle results. To
provide direct proof, we created a MmuNeil3Δ324 V2P mutant
which would be resistant to sequencing if linked to DNA at its
N terminus. As we predicted, MmuNeil3Δ324 V2P-DNA com-
plex was resistant to sequencing up to six cycles (Table S1).
We therefore concluded that the N-terminal valine in MmuNeil3
plays the catalytic role in forming the Schiff base intermediate.

Table 1. Kinetic parameters of MmuNeil3Δ324 glycosylase activity.
The catalytic turnover rates (kobs) were measured under single
turnover conditions as shown in Fig. S4B. The Michaelis constants
(Km) were measured under steady-state conditions as shown in
Fig. S4C. Data are expressed as the means of three independent
measurements. Uncertainties are standard deviations.

Substrate kobs (min−1) Km (nM)
kobs∕Km

(min−1 nM−1)

Sp1:C 3.20 ± 0.13 0.753 ± 0.145 4.25 ± 0.84
ss Sp1 184 ± 23 0.331 ± 0.098 556 ± 179
AP: C 0.0468 ± 0.0017 1.52 ± 0.41 0.0308 ± 0.0084
ss AP 0.0927 ± 0.0020 0.452 ± 0.188 0.205 ± 0.085

Fig. 5. Schiff base assay of purified MmuNeil3 proteins. Lanes 6 and 13,
MmuNeil3 wt; lanes 7 and 14, MmuNeil3Δ324. Controls: Lanes 1 and 8, no
enzyme control; lanes 2 and 9, trapping with purified EcoFpg; lanes 3 and
10, EcoNei; lanes 4 and 11, NEIL1; lanes 5 and 12, MvNei2.
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nei mutY (DE3) cells; *, p < 0.01. (B) GC/MS measurement of the amount of
FapyG in E. coli genomic DNA. Data are expressed as means of three
independent measurements. Uncertainties are standard deviations. The
p values were calculated relative to values of fpg nei mutY triple mutant
strain; *, p < 0.01.
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MmuNeil3 Reduces the Spontaneous Mutation Frequency in an E. coli
fpg mutY nei Mutant Strain. To test whether MmuNeil3 is active in
vivo, we expressed MmuNeil3Δ324 in an E. coli fpg nei mutY
(DE3) strain, which was derived from the E. coli fpg nei mutY
strain previously constructed in our laboratory (29), and was de-
signed to express genes under the T7 promoter in the presence of
IPTG as an inducer. Because the E. coli fpg nei mutY strain ex-
hibits a high Gua to Thy transversion mutation frequency (up to
600-fold higher than the wild-type E. coli strain) due to the ab-
sence of the glycosylases that protect cells from the mutational
effects of guanine-derived lesions, we asked whether the expres-
sion of MmuNeil3Δ324 can rescue this phenotype when induced
by a low level of IPTG (0.1 mM). We also introduced the empty
vector, NEIL1Δ56, and EcoNei into the same strain as controls.
We found that the expression of MmuNeil3Δ324 and NEIL1Δ56
significantly reduced the mutation frequency up to 10-fold and
6.4-fold, respectively (Fig. 6A), while the expression of EcoNei
reduced the mutation frequency about 2-fold (Fig. 6A). No sig-
nificant change in the mutation frequency was observed when ex-
pressing the empty vector (Fig. 6A). These data suggest that
MmuNei3 recognizes guanine-derived lesions in vivo.

To further probe which guanine-derived lesions were recog-
nized by MmuNeil3 in our E.coli mutation frequency assay, we
isolated the genomic DNA from the experimental strains and
quantified the amounts of FapyG and 8-oxoG using GC/MS
method. The amount of FapyG in the fpg nei mutY triple mutant
strain was about 3-fold more than that in the wild-type strain
(Fig. 6B), due to the loss of the endogenous excision activity
of FapyG by EcoFpg in the triple mutant strain. When Mmu-
Neil3Δ324 or NEIL1Δ56 was expressed in the triple mutant
strain, we observed a significant reduction in the FapyG level
(Fig. 6B). No reduction of FapyG in the DNA was observed in
the triple mutant expressing EcoNei which does not recognize
FapyG (Fig. 6B). These data suggest that like NEIL1, MmuNeil3
recognizes FapyG in vivo. We observed the amount of 8-oxoG to
be about the same (about 2 in 106 of DNA bases) under all ex-
perimental conditions. It is possible that substantial amounts of 8-
oxoG were produced during the isolation of the genomic DNA
that masked the actual amount of 8-oxoG in the cells. It is also
possible that under the oxidative growth conditions in the mutant
strain unable to process 8-oxoG that the 8-oxoG was further
oxidized to form other products such as Sp and Gh. Since Mmu-
Neil3Δ324 does not recognize 8-oxoG-containing oligodeoxynu-
cleotides in vitro (Fig. S5), but has weak activity on MeFapyG-
containing oligodeoxynucleotides (Fig. S5), and efficiently excises
FapyG, but not 8-oxoG, from γ-irradiated DNA (Fig. 4), we con-
clude that the reduction of mutation frequency observed in the
fpg mutY nei triple mutant is mainly due to the activity of Mmu-
Neil3 on FapyG.

Like 8-oxoG, FapyG appears to be a strong mutagenic lesion.
FapyG can be bypassed by Klenow exo−, which is comparable to
the bypass of 8-oxoG, and Ade was shown to be misincorporated
opposite FapyG, resulting in Gua → Thy transversion mutations
(30). Comparison of the mutagenesis caused by 8-oxoG and Fa-
pyG was performed in simian kidney cells (COS-7), and more
Gua → Thy transversion mutations were caused by FapyG than
by 8-oxoG in several sequence contexts (31). However, a recent
study showed that in E. coli, the mutagenicity of 8-oxoG is greater
than that of FapyG (32). It is also possible that the reduced mu-
tagenicity we observed in the triple mutant strain is partially due
to the further oxidation product of 8-oxoG, Sp, which gives rise to
a combination of Gua → Thy and Gua → Cyt transversion muta-
tions (33, 34) and can be recognized by MmuNeil3. Sp has been
shown to accumulate in Nei deficient E. coli cells exposed to chro-
mate which requires Nei for its repair (35). Interestingly, EcoNei
was also able to reduce the spontaneous mutation frequency in
the triple mutant cells albeit not nearly as much as MmuNeil3
(Fig. 6A). Conversely because Nei does not recognize FapyG

(Fig. 4, Table S2) it does not reduce the amount of FapyG that
accumulates in fpg mutY nei mutant cells (Fig. 6B). MmuNeil3
also recognizes urea, another oxidation product of 8-oxoG, which
can form Gua → Thy transversions (36). It would be interesting
to see if MmuNeil3 can recognize other oxidation products of 8-
oxoG, such as oxazolone, oxaluric acid, and cyanuric acid, which
also cause Gua → Thy transversion mutations (37–39).

In summary, we have shown that MmuNeil3 is a functional gly-
cosylase that reduces spontaneous mutation frequency in E. coli
cells, which implies that Neil3 might serve as a backup glycosylase
to protect mammalian cells from the mutagenic effects of oxida-
tive base lesions. In addition, our finding that MmuNeil3 also re-
cognizes lethal lesions such as Tg and mutagenic lesions such as
FapyG, 5-OHU, and 5-OHC, together with the fact that Neil3 is
expressed principally in hematopoietic tissues, in tissues that har-
bor stem cells in the brain, in various tumor tissues, and during
embryonic development (17, 18, 40–42) suggests that Neil3 func-
tion might be required in proliferating cells to remove lethal and
mutagenic lesions from the genome.

Materials and Methods
Cloning and Protein Purification. Details of the cloning, expression, and pur-
ification of wild-type Mus musculus Neil3 (MmuNeil3 wt) and its glycosylase
domain (MmuNeil3Δ324) will be published elsewhere. Other glycosylases
used as controls in this study are listed in SI Materials and Methods. Protein
concentration was determined using the Bradford protein assay (BioRad).
The fraction of active DNA glycosylase was determined by the Schiff base as-
say or by the molecular accessibility method of Blaisdell andWallace (43), and
all concentrations of protein used in this study were corrected for the fraction
of active molecules in each preparation.

Glycosylase/Lyase Activity Assays. The buffer conditions for glycosylase/lyase
activity assays of different enzymes were listed in SI Materials and Methods.
Concentrations of enzymes and substrates used are listed in each figure
legend. To assay for glycosylase and lyase activities, reactions were stopped
by adding an equal volume of formamide stop buffer (98% formamide,
10 mM EDTA, 0.1% bromophenol blue and 0.1% xylene cyanol). The reaction
products were separated on a 12% weight/ volume percent polyacrylamide
sequencing gel and quantitated with an isotope imaging system (Molecular
Imaging System, BioRad). Details of the kinetic analyses are fully described in
SI Materials and Methods.

GC/MS Data Analysis. To create base lesions in vitro, calf thymus DNA was
γ-irradiated with 40 Gray in N2O saturated phosphate buffer solution as pre-
viously described (21, 44). Then 50 μg DNA was incubated with 1 μg glyco-
sylase in 50 mM phosphate buffer (pH 7.4) containing 100 mM KCl, 1 mM
EDTA and 0.1 mM DTT at 37 °C for 1 h. The subsequent GC/MS analysis
was performed as described (21, 44) and the data were collected from
three independent experiments using three independently prepared DNA
substrates. Normalization of the data is described in SI Materials and
Methods. To quantify the amount of FapyG and 8-oxoG in the genomic
DNA of E. coli KL16 wt, fpg nei mutY, and fpg nei mutY (DE3) strains expres-
sing EcoNei, NEIL1Δ56, and MmuNeil3Δ324, cells were cultured in 250 mL LB
medium with 0.1 mM IPTG and appropriate antibiotics at 37 °C with shaking
at 250 rpm overnight. Genomic DNA was isolated using the Wizard® Geno-
mic DNA Purification Kit (#A1620, Promega) according to the manufacturer’s
protocol. FapyG and 8-oxoG were released from DNA by EcoFpg and their
amounts were measured by GC/MS as previously described (44, 45).

Schiff Base Assay. To trap the Schiff base intermediates of glycosylases, 25 nM
active enzyme was incubated with an equal concentration of substrate in
10 μL reactions containing 50 mM sodium cyanoborohydride (NaCNBH3)
and in the glycosylase/lyase reaction buffers specified above. Reactions were
incubated at 37 °C for 30 min, stopped by adding 10 μL SDS loading buffer
(62.5 mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 0.01% bromophenol blue
and 50mMBME), heated at 95 °C for 10min and then resolved on a 12% SDS-
PAGE gel. The Schiff base assay was also used to determine the fraction of
active enzyme in each preparation as previously described (43).

Determination of Spontaneous Mutation Frequencies in E. coli. Details of the
construction of experimental strains are described in SI Materials and
Methods. Single colonies of the experimental strains were cultured overnight
at 37 °C in LB medium with appropriate antibiotic selection and 0.1 mM IPTG
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to maintain low levels of protein expression. A 1∶50 dilution of the overnight
culture in the samemediumwas grown at 37 °C with shaking at 250 rpm until
an OD595 of 0.5. The subsequent determination of spontaneous mutation fre-
quencies to rifampin resistance were performed as previously described (29).
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