
The DNA repair enzymeMUTYH potentiates cytotoxicity of
the alkylating agent MNNG by interacting with abasic sites
Received for publication,August 6, 2019, and in revised form, January 22, 2020 Published, Papers in Press, January 30, 2020, DOI 10.1074/jbc.RA119.010497

X Alan G. Raetz1,2, X Douglas M. Banda1,2, Xiaoyan Ma, X Gege Xu, Anisha N. Rajavel, Paige L. McKibbin,
X Carlito B. Lebrilla, and X Sheila S. David3

From the Department of Chemistry, University of California, Davis, California 95616

Edited by Patrick Sung

Higher expressionof thehumanDNArepair enzymeMUTYH
has previously been shown to be strongly associated with
reduced survival in a panel of 24 human lymphoblastoid cell
lines exposed to the alkylating agent N-methyl-N�-nitro-N-
nitrosoguanidine (MNNG). The molecular mechanism of
MUTYH-enhanced MNNG cytotoxicity is unclear, because
MUTYH has a well-established role in the repair of oxidative
DNA lesions. Here, we show in mouse embryonic fibroblasts
(MEFs) that thisMNNG-dependent phenotype does not involve
oxidative DNA damage and occurs independently of both
O6-methyl guanine adduct cytotoxicity and MUTYH-depend-
ent glycosylase activity. We found that blocking of abasic (AP)
sites abolishes higher survival of Mutyh-deficient (Mutyh�/�)
MEFs, but this blockade had no additive cytotoxicity in WT
MEFs, suggesting the cytotoxicity is due to MUTYH interac-
tions with MNNG-induced AP sites. We found that recombi-
nant mouse MUTYH tightly binds AP sites opposite all four
canonical undamaged bases and stimulated apurinic/apyrimi-
dinic endonuclease 1 (APE1)-mediated DNA incision. Consist-
ent with these observations, we found that stable expression of
WT, but not catalytically-inactive MUTYH, enhances MNNG
cytotoxicity in Mutyh�/� MEFs and that MUTYH expression
enhances MNNG-induced genomic strand breaks. Taken to-
gether, these results suggest that MUTYH enhances the rapid
accumulation of AP-site intermediates by interacting with
APE1, implicating MUTYH as a factor that modulates the deli-
cate process of base-excision repair independently of its glyco-
sylase activity.

MUTYH,4 the human homolog of mouse Mutyh, is the first
base excision repair (BER) enzyme directly implicated in an

inherited cancer syndrome, MUTYH-associated polyposis
(MAP) (1–3). MUTYH removes adenine mis-incorporated
opposite the common DNA oxidation product, 8-oxoguanine
(OG) (Fig. 1A), thereby preventing accumulation of G:C to T:A
transversionmutations (3, 4).MAPwas originally pinpointed as
a BER defect because of increased G:C to T:A mutations in the
APC gene in tumor tissue (1), demonstrating how a lifelong
reduction in DNA repair capacity underlies cancer progression
by the accumulation ofmutations in other genes. The substrate
specificity and cellular role of MUTYH have been extensively
studied (3–6).However, accruing evidence over the past decade
has implicated a broader role for MUTYH in the cellular
response to diverse forms of DNA damage beyond OG:A mis-
pairs (7). MUTYH is implicated in the DNA damage response
to alkylating agents (8, 9), DNA cross-linking agents (10), UV
radiation (11, 12), hydroxyurea (9, 12), and mitomycin C (13).
Furthermore, MUTYH expression appears to inhibit the repair
of UV-induced cyclopyrimidine dimers in cells lacking the
nucleotide excision repair protein XPA (11).
High endogenous MUTYH expression in a panel of 24

immortalized human lymphocyte cell lines from healthy
human subjects is associated with reduced cell survival to
the alkylating agent N-methyl-N�-nitro-N-nitrosoguanidine
(MNNG), suggesting MUTYH enhances the cytotoxicity of
alkylating agents (8). MNNG induces DNA methyl adducts
(Fig. 1B) that are primarily repaired by an alkyl-adenine glyco-
sylase (AAG) or methyl-guanine methyltransferase (MGMT)
(14). High basal MUTYH expression was more strongly associ-
ated with higher cell death versus genes known tomediate alky-
lating agent survival, such as AAG and MGMT.
Here, we present evidence suggesting a novel mechanism for

MUTYH-dependent cytotoxicity to the alkylating agent
MNNG. Our results show that the levels of MNNG associated
withMUTYH-dependent toxicity donot generate cellular reac-
tive oxygen species (ROS). In addition, we find in vitro that
mouse MUTYH does not have glycosylase activity toward
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methyl-DNA base adducts. In contrast, our findings show that
the levels of genomic strand breaks are increased inWT relative
to Mutyh�/� MEFs at 40 min after MNNG treatment, and
additionally, there is a decrease in unresolved genomic AP sites
inWT versus Mutyh�/�MEFs after 24 h, evidence of a key role
ofMUTYH in AP site processing. In vitro experiments are con-
sistent with these results showing high affinity of recombinant
mouse MUTYH for AP sites and stimulation of APE1 incision.
Our observations may be relevant to understanding the more
general role of MUTYH in cross-talk with other DNA repair
pathways reported by a number of studies (8, 10, 11, 15).

Results

MUTYH expression levels enhanceMNNG cytotoxicity

Consistent with a previous report (8), we found that immor-
talized Mutyh�/�MEFs treated with 67�M (10�g/ml)MNNG
had significantly higher survival versus wildtype (WT) MEFs,
p� 0.0016 (Fig. 2A, 1st and 2nd columns). Several experiments
with Mutyh�/� MEFs had unusually high survival; after the
experimental results with survival above 50%were discarded as
outliers, there still existed a significant difference in survival
between these cell lines (p� 0.007), which suggested the effect
was robust. To verify the connection betweenMUTYH expres-
sion and MNNG cytotoxicity, we created Mutyh�/�MEF cell
lines stably expressing recombinant human MUTYH. Antibi-
otic-resistant colonies were isolated and screened for MUTYH
expression byWestern blotting and were categorized as having
high or lowMUTYH expression as shown in Fig. 2B. Two high
MUTYH cell lines had significantly lower survival to MNNG
treatment versus three low MUTYH cell lines, p� 0.0048 (Fig.
2A, 3rd and 4th columns), evidence that increasing MUTYH

expression levels leads to increasing amounts of MNNG
cytotoxicity.

MUTYH-mediated cytotoxicity to lowMNNG concentrations is
independent of ROS

The known activity of MUTYH in oxidative base damage
repair suggests that the enhanced MNNG cytotoxicity may be
due to induction of ROS. Previous reports indicated that treat-
ment of mammalian cells with 250 �M MNNG induces ROS
(16), but it is not known whether lower concentrations also
generate ROS. In addition, MUTYH expression has been asso-
ciated with increased strand breaks and cell death due to oxi-
dative DNA damage (17), which could explain the enhanced
toxicity of MUTYH expression withMNNG. However, there is
also evidence that MUTYH enhances survival to ROS (18) and
that MUTYH expression correlates with increased survival to
the alkylating agent temozolomide (TMZ) at a concentration
that was shown to induce ROS (19). We thus tested the role of
MUTYH andOGG1 status to survival, oxidative DNA damage,
and cellular ROS levels, specifically comparing differences at 67
�MMNNG (used in experiments in Fig. 2A) versus higher con-
centrations previously shown to induce ROS (16).
To directly test the hypothesis thatMNNG induces ROS for-

mation inMEF cells under the conditions of our survival assay,
we used the redox-sensitive probe 2�,7�-dichloro-dihydrofluo-
rescein diacetate. Oxidative stress of high-concentration
MNNG treatment occurs within 1 h of exposure (16). At 1–2 h,
5–50 �M hydrogen peroxide induced �5–15% of cells to be
categorized as green fluorescence–positive by flow cytometry
(Fig. 3B), whereas untreated cells had background fluorescence
below 1%, demonstrating sensitive detection of cellular oxida-

Figure 1. Oxidative and alkylative base damage and repair. A, depiction of MUTYH’s known canonical role in the repair of OG:A (O:A) lesions in the cell,
followed by downstream processing by APE1 and other BER proteins. B, functional groups within dsDNA that are susceptible to methylation by MNNG.
Thymine (blue) is paired with adenine (red), and cytosine (teal) is paired with guanine (purple).
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tive stress. Equal gating and quantitation of MNNG-treated
MEFs showed less than 1% positive fluorescence at all concen-
trations tested below 333 �M MNNG (Fig. 3A),�5-fold higher
concentrations than that which mediated increased survival of
Mutyh�/�/MEFs shown in Fig. 2A. Differences in the number
of fluorescent cells in the 0–167 �M MNNG categories were
not significant. Assays at 15 min and 4 h after MNNG treat-
ment, more stringent gating of cells, and concentration depen-
dence analysis failed to detect any evidence of increased ROS
below 333 �M MNNG.
Because ROS is generated at high levels of MNNG, we then

examined whether there would be a MNNG dose dependence
in our cell-survival assays. We found that the differences in
survival between WT and Mutyh�/� MEFs were reversed at
higher MNNG concentrations (pooled results of 333 and 667
�M; Fig. 3C). At the high MNNG concentrations shown to
induce ROS, WT MEFs had significantly higher survival (p �
0.01), suggesting MUTYH has a prosurvival role to oxidative

DNA damage induced by high concentrations of MNNG.
These results are consistent with previous studies that showed
that MUTYH provides protection to hydrogen peroxide and
ROS generated by TMZ (18, 19).
We anticipated that induction of ROS byMNNGwould also

be influenced by the presence of Ogg1 because Ogg1�/�MEFs
have been shown to be sensitive to cell death due to oxidative
DNA damage (17). Consistent with the lack of ROS generated
at low MNNG, we found that Ogg1�/� and WT MEFs had s
similar survival to 67 �M MNNG (p � 0.88; Fig. 3D). These
results provide further evidence that Mutyh�/� MEF MNNG
survival is independent of the OG lesion repair pathway.
Plasmid DNA–nicking assays have been used to assess levels

of OG formation induced by chemical treatment in vitro (20).
To determine whether the treatment with MNNG concentra-
tion that resulted in increased survival of Mutyh�/�MEFs (67
�M) may directly induce formation of OG lesions, plasmid
DNA was treated with increasing levels of MNNG and incu-
bated with the human OG glycosylase (hOgg1). As shown in
Fig. 3E, at MNNG concentrations of 333 �M and above, a base
lesion is formed at amodest level that is removed by hOgg1, but
no significant hOgg1-dependent cleavage above a background
observed at 67 �M, the concentration used in the cell assays in
Fig. 2A.
These data taken together argue against the hypothesis that

oxidative DNA damage mediates the higher survival of
Mutyh�/� MEFs to MNNG treatment, although due to both
the detection limit of these assays and the possibility of rare
adducts, we cannot completely rule out the possibility that rare
MNNG-induced DNA lesions are substrates for MUTYH.
Notably, these results also show that there is a fine balance
between the cytotoxic and protective roles of MUTYH that is
dependent on the concentrations ofMNNGand the generation
of ROS.

MUTYH-mediated cytotoxicity toMNNG is independent of
O6meG lesions andmismatch repair status

To understand how MUTYH status alters survival to differ-
ent alkylating agents, we tested the survival of MEFs to TMZ, a
cancer chemotherapy agent, and methyl-methanesulfonate
(MMS). AlthoughMutyh�/�MEFs had higher survival toTMZ
on average, similar to MNNG, this difference did not reach
statistical significance with a TMZ dose of 1.1 mM (p � 0.28,
Fig. S1). This concentration likely induces oxidative DNAdam-
age (19), but lower concentrations did not induce significant
cell death regardless of MEF genotype. Thus, the survival of
MEFs to these TMZ concentrations may be a result of compet-
ing prosurvival and pro-death activities ofMUTYH. Mutyh�/�

MEFs have increased survival toMNNGand decreased survival
to 2 mM MMS in parallel wells of the same set of experiments
(p� 0.001, Fig. S1).
MUTYH interacts with mismatch repair (MMR) proteins in

both bacteria and mammalian cells (21, 22), and alkylating
agent cytotoxicity depends on O6-methylguanine (O6mG)
lesions and the MMR pathway (23, 24). To test for MUTYH
involvement in the repair ofO6mG lesions, we used theMGMT
inhibitor O6-benzylguanine (BG), which leads to increased lev-
els of O6mG in genomic DNA andMMR-dependent cell death

Figure 2. MUTYH expression alters MEF survival to MNNG. A, normalized
survival versus control condition 6 –7 days after treating with low MNNG (67
�M) in Mutyh�/�, wildtype (WT), and Mutyh�/�MEFs stable cell lines express-
ing recombinant human MUTYH, classified as low MUTYH (expression) and
high MUTYH (expression) based on Western blotting. Data are from at least
four biological replicates. **, p � 0.005, t test, significant with Bonferroni
correction for multiple comparisons. B, Western blotting of representative
Mutyh�/�MEF stable cell lines transfected with the pcDNA3.1 human MUTYH
construct after G418 antibiotic selection. HEK-293 cell lysate is shown as a
MUTYH-positive control. Clones A and C were categorized as high MUTYH
expression. Clones B and D were categorized as low MUTYH expression. The
figure is composed of two separate Western blottings using the same anti-
bodies and conditions as detailed under “Experimental procedures.”
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(25). Although BG treatment altered MNNG cytotoxicity, the
effect of BG and MUTYH status was independent and did not
interact, evidence that MUTYH does not alter MNNG survival
via interactions with O6mG lesion repair (Fig. S2).
MUTYHand its homologs are adenine glycosylases that have

strong preferences for OG in the opposite strand, but they will
also remove A in G:A and C:A mispairs (26–29). To test the
hypothesis that mammalian Mutyh can remove adenine mis-
paired opposite O6mG lesions formed after MNNG treatment,
we conducted in vitro glycosylase cleavage assays as described
previously (30) using purified mouse Mutyh enzyme. A 30-bp
dsDNA duplex containing a centrally-located O6mG:A lesion
was treated with Mutyh under single-turnover (STO) condi-
tions ([DNA] � [enzyme]) for 30 min at 37 °C (Fig. S3); how-
ever, no excision activity was detected under these conditions.

MammalianMutyh does not possessmethyl-base glycosylase
activity in vitro

To our knowledge, the ability of MUTYH to excise methy-
lated bases has not been tested. Because MUTYH-mediated
strand scission can enhance cell death (17, 32), one possible
mechanism for MUTYH-dependent, MNNG-induced toxicity
could be the recognition and excision of a methylated base. To
test this, we adapted a LC-tandem MS (LC-MS/MS) approach

(33) to detect and quantify glycosylase-dependent methyl-base
excision fromMNNG-treated calf thymus genomic DNA. This
approach gave sufficient sensitivity to detect five methylpurine
adducts predominantly formed byMNNG in the low picomole
range: O6mG, 7-methylguanine (7mG); 7-methyladenine
(7mA); 3-methyladenine (3mA); and 1-methyladenine (1mA).
To gauge the extent of methyl-base damage after in vitro

MNNG treatment of genomic DNA, samples were treated with
5 N HCl to hydrolyze acid–labile lesions (Fig. 4, 1st panel). LC-
MS/MS analysis predominantly detected 1mA, 3mA, and 7mG
lesions, with 7mG and 3mA comprising �75% of the total
methylated purines, similar to previously reported values (34).
AAG, the only known glycosylase in humans to excise alkylated
purine bases (14), was used as a positive control for methylpu-
rine excision activity.
To test for Mutyh-specific glycosylase activity, WT Mutyh

and a catalytically-inactive variant, D207N Mutyh, were used.
Mutyh Asp-207, homologous to Asp-222 in humans and Asp-
144 in Geobacillus stearothermophilus MutY, is required for
catalysis of adenine excision (35, 36). The corresponding vari-
ants in G. stearothermophilus (D144N) and Escherichia coli
(D138N) have high affinity for OG:A mispairs similar to WT
enzyme (35, 37), and D222NMUTYH has no detectable glyco-

Figure 3.Under conditionsof highMNNG,which induceoxidative stress,Mutyhenhances cell survival.A and B, ROS detection using the redox-sensitive
fluorescent probe H2-DCFDA in MNNG-treated WT MEFs (A) versus hydrogen peroxide-treated WT MEFs as a positive control (B). Each point represents the
percent of fluorescence-positive cells from an independent flow cytometry experiment as detailed under “Experimental procedures.” The trend line represents
the mean percent fluorescent cells as a function of concentration. C, 6 –7-day survival of WT and Mutyh�/� MEFs at high concentration MNNG from four
separate experiments (averaged data from combined 333 and 667 �M treatments). WT MEFs had significantly higher survival under these conditions (**p�
0.01).D, survival ofOgg1�/�MEFs to 67 �M MNNG is not significantly different from their matched parental WT MEFs (p� 0.64). E,detection of MNNG-induced
lesions by purified Ogg1 enzyme plasmid nicking assay, where the increased density of the upper open circular (oc) DNA indicates strand nicking versus the
closed-circular (cc) plasmid DNA.
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sylase activity (38). After 1 h at 37 °C, AAG excised predomi-
nantly 3mA and 7mG as expected, with no detectable activity
for the other lesions tested (Fig. 4 and supplementary Table S1).
Minimal amounts of released methylpurine bases were
detected in reactions with purified Mutyh enzymes, similar to
levels observed in control reactions with no enzyme.
To support these results, we tested for unbiased cleavage of

methylated lesions by implementing the in vitro glycosylase
cleavage assay described above. MNNG-damaged DNA was
treated with either purified AAG or Mutyh under STO condi-
tions for 30–60min at 37 °C (Fig. S4). AAGwas found to excise
multiple methylpurine lesions, with no excision activity
detected forMutyh, corroborating results from the LC-MS/MS
assay.
Taken together, these data do not support methylpurine gly-

cosylase activity in MUTYH-dependent MNNG cytotoxicity.
One possibility that cannot be completely ruled out is that a
rare DNA methyl adduct is a substrate for MUTYH or that
MUTYH is involved in the repair of methyl-phosphodiester

lesions, which are reported to form 12–17% of the DNA lesions
by MNNG (34).

AP site blocker OTX abolishes the enhancedMNNG survival of
Mutyh�/�MEFs

BER glycosylases bind their AP site products tightly, and
MUTYH binds the AP site analog THF opposite OG with sub-
nanomolar affinity (39). Methoxyamine (MX) potentiates the
cytotoxicity of alkylating agents by forming a reversible cova-
lent bond with AP sites (40–42), and it is currently being eval-
uated in clinical chemotherapy trials (43). The small molecule
OTX forms covalent bonds by a similar mechanism toMX (44)
and is neutral at physiological pH; thus, it does not introduce
confounding neutralization salts into experimental conditions.
To determine whether MUTYH-mediated cytotoxicity to
MNNG is mediated by AP site interactions, we pretreated WT
and Mutyh�/�MEFs with OTX before MNNG treatment and
measured differences in cell survival.We found thatOTX treat-
ment had virtually no effect on the survival of WT MEFs to

Figure 4. RecombinantMutyh does not possessmethyl-base glycosylase activity. The 1st five panels are representative LC traces for each condition (HCl,
no enzyme (No Enz, negative control), AAG (positive control), WT Mutyh, and D207N Mutyh), with signal intensity monitored by MS counts. The last panel is a
bar graph summarizing the detection of methylated bases quantified by LC-MS/MS for each experimental condition. All reactions were performed in experi-
mental triplicates, and error bars represent the standard deviation from the average.
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MNNG (7.8% versus 8.5% survival, not significant), but that
OTX abolished the enhanced survival of Mutyh�/� MEFs to
MNNG (21.1 to 5.8% survival), p � 0.005 (Fig. 5A). The com-
plete restoration of WT levels of MNNG toxicity in Mutyh�/�

MEFs by the addition of OTX, combined with the complete
lack of additive OTX toxicity in WT MEFs, is evidence that
both MUTYH and OTX enhance the toxicity of MNNG by a
common molecular mechanism.
Cellular DNA accumulates a significant number of AP sites

without exogenous damaging agents (45). If MUTYH interacts
with AP sites in genomic DNA, we hypothesized that OTX
alone may be more toxic in Mutyh�/�MEFs versus WTMEFs.
The data in Fig. 5A confirm this, with 21.1% Mutyh�/� MEF
survival versus 51.0% WT MEF survival to OTX alone (p �
0.011). Indeed, Mutyh�/�MEFs survival to OTX alone is sim-
ilar to treatmentwith 33�MMNNGalone (23.4% versus 21.1%),
evidence that AP site interactions are a significant contributor
to OTX/MNNG toxicity in Mutyh�/�MEFs, and as expected,
the combined treatment is synergistic (5.8% survival). Impor-
tantly, MUTYH-dependent differences in survival to the AP
site blocker OTX without an alkylating agent present is evi-
dence that alkylation per se does not underlieMUTYH toxicity.
These data suggest that MUTYH interactions with AP sites
enhance MNNG cytotoxicity.

MUTYH status alters cellular AP site processing in response to
MNNG

To investigate the effect ofMUTYH on AP site processing in
cellular genomic DNA after MNNG treatment, we measured
genomic AP sites using an aldehyde-reactive probe (ARP) assay
(46), where a biotin-labeled small molecule reacts with the free
aldehyde form of AP site intermediates. We tested WT versus
Mutyh�/�MEF genomic DNA extracted 24 h after treatment
with 67 �MMNNG or control buffer, as detailed under “Exper-
imental procedures.” There was a significant increase in detec-
tion of reactive AP sites in Mutyh�/� MEFs but not in WT
MEFs upon MNNG treatment shown in Fig. 5B (p � 0.001, t

test). The higher survival toMNNG inMutyh�/�MEFs is asso-
ciated with higher levels of free AP sites after 24 h. These repair
intermediates have not been processed by downstream AP
endonucleases such as APE1, which catalyze the formation of
DNA single-strand breaks that can be cytotoxic (41). These
data are consistent with previous work that demonstrates that
MUTYH enhances APE1 activity (47, 48), as the presence of
MUTYH leads to both fewer unprocessed AP sites and
enhanced MNNG cytotoxicity.

MammalianMutyh does not form Schiff base cross-links with
AP site-containing DNA

The high-binding affinity of MUTYH to AP sites (39), the
differential effect of OTX with MUTYH present, and the
MUTYH-associated cytotoxicity of MEFs to MNNG led us to
speculate that MUTYH may be forming cytotoxic covalent
cross-links to AP sites inmammalian cells, similar to themech-
anism of OTX adduct formation. Previous studies have shown
that the slow dissociation of E. coli MutY from AP sites gives
sufficient time for lysine residues near the enzyme-active site to
form transient Schiff base cross-links with the AP site ribose
sugar (49–51). This is typical of bifunctional glycosylases, but
with MutY, further � or �-� elimination leading to strand scis-
sion is extremelyweak andpossibly an artifact of heat treatment
(51, 52), consistent with classification of MutY as a monofunc-
tional glycosylase (51).
To test for the ability ofmammalianMutY homologs to form

Schiff base intermediates with DNA, we implemented in vitro
trapping assays to reduce and separate covalently cross-linked
complexes by denaturing gel electrophoresis using Mutyh.
Importantly, the primary lysine involved inMutY cross-linking
at position 142 (49) is not conserved in mammalian enzymes.
However, Lys-20 in MutY has also been implicated in cross-
linking (53), and the homologous MUTYH position is highly
conserved in mammalian species, including humans (Lys-94)
and mice (Lys-79). Cross-linking experiments between MutY
enzymes and 30-bp duplexes containing an OG:A lesion were

Figure 5. Evidence of AP site interactions in MUTYH-mediated MNNG toxicity. A, cell survival data of WT and Mutyh�/� MEFs treated with 33 �M MNNG
with and without 3 mM OTX or with OTX alone. The enhanced survival ofMutyh�/�MEFs to MNNG is abolished by OTX (1st columnversus 2nd column,p�0.005)
but has no effect on WT MEFs (4th column versus 5th column). OTX alone is significantly more toxic toMutyh�/� versus WT MEFs (3rd column versus 6th column,
p� 0.011). B, ARP assay quantification of AP sites in genomic DNA extracted from MEFs treated with MNNG versus untreated control. There was a significant
increase in reactive AP sites in Mutyh�/� MEFs (1st column versus 2nd column) but not in WT MEFs upon MNNG treatment (p � 0.001, t test). C, diagram
summarizing experimental results, which highlights the lack of an additive effect between the small molecule OTX and MUTYH, suggesting they potentiate
MNNG cell death by a similar mechanism.
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performed as described previously (49, 51, 53) using either
NaBH4 or NaCNBH3 as reducing agents (Fig. 6). When OG:A-
containing DNA was treated with excess E. coli MutY in the
presence of 90 mM reducing agent, �80% of the DNA was
trapped in a covalent complex with enzyme in a concentration-
dependent manner, similar to previously reported findings.
Under the same conditions, WT MUTYH was not found to
form trappable complexes with AP site-containing DNA, post-
adenine excision (Fig. 6). Similar results were found with
MNNG-treated 30-bp duplexes with T:A in place of OG:A.
Taken together, these data establish that mammalian MutY
enzymes do not form transient Schiff base intermediates with
AP sites in vitro.

MouseMutyh binds to AP sites analogs opposite all four
canonical bases

We hypothesized that MUTYH recognition of AP sites and
subsequent downstream processing by APE1 could explain
MUTYH-mediated cytotoxicity to MNNG. Jansson et al. (10)
have previously reported that Schizosaccharomyces pombe
MUTYH homolog, Myh1, accumulates and tightly binds to
chromatin in cells damaged with the chemotherapeutic phleo-
mycin. Notably, phleomycin exerts its cytotoxic effects through
a free radical-based mechanism that generates oxidized AP
sites opposite purines, subsequently leading to DNA strand
breaks (54). To measure Mutyh binding affinity to AP sites,
we employed a fluorescence polarization-based assay (55,
56) to measure apparent dissociation constants (Kd) between
Mutyh and a fluorescently-tagged 30-bp DNA containing

a centrally-located base opposite the AP site analog tetrahy-
drofuran (THF), under conditions where [DNA] �
[enzyme]. With increasing enzyme concentrations, the rate
at which free fluorescently-tagged DNA tumbles in solution
is reduced by bound enzyme, thus increasing the polariza-
tion. The experimentally measured polarization depends on
the polarization of both the free and bound DNA, as well as
the fraction of the two species present in solution for a given
enzyme concentration. Fitting these data to a one-site bind-
ing isotherm enabled us to determine the enzyme concen-
tration at which the substrate is 50% bound or the apparent
Kd value. A representative plot illustrating the binding of
Mutyh to 30-bp A:THF- and T:THF-containing duplex DNA
is shown in Fig. 7.
The apparent dissociation constants determined via this

assay are summarized in Table 1. Mutyh’s affinity for G:THF-
containing duplexes was found to be similar to that previously
published using electrophoretic mobility shift assays (39).
MouseMUTYH showed a slight preference for binding to THF
opposite purines over pyrimidines, which is expected given the
enzyme’s native activity toward A:OG lesions in the cell. How-
ever, we did not anticipate a narrow distribution of apparent Kd

values for all four bases oppositeTHF (�50–140 nM), especially
when compared with values we report for nonspecific, undam-
aged DNA in the same sequence (�600 nM). Initial binding
titrationswithD207NmouseMutyhwith the sameTHFduplex
using fluorescence polarization indicated that affinity that was
too high to be measured accurately based on experimental lim-

Figure 6. Trapping of transient Mutyh–DNA complexes with reducing agents. In vitro cross-linking assays with bacterial and mammalian MutY enzymes
with OG:A-containing 30-bp DNA (A) or MNNG-treated T:A-containing 30-bp DNA (B) using 90 mM of either NaBH4 or NaCNBH3 as reducing agents. A, 1st and
2nd lanes, DNA with E. coli MutY and NaBH4; 3rd lane, DNA E. coli MutY and NaCNBH3; 4th to 6th lanes are the same conditions as the 1st to 3rd lanes, but with
WT mouse Mutyh. B, 1st lane, no enzyme control; 2nd lane, DNA with mouse Mutyh; 3rd lane, DNA with mouse MUTYH and NaBH4. C, proposed mechanism for
formation of a transient Schiff base intermediate between MutY and substrate DNA, followed by reductive “trapping” of the enzyme–DNA complex.

MUTYH potentiatesMNNG cytotoxicity via abasic sites

3698 J. Biol. Chem. (2020) 295(11) 3692–3707



itations of the required DNA concentration. To more accu-
rately assess the binding affinity between D207N Mutyh and
THF-containing DNA, an electrophoretic mobility shift assay
(EMSA) was employed that allowed use of a lower DNA duplex
concentration ([DNA] � Kd) (39, 57). Notably, both methods
provide similar values forWTMutyhwith aG:THFduplex. The
apparentKd values determined via EMSA forD207NMutyh are
reported in Table 1. Interestingly, D207N was found to bind
THF-containing DNA�5-, 50-, and 300-fold tighter than WT
MUTYH for THF opposite T, C, and G, respectively; presum-
ably due to a gain of electrostatically favorable interactions
between the asparagine amide side chain and the reduced aba-
sic site analog.

APE1 activity is stimulated byWTMutyh, but not D207N
Mutyh

A “passing of the baton” model has often been used to
describe the cascade of events involved between BER enzymes,
where one enzyme processes its DNA substrate to produce an
intermediate complex and that intermediate is then handed off
to the next enzyme in the pathway (58). MUTYH amino acids

295–318 make specific physical interactions with APE1 (59),
which stimulates both MUTYH turnover (60, 61) and APE1
excision activity (48). Furthermore, interactions between
MUTYH and APE1 are dramatically weakened upon mutation
of APE1 Asn-212, an active-site residue critical to abasic site
recognition (48, 62).
Previous work showed that truncatedMUTYH enhances the

activity of APE1 (48). We adapted the above-described glyco-
sylase assay tomeasure the initial rate of APE1 incision of THF-
containing DNA, either alone or in the presence of full-length
Mutyh bound to substrate DNA. The initial rate (�o) of APE1-
dependent incision was determined with THF-containing sub-
strates in EDTA-free reaction buffer supplemented with 10mM

MgCl2 under multiple-turnover conditions ([DNA]� [APE1])
(Fig. 8 and Table 2). Next, THF-containing DNA was preincu-
batedwith an equimolar amount ofDNAglycosylase for 10min
at 37 °C, in the absence of APE1. APE1 was then added to the
glycosylase/DNA mixture to initiate AP site incision that was
monitored as a function of time, and the impact on �o was
assessed. These experiments sought to compare how APE1
activity is either stimulated or deterred in the presence of a
given glycosylase. The results from these assays are summa-
rized in Fig. 8 and Table 2.
APE1 activity was found to be enhanced by �3-fold in the

presence ofMutyh-bound T:THF-containing DNAwhen com-
pared with the measured activity for APE1 acting on T:THF-
containing DNA alone, consistent with previous work (48).
Surprisingly, APE1 activity was found to be inhibited in the
presence of the same concentration of D207NMutyh bound to
the sameDNA substrate, reducing the observed rate of excision
16-fold, consistent with the observed tighter binding of D207N
shown in Table 1. Furthermore, a similar inhibition was
observed whenmeasuring APE1 activity on AAG-bound DNA,
resulting in an approximate 11-fold reduction in measured
activity. These results are intriguing given that Asp-207 of

Figure 7. Mutyh exhibits high affinity for AP sites. Representative fluores-
cence polarization data used for apparent Kd determination with Mutyh and
X:THF-containing DNA, where X � T or A. Table 1 lists the experimentally
determined apparent Kd values for a given base pair context.

Table 1
Apparent dissociation constants (Kd) for WT and D207N Mutyh with
DNA containing an abasic site analog (THF)
All values represent the average of three separate experiments, and the error is the
standard deviation from the average.

Central bp Mutyh D207N

nM nM

G:THF 50� 16a,b 0.16� 0.04c

C:THF 110� 30a 2.3� 1.8c

T:THF 137� 7a 23� 11c

A:THF 80� 10a NDd

OG:THF �0.05c,e NDd

G:C � 600a � 600c

a Experimental values measured using fluorescent polarization assays as detailed
under “Experimental procedures.” The DNA duplex concentration was 5 nM for
all experiments.

b Value determined using fluorescence polarization is similar to that for electro-
phoretic mobility shift assays determined previously (60� 10 nM) by Pope et al.
(39).

c Experimental values measured using electrophoretic mobility shift assays as de-
tailed under “Experimental procedures.” DNA duplex concentration was 5 pM
for all experiments.

d NDmeans not determined.
e Data were previously determined by Pope et al. (39).

Figure 8. Mutyh stimulates APE1 activity. Representative data for in vitro
APE1 stimulation assays performed with either glycosylase-free or with gly-
cosylase-bound duplex DNA containing a centrally-located T:THF lesion.
Reactions were conducted at 37 °C for 40 min under multiple turnover con-
ditions and quenched by the addition of 0.2 M NaOH at preselected time
points, as described under “Experimental procedures.” Dashed lines are
included for illustration purposes, and do not represent fits to experimental
data.
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Mutyh (Asp-222 of human MUTYH) is not known to partici-
pate in the hand-off process between Mutyh-bound AP sites
andAPE1, althoughD207Nbinding toTHF-containingDNA is
significantly tighter thanWTMutyh binding. Furthermore, the
Mutyh-dependent stimulation of APE1 activity appears to be
robust, as similar rate enhancements in the presence of Mutyh
were observed for a 30-bp DNA duplex containing THF paired
opposite C or G, albeit with weaker overall APE1 activity
observed when compared with THF incision opposite T. These
results highlight a novel relationship betweenWTMutyh-spe-
cific enhancement of APE1 activity that is relatively indiscrim-
inate of base pair context.

WTMUTYH enhancedMNNG cytotoxicity, but D222NMUTYH
does not

The above biochemical experiments with purified Mutyh
andAPE1 indicate that there are specificMUTYH–APE1 inter-
actions that enhance APE1 strand scission activity at AP sites
but that this effect is abolished with the D207N variant. To test
whether there are differences in the ability of WT versus the
catalytically-inactive humanMUTYH to stimulate MNNG cell
death, we compared MNNG survival of Mutyh�/� MEFs
expressing the equivalent D222N human MUTYH isoform
(Fig. 9A). Western blotting verified that protein expression of
D222N cell lines assayedwas similar toMUTYH-High cell lines
(Fig. 9A, inset). Survival of D222N MEFs was not significantly
different from the parental Mutyh�/�MEFs, 34% versus 32.5%,
respectively, but it was significantly higher versus matched
transgenic expression ofWTMUTYH (p� 0.005; Fig. 9A), 5th
column versus 4th column). Thus, MUTYH enhancement of
MNNG cytotoxicity is not present when the D222N MUTYH
isoform is expressed.

MUTYH expression increasesMNNG-induced genomic strand
breaks

Mutyh enhances APE1 strand scission activity in vitro (Fig.
8). To testwhether cellularMUTYH increasesMNNG-induced
DNA strand breaks, we employed alkaline gel electrophoresis
of DNA extracted from MEFs 40 min after MNNG treatment
(44). There is a visible increase in the migration of genomic
DNA with increasing MNNG concentrations, evidence of
enhanced DNA strand breaks (Fig. 9B). DNA from WT MEFs
have a visibly greater amount of this migration versus
Mutyh�/�MEFs, and quantification of DNA in the lower “tail”
region versus the primary upper band is significantly increased
in WT versus Mutyh�/� MEFs at 67 �M MNNG (Fig. 9C and
Fig. S5).

Discussion

In an unbiased whole-genome analysis of gene expression,
Fry et al. (8) found an association between high MUTYH
expression and reduced MNNG survival in immortalized
human lymphocytes. Studies with small-molecule AP site
blockers (41, 63, 64) and the genetic alteration of alkyl-DNA
glycosylases (65, 66) indicate dysregulation of AP site pro-
cessing can mediate significant cytotoxicity, particularly upon
alkylating agent treatment (67). A common theme in studies of
the role ofAP sites in alkylating agent cytotoxicity is the delicate
balance of AP site repair factors, because the enhancement of
the prosurvival activity of AAG and APE1 can lead to the accu-
mulation of cytotoxic AP site repair intermediates, PARP acti-
vation, and cell death (42, 66, 68–70). There is also evidence
that MNNG induces cell death independent of MMR via
dsDNA breaks formed by closely-spaced single-strand breaks
induced by BER intermediates (23).
Mutyh has high affinity for the AP site mimic THF across all

base-pairing contexts (Fig. 7 and Table 1), andMutyh enhances
APE1-mediated strand scission at these sites by �3-fold (Fig.
8). Previous work foundAPE1 strand scission activity was stim-
ulated by�3-fold with an N-terminal MUTYH fragment (48),
independent confirmation of a highly significant effect. The
higher survival of MEFs to OTX alone with MUTYH present
(Fig. 5A) suggests a positive role for MUTYH in AP site pro-
cessing. Lack of MUTYH significantly reduces genomic DNA
strand breaks induced byMNNG after 40 min (Fig. 9, A and B),
but it increases unresolvedAP site intermediates after 24 h (Fig.
5B), both data consistent with the model that MUTYH has a
significant role in enhancing AP site processing. We propose
that MUTYH potentiates alkylating agent cytotoxicity via an
enhancement of AP site processing that would subsequently
overwhelm downstream repair factors (Fig. 10).
There is increasing evidence that AP sites are oxidized, mod-

ified, and form DNA–DNA and DNA–protein cross-links that
are biologically relevant (71–75). Both the NEIL3 glycosylase
and AAG help resolve inter-strand cross-links (76, 77), and the
newly-discovered HMCES protein shields AP sites from cyto-
toxic processing (78). Our data do not rule out the possibility
that specific AP site modifications may be preferentially bound
by MUTYH or even modified within the MUTYH active site.
There is evidence that polymerase � can only process unmod-
ified 5�-dRP intermediates via short-patch BER, and other
modified intermediates must be processed by long-patch BER
(79). MUTYH has been shown to channel bound AP sites into
the long-patch base excision repair pathway (80), and interacts

Table 2
Observed rate constants (�0) determined for APE1 with X:THF-containing duplex DNA substrate (where X� G, C, or T)
Duplex DNA was preincubated with no additional enzyme (APE1 alone) or with the DNA glycosylase specified below. Reported rate constants have been averaged over
three separate experiments, and the error is the standard deviation from the average. All reactions were performed at 37 °C under multiple-turnover conditions ([DNA]�
[enzyme]) with EDTA-free buffer supplemented with 10 mM MgCl2.

Enzyme T:THF C:THF G:THF
�0(min�1) Fold-change �0(min�1) Fold-change �0(min�1) Fold-change

APE1 alone 2.7� 0.2 0.2� 0.02 0.4� 0.03
APE1 with WTMutyh 8.9� 0.5 3.3 0.4� 0.03 2 0.7� 0.02 1.8
APE1 with D207NMutyh 0.4� 0.05 0.1 0.1� 0.005 0.5
APE1 with AAG 0.8� 0.007 0.3 0.2� 0.02 1
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with both proliferating cell nuclear antigen (PCNA) and repli-
cation protein A (RPA) (59), so one speculative possibility is
that these interactions play a positive role in channeling specif-
ically-modified forms of AP sites away from nonproductive
short-patch BER.
An interesting alternative hypothesis is that MUTYH pos-

sesses glycosylase activity on methylated bases. This is sup-

ported by evidence that MUTYH cytotoxicity is abolished in
the catalytically-inactive variant (Fig. 9A), but MS analysis of
MNNG-treated DNA incubated with Mutyh did not detect
methyl-base excision activity (Fig. 4). Our cellular and bio-
chemical data also appear to contradict this model. First, if
MUTYH-mediated MNNG cytotoxicity was due to methyl-
base glycosylase activity, this would not explainwhyOTXalone

Figure 9. MNNG-dependent cytotoxicity depends on MUTYH catalytic residue Asp-222 and leads to genomic DNA strand breaks. A, survival to low
MNNG (67 �M) inMutyh�/�MEF stable cell lines expressing recombinant D222N (5th column) versusWT MUTYH (4th column). Data from Fig. 2A are represented
in the 1st to 4th columns. Inset: Western blotting of WT MUTYH expression from Fig. 2B versus D222N stable cell line MUTYH expression. There is significantly
higher survival in cells expressing D222N versusWT MUTYH (4th columnversus 5th column, **,p�0.005, t test, significant with Bonferroni correction for multiple
comparisons). B,MUTYH increases genomic strand breaks in MNNG-treated MEFs as quantified by alkaline gel electrophoresis. Genomic DNA was extracted 40
min after MNNG treatment, quantified, incubated in an alkaline loading buffer, and run on a 0.8% agarose gel overnight at pH 12.4 as detailed under
“Experimental procedures.” M�molecular weight marker. C, quantification of total sample band density in the lower region (tail) versus the upper band from
two biological replicates (five gels). WT cells had significantly more DNA in the lower region at 67 �M versus Mutyh�/� cells (**, t test, p� 0.01), indicative of
increased strand breaks in WT versus Mutyh�/� MEFs. Trial 5 is shown, and all other gels and data are shown in Fig. S5.

Figure 10. Proposedmodel of MUTYH-mediated enhancement of MNNG cytotoxicity, with and without OTX.
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is more toxic in cells without MUTYH. Second, MUTYH
should create more AP sites and thus would be predicted to
enhance OTX toxicity, but this does not occur (Fig. 5A). Also,
MUTYH expression is associated with fewer AP sites 24 h after
MNNG treatment (2nd column versus 4th column in Fig. 5B).
These data support a model where AP site resolution is
enhanced by MUTYH, which contradicts a model where
MUTYH creates new AP sites.
The lack of MNNG-induced cytotoxicity due to D222N

MUTYH expression, together with the lack of APE1 enhance-
ment by the purified mouse D207N variant, is consistent with
molecular evidence that APE1 andMUTYH have a tightly-reg-
ulated interaction. Importantly, the purifiedD207Nprotein has
higher affinity to AP site analogs versus theWT enzyme (Table
1), but expression of the analogous human D222N variant does
not induce a cytotoxic effect (Fig. 9A), suggesting that passive
blockade of AP sites byMUTYHdoes not underlie its cytotoxic
effect. Luncsford et al. (48) demonstrate that MUTYH–APE1-
binding interactions depend on APE1 residues Asn-212 and
Gln-137, which are paradoxically on the opposite sides of the
APE1 structure. Asn-212 sits directly in the APE1-active site
(62), suggesting dynamic interactions between MUTYH and
APE1 are occurring. Furthermore, MUTYH interactions with
Hus1 enhance APE1–MUTYH interactions (48), and Hus1
interactions with MUTYH are abolished by two Hus1 amino
acid changes (13). These results indicate that protein–protein
interactions between MUTYH, APE1, and Hus1 appear to be
easily disrupted by subtle molecular changes, suggesting that
the MUTYH D222N active-site mutant could also alter APE1
interactions. Taken together with cellular data supporting the
interaction of MUTYH with AP sites, these data suggest
MUTYH and APE1 are intimately linked in the processing of
AP site damage.
Inherited variants of MUTYH lead to colorectal cancer via

the slow accumulation of single basemutations due to oxidative
DNA damage (1, 4, 7). Surprisingly, there is also clinical and
cellular evidence that MUTYH deficiency leads to chromo-
somal aberrations (81–84). Our data suggest MUTYH may
have a positive role in resolving DNA strand break intermedi-
ates not limited to oxidative DNA damage. This leaves open a
speculative possibility that germ line variants in MUTYH that
alter APE1–MUTYH interactions may promote tumorigenesis
via a pathway distinct from defects in oxidative DNA damage
repair. Furthermore, MUTYH rapidly initiates PARP1 activa-
tion upon oxidative DNA damage treatment (17, 85, 86),
although the exact molecular mechanism is unknown. This
rapid activation of PARP1 is not consistentwithMUTYHactiv-
ity onOG:A substrates, because OG:A is not the direct result of
guanine oxidation and is only created after a subsequent repli-
cation cycle (7). Thus, a speculative but simple explanation of
the role ofMUTYH in rapid PARP1 activation is that it is medi-
ated by a separate function involving AP site processing, which
is supported by evidence that MUTYH increases MNNG-
inducedDNAstrand breaks (Fig. 9,B andC). PARP1 recognizes
and binds to AP sites, but is not strongly activated until the
5�-dRP product of APE1 strand scission is created (87, 88).
Given that alkylating agents primarily induce cell death via

PARP1 activation (89), it logically follows that MUTYH stimu-
lation of APE1 would enhance alkylating agent cytotoxicity.
Previous work has implicated MUTYH in the response to

diverse forms of DNA damage beyond OG:A mispairs (9–13).
Here, we have thoroughly investigated the interaction of
MUTYH with MNNG damage, and we have found a common
DNA repair intermediate to be central to MUTYH involve-
ment. It is possible that MUTYH’s role in AP site processing
underlies a broader relationship between MUTYH and other
forms of DNA damage and repair. For example, the recent
report of MUTYH involvement in the repair of UV-induced
damage (11) could possibly be explained by the formation of AP
sites by UV irradiation (78). Given that AP site blockers are
under investigation in cancer chemotherapy clinical trials (43),
this suggests broader implications ofMUTYHstatus in predict-
ing clinical responses to DNA-damaging chemotherapeutics.

Experimental procedures

MEF cell lines

Mutyh�/� and Ogg�/�MEF cell lines were a kind gift from
Yali Xie, and their creation was described previously (90). The
presence of the targeted Mutyh deletion insert in exon 6 was
verified via PCR analysis of genomic DNA, as shown in Fig. S6.
Cell lines were incubated at 37 °C and 5% CO2, with high-glu-
cose Dulbecco’s modified Eagle’s medium (Invitrogen), with
10% fetal bovine serum (FBS), 1%nonessential amino acids, and
1% GlutMax (Invitrogen). The 535-amino acid human
MUTYHprotein isoform (RefSeqNP_001041636.1 encoded by
the type 1 (�3) mRNA isoform NM_001048171.1) was cloned
into a pcDNA3.1 vector (Invitrogen) and was transiently trans-
fected with Attractene transfection reagent (Qiagen) into
Mutyh�/�MEFs.Cellswere treatedwith 400–800�g/mlG418
antibiotic, and after 7–14 days, single resistant colonies were
isolated. MUTYH gene expression was then confirmed and
evaluated through Western blotting using the Abcam 4D10
mouse mAb at 1:240 dilution and Santa Cruz Biotechnology
�-actin mouse mAb sc-47778-HRP at 1:1000 dilution.

Cellular survival assays

4–16 h after plating 5–10 	 104 cells per well in six-well
plates, cells were exposed to the indicated concentrations of
MNNG. Pretreatment with OTX or BG was done 2 h before
alkylating agent treatment as indicated. Cells were counted 6–7
days after addition of the alkylating agent, using trypan blue
exclusion. Counts were normalized to untreated cells that were
plated and grown in parallel.

Plasmid nicking assay

Plasmid DNA was prepared using standard midi-prep kits
(Promega). Prior to the hOgg1 nicking assay, DNA was tested
for pre-existing lesions by treatment with Fpg and Ogg1
enzyme in excess and purified as described previously (91, 92).
Lack of endogenous DNA damage was verified by agarose gel
electrophoresis to detect the presence of open-circular (nicked)
plasmid DNA. These aliquots were then treated with MNNG
concentrations as indicated in 400mMTris, pH 7.6, at 37 °C for
45 min. Typical enzyme treatment was in 20 mM Tris, 10 mM
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EDTA, 100 �g/ml BSA using 10 �M active fraction hOgg1
enzyme in a 30-�l reaction volume with 300 ng of 4.7-kb plas-
mid DNA and incubating at 37 °C for 10 min. 100 ng of DNA
with 1	 loading dye was run on a 1% agarose gel at 70 V for 1 h
to differentiate closed-circular and open-circular plasmid
DNA.

H2-DCFDA redox-sensitive probe assay

The DCF probe (Thermo Fisher Scientific, catalog no. D399)
was dissolved in DMSO to 20 mM. MEF cells were incubated
with 10 �M DCF probe for 30 min before DNA damage treat-
ment (either MNNG or a hydrogen peroxide positive control)
and harvested at time points after damage by incubation in
0.25% trypsin for 4 min, quenching with FBS, rinsed with ice-
cold PBS twice, and then analyzed by flow cytometry versus
untreated controls. The percent of cells with fluorescence
above background was quantified by applying equal gating
across the different conditions within a single experiment, and
the values were normalized to the hydrogen peroxide–positive
control.

Preparation of DNA substrates

6-Carboxyfluorescein (6-FAM) 5�-end–labeled DNA oligo-
nucleotides were purchased from Eurofins Genomics, and the
unlabeled DNA oligonucleotides were purchased from Inte-
grated DNA Technologies. Oligonucleotides were purified via
HPLC using a Dionex DNAPac PA-100 ion-exchange column
on a Beckman Nouveau Gold HPLC system. One 30-nucleo-
tide) DNA sequence was used in this study: 5�-CTGTAACGG-
GAGCTYGTGGCTCCATGATCG-3�, where Y � C, A, or an
abasic site analog, THF. This strand was annealed to a 30-nu-
cleotide complement strand: 5�-CGATCATGGAGCCACXA-
GCTCCCGTTACAG-3�, where X � G, C, T, A, or OG. For
preparation of radiolabeled substrates, 5 pmol of theY-contain-
ing DNA strand was 5�-end–labeled with 32P by adding 30 �Ci
of [�-32P]ATP and T4 polynucleotide kinase (New England
Biolabs). The radiolabeled oligonucleotides were purified using
Illustra MicroSpin G-50 columns (GE Healthcare). Appropri-
ate amounts of unlabeled Y-containing oligonucleotides were
added to the radiolabeled strand andmixedwith a 10% excess of
the complementary strand in annealing buffer (20 mM Tris-
HCl, pH7.6, 10mMEDTA, and 150mMNaCl) to produce a final
duplex concentration of 100 nM. 6-FAM–labeled duplexeswere
alsomixedwith 10% excess complementary strand in annealing
buffer. DNA mixtures were incubated at 90 °C for 5 min, fol-
lowed by slow cooling to 4 °C overnight. Additional details and
reagents used provided in the Supplemental Materials and
Methods.

Methylation of DNA substrates in vitro

DNA substrates for in vitro assays were damaged with
MNNG as described previously (93). Briefly, 400 mM MNNG
was prepared in DMSO and diluted with an equal volume of 30
mM sodium acetate, pH 5.0, to a final concentration of 200 mM.
Typically, 8 �mol of MNNG was added to 1 mg/ml DNA in
buffer (20 mM Tris-HCl, 20 mM NaCl, 20 mM DTT, 0.2 M

EDTA) and incubated in the dark for 2 h at room temperature.

Expression and purification of recombinantWT andD207N
murineMutyh

Overexpression and purification of Mutyh proteins were
performed as reported previously (39). A pET28a vector con-
taining the Mutyh gene that expressesMutyh with an N-termi-
nal hexa-His tag was used. D207N Mutyh was constructed by
introduction of a G–to–A mutation at position 644 in the
Mutyh gene using the antisense primer 5�-GTAAAACGT-
TCCCATTCACCACACCGGTTAC-3� followed by Kunkel
mutagenesis (Transcriptic) and confirmed by DNA sequenc-
ing.Mutyhwas overexpressed in BL21(DE3) cells. Purified pro-
tein fractionswere run on an SDS-PAGE to ascertain purity and
found to be greater than 95% pure. The concentration of total
protein was determined using an estimated �280� 85,370 M�1

cm�1 (ExPASy), and the concentration of the iron–sulfur clus-
ter was estimated using �410 � 17,000 M�1 cm�1. WT Mutyh
concentrations were corrected for percent activity (57). D207N
Mutyh concentration was corrected to reflect the active-bind-
ing fraction using a binding titration assay with OG:A-contain-
ing 30-bp substrate (57).

LC-MS/MS assay

To assay for glycosidic cleavage of methylated bases from
MNNG-damaged DNA in vitro, a PLC-MS/MS analysis was
adapted from the Eichman lab (33). 1mg of purified calf thymus
DNAwas damagedwithMNNGas described above. Themeth-
ylated DNA was then ethanol-precipitated and resuspended in
1 ml of Tris-EDTA, pH 8.0 (TE), buffer before being dialyzed
against additional TE buffer three times at 4 °C to remove any
spontaneously hydrolyzed DNA bases. 10 �g of the methylated
calf thymus DNA was incubated with either 5 N HCl or 5 �M

enzyme for 1 h at 37 °C. Enzymatic reactions contained 50 mM

HEPES, pH 7.5, 100mMKCl, 10mMDTT, 2mM EDTA, and 0.1
mg/ml BSA in a final 50-�l reaction volume. Reactions were
terminated by addition of 50 �l of stop buffer (0.5 mg/ml
salmon DNA, 1 mg/ml BSA, 1 M NaCl), followed by ethanol
precipitation of the DNA. The supernatant was evaporated to
dryness, and the residue was reconstituted in 50 �l of LC-MS
grade water.
Separation and detection of the nucleobases were performed

using an Agilent 6490 triple quadrupole mass spectrometer
equipped with an Agilent 1290 infinity UHPLC system and an
Agilent ZORBAXEclipse Plus C18 column (2.1	 50-mm inner
diameter, 1.8-�m particle size). The column temperature was
set at 40 °C. The aqueous mobile phase A used for UHPLC
separation was LC-MS grade water with 0.1% formic acid (v/v).
The organic mobile phase B was 90% acetonitrile with 0.1%
formic acid in water (v/v). An optimized 6-min binary gradient
was used: 0.0–2.0 min, 0% B; 2.0–3.0 min, 0–20% B; 3.0–4.0
min, 20–90% B; 4.0–4.9 min, 90% B; 4.9–5.0 min, 90–0% B;
5.0–6.0 min, 0% B. The flow rate was set at 0.3 ml/min. An
electrospray ionization source was used and operated in posi-
tive ion mode. The MS source parameters were as follows: the
drying gas temperature and sheath gas temperature were both
set at 200 °C; drying gas flow rate and sheath gas flow rate were
set at 11 and 7 liters/min, respectively; nebulizer pressure
was set at 25 p.s.i.; the capillary voltage and fragmentor voltage
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were set at 1800 and 280 V, respectively. The nucleobases were
quantified using multiple reactionmonitoring (MRM)mode of
the triple quadrupole mass spectrometer. Protonated species
were monitored as the precursor ions of the analytes. Product
ions for MRM transitions were determined by conducting a
product ion scan for each analyte. The MRM transitions mon-
itored were as follows: 166 3 134 for O6mG; 166 3 124 for
7mG; 1663 149 for bothO6mG and 7mG; 1503 109 for 1mA;
1503 123 for 3mA; 1503 79 for 7mA; and 1503 133 for both
1mA and 3mA. Data processing was performed using Agilent
MassHunter Quantitative Analysis software.

DNA-protein cross-linking assay

To assay for transiently-formed Schiff base intermediates
between enzymes and DNA substrates, an approach was used
as described previously (49, 51, 53). Assays were performed
using the DNA substrate duplexes described above, where Y�
A, X� T or OG, and the Y-containing strand was 32P-5�-end–
labeled. MNNG-damaged DNA duplexes were prepared as
described above. 90 mM NaBH4 and NaCNBH3 was used to
reduce and trap enzyme–DNA complexes.

ARP assay

To determine the number of AP sites present in genomic
DNA, MEFs were treated with 67 �M MNNG or 300 mM Tris
buffer (control) for 24 h, and DNA was isolated with DNAzol
(Thermo Fisher Scientific) per the manufacturer’s protocol.
DNA was quantified by agarose gel electrophoresis and nor-
malized for equal loading. AP sites were quantified versus sup-
plied standards using kit DK02-12 from Dojindo Molecular
Technologies, according to the manufacturer’s protocol.

Fluorescence polarization assay

Quantitative fluorescence polarization assays (31, 56) were
performed using the 6-FAM 5�-end–labeled DNA substrate
duplexes described above, whereY�THF, andX�G, C, T, or
A. Reactions contained 5 nM duplex, 20 mM Tris-HCl, pH 7.6,
100 mMNaCl, 1 mM EDTA, 1 mMDTT, 5% glycerol, 0.1 mg/ml
BSA, and varying amounts of WTMutyh in a reaction volume
of 50 �l. Enzyme aliquots of varying concentrations were pre-
pared at 4 °C with dilution buffer containing 20 mM Tris-HCl,
pH 7.6, 10 mM EDTA, and 20% glycerol. Samples containing
DNA and enzyme were incubated at 25 °C for 20 min. Samples
were then distributed equally across a black, 384-well, low-
flange microplate (Greiner Bio-One) before being subjected to
fluorescence polarization analysis on a CLARIOstarmicroplate
reader (BMG LABTECH, Germany) using the following scan
settings: dichroic, F:LP 504; excitation, 482-16; emission, 530–
540; target temperature, 25 °C. Focus and gain adjustments for
each channel were made using a reference well containing
6-FAM-end–labeled DNA in buffer with no enzyme. Apparent
Kd values were determined by fitting the data (percent bound
substrate versus log[enzyme]) to the equation for one-site
ligand binding using the program Grafit version 5.0.2 (Eritha-
cus Software). Apparent Kd values were determined from three
separate experiments.

Electrophoretic mobility shift assay

Quantitative electrophoretic mobility shift assays were
performed as described previously (57). Reactions were per-
formed using the same conditions as the above described
fluorescence polarization except with 5 pM duplex DNA.
Reported values for WTMutyh binding to G:THF were sim-
ilar to those previously reported (39) and were used as vali-
dation for direct comparison to values determined by fluo-
rescence polarization.

APE1 stimulation assay

Assays for glycosylase-dependent APE1 stimulation were
performed under multiple-turnover conditions ([DNA] ��
[APE1]) in a manner similar to that described previously (48).
32P-5�-end–labeled 30-bp DNA duplexes were prepared as
described above, where Y � THF and X � G, C, or T. Mutyh
enzymes were purified as described above, whereas APE1 and
AAG were commercially available (New England Biolabs). The
reaction buffer contained 20 mM Tris-HCl, pH 7.6, 10 mM

MgCl2, 100 �g/ml BSA, 30 mM NaCl, and 20 nM duplex DNA.
Reaction mixtures were equilibrated at 37 °C for 5 min before
the addition of 20 nM (Mutyh and D207N Mutyh) or 192 pM
(AAG) glycosylase prepared in dilution buffer (20 mM Tris-
HCl, 20% glycerol, pH 7.6) and equilibrated for an additional 10
min at 37 °C. APE1 was added to reaction tubes to initiate the
time course at a final concentration of 33 pM. Aliquots were
removed at designated times (15 s to 40 min) and quenched by
the addition of 0.2 M NaOH with subsequent heating for 5 min
at 95 °C before being analyzed by denaturing PAGE as
described above. Product concentration was plotted as a func-
tion of time, and initial rates (�o) were determined by fitting the
data using linear regression.

Alkaline gel electrophoresis of genomic DNA

Based on the work of Luke et al. (44), MEFs were treated
with increasing concentrations of MNNG as indicated, and
genomic DNA was extracted with DNAzol (Invitrogen) 40
min after treatment per the manufacturer’s protocol. DNA
was quantified by both UV absorbance at 260 nm and stan-
dard agarose gel electrophoresis and adjusted to a concen-
tration of 200 ng/�l. Samples were denatured with a pH 12.8
alkaline loading buffer (100mMNaOH, 50mMHEPES) for 20
min at 37 °C and then mixed with standard 6	 loading
buffer. A 0.8% agarose gel was prepared with 50 mM NaCl
and 1 mM EDTA and soaked in a mild alkaline running buffer
(30 mM NaOH, 1 mM EDTA, pH 12.4) for at least 1 h. 10 �l (2
�g) of DNAwas loaded in wells and run at 25–30 V overnight
at 4 °C. The gel was neutralized in 400 mM Tris, pH 7.5, at
room temperature for 30 min, then stained with EtBr or
SYBR Safe for 1 h, briefly destained, and imaged. Quantifi-
cation of strand breaks was completed using ImageQuant
software (GE Healthcare).

Quantification and statistical analysis

Data are expressed as �S.D. unless otherwise stated. Statis-
tical tests were performed using the Student’s t test (GraphPad)
and analysis of variance (Vassarstats.net).
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