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ABSTRACT: The DNA glycosylase MutY prevents deleterious
mutations resulting from guanine oxidation by recognition and
removal of adenine (A) misincorporated opposite 8-oxo-7,8-
dihydroguanine (OG). Correct identification of OG:A is crucial to
prevent improper and detrimental MutY-mediatedadenine excision
from G:A or T:A base pairs. Here we present a structure−activity
relationship (SAR) study using analogues of A to probe the basis for
OG:A specificity of MutY. We correlate observed in vitro MutY
activity on A analogue substrates with their experimental and
calculated acidities to provide mechanistic insight into the factors
influencing MutY base excision efficiency. These data show that H-
bonding and electrostatic interactions of the base within the MutY
active site modulate the lability of the N-glycosidic bond. A analogues that were not excised from duplex DNA as efficiently as
predicted by calculations provided insight into other required structural features, such as steric fit and H-bonding within the active
site for proper alignment with MutY catalytic residues. We also determined MutY-mediated repair of A analogues paired with OG
within the context of a DNA plasmid in bacteria. Remarkably, the magnitudes of decreased in vitroMutY excision rates with different
A analogue duplexes do not correlate with the impact on overall MutY-mediated repair. The feature that most strongly correlated
with facile cellular repair was the ability of the A analogues to H-bond with the Hoogsteen face of OG. Notably, base pairing of A
with OG uniquely positions the 2-amino group of OG in the major groove and provides a means to indirectly select only these
inappropriately placed adenines for excision. This highlights the importance of OG lesion detection for efficient MutY-mediated
cellular repair. The A analogue SARs also highlight the types of modifications tolerated by MutY and will guide the development of
specific probes and inhibitors of MutY.

■ INTRODUCTION

Despite being the repository of genetic information and the
instruction manual for cells, DNA is a dynamic molecule
susceptible to modification via a variety of chemical reactions.1

Modifications of DNA nucleobases due to reactions with
alkylating agents and reactive oxygen and nitrogen species
(RONS) often alter coding properties that leads to deleterious
mutations.2−6 Exposure to RONS creates a wide variety of
oxidized DNA nucleobases, of which 8-oxo-7,8-dihydroguanine
(OG) is one of the most common.7,8 While OG retains the
overall structure of guanine (G) and can base pair (bp) to
cytosine (C), the presence of the 8-oxo group and the
concomitant protonation of N7 creates a thymine (T)-like
Hoogsteen base-pairing face that enables formation of a stable
bp with adenine (A).4 During DNA replication, OG displays
its T-like face to the incoming 2′-deoxyribonucleotide
triphosphate resulting in misincorporation of A by replicative
polymerases and formation of an OG:A mispair.9,10 The
situation is further exacerbated by the more efficient extension

of OG:A termini compared to OG:C by mammalian DNA
polymerases that leads to the persistence of these promuta-
genic mispairs in DNA.11,12 As a result, the presence of OG in
the genome promotes the accumulation of G:C to T:A
mutations (Figure 1).
The “GO repair pathway” in bacteria is responsible for

protecting DNA from mutations associated with OG.13 The
key base excision repair (BER) glycosylases involved in this
pathway are Fpg and MutY. MutY removes the undamaged A
from OG:A mismatches.14 Subsequently, downstream repair
enzymes reinstate C opposite OG, providing a proper substrate
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for Fpg removal of OG from OG:C bps (Figure 1).15 The
importance of prevention of mutations associated with OG is
highlighted by the presences of OG repair pathways in all
domains of life.15−17 In humans, inheritance of functionally
deficient variants of the homologue MUTYH have been linked
to a colorectal cancer predisposition syndrome known as
MUTYH-associated polyposis (MAP).16,18,19 The Leiden
Open Variant database (LOVD) reports over 300 different
MAP-related mutations in the MUTYH gene. Many MAP
mutations result in amino acid variants within the N-terminal
catalytic domain and C-terminal OG recognition domain,
indicating the importance of MUTYH function for genome
maintenance.17

Mechanistic studies on MutY, including kinetic isotope
effects (KIE), predicted an SN1 hydrolytic base excision
mechanism involving N7 protonation and formation of an
oxacarbenium ion transition state and intermediate.20,21

Subsequent crystallographic studies of Geobacillus stearother-
mophilus (Gs) MutY bound to an azaribose transition state
mimic indicated approach of the water nucleophile from the
same side as the departing adenine base; this structural
inference was supported by MutY-catalyzed methanolysis
studies that showed retention of configuration at C1′
consistent with a two-step mechanism for A excision.22 In a
proposed revised mechanism, A is protonated by Gs MutY
Glu43 at N7 to facilitate its departure leading to formation of a
transient oxacarbenium ion stabilized as a covalent inter-
mediate with Asp144.22 In a second step, Glu43 activates a
water nucleophile to hydrolyze the acetal intermediate to form
the abasic site product (Figure 2a).22 The resulting OG:abasic

(AP) site product is processed by downstream BER enzymes
to restore the originally coded G:C base pair (bp) (Figure 1).
Crystallographic studies have been instrumental in revealing

key interactions between the enzyme and its substrate.4,15 In
the structure of Gs MutY bound to a noncleavable substrate
analogue OG:FA (FA: arabino-2′-fluoro-2′-deoxyadenosine),
OG has rotated from the syn to anti conformation and the A is
flipped out of the helix for insertion into the active site (Figure
2b). Within the active site, H-bonding contacts align the A
with the catalytic Glu and Asp residues (Glu43 and Asp144 in
Gs MutY, Glu37 and Asp138 in Ec MutY) orienting it for
cleavage (Figure 2c).23 Russelburg et al. demonstrated that a
C-terminal domain Ser (308 in Gs MutY), which forms a H-
bond with the N7-H in OG, disengages from the N7 lone pair
in the corresponding structure with G, suggesting one potential
mechanism for discrimination between OG and G.24 Addi-
tionally, Wang et al. have reported a cocrystal structure of
MutY bound to its “antisubstrate” OG:C, wherein the entry of
C into the active site is blocked to prevent accidental and
promutagenic excision.25 While these studies provide a wealth
of information on features of catalysis after recognition of the
lesion, the structures themselves only provide snapshots of late
steps in the MutY recognition and excision process, and not
the complete series of events that occurred prior to lesion
engagement.
In previous studies directed at understanding the structural

requirements of OG on lesion recognition and catalysis, we
showed that MutY relies on the exocyclic 2-amino group of
OG to identify and distinguish this mispair from structurally
similar T:A bps.26,27 We also showed that OG binding induces
conformational changes that influence A excision.26,28 Herein,
we use structure−activity relationships (SARs) to identify the
structural features of A that influence OG:A recognition,
verification, base excision, and overall cellular repair. The
interpretation of these results was aided by calculations of
acidities and proton affinities to identify structural features that
alter intrinsic lability of the N-glycosidic linkage and how such
features may be modulated by electronic and steric interactions
within the MutY active site. Factors that influence efficient
cellular repair relative to in vitro activity suggest that MutY
recognizes and detects the misplaced A within OG:A
mismatches by virtue of its ability to uniquely base pair with
the syn conformer of OG. Once placed within the active site of
MutY, the structure of A is further validated through contacts
within the active site leading to preferred excision of A and
prevention of inaccurate excision of other bases.

■ RESULTS AND DISCUSSION
Selection of Adenine Analogues. We selected a series of

eight analogues (Figure 2d) to reveal features of MutY-
mediated recognition and base excision (Table 1). Calculations
were used to assess acidities and proton affinities to evaluate
features that impact the lability of the N-glycosidic bond of the
nucleotide analogues. Duplex stability assays were used to
evaluate the impact of the structural changes on base pairing to
OG. The consequences of altered structural features on
efficiency of MutY glycosylase activity and binding affinity
were determined in vitro using 30 bp DNA duplexes. The
overall impact of MutY-mediated repair in a cellular context
was evaluated using the analogues incorporated within a DNA
plasmid.
Among the analogues studied, purine (P) lacks the 6-amino

group and tests the effect of losing H-bonding to OGsyn within

Figure 1. G:C to T:A transversion mutation and “GO” repair
pathway. The BER glycosylases Fpg/hOGG1 and MutY/MUTYH act
upon their respective base substrates, OG:C and OG:A, and
downstream BER enzymes (e.g., AP endonuclease, polymerase,
ligase) restore the correct G:C bp.
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DNA and within the active site; 2-oxoadenine (2OA) tests the
effect of reversal of polarity of the H-bond at N1, whereas
inosine (I) represents the complete reversal of H-bonding
polarity at N1 and C6. Notably, 2OA may present an
alternative cytosine-like Watson−Crick (W−C) face (2OA-

cyto) that is protonated at N3 rather than N1 (Figure 3). 6-
Methyladenine (6mA) is expected to base pair naturally with
OGsyn; however, it may experience steric hindrance within the
active site due to the N6-methyl group. 8-Bromoadenine (BA),
7-deaza-8-azadenine (ADA), and 3-deaza-adenine (Z3) retain

Figure 2. Probing the structural features required for proper A recognition and excision. (a) Abbreviated mechanism of MutY-mediated adenine
excision. Protonation of the N7 of A promotes N-glycosidic bond scission and departure of A as a neutral leaving group. The resultant
oxacarbenium ion is stabilized as a covalent intermediate by Asp144, enabling stereospecific attack by a water molecule to form an abasic site
product.22 (b) Crystal structure of Gs MutY (gray) bound to the noncleavable substrate OG:FA showing that, within the active site, A (purple) is
oriented such that the N7 is aligned with the catalytic Glu43 and the C1′ of the sugar is aligned with the catalytic Asp144 (dark blue sticks) (PDB
ID: 3G0Q). (c) H-bonding network formed by A with the active-site residues; atom numbering on A is shown in red; inset, electrostatic potential
map of A. (d) Chemical structures and electrostatic potential maps of the adenine analogues used in this study (isovalue 0.020, density 0.0004).

Table 1. Impact of Adenine Analogues on MutY Binding (Glu37Ser KD), Kinetics of Base Excision (k2) and Rate of Product
Release (k3), Relative Acid Lability, Duplex Stability (Tm), and Overall Repair in Bacterial Cells

analogue Glu37Ser KD (nM) k2 (min−1) k3 (min−1) % G:C in muty+ cells % G:C in muty− cells acid lability relative to A Tm (°C)

A <0.005 12 ± 2 0.002 ± 0.001 92 ± 3 37 ± 3 0.9 71.2 ± 0.3
P <0.005 5 ± 1 0.005 ± 0.001 80 ± 1 33 ± 8 12 65.2 ± 0.5
2OA <0.005 1.0 ± 0.1 0.007 ± 0.002 60 ± 10 41 ± 6 6 69 ± 1
6 mA <0.005 0.40 ± 0.04 0.0010 ± 0.004 70 ± 5 58 ± 8 1 68 ± 2
Z3 <0.01a 0.08 ± 0.01a 0.004 ± 0.002a 91 ± 2a 31 ± 2a 0.3a 67 ± 1
2AP <0.005 0.05 ± 0.01 NDb 59 ± 8 38 ± 4 2 66.8 ± 0.7
I <0.005 0.011 ± 0.004 ND 81 ± 2 77 ± 2 0.9 58.4 ± 0.3
BA <0.005 <0.007c ND 78 ± 8 47 ± 1 0.9 70.5 ± 0.8
ADA <0.005 <0.002c ND 50 ± 3 27 ± 4 0.5 69.0 ± 0.8

aPreviously reported (ref 29). bND: not determined given lack of defined burst phase. cEstimated upper limit based on minimal cleavage observed
after 1 h.
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the W−C face of A and, therefore, maintain the ability to base
pair to OGsyn within the DNA duplex. Z3 has the subtle
modification of N3 removal, whereas BA and ADA have
altered Hoogsteen faces. ADA is expected to be a poor
substrate due to the lack of the N7 required for catalysis.
Meanwhile, BA is expected to be a competent mimic of A,
although the presence of the bulky bromo substituent may
increase the preference for the syn conformer and hinder
proper engagement within the active site. 2-Aminopurine
(2AP) tests the importance of the exocyclic 6-amino group of
A by shifting it to C2, while still retaining H-bonding to OG.
Structural alterations of A are also expected to alter the
intrinsic lability of the N-glycosidic bond; for example, BA
would be anticipated to be more labile to depurination due to
the electronegative Br, while Z3 would be less labile, due to the
replacement of N with C. Collectively, the analogues used in
this study were designed to glean insights into the recognition
and repair process by MutY.
MutY Has High Affinity for Adenine Analogues

Paired with OG. The impact of modified A analogues
(represented as Y) on mismatch affinity was gauged by
measurements of the dissociation constant KD of the
catalytically inactive Glu37Ser MutY variant with a 30 bp
OG:Y duplex using electrophoretic mobility shift assays
(EMSA). For all tested analogues, the apparent KD for the
Glu37Ser MutY−OG:Y complex was near or below the 0.005
nM limit of detection, indicating tight substrate binding
regardless of the A analogue paired to OG (Table 1, Figure
S1). These results are remarkably different than the impact of
OG structural modifications that lead to significantly decreased
affinity of MutY.26 Additionally, binding affinities suggest that
engagement of the correct base (OG or A) aids in the MutY
recognition of the base-pair partner. Specifically, MutY binds
to an OG:A duplex at least 4 orders of magnitude more tightly
(KD < 0.005 nM) than an OG:C duplex (KD = 44 ± 21 nM).30

In turn, the OG:C duplex is bound tighter than a nonspecific
G:C duplex (KD = 150 ± 60 nM).31 Notably, this is consistent
with previous work in our laboratory demonstrating that
substitutions of A are more readily tolerated when paired with
OG compared to G, highlighting the importance of OG for
high affinity with MutY.30−32

In Vitro MutY-Mediated Excision of Adenine Ana-
logues Opposite OG in a 30-bp DNA Duplex. Base
excision rate constants (k2) were determined using a
glycosylase assay with wild-type (WT) MutY and a 30 bp
OG:Y-containing duplex under conditions of single turnover

(STO, [MutY] > [DNA]) (Figure 4, parts a and b).33,34 While
WT MutY was able to excise A from OG:A mispairs with a k2

of 12 ± 2 min−1, none of the analogues were excised as
efficiently, and k2 values were decreased by 2−1000-fold
(Table 1). Notably, most of the OG:Y substrates were
completely converted to product during the hour-long
experiments, with the exception of the slowest analogue, I
(Figure 4c, Table 1). Two of the A analogues, ADA and BA,
were found to be minimally excised in 1 h. However, upon
extending the incubation time to 24 h, MutY-mediated
cleavage of these analogues was observed (Figure S3). We
estimated an upper limit of k2 for OG:BA as 0.007 min−1 and
for OG:ADA as 0.002 min−1 based on the extent of product
formation in 1 h. The rate constants k3 relating to product
release determined under multiple-turnover (MTO) con-
ditions were similar to those of the natural OG:A substrate
(0.002 ± 0.001 min−1) for analogue substrates that exhibit
“burst” kinetics behavior. This finding was not unexpected
since base excision results in the formation of the same OG:AP
site product in all cases. The analogues 2AP and I were
processed inefficiently, and a defined burst phase was not
observed; therefore, the rate of product release k3 could not be
determined in these experiments (Table 1, Figure 4, parts b
and c).34

Figure 3. Tautomerization of 2OA to 2OA-cyto can stably base pair
with OGanti through a C-like hydrogen-bonding face. The Watson−
Crick base-pairing face of C and 2OA-cyto are indicated in blue.

Figure 4. MutY-catalyzed excision of A nucleobase analogues
opposite OG in duplex DNA. (a) 30 bp DNA duplex used for in
vitro assays. (b) Minimal kinetic scheme used to described MutY
processing the OG:Y substrate (DNAOG:Y) to the abasic site product
(DNAOG:AP), where there are three basic steps: substrate binding
(KD), base excision (k2), and DNA-product release (k3). (c)
Representative single-exponential fits showing time-dependent
formation of 14 nt product resulting from the removal of A analogues
by MutY followed by quenching with 0.2 M NaOH. The experiments
were performed under single-turnover (STO) conditions at 37 °C
using 20 nM DNA substrate and 40 nM active WT E. coli MutY. The
analogues ADA and BA are not plotted, as minimal cleavage was
observed in the glycosylase assay in 60 min.
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Acid-Catalyzed Hydrolysis of A Analogues from
ssDNA. Since base excision by MutY involves protonation of
N7 of A, we expected that the susceptibility of an A analogue
to acid-catalyzed depurination would impact the efficiency of
MutY-catalyzed base excision. We determined the relative
extent of acid-catalyzed depurination of the analogues from
ssDNA in aqueous solution (Table S1). These experiments
revealed that P, 2OA, and 2AP are more acid labile than A,
whereas 6mA, BA, and I are similar to A. The analogues Z3,
which is missing a pyrimidine ring N, and ADA, in which N in
the imidazole ring is shifted, showed lower extents of
depurination (Table 1). Since all the A analogues were
found to have a reduced rate of MutY-catalyzed excision
relative to A, decreased acid-catalyzed depurination suscepti-
bility cannot be the only factor leading to poor excision. In fact,
even analogues depurinated by acid more readily than A are
excised at lower rates. These results indicate that MutY base
excision catalysis does not solely rely on susceptibility to
protonation of N7 to promote depurination.
These data suggest that efficient base excision by MutY is

exquisitely sensitive to the unique structure of A, most likely
due to the formation of specific active-site contacts (Figure 2c)
that “tune” the N-glycosidic bond lability and position the
substrate base for optimal excision. Notably, due to the low pH
and aqueous solutions used in these acid-catalyzed depurina-
tion experiments, all protonatable groups of the analogues are
likely to be affected, thus occluding the subtle effects associated
with the site-specific protonation on the analogues that would
be possible in the MutY active site.
Calculated Gas-Phase Acidities of Adenine Ana-

logues. While the relative experimental susceptibility to
acid-catalyzed depurination is a measure of the lability of the
N-glycosidic linkage of the analogue within ssDNA in an
aqueous solution, the MutY active site provides a more
hydrophobic environment with specific contacts that would
affect the acidities and proton affinities (PA) of the
analogues.35 In order to account for these distinct environ-
ments, we calculated the gas-phase acidities of the N9-H and
the proton affinities at N7 of each analogue using the B3LYP/
6-31+G(d) basis set (Figures S5−S8). While these calculations
are not a model of the active site, prior studies have shown that
gas-phase calculations can be relevant and lend insight into
reactivity in the nonpolar environment of enzyme active sites.
Specifically, if the role of a glycosylase is to provide a
hydrophobic environment, in which excision depends on the
intrinsic lability of the N9−C1′ bond, the gas-phase acidities
have been shown to track, trend-wise, with the rate of
excision.35−39 Within the active site, multiple contacts are
observed between the active-site residues and the A substrate
such as hydrogen bonds from Arg26 and Glu192 to water to
N3 as well as a hydrogen bond from Arg31 to N1 in Gs MutY
(Figure 2c). Sequence alignments and structural overlay with
the E. coli MutY N-terminal domain (PDB ID 1MUD) reveal
that a majority of these contacts are identical, with the
exception of Arg31.40 Therefore, we calculated the N9-H
acidities for the N7 protonated and N3 hydrogen-bonded
analogues to model these interactions. The trend for the
calculated gas-phase acidities (ΔHacid in kcal mol−1) is 2OA-
cyto (210.4) > P (214.2) > I (216.3) > BA (218.5) > 2AP
(220.6) > A (221.4) > Z3 (223.8) ∼ 6mA (223.9) > 2OA
(225.6) > ADA (332.7, no N7 to protonate) (Figure S7).
Since Z3 has no N3, and 2OA-cyto has a H-bond donor rather
than acceptor, the ΔHacid reported for these is the value with

the N7 protonated (Figure S6). Furthermore, to evaluate the
propensity of the analogues to be protonated within the active
site, we calculated the N7 PA of the analogues. In order of
decreasing PA (kcal mol−1), the trend for the analogues is 2AP
(221.6) > Z3 (219.8) ≈ I (219.6) > 6 mA (217.5) > A (215.5)
> P (212.7) > 2OA (212.5) > BA (212.0) > 2OA-cyto (209.4)
(ADA = no N7 to protonate) (Figure S8). While we observe
some broad correlations, ΔHacid and PA largely do not appear
to follow the same trends as the rates of excision of the
analogues (Figure S2). This observation further substantiates
the hypothesis that MutY does not simply depend upon
leaving-group ability and confirms the identity of the
nucleobase within the active site prior to excision.

Strict Substrate Alignment Requirements with MutY
Catalytic Residues for Efficient Base Excision. Closer
inspection of the relationship between PA and calculated gas-
phase acidity, and the MutY base excision rate constant (k2),
revealed additional features imparted in the MutY active site to
ensure quality control. On the basis of the calculated PA of the
analogues, the ease with which protonation at N7 takes place is
2AP > Z3 > I > 6mA > A > P > 2OA > BA > 2OA-cyto (ADA
has no N7 to protonate) (Figure S8). Since the catalytic
mechanism of MutY is dependent upon N7 protonation,
analogues that are protonated more easily are expected to be
excised faster. While this holds true for a subgroup of the
analogues, namely, A, P, 2OA, and BA, the rates of excision of
2AP, Z3, I, and 6 mA are not correlated with their PA,
suggesting the influence of additional factors within the active
site of MutY (Figure S2). In terms of gas-phase acidities of the
N7-H and N3 H-bonded analogues, the trend is 2OA-cyto > P
> I > BA > 2AP > A > Z3 ∼ 6mA > 2OA ≫ ADA (no N7 to
protonate) (Figure S7). In this case as well, we find
discrepancies between the acidity of the analogues and k2.
For instance, the natural substrate, A, is excised fastest by the
enzyme despite its midrange acidity. Meanwhile I and BA,
calculated to have the highest gas-phase acidities, are poorly
excised.
If the primary role of the enzyme is to provide an

environment to enable the protonation and subsequent
cleavage of the base, we would expect the rate of cleavage to
follow the same trend as the N9-H acidity with N7 protonated
and N3 H-bonded (Figure S7). In prior work with MutY and
adenine analogues that were less varied in terms of structure
than those studied herein, we did observe this correlation.35

However, since this is not the case with the analogues studied
here, we speculate that factors other than intrinsic lability are at
play. Specifically, we argue that the formation of contacts
between the analogue and the active-site residues align it with
the catalytic residues and influence the rate of cleavage.
Numerous contacts between the N1, N3, and the 6-amino
group of A with Gs MutY active-site residues Arg31, Glu192,
Arg26, Trp30, and Glu188 have been observed (Figure 2c).
We propose that proper engagement of the nucleobase enables
rapid alignment with the catalytic residues and results in fast
cleavage of the analogue. This hypothesis is supported by the
PA trendupon proper alignment with the catalytic Glu, the
analogue with the highest PA is cleaved fastest. Consequently,
the loss of one or more of these contacts negatively impacts the
rate of excision of the analogue. In the following section we
consider the analogues in terms of the structural features they
possess and their effects upon alignment within the active site
and highlight trends that correlate the acidity with k2.
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Analogues with N1, N3, and 6-Amino (A, BA, and ADA).
Within this subgroup, the order of acidity is BA > A > ADA,
and A is the only nucleobase efficiently excised by MutY. On
the basis of the ability of these analogues to H-bond to the
active-site residues, we expect ADA, like A, to be almost
perfectly aligned with Glu43. However, the lack of N7 and low
N9-H acidity renders ADA resistant to cleavage. In contrast,
BA poses a conundrumwhile predicted to have a high N9-H
acidity (218.5 kcal mol−1), minimal cleavage was observed in 1
h. It appears that the steric bulk and electronegativity of the 8-
Br group prevents proper alignment of the N7 within the active
site, and this feature coupled with its low PA likely conspires to
reduce excision.
Analogues with N1 and N3, but Missing or Modified 6-

Amino (P, 2AP, 6 mA). In this series, the order of acidity, P >
2AP > 6mA, is somewhat consistent with the order of excision,
P > 6mA > 2AP. This correlation further highlights the
importance of the fit and alignment of the nucleobase within
the active site; in addition to its high N9-H acidity, P lacks any
steric or electronic features that may be detrimental to its
active-site accommodation, retains most of the H-bonding
features of A, and has the highest PA among this subgroup.
However, the lack of the 6-amino potentially forces the enzyme
to sample more conformations to align this nucleobase to the
catalytic Glu and Asp and, therefore, modestly decreases k2
compared to A. Meanwhile, 6mA, which only partially loses the
H-bonding capability of the 6-amino group, is excised almost
10-fold faster than 2AP despite its comparatively lower acidity
(223.9 kcal mol−1 for 6mA vs 220.6 kcal mol−1 for 2AP),
corroborating the above hypothesis and showing that steric
bulk at C2 rather than C6 is more detrimental to excision.
Analogue with N1 and 6-Amino but No N3 (Z3). Z3

represents one of the most interesting adenine analogues
included in this study.29 While its N9-H acidity (223.8 kcal
mol−1) is only 2 kcal mol−1 lower than that of A (221.4 kcal
mol−1) and almost identical to that of 6mA (223.9 kcal mol−1),
its rate of excision (0.08 ± 0.01 min−1) is 150-fold lower than
that of A and 5-fold lower than that of 6mA. If H-bonding to
the N3 of A is not considered, the N9-H acidities of A (223.7
kcal mol−1) and Z3 (223.8 kcal mol−1) are essentially identical
(Figure S6). H-bonding to the N3 of A increases its acidity and
provides contacts within the active site to “lock” the
nucleobase into position for protonation and excision.
Curiously, though Z3 has a higher PA than A, this factor
fails to compensate the absence of N3. In previous analysis of
gas-phase acidities and k2 of a series of deaza-adenine
analogues, we also observed that the higher N9-H acidity of
Z3 did not correspond to a higher rate of cleavage.35 Taken
together with our present results, these studies corroborate the
importance of enzyme-mediated H-bonding to N3 for facile
base excision. It is surprising to note that the loss of the single
water-mediated H-bonding of N3 to Glu192 and Arg26 has a
greater negative impact on the rate of excision than the loss of
the N1 and 6-amino H-bonds.
Analogues with N3 and Polarity Reversal at N1 (2OA and

I). While I is predicted to be more acidic than canonical 2OA
(by ca. 9 kcal mol−1), it is less acidic than 2OA-cyto (by ca. 6
kcal mol−1) (Figure S7). While both these analogues have a H-
bonding polarity reversal at N1, the additional polarity reversal
at C6 is cumulatively disadvantageous to excision for I (k2
reduced ∼100-fold compared to 2OA). Though the ability of
2OA-cyto to stably H-bond with OGanti (Figure 3) might favor
that tautomer in the duplex, it is unknown which tautomer is

preferred within the active site. If the predominant tautomer is
2OA-cyto, the trend of excision is readily explained due to its
higher acidity; however, canonical 2OA possesses the 6-amino
and N3; thus, contacts with Trp30, Glu188, Glu192, and
Arg26 can orient and align it with Glu43 to enable
protonation. In fact, the importance of the N3 H-bond
highlighted by the Z3 studies suggests that 2OA is the
predominant tautomer within the active site. However, in the
case of I, the complete polarity reversal at N1 and C6 creates
unfavorable contacts within the active site, potentially forcing I
into a conformation that misaligns its N7 with Glu43. The fact
that I is excised at all by the enzyme may be attributed to its
relatively high PA and N9-H acidity.
At this stage, it is interesting to compare the slow excision of

I to minimal excision of BA since both these analogues have
similarly high N9-H acidities (216.3 kcal mol−1 for I vs 218.5
kcal mol−1 for BA). This discrepancy indicates that bulky
substitutions at C8 that affect the fit within the active site are
more detrimental to excision than complete polarity reversal of
the nucleobase. If the nucleobase analogue fits into the active
site, the enzyme is capable of stochastically sampling
catalytically relevant conformations that allow for proper
orientation to protonate N7 and mediate base excision.
Taken together, the observation that even highly labile

analogues, based on their calculated PA and N9-H acidities or
experimentally determined susceptibility to acid-catalyzed
depurination, are not excised at rates higher than A points to
two important features of MutY. First, it shows that the active
site serves a greater role than simply providing an acidic
environment to enable N7 protonation. The sensitivity of k2 to
proper substrate fit in the active site shows that, following
recognition of OG:A, MutY further confirms the structure of
the A within the active site. Indeed, it appears that the unique
structure of A plays as much of a role in “locking” the enzyme
into its catalytically competent state as the enzyme plays in
orienting the substrate base. This interdependent orientation
of active-site residues with the substrate ensures that no base
other than A is efficiently excised by MutY. Second, with the
exception of ADA, BA, and I, which are poor substrates of
MutY, complete excision was observed within the hour-long
time course of the experiments. This observation highlights
that, despite being unable to initially align the analogue to the
catalytic residues, the high affinity afforded by OG provides the
opportunity for mutual orientation to enable base excision,
indicating that the k2 of the analogues is limited in part by the
enzyme’s stochastic search process of the correct catalytic
conformation. Indeed, even ADA and BA were found to be
cleaved by MutY after an extended incubation time (Figure
S3). These results are in contrast to the catalytic mechanisms
employed by other glycosylases, such as TDG and AlkA. For
those enzymes, the rate of substrate excision showed a strong
correlation to the calculated acidities of the nucleo-
bases.37,39,41−43 Since MutY is an unusual glycosylase in that
it specifically cleaves the undamaged base paired opposite a
lesion, it is crucial for the enzyme to correctly identify both
base-pairing partners, and therefore, it appears to have evolved
several structural checkpoints to confirm the structure of the
base that is being excised.
The high specificity for cleavage of A may prevent excision

of improperly placed bases within the MutY active site. For
example, the sensitivity of MutY adenine excision to polarity
reversal at N1 and C6 and substitution at C2 would prevent
excision of G. Similarly, sensitivity of substitution at the 6 and
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8 positions of A would prevent excision of natural modified
bases 6-methyladenine and 8-oxoadenine. Though aberrant
excision of alternative bases would be expected to be
infrequent due to the strong influence of OG upon
recognition, these rare events would potentially lead to
mutations or strand breaks, thus requiring stringent selection
against such inappropriate activity by MutY.
Adenine Analogues Are Repaired to Different

Extents in Bacterial Cells. To evaluate the impact of the
adenine structural modifications on repair in bacterial cells, we
performed a cellular repair assay by transforming a plasmid
carrying a site-specific OG:Y (Y = A analogue) mispair into
muty+ or muty− E. coli cells. The plasmids were amplified and
extracted, and then analyzed by restriction digestion and DNA
sequencing to determine the distribution of bps at the lesion
site (Figure S10).44 In these assays, OG:A lesion bps within
the plasmid DNA are fully repaired in the presence of MutY to
the correct G:C bps (>95%), while in the absence of MutY a
mixture of G:C and T:A bps are observed at the location of the
lesion site (35% G:C, 65% T:A) consistent with equal
replication of both bp partners and the expected levels of
correct versus mutagenic replication opposite OG.26,29 In the
absence of MutY, the OG:Y bps containing the A analogues P,
2OA, Z3, 2AP, and ADA were processed similarly to A (∼35%
G:C) (Table 1). However, higher levels of % G:C were
observed with several A analogues indicating altered processing
relative to OG:A even in the absence of MutY. Notably, with
the OG:I lesion bp high levels of conversion to G:C and
detection of C:G in sequencing reactions in muty− cells (Table
1, Figure S10) suggest that this analogue may be processed by
an alternative, MutY-independent repair pathway. I is a natural
deamination product of A, and its repair is mediated by the
glycosylase activity of Mpg and the endonuclease activity of
Endo V.45−47 The MutY-mediated repair was quantified as the
difference between percent conversion of the OG:Y lesion bp
to G:C in plasmids recovered from muty+ and muty− cell
lines.44 We defined “overall cellular repair” as the normalized
value of this difference.
Remarkably, the extent of conversion of all the OG:Y lesion

bps to G:C was greater in the presence of MutY and varied
considerably within the group of A analogues (Table 1). For
ease of discussion, the repair of the A analogue bps relative to
the natural OG:A substrate is broadly classified into “well-
repaired” (>60% normalized G:C conversion above back-
ground), “moderately repaired” (40−60%), and “poorly
repaired” (<40%) categories. By this classification, Z3 and P
are “well-repaired,” similar to the natural substrate A, whereas
BA appears to be “moderately repaired”. 2OA, 6mA, 2AP, and
ADA are “poorly repaired”, indicating that their specific
structure and base pairing to OG results in poor recognition
and repair. Notably, within the “poorly repaired” category is
OG:I that exhibited an already high level of conversion to G:C
in the absence of MutY (Table 1, Figure S10). The observation
of MutY-mediated repair with all of the A analogues further
underscores the heavy reliance of MutY on the presence of
OG. These results are consistent with our previous work
modifying either OG or the C-terminal domain that illustrated
the importance of OG in MutY-mediated cellular repair.26,29,48

Cellular Repair by MutY Depends upon A Analogue
Presentation of the OGsyn Conformer. To reveal insight
into fidelity mechanisms used by MutY, we compared the
MutY-catalyzed base excision rate constant k2 with overall
cellular repair of the series of A analogues (Figure 5). Close

inspection reveals that k2 does not have a significant correlation
with overall repair. For instance, OG:Z3 bp is repaired to G:C
almost as efficiently as OG:A, despite the 150-fold lower k2
value for base excision in the in vitro glycosylase assays. In fact,
Z3 is repaired more efficiently than P, where the k2 is only 2-
fold reduced compared to A. However, the other A analogues
with k2 values in the range of Z3 are poorly repaired (2AP, I).
The differences between the in vitro and cellular experiments
are likely a consequence of the more demanding task of lesion
bp recognition by MutY in a cellular context where the vast
majority of DNA is undamaged. Moreover, repair is in
competition with replication, and efficient capture of the
lesion by MutY is required to prevent mutagenic replication.
We have previously shown that defects in OG recognition by

MutY more dramatically reduced OG:A cellular repair than
defects in adenine base excision catalysis.26,29,48 Indeed, this
trend was observed by making specific mutations in MutY, as
well as specific modifications of OG. We recently showed that
MutY utilizes the major groove 2-amino group of OG as a key
detection and recognition feature of OG:A mismatches.26,27

The results presented in this work demonstrate the fidelity of
MutY for binding and excising only A, or structures closely
resembling A. The fact that T:A or OG:C bps do not present a
2-amino group in the major groove of DNA allows MutY to
rapidly bypass these bps and avoid aberrant excision. The
unique H-bonding pattern between A and OG stabilizes OG in
its syn conformation and positions the 2-amino group in the
DNA major groove providing a unique structural signature for
MutY recognition.
Upon considering the indirect feature of A in positioning

OG, the results from the cell-based assay are more easily
rationalized. Indeed, the A analogues that would be expected
to H-bond to OG like A and stabilize the syn conformation of
OG are repaired most efficiently. The retention of an “A-like”
Watson−Crick face in Z3, ADA, and BA would allow for A-like
base-paring to the N7-H and 6-oxo groups of OGsyn. This is
consistent with duplex stability studies (Table 1, Figure S9)
that indicate minimal reduction in stability compared to OG:A
(<4 °C). Despite its low rate of excision, efficient recognition
allows Z3 to be repaired in cells. This hypothesis also provides
an explanation for the moderate repair observed for BA, and to
a lower extent ADA, which are poorly removed in our in vitro

Figure 5. Relationship between overall repair and rate of base
excision. The overall repair plotted on the y-axis represents the
normalized percent G:C conversion of each analogue in muty+ cells
above background levels in muty− cells, as measured by extent of
restriction digest by BmtI. The gradient bar indicates the extent of
repair ranging from poor (red; <40%), moderate (yellow; ca. 40−
60%), to well (green; >60%) repaired.
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glycosylase assay. The ability of these unnatural base pairs to
be detected provides an opportunity for them to be captured
and sequestered from the replication machinery which would
create the mutation.
Analogues that are unable to form an “OGsyn:Aanti-like” base

pair have reduced levels of overall cellular repair. The analogue
P has the highest rate of excision among the analogues tested;
however, the extent of repair of OG:P is marginally lower than
that of OG:Z3. This may be a consequence of the loss of the
H-bond between 6-amino of A and 6-oxo of OG that alters the
position of the 2-amino of the OG in the major groove,
reducing the efficiency of recognition of OG:P bps by MutY.
Interestingly, in duplex stability measurements based on DNA
melting temperature (Tm), P destabilizes the base pairing with
OG (ΔTm = −6 °C) more than 2AP (ΔTm = −4 °C) and 2OA
(ΔTm = −2 °C) relative to OG:A. Despite the modest
reduction in Tm, the plasmid substrates containing the 2AP and
2OA are poorly repaired by MutY. 2AP may be capable of

forming two H-bonds to the 8-oxo and N7-H of OG, but in a
fashion that would position the 2-amino group differently in
the major groove, thus preventing MutY from “finding” it. The
stability of the OG:2OA-containing duplex and the enthalpy
calculations suggest that 2OA prefers the alternative
conformation involving the 2OA-cyto tautomer when H-
bonding with OGanti. In the OGanti conformation, positioning
the 2-amino group in the minor groove of the helix would lead
to complete evasion of recognition by MutY. The reduced
stability of the OG:I duplex compared to OG:A (ΔTm −12.8
C) is similar to introducing a bp mismatch49 and may be
rationalized by the inability to make complementary H-bonds
with OG in its syn or anti conformation. It is unlikely that the
2-amino group of OG is favorably positioned in the OG:I bp,
and therefore, it eludes detection by MutY. Curiously, these
observations indicate that MutY is very specific to the topology
of the OGsyn:Aanti mispair, such that it completely bypasses a
distorted base pair containing OG! These results indicate that,

Figure 6. High quality control of MutY engendered at multiple checkpoints. (a) Summary of SAR highlighting the importance of the different
structural features of A in OG:A mismatch recognition and base excision. (b) Positioning of the 2-amino group in the major groove of the helix
enables initial recognition of OG:A in a cellular context; left inset, crystal structure of an OG:A mispair (PDB ID 178D) shows that canonical
adenine H-bonds with OG and stabilizes the syn conformation; right inset, analogues that improperly base pair with OG and displace the 2-amino
group from its major groove position leading to inefficient recognition by MutY.
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within a cellular context, MutY is exquisitely sensitive to the
unique structure of OGsyn:Aanti to facilitate detection (Figure
6).

■ CONCLUSIONS
Implications in MutY and MUTYH-Mediated Repair.

MutY-mediated repair of OG:A mismatches is daunting
considering the challenge of recognition of a rare lesion in
the context of a large excess of structurally similar canonical
bps and competition with other cellular processes. The SAR
studies herein with A analogues indicate that the identity and
presence of a misplaced A base is indirectly detected by MutY
via its ability to stabilize the syn conformation of OG to display
the 2-amino group in the major groove of DNA. This result is
consistent with previous work where we showed that the
8OI:A lesion (where 8OI lacks the 2-amino group) is not
recognized or repaired at all by cellular MutY.26 The unique
ability of A to stably pair with OG in its syn conformer
prevents MutY from selecting and presenting other bases to its
active site such as C from OG:C bps. Furthermore, the
detectable levels of repair of the extremely poorly processed
analogues, BA and ADA, in the cellular assay suggest that, by
efficiently recognizing and binding the mispair in cells, MutY
prevents propagation of T:A mutations. Notably, however, BA
and ADA are not repaired as efficiently as the trio of A, P, and
Z3, indicating that the ability to be efficiently excised by MutY
is important for high-fidelity repair. The ability of MutY to
identify the unique structural features of OGsyn:Aanti bps allows
for rapid lesion searching with exquisite specificity.
These findings imply that MUTYH cancer-associated

variants that are competent in terms of recognizing and
binding the lesion may be able to stall the production of point
mutations in cells, despite deficiencies in glycosylase activity.
However, abrogation of lesion recognition by MUTYH
variants would be catastrophic even if catalytically competent.
This observation is consistent with the consideration that
OG:A mismatch detection and repair by MutY and MUTYH
must occur rapidly and take place prior to DNA replication to
prevent creation of a mutation. Indeed, studies with the
bacterial and murine orthologues of the most common MAP
variant, Y179C MUTYH (Y82C MutY and Y150C Mutyh),
showed that this amino acid substitution had greater impacts
upon binding and damage engagement than on the rate of
adenine excision.18,50−52 In addition, recent studies in our
laboratory have shown that a catalytically competent, but
recognition deficient, MutY variant is incapable of initiating
BER in bacterial cells.27 Taken together with our previous SAR
study using OG analogues, the work presented herein
underscores that importance of chemical confirmation of a
lesion as subtle and insidious as OG:A in enabling its repair
and preventing mutations. Through this study, we have probed
the positions on the adenine bases that tolerate substitution,
while maintaining MutY activity. These insights can be used to
guide future design of MutY/MUTYH specific probes to
monitor the activity, or lack thereof, of MutY/MUTYH
variants.53 Moreover, the SARs presented here can be applied
toward the development of MutY/MUTYH specific inhibitors
that may find utility in cancer therapeutics.54−56
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purine; PA, proton affinity; PAGE, polyacrylamide gel
electrophoresis; RONS, reactive oxygen and nitrogen species;
SAR, structure−activity relationship; ssDNA, single-stranded
DNA; T, thymine; Tm, melting temperature; W−C, Watson−
Crick; Z3, 3-deazadenine
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