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ABSTRACT: 8-Oxoguanine (OG) is one of the most frequently occurring forms of DNA
damage and is particularly deleterious since it forms a stable Hoogsteen base pair with
adenine (A). The repair of an OG:A mispair is initiated by adenine−DNA glycosylase
(MutY), which hydrolyzes the sugar−nucleobase bond of the adenine residue before the
lesion is processed by other proteins. MutY has been proposed to use a two-part chemical
step involving protonation of the adenine nucleobase, followed by SN1 hydrolysis of the
glycosidic bond. However, differences between a recent (fluorine recognition complex,
denoted as the FLRC) crystal structure and the structure on which most mechanistic
conclusions have been based to date (namely, the lesion recognition complex or LRC)
raise questions regarding the mechanism used by MutY and the discrete role of various
active-site residues. The present work uses both molecular dynamics (MD) and quantum
mechanical (ONIOM) models to compare the active-site conformational dynamics in the two crystal structures, which suggests
that only the understudied FLRC leads to a catalytically competent reactant. Indeed, all previous computational studies on MutY
have been initiated from the LRC structure. Subsequently, for the first time, various mechanisms are examined with detailed
ONIOM(M06-2X:PM6) reaction potential energy surfaces (PES) based on the FLRC structure, which significantly extends the
mechanistic picture. Specifically, our work reveals that the reaction proceeds through a different route than the commonly
accepted mechanism and the catalytic function of various active-site residues (Geobacillus stearothermophilus numbering).
Specifically, contrary to proposals based on the LRC, E43 is determined to solely be involved in the initial adenine protonation
step and not the deglycosylation reaction as the general base. Additionally, a novel catalytic role is proposed for Y126, whereby
this residue plays a significant role in stabilizing the highly charged active site, primarily through interactions with E43. More
importantly, D144 is found to explicitly catalyze the nucleobase dissociation step through partial nucleophilic attack. Although
this is a more direct role than previously proposed for any other DNA glycosylase, comparison to previous work on other
glycosylases justifies the larger contribution in the case of MutY and allows us to propose a unified role for the conserved Asp/
Glu in the DNA glycosylases, as well as other enzymes that catalyze nucleotide deglycosylation reactions.

The integrity of the genetic code must be continually
protected from various damaging mechanisms including

oxidative stress,1 which has been linked to cancer2−5 and
neurodegenerative diseases.6−8 One of the most prevalent and
stable forms of oxidative damage arises from the conversion of
guanine to 7,8-dihydro-8-oxoguanine (8-oxoguanine, OG).
Because of similarities between the Hoogsteen face of OG
and the Watson−Crick face of thymine, OG can form strong
hydrogen-bonding interactions with adenine.9−11 As a result,
polymerases often read OG lesions as thymine residues during
replication and preferentially place adenine opposite OG, which
can lead to G:C → T:A transversion mutations.12

In bacteria, the deleterious effects of the OG lesion are
prevented by a collection of proteins that form the GO system,
namely, MutM (FPG, EC. 3.2.2.23), MutY (EC. 3.2.2.−), and
MutT (EC. 3.6.1.55).13−15 MutM and MutY are both
glycosylases that initiate the base excision repair (BER)
pathway by hydrolyzing the sugar−nucleobase N-glycosidic
bonds,16,17 while MutT is a nucleotide sanitization protein.18,19

Specifically, MutM catalyzes the deglycosylation of OG when
base-paired with cytosine.14 In the event that one round of
replication has occurred and an OG:A pair has formed, MutY
selectively removes the adenine residue (to be replaced with
cytosine by a BER polymerase) in preparation for MutM.20

However, repairing all adenine mismatches in this way assumes
that OG should always be replaced with guanine. Another
possibility involves misincorporation of an OG nucleotide
opposite adenine, in which case MutY repair would lead to a
T:A → G:C transversion. Therefore, a third repair protein,
MutT, hydrolyzes the OG nucleotide triphosphate to remove it
from the nucleotide pool.18 Because of their interplay, if any
one of these proteins is disrupted, serious downstream
implications arise. For example, a common polymorphism of
hMYH (the human homologue of MutY) removes OG
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specificity and is associated with multiple diseases, such as
MYH-associated polyposis (MAP), and has been linked to a
predisposition to colorectal cancer.21,22

The mechanism of action of MutY has been studied with a
variety of methods including kinetics,20,23−30 alternative
substrates,31−40 kinetic isotope effects,41 and protein crystallog-
raphy.23,26,42−46 Mutational studies have identified two essential
catalytic residues: E43 and D144 (Geobacillus stearothermophilis
numbering used throughout).23,24,30 Analysis of a crystal
structure of OG:A bound to MutY(D144N) (referred to in
the literature as the lesion recognition complex, LRC, Figure
1A) indicates that E43 is aligned with N7 of adenine, while

D144 is near the deoxyribose ring. The LRC led to the
generally accepted mechanism whereby E43 acts as a general
acid (via a bridging water molecule) in the first protonation
step and as a general base in the second hydrolysis step (Figure
2A).42 However, due to the lack of direct contacts between
MutY and adenine, Verdine et al. later developed a crystal
structure of MutY bound to 2′-fluoro-dA (FdA) containing
DNA (denoted as the FLRC, Figure 1B).45 Importantly, the
new structure contains direct contacts to FdA. Since experi-
ments show that wild-type MutY binds FdA-containing DNA

with the same strength as MutY(D144N) binds dA-containing
DNA,24,34,38 the difference in active-site contacts is likely not
due to over-binding of the inhibitor. In addition to proposing
that direct contacts with the substrate potentially play a role in
catalysis, the FLRC suggests that D144 rather than E43 is
aligned to facilitate the reaction as the general base (Figure 2B).
Both of the previously proposed MutY mechanisms are

consistent with a wealth of experimental data. Indeed, there is
substantial support for an initial dA protonation step. First,
kinetic isotope effects indicate that protonation of N7 occurs
before deglycosylation.41 Second, MutY is inactive toward a 7-
deaza analogue.38 Third, E43 is aligned for proton transfer to
N7 (either directly42,45 or indirectly through a bridging water
molecule42). A recent study found that a carboxyl group is
required in the E43 position since an E43D mutant maintains
weak activity, but an E43C mutant is inactive.30 In addition, a
pH profile indicates that E43 is initially neutral and that
catalytic activity is hindered when the residue is initially
anionic.30 The nonenzymatic depurination of nucleosides and
oligonucleotides is known to be acid catalyzed, with
protonation of the nucleobase contributing up to 30 kJ
mol−1.41 Therefore, this first step of the reaction may account
for almost half of the catalytic activity of the enzyme.47

Interestingly, there appears to be little leaving group
stabilization after the proton transfer step. For example, N1
and N3-deaza-adenine substrates are both catalytically active
(albeit at reduced rates),38,40 which indicates that hydrogen
bonding at these sites is not essential. In addition, MutY is
active toward a modified substrate with the N6-amine group
converted to a methyl group.38 This activity is supported by
KIE results that indicate a hydrogen bond to N6 in the reactant
is broken before the depurination transition state.41

There is less definitive evidence regarding the hydrolysis step.
Measured kinetic isotope effects indicate that the hydrolysis
step follows a DN*AN

‡ mechanism.41 In this mechanism, the
glycosidic bond breaks in the first, rate-limiting, reversible step
(DN*), and a water molecule adds to the resulting
oxacarbenium cation in the final irreversible step (AN

‡).
Unfortunately, the KIE does not provide explicit evidence
indicating which residue (E43 or D144) acts as the general base
and activates the nucleophile. However, other glycosylases
(such as hUNG2, hOgg1 and AAG) contain a catalytically
essential aspartate or glutamate located near the sugar moiety in
a similar position as D144 in the FLRC, ideally positioned to
act as the general base that activates the water nucleophile.16,17

Nevertheless, there is no evidence that the water nucleophile in
MutY is deprotonated prior to attack on the anomeric carbon.
Instead, a leading theory is that the anionic charge on D144
assists stabilization of the cationic intermediate,30,41 which has
similarly been proposed for other glycosylases.16,17 In the case
of MutY, it has recently been shown that an anionic charge in
this position is particularly essential for activity since a D144E
mutant is catalytically active at wild-type levels and a D144C
mutant is active at a pH where the cysteine residue is
deprotonated.30 Regardless, the exact role of D144 in the MutY
mechanism is currently unclear.
Computational studies can provide vital molecular level

information regarding the role of active-site residues and aid in
experimental studies to reveal the mechanism employed by
enzymatic systems (see, for example, refs 48−57). However,
unfortunately no previous computational study has considered
the FLRC crystal structure of MutY or the differences in the
associated proposed mechanism (D144 as general base)

Figure 1. (A) Active site of MutY(D144N) with OG:A bound (LRC,
PDB ID 1RRQ). (B) Active site of MutY with OG:FdA bound
(FLRC, PDB ID 3G0Q).
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compared to the generally accepted alternative (E43 as general
base, Figure 2).58,59 Therefore, the present work fills an
important void in the DNA repair literature by considering the
mechanistic implications of the FLRC, with a particular
emphasis placed on understanding the essential role of D144.
For the first time, a rigorous computational protocol that
invokes both molecular dynamics (MD) and quantum
mechanical (QM) ONIOM methods is used to compare the
dynamical structure of the LRC and FLRC. This analysis
questions why all previous computational studies have been
initiated from the (LRC) crystal structure. Subsequently, the
mechanism employed by MutY is critically analyzed using
detailed reaction potential energy surface scans, which have
recently been used to gain important insights into the
mechanisms of action of other DNA glycosylases, including
hUNG2,60 and AAG.53 New roles for active-site residues are
identified, including the essential function of D144, which is
consistent with experimental evidence and justifiably more
involved than observed for other glycosylases,16,17 and the
catalytic importance of Y126, which has yet to be acknowledged
in the literature. Most importantly, our analysis clarifies a
unified role of active-site Asp/Glu residues that are present in
many enzymes in the DNA glycosylase family. Our findings also
have important implications for the mechanism of action of
other enzymes that catalyze nucleoside or nucleotide
deglycosylation reactions such as RNA hydrolases, phosphor-
ylases, and glycosidases.

■ COMPUTATIONAL DETAILS

Molecular Dynamics Simulations. MD simulations were
initiated from both the LRC and FLRC crystal structures.
PROPKA 3.161−64 and chemical intuition were used to assign
the initial protonation states of the amino acid R-groups.
Notably, E43 was determined to be neutral. Modified residues
(8-oxoguanine and N7-protonated adenine) were assigned
GAFF65 and AMBER ff99SB66 parameters using Antechamber
(Tables S1−S5 and Figures S1−S2, Supporting Information),67
while all other residues were assigned AMBER ff99SB
parameters. Partial charges were obtained from HF/6-31G(d)

using Gaussian 09 (revision A.02)68 and RESP charge fitting
with the R.E.D.v.III.4 program.69 Parameters for the iron−
sulfur cluster were adapted from the literature.70,71 Missing and
partially resolved residues were added using overlays of the
3FSP crystal structure, and mutations were reverted. Both
systems were neutralized with sodium ions and solvated in an
8.0 Å (105 Å × 105 Å × 105 Å) TIP3P water box using the
LEaP module of AMBER 11, with initial minimizations of the
solvent and ions conducted while applying a 500 kcal mol−1

constraint on the enzyme and DNA. Subsequently, 1000 steps
of unrestrained steepest descent and 1500 steps of unrestrained
conjugate-gradient minimization were performed on the entire
system. The system was then heated at constant volume from 0
to 300 K over 20 ps with a 10 kcal mol−1 restraint on all DNA
and protein atoms. The entire system was then simulated
without restraints for 20 ns (LRC) or 40 ns (FLRC) at 300 K
and 1 atm. All simulations used a 2 fs time step and were
conducted using the SANDER module of AMBER 1172 or 12,71

while trajectory analysis was completed using the ptraj module
of AMBER 11. Additional details of the MD simulation
protocol are provided in the Supporting Information.

Quantum Mechanical Model. Reactant Generation.
Following a detailed comparison of the LRC and FLRC (see
Results), the FLRC45 was used as the starting point for all
quantum mechanical models. The enzyme−substrate complex
was generated by first selecting a 10 Å sphere around the FdA
residue (A5L18) (Table S6, Supporting Information). The
charge of the full system is −5 with 838 total atoms (424 heavy
atoms). Truncation points were capped with hydrogen atoms
constrained to the crystal structure orientation of the replaced
atom. The remaining hydrogen atoms were added manually to
maximize hydrogen-bond contacts and optimized with PM6
while fixing the heavy atom positions. Finally, the system was
relaxed using ONIOM(M06-2X/6-31G(d):PM6) with the low-
level region held fixed. The DFT region contains all groups that
directly interact with adenine or the proposed nucleophile,
namely, the FdA nucleoside, waters 28, 50 and 371, and the
functional groups of R31, E43, Y126, D144, N146, and E188
(Figure 3 and Table S6, Supporting Information). The

Figure 2. (A) Mechanism based on the LRC, with E43 as the general acid and general base. (B) Mechanism based on the FLRC, with E43 as the
general acid and D144 as the general base.
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corresponding DFT region contains 104 total atoms (54 heavy
atoms) and a charge of −1.

Conformational Search. A conformational search of
selected residues in the MutY active site was carried out with
the ONIOM model generated from the FLRC. Initially, each
dihedral angle in the R-groups of the residues of interest was
modified in 60° increments, and conformations with small
interatomic distances were removed. Next, single-point energy
calculations were carried out on each conformation with PM6.
Structures within 100 kJ mol−1 of the most stable conformer
were then relaxed with our ONIOM(M06-2X/6-31G(d):PM6)
model. At this point, the resulting geometries for the each set
considered were combined, such that each residue adopted the
most energetically feasible orientation, and the resulting
structure was reoptimized with ONIOM.
Reactions. Using our ONIOM(M06-2X/6-31G(d):PM6)

model generated from the FLRC as described in the Reactant
Generation subsection, two possible mechanisms of action of
MutY were studied using reaction potential energy surface
scans. The first step in the MutY reaction, transfer of a proton
from E43 to N7, was modeled by scanning the OεE43−H
distance. The hydrolysis step was modeled from the fully
relaxed activated reactant with the proton on adenine (RC*).
Specifically, two-dimensional reaction PES were generated with
the glycosidic bond (C1′−N9) as one coordinate and the
nucleophile attack distance (C1′−Onuc) as the second
coordinate. Minima for productive mechanisms were fully

relaxed (constraints on the glycosidic bond and nucleophile
distance removed), and the transition states were further
refined to a 0.050 Å grid. The DFT regions were extracted from
the stationary points, and M06-2X/6-31G(d) frequency
calculations were carried out to obtain estimates of the zero-
point vibrational energy and thermal correction to Gibbs
energy, as well as to verify the nature of stationary points.55−57

Although the stationary points identified from the PES may
have more than one imaginary frequency due to the structural
constraints imposed, we note that a significant imaginary
frequency that corresponds to the reaction pathway can be
identified for all transition states (see coordinates for the DFT
region of the refined stationary points in the Supporting
Information). Furthermore, a previous study on another DNA
glycosylase (AAG) has verified that stationary points identified
from PES scans are excellent (structural and energetic)
approximations of the corresponding fully optimized geo-
metries.53 High-quality energetics for the refined stationary
points were obtained with ONIOM(M06-2X/6-311+G-
(2df,2p):PM6).
All QM calculations were carried out with Gaussian 09

(revisions A.02 and C.01).68 Full computational details are
provided in the Supporting Information.

■ RESULTS
Critical Comparison of Crystal Structures. As men-

tioned in the first section, there are two primary crystal
structures that have yielded important insight into the
mechanism of action of MutY (denoted LRC and FLRC,
Figure 1). Despite the fact that all previous computational
studies on MutY have been initiated from the LRC,58,59 the
crystal structure of this (D144N) mutant does not contain
direct contacts between the protein and adenine substrate.
Consistent with previous literature,59 a significant amount of
water remains in the active site following MD simulations
initiated from the LRC (Table 1 and Figures 4A and S3−S7,
Supporting Information). Furthermore, the active-site waters
form close contacts with the adenine substrate (Tables S7−S9,
Supporting Information). Most importantly, these interactions
prevent direct contacts between the substrate and accepted
catalytically essential residues, such as E43. In fact, hydrogen-
bonding occupancies (Tables S8 and S9, Supporting
Information) suggest that only six hydrogen-bonding inter-
actions exist between any two active-site residues (none with
dA), with the largest occupancy of 56% of the simulation time.
Overall, MD simulations initiated from the FLRC exhibit

much less water in the active site than those initiated from the

Figure 3. Schematic of the residues included in the DFT region of the
various ONIOM models.

Table 1. Summary of MD Resultsa

LRC FLRC FLRC FLRC

dA dA dA7H dA7H

model cap cap cap nocap

water molecules within 3.6 Å of dA(C1′) 7.8 (3.1) 2.2 (0.7) 0.1 (0.3) 1.0 (1.0)
E43(Oδ1)···dA(N7) distance (Å) 4.514 (0.360) 4.790 (1.326) 2.926 (0.161) 2.728 (0.092)
D144 Cα-Cβ-Cγ-Oδ1 dihedral (deg)b 221.5 (116.1) 173.2 (98.6) 231.8 (11.9) 118.7 (30.4)
D144(Oδ1)···V147(NH) distance (Å) 4.143 (0.850) 4.881 (0.984) 2.876 (0.131) 5.273 (1.395)
Y126(OH)···E43(Oε1) distance (Å) 3.833 (0.599) 4.916 (0.688) 2.633 (0.102) 2.663 (0.218)
dA sugar pseudorotation values (deg) 89.9 (50.6) 117.1 (75.2) 334.2 (18.4) 262.5 (116.5)
E188 Cα-Cβ-Cγ-Cδ dihedral (deg)c 228.2 (88.4) 195.9 (66.4) 243.8 (88.2) 197.1 (67.7)

aAverage number, distance, or angle (standard deviation). bHelix-capping interaction occurs at ∼155° and 206°. cOriginal dihedral was 160° and 75°
in the LRC and FLRC, respectively.
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LRC (Table 1 and Figures 4 and S3−S7, and Table S7,
Supporting Information). As a result, a direct contact between
dA and E43 is present for approximately 60% of the FLRC
simulation (Table S8 and Figure S8, Supporting Information),
which is consistent with the observed specificity of MutY.38

Furthermore, four additional direct contacts are formed
between active-site residues with occupancies of 35−95%
(Table S8 and S9, Supporting Information), which in
conjunction with the spread in the distributions of bond
lengths and dihedral angles (Figures S8−S11, Supporting
Information) suggests more specific binding of the substrate in
the FLRC. In addition to a significant difference in the location
of E43 in the LRC and FLRC crystal structures and simulations
(Figures 1 and 5), D144 is less mobile in the FLRC than in the

LRC simulation (the RMSF of D144 is 0.755 and 0.553 in
simulations initiated from the LRC and FLRC, respectively; see
also the standard deviation of the D144 dihedral in Table 1 and
Figures S9−S10 and Table S9, Supporting Information). As a
result, D144 is in a location similar to that of other
glycosylases16,17 and is likely poised for catalysis in the
FLRC, while this residue is not in a catalytically competent
location in the LRC crystal structure42 or simulation.
The above results suggest that the lack of specific contacts

with the substrate in the LRC but the presence of these
contacts in the FLRC, is maintained upon consideration of the
dynamics of the active site. However, the difference in active-
site contacts is likely not due to over-binding of the inhibitor

(MutY:FdA and MutY(D144N):dA have similar binding
strengths).24,34,38 On the basis of the presence of direct
substrate contacts, the FLRC provides a closer representation
of the catalytically competent reactant complex than the LRC.
Indeed, an overlay of the active sites of the LRC, FLRC, and a
product complex (PDB ID 1VRL) indicates that the FLRC
bears a stronger resemblance to the product (RMSD = 0.593
Å) than the LRC does (RMSD = 0.920 Å, and Figure S12,
Supporting Information). Therefore, a reactant based on the
FLRC would require the least atomic motion to proceed
through the reaction and is the focus for further computational
investigation. From a computational point of view, the FLRC is
also a more logical starting point for modeling since this
structure contains no active-site mutations, and the inhibitor
should cause minimal changes to the active-site fold. Thus,
although all previous computational studies have been initiated
from the LRC,58,59 considering other computational starting
points is critical for an accurate analysis. In the case of MutY,
the large change in the relative orientation of active-site
residues (e.g., E43 and D144) with respect to the adenine
substrate in the FLRC and LRC (compare Figure 1A and B)
suggests that the previous computational studies based on the
LRC could characterize a different mechanism of action than
those initiated from the FLRC. Therefore, the present work
focuses on the mechanistic implications of the FLRC.

Active-Site Dynamics Following Substrate Activation.
Since there is substantial experimental evidence for an initial
nucleobase protonation step prior to deglycosylation,30,38,41 the
effect of direct proton transfer from E43 to N7 of dA (dA7H) on
the active-site structure and dynamics was considered based on
the FLRC. When dA is protonated, there is less water in the
active site (Tables 1 and S10 and Figures S3−S7, Supporting
Information) and, as a result, the active site is tightened upon
formation of dA7H (see, for example, Figures S8−S11,
Supporting Information). Indeed, a direct contact between
(anionic) E43 and (cationic) dA7H is occupied for close to
100% of the simulation, which is significantly higher than the
occupancies for substrate interactions when dA is neutral
(Table S8, Supporting Information). Furthermore, a high
(100%) occupancy hydrogen bond is formed between the R-
groups of E43 and Y126, which holds dA, E43, and Y126 in
close proximity and is in stark contrast to the weaker Y126
interaction with the backbone carbonyl of E43 when dA is
neutral (E43(Oδ1)···dA(N7) distance in Table 1; see also
Table S8 and Figure S11 and S13, Supporting Information).
Interestingly, the puckering of the deoxyribose moiety changes
upon protonation of dA to the C3′−exo conformation
anticipated based on experimental evidence45 (Table 1 and
Figure S15, Supporting Information). In the FLRC crystal
structure, D144 caps the helix of the MutY HhH motif through
a hydrogen bond to V147 (Figure S14, Supporting
Information). Although D144 interacts with N146 in the MD
simulations regardless of the protonation state of dA (NN146−
H···OδD144), the helix-capping interaction with V147 is only
present in the FLRC when dA is protonated ((NV147−H···
OδD144) in Table 1 and S9 and Figure S9−S10, Supporting
Information), which would provide additional stability to the
active site. Combined, these MD results support experimental
suggestions that dA is protonated in the active site in a step
prior to deglycosylation.

Orientation of Active-Site Residues. Because of the
potential role of D144 as a general base in the mechanism of
MutY action, it is important to further consider the dynamic

Figure 4. Distribution of crystallographic (red) and solvent box
(orange or blue) water in the (A) LRC and (B) FLRC active sites in
the crystal structure (orange or blue) and after a 20 ns MD simulation
with (neutral) dA bound.

Figure 5. Overlay of representative structures from MD simulations of
the LRC (orange) and FLRC (red) crystal structures with (neutral)
dA bound in the active site.
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orientation of this residue in the active site after dA protonation
has occurred. Specifically, since D144 was found to adopt
several conformations in the simulations, an additional
simulation was initiated with the NV147−H···OδD144 helix-
capping interaction broken through the rotation of the D144 R-
group. In this simulation, the helix-capping interaction is
occupied for 65% of the simulation (Table S9, Supporting
Information). Furthermore, the helix cap was present at the
start of the production run but breaks halfway through and
remains broken during the rest of the simulation. Therefore, the
effect of this helix-capping interaction should be considered
when contemplating a mechanism of action of MutY since this
role for D144 may be loosely defined, and D144 may be able to
actively participate in the deglycosylation reaction. For example,
breaking the helix cap would increase the basicity of D144,
which would increase its ability to activate the water
nucleophile during deglycosylation. It is also important to
note that, in all simulations, E188 adopts an orientation that is
different from the published structure45 but better reflects the
electron density of the FLRC (Table 1 and Figure S16,
Supporting Information).
Because of the observed dynamics of certain active-site

residues, the conformational landscape of the active site was
further analyzed with QM using an ONIOM model generated
from the FLRC in order to gain information about the relative
energy of potentially important conformations. Initially, the
conformations of D144 and N146 were jointly considered
because of their role in the formation of the helix cap, and two
conformations were identified following ONIOM relaxations of
the 13 lowest energy structures from a preliminary (PM6)
search. The lowest energy conformation maintains the helix-
capping interaction between D144 and the backbone amide of
V147 observed in the X-ray crystal structure, while the other
orientation breaks this contact at a cost of 51.6 kJ mol−1.
Subsequently, the orientations of E188 and R31 were jointly
considered due to differences in the simulation and published
FLRC structures. Nine conformations of R31 and E188 were
obtained with ONIOM after the relaxation of 30 orientations
from the preliminary search. Notably, 19 of the 30
conformations fell to the lowest energy structure in which
E188 adopts a conformation consistent with MD and the
experimental electron density of the FLRC (Figure S17,
Supporting Information). A structure that resembles the
reported FLRC geometry was also obtained and was 66.1 kJ
mol−1 higher in energy. When the two D144/N146 and nine
R31/E188 conformations were combined and relaxed with
ONIOM, the energetic differences observed in the separate
optimizations were maintained.
An overlay of the heavy atoms in the ONIOM reactant and

the equivalent atoms in a representative structure from the
FLRC simulation (with the helix cap in place) shows that both
methods result in the same active-site geometry (RMSD =
0.978 and 0.672 Å for all heavy atoms and just the DFT region,
respectively, Figure 6). Therefore, several ONIOM models
were confidently used to study the reaction mechanism and
clarify the role of select amino acids (Table 2).
Mechanism Catalyzed by MutY. Proton Transfer. Since

experimental41 and MD (above) evidence supports an initial
proton transfer step, transfer from E43 to dA was modeled
prior to considering deglycosylation. On the basis of the
surfaces for the three models (Figure S18, Supporting
Information), proton transfer is calculated to be barrierless
and likely does not contribute to the total reaction barrier. After

proton transfer, slight elongation of the glycosidic bond (by up
to 0.021 Å) is observed, which is consistent with the effect of
N7 protonation on nucleotide structures.73−75 Although a
previous large-model computational study observed proton
transfer concomitant with depurination,59 proton transfer could
not occur earlier due to the methodology implemented. In
contrast to the generally accepted MutY mechanism based on
the LRC, the barrierless proton transfer calculated with the
ONIOM models coupled with the results from the MD
simulations suggests that the primary role of E43 is direct
protonation of the nucleobase (rather than protonation
through a water molecule) and that the protonation step
occurs prior to glycosidic bond cleavage. Furthermore, these
results indicate that the adenine substrate is protonated in the
FLRC crystal structure.

Standard Hydrolysis. In the standard hydrolysis mechanism
based on the FLRC (Figure 2B), a water molecule (Wat28)
below the plane of the sugar moiety acts as the nucleophile,
which can be activated by D144 through either hydrogen
bonding or full proton transfer. In the calculated reaction PES
(Figure 7), the reactant well occurs in the bottom left corner,
deglycosylation occurs along the horizontal axis, and attack on
the anomeric carbon occurs on the vertical axis. The X-WT
model, which uses the published FLRC X-ray crystal structure
conformation of the active site, leads to a large barrier (ΔE =
150.6 kJ mol−1) to deglycosylation (TSD, Table 3) and does
not proceed to products (Figure 7A). Therefore, it is important
to consider alternate active-site geometries identified from MD
or ONIOM and not solely rely on published X-ray structures.
MD and ONIOM conformational searches revealed an

alternate conformation of E188 (with D144 remaining in a
helix-capping position) and was used to generate the CS-Cap
model. In contrast to the X-WT model, products are obtained

Figure 6. Overlay of all heavy atoms in the MutY ONIOM active-site
model obtained with MD (representative structure from FLRC
simulation with N7-protonated dA bound, light blue) and QM (RC*
with CS-Cap model, yellow). (For clarity, only atoms included in the
DFT region are shown.)

Table 2. Summary of the ONIOM Models Used in the
Present Study

model D144a E188b

X-WT helix cap FLRCc

CS-Cap helix cap alternated

CS-NoCap broken cap alternated

aOrientation of D144. bOrientation of E188. cConformation from the
FLRC crystal structure.45 dOrientation from the QM conformational
search, see Computational Details.
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with the CS-Cap model (Figure 7B). In addition, the barrier to
deglycosylation is reduced by over half (ΔE = 63.8 kJ mol−1,
Table 3), but addition of the water nucleophile to the anomeric
carbon is still high in energy (ΔE = 201.0 kJ mol−1). Therefore,
this modification of the published active-site conformation is
not enough to make the standard hydrolysis mechanism viable.

Nevertheless, analyzing the reaction will allow for a better
understanding of how MutY functions. For example, the large
barrier for nucleophilic attack at C1′ may arise in part since the
proposed general base (D144) is involved in multiple
hydrogen-bonding interactions with the backbone of V147
(X-WT, CS-Cap models), the R-group of N146 (CS-Cap) and/
or the hydroxyl group of Y126 (X-WT). However, there is a
large migration of D144 in the active site throughout the
reaction (for example, the distance between C1′ and a carboxyl
group of D144 decreases by over 0.4 Å for the CS-Cap model
due to mutual migration of both groups), which suggests that
the orientation of this residue should be further considered.
Contrary to previous computational studies based on the

LRC, E43 is not directly involved in the deglycosylation
reaction when the FLRC is considered. However, E43 is
coupled to Y126. Furthermore, alternate binding modes of
Y126 to E43 were observed in the MD simulations, and
significant motion of Y126 was observed (by over 0.6 Å) over
the course of the CS-Cap standard hydrolysis reaction. This
hints that the hydroxyl group on Y126 may contribute to
catalysis. Part of this catalytic effect likely arises due to
stabilization of the E43 anion. However, as the hydrogen bond
between Y126 and E43 tightens, the anionic charge on E43
partially delocalizes onto Y126, which brings the anionic charge
closer to the cationic sugar. Indeed, d(C1′−OY126) decreases by
0.658 Å during the course of deglycosylation in the CS-Cap
model. Therefore, a second potential role for Y126 is
stabilization of the charged oxacarbenium intermediate.

D144-Dependent Hydrolysis. The spontaneous movement
of D144 noted during depurination in the standard hydrolysis
mechanism led us to investigate a new mechanism in which
D144 is more directly involved in the deglycosylation step. The
CS-Cap model was initially considered for this new mechanism
since it exhibits a lower standard hydrolysis barrier than the X-
WT model, and MD supports the stability of this active site
conformation. In this so-called D144-dependent hydrolysis
mechanism, the effect of D144 motion toward the sugar moiety
on the dissociation microstep is explicitly considered using the
glycosidic bond and C1′−OδD144 distances as the reaction
coordinates in the first (deglycosylation) step. A covalent link
between the sugar and D144 was not observed to form on the
CS-Cap surface, and therefore the glycosidic bond and C1′−
OWat28 distances are the coordinates in the second (nucleophile
addition) step (Figure 8).
In the first step of the D144-dependent reaction, the distance

between C1′ and OδD144 reduces from 3.400 Å to 2.600 Å as
the dA nucleotide is deglycosylated on the CS-Cap surface
(Figures 8A and 9), which weakens the helix-capping
interaction (d(NV147−H···OδD144) = 1.925−2.016 Å; Figure
S20H, Supporting Information). The tight contact between the
sugar moiety and D144 stabilizes the sugar, and therefore, the
deglycosylation barrier characterized for the D144-dependent
mechanism (ΔE = ∼31 kJ mol−1) is half that obtained for the
standard hydrolysis mechanism, suggesting that this is a more
likely mechanism.
MD simulations and QM conformational searches reveal that

the active site can adopt a stable conformation when the D144
helix-capping interaction is broken (Table S9, Supporting
Information). Since the D144-dependent reaction requires
significant motion in this residue, it is possible that starting
from a reactant without this contact may reduce the hydrolysis
barrier. In addition, D144 should be a stronger general base
without the helix-capping interaction. Therefore, the D144-

Figure 7. ONIOM(M06-2X/6-31G(d):PM6) reaction PES (kJ mol−1)
for the standard hydrolysis with the (A) X-WT and (B) CS-Cap
models. Each contour represents 5 kJ mol−1.

Table 3. Summary of ONIOM Reaction Energetics (kJ
mol−1) Estimated from Reaction Potential Energy Surfaces
and Relaxed Stationary Pointsa

mechanism model RC* TSD IC TSA PC

Reaction Potential Energy Surfacesb

standard X-WT 0.0 150.6 112.7 NRc NRc

hydrolysis CS-Cap 0.0 63.8 60.5 201.0 129.2
D144 CS-Cap 0.0 35.1 19.6 148.1 105.1
dependent CS-

Nocap
0.0 30.5 14.3 97.5d 54.5d

Relaxed Stationary Pointse

D144 CS-Cap 0.0 30.9 7.8 156.7 104.4
(32.0) (10.0) (168.1) (113.3)

dependent CS-
NoCap

0.0 30.6 11.5 110.0d 57.7d

(31.1) (17.7) (115.8) (61.0)
Y126F Mutante,f

D144 CS-Cap 0.0 38.5 19.8 165.5 115.0
(42.2) (24.8) (171.5) (113.7)

dependent CS-
Nocap

0.0 34.1 23.1 122.0d 71.5d

(29.7) (23.9) (125.4) (67.6)
aONIOM(M06-2X/6-31G(d):PM6) geometries. See Computational
Details for model specifications. bOptimization level energies. cNo
reaction observed. dGeometry from the CS-Cap surface. eONIOM-
(M06-2X/6-311+G(2df,2p):PM6) single-point energies with ZPVE
corrections included (Gibbs energies are in parentheses). fSee the full
computational details in the Supporting Information for additional
details on the mutant calculations.
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dependent mechanism was investigated using a model that does
not contain the NV147−H···OδD144 hydrogen bond (CS-NoCap,
Table 2). Removing the helix-capping interaction shifts the
deglycosylation transition state slightly earlier (d(C1′−OδD144)
= 2.850 and 3.150 Å for the CS-Cap and CS-NoCap models,
respectively; Figure 9) but has no effect on the energetics
(Table 3). Interestingly, a stable intermediate is found for both
(CS-Cap and CS-NoCap) models with a relative energy of
7.8−11.5 kJ mol−1 (Table 3). These energetics, coupled with
the fact that the helix cap is easily broken under the constraints
of standard MD simulations, suggest that either mechanism is
plausible.
The N6 amine of adenine hydrogen bonds with E188 and a

water molecule (Wat371). Both interactions tighten near the
transition state, then loosen again near the deglycosylated
intermediate (Figures S20B and S20D, Supporting Informa-

tion), which is consistent with KIE data.41 The only other
hydrogen bond to the adenine nucleobase is a contact between
N1 and R31, which tightens to ∼1.8 Å at the transition state
and then weakens (Figure S20B, Supporting Information).
While hydrogen-bonding interactions at N1 may not be
necessary for MutY activity,38,40 the leaving group stabilization
provided by such contacts should be catalytic.76 Following the
deglycosylation TS, D144 in the CS-NoCap model becomes
unstable and can reform the backbone interaction to V147.
Therefore, the water association step was only modeled with
the CS-Cap model (Figure 8B), and the energies of the
stationary points are reported relative to the corresponding
reactants for the CS-Cap and CS-NoCap models (Table 3).
From the refined stationary points, the ΔE for the addition of
Wat28 to C1′ is 110.0 kJ mol−1 relative to the CS-NoCap
reactant and 156.7 kJ mol−1 relative to the CS-Cap reactant.
The barrier to water addition may be reduced if the adenine
nucleobase were to dissociate prior to nucleophilic attack on
the anomeric carbon, which is supported by adenine release
being faster than DNA release.77

The intermediate well connecting the dissociation surface to
the water association surface (Figure 8B) is quite broad.
Indeed, if Wat28 is moved slightly further from the anomeric
carbon (and the C1′−N9 distance is increased slightly), a
second intermediate can be obtained that is exothermic relative
to RC*. Other deglycosylation reaction surfaces have
demonstrated stabilization of the system upon partial
dissociation of the nucleophile from the active site.53,60 The
fact that an exothermic intermediate is only obtained when the
potential nucleophile begins to dissociate from the active site
indicates that the MutY active site is ideally formed to stabilize
the unstable oxacarbenium cation intermediate. These results
are consistent with evidence that release of adenine is faster
than DNA release77 and that the product-bound complex only
attributes 30% of the AP-site density to a bound conforma-
tion.42

Interestingly, the d(C1′−OY126), which was observed to
decrease in the standard mechanism, actually increases when
D144 is more directly involved in the reaction in both the CS-
Cap and CS-NoCap models (Figure S20E, Supporting
Information). This observation supports a proposal that the
primary catalytic role of Y126 is likely stabilization of the charge
generated on E43 in the first (proton transfer) chemical step
rather than stabilizing the sugar cation. To discern the
magnitude of the catalytic role of this residue, a Y126F mutant
was considered (Table 3). The barrier to nucleobase departure
increases by up to 10 kJ mol−1, while the barrier to nucleophilic
attack increases by up to 12 kJ mol−1, with respect to the
corresponding reactant upon consideration of the mutation
depending on which model is considered. This suggests that the
stability provided by interactions with Y126 changes not only
the geometry of the active site but also the overall reaction
energetics, which further testifies to the potential importance of
this residue.

■ DISCUSSION
Proposed Mechanism of Action. Following detailed

(MD) analysis of available crystal structures for MutY, it was
determined that the FLRC, rather than the most widely studied
(LRC) structure, leads to a catalytically competent reactant,
which unlike the LRC suggests specific contacts to the substrate
are formed upon binding and proposes that D144 (rather than
E43) is the general base (activates the water nucleophile). Since

Figure 8. ONIOM(M06-2X/6-31G(d):PM6) reaction PES (kJ mol−1)
for the (A) CS-Cap dissociative step, (B) CS-Cap associative step, and
(C) CS-NoCap dissociative step of the D144-dependent mechanism
with refined regions near the TS inset. Each contour represents 5 kJ
mol−1 on the 0.4 Å surfaces and 0.15 kJ mol−1 on the 0.05 Å inset
surfaces.
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previous computational work on MutY has been solely initiated
from the LRC, our analysis suggests that considering different
computational starting points may significantly extend the
mechanistic picture currently available for MutY. Therefore, the
mechanism of action of this important repair enzyme was
critically evaluated for the first time using sophisticated
computational approaches based on the newest FLRC
structure. Detailed reaction potential energy surfaces charac-
terized two potential mechanisms for depurination of dA by
MutY. Both mechanisms begin with barrierless proton transfer
from E43 to N7 of adenine, which is justified by experimental
data and supported by the greater stability of the enzyme−
substrate complex with protonated dA over neutral dA
according to MD simulations. This finding suggests that the
primary role of E43 is nucleobase activation. Subsequently, the
lowest energy mechanism involves SN1 depurination and more
significant involvement of D144 than even suggested from the
FLRC as evident by significant migration toward the sugar

moiety during the deglycosylation step. Within this scheme, the
helix cap involving D144 can either remain intact or break
during the reaction.
Unlike other glycosylases, such as AAG,47 experimental

estimates of the ΔG for the chemical step are not currently
available. However, ΔG⧧ can be estimated through comparison
of several pieces of experimental data in order to validate our
computational model. Specifically, comparing the rate of MutY
activity (0.2 s−1)28,38 to the uncatalyzed hydrolysis of dA (6.8 ×
10−10 s−1)47 yields a relative rate of 2.9 × 108 at 37 °C and a
corresponding barrier reduction of ∼50 kJ mol−1. Combining
the barrier reduction with the uncatalyzed hydrolysis barrier
(∼130 kJ mol−1)47 leads to an estimated experimental ΔG⧧ for
MutY of ∼80 kJ mol−1. It must be acknowledged that the rate-
limiting associative barrier calculated in the present work is
likely overestimated since the proposed general base (D144) is
involved in numerous hydrogen bonds that reduce its ability to
accept a proton from the nucleophile, while release of the

Figure 9. DFT region of the refined stationary points for the D144-dependent hydrolysis with the CS-Cap (upper, red arrows) and CS-NoCap
(lower, blue arrows) models. Selected ONIOM(M06-2X/6-31G(d):PM6) distances (Å) and angles (degrees, in parentheses) are shown.
ONIOM(M06-2X/6-311+G(2df,2p):PM6) energies (kJ mol−1) relative to the respective reactants (RC*) are in square brackets.
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adenine nucleobase could increase the solvent accessibility of
C1′ and thereby lower the barrier to water attack. With this in
mind, the estimated experimental barrier reasonably compares
to the lowest energy associative barrier (ΔG⧧) for the D144-
dependent pathway (98.5 kJ mol−1 relative to the relaxed
intermediate or 115.8 kJ mol−1 relative to the reactant, Table
3). Combined with the low-barrier deglycosylation step (ΔG⧧ =
31.1−32.0 kJ mol−1), our calculations suggest that the newly
proposed D144-dependent pathway is the most likely
mechanism of action for MutY, which is consistent with a
wealth of experimental data including the relatively new, yet
under studied, catalytically competent FLRC structure.
Role of Y126. For the first time, a potential catalytic role of

Y126 has been identified. First, MD simulations showed
significant variations in the interaction between Y126 and E43
with the dA substrate protonation state. Second, ONIOM
calculations suggest that a Y126F mutant increases the reaction
barrier for the preferred D144-dependent mechanism. Togeth-
er, these results lead us to propose that Y126 may contribute to
the efficiency of MutY. The primary role of Y126 is likely to
stabilize the proton transfer step through a strong hydrogen
bond to E43, which alleviates the developing negative charge on
this residue. A possible secondary role of Y126 may be to assist
the stabilization of charge developed in later reaction steps. For
example, transition state stabilization by Y126 could occur in
the deglycosylation step through hydrogen bonding with active-
site anionic residues, such as E43, which draws the negative
charge closer to the cationic sugar moiety. Interestingly, a
glutamate−tyrosine dyad can also be found in AAG, which may
perform a similar function.78,79 The role of Y126 in MutY, as
well as similar residues in other enzymes, should be carefully
considered in future experimental studies.
Role of D144. In the literature, D144 is generally proposed

to provide electrostatic stabilization to the deglycosylation
transition state, while the FLRC suggests that D144 (rather
than E43 as suggested by the LRC) may act as a general base to
activate the nucleophile.16,17 These roles for D144 are primarily
based on the observed catalytic contribution of active-site Asp/
Glu residues in similar locations in other glycosylases, such as
UDG (hUNG2), hOgg1, NEIL1, AlkA, and AAG.16,17 Our
newly proposed mechanism provides the first computational
support for these roles. In addition, we propose that D144 plays
an even more explicit role than has been previously discussed
for this (or similar) residue(s) in other glycosylases.
Specifically, the distance between C1′ and the D144 functional
group decreases substantially during deglycosylation in all
mechanisms and models investigated. Previous studies on DNA
glycosylases have not proposed significant migration of the
active-site aspartate residue.16,17,53,60,80

In contrast to other glycosylases (such as hUNG2), MutY
excises a cationic nucleobase, which results in a neutral leaving
group. This is a crucial difference from the reaction catalyzed by
other glycosylases since the negatively charged nucleobase near
the oxacarbenium intermediate has been removed, which has
been implicated as an important part of the electrostatic
sandwich that stabilizes the cation. For example, the
oxacarbenium cation intermediate associated with hUNG2
has been proposed to be stabilized by the uracilate anion, an
active-site aspartate, and the −2 phosphate moiety.80,81 The
lack of additional stabilization of the cationic sugar by the
leaving group explains the larger role for D144 observed in the
present work compared to that discussed for other glycosylases.
Interestingly, a recent mutational study replaced D144 with

glutamate and cysteine, and MutY retains activity as long as the
pH maintains the anionic charge of the group.30 Therefore, the
charge of this residue is essential for MutY catalysis. The
importance of charge has also been displayed for the helix-
capping aspartate residue in hOgg1 using alternative mutations
and experimental conditions.82 Definitive evidence of similar
pH effects on Asp/Glu to cysteine mutations could verify the
relative importance of the conserved residue across the
glycosylases. It is also significant to note that the strong
interaction between D144 and the oxacarbenium cation leads to
a stable intermediate that can rearrange to an exothermic
intermediate if the water nucleophile partially dissociates from
the active site. This stabilizing effect suggests that addition of a
water molecule to the anomeric carbon may not occur until
after adenine release.

General Glycosylase Mechanism. A general mechanism for
monofunctional activity of the DNA glycosylases can be
developed by comparing the results of this study with our
previous investigations of hUNG260 and AAG.53 As discussed
in our previous work on hUNG2, as well as in the
literature,16,17,38,41,83,84 leaving group stabilization by the
enzyme is essential for efficient catalysis of nucleoside
deglycosylation via a dissociative SN1 mechanism. As a result,
enzymes that use an SN1 mechanism (hUNG2 and MutY)
contain many direct contacts through hydrogen-bond (and
proton) donation to the nucleobase.60 In contrast, AAG
contains few such donating interactions with the leaving group,
and an SN2 mechanism was characterized for both neutral
ethenoadenine (εA) and cationic (3-methyladenine) sub-
strate.53 These comparisons suggest that one may be able to
estimate the relative dissociative nature of a glycosylase
mechanism based on the number and type of interactions
with the nucleobase leaving group.
In addition to leaving group activation, electrostatic

stabilization of the oxacarbenium transition state and
nucleophile activation are essential to glycosylase activity and
are generally attributed to an active-site Asp/Glu residue.16,17

Although the distance between the sugar and catalytic Asp/Glu
is over 3.6 Å (d(C1′−OAsp) = 3.624−4.258 Å) in the reactant
for hUNG2 and AAG,53,60 this distance is significantly reduced
in the case of MutY (d(C1′−OAsp) = 3.209 Å). In addition, only
the MutY reactant places the aspartate directly below the sugar
ring, while the Asp/Glu is closer to C2′ and O4′ in the hUNG2
and AAG active sites, respectively. This led to our newly
proposed MutY mechanism, which involves mutual migration
of the aspartate and the anomeric carbon in the sugar moiety.
In contrast to some proposals in the literature,16,17,80,85 our
computational studies have found that the Asp/Glu residue is a
very poor general base. In the case of hUNG2, another general
base (histidine) can activate the nucleophile.60 However,
neither AAG nor MutY contain a second general base in the
vicinity of the nucleophile. Although shuttling a proton to the
leaving group could make up for the lack of a strong general
base and has been proposed for AAG,78 full proton transfer was
not observed in our study when AAG acts on (neutral) εA,53

which likely in part led to the preferred SN2 pathway.
Furthermore, a similar proton transfer is not possible during
MutY activity since the nucleobase product is already neutral,
and (in the case of MutY) hydrogen bound to a cationic
(arginine) residue, which makes the departed substrate a very
poor base. Therefore, the calculated barrier for addition of the
water nucleophile to the sugar is larger than anticipated from
experimental data for MutY but is consistent with hUNG2
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being significantly faster (kdeglyco = 540 min−1)86 than MutY
(kdeglyco = 12 ± 2 min−1).38 Thus, we believe that our
computational approach can be used with confidence to gain
information about other glycosylases for which less exper-
imental data is available.
In summary, our calculations show that a computational

protocol combining MD and detailed ONIOM reaction
potential energy surfaces can reveal vital information about
the glycosylase reaction catalyzed by MutY that is otherwise
difficult to ascertain. More importantly, consideration of a
crystal structure that likely more closely represents a reactant
complex for the first time allows us to explain the
experimentally observed significant dependence of the MutY
reaction on the charged active-site aspartate residue, as well as
propose and justify a larger role for the conserved Asp/Glu
residue in the MutY reaction compared to the other
glycosylases. Finally, our work has identified a catalytic role
of Y126, namely, stabilization of a highly charged active site
throughout the chemical step, which may also suggest a
significant role for tyrosine in the reactions catalyzed by other
DNA glycosylases or other enzymes containing, for example,
tyrosine-glutamate dyads. As a result, our work suggests that
future experimental studies should more closely investigate the
role of active site tyrosine and conserved Asp/Glu residues in
the mechanism of action of the DNA glycosylases, as well as
other enzymes that facilitate nucleoside deglycosylation.
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