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’ INTRODUCTION

The DNA nucleobases contain an abundant number of nucleo-
philic sites and are therefore susceptible to reactions with extra-
cellularly and endogenously produced electrophiles.1�3 This
yields a vast array of DNA alkylation lesions, which compromise
the well-being of the cell in a variety of ways depending on the
type of alkylation damage formed. For example, exposing adenine
(A, Figure 1) to methylating agents (such as methylmethanesul-
fonate (MMS)) or intracellular S-adenosylmethionine (SAM) can
result in cationic N3-methyladenine (3MeA, Figure 1).1�3 While
3MeA is not particularlymutagenic,3 it is estimated to be produced
600 times per cell per day4 and is cytotoxic because the methyl
group blocks DNA polymerases and stops replication.2,5 Alterna-
tively, more complex alkylation reactions between the nucleobases
and reactive aldehydes generated by industrial agents1,6 or lipid
peroxidation products7�10 can lead to etheno lesions, such as the
adenine analogue 1,N6-ethenoadenine (εA, Figure 1). This muta-
genic lesion has been reported to be present at increased levels in
tissues undergoing chronic inflammation11 and is commonly
accepted to increase the risk of colon cancer and liver cancer in
Crohn’s and Wilson’s disease patients, respectively.12,13

3MeA and εA are generally repaired through the base excision
repair (BER) pathway.1�3,14�17 A lesion-specific DNA glycosy-
lase initiates this repair process by scanning the DNA strand for
damage sites, flipping the nucleotide into the active site, and
cleaving the N-glycosidic bond that connects the damaged base
to the deoxyribose sugar moiety.18�21 The resulting apurinic/
apyrimidinic (AP) site requires subsequent enzymes (such as AP
endonuclease, 50-deoxyribosephosphate lyase, DNA polymerase,
and DNA ligase) to fully complete the repair pathway. To date,
there is only one DNA glycosylase that has been identified to
remove 3MeA and εA lesions in humans, alkyladenine DNA
glycosylase (AAG).3,14�16,22 In fact, AAG is the only human
glycosylase known to recognize a wide variety of (neutral and
cationic) alkylated and deaminated purines includingN7-methyl-
guanine (7MeG), 1,N2-ethenoguanine (εG), 1,N6-ethanoade-
nine (EA), and hypoxanthine (Hx).23�30 The enzymatic recogni-
tion and removal of diverse lesions is expected to require a
nonspecific catalytic mechanism, which comes at the expense of
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initiates the repair of awide variety of (neutral or cationic) alkylated
and deaminated purines by flipping damaged nucleotides out of
the DNA helix and catalyzing the hydrolytic N-glycosidic bond
cleavage. Unfortunately, the limited number of studies on the
catalytic pathway has left many unanswered questions about the
hydrolysis mechanism. Therefore, detailed ONIOM(M06-2X/
6-31G(d):AMBER) reaction potential energy surface scans are
used to gain the first atomistic perspective of the repair pathway
used by AAG. The lowest barrier for neutral 1,N6-etheno-
adenine (εA) and cationic N3-methyladenine (3MeA) excision corresponds to a concerted (ANDN) mechanism, where our calculated
ΔGq = 87.3 kJ mol�1 for εA cleavage is consistent with recent kinetic data. The use of a concerted mechanism supports previous
speculations that AAG uses a nonspecific strategy to excise both neutral (εA) and cationic (3MeA) lesions. We find that AAG uses
nonspecific active site DNA�protein π�π interactions to catalyze the removal of inherently more difficult to excise neutral lesions, and
strongly bind to cationic lesions, which comes at the expense of raising the excision barrier for cationic substrates. Although proton transfer
from the recently proposed general acid (protein-bound water) to neutral substrates does not occur, hydrogen-bond donation lowers the
catalytic barrier, which clarifies the role of a general acid in the excision of neutral lesions. Finally, our work shows that the natural base
adenine (A) is further inserted into the AAG active site than the damaged substrates, which results in the loss of a hydrogen bond with
Y127 and misaligns the general base (E125) and water nucleophile to lead to poor nucleophile activation. Therefore, our work proposes
how AAG discriminates against the natural purines in the chemical step and may also explain why some damaged pyrimidines are bound
but are not excised by this enzyme.
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catalytic power.26 However, AAG must also have a means to
differentiate and exclude the natural nucleobases.26

Crystal structures of AAG bound to DNA have revealed vital
clues about how this enzyme recognizes and removes damaged
lesions.31�33 X-ray structures of an N-terminally truncated, yet
catalytically active, construction of AAG (Δ79AAG) have been
bound to apyrrolidine abasic nucleotide (transition statemimic),31,32

εA-containing DNA (with E125Q�AAG and a wild-type AAG
structure that interestingly left the glycosidic bond intact),32 and 3,
N4-ethenocytosine (εC)-containingDNA(inhibitor).33WhenAAG
binds to εA or εC,32,33 nonspecific DNA�proteinπ�π interactions
occur in stacked (Y127) and T-shaped (Y159 and H136) orienta-
tions (Figure 2a). As a result, our group has examined the π�π and
π+�π interactions between the amino acids with conjugatedπ-rings
and the natural or select damaged nucleobases.34�37 Our high-level
quantum mechanical approach has provided vital information about
the preferred structures and stabilization energies of these interac-
tions, as well as how the binding strengths change with respect to
several geometric variables. In addition to theseπ�πDNA�protein
contacts, crystal structures reveal interactions between the backbone
N�H of H136 and the N6 site of εA (Figure 2a), as well as the
R-group of N169 and C2 of εA,32 which could yield unfavorable
steric contacts with the N6 amino group of adenine (A) and the N2
amino group of guanine (G), respectively. Additional discrimination
against the natural purines is provided at the nucleotide-flipping step
because stable Watson�Crick pairs are less readily exposed to the
active site.26,38�40 However, it is still not understood how any of the
above DNA�protein contacts contribute to the excision of neutral
and cationic lesions.

Very little is known about the chemical glycosidic-bond cleav-
age step catalyzed by AAG, wheremost of our present knowledge
has been revealed from crystal structures of Δ79AAG. A water
molecule in the active site is ideally positioned to act as the
nucleophile to attack C10 of the sugar31�33 (3.502 Å away from
C10 in the wild-type structure bound to εA-containing DNA,
Figure 2a).32 The proximity and orientation of this water relative
to the side chain of E125 led to proposals that AAG uses a general
base in the catalytic mechanism to activate this water for nucleo-
philic attack.31 Indeed, mutational studies that substituted E125
with alanine or glutamine eliminated detectable glycosylase activ-
ity, and therefore led to the crystal structure of E125Q�AAG

bound to a (glycosidic bond intact) εA-containing DNA
(Figure 2b).32 Additionally, pH�rate profiles clarified that AAG
requires a general base for glycosidic-bond cleavage of both
neutral (εA, Hx) and cationic (7MeG) substrates,41 which is also
a common feature of most monofunctional glycosylases.18,19

O’Brien and Ellenberger found that the pH�rate profiles of
the neutral substrates (εA and Hx) are different from the cationic
bases (7MeG), suggesting that the neutral lesions require the
action of both a general base and a general acid, which protonates
the nucleobase.41 To pinpoint the site of protonation, the activity
of AAG toward Hx was compared to that of 7-deaza-Hx, which
lacks the N7 group.41 No glycosylase activity was observed
toward 7-deaza-Hx, strongly implying that N7 is directly involved
in catalysis of neutral purine lesions.41 In addition, these authors
attempted to identify the general acid by mutating the protein
side chains in the vicinity of the bound nucleotide in the
εA-containing crystal structure.41 Unfortunately, the general acid
was not identified,41 and it has yet to be definitively identified.

The above perplexing result led O’Brien and Ellenberger to
propose that multiple pathways for protonation of the nucleobase,
or perhaps large structural rearrangements from the observed
crystal structure, are required to obtain an active complex.41

Computational work investigating the binding of AAG to εA and
EA,42 or A and Hx,43 as well as a very recent crystal structure of
Δ79AAG bound to εC-containing DNA,33 observed only minor
adjustments in the active site amino acid orientations, and no
new candidates for the general acid were identified. However, as

Figure 2. Crystal structure of (a) wild-type Δ79AAG bound to
εA-containing DNA (PDB entry 1F4R) and (b) E125Q�Δ79AAG
bound to εA-containing DNA (PDB entry 1EWN).32 Protein-bound
water molecules are indicated by red spheres and are labeled according
to the crystal structure.

Figure 1. Structure of an oligonucleotide containing adenine (A) and
the corresponding DNA alkylation lesions N3-methyladenine (3MeA)
and 1,N6-ethenoadenine (εA). Atomic numbering of the purine base
and sugar moiety is provided in gray.
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was recently discussed by Samson and co-workers,33 the crystal
structure of E125Q�AAG bound to εA-containing DNA iden-
tifies a water molecule in contact with N7 of εA (OWat13�N7
distance of 2.792 Å, Figure 2b),32 raising the possibility that
a protein-bound water is responsible for protonation. In fact,
closer examination of the E125Q�AAG structure bound to εA-
containing DNA also reveals a chain of protein-bound water
molecules connecting the proposed general acid located near N7
of εA (Wat13) toWat517, which is 3.479 Å fromC10 of the sugar
moiety (Figure 2b), and raises the potential for a water-mediated
glycosidic-bond cleavage mechanism. Upon overlaying the εA-32

and εC-containing33 crystal structures, the location of Wat13
with respect to the εC inhibitor led Samson and co-workers to
propose that the failure of AAG to cleave εC, as well as other
pyrimidines, could be due to the inability of AAG to activate the
leaving group by protonation.33 Despite these proposals, com-
putational and mass spectrometry studies by Lee and co-workers
spark interesting questions about the commonly accepted gen-
eral acid mechanism for excision of neutral lesions.44,45 Specific-
ally, comparisons of the (N7) proton affinities and (N9) acidities
of the Hx44 and εA45 substrates to the natural purines A and G
reveal that protonation by a general acid is not necessary for
cleavage. In fact, these data suggest that AAG would have a more
discriminatory chemical step in the absence of a general acid
mechanism.

To date, no study has united all of the computational and
experimental results presented above to fully describe the
mechanism-of-action of AAG.With this goal in mind, the present
work uses ONIOM(QM:MM) calculations to examine the
chemical step utilized by AAG to cleave the glycosidic bond in
εA, 3MeA, and A nucleotides. Potential energy surfaces (PES)
are generated to consider the complete reaction paths and
determine whether the reaction is stepwise or concerted for
different (neutral or cationic) lesions. The substrate choices
allow us to assess the dependence of the chemical step on the
charge of the substrate and, perhaps more importantly, whether
the glycosidic-bond cleavage mechanism provides an extra step
for AAG to discriminate against the natural purines. Further-
more, our methodology will elucidate the role of a general acid in
the excision of neutral lesions by considering crystal structure
orientations of protein-bound water molecules near N7 of the
purines, as well as different water nucleophiles, which takes into
account possible water chain proton transfer reactions. For
comparisons with experiment, as well as to help clarify the role
of the amino acids with conjugated π-rings (H136, Y127, Y159),
mutational analysis is used to determine how active site residues
affect the activation energy of the hydrolysis reaction for both
neutral and cationic substrates. Through this work, we propose a
chemical mechanism for AAG that is consistent with all previous
experimental and computational results, provides insights into
the role played by various amino acids in the cleavage step for
neutral and cationic substrates, and suggests how AAG discrimi-
nates against the natural purines at this late stage in themechanism-
of-action.

’COMPUTATIONAL METHODS

Initial Model Generation. The X-ray structure of the E125Q
AAG/εA�DNA complex (1EWNPDB entry32) was used as the starting
point for this study. The R-group of amino acid residues that were not
resolved in the crystal structure (H82, E131, T199, V208, K210, Q238,
E240, and E269) was first added with the Leap program.46,47 Hydrogen

atoms were then added to the DNA�protein system, which was neutral-
ized with sodium ions and fully solvated with 8650 water molecules in a
TIP3Pwater box to yield a 8 Åwater buffer around the system and a total
box size of 69 Å� 69 Å� 71 Å. The εA substrate present in this crystal
structure was assigned AMBER48 atom types and GAFF49 parameters
using ANTECHAMBER50 (shown in Figure SI-1 and Table SI-1 in the
Supporting Information). The original charges for εA were obtained
using the RESP (restrained electrostatic potential)51,52 program, which
fits the partial atomic charges to the ESP grid generated in a (gas-phase)
HF/6-31G(d) calculation on the (M06-2X/6-31G(d) hydrogen-atom
optimized) crystal structure orientation of the nucleotide. All other
residues were initially assigned AMBER charges.48

In the present work, a two-layer (mechanical embedding) ONIOM
(our own N-layer integrated molecular orbital molecular mechanics)
method53�55 in Gaussian 0956 was used for all QM/MM calculations,
which has recently become an important technique for computational
studies of enzymatic catalysis (see, for example, refs 57�71). Active site
residues (εA7 nucleotide substrate, Q125, Y127, A135, H136, Y159,
Wat13, Wat18, Wat19, Wat502, Wat517, Wat521) were included in the
QM region (78 heavy atoms) and were described with M06-2X/6-31G(d)
(Figure 3). Previous work from our group compared the performance of 12
density functional theory (DFT) methods with double-ζ basis sets to 129
gold-standard (CCSD(T)/CBS) DNA�protein stacked and T-shaped
interaction energies and determined that M06-2X provides an overall
excellent description of both types of π�π interactions.72 Additionally,
M06-2X was originally developed to provide an excellent performance for
main-group thermochemistry and kinetic applications.73 The rest of the
system was described with molecular mechanics (MM) using the parm96
parameters of the AMBER force field.48

The (solvated) system was initially optimized withMM in two stages;
first, all noncrystallographic atoms were relaxed, and then the MM
region was relaxed with the QM region fixed. Afterward, the entire QM
region was relaxed to a fixed MM region within the ONIOM methodo-
logy. To reduce the computational cost for the remaining ONIOM
calculations, the noncrystallographic water and counterionswere removed
at this stage, and residues more than 15 Å from the glycosidic bond were
held fixed in this geometry. The relaxed system was mutated to generate
the active form of AAG (E125 replaced Q125, where the AMBER
charges for E were used48) and then optimized using the ONIOM
scheme outlined above. The εA nucleobase in this reactant was subse-
quently mutated to be adenine (A) orN3-methyladenine (3MeA) (RESP
charges for the new nucleotides were obtained through HF/6-31G(d)

Figure 3. Schematic representation of the QM region used in ONIOM
(M06-2X/6-31G(d):AMBER) calculations for the εA substrate (blue).
Link atoms (represented by hydrogen atoms in M06-2X/6-31G(d)
calculations) are indicated by R (in bold).
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calculations on the (M06-2X/6-31G(d)) hydrogen-atom optimized
nucleotides, where 3MeA atom types and parameters are reported in
Figure SI-1 and Table SI-1), and the new enzyme�substrate complexes
were optimized within the ONIOM scheme.

Finally, to obtain the fully relaxed reactants, the partial charges of the
QM region were converged with the procedure developed by Schlegel
and co-workers.61,74 Specifically, after the initial ONIOM optimization,
an improved set of (gas-phase HF/6-31G(d)) RESP charges was cal-
culated for the entire (hydrogen-atom capped) QM region using the
newly optimized structure, and an additional ONIOM optimization was
performed. This procedure was repeated until convergence was achieved,
which required that both the difference between the total ONIOM
energies from the two last rounds of optimization calculations as well
as the difference between the total ONIOM energies in the first and
last optimization steps in the final optimization calculation be less than
4 kJ mol�1. While this typically required 6�10 rounds of optimization, in a
few cases where both convergence criteria could not be achieved after more
trials, one criterion was required to be less than 2 kJ mol�1. Convergence in
this manner ensures that the QM charges are conserved along the entire
reaction path.61,74

Reaction Potential Energy Surface Generation. Reaction
potential energy surfaces (PES) were obtained by constraining the
glycosidic (C10�N9) and nucleophilic (C10�Owat) distances in the
above reactants, where bothWat502 andWat517 were considered as the
nucleophile for all three substrates (Figure 3). All points on each PES
were obtained by constraining the two grid coordinates and minimizing
the energy with respect to the remaining parameters. For each point, the
geometry was optimized with the quadratically coupled QM/MM
optimizer as implemented in Gaussian 09.56 Once a converged structure
was obtained for a given point on the PES, new RESP charges for the
optimized QM region were calculated (as outlined by Schlegel and co-
workers61,74) and used in an ONIOM single-point calculation to obtain
the final reported energy. Additionally, the charges and coordinates from
this single-point calculation were altered to create the starting guess for
the optimization of the next point on the PES, where only one reaction
coordinate was changed at a time in 0.200 Å increments. This process
was repeated until all stationary points on the preferred reaction surfaces
were identified.
Further Refinement of Stationary Points. The geometries of

all stationary points identified from the preferred reaction surfaces were
further refined in two manners. First, to obtain the constrained sta-
tionary points, the C10�N9 and C10�Owat distances were kept fixed,
while the RESP charges of the QM region were fully converged as
described above for the reactant structures. Second, to obtain the relaxed
stationary points, the charges for the QM region were fully converged
while releasing the C10�N9 and C10�Owat distance constraints. All
stationary points (constrained and relaxed) were confirmed to be
minima and transition states through frequency calculations, where
the one imaginary frequency found for each transition state was visually
inspected to verify that it corresponds to the proper reaction coordinate.
To obtain the Gibbs free energy, the corresponding (unscaled) thermal
correction obtained from the frequency was added to the ONIOM
energy of the complex, which uses standard statistical mechanics expres-
sions for an ideal gas in the canonical ensemble.
Point Mutations.Mutations of Y127, H136, and Y159 (specifically,

Y127A, H136A, and Y159A) were performed to determine the role of
the active site amino acid residues in the cleavage of the glycosidic bond
of εA and 3MeA. Additionally, Y127W and Y159W mutations were
considered for the εA substrate to allow for comparison to experiment-
ally measured40,41 changes in the wild-type barrier height. To ensure that
our stationary points did not collapse upon optimization, only con-
strained wild-type stationary points (C10�N9 and C10�Owat502 dis-
tances held fixed) were considered.75 Mutations of wild-type residues to
alanine were generated by replacing Cγ with a hydrogen atom and

removing any additional atoms of the original R-group, while mutations
to tryptophan were generated by positioning the new R-group to best
resemble the orientation recently proposed by O’Brien and co-
workers.40 The coordinates of only the new residue were first optimized,
and then the QM region was allowed to relax while keeping the entire
MM region fixed. The charges of the QM region were then fully con-
verged to allow comparison to the (wild-type) constrained stationary
points, and frequency calculations were completed to confirm the nature
of stationary points and obtain Gibbs free energy corrections. We note
that our choice in mutational structures allows us to determine the (local)
energetic effects of the mutation on the barrier rather than the (global)
structural and energetic effects considered in experimental mutational
studies. Because of the lack of structural information available for these
mutations, we feel that this comparison is arguably the best approach to
isolate the contribution of each residue to the barrier corresponding to the
wild-type mechanism.

’RESULTS

Through careful consideration of the crystal structure of
E125Q�AAG bound to εA-containing DNA (PDB entry
1EWN32), reaction coordinates corresponding to the glycosidic-
bond cleavage (C10�N9) and the nucleophilic water addition
(C10�Owat) were chosen to construct a series of reaction PES.
Specifically, for each substrate considered (εA, 3MeA, A), two
water molecules (Wat502 and Wat517) were investigated as the
nucleophile in the reaction because both waters are in close
proximity to C10. In particular, Wat502 is closer to E125 (general
base), while Wat517 is connected to neutral substrates through a
water chain to Wat13 (Figure 2b). For both nucleophile choices,
Wat13 is able to protonate the neutral substrates, even though
leaving-group activation is not explicitly forced through our
choice of reaction coordinates. Details of the ONIOM(QM:
MM) PES and refined stationary points will be presented for
each substrate individually, and subsequently point mutation
results for both neutral and cationic substrates will be discussed.
1,N6-Ethenoadenine (εA) Substrate.The PES for excision of

the εA substrate using Wat502 or Wat517 as the nucleophile is
shown in Figure 4a (relative energies in Table SI-2) and b
(relative energies in Table SI-3), respectively. In both plots, the
bottom left region contains the reactant (R), which has a
glycosidic-bond distance of 1.500 Å, and C10�Owat nucleo-
phile distance of 3.200 or 3.000 Å for the Wat502 or Wat517
nucleophile, respectively. When Wat502 acts as the nucleophile,
a concerted transition state (TS) occurs at a C10�N9 distance of
2.300 Å andC10�Owat502 distance of 2.200 Å, while a dissociative
TS is found forWat517 (located at a C10�N9 distance of 3.300 Å
and C10�Owat517 distance of 3.000 Å). The concerted transition
state on the Wat502 surface is much lower in energy (by 38%)
than the dissociative TS found forWat517, implying thatWat502
is a more likely nucleophile for the glycosidic-bond cleavagemech-
anism. Therefore, completion of the entire PES for the reaction
involving Wat517 was deemed unnecessary, and this potential
nucleophile was not further considered. For the Wat502 nucleo-
phile, the endothermic product (P) is located at a C10�N9
distance of 3.500 Å and C10�Owat502 distance of 1.400 Å. Gibbs
free energy calculations were also completed for all points on the
Wat502 surface (Figure SI-2), which revealed that the location of
stationary points and general surface contours are not affected.
Therefore, the Gibbs free energy surface was only considered for
the εA substrate.
To ensure QM charges are conserved along the entire reaction

path, the RESP charges for the stationary points identified on the
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Wat502 PES were fully converged while maintaining fixed
reaction coordinates (constrained (Table 1 and Figure SI-3))
or relaxing these reaction coordinates (relaxed (Table 1 and
Figure 5)). The geometry of the relaxed reactant is very similar to
the constrained reaction coordinate distances, with the exception
that the water nucleophile (Wat502) moves further from C10
(3.356 Å) to be more consistent with the crystal structure
distance (3.613 Å).32 The flipped-out nucleotide adopts the
C30-exo sugar puckering observed in the crystal structure, which
is maintained throughout the reaction. The nucleobase�protein
π�π interactions slightly change from the original crystal
structure orientation, but are consistent across all (constrained
and relaxed) stationary points. Specifically, Y127 and H136 are
more tightly bound in our relaxed reactant than the crystal
structure32 (by 0.335 and 0.399 Å, respectively) and are more
planar with respect to the nucleobase (12.1� and 40.3� become
4.1� and 7.7�, respectively).76 It is expected that this difference is
at least in part due to the M06-2X functional slightly overbinding
π�π interactions;77 however, deviations could also arise because
comparisons are being made to a crystal structure, which
represents an average geometry. By considering the TS com-
plexes, the reaction barrier decreases by 5.2 kJ mol�1 when the
distance constraints are removed, due to a slight increase in the
glycosidic-bond distance (0.110 Å) and a small decrease in the

nucleophile distance (0.087 Å). Nevertheless, the relaxed TS is
consistent with a concerted mechanism as determined from the
original PES. The endothermic product binds more tightly to the
sugarmoietywhen the reaction coordinates are relaxed (by 0.619Å),
leading to a decrease in the reaction energy by 19.4 kJ mol�1.
The geometric changes as the reaction progresses can be

observed in Figure 6. Proceeding from the ONIOM(M06-2X/
6-31G(d):AMBER) relaxed R to TS, the εA base tilts away from
the sugar in a relatively unchanged active site (Figure 6a) to
maintain a similar water chain around the nucleotide (Figure 6b).
Interestingly, the angles between the molecular planes of the
nucleobase and active site amino acid rings (Y127, H136, and
Y159) increase as a result of the more tilted nucleobase in the TS
geometry (Figures 5 and 6c). The hydrogen-bonding distance
betweenWat13 and the N7 site of εA decreases from the R to the
TS by 0.143 Å, but proton transfer does not occur at any stage of
the reaction. Transfer of the nucleophilic water (Wat502) proton
to the general base (E125) does not happen until after the transi-
tion state. Following proton transfer from the nucleophile, the
hydrogen-bond stabilization originally provided to E125 by Y127
is replaced byWat517 (Figure 5), which results in a tightly bound
water chain in the product (Figure 6b). Interestingly, this water
chain orientation is optimally positioned to regenerate the active
form of this enzyme.
N3-Methyladenine (3MeA) Substrate.When 3MeA is placed

in the active site of AAG and Wat517 is considered as a nucleo-
phile, the resulting PES is too high in energy to be viable, and amuch
more realistic PES is determined when C10�Owat502 is one of the
reaction coordinates (Figure 7a and Table SI-4). The corre-
sponding reactant is located at a C10�N9 distance of 1.500 Å and
a C10�Owat502 distance of 3.200 Å. The lowest energy transition
state corresponds to a concerted pathway (C10�N9 = 2.300 Å
and C10�Owat502 = 2.600 Å), where a (15.5 kJ mol�1) slightly
higher in energy, more dissociative TS occurs at C10�N9= 2.700 Å
and C10�Owat502 = 3.000 Å. The overall reaction is exothermic
with the product located at a C10�N9 distance of 3.300 Å and
C10�Owat502 distance of 1.400 Å.
Similarly to εA, the stationary points identified from the 3MeA

excision PES were refined by converging the charges of the QM
region while constraining the two reaction coordinates (constrained
(Table 1 and Figure SI-4)) or relaxing the two constraints (relaxed
(Table 1 and Figure 8)). The structures of these stationary points
are in good agreement, where the (concerted) reaction barrier
decreases by only 4.4 kJ mol�1 when the stationary points are fully

Table 1. Relative Energies (ΔE) and Gibbs Free Energies
(ΔG) for the Concerted Mechanism Used by AAG To Excise
the εA and 3MeA Substratesa

εA 3MeA

constrainedb relaxedc constrainedb relaxedc

ΔE ΔG ΔE ΔG ΔE ΔG ΔE ΔG

TS 101.3 88.9 96.1 87.3 75.0 62.1 70.6 57.9

P 58.4 75.4 39.0 43.5 �98.0 �26.2 �19.1 �21.9
aONIOM(M06-2X/6-31G(d):AMBER) energies are reported in
kJ mol�1 and are relative to the corresponding reactant. bThe C10�N9
and C10�Owat502 distances were held fixed, but the RESP charges for the
QM region were fully converged. See the Computational Methods. cNo
distance constraints were enforced, and the RESP charges for the QM
region were fully converged. See the Computational Methods.

Figure 4. Reaction surfaces for the glycosidic-bond (C10�N9) cleavage
in the εA nucleotide by AAG using (a) Wat502 or (b) Wat517 as
the nucleophile. The ONIOM(M06-2X/6-31G(d):AMBER) energies
(ΔE, kJ mol�1) are reported relative to the respective reactant, where
each color band reflects a 10 kJ mol�1 energy contour.
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relaxed (glycosidic-bond distance increases by 0.254 Å and nucleo-
phile distance decreases by 0.248 Å). The barrier height for the
excision of 3MeA is 25.5 kJ mol�1 (ΔG is 29.4 kJ mol�1) lower in
energy than that for the εA reaction, which results from the inher-
ently destabilized glycosidic bond in the cationic lesion.78,79 The
relaxed product binds more tightly to the sugar moiety, but is less
exothermic than the corresponding constrained stationary point.
Large structural changes occur in the active site of AAG upon

binding of a cationic alkylation lesion. For example, Wat13
reorients and interacts with the backbone nitrogen of A135
instead of the N7 site of neutral εA (Figure 9). Additionally, the
backbone N�HofH136 that is directed toward the N6 site of εA
rearranges to form a hydrogen bond between the N6 amino
group of 3MeA and the carbonyl oxygen in the backbone of A135

(Figure 9). Indeed, the 3MeA reactant is more tilted in the active
site relative to theDNAbackbone (theχ (—(O40�C10�N9�C4))
dihedral angle is 173.1� as compared to 180.5� for εA) to
maximize the interactions between the A135 backbone and
the hydroxyl group of Y159 (OY159�H3MeA distance with a
N3-methyl group hydrogen atom of 3MeA is 2.270 Å). Further-
more, the DNA�protein π�π interactions between 3MeA and
Y127 or H136 are less planar and more spatially separated than
observed for εA, while the opposite is true for Y159 (Figure 5 and
Figure 8). Despite these ONIOM(QM:MM) structural differ-
ences, the PES for both the εA and the 3MeA substrates contains
a hydrogen bond between the general base (E125) and Y127
before nucleophile (Wat502) proton transfer occurs, which is
after the TS in both reactions.

Figure 6. Overlay of the QM regions from relaxed ONIOM(M06-2X/6-31G(d):AMBER) calculations for excision of εA by AAG, where the structure
shown in green corresponds to the reactant, yellow to the transition state, and blue to the product. Tube representations highlight the (a) εA substrate,
nucleophilic water molecule (Wat502), and the general base (E125), (b) active site water molecules, and (c) π�π interactions between the εA
nucleobase and Y127, H136, and Y159.

Figure 5. Important ONIOM(M06-2X/6-31G(d):AMBER) structural information (hydrogen-bond distances in Å (angles in degrees and in
parentheses)) for the fully relaxed stationary points for the excision of εA by AAG.76



16264 dx.doi.org/10.1021/ja207181c |J. Am. Chem. Soc. 2011, 133, 16258–16269

Journal of the American Chemical Society ARTICLE

Adenine (A) Substrate. The only energetically feasible ade-
nine excision pathway occurs when Wat502 is the nucleophile
(Figure 7b and Table SI-5). Therefore, as is true for all of the
substrates examined in this study, a protein-bound water chain
that connects C10 to the Wat13 molecule located near N7 of
neutral substrates is not used to cleave the glycosidic bond. The
adenine reactant occurs at a glycosidic-bond distance of 1.500 Å
and nucleophile distance of 3.100 Å. However, unlike the sur-
faces calculated with εA and 3MeA, the lowest energy TS is
dissociative and occurs at C10�N9 = 2.500 Å and C10�Owat502 =
2.900 Å. This leads to an intermediate at glycosidic and nucleo-
philic distances of 2.700 and 2.500 Å, respectively. As the nucleo-
philic water molecule associates toward C10, another transition
state (glycosidic distance of 2.900 and nucleophilic distance of
2.300 Å) occurs before the slightly endothermic product is
formed (C10�N9 = 3.100 Å and C10�Owat502 = 1.500 Å). The
PES also reveals a higher-energy (22.9 kJ mol�1) concerted TS at

glycosidic and nucleophilic distances of 2.300 and 2.300 Å,
respectively.
When the charges for the QM region are fully converged for

the constrained stationary points (Table 2 and Figure SI-5), a
stepwise (DN*AN) mechanism is confirmed because the con-
certed barrier is 23.5 kJ mol�1 (ΔG of 20.6 kJ mol�1) higher in
energy than the dissociative barrier. However, this preferred
mechanism for A bond cleavage is still 17.4 kJ mol�1 (ΔG of
18.6 kJmol�1) higher in energy than the (concerted) barrier height
for εA. Full relaxation of the A stationary points was unsuccessful
due to large fluctuations in the water chain within the active site.
However, the constrained stationary points reveal that the N6
amino group of adenine puckers away from the backbone N�H
of H136 throughout the reaction (C5�C6�N6�H6 dihedral
angle ranges from 41.6� (dissociative TS) to 66.6� (R)) to reduce
steric clashes. As the nucleobase dissociates from the sugar, the
N7 site maximizes a hydrogen bond with Wat13 and the back-
boneN�Hbond ofH136 (Figure SI-5). Theπ-containing active
site amino acids bind closer to A as compared to εA, where
slightly tilted interactions with Y127 and H136 in the reactant
becomemuch more planar as the reaction proceeds (Figure SI-5).
Even more intriguing is the disappearance of the stabilizing hydro-
gen bond between Y127 and the general base (E125) in the A
reactant (Figures 10 and SI-5). Instead, Wat517 simultaneously
donates a hydrogen bond to E125 and accepts a hydrogen bond
from Y127 in the stationary points prior to nucleophilic proton
transfer (Figures 10 and SI-5).
PointMutations.Using constrained stationary points, a muta-

tional analysis was conducted to better understand the involve-
ment of various amino acids in the excision of neutral and
cationic alkylation lesions (εA and 3MeA, Table 3). Specifically,
Y127A, H136A, and Y159A mutations were examined to pro-
vide insights into the energetic effects of removing active site
π-systems on the bond cleavage barrier for neutral and cationic
lesion excision. These point mutations increase the wild-type εA
barrier height by 11.7 (H136A), 15.9 (Y159A), or 27.5 kJ mol�1

(Y127A). Contrary to the εA results, these mutations for the
3MeA substrate result in a very small effect (0.7 kJmol�1 increase
in barrier for Y159A) or a significant decrease in the reaction
barrier (by up to 38.1 kJ mol�1). In addition, Y127W and Y159W
were examined with εA to allow for comparison of our calculated
(energetic) mutational results (Table 3) to recently reported
(chemical step) reaction barriers.40 The Y127W mutation was
found to have a larger effect on the wild-type barrier height
(30.9 kJ mol�1) than the Y159W mutation (27.2 kJ mol�1).

’DISCUSSION

Excision of εA by Wild-Type, Y127W, and Y159W AAG
Agrees with Experiment. This Article presents the first atomic
level description of the chemical step used by AAG. Our detailed
ONIOM(QM:MM) calculations reveal that a concerted mechan-
ism is used to excise εA with a 96.1 kJ mol�1 reaction barrier
(ΔGq = 87.3 kJ mol�1). A very recent study measured single
turnover rate constants and is the only work, to the best of our
knowledge, that reports a barrier corresponding to the glycosidic-
bond cleavage step of εA excision.40 Excellent agreement be-
tween experimental (90.7 kJ mol�1)40 and computational bar-
riers provides strong support for our computational approach.
Indeed, this comparison suggests that our calculations can
contribute detailed chemical insights into other aspects of the
chemical mechanism of AAG with confidence.

Figure 7. Reaction surfaces for the glycosidic-bond (C10�N9) cleavage
mechanism in the (a) 3MeA and (b) A nucleotides by AAG using
Wat502 as the nucleophile. TheONIOM(M06-2X/6-31G(d):AMBER)
energies (ΔE, kJ mol�1) are reported relative to the respective reactant,
where each color band reflects a 10 kJ mol�1 energy contour.
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The recent kinetic study mentioned above also examined the
effects of substituting the two active site tyrosine residues with
tryptophan on the nucleotide flipping and base excision steps.40

It was determined that the Y127W and Y159W mutant proteins
have robust excision activity toward εA-containingDNA (ΔGq of
94.0 and 92.8 kJ mol�1, respectively).40 Although our calculated
ΔGq barriers for these two mutations are indistinguishable, the
energetic result of these mutations increases the calculated wild-
type ΔEq to 132.2 and 128.5 kJ mol�1 for Y127W and Y159W,
respectively (Table 3). Indeed, our mutational analysis predicts the
experimentally observed trend that Y127 plays a more important
role in chemical catalysis for εA excision, which will be further
discussed below. We acknowledge that the calculated local ener-
getic contribution of these mutations is larger than the global
(energetic and structural) contributions observed through experi-
ment. Although better agreement is expected upon full relaxation of
our system, this would require full PES scans to identify appropriate
stationary points, which were deemed unnecessary because the
effects of tyrosine mutations are not the focus of the current study.
Nevertheless, our reasonablematch further verifies the ability of our
approach to properly describe this enzymatic mechanism.
AAG Prefers an SN2 (ANDN) Mechanism for Excision of

Both Neutral and Cationic Lesions. Because the catalytic
mechanism of AAG is currently unknown, the chemical mechan-
ism must be conjectured by considering the corresponding
nonenzymatic depurination reactions80�91 and other enzymatic
hydrolysis reactions.18,19,84,92,93 Experimental studies of spontan-
eous depurination80�83,85,86,88 and the reactions catalyzed by
other monofunctional DNA glycosylases (uracil DNA glycosy-
lase (UDG)92 and MutY DNA glycosylase (MutY)93) support a
dissociative (DN*AN) N-glycosidic-bond cleavage mechanism,
which results in a transition state with a positive charge accumu-
lated on C10 and O40 of the sugar moiety and little association of
the water nucleophile.18,19 Further support for a dissociative
hydrolysis mechanism is gained from the ability of positively
charged abasic DNA analogues (4-azaribose and 1-azaribose),
which mimic an oxacarbenium ion-like transition state, to func-
tion as tight-binding inhibitors of AAG.41,94 However, crystal
structures indicate that a more associative mechanism (such as a
concerted (ANDN)mechanism)may be favored by AAG because
the nonspecific active site may be unable to stabilize a wide
variety of leaving groups, and the nucleophilic water is tightly
positioned between the general base and the anomeric carbon.18

Furthermore, there is no reason to believe that this enzyme would
exploit the same mechanism as the corresponding nonenzymatic

Figure 8. Important ONIOM(M06-2X/6-31G(d):AMBER) structural information (hydrogen-bond distances in Å (angles in degrees and in
parentheses)) for the fully relaxed stationary points for the excision of 3MeA by AAG.76

Figure 9. RelaxedONIOM(M06-2X/6-31G(d):AMBER) reactants for
the (a) εA and (b) 3MeA substrates, highlighting the interactions
between the substrate and active site water molecules (top), and the
substrate, A135 and H136 (bottom).

Table 2. Relative Energies (ΔE) and Gibbs Free Energies
(ΔG) for the Excision of A by AAGa

A

constrainedb

ΔE ΔG

TSc 137.0 126.5

TSdissociative
d 113.5 105.9

Id 110.3 98.5

TSassociative
d 126.3 111.9

P 34.9 34.5
aONIOM(M06-2X/6-31G(d):AMBER) energies are reported in
kJ mol�1 and are relative to the corresponding reactant. bThe C10�N9
and C10�Owat502 distances were held fixed, but the RESP charges for the
QM region were fully converged. See the Computational Methods. cThe
transition state along a concerted pathway. dCorresponds to a stepwise
mechanism where the base first dissociates from the sugar (TSdissociative) to
form an intermediate (I), and then association of the nucleophilic water
molecule (TSassociative) occurs.
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reaction.93 Indeed, many enzymes, such as thymidine phos-
phorylase95 and someO-glycosidases,96 stabilize transition states
that are drastically different from the uncatalyzed (N- or O-
glycosidic-bond cleavage) reactions.
Examination of the complete reaction surfaces for the εA

and 3MeA substrates suggests that AAG prefers to excise both
(neutral and cationic) lesions through a concerted (ANDN)
mechanism. In fact, one benefit of performing detailed reaction
PES scans is that a concerted mechanism is revealed to be
preferred over the dissociative (DN*AN) mechanism by over
20 or 15 kJ mol�1 for the εA and 3MeA substrates, respectively.
Therefore, our results elucidate that AAG uses a concerted
(ANDN) chemical step as a nonspecific strategy to excise both
neutral (εA) and cationic (3MeA) lesions. Indeed, a mechanistic
strategy that is not specific to the chemical composition or charge
of the lesion excised may be vital in the mechanism-of-action of
this promiscuous DNA glycosylase.

π�π Interactions Contribute Differently to the Excision of
Neutral and Cationic Lesions. To better understand the role of
the individual DNA�protein π�π interactions found in the
active site of AAG, the catalytic contribution of each amino acid
π-system to the excision of neutral (εA) and cationic (3MeA)
lesions was investigated. Specifically, Y127A, H136A, and Y159A
mutations were considered as discussed in the Computational
Methods. Despite previous proposals that π�π interactions
could be anticatalytic for neutral base excision,18 our calculations
indicate that the π-systems of Y127, H136, and Y159 favorably
contribute to catalysis by lowering ΔGq by 29.6, 22.5, and
18.7 kJmol�1, respectively (Table 3).We note that the calculated
contribution of these amino acidπ-systems provides information
about how the barrier increases after removing both hydrogen-
bonding andπ�π interactions from the active site; however, due
to the difficulties associated with separating these contributions,
further mutational analysis was not considered.97 On the con-
trary, Y127, H136, and Y159 were found to negligibly affect or be
anticatalytic toward the excision of 3MeA by increasing the ΔGq

by 17.0, 33.9, and 0.2 kJ mol�1, respectively. These results are
consistent with our previous high-level ab initio findings that the
π+�π stacking and T-shaped interactions between 3MeA and
histidine or tyrosine can be up to 135% more stabilizing than the
corresponding π�π interactions involving A.35,36 Taken to-
gether, this suggests that the anticatalytic contribution of these
conjugated π-rings is due to overbinding of the cationic reaction
complex.
In addition to clarifying the role of the active site π-containing

amino acid residues, which is different for the neutral and cationic
substrates, our work reveals for the first time how AAG balances
between mechanistic specificity and catalytic power.26 Specific-
ally, it appears that AAG has evolved to take advantage of the
amino acidπ-systems to nonspecifically position a wide variety of
alkylation damage products in the active site, while at the same
timemaximizing catalytic power toward (neutral) lesions that are
inherently more difficult to excise. Although the ability to also

Figure 10. QM regions from constrainedONIOM(M06-2X/6-31G(d):AMBER) reactants for excision of εA (dark green) and A (light green) by AAG.
Tube representations highlight the substrate, nucleophilic water molecule (Wat502), the general base (E125), Wat517, and Y127, where the nucleo-
philic activation hydrogen-bond distances (Å) and angles (degrees, in parentheses) are also reported.

Table 3. Calculated Barrier Heights and Changes in Barrier
Heights from Single-Point Mutations of AAG with the εA and
3MeA Substratesa

εA 3MeA

ΔE ΔG ΔE ΔG

wild-type 101.3 88.9 75.0 62.1

H136A 113.0 (11.7) 111.4 (22.5) 36.9 (�38.1) 28.2 (�33.9)

Y127A 128.8 (27.5) 118.5 (29.6) 53.9 (�21.1) 45.1 (�17.0)

Y159A 117.2 (15.9) 107.6 (18.7) 75.7 (0.7) 61.9 (�0.2)

Y127W 132.2 (30.9) 124.5 (35.6)

Y159W 128.5 (27.2) 124.6 (35.7)
aONIOM(M06-2X/6-31G(d):AMBER) barrier heights are reported
relative to the reactant (in kJ mol�1). Changes in the barrier heights (in
parentheses) are reported relative to the wild-type barrier, where a
positive value represents an increase in barrier height upon mutation.
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remove neutral DNA damage comes at the expense of the
excision rate for the repair of cationic lesions, stronger attraction
and binding of cationic lesions is achieved through enhanced
π�π contacts35,36 as AAG processively searches the DNA strand
for damage.98,99

A General Acid Contributes to Neutral Base Excision
through Hydrogen-Bond Donation. To investigate the re-
cently proposed possibility that a protein-bound water mole-
cule is responsible for protonation of neutral substrates,33 our
QM/MM model unbiasedly incorporated Wat13 such that
hydrogen bonding to, or protonation of, the N7 site of neutral
substrates (εA or A) was not explicitly forced. Although Wat13
was found to donate a hydrogen bond to N7 of εA throughout
the excision reaction (Figure 5), no proton transfer to N7 occurs.
Interestingly, deletion of Wat13 from the εA mechanism results
in an increase in ΔGq of 28.9 kJ mol�1,100 which suggests
hydrogen-bond donation or only partial protonation is enough
to catalyze this reaction. This finding challenges the generally
accepted protonation mechanism, which is a common, but not
universal, feature of enzymatic purine hydrolysis reactions.101,102

However, closer examination of the original study that proposed
the role of this general acid reveals that hydrogen-bond dona-
tion to the neutral base can also explain the observed pH�rate
profile.41 Furthermore, our observation is consistent with the
experimental and computational work by Lee and co-workers,
who suggested AAG will excise εA and Hx without nucleobase
protonation because greater (weaker) N9 acidities (N7 proton
affinities) make these lesions easier to excise (harder to proto-
nate) than the natural purines.44,45 Interestingly, despite the large
proton affinity of the N7 site of A,44,45 only hydrogen-bond
stabilization with Wat13 was observed throughout the A excision
mechanism (Figure SI-5). Therefore, although we support
suggestions that a general acid mechanism is important for the
excision of neutral substrates, we propose that hydrogen-bond
donation from the general acid provides enough stabilization to
lower the excision barrier. This is consistent with mechanistic
proposals for UDG, where a neutral histidine residue unambigu-
ously stabilizes the uracil leaving group only through hydrogen-
bond donation.18

AAGAlsoUses the Chemical Step ToDiscriminate Against
the Natural Purines. AAG is just one example of a broadly
specific enzyme that employs a weaker catalytic mechanism to
process many different lesions, and yet avoids intolerable exci-
sion of substrates that are essential to cell function.26 The
nucleotide-flipping step used by AAG provides discrimination
against the natural bases because they are less readily exposed to
the enzyme active site.26,38 Crystal structures also reveal that
H136 and N169 in the AAG active site provide unfavorable
interactions with the exocyclic amino groups of A and G, respec-
tively.32 However, it is currently unknown whether these inter-
actions are enough to prevent excision of the natural purines.
Therefore, it was essential for the current study to also examine
the excision of A by this promiscuous enzyme.
Our calculations indicate that excision of A is higher in energy

and proceeds in a different manner than the excision of the
neutral lesion εA. By comparing the stationary points of the A
substrate to those of εA, we can obtain insights into why these
energetic andmechanistic differences are observed. Specifically, a
stabilizing hydrogen bond between the hydroxyl group of Y127
and the carbonyl of the general base (E125) is present in both
the εA and the 3MeA surfaces, but not for A. Instead, Wat517
donates a hydrogen bond to E125 (accepts from Y127) in the

stationary points that occur before nucleophilic proton transfer
on the A surface (Figure 10). An overlay of the εA and A re-
actants reveals that A is inserted further into the active site of
AAG (Figure 10), which allows the active site water chain to
move closer to Y127 and form the new hydrogen bond. As a
result of this hydrogen-bond rearrangement, E125 in the A
reactant reorients to be further from C10, which moves the water
nucleophile (Wat502) further from the general base, and,
perhaps more importantly, Wat502 is poorly aligned for nucleo-
phile activation. Indeed, Wat502 is misaligned throughout the
entire reaction mechanism of A (Figure SI-5), which results in a
large barrier for water association (Figure 7b). Therefore, this
work indicates for the first time that Y127 not only provides
stabilization to E125,32 but also plays a larger role in orienting
E125 for effective nucleophile activation. Additionally, one of our
most important findings is that AAG can use the chemical step to
discriminate against the natural bases by potentially misaligning
and poorly activating the nucleophilic water molecule.
Support for our new proposal that E125 plays a key role in

aligning the nucleophilic water molecule is gained from the
experimentally measured decrease in activity of the E125Q and
E125A mutants toward εA.41 Specifically, this suggests that the
catalytic contribution from the general base is larger than ex-
pected for chemical activation of a nucleophile participating in a
dissociative glycosidic-bond cleavage reaction.41 Our calculated
concerted transition state could explain this larger catalytic
contribution of E125 than that expected for a more dissociative
mechanism. Additionally, these mutational experiments suggest
that E125 may play an important role in positioning the nucleo-
philic water for attack at the anomeric carbon of the substrate.41

In fact, our current work shows that the general base (E125)
plays a very important role in activating the water nucleophile by
orienting the water molecule for the concerted excision mechan-
ism of its preferred substrates and accepting the proton from the
water nucleophile in the late stages of this reaction. In addition to
this newly identified role for E125, our calculations are consistent
with the generally accepted function of this general base to
stabilize the cationic charge formed on the sugar moiety in the
transition state of most glycosylase excision reactions.18,19

Investigations of a recent crystal structure with the εC inhib-
itor bound toΔ79AAG led to a proposal that εC is not excised by
AAG because the leaving group cannot be activated through
protonation.33 However, our results indicate that protonation is
not necessary for glycosidic-bond cleavage to occur. Despite the
fact that poor nucleophilic water activation was dismissed as the
reason for low glycosylase activity toward εC,33 this crystal
structure only provides an atomistic perspective of one point
on the potential energy surface. In light of our current results, we
believe this structure actually provides further evidence for the
proposed importance of nucleophile alignment because, like A,
εC is further inserted into the catalytically active binding site of
AAG.33 Therefore, our computational results across the entire
reaction surface indicate that AAG uses the chemical step as yet
another discriminatory strategy to prevent excision of the natural
purines.
Our calculations demonstrate that detailed QM/MM reaction

PES scans can provide valuable information about the energy
landscape of glycosylase reactions, which can be difficult to
explicitly examine through other means. More importantly, this
study helps clarify how AAG uses nonspecific π�π DNA�
protein interactions to catalyze the removal of inherently more
difficult to excise neutral lesions, and strongly attract and bind the
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cationic lesions, which comes at the expense of raising the excis-
ion barrier for repair of cationic substrates. In fact, our mechan-
istic investigation provides insight into how AAG has a large
substrate tolerance that is well suited to protecting DNA from
alkylation damage while limiting excision of unmodified bases. It
is expected that future studies that further describe the complete
mechanistic strategy of this enzyme, including substrate bind-
ing and nucleotide flipping, will be vital for explaining similar
promiscuous enzymes that appear throughout chemical biology.
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