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The human DNA alkyladenine glycosylase (AAG) is a DNA repair enzyme catalyzing the initial step of DNA
repair via lesion excision. Its binding site has an incredible plasticity, and recognizes a variety of DNA
lesions resulting from deamination or alkylation of adenine. Based on this plasticity, it is natural to
wonder how, and if AAG can discriminate against undamaged adenine. It has even been proposed that it
cannot. If, however, AAG is specific, the specificity can be expressed at the stage of the base binding, or
base excision. There is also a possibility that the propensity of the base to flip out of the DNA double helix
governs its selective subsequent removal. Here, we show that binding to AAG is, in fact, dramatically more
thermodynamically favorable for hypoxanthine, at least, a specific lesion, produced by oxidative
deamination of adenine, than for undamaged adenine. This preference originates from the more
constructive interactions of the lesion with the binding site. Of these, a shorter hydrogen bond between
the lesion and the backbone of His136 that does not cause a structural distortion of the base in a major
player, in agreement with an earlier kinetic study (P.J. O'Brien and T. J. Ellenberger, J. Biol. Chem. 279
(2004), 9750–9757). Mutating His136 to Pro almost completely eliminates the selectivity. Otherwise,
bound adenine and the lesion are positioned very similarly at the binding site, suggesting no
predisposition to selective removal. The base flip out of the double helix that precedes the binding has
approximately equal thermodynamic facility for the lesion and undamaged adenine. This study employs
the Monte Carlo simulations in conjunction with Free Energy Perturbation, and Density Functional Theory
(DFT) calculations.
ll rights reserved.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction

Deamination and alkylation of DNA bases are inevitable process-
es that can occur in DNA under its exposure to aggressive chemical
agents in the cellular environment. Damaged DNA cannot properly
carry the genetic information and must be repaired. DNA repair
glycosylases, in particular AAG (EC 3.2.2.21), recognize such lesions,
and bind the damaged bases of DNA for subsequent excision [1]. The
crystal structure of the AAG protein complexed to damaged DNA
was reported in 2000 (Protein Data Bank code 1EWN) [2]. This
crystal structure shows that DNA is bound to AAG in a form where
the damaged adenine base is rotated out of the DNA double helix.
Such base flipping is a phenomenon used by many DNA modifying
enzymes, such as methyltransferases, endo- and exonucleases, and
glycosylases [3,4]. Base flipping was even conceived to be a more
ancient process than carrying the genetic information by DNA [5].
In the DNA-AAG complex [2], the flipped base forms π-stacking
interactions with Tyr127 and Tyr159 in the AAG binding site. These
are the primary interactions that define the binding affinity. At the
same time, the Tyr162 residue of AAG slides into the DNA double
helix where it replaces the lesion and π-stacks against the
neighboring bases in the strand. The N-glycosidic bond is intact in
this DNA-AAG complex. The fact that it is captured in the crystal
structure indicates the existence of a minimum on the potential
energy surface, whose formation precedes the enzymatic base
excision [2]. There remains a possibility that this complex is inactive,
and lies far from the reactive one on the potential energy surface.
However, Lau et al. [2,6] proposed a reasonable catalytic mechanism
based on this crystal structure: Glu125 deprotonates a water
molecule, and the forming hydroxyl performs the subsequent
nucleophilic attack to cleave the glycosidic bond. Furthermore, it
was shown that mutating Glu125 to Ala or Gln makes AAG
catalytically inactive, thus supporting the proposed mechanism
[2]. Hence, the complex captured in the crystal structure seems to be
an adequate starting point for the catalytic bond cleavage. The
present study focuses on the structural and energetic aspects of the
formation of this complex. Specifically, we interrogate the binding
event between AAG and damaged and undamaged DNA in search of
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Scheme 1. Bases considered in this work, with assigned OPLS-AA atom types.
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the reasons for specificity toward binding lesions versus undamaged
adenine. The specificity of AAG is an open question, and it is
important, since AAG participates in the protection of cells from
cancer. The concern of whether AAG is specific or not rises, because
several base excision enzymes, including AAG, were reported to
have highly promiscuous binding sites [7–10]. It was shown, for
example, that 3-methyladenine glycosylase (AlkA), and nucleases,
can remove undamaged bases at a significant rate [8–10], and the
subsequent frequent resynthesis of the bases may in fact cause
spontaneous mutations [10].

Lau et al. [2] examined the structure of the DNA-AAG complex
and pointed out that the selective recognition of alkylation-
damaged bases by AAG could occur at several points along the
pathway to base excision: (1) facile base flipping from the DNA
double helix, (2) selective binding of damaged bases by AAG, (3)
specific positioning of damaged bases that facilitates further
excision, and (4) specific electronic effects at the binding site that
selectively prepare the glycosydic bond in damaged DNA for
cleavage. For each of these points, certain support can be found in
literature.

In several studies, it was suggested that the smaller barrier to the
flipping of a damaged base out of the double helix with artificially
disrupted base pairs maximizes the efficiency with which damaged
DNA is recognized by and bound to enzymes [11–14]. For example, a
uracil glycosylase exhibited a linear relationship between binding
affinity and enthalpic destabilization of the base pair, accessed
through manipulation of the chemical nature of the base opposing
the lesion [11,12]. A kinetic study by Lyons and O'Brien [10] also gave
strong evidence that base pairing in the double helix provides a
barrier to base excision by AAG. This study compared glycosylase's
activity toward DNA containing a bulge, and DNA containing an
oxydatively deaminated adenine paired to different bases. The bulge
appeared to be the best context for AAG catalytic efficiency [10].
However, these studies could not directly address excision of
undamaged adenine from its usual Watson–Crick (WC) pair context.
It is not understood whether this process is even thermodynamically
allowed for a normal WC pair, and how its energetics compare to that
for WC pairs containing lesions. On the other hand, O'Brien and
Ellenberger in their kinetic study [15] proposed that AAG most likely
excludes undamaged bases from the active site, due to steric clashes of
the amino group on adenine with the binding site of AAG. That
constitutes a mechanism for specificity. Additionally, it was suggested
that both AAG [16], and AlkA [9] enzymes may discriminate against
undamaged purines at the step of the glycosidic bond cleavage, rather
than during the binding event. The variety of reported opinions raises
a controversy, and renders the question of AAG binding selectivity still
open.

In the present work, we compare the binding process for damaged
and undamaged DNA to AAG. The considered damaged DNA contains
a particular, highly miscoding lesion, hypoxanthine. It might be
inappropriate to generalize the results of the present study to other
lesions, however. Importantly, the binding process for undamaged
DNA is virtually impossible to study experimentally, whereby theory
appears to be the only suitable means. The questions that we address
are the following: Is base flipping considerably more thermodynam-
ically favorable for the lesion than for undamaged adenine? If adenine
is flipped out of the double helix, would its binding to AAG be
comparably favorable to lesion's binding? If both the discriminative
binding to AAG and unfavorable flipping of adenine contribute to the
selectivity of AAG, then which of the two factors contributes to
recognition more, in the thermodynamic sense? Also, if AAG can in
fact bind adenine without thermodynamic discrimination, do its
positioning or electronic effects in the binding site seem to prevent its
excision? The present study employs the Monte Carlo simulations in
conjunction with Free Energy Perturbation (FEP) methodology, and
DFT calculations.
2. System setup and methodology

We considered DNA containing undamaged adenine (A), and the
lesion (L), hypoxanthine, the product of oxidative deamination of
adenine (Scheme 1). L was reported to be a highly miscoding lesion,
relevant to carcinogenesis [17], which makes it an especially
interesting target for the present investigation.

The complex of DNA containing a different lesion (the product of
alkylation of adenine, εA) and AAG was taken from the Protein Data
Bank, PDB code 1EWN (2.1 Å resolution). The DNA was chopped
down to five base pairs. The lesion was replaced with L. The
phosphate groups of the DNA backbone were solvated with Na+

cations to compensate the negative charge. The protein residues
located within 15 Å from the center of the damaged adenine were
retained, and the rest of the protein was removed. This way, 134
protein residues were included in the simulations. The total charge
on the system was zeroed by means of (de)protonation of residues
remote from the binding site and DNA molecule. The reduced size of
the system is not anticipated to make a significant impact on our
results, since the catalytic action happens far from the system
boundaries. A 22 Å water cap centered at the P atom of the damaged
nucleotide was placed around the system. The solvent was
represented by the TIP4P explicit water model [18]. Water molecules
that collided with the protein were removed, and the final cap used
in the simulations consisted of 804 water molecules. Similarly, the
crystal structure was also used to setup the protein-DNA complexes
for DNA containing undamaged A. A typical system prepared in this
way is shown in Fig. 1A.

For simulations of DNA containing a flipped base in a solution, the
initial structures were taken from the complex of DNAwith AAG, and
AAG was removed. The canonical DNA double helix consisting of five
base pairs was prepared based on the crystal structure of a longer
double helix (1N4E) [19]. Both types of DNA structures were
solvated in a cap containing ca. 1350 TIP4P water molecules
(Fig. 1B).

Each system thus prepared was extensively equilibrated using
the metropolis Monte Carlo simulations in the NPT ensemble, at
25 °C and 1 atm. The OPLS-AA [20] force field was used to describe
the system. The backbone was fixed in the simulations, for both the
protein and the DNA molecule, except for the scrutinized adenine or
the lesion and the T nucleotide opposing it in the DNA double helix.
The angles and torsions were sampled for the entire DNA fragment,
and for the protein residues located within 11 Å from the center of
the lesion. The bond lengths were sampled only for A or L. The
sodium cations could translate, and the water molecules could
translate and rotate. The equilibration consisted of 5×106 config-
urations of sampling where only solvent moves were allowed, and of
subsequent 25×106 and 15×106 configurations, for the DNA-AAG
complex and DNA alone, respectively, when both the solvent and
the DNA-protein complex were allowed to move. The equilibrated



Fig. 1. Computational setup: (A) a part of the AAG protein (its backbone is shown in green) and the damaged DNA fragment bound to it, in a water cap containing 804 water
molecules; and (B) a fragment of DNA in a water cap containing 1350water molecules. The atoms of the DNAmolecule are colored as follows: C— cyan, N— blue, O— red, H—white,
P — orange, and Na — purple.
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systems were then subject to FEP/MC simulations, organized as
described in the next paragraphs. During FEP, the system underwent
5×106 configurations of solvent equilibration, followed by 10×106
Fig. 2. The thermodynamic cycles used in this work: the top row represents the unpairing o
row represents the same process for the DNA containing a lesion (L). The cycle for hydrati
configurations of full equilibration, and 25×106 configurations of
data collection when the perturbation was introduced. All MC
simulations were done with MCPRO 2.0 packages [21].
f the WC pair, and subsequent binding to AAG for undamaged adenine (A); the bottom
on of DNA containing A and L is also shown, in the leftmost part of the Figure.

image of Fig.�1
image of Fig.�2


Table 1
OPLS-AA charges, and NPA B3LYP/6–31G* charges for L.

Atom OPLS-AA NPA

N9 −0.50 −0.575
C8 +0.20 +0.170
H8 +0.20 +0.236
N7 −0.49 −0.423
C4 +0.38 +0.331
C5 +0.12 −0.047
N3 −0.55 −0.504
C6 +0.50 +0.592
O6 −0.50 −0.509
N1 −0.50 −0.633
H1 +0.30 +0.432
C2 +0.255 +0.255
H2 +0.235 +0.233
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The full process of binding DNA to AAG can be hypothetically split
into two events: (1) unpairing of the Watson–Crick (WC) pair
accompanied by the rotation of the A/L base out of the double helix,
and (2) complexation of the flipped base to the AAG active site. The
two processes may have complex mechanisms: involve crossing free
energy barriers, be multi-step, or even happen simultaneously, in a
concerted fashion. However, such a hypothetical split of the binding
process is valid, when we are concerned with the associated free
energy changes that each step contributes, because free energy is a
state function independent of the path. Simulating the entire reaction
path is computationally prohibitive. However, it is possible to
calculate the relative free energy changes associated with each step,
for A and L. This will allow us to elucidate which step (if any) provides
the relatively greater thermodynamic drive for lesion recognition and
selective binding by AAG. If the AAG active site is highly discriminat-
ing against unmodified adenine as compared to lesions, undamaged
DNA would not bind to AAG, even if the WC pair would break. At the
same time, if AAG is not that specific, whereas the nucleotide pair is
substantially more stable for A than for L, then WC unpairing would
govern the recognition.

The relative free energy changes for A and L can be computed via
FEP simulations, based on the thermodynamic cycles shown in Fig. 2.
The following notations are introduced: WC-A and WC-L are DNA
double helixes containing either adenine, or the lesion in a WC pair;
unpaired-A/L(g) are DNA double helixes containing an unpaired WC
pair and flipped adenine or the lesion, where (g) denotes the systems
in the gas phase; DNA-AAG-A/L are complexes between unpaired-A/
L and AAG. The top row in Fig. 2A represents the binding process for
the DNA containing no lesion. In this hypothetical event, first, A and T
unpair, and the free energy change associated with this is marked
ΔGWC*

A. Unpaired-A then binds to the AAG protein, forming a
complex, DNA-AAG-A, and the associated free energy change is
ΔGDNA-AAG

A. The free energy change associated with the entire binding
process is ΔGbind

A. The analogous process, but for the damaged DNA
containing the lesion, L, is shown in the bottom row in Fig. 2A: WC-
L→unpaired-L→DNA-AAG-L, and the corresponding free energy
changes are ΔGWC*

L, ΔGDNA-AAG
L, and ΔGbind

L. We will also use the
hydration processes (Fig. 2B), unpaired-A/L(g)→unpaired-A/L, and
the associated changes in free energy, ΔGhydration

A/L, as a reference
point for the performance of our methodology. In the shown
thermodynamic cycles, there are also changes in free energy
associated with the mutation of A to L, in the context of the WC
pair, the DNAwith a flipped base in the gas phase and in solution, and
in the DNA-protein complex. In Fig. 2, they are named ΔGAL

WC,
ΔGAL

unpaired, ΔGAL
unpaired-g, and ΔGAL

AAG, respectively. These quantities
close the thermodynamic cycles. Since free energy is a state function,
the following relations are true:

ΔG
WC*

A + ΔGAL
unpaired = ΔGAL

WC + ΔG
WC*

L ð1Þ

ΔGDNA−AAG
A + ΔGAL

AAG = ΔGAL
unpaired + ΔGDNA−AAG

L ð2Þ

ΔGbind
A + ΔGAL

AAG = ΔGAL
WC + ΔGbind

L ð3Þ

ΔGhydration
A + ΔGAL

unpaired = ΔGAL
unpaired−g + ΔGhydration

L
: ð4Þ

From the Eqs. (1)–(4), (5)–(8) follow, respectively:

ΔΔG
WC* = ΔG

WC*
A−ΔG

WC*
L = ΔGAL

WC−ΔGAL
unpaired ð5Þ

ΔΔGDNA−AAG = ΔGDNA−AAG
A−ΔGDNA−AAG

L = ΔGAL
unpaired−ΔGAL

AAG ð6Þ

ΔΔGbind = ΔGbind
A−ΔGbind

L = ΔGAL
WC−ΔGAL

AAG ð7Þ
ΔΔGhydration = ΔGhydration
A−ΔGhydration

L = ΔGAL
unpaired−g−ΔGAL

unpaired
:

ð8Þ

Expressions (5) and (6) provide the means for estimating the
desired quantities, ΔΔG WC* and ΔΔGDNA-AAG. Also, Eq. (7) allows for
the comparison of the entire free energy of binding for damaged and
undamaged DNA, ΔΔGbind. Eq. (8) provides the relative free energy of
hydration of DNA containing A versus L, and serves the purpose of
checking the reasonableness of our calculations.

Thus, instead of performing the computationally prohibitive
calculations of ΔGWC* and ΔGDNA-AAG, we can compute the free energy
changes associated with chemical mutations of A to L, ΔGAL

WC,
ΔGAL

unpaired, and ΔGAL
AAG, and also ΔGAL

unpaired-g. These quantities can
be obtained using the FEP methodology, where the mutation of A to L
consists of the gradual change of the OPLS-AA parameters on atoms,
and a few internal degrees of freedom, corresponding to transforming
A to L through a series of unphysical states. The perturbation was
conducted using 20windows of double-wide sampling, with the value
of the coupling parameter λ gradually changing from 0 to 1 (0.05,
0.10, 0.15… 1.0). A window refers to a MC simulation at one point
along themutation coordinate λ, which interconverts two ligands as λ
goes from 0 to 1. For each step in the mutation, the quantity

ΔG 1→2ð Þ = G2−G1 = −kbT ln〈 exp −E2−E1
kbT

� �
〉1 ð9Þ

was computed, and the total ΔGAB was obtained by summation over
the entire range of the parameter λ.

The reported uncertainties (±lσ) for the free energy changes were
obtained from the fluctuation in separate averages over batches of
2×106 configurations. Eq. (10) was used, where m is the number of
batches, θi is the average of property θ for the ith batch, and bθN is the
overall average for θ [22].

σ2 = ∑
m

i
θi−θð Þ2 =m m−1ð Þ ð10Þ

Scheme 1 shows the OPLS-AA atom types, and atomic charges for
lesions used in this work are presented in Table 1. Existing OPLS-AA
atom typeswere used for all atoms, and only the charges on C2 and H2
were adjusted slightly to keep the total charge on the nucleotide
intact. The chosen OPLS-AA charges were compared to those obtained
for the lesion in the gas phase, with the Natural Bond Order Analysis
(NBO) [23–26] code, at B3LYP [27–29]/6–31G* [30,31], using the
Gaussian Development Version [32]. A good agreement found between
OPLS-AA and NBO charges (Table 1) serves as a justification of our
model. No change in the total charge of the nucleotide occurred in the
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perturbation, which led to fairly fast convergence of FEP/MC
simulations, and smooth free energy curves. For the A to L mutation,
H atoms on NH2 were eliminated, and the distances from N6 to the
forming dummy atoms were perturbatively shrunk down to 0.1 Å. N6
was mutated to O6. The H1 atom was perturbatively formed, and the
N1-H1 distance was perturbatively increased from 0.1 Å to the
equilibrium N1-H1 distance from OPLS-AA. Additionally, C6–O6 and
C6–N1 bond lengths were included in the perturbation.

Overall, our FEP MC computational approach entails a number of
approximations associated with the empirical molecular mechanics
force field and water model that lack polarization. Furthermore, the
accuracy of FEP simulations depends on the number of windows in
the perturbation, and the amount of MC sampling [33]. However, the
TIP4P water model is known to reproduce the phase diagram of water
in a good agreement with the experiment [34]. Our choice for the
OPLS-AA force field, and reliable parameters in MC simulations was
guided by the previous successful studies, where the FEP simulations
predicted relative binding affinities of potential drugs and inhibitors
to proteins, in good agreement with experimentally measured
activities [35]. Additionally, it is noteworthy that classical simulations
and FEP calculations on DNA in solution, including DNA with
perturbed hydrogen bonding within WC pairs have been reported
[36a], and provided encouragement in the reliability of the FEP
methodology for this type of system. The errors associated with
predicted free energy differences for the mutation of T to difluor-
otoluene in canonical DNA, for example, were found to be within
1 kcal/mol from the experimental values [36a].

The changes in the bondorder anddegree of charge transfer (CT), at
the active site upon substrate binding to AAGwere assessed via NBO//
LC-ωPBE [37–40]/6–311++G** analysis. The LC-ωPBE functional
contains a separation of the exchange component into short-range
and long-range parts. The long-range portion of the approximate
exchange is replaced by the Hartree–Fock counterpart, and this long-
range correction was shown to work particularly well in combination
with the short-range variant of the PBE exchange functional. The LC-
ωPBEmethod is known to be remarkably accurate for a broad range of
molecular properties, including long-range charge transfer. Addition-
ally, in order to assess the electronic effects at the binding site, and, in
particular,π-stacking interactions between the boundbase and the Tyr
residues, we performed the energy decomposition analysis (EDA)
[41,42], as implemented in Q-Chem 3.2 [43]. The method used in these
Fig. 3. A typical truncated structure of a DNA-AAG complex used in DFT calculations.
Tyr residues are represented with phenol molecules (in purple), Asn is represented
with acetamide (in orange), and the full His residue in shown in green.
calculations was B3LYP/6–311++G**. Since dispersion is expected to
play a major role in these interactions, but known to be poorly
represented with DFT, we performed an additional a posteriori DFT-D
calculation that utilizes Grimme's empirical dispersion corrections
[44]. The performance of DFT-D for noncovalently bound systems
including many pure van der Waals complexes were reported to be
exceptionally good, reaching, on average, CCSD(T) accuracy [44]. For
these analyses, 10 representative low-energy structures from the final
stage of MC relaxation were taken for each complex. Each systemwas
truncated so that the remainingmodel complexes consisted of the 4′H-
nucleoside, two phenol molecules representing Tyr127 and Tyr159, a
full His amino acid in place of His136, and acetamide in place of the
side chain of Asn169 (Fig. 3).

3. Results and discussion

3.1. Initial Monte Carlo relaxation

Fig. 4 shows the representative configurations taken from the end
of the MC relaxation runs for the DNA-AAG complexes. In Fig. 4A, the
DNA molecule contains the flipped lesion, L. In Fig. 4B, the DNA
contains a flipped undamaged A. Importantly, in both cases, the
geometries of the MC relaxed complexes are similar, and closely
resemble the crystal structure. First of all, consistent with the crystal
structure, the integrity and length of the glycosidic bond are
preserved in the complexes. As an averaged over 25 representative
structures from the averaging stage of the MC simulations, the length
of the glycosidic bond is 1.48±0.02 Å for L, and 1.49±0.02 Å for A,
which is fairly close to its bond length in adenine alone (1.44 Å, in
OPLS-AA). Also, there is almost no difference in the glycosidic bond
length between L and A. Hence, no bond stretching specific to bound L
occurs at the binding site. In order to provide an additional
assessment of the potential antibonding effect on the glycosidic
bond at the binding site, we performed NBO//LC-ωPBE/6–311++G**
calculations on truncated (as in Fig. 3) structures of the complexes,
and on isolated 4′H-nucleosides of optimized gas phase structures.
NBO provides the electronic populations of localized bonding and
antibonding molecular orbitals, corresponding to the glycosidic bond.
And the LC-ωPBE method has a correction for the long-range
interactions that is essential for the assessment of the antibonding
effect. The results are presented in Table 2. Remarkably, there is
almost no difference in the population of the analogous localized
orbitals, for the two nucleosides bound to AAG and in the gas phase.
Hence, the binding site indeed does not impose any specific
antibonding effect on the glycosidic bond of the bound base.

All the important contacts pointed out by Lau et al. for the crystal
structure are also found in the MC relaxed structures. Tyr127 forms a
parallel π-stacking interaction with the bound nucleotide. On the
opposite side, Tyr159 interacts with the π-system of the bound base in
a perpendicular orientation.

His136 forms a hydrogen bond to the backbone phosphate. The
imidazole fragment of His136mainly forms a tilted π-stacking contact
with Tyr159. Both substrates also forma short hydrogen bondwith the
backbone of His136,where the lone pair onN is theH-bond acceptor in
A, and that on carbonyl O is the acceptor in L. Noticeably, due to this
contact with His136, the NH2 group in A deviates significantly from its
equilibrium, almost planar geometry, and clearly stops participating in
the resonance with aromatic systems of the base. We estimated the
energy cost of this geometric constraint, by taking the base out of the
DAN-AAG complex and allowing the NH2 group to relax to its
equilibrium geometry in vacuum, using OPLS-AA. From this estima-
tion, binding of the NH2 group disfavors the binding of A to AAG by ca.
8 kcal/mol. Additionally, the hydrogen bond to the backbone of His136
is shorter for L than for A: the distances between the N atom of His136
and N6/O6 atom of the substrate are 3.02±0.11 Å and 2.84±0.07 Å,
for A and L, respectively (averaged over 25 structures). Hence, this

image of Fig.�3


Fig. 4. Representative structures of the DNA-AAG complexes resulting from the Monte Carlo relaxation: only the bound nucleotide (in cyan) and the residues in immediate contact
with it (Tyr127, Tyr159, His136, Asn169, and Cys178) are shown. (A) DNA containing L, and (B) DNA containing undamaged A, and the inset showing the tight fit of A into the
binding site.

Table 3
Averaged electronic contributions to the binding energies between AAG and the bound
base, assessed with NBO//LC-ωPBE/6–311++G** and EDA//B3LYP/6–311++G**. Total
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hydrogen bond seems to play a differentiating role in the binding
affinity. A more quantitative assessment of the importance of this
contact is provided in the next Section.

Asn169 and Cys178 also come into relatively close contact with the
substrates. However, Cys178 does not interact with the substrates
directly, and, for Asn169, the only noticeable interaction is a long
hydrogen bond with the NH group of L (Fig. 4A).

From the first glance, the binding of undamaged A to the active site
looks tight (Fig. 4B, and the inset). No specific positioning of L, altered
from that of A, can be seen. Most of the important contacts with the
residues at the active site are retained. A did not drift out of the
binding site during the MC run, even though the flexibility of its
backbone in principle allowed for that. The positioning of A and L in
the binding site are very similar. This structural analysis is suggestive
of that AAG is not capable of positioning the lesion so that its excision
would be selectively facilitated.

In order to get an additional insight into more subtle electronic
effects at the binding site, and to see if those favor one bound base
over the other, we performed NBO and EDA analyses (results are
presented in Table 3). In these calculations, for each bound base, we
used 10 representative structures of the complexes like that shown in
Fig. 3. These analyses revealed the components of the binding energy
that originated from partial charge transfer (CT), induction, and
dispersion. Assessing the π-stacking interactions: according to both
NBO and EDA, CT happens both from the bases to Tyr residues, and
from Tyr residues to the bases. The net flow of charge is tiny for both
substrates; however, the gain in the binding energy due to this
delocalization is not negligible. NBO analysis systematically predicts
larger net CT than EDA does, for two reasons: 1) NBO was performed
with LC-ωPBE, a DFT functional that has a long-range component, and
should be more accurate for assessing weakly bound complexes. EDA,
on the other hand, was done with B3LYP, because LC-ωPBE is
unavailable for the use with EDA.When NBOwas donewith B3LYP, CT
effects were approximately a factor of 2 smaller. 2) When CT is
calculated in EDA, the basis set superposition error is subtracted,
Table 2
The population of the glycosidic bond in model complexes of the nucleosides with AAG
and nucleosides alone, from NBO//LC-WPBE/6–311++G* (averaged over 10
configurations).

Base Pop(C–N), electrons Pop(C–N)*, electrons

Acomplex 1.986±0.000 0.057±0.003
Aisolated 1.987 0.051
Lcomplex 1.986±0.001 0.060±0.006
Lisolated 1.988 0.059
whereas in NBO it is not. Despite these complementary deficiencies,
however, both methods predict that CT contributes similarly to the
binding energies, for L and A, with NBO predicting only a slight
favoring of the bound L versus A. The effect of induction on the
binding energy is reported only for the entire complex, since EDA does
not permit the pair-wise decomposition of this effect. The energy
contributions from induction are small, and similar in magnitude, for
A and L. Dispersion appears to be themain contributor to the enthalpy
of binding, as predicted by empirical DFT-D. The dispersion interac-
tions slightly favor the binding of A over the binding of L (Table 3).
Overall, the resulting joint contributions of electronic effects to the
enthalpies of binding are similar for the two bases, and do not seem to
be a major factor in the selectivity of AAG.

The overlay of base pairs of interest from the representative
structures of relaxed canonical DNA double helices containing A
and L are shown in Fig. 5A. Importantly, upon MC relaxation, L
remains within the double helix and does not flip out. Therefore,
there is a barrier to the base flipping process for the lesion. The
pairing for L is not as perfect as that for A. L shifts, and extends
more into the solvent. However, it still forms two H-bonds to T, and
the π-stacking interactions with the bases above and below the L-T
pair is only slightly disrupted, as compared to undamaged A. Hence,
the DNA double helix containing L has a sound structure. This
might be one of the explanations for the highly miscoding nature of
the L lesion.

For DNA containing flipped bases, the overlaid structures are
shown in Fig. 5B. In this case, the resemblance between the structures
containing A and L is obvious. This indicates that in both cases there
are minima on the potential energy surfaces corresponding to the
energy contributions refer to all inter-fragment interactions in considered complexes
(Fig. 3); otherwise, contributions from specific interactions between the base and
particular residue(s) named in parentheses, but in the context of the full complex, are
shown. The empirical contributions from dispersion are assessed with DFT-D. All shown
values are in kcal/mol.

Contribution Acomplex Lcomplex

CTNBO (Tyr127) −7.47±2.88 −11.75±2.00
CTEDA (Tyr127) −2.21±0.33 −0.71±0.04
CTNBO (Tyr159) −2.26±0.84 −3.89±1.12
CTEDA (Tyr159) −0.66±0.34 −0.89±0.18
Total inductionEDA −5.75±1.98 −5.91±0.27
DispersionEDA (Tyr127,159) −15.79±1.18 −13.99±0.90
Total DispersionEDA −25.98±1.07 −21.58±1.07

image of Fig.�4


Fig. 5. The representative structures from the MC simulations for the A→L mutation:
systems containing A are inwhite, and systems containing L are in cyan. (A) The overlay
of the two WC pairs, found in the context of the canonical DNA double helix, with the
marked H-bond distances between the bases, showing that in both cases the WC pairs
are well-structured. (B) The overlay of the structures of DNA with flipped bases. (C and
D) Illustrations of the solvation patterns for flipped A and L, respectively; structures
correspond to those in (B).

Fig. 6. FEP results for the A→Lmutation: blue curves— DNA double helix in solution, pink—

in the context of DNA-AAG complex, and black— in the context of DNA-AAG His136Pro muta
function of the number of MC configurations at the stage of averaging: the two curves of ea
and at the end (marked with triangles).

Table 4
Relative free energy changes computed using Eqs. (5)–(8), in kcal/mol.

ΔΔGWC* ΔΔGDNA-AAG ΔΔGbind ΔΔGDNA-AAG(H136P) ΔΔGbind(H136P) ΔΔGhydration

−2.9±1.1 35.3±0.8 32.3±0.9 9.2±1.2 6.2±1.3 −0.1±0.1
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flipped base conformations. Fig. 5C and D shows the solvation
patterns for the flipped bases, and illustrate that the solvent network
is well-structured in both cases.

3.2. FEP simulations

FEP results for mutation of A to L in the context of DNA, DNA with
flipped base, and DNA-AAG complex are illustrated in Fig. 6 and
Table 4. Smooth free energy curves were obtained for the mutation in
all structural contexts (Fig. 6A). The convergence of these results is
illustrated in Fig. 6B. The plots for the evolution of the error associated
with computed ΔG, for the first (curvesmarkedwith squares) and last
(curves marked with triangles) FEP windows, in each structural
context, are shown as a function of the number of configurations in
MC. Noticeably, the error increases as the perturbation progresses
from A to L. Nevertheless, the sampling was sufficient for the
convergence of the errors to stable values (curves on the plot level
up at right). To check the performance of FEP simulations, we also
tested the mutation in the reverse direction: from L to A, and found
that the absolute values of the resulting ΔGs are within 1 kcal/mol
from the ones reported here.

The initial and final structures in the perturbations were always
very close to those resulting from MC relaxation (described in the
previous section). Consistent with the MC relaxation simulations, all
three structural contexts appear to correspond to minima on the
potential energy surface for both bases.

Using Eqs. (5)–(8), relative changes in free energies associated
with the base flip, ΔΔGWC*, complexation, ΔΔGDNA-AAG, entire binding
event, ΔΔGbind, and hydration of DNA with flipped bases, ΔΔGhydration,
were computed (Table 4). They indicate the ease with which these
processes occur in the presence of the mutation, relative to the
systems containing undamaged A. The difference between ΔΔGWC*

and ΔΔGDNA-AAG for the lesion shows whether base flipping or
complexation with AAG is thermodynamically dominant in the
binding event.

ΔΔGWC* appears to be slightly negative (−2.9±1.1 kcal/mol). This
means that the base flipping is a littlemore facile for DNA containingA
DNA containing a flipped base, grey— DNAwith a flipped base in the gas phase, green—

nt complex. (A) FEP curves, (B) The convergence plots for the error in computed ΔG as a
ch respective color belong to the beginning of the perturbation (marked with squares),
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than for DNA containing L. Two reasons could be suggested for this:
firstly, the hydrogen bonding in the WC pair is changed but not
completely disrupted upon mutation (Fig. 5A). The L base forms two
hydrogen bonds to T. The base is also slightly more exposed to the
solvent, and thus better solvated, in the context of canonical DNA.
Thus, for both bases, the canonical DNA seems to be a stable minimum
on the potential energy surface. Secondly, both bases in the flipped
conformation are quite efficiently solvated (Fig. 5B). Hence, the
thermodynamics of base flipping is expected to be similar in the two
cases. The barriers to base flipping are probably different for L and A,
but the difference might be small, considering that the number of H-
bonds in theWC pairs is the same. Our simulations do not address the
kinetics, however. Importantly, the fact that A has a greater
propensity to flip out of canonical DNA than L does indicates that
thermodynamics of base flipping cannot contribute to the selectivity
of AAG. We would like to point out that this conclusion is likely not
universal for all known lesions. For example, εA, which is bound to
AAG in the crystal structure that we are using, is larger than L, and
does not have the capability of forming H-bonds to the opposing T in
canonical DNA. Hence, the thermodynamics of its flipping fromDNA is
expected to be different.

ΔΔGDNA-AAG is 35.0±0.8 kcal/mol, where the positive sign indi-
cates a greater binding affinity between AAG and L than between AAG
and A. Importantly, MC equilibration of complexes between AAG and
the flipped bases (Fig. 4A and C) showed a comfortable docking of
both L and A, as previously described. Only the FEP simulations were
capable of revealing this qualitative difference in the binding affinity.
The overall ΔΔGbind is 32.3±0.9 kcal/mol, which indicates that the
entire process of binding to AAG is much more favorable for L than for
undamaged A. Hence, thermodynamically, AAG is capable of discrim-
inating against A, and preferentially binds L. In comparing the values
of ΔΔGWC* and ΔΔGDNA-AAG, it is the latter that defines the favorable
thermodynamics of binding L, versus A. Hence, summarizing the FEP
results, if the thermodynamics governs the selective binding of the
lesion, the selectivity should be driven by the greater affinity of the
AAG binding site to L, rather than its unfavorable WC pairing.

In order to gain further insight into this big difference in the
binding affinity, we performed additional FEP simulations allowing us
to explore the role of H-bond to the backbone of His136. Specifically,
we mutated His136 to Pro, a residue that is unable to form the
aforementioned hydrogen bond to the substrates, and mutated A to L
in the context of the mutated binding site. The FEP results are
presented in Fig. 7 and Table 4. Both bases are accommodated by the
mutated binding site (Fig. 7). The π-stacking interactions with Tyr127
and Tyr159 are preserved in the two complexes. Remarkably,
however, ΔΔGDNA-AAG for the mutant is 9.2±1.2 kcal/mol (compare
to 35.3±0.8 kcal/mol in the original protein). ΔΔGbind drops from
Fig. 7. The typical structures of the Hi136Pro variant of AAG binding (A) L, and (B) undamage
not distorted, as in the case of the original protein.
32.3±0.9 kcal/mol in AAG to 6.2±1.3 kcal/mol in the His136Pro
mutant. The relative binding affinity of AAG changes dramatically
upon mutation, and no longer favors L over A as strongly. These
simulations do not assess the exact contribution of this hydrogen
bond to the free energy of binding, since other interactions at the
binding site also get perturbed upon mutation. However, qualitative-
ly, these FEP results indicate the significance of this hydrogen bond for
the binding affinity. Importantly, AAG operates on products of
deamination and alkylation of A, and therefore, all lesions can be
expected to form shorter H-bonds to His136 than undamaged A. A
also undergoes a structural distortion, pyramidalization of the amino
group, due to this hydrogen bond, whereas for deaminated lesions
this should not be an issue. This suggests that the His136 hydrogen
bond, as a major reason for the binding specificity of the AAG active
site, could be valid for all lesions. However, this remains to be
addressed in future studies.

The ΔΔGhydration value (Table 4) is used here as a check for the
performance of the methodology, since hydration is the process for
which we have the most intuition and literature available. The
ΔΔGhydration value is small, and its sign indicates that DNA containing a
flipped undamaged A base is solvated slightly better than that contain-
ing L. This is an intuitive result illustrated by the solvation patterns for
the flipped bases shown in Fig. 5C and D. Reasonable magnitudes of
ΔΔGhydration indicate that the FEP simulations are well-behaved.

4. Conclusions

Recognition of damaged sites in DNA, and their successful excision
by enzymes like AAG are the key events in cellular resistance to
cancer. Understanding the mechanisms for the specificity of AAG
toward binding damaged DNA versus undamaged DNA is, therefore,
critical for the development of means of cancer treatment and
prevention. There is some question as to whether AAG is in fact
capable of discriminating against undamaged adenine. This study
sheds light on the process of binding of damaged (L, Scheme 1) and
undamaged adenine (A) to AAG. The specific studied L is a product of
oxidative deamination of A, known to be highly miscoding. We
address various stages of the binding process, and elucidate that the
actual docking to the active site provides a great thermodynamic drive
for the selectivity toward binding the lesion. Specifically,

(1) we show that the canonical DNA double helix containing the
lesion is well-structured: there are two H-bonds between L and
the opposing T, and the π-stacking interactions with the bases
below and above the base of interest are structurally sound, for
both A, and L. The structure and solvation of DNA containing
flipped bases are also similar.
d A, from the end points of the A→Lmutation. One may see that the NH2 group on A is

image of Fig.�7
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(2) FEP/MC simulations suggest that base flipping out of the double
helix is thermodynamically slightly more facile for A than for L.
Thus, the thermodynamics of base flipping does not constitute
the mechanism for selectivity. Importantly, not all lesions are
expected to form sound WC structures, and therefore the
energetics of base flipping might also be different for other
lesions.

(3) Both studied bases, A, and L, can tightly dock into the active site
of AAG. The conformation at which they bind is very similar in
both cases, and also reminiscent of that in the crystal structure.
There is no specific positioning of the substrate, such that it
would selectively facilitate the cleavage binding of L, and not of
A. NBO and EDA analyses on the bound complexes showed that
the electronic effects at the binding site upon binding A and L
are similar. There is no specific antibonding effect on the
glycosidic bond. CT, induction, and dispersion interactions
similarly contribute to the binding affinity of AAG to the two
bases. The only significant difference in the bound complexes is
the shorter hydrogen bond to His136 for L than for A, and the
associated costly geometric distortion of A, as compared to the
base in the gas phase or solution.

(4) The thermodynamic propensity for complexation of flipped
bases with AAG is dramatically greater for L versus A. We
further show that the thermodynamic specificity is majorly due
to the H-bond between the base and the backbone of His136, in
agreement with an earlier report by O'Brien and Ellenberger
[15]. Upon mutation of His136 to Pro, the binding specificity is
dramatically reduced. Since AAG operates on deaminated and
alkylated A, all lesions may be able to display this effect.
However, this issue needs to be further investigated. There is
also an entropic contribution to the found thermodynamic
propensity, which is likely to favor L versus A, due to the
smaller size of L. The entropic contributions are hard to
estimate, however.

Thus, AAG is capable of discriminating against undamaged adenine
at least by virtue of the more favorable thermodynamics of binding
the lesion, L. The kinetic contribution to the specific binding is not
assessed in the present study. Also, this work focuses on the binding
event only, and does not provide an insight into the catalytic bond
cleavage. Further mechanistic investigations are required to address
this.
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