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Abstract: Methylation induced DNA base-pairing damage is
one of the major causes of cancer. O6-alkylguanine-DNA
alkyltransferase (AGT) is considered a demethylation agent of
the methylated DNA. Structural investigations with thermo-
dynamic properties of theAGT-DNA complex are still lacking.
In this report, we modeled two catalytic states of AGT-DNA
interactions andanAGT-DNAcovalent complex and explored
structural features using molecular dynamics (MD) simula-
tions. We utilized the umbrella sampling method to investi-
gate the changes in the free energy of the interactions in two
different AGT-DNA catalytic states, one withmethylated GUA
in DNA and the other with methylated CYS145 in AGT. These
non-covalent complexes represent the pre- and post-repair
complexes. Therefore, our study encompasses the process of
recognition, complex formation, and separation of the AGT
and the damaged (methylated) DNAbase.We believe that the
use of parameters for the amino acid and nucleotide modifi-
cations and for the protein-DNA covalent bond will allow
investigations of the DNA repair mechanism as well as the
exploration of cancer therapeutics targeting the AGT-DNA
complexes at various functional states aswell as explorations
via stabilization of the complex.

Keywords: AGT-DNA complex; DNA methylation; DNA
repair; MD simulations; umbrella sampling.

Introduction

DNA base-pairing damage involves chemical modifications
suchasbasemismatchandmethylationofDNAbases (Crone
etal. 1996;Kyrtopouloset al. 1997;Maser andDePinho, 2002)
and is one of themajor causes of cancer (Jackson and Bartek
2009; Paulsen and Ferguson-Smith 2001). Methylation of a
DNA base can cause carcinogenesis of a living cell (De Bont
and van Larebeke 2004; Lindahl and Barnes 2000; Tessmer
and Fried 2014; Warren et al. 2006). O6-alkylguanine-DNA
alkyltransferase (AGT) functions as the demethylation agent
for the O6-alkylguanine and O4-alkylthymine DNA bases
(Gerson 2002; Harris et al. 1992; Kelley and Fishel 2008;
McKeague et al. 2018; Zak et al. 1994). The interaction of AGT
withDNA is consideredas a novel interactionmechanism for
the recognition of DNA damage and repair (Daniels et al.
2004; Musarrat et al. 1995; Perugino et al. 2012; Rossi et al.
2018). After locating the DNA damage, AGT accesses the
alkylated base by flipping the nucleotide into the protein so
that themethylated GUA approaches the enzyme active site.
Once the methylated GUA is in the active site, it donates its
methyl group to the CYS145 residue in AGT (Ali et al. 1998;
Duguid et al. 2005).

Because it confers protection against DNA damage, AGT
plays a crucial role to protect normal cells from tumorigen-
esis. For example, it is shown to protect againstmethylation-
induced skin cancer (Becker et al. 1996), liver cancer
(Nakatsuru et al. 1993), lung cancer (Liu et al. 1999; Sakumi
et al. 1997), and thymic lymphomas (Dumenco et al. 1993).
However, AGT can also provide undesired protection to
cancer cells from damage due to methylating and chlor-
oethylatinganticancerdrugs (Fuet al. 2012;Kainaet al. 2007;
Rasimas et al. 2003), thus fostering drug resistance. There-
fore, AGT is an important drug target for improving the ef-
ficacy of chemotherapy.

Despite previous investigations of this functionally
important DNA-AGT complex, structural investigationswith
thermodynamic properties of the complex are still lacking.
Computational investigations of the demethylation process
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of methylated DNA bases by AGT are limited due to the lack
of pre-defined force-field parameters. In this work, we uti-
lized computational approacheswith CHARMM36m (Huang
et al. 2017) forcefield parameters to create covalent andnon-
covalent complexes and explored their suitability to inves-
tigate structural features of the complex using molecular
dynamics (MD) simulations. Such structural investigations
have increasingly beenused in recent years for investigating
complexes of proteins with other partners (Magnen et al.
2018; Tiwari et al. 2016, 2018, 2020), including the protein-
DNA covalent complex with implications in drug discovery
(Tiwari et al. 2020). We used the umbrella samplingmethod
to calculate the changes in the free energies in AGT-DNA
complexes in twonon-covalent complexes indifferent states
of methylation, pre- and post-repair structures, one with
methylated GUA in DNA and the other with methylated
CYS145 in AGT. This technique allows the determination of
energetically favorable states and has been used in studies
ofmanybio-molecular systems (Luzhkov 2017; Pokhrel et al.
2019). The use of the parameters for the amino acid and
nucleotide modifications and for the protein-DNA covalent
bond allows computational investigations of the AGT-DNA
complex structures before and after methyl transfer, as well
as the AGT-DNA covalent complex. Such investigations will
be useful for future explorations of cancer therapeutics
targeting the AGT-DNA complexes at various functional
states as well as explorations via stabilization of the com-
plex. For example, the catalytic site in the transient state of
the DNA-AGT complex may provide a novel target for
in silico drug screening to identify AGT inhibitors that
inhibit the methyl transfer, potentially overcoming the
anticancer drug resistance to improve the efficacy of
chemotherapy.

Results

Dynamics of the AGT-DNA covalent and non-
covalent complexes

We generated all three complexes – complex-I, complex-II,
and complex-III as explained in the Methods section. The
complex-I has methylated GUA7 (6OG7) in DNA, complex-
II represents a possible model of a transient, intermediate
state in which methylated GUA7 covalently bonded to
CYS145, and complex-III has methylated CYS (ORT145) in
AGT. In the complex-I, GUA7 is methylated at O6 point and
this methyl group is supposed to be transferred to CYS145
in AGT whereas the methyl group in GUA7 is transferred to
CYS145 in complex-III. In this transfer, the sulfur atom of

CYS145 side chain becomes deprotonated and the methyl
group gets attached to it. Figure 1A shows a representative
AGT-DNA complex (complex-I). Figure 1B displays the co-
valent bonding between the 6OG7 and CYS145. It is to be
noted that in the AGT-DNA covalent complex in the protein
data bank (PDB ID 1T39), CYS145 is cross-linked to the
mechanistic inhibitor N1, O6-ethanoxanthosine (Daniels
et al. 2004) as shown in Figure 1C. This inhibitor was pur-
posely used to prevent the methyl transfer and achieve a
stable covalent complex, resulting in the covalent bonding
seen in Figure 1C in contrast to Figure 1B, which represents
the transient, intermediate catalytic state during the
methyl transfer process. Figure 1D shows the pre-catalytic
state with methylated GUA7 (6OG7) and Figure 1E shows
the post-catalytic state with methylated CYS145, both
without a covalent bond between the GUA and CYS. The
CYS145 residue (with or without the hydrogen attached to
the sulfur) is enclosed within a circle in Figure 1B–E.

We performed 200 ns of MD simulations for each of the
three complexes to ensure the stability of the complexes and
to investigate structural dynamics. A representative simu-
lation movie of the 200 ns CPT production run for the
AGT-DNA covalent complex, complex-II, is given in the
SupplementaryMaterial (SectionS3). TheDNAappears to be
flexible at the ends, especially at the lower end. We calcu-
lated the total interaction energies using the 200 ns simu-
lation trajectories of each of the three complexes and results
are shown in Figure 2A. There is no significant fluctuation in
the total energy for all three systems, suggesting the stability
of the complexes (Tiwari et al. 2018). Figure 2B also shows
that there was no significant fluctuation in RMSD in all the
three complexes. The total number of hydrogen bonds
formed between AGT and DNA as a function of simulation
time shows a similar level of hydrogen bonding in all three
complexes (Figure 2C). A detailed analysis of the AGT-DNA
hydrogen bonding shows that residues TYR114 and CYS145
(or ORT145) in AGT consistently form hydrogen bonding
with 6OG7 (or GUA7). These residues and nucleotides may
be important in the formation of the complexes. Table 1
shows all residues in AGT and nucleotides in DNA that
establish hydrogen bonding with occupancy greater than
40%. We have also calculated hydrogen-bonding distances
for the two residue-nucleotide pairs and presented in
Figure 2D–F, for complex-I, complex-II, and complex-III,
respectively. As expected theweaker hydrogenbondingwas
observed for the complex-III (post-catalytic state) as
compared to complex-I (pre-catalytic state) as can be seen in
Figure 2D, F aswell as in Table 1. Even though TYR114-GUA7
in the complex-III bonding looks as stable as TYR114-6OG7
in the complex-I, the occupancy of this hydrogen bonding is
much less (∼59%) in the complex-III as compared to the
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complex-I (∼88%). We believe that the stronger hydrogen
bonding in the complex-I corresponds to the recognition of
DNA by AGT for the methyl transfer process. We also
observed that threewatermolecules residewithin interfacial

region between AGT and DNA during the 200 ns simulation
of the complex-I and form two water-mediated hydrogen
bonds between ARG128 and CYT8, and one between LYS125
and CYT21, as shown in Figure S1 (Supplementary Material

Figure 2: (A) Total energy, (B) RMSD measurements, (C) number of hydrogen bonds between AGT and DNA, and (D)–(F) distances between
atoms in residues and nucleotides forming hydrogen bonds in the three AGT-DNA complexes (complex-I, complex-II, and complex-III)
calculated using 200 ns simulation trajectories.

Figure 1: (A) A representative structure of the AGT-DNA complex (Complex I). The intercalating residue ARG128 in AGT, O6-methylguanine
(6OG7) in DNA, and nearby CYS145 in AGT are shown in stick representations. (B) Covalent bonding between AGT and DNA at the biological
substrate O6-methylguanine (6OG7). (C) Covalent bonding between AGT and DNA cross-linked to the mechanistic inhibitor N1, O6-ethanox-
anthosine as presented in the PDB ID 1T39 (Daniels et al. 2004). (D) CYS145 in AGT and 6OG7 in DNA without the covalent bonding. (E)
Methylated CYS145 (ORT145) in AGT and GUA7 in DNA without the covalent bonding. The AGT residues and DNA nucleotides forming the
covalent bonding in Figure 1A and the residues and nucleotides in Figure 1B–E are shown in colored CPK representation. The CYS145 portions
(with or without hydrogen atom bound to the sulfur atom) in Figure 1B–E are enclosed within circles.
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Section S4). While we did not observe these water-mediated
hydrogen bonding in complexes II and III during the
simulated timescales, such water occupancy may occur in
longer timescales.

DNA-AGT complex formation and
dissociation

To investigate the underlying mechanism of AGT-DNA com-
plex formation (pre-catalytic, formation of complex-I) and
dissociation (post-catalytic, complex-III) process, we per-
formed umbrella sampling for different separation distances
between AGT and DNA. For this, DNA was translated, along
the negative x-axis, relative to AGT by 1 Å window for 19
windows. The direction of the displacement was chosen
visually based on the orientation of the intercalated ARG128
side-chain as well as the flipped GUA7 base so that when
displaced, theyareminimallyobstructedbyother residues (i.e.
nearly parallel to the ARG128 sidechain and the flipped base
and directly away from AGT). The complex was then re-
orientedso that thedirectionof thedisplacement lies along the

x-axis for convenience. Figure S2A in the Supplementary Ma-
terial (Section S5) depicts the direction of translation. Two sets
of these windows were prepared, one with methylated GUA7
(6OG7) and the other with methylated CYS145 (ORT145). The
accessofAGT to thealkylatedbaseonlyoccurswhenalkylated
based is flipped out of the base stack and into the AGT active
site for extrahelical repair and ARG128 facilitates the base
flipping (Daniels et al. 2004). As the base flipping is observed
tooccurat a rateofk=350s−1 (Zangetal. 2005) (i.e. in theorder
of milliseconds), base flipping and the associated conforma-
tional transitions upon AGT binding are not accessible in our
simulated timescales. Therefore, we used the pre-catalytic
complex as our starting structure, which is formed when the
methylated GUA base is flipped and captured into the AGT
active site. Once the complex is formed and the methyl is
transferred to CYS145, the repaired DNA undergoes slow
dissociation from AGT (Zang et al. 2005). It is also observed
that post-transfer methylated AGT can remain bound to DNA
and undergoes ubiquitination and degradation (Tessmer et al.
2012). The set with the methylated CYS145 represents the
process during the dissociation of the complex.We calculated
the non-bonded interaction energies as a function of the sep-
aration distance (COM distance) for both of these processes.
Figure 3 shows the contribution of van der Waals and elec-
trostatic energies averaged over 10 ns simulations at various
COM distances. As shown in Figure 3A (complex-I) and
Figure 3B (complex-III), the electrostatic energy was found to
have the major contribution to the interaction energies. A
modest contribution from the van der Waals interaction is
observed for COM distance <32.8 Å as the methylated GUA7
approaches the active site (Figure 3A) or GUA7 separates from
the active site (Figure 3B). The Representative snapshots of the
complex-I at different COM distances are shown in the Sup-
plementaryMaterial (FigureS2, SectionS5).When thedistance
is gradually increased from 32.8 Å, AGT dissociates from the
minor groove of DNA, losing the original AGT-DNA in-
teractions and forming new interactions. The intercalating
residue ARG128 interacts strongly with GUA7 when the COM
distance >37Å. TheRMSDmeasurements (shown in Figure S3,
Section S6) are fairly stable in each of the 10 ns windows,
indicating the convergence of simulations.

To understand the energetic differences in the
approach of the damaged base versus separation of the
repaired base, we calculated the free energies for these
processes using umbrella sampling along the COM as the
reaction coordinate. While COM is a good order parameter
for comparing the stability of the protein-DNA complex,
we note that the distance between the sulfur atom of
CYS145 and the oxygen atom of the GUA7 base (S-O dis-
tance) can also be chosen as a reaction coordinate.
Figure 4 shows the change in free energy for approaching

Table : AGT residues and DNA nucleotides establishing hydrogen
bonding between AGT and DNA with occupancy greater than %.

AGT-DNA complex Residue-nucleotide pairs Occupancy

AGT DNA

Complex-I TYR (OH) OG (N) .%
CYS (O) OG (N) .%
SER (OG) THY (OP) .%
THR (OG) THY (OP) .%
SER (N) THY (OP) .%
THR (N) THY (OP) .%
GLN (N) THY (OP) .%

Complex-II SER (OG) THY (OP) .%
TYR (OH) OG (N) .%
THR (OG) THY (OP) .%
SER (N) THY (OP) .%
THR (N) THY (OP) .%
CYS (O) OG (N) .%
GLN (N) THY (OP) .%
ARG (NH) CYT (N) .%

Complex-III TYR (OH) GUA (N) .%
SER (N) THY (OP) .%
PHE (N) THY (OP) .%
ORT (O) GUA (N) .%
ARG (NH) GUA (O′) .%
ASN (ND) GUA (O′) .%
ORT (O) GUA (N) .%

The atoms that are predicted by VMD to be responsible for
establishing the hydrogen bondings are presented inside
parentheses.

1206 R.P. Koirala et al.: Structural insights into the DNA repair mechanism of AGT



methylated GUA7 to the active site (complex-I) as well as
for separating demethylated GUA7 from the active site
(complex-III). To compare the free-energies of the com-
plexes with GUA7 at the active site, we aligned the curves
when the DNA andAGT are fully separated, at which point
the free energies for both systems should be comparable
as the interaction between DNA and AGT is negligible for
the COM distance >42 Å, after 18th window. As shown in
Figure 4, the change in free energy for the complex-I, ΔG1,
between the complexed and separated states was found to
be ∼11.1 kcal/mol and that for the complex-III, ΔG2, was
∼9.8 kcal/mol. Comparison of the lowest free energy
values at ∼26 Å COM distance, which represents the state
in which the GUA7 or 6OG7 in the catalytic cavity, shows
that the pre-transfer 6OG7 is more favorable in the cavity
compared to the post-transfer GUA7, giving a free-energy
advantage for 6OG7 of ΔΔG∼ − 1.3 kcal/mol over GUA7.
This may facilitate the dissociation of the GUA7 from the

cavity once the methyl group is transferred to CYS145.
Also, the shallower free energy curve beyond ∼28 Å for
complex-III indicates an easier dislodgement of the post-
transfer GUA7. These observations explain the affinity of
6OG7 over GUA7 in the catalytic cavity, giving an insight
into the base demethylation mechanism of AGT.

Discussion

AGT is considered as the demethylation agent to repair the
methyl-damaged DNA (Hu et al. 2008; Tessmer and Fried
2014; Tubbs et al. 2007). The entry of AGT near the damaged
part of DNA is the fundamental requirement to initiate the
methyl transfer process (McKeague et al. 2018) by forming a
transient complex between the two molecules (Daniels et al.
2004; Duguid et al. 2005; Fang et al. 2008). Methylation of a
DNAbase is oneof themajor causes of the carcinogenesis of a
living cell (Lindahl and Barnes 2000; Tessmer and Fried
2014). While AGT plays a crucial role in repairing the DNA
damage and protect the normal cells from tumor develop-
ment, it can also allow anticancer drug resistance by pro-
tecting the cancer cells from anticancer drugs (Kaina et al.
2007; Rasimas et al. 2003; Fuet al. 2012) that aimat damaging
the DNA. Given its importance as a drug target for over-
coming anticancer drug resistance to improve chemothera-
peutic efficacy, structuralmodels of theAGT-DNAcomplex in
different functional states of the methyl transfer process are
desired for biophysical insights as well as for in silico
screening. For example, small molecules interfering the co-
valent complex formation and release can potentially inhibit
the DNA repair process, improving the efficacies of the anti-
cancer drugs given in combination. Motivated by this, we
have created the covalent complex between AGT and DNA
and performed subsequent MD simulations to investigate its
structural features and we believe that the complex-II

Figure 3: Variation of non-bonded
interaction energies with the displacement
of DNA from AGT.
Van der Waal interaction energy (VDW,
orange color), electrostatic interaction
energy (E, red color) and total non-bonded
energy (E+VDW, green color) was calculated
using NAMD energy plugin within VMD for
complex-I (A) and for complex-III (B).
Symbols and error bars represent average
and standard deviation, respectively,
calculated from the 10 ns NAMD simulation
trajectories for the complexes at each COM
distance. Dotted lines are guides to eyes.

Figure 4: Change in free energy for complex-I and complex-III as a
function of COM distance.
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generated in this work with the force fieldmodificationsmay
be useful in the structure-based discovery of anticancer
agents. We note that our transient intermediate model uses
the covalently linked sp3 hybridized carbon between S and O
(i.e. –S … CH2

… O–). However, the actual transfer of methyl
group to sulfur from methylguanine is considered to occur
via a SN2-like mechanism (Daniels et al. 2000; Mattossovich
et al. 2020), which involves a planar, penta-coordinated
carbon (–S … CH3

… O–) (Fernández et al. 2007) as the tran-
sient intermediate with short lifetime (Fu et al. 2021). While
theorientationsof the groupsand thenature of the cavity that
likely occur in theorder of 100ns timescales (Patra et al. 2016)
may be sufficiently represented by ourmodel for the purpose
of stabilizing the complex, further work with appropriate
force-field modifications for penta-coordinate carbon is
needed for a more detailed analysis of the geometry and
energetics of the transition state.

To gain insights into the DNA repairmechanism of AGT,
we performed umbrella sampling and calculated free energy
and presented results in Figure 4 from 10 ns simulations.We
also performed the sampling with 20 ns up to COM distance
of 40 Å for Complex-I and we did not see much change
compared to the 10 ns sampling. This comparison is shown
in the Supplementary Material (Figure S4, Section S7).
Figure 4 shows the free energy as a function of separation
distance between AGT and DNA for both systems – with
methylated GUA and with methylated CYS, representing the
pre- and post-transfer of the methyl group. In actual post-
transferprocess, slight displacement of theAGThelix 6 in the
helix-turn-helixmotif resulting from the steric hindrancedue
to methylation of CYS145 may facilitate the release of the
repaired DNA from the cavity, and subsequent ubiquitina-
tion and protein degradation (Daniels et al. 2000). In our
simulations, only a slight increase in RMSD is observed
(Figure 2B) in complex III (post-transfer) compared to com-
plex I (pre-transfer) and the process of conformational
changes resulting in the repaired base release is difficult to
obtain in our computational timescales. Here, the post-
transfer separation of DNA-AGT was studied with manual
translation of DNA relative to AGT with an increment of 1 Å
displacement along the negative x-direction.

The COM distance as a reaction coordinate allows us to
track the free-energy changes for both of these processes and
compare the differences in the affinity for the methylated
versus demethylated GUA in the catalytic cavity. The inter-
action energies (shown in Figure 2A) were not able to clearly
differentiate the structural changes, which is understand-
able but the free-energy calculations, more relevant to the
binding assays, do show the difference between pre- and

post-transfer. The methylated GUA is found to have an af-
finity of ΔΔG∼ − 1.3 kcal/mol in the cavity compared to the
unmethylated GUA after the methyl group is transferred.
This, as well as the nature of the free-energy curve, provides
an insight into the base demethylation mechanism of AGT.
Finally, our study encompasses the pre-transfer, model in-
termediate and post-transfer complexes, and separation of
the AGT and the damaged (methylated) DNA base and pro-
vides models for computational investigations of the DNA
repair mechanism as well as for the exploration of cancer
therapeutics targeting these AGT-DNA complexes at various
functional states.

Materials and methods

System setup

Themolecular structures, PDB IDs 1T38 and 1T39 (Daniels et al. 2004),
were taken from the protein data bank to create the input structures for
MD simulations. The PDB structure 1T38 contains the protein-DNA
non-covalent complexwith amethyl group attached to the O6-position
of GUA7 (named as 6OG7) of the DNA (complex-I). The PDB structure
1T39 contains the protein-DNA covalent-complex (complex-II).
CHARMM-GUI (Lee et al. 2016) was used to fulfill the missing residues
in both PDB structures. We used VMD (Humphrey et al. 1996) to create
the non-covalent AGT-DNA systemwithmethylated GUA7 (complex-I)
with CHARMM36m (Huang et al. 2017) force-field. The residue SER145
in the PDB ID 1T38 was replaced with CYS. The GUA methylation
required additional force field parameters, which are given in Sup-
plementary Material (Section S1). Similarly, for generating the
AGT-DNA covalent system (complex-II), we first converted the residue
E1X7 in the PDB ID 1T39 to methylated GUA7 and then applied a patch
to connect the methylated GUA7 and CYS145, resulting in a covalent
bond between the protein and DNA. Finally, the non-covalent
AGT-DNA system with methylated CYS145 (complex-III) was set up
using the PDB ID 1T38 with additional set of force-field parameters for
CYS methylation. The additional topology and parameters used to
generate all the three complexes are given in Supplementary Material
(Sections S1 and S2). Each of these complexeswas solvated with TIP3P
water in cubic box and electrically neutralized by adding NaCl. The
non-covalent complexes-I and -III used in the umbrella sampling
simulations were solvated in orthorhombic boxes.

Molecular dynamics simulation

All-atommolecular dynamics (MD) simulations were performed using
the NAMD simulation package (Phillips et al. 2005). The CHARMM36m
(Huang et al. 2017) force field was used in simulations of all the
complex structures. The additional force field parameters that were
used to simulate the three different complexes are given in the Sup-
plementaryMaterial (Section S2). TheParticleMeshEdward (PME)was
used for the long-range interactions with a 12.0 Å non-bonded cutoff.

1208 R.P. Koirala et al.: Structural insights into the DNA repair mechanism of AGT



The energy minimization was performed for 10,000 steps, using the
conjugate gradient and line search algorithm. Each system was then
equilibrated with harmonically restrained heavy atoms at 300 K using
1 fs time step. The production runs were performed using Langevin
dynamics with a damping constant of 1 ps−1 under CPT conditions.

Umbrella sampling

Umbrella sampling was performed for the complex-I and complex-III
systems. We prepared 19 different 1 Åwindows for each systemwith the
AGT protein taken as a reference molecule and DNA was translated
along the negative x-direction by manual displacement. The window
size ensures the sufficient overlapping of successive windows to cover
the entire reaction coordinate space (Banavali and MacKerell 2002;
Luzhkov 2017; Sugita et al. 2000). The reaction coordinatewas chosen as
the distance between the center-of-mass (COM) of AGT and DNA along
the negative x-axis. To make the necessary overlapping reaction co-
ordinates, a bias potentialV(x) was used to force the system to fluctuate

in coordinate space, which is given by, V(x) = 1
2ki(x − x0)2, where x0 is

the harmonic constraint defining a center of window i (i = 1 to 19), and
force constant ki is the window width. Although the harmonic potential
fluctuates the system to overlap the reaction coordinates, the windows
are still unbiased. We used the force constant of 1.5 kcal mol−1 Å−2.

Data analysis

VMD (Humphrey et al. 1996) was used to analyze the simulation tra-
jectories and visualize the structures. The NAMD energy plugin,
available in VMD was used to calculate the non-bonded interaction
energies; electrostatics (E ), van der Waals (VDW) contributions. The
potential energy contributions to electrostatic and VDW energy are

given by UE = q1q2
4πϵ0r and UVDW = 4ϵ[(σr)

12
− (σr)

6], respectively (Phil-

lips et al. 2005), where q1 and q2 are charges of the interacting pairs
separated at a distance r, ϵ0 is the permittivity of the free space, ϵ is the
depth of the potential well, and σ is the distance at which the potential
energy is zero. VMD was used to analyze hydrogen bonding between
AGT residues and DNA nucleotides. The free energy was estimated by
theWeighted Histogram Analysis Method (WHAM) (Kumar et al. 1992)
program. GaphPad prism (San Diego, CA) was used to plot the graphs.
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