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• Molecular dynamics simulations were
performed on N6-adenine methylated
GATC motifs

• The GA step has the highest propensity
for BII form when hemimethylated.

• The increased BII propensity correlates
with increased stacking interactions.

• Flexibility of AT andTC steps ismarginally
affected by methylation.

• Possible implications for SeqA selectivity
and binding are discussed.
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The effect of N6-adeninemethylation on the flexibility and shape of palindromic GATC sequences has been inves-
tigated by molecular dynamics simulations. Variations in DNA backbone geometry were observed, which were
dependent on the degree of methylation and the identity of the bases. While the effect was small, more frequent
BI to BII conversions were observed in the GA step of hemimethylated DNA. The increased BII population of the
hemimethylated system positively correlated with increased stacking interactions betweenmethylated adenine
and guanine,while stacking interactions decreased at the TC step for the fullymethylated strand. Theflexibility of
the AT and TC steps was marginally affected bymethylation, in a fashion that was correlatedwith stacking inter-
actions. The facilitated BI to BII conversion in hemimethylated strandsmight be of importance for SeqA selectivity
and binding.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

A common epigenetic modification in prokaryotes and lower eukary-
otes is N6 methylation of adenine, which is important for transcription
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regulation, replication and repair [1–4]. In Escherichia coli, DNA adenine
methyltransferase (Dam) methylates the N6 position of adenine in
GATC sequences [5–7]. Eleven of the ~19,000 GATC sites are clustered in
the 245 base pair region of E. coli replication origin (oriC) [8]. While the
adenines in most GATC sites are normally fully methylated (FMe), DNA
exists in the hemimethylated form (HMe) after replication and before
remethylation by Dam [3,9]. This HMe form is recognized by SeqA,
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Fig. 1.DNA structure. (a) N6-methylated adenine. (b) BI and BII conformations; ε and ζ dihedral angles are indicated. Also indicated are the distances between the carbon atom of the A18

methyl group (hydrogen in UMe) and the 5-membered ring of G17, which were used in the stacking analyses.
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which negatively regulates replication initiation and ensures that repli-
cation occurs only once during the cell cycle by bindingHMeGATC at oriC
[3,10,11].

Why SeqA preferentially binds HMe DNA has been studied in some
detail. In addition to using electrostatic and hydrophobic interactions,
DNA-binding proteins exploit subtle changes in local conformation and
flexibility to recognize specific DNA sequences [12–17]. These properties
are also used to identify epigenetic modifications since methylation in-
creases local DNAhydrophobicity andmay also affect the local conforma-
tion and elasticity of DNA [18,19]. In particular, N6-adenine methylation
decreases the melting temperature of DNA [19,20], may modulate DNA
curvature [21], and induces undertwisting of the AT and overtwisting of
the TC step in FMe and HMe GATC motifs [20,22]. It also affects DNA
hydration [23] and stabilizes the BI conformation in TA repeats [24].
Structural studies of the SeqA–HMe complex showed that the only
sequence specific contacts present are between the protein and the
AT base pair within the GATC site [25]. Other studies implied the ex-
istence of additional factors that contribute to binding specificity
since the mutation of C or G in the CG base pair of the GATC motif
negatively influenced recognition [26]. NMR studies of unbound
HMe DNA showed a compression of the major groove near the site
of methylation [20], which was not observed in unbound FMe or
UMe DNA [22]; this compression was similar to that observed in
the SeqA–HMe complex [25]. Moreover, in the SeqA–HMe complex,
the GC base pairs of the GATC motif were slightly opened [25], and
unbound HMe DNA displayed faster base pair opening and closing
rates of these base pairs than unbound FMe DNA [22]. While the differ-
ence in estimated barrier for opening between HMe and FMewas small
(5.9 ± 1.7 kJ/mol), the observation that somewhat less energy was re-
quired for the opening of the GC base pairs in HMe than FMe suggested
that this opening might be another driving force in the selective recog-
nition of HMe [22].

Herewe usedmolecular dynamics (MD) simulations to further inves-
tigate the structural and mechanical properties of the GATC motif of un-
bound UMe, HMe, and FMe DNA. Our study focused on two aspects.
The first was the DNA backbone configuration since crystal structures of
SeqA–DNA complexes [25,27,28] indicate the occurrence of the BII con-
formation at the AT step of the unmethylated chain and the GA step of
themethylated chain. The DNA BI and BII form describe the relative posi-
tion of the O3′ atom, which points towards the outside of the helix in BI
and towards the inside of the helix in the BII form, and are defined with
respect to the ε (C4′-C3′-O3′-P) and ζ (C3′-O3′-P-O5′) dihedral angles
Fig. 2. Simulated sequences, the GATC motif is underlined. A18 of the complem
(Fig. 1). BI is present when ε − ζ b 0 and BII when ε − ζ N 0. BI is the
common configuration for B-DNA, but BII is important for DNA–protein
recognition since BII enhances exposure of DNA bases in the major
groove [29–31]. The second aspect of our study focused on the flexibility
of DNA, which is important for indirect readout. Given that the overall
shape of DNA is mostly determined by roll and twist angles [32], we
investigated the flexibility of roll and twist at the AT and TC steps and
determined how this flexibility changed uponmethylation.We also con-
firmed the effect of methylation on GC base pair opening by free energy
simulations.

2. Materials and methods

MD simulations of 5′-GCGAGATCTGCG-3′ double-stranded DNA
were performed, with adenine in the central GATC site in unmethylated
and N6-methylated forms (Fig. 1a). Both HMe, with methylation of the
complementary strand, and FMe, with methylation of both the main
and complementary strands, were simulated. Initial coordinates for
the strands were obtained from Protein Data Bank (PDB) [33], entries
1OPQ (UMe) [20], 1UAB (HMe) [20], and 2KAL (FMe) [22]. In the HMe
and FMe PDB files and the simulations, the N6-adenine methyl groups
were oriented trans to the adenine N1 atom; this configuration also
corresponds to that observed in SeqA–DNA complexes [25,27,28]. The
sequence of the simulated strands is shown in Fig. 2; in HMe A18 of
the complementary strand is methylated.

The DNA strandswere solvated in a rectangular box of 150mMNaCl
solution of TIP3 water [34], with a minimum distance of 12 Å between
the DNA and the edge of the box. After minimization, the systems
were gradually heated from 120 K to 300 K over a period of 1 ns and
equilibrated for 1.5 ns. During heating and equilibration, harmonic re-
straints with a force constant of 4.2 kJ/(mol Å2) were used on the DNA
heavy atoms. These restraints were subsequently released in steps of
500 ps each, using force constants of 2.1 and 0.4 kJ/(mol Å2). Production
runs started after a final unrestrained equilibration of 1 ns. These pro-
duction runs consisted of 100 ns normal, unbiased MD; a total of three
independent unbiased MD simulations starting from different random
seeds for the heating were performed per system. Conformational analy-
ses were performed to ensure that each of the systems was in steady
state. In addition, one- and two-dimensional umbrella sampling simula-
tions were performed. In one-dimensional umbrella sampling simula-
tions [35], the N4–O6 distance between the C8/G17 base pair was
restrained to values between 1.5 and 5 Å, using windows of 0.5 Å and a
entary strand is methylated in HMe; A6 and A18 are methylated in FMe.



Table 1
Population (%) of BII forms in the GATC motif.

Step UMea HMe, unmethylated HMe, methylated FMea

GA 27.5 ± 3.7 28.8 ± 5.9 34.5 ± 3.9 27.6 ± 4.5
AT 1.4 ± 0.3 2.6 ± 1.4 1.4 ± 0.4 1.6 ± 0.8
TC 14.5 ± 1.6 11.8 ± 3.7 11.1 ± 2.5 14.4 ± 1.2

a Averaged values over both DNA strands.

Table 2
Populations (%) of mixed BI and BII states on DNA main and complementary strands at
A6T7/A18T19 and T7C8/G17A18 steps.

BI/BI BI/BII BII/BI BII/BII

A6T7/A18T19
UMe 98 1 1 0
HMe 97 1 2 0
FMe 95 3 2 0

T7C8/G17A18

UMe 68 20 9 3
HMe 56 31 8 5
FMe 63 25 6 6
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force constant of 4.2 kJ/(mol Å2); each window was simulated for 5 ns.
Two-dimensional umbrella sampling simulations were performed of
the twist and roll angles of the central A6T7/A18T19 and T7C8/G17A18

base steps [36]. In these simulations, the base step parameters and their
analytical derivatives were calculated in a highly efficient manner that
avoids the use of overlays [36], as was previously done in a similar man-
ner for roll only [37–40]. The simulationswere performed in 99windows
thatwere distributed between20° and60° for twist and−20° and30° for
roll, using a step size of 5° and a force constant of 2.1 kJ/(mol deg2). After
restrained heating and 1 ns equilibration, each windowwas sampled for
2 ns. Overlap of distributions in the umbrella sampling simulations was
verified visually, and free energy surfaces were calculated with the
weighted histogram analysis method [41,42] using a bin size of 0.1 Å
for the N4–O6 distance and 1° for twist and roll. Total production times
were 0.9 μs for the unbiased MD, 120 ns for the one-dimensional, and
1.2 μs for the two-dimensional umbrella sampling simulations. All simu-
lations were performed with the CHARMM program [43], and the
CHARMM 36 force field [44], which was optimized to reproduce BI/BII
populations [44]. The simulations used a time step of 2 fs, SHAKE to
constrain bonds with hydrogen atoms [45], the Nosé–Hoover ther-
mostat for temperature control [46], and the particle mesh Ewald
method [47] for long-range electrostatic interactions. Trajectories
were analyzed with VMD [48], PyMol [49], 3DNA [50], and CHARMM
[43]; error analyses were performed by block averaging. The two-
dimensional umbrella sampling simulations were run using computing
resources at XSEDE [51] and USF Research Computing (RC), at a cost of
256 central processing unit (CPU) hours per ns, and 360 CPU hours per
ns of simulation, respectively. The one-dimensional umbrella sampling
simulations and the independent unbiased simulations took 400 CPU
hours per ns at USF RC; several of these were run with CHARMM-
OpenMM [52] using NVIDIA K20 graphical processing units (GPUs) at
a cost of 1 GPU hour per ns.

3. Results and discussion

The BII populations of all steps of the central GATCmotif of the UMe,
HMe, and FMe strands are shown in Table 1. Both the GA and the TC
steps showed significant amounts of BII conformations, while the AT
stepwas almost purely BI for all chains. Steps involving two pyrimidines
are thought to visit the BII conformation rarely [31], but here the TC step
of all systems populated the BII form by more than 10%, with a slightly
Fig. 3. Correlation between stacking interactions and ε–ζ value for UMe (a), HMe (b), and FMe
UMe) and the 5-membered ring of G17, as illustrated in Fig. 1.
higher percentage in the UMe and FMe systems. The most significant
variations in BII populations were observed at the GA step, where the
HMe system showed the largest BII population on the methylated
strand. This population for the methylated strand was 7% higher than
UMe and FMe, and 6% higher than in the unmethylated HMe strand.
While small, this difference is of interest, since the GA step of the
methylated strands is in the BII form in SeqA–DNA complexes [25,27,
28], and even small differences in the inherent propensity to adopt
bound-like geometries will aid selectivity and binding [53,54].

Further analyses revealed a correlation between the BI/BII popula-
tions and stacking interactions. In Fig. 3 the distance between A18 and
G17 is graphed versus the ε–ζ value of the G17A18 step. For UMe, this dis-
tance corresponds to the H6 atom of A18 and the 5-membered ring of G17,
while for HMe and FMe, the distance is between the carbonmethyl atom
of A18 and the 5-membered ring of G17 (shown in Fig. 1b). Fig. 3 shows
that the BII conformation is accompanied by much tighter stacking in
both HMe and FMe. While the A18-G17 distance fluctuates strongly in
the BII conformation of UMe, the distance is locked to smaller values in
BII of HMe and FMe. The strongest stacking interactions in BII are
observed in HMe, which helps explain that the largest fraction of BII
was observed for the GA step of HMe.

In the BI form, the A18-G17 distance increases in FMe (Fig. 3c), which
is due to hydrophobic interactions between themethyl groups of A6 and
A18. Our data indicate that hydrophobic interactions might also be re-
sponsible for the low occurrence of BII at theAT step. Structural analyses
showed that interactions between the methyl groups of mA6 and mA18

and the methyl groups of the adjacent thymine within the AT step
weaken stacking interactions in the BII form. The thymine and adenine
methyl groups are both located in themajor groove, and the decrease of
TA stacking within the step disfavors the BII transition.

The occurrences of mixed BI/BII states for the A6T7/A18T19 and
T7C8/G17A18 steps are listed in Table 2. Since the AT steps sampled
BII onlymarginally, BI/BIwas predominant and therewas a low fraction
of BI/BII and BII/BI. At this step, twist values were around 30°. The pop-
ulations of BI/BII and BII/BI increased at the T7C8/G17A18 step,whichwas
accompanied by elevated values of twist in all systems (41° for UMe,
(c). Distance is measured between the carbon atom of methyl group on A18 (hydrogen in



Fig. 4. Correlation between slide, twist, and roll and ε–ζ values at the T7C8/G17A18 steps for UMe (a), HMe (b), and FMe (c).
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42° for HMe, 40° for FMe). A correlation between twist and mixed state
populations has been observed in other sequences before [20,31,55].
HMe had the highest value of twist and the highest population of
mixed BI/BII states (39%) at the T7C8/G17A18 step. In addition to the
correlation with twist, the BII population at the T7C8/G17A18 steps
was strongly correlated with slide (Fig. 4). Weaker positive correla-
tions were observed with shift, and to a lesser degree tilt, while the
correlation with roll was negative. The latter is a result of the nega-
tive correlation between twist and roll that stems from geometrical
effects [32,36,56–58]. The twist-roll correlation was particularly evi-
dent for the BII form of HMe, which had the highest twist and lowest
roll.

Whereas slide for UMe system was ~0.23 Å in BI and ~0.24 Å in BII
form, the methylation of adenine altered slide in a strongly correlated
fashion. The higher the degree of methylation, the lower the value of
slide in BI form and the higher its value in BII. For FMe, this led to an
average negative slide (-0.09 Å) in the BI form, and large positive
(0.93 Å) in BII. Since nonoptimal values of slide may lead to the loss of
stacking interactions [59], this change in slide may help explain the de-
creased stability of FMe.
Fig. 5. Free energy as a function of the N4–O6 distance in the C8/G17 base pair for UMe
(solid line), HMe (dashed line), and FMe (dotted line).
One-dimensional umbrella sampling simulations of the N4–O6 dis-
tance at base pair C8/G17 confirmed that base pair opening is slightly
less energy costly for HMe. The free energy of opening is shown as a
function of distance in Fig. 5. None of the curves is symmetric around
the minima because of steric clashes at close proximity of the bases. In
HMe the equilibrium, N4–O6 distance is slightly higher (3.05 Å) than in
UMe and FMe (2.95 Å). Moreover, while the cost of opening is similar in
UMe and FMe, this energy is nearly halved in HMe. The similar behavior
of FMe and UMe implies that presence of second methyl group counter-
acts the effect of hemimethylation. Although the effect is subtle, HMe
will sample opening distances close to that observed in the SeqA–DNA
complex more frequently than UMe and FMe.

Two-dimensional free energy surfaces as a function of twist and roll
for the A6T7/A18T19 and T7C8/G17A18 steps are shown in Fig. 6; the twist-
roll covariance matrices are shown in Table 3. The free energy surfaces
show undertwisting of the A6T7/A18T19 step and overtwisting of the
T7C8/G17A18 steps. The basins stretch along the anti-diagonal direction;
this negative correlation between changes in twist and roll is commonly
observed in DNA [32,36,56–58]. The HMe A6T7/A18T19 step is slightly
more flexible in twist and roll than UMe and FMe, while UMe is some-
what more flexible in twist and stiffer in roll than FMe. The roll flexibility
of the T7C8/G17A18 step strongly correlates with G17A18 stacking (Fig. 3).
The highest flexibility is observed for UMe, which had the least amount
of G17A18 stacking, while HMe had the largest stacking interactions
and is least flexible. In a similar manner, the twist flexibility at the
T7C8/G17A18 step is also correlated with the stacking flexibility, but
this correlation is less pronounced than for roll. Themethylated systems
show slightly stiffer twists than the unmethylated systems, and the
twist of HMe is the least flexible.

4. Conclusion

In conclusion, MD simulations of UMe, HMe, and FMe GATC se-
quences showed differences in BI/BII populations. The methylated
strand of HMe showed larger BII populations of the GA step than UMe
and FMe. The small increase in BII populationwas correlatedwith an in-
crease in stacking interactions in HMe. In FMe, a large decrease in slide
was observed when the TC step was BI and a large increase in slide
when it was BII, indicating a decrease of stacking interactions. Given
that the GA step of the methylated strands is in BII form in SeqA–DNA



Fig. 6. Free energy surfaces (in kJ/mol) calculated as a function of twist and roll at A6T7/A18T19 step for UMe (a), HMe (b) and FMe (c), and for T7C8/G17A18 step for UMe (d), HMe (e), and
FMe (f).

Table 3
Twist-roll covariancematrices from data points up to 17 kJ/(mol deg2) on the free energy
surfaces.

Step UMe HMe FMe

A6T7/A18T19 56 −24
−24 92

� �
62 −46
−46 128

� �
43 −24
−24 102

� �

T7C8/G17A18 51 −25
−25 115

� �
44 −17
−17 82

� �
46 −17
−17 99

� �
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complexes [25,27,28], the small difference in BII populations might be
exploited by SeqA to facilitate the recognition of the hemimethylated
strand. Simulations confirmed that the opening of the GC base pair is
more facile in HMe and showed slight differences in the ease of twist
and roll deformations at the AT and TC step of the UMe, HMe, and
FMe systems. These differences in stiffness were well correlated with
relative stacking interactions.
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