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Understanding the structural and dynamic
consequences of DNA epigenetic modifications:
Computational insights into cytosine methylation
and hydroxymethylation

Alexandra T P Carvalho', Leonor Gouveia'?, Charan Raju Kanna', Sebastian K T S Warmlander?, Jamie A Platts**,
and Shina Caroline Lynn Kamerlin'*

'Science for Life Laboratory; Department of Cell and Molecular Biology; Uppsala University; Uppsala, Sweden; ?Department of Immunology; Genetics and Pathology;
Rudbeck Laboratory; Uppsala University; Uppsala, Sweden; *Department of Biochemistry and Biophysics; Stockholm University; Stockholm, Sweden; “School of Chemistry;
Cardiff University; Park Place, Cardiff, UK

Keywords: DNA methylation, epigenetics, indirect readout, molecular dynamics, recognition

Abbreviations: AFM, Atomic Force Microscopy; DDD, Dickerson-Drew Dodecamer; DFT, Density Functional Theory; DNA,
Deoxyribonucleic Acid; DNMT, DNA Methyltransferase; LINEs, Long Interspred Transposable Elements; MD, Molecular Dynam-
ics; MeCP, Methylated CpG-binding proteins; MM, Molecular Mechanics; PBC, Periodic Boundary Conditions; QM, Quantum
Mechanics; RDF, Radial Distribution Functions; RESP, Restrained Electrostatic Potentials Model; SINEs, Short Interspred Trans-
posable Elements; SPME, Smooth Particle-Mesh Ewald; TET, Translocation Proteins; WT, Wild Type

We report a series of molecular dynamics (MD) simulations of up to a microsecond combined simulation time designed
to probe epigenetically modified DNA sequences. More specifically, by monitoring the effects of methylation and
hydroxymethylation of cytosine in different DNA sequences, we show, for the first time, that DNA epigenetic modifications
change the molecule’s dynamical landscape, increasing the propensity of DNA toward different values of twist and/or roll/
tilt angles (in relation to the unmodified DNA) at the modification sites. Moreover, both the extent and position of different
modifications have significant effects on the amount of structural variation observed. We propose that these
conformational differences, which are dependent on the sequence environment, can provide specificity for protein binding.

Introduction

Epigenetic modifications of DNA bases, such as cytosine methyl-
ation, hydroxymethylation, formylation, and carboxylation, have
challenged the traditional view of the genetic system"? (see Fig. 1).
These chemical modifications do not affect the base-pairing proper-
ties of the nucleotides, i.e., they leave the genetic code of the DNA
sequence unchanged.” Yet, gene expression is altered in different tis-
sues, diseases, and developmental stages, and the modifications are
passed on to offspring even through the male germ line.*

The predominant (and thus far most studied) DNA modification
is cytosine methylation at position C5. In mammals, such methyla-
tion occurs almost exclusively at CpG dinucleotides,” and 3-6%
of all cytosines in the human genome are methylated.® CpG dinu-
cleotides are mainly found on CpG islands, which are genomic
regions with a high G-C content. These islands are associated with

gene promoters and tend to be unmethylated, although several cases
of tissue-specific and developmental stage-specific methylation of
CpG islands have been reported.” Methylated cytosines mainly pre-
vail in intergenic regions, genomic repetitive elements, and highly
copious transposable elements, such as long interspersed transpos-
able elements (LINEs), short interspersed transposable elements
(SINEs) and in endogenous retroviruses.” DNA methylation is pre-
served after DNA replication or cell division by DNA methyltrans-
ferase 1 (DNMT1), which recognizes hemimethylated DNA and
turns it into fully methylated DNA, but it can also be formed e
novo by members of the DNMT3 family of enzymes.”

Another interesting cytosine modification is hydroxymethyla-
tion, which was recently discovered to also be present in signifi-
cant amounts in the genome. While its functions are still
unclear,® it appears to be involved in gene regulation, and inter-
ference with hydroxymethylated cytosines can result in a variety
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| Figure 1. From left to right: cytosine, 5-methylcytosine (5-mC), 5-hydroxymethylcytosine (5-hmC), thymine. | meaningful conformational

of cancers, including myeloid cancers.” Even though no protein
has been found to interact with hydroxymethylation sites on
DNA, 10-11 translocation proteins (TET) have been identified
as converters of methylcytosine to hydroxymethylcytosine.'”

Functionally, DNA methylation is crucial for both the develop-
mental and adult stages of an organism. Its presence in highly repeti-
tive sequences makes it a powerful mechanism for gene silencing, in
order to maintain genome stability and integrity. In the absence of
methylation in these regions, illegitimate recombination can occur,
with severe mutagenic consequences for the genome, such as dupli-
cations, deletions, insertions, and translocations.' Additionally, inac-
tivation of transposable elements is of extreme importance, because
these elements are also highly mutagenic and can self-replicate and
be inserted in other regions of the genome, most likely disrupting
essential genes for normal cellular function.’

It is believed that DNA methylation leads to gene silencing by
2 different mechanisms: first, methylated CpG-binding proteins
(MeCP1 and 2) recognize and bind methylated CpG dinucleoti-
des and themselves alter transcription due to their transcription
repression domain. They also recruit other factors involved in
chromatin condensation.” Additionally, methylated CpG nucleo-
tides may directly inhibit the binding of transcription factors and
alter gene expression.'' Nevertheless, the precise mechanisms by
which epigenetic modifications exert their effects are unclear. For
example, adding a methyl group to cytosine alters the hydropho-
bicity of the major groove and also provides steric hindrance for
certain DNA-binding proteins. Crystallographic data suggests
C5-methylation has small effects on the overall double-helix
structure,'” although IR spectroscopy has demonstrated that C5-
methylation shifts the equilibrium between different backbone
sugar pucker conformations of DNA in solution.'” Therefore,
the main aim of this work is to understand the effects of cytosine
modification on the fundamental structural properties of DNA
before binding to proteins or other ligands. This is a problem of
major biological importance, as the reshaping of DNA methyla-
tion patterns throughout the genome is connected to a variety of
human diseases, including (but not limited to) imprinting syn-
dromes, autoimmune diseases, and cancer.” For instance, hypo-
methylation of transposable elements and hypermethylation of
CpG islands flanking gene promoters involved in cell cycle regu-
lation are examples of deregulation of methylation in cancer.®

By now, it is well known that DNA is not a static molecule,
but rather a polymorphic one, with access to many energetically
similar conformations, even at the base-pair level (although this

www.landesbioscience.com

analysis of both native and

modified DNA requires
sampling of the conformational space available to this molecule.
Moreover, the binding of proteins to DNA is entirely dependent
on its deformability, in that conformational changes and the
sequence-dependent twist are essential for the sequence-specific
recognition and binding of DNA by several proteins.®

A common challenge when trying to model such conforma-
tional diversity is the lack of force field parameters for modified
nucleotides that are compatible with generally used biomolecular
force fields. For this reason, the number of molecular dynamics
(MD) studies with modified DNA is limited. Nevertheless,
important insight has come from studies where protein/DNA
complexes were analyzed. These studies have shown that cytosine
methylation destabilizes nucleosome stability by altering DNA
stiffness,’” and another study found that methylating CpG at the
major groove could enhance K50-class homeodomain PITX2
binding.'® However, while such studies of modified DNA in
complex with proteins are clearly crucial, it is equally important
to obtain more detailed insight into the effect of epigenetic modi-
fications on the structure of the free (uncomplexed) DNA. Such
studies can show if there are a priori important differences
between the normal and the modified DNA that could lead to a
different recognition and hence regulatory patterns.

In the present work, we have conducted an extensive study of
methylated and hydroxymethylated DNA, performing molecular
dynamics (MD) simulations on DNA dodecamers and on a 20 bp
long sequence both with and without modifications. The use of
MD simulations to sample the conformational space of the DNA
made it clear that the methylated (and hydroxymethylated) cyto-
sines have a marked effect on the DNA structural parameters. This
effect was most pronounced for symmetrically methylated CpG
dinucleotides, which show different values for the twist, roll and
tilt parameters near the methylation sites in relation to the unmod-
ified DNA structure. We propose that increased flexibility and
accessibility at the modification regions can have important conse-
quences for the recognition of modified cytosines by MeCPs, tran-
scription factors, and other elements involved in gene silencing.

Results

Considerations about the methods employed

A growing interest in the use of theoretical models to obtain a
better understanding of DNA structure and its dynamics in gen-
eral and, in particular, the influence of epigenetic modifications

Epigenetics 1605
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exists.'”'? However, the ability of available
methods to represent experimental data
with structural accuracy is still unclear.
There have been many elegant recent stud-
ies of DNA base pairing using fully quan-
tum chemical (DFT)**?! and hybrid
quantum classical (QM/MM)
approaches,” as well as classical force field
descriptions of DNA (MD  simula-
tions).”>** In the present work, we are par-
ticularly interested in exploring how the
dynamical behavior of DNA is potentially
affected by epigenetic modifications.
Therefore, in order to have an ensemble of
structures that most correctly describes
such a flexible molecule as DNA, all subse-
quent work was done with purely classical
MD simulations. This approach allows for
proper conformational sampling of the
DNA strands and for concerted motions of
the DNA to be studied.”> Moreover, when

performing MD simulations, it is necessary
to take into account that the unrestrained
conditions that are applied during the sim-
ulation lead to a greater elasticity of the ter-
minal part of the structure (the so called
“end-effect”®®). For these reasons, small
oligomers, for example trinucleotides, are
inadequate models to predict the reliability
of the different methods or whether epige-
netic modifications affect the structure of

DNA.

DNA flexibility and the differences
between WT and modified DNA

DNA is a polymorphic molecule; thus,
conformational sampling is required to
correctly describe its conformational flexi-
bility. For this reason, we performed most
of our analysis on a system large enough to
exhibit conformational flexibility without
end-effects biasing the simulation out-
come.” Specifically, we started with the

well-studied DDD  (Dickerson-Drew

2 .. .
Dodecamer) structure,”’ containing modi-
fications at different cytosines, as illustrated
in Figure 2. For these molecules, the initial

Figure 2. Top: Schematic representation of DNA dodecamer, depicting the positions of the methyl-
ated cytosines on both DNA strands (blue and green spheres). Shown here are: (A) 3-DNA, (B) 9-
DNA, and (C) 3,9-DNA. The thymines are also depicted in violet and pale green.

coordinates were obtained from the

reported crystal structures, except for the

3,9-DNA structure that was modeled according to the Method-
ology section (see also Fig. 2). We also modeled an additional
sequence that was previously subjected to AFM experiments to
uncover the effect of methylation on strand separation®® (5'-
CCGAGATATCCGCACCAACG-3'). The MD  trajectories
were then analyzed using the 3DNA software, as outlined in the

1606 Epigenetics

Methods section. A summary of the simulations performed in
this work can be found in Table S1.

Figure 3 shows the frequency of the obtained values for the
base step parameters for the unmethylated DD structure and the
structure methylated at the 3rd and 9th position (3,9-DNA).
Note that Zgarbéva and coworkers have recently explored the
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(Fig. S2, Table S3), we observe a smaller
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T5-mC and T5-mC-GA steps. The 3,9-
DNA structure (Fig. 3, Table S4) presents
differences in both the twist and roll angles.
It presents similar differences to the sum of
the 3-DNA and the 9-DNA structures, but
also shows ~2 to 3° differences in the roll of
the G5-mC-5-mCG steps and differences of
~2 to 3° in the tilt for the GA-T5-mC and
T5-mC-GA.

Regarding the local base pair parameters,

most of them show no differences between

Twist the WT and modified DNA on this time-

scale, except for the buckle and the propeller

twist, which show small differences near the

Figure 3. Frequency of values for the base step parameters for the unmethylated DD structure,
and for the structure methylated at the 3rd and 9th position (3-DNA). The base step values for
the 5'and 3'termini are not shown. Due to space constraints on the figure, the 5-mC modification
is represented by just the lowercase letter c. The shift, slide and rise parameters are presented in
Angstrom, and the tilt, roll and twist in degrees. The average values are depicted by the dotted
lines. The corresponding average values for each parameter and their standard deviations are

modification sites. The differences are
smaller than those observed for the base step
parameters. Figs. §3-S5 and Tables S5-S7

show the obtained values of the local base

present in Table S4.

parameters for 3*100ns simulations of the

WT and methylated sequences at position

impact of base-pair fraying in molecular dynamics simulations of
DNA and RNA,% highlighting the challenges involved in
obtaining an accurate physical description of terminal residues
using contemporary force fields. Although we did not observe
any compromising end-fraying effects on the timescale of our
simulations, except for the standard faster base-opening, we have
for safety removed the 2 base pairs (bps) at the ends (1 and 12)
from the analysis. Similarly, although we show them in the
graphs, we did not consider the differences in the bps 2 and 11,
due to their proximity to the ends.

The central A-T regions (AA/TT, AT-AT, TT-AA) are almost
identical in every parameter, between all structures. They display
a smaller range of values than any of the other bp steps, meaning
that they only sample a limited region of conformational space,
in accordance to the stiffness previously reported for TA bps.>
However, there are differences in the steps flanking the modified
base pair compared to the same bases in the WT. This is specifi-
cally seen in the twist parameter for the 3-DNA structure
(Fig. S1, Table S2), which defines the overall flexibility of the
oligomer, and is associated with the winding/unwinding of
the helix.’® The methylated structure displays an average twist

www.landesbioscience.com

3, 9 and both 3 and 9 (see Fig. 2). Also,
Figs. $6-S9 and Tables S8-S11 show the values for the base step
parameters and local parameters for the hydroxymethylated
structures at position 3 and 9.

The 3-DNA and 9-DNA structures are different with regard
to the twist angle. Specifically, the 3-DNA structure shows signif-
icant local unwinding near the methylation position, whereas the
9-DNA structure behaves mostly as the unmodified structure
with regard to this parameter (Fig. S1 and S2, and Tables S2
and S3). The atomic level explanation for this relies on the rela-
tive position of the methyl groups at the major groove of DNA.
The 3-DNA has the methyl group of the modified nucleotide in
one strand, whereas the methyl groups of the thymine bases 7
and 8 are on the other strand. Although these residues are too far
away to directly interact, there is a change in the hydration pat-
terns that leads to localized untwisting of the DNA, since the
methyl group in the modified base pair creates a hydrophobic
region on the DNA (the corresponding RDF of which is shown
in Fig. 4), followed by a more hydrated region (Fig. 5). Note
that the methyl hydrogens are still able to interact with water
molecules; however the water molecules are further away from
the base. This is visible in the RDF of the H41 hydrogen (one of

Epigenetics 1607
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Figure 4. Top: Radial distribution functions for the added cytosine methyl group (red) in the 3-DNA sequence and the corresponding hydrogen in the
unmodified base (black). Integration of the first peak for the 3-DNA structure results in 10 water molecules, whereas the first peak for unmethylated cor-
responds to 7 water molecules. The difference is caused by the water molecule’s CH. . .O dipole-dipole interactions with the methyl group. Bottom: Radial
distribution functions for one of the amino hydrogens (atom H41) in the methylated (red) and unmodified (black) cytosine in the 3-DNA sequence. Com-
pared to the methylated sequence, the WT amino hydrogen has a much higher probability of interacting with a water molecule.

the amine hydrogen atoms), which in the
unmodified structure has a much higher
probability to interact with a water mole-
cule than for the methylated sequence. The
DNA molecule seems to unwind in order
to accommodate the change in solvation.
This effect is not observed for the 9-
DNA structure, since both the methylated
base and the 2 thymine bases are in the
same strand, and then the twisting of the
structure would not lead to any proximity
between the hydrophobic regions (Fig. 2).
The opposite scenario occurs with regard
to the roll and tlt parameters, where we
observe differences in the 9-DNA structure
and in 3,9-DNA structures, but not in the
3-DNA structure. This local bending can
also be a consequence of the proximity of
the methyl groups of the modified cytosine

bases and of the thymine bases lying in the
major groove (Fig. 2).
The central part of the dodecamer is an

Figure 5. Surface representation of the water molecules within 3.5 A from the DNA. This figure
shows both the hydrophobic region created by the extra methyl group, and the hydrophobic
regions already present and created by the 2 methyl groups of the thymine bases.

A-tract with 4 A/T base pairs, a sequence
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These results indicate that DNA modifi-
cations can increase DNA flexibility and
alter the twisting angle of the structure if the
methylation is in a different strand than a
neighboring thymine. Large twist fluctua-
tions for CG-CG steps have been reported
before?> and have been shown to be
sequence dependent. Finally, if the methyla-
tion is in the same strand as a neighboring
thymine we observe differences in roll and
tilt, which are related to DNA bending.
From our analysis it seems that these small
chemical modifications (methylation and
hydroxymethylation of cytosines) lead to
increased structural diversity in the roll, tile
and twist parameters, which are related to
unwinding and bending of the DNA. This
in principle can modulate the affinity of the
DNA to proteins and hence have a role in
protein-DNA recognition.

For the 20 bp structure we found that
methylation leads again to modifications in
the twist and roll/tilt parameters near the
modified sites (Fig. 6 and Table S12). How-

ever, now the pattern is more complicated

than before, since now there are more neigh-

boring thymine residues, which leads to

ter are presented in Table S12.

Figure 6. Frequency of values for the local base parameters for the d(5- CCGAGATATCCGCAC-
CAACG-3')2 and the corresponding methylated sequence. The base step values for the 2 last bps
at the 5'and 3’ termini are not shown. Due to space constraints on the figure, the 5-mC modifica-
tion is represented by just the lowercase letter c. The shift, slide and rise parameters are
expressed in Angstrom, and the tilt, roll and twist parameters in degrees. The average values are
depicted by the dotted lines. The values for the average and standard deviations of each parame-

changes between the modified and unmodi-
fied sequences further away from the central
methylated CpG. Direct comparison of
these sequences with protein DNA com-
plexes is not possible, since in all the crystals
of protein-methylated DNA complexes the

methylated nucleotide is ﬂipped.3 739 How-

that has its own intrinsic properties including a fully methylated
major groove.”>*> We have previously shown that continuous
major groove methylation affects both the structure and dynam-
ics of dsDNA by improving base stacking and probably also by
modulating water binding.M’36 Thus, it might be of significance
that methylation of d(CGCGAATTCGCG), at position 9 cre-
ates a 6 bases long spine of major groove methyl groups, that
double-methylation at positions 3 and 9 provides 8 consecutive
methyl groups, and that the methyl group afforded by single
methylation at position 3 remains isolated (Fig. 2).

For the hydroxymethylated structures, we observe similar pro-
files as for the methylated structures. Furthermore, our simula-
tions also allow us to probe the preferred orientation of the
hydroxymethyl group: DFT predicts a slight preference for the
OH group to point in 3" over 5’ and an optimized C6-C5-C5A-
O5 torsion angle of 118.4°, while our MD simulations show this
angle to vary between 85 and 120° over 100 ns of simulation.
This is in good agreement with the experimental and theoretical
results of Renciuk et al.,'* who reported values between 72 and
133° using X-ray diffraction methods.

www.landesbioscience.com

ever, indirect readout or shape (topography)

recognition is a well-known mechanism for
DNA recognition.*” This was further corroborated by Hansen
et al., who showed that DNA shape is under evolutionary selec-
tion pressure.*>*! Consequently, it is feasible that the differences
in DNA shape upon methylation observed by us can influence
protein-DNA recognition and help to clarify the structural and
mechanistic details of epigenetics.

Discussion

The regulation of gene expression by DNA methylation is of
great importance, since it is required for maintaining genomic
stability in cells. Changes in methylation patterns can give rise to
dreadful consequences for the cell (and, therefore by extension,
the organism), and are involved in many human diseases, includ-
ing cancer. Studies of DNA methylation have provided insightful
information about the factors underlying the establishment and
maintenance of methylation in mammalian cells,42 but corre-
sponding work aimed at obtaining a fundamental understanding
of how the intrinsic behavior of DNA is influenced by such mod-
ifications has been limited.

Epigenetics 1609
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The use of theoretical methods to describe complex biomole-
cules such as DNA is becoming increasingly common,'?2>43-4¢
with theory providing further insight into the interpretation of
the experimental data. One example of this is the work of Schul-
ten and co-workers on DNA strand separation.®*” These authors
combined single molecule force microscopy experiments with
steered MD simulations and showed that cytosine methylation
and hydroxymethylation alter the mechanical properties of
DNA, thus facilitating strand separation.8’47 However, although
they identified this effect, they did not determine its underlying
mechanism. Another important example is a recent study of
methylation in CpG-rich sequences, which showed that methyla-
tion lowers the energy difference between the B- and Z-DNA
conformations for these highly repetitive sequences.*® However,
the authors again did not find any apparent significant differences
in structure that accounted for this energy difference.

In the present work, we report the structural dynamics of 5-
methylcytosine and 5-hydroxymethylcytosine DNA sequences.
Opverall, the employment of force field and molecular dynamics
approaches appears to provide a better representation of the
experimental data to when compared to the static description
provided by hybrid QM/MM approaches when compared to a
static description. The flexibility and deformability of native
DNA has been extensively studied,"®*>**** and it is well estab-
lished that both features are sequence-dependent, with base com-
position and the presence of specific sequences substantially
contributing to the malleability of the double helix."®*° In the
present work, the different conformations that DNA can adopt
were evaluated by measuring relevant base pair parameters during
our simulations. Previous work has shown that the AA/TT and
GA/TC steps are considered to be the ones with less variability.'>
The obtained data from our MD simulations concerning all the
modified structures are consistent with this observation as far as
the AA/TT step is concerned, which shows no variability at all
between the different structures. However, the 5SmCG-CG step
appears to be a variable feature between structures, especially as
far as the twisting angle is concerned with 3’GA. The CA/T5m-
C roll and tilt parameters are a variable feature with 3"T. This
strongly suggests that the cytosine modifications do in fact have
an effect on the conformational state of the steps as well as on the
overall structure.

These differences in the conformational flexibility of DNA
were even more pronounced when we created a symmetrically
methylated CpG  dinucleotide-containing  structure. From
our point of view, the study of this structure was of extreme
importance, since it contains a suitable amount of methylated
cytosines to propetly represent cellular patterns of methylation.
The two consecutive methylations affected the step conforma-
tions in the same way as the combination of the single methyla-
tions, except for the roll parameter. In this last case, the
differences due to the unmodified structure are more pronounced
than in the 9-DNA structure. We do not believe that the
observed differences are due to end-effects. Otherwise, we would
not observe consistent results for the different types of structural
modifications examined (i.e., methylated and hydroxymethylated
DNA).
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The comparison of results between the 2 doubly modified
structures, with different positions of modifications, confirms
that DNA conformational flexibility depends on the presence of
particular sequences, and that the neighboring steps influence the
conformation adopted by each step. Thus, static structures do
not provide a good description of such a flexible molecule as
DNA, and a proper description of the behavior of such systems
must take their flexibility into account. Techniques that report
static structures, such as purely QM optimization or X-ray crys-
tallography'® may therefore miss key differences in the base-pair
helical parameters between non-modified and modified struc-
tures. In this study, we show unprecedented results demonstrat-
ing that modified structures have the propensity to adopt
different conformations, which can hypothetically have an
impact on recognition of modified cytosines by important pro-
teins, such as DNMTs and MeCPs. Finally, this augmentation
in flexibility may be an aid for chromatin condensation, which is
a process also connected to methylated cytosines and gene

silc:ncing.l’S’s’42

Methods

Initial system setup

Atomic coordinates of the wild-type, methylated and hydrox-
ymethylated DNA  dodecamers examined in this work,
based on Dickerson’s well-studied self-complementary d(5-
CGCGAATTCGCG-3), Sequence,27 were obtained from X-ray
structures deposited in the Protein Data Bank'? (PDB IDs:
1BNA, 4GJU, 4GLG, 4GLH and 4GLC). The 4GJU structure
is methylated in the position 3 of each strand and the 4GLG
structure is methylated in each position 9. We also constructed
an additional structure methylated in positions 3 and 9 (4 meth-
ylations), this structure mimics 2 symmetrical methylated CpG
dinucleotides, as it occurs in the cells. For simplicity, in the text,
we refer to the 4GJU structure as 3-DNA, and 4GLG structure
as 9-DNA, and the combined structure 3,9-DNA. We also ana-
lyzed an additional sequence (5-CCGAGATATCCGCAC-
CAACG-3')and the corresponding methylated one (5-
CCGAGATATCmCGCACCAACG-3’), which were initially
modeled using the X3DNA program.

Calculation of point charges

All QM calculations were performed with the Gaussian09
simulation package,”' > with HF as well as the 6-31G(d,p) basis
set.”™® Charges for the methylated and hydroxymethylated
bases were obtained using the restrained electrostatic potentials
method (RESP), in accordance with the traditional AMBER
charge derivation methodology’” (Tables S13 and S14).

Molecular dynamics simulations

All molecular dynamics (MD) simulations were performed
using the GROMACS simulation package’® and the amber
parmbsc0 force field.”” This force field was specifically chosen
because it has an improved description of the a/y-concerted rota-
tion in nucleic acids compared to simple parm99.60 For a more
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detailed discussion on available force fields for nucleic acids
please consult Sponer et al.®" The DNA models were enclosed in
a cubic box with a volume of 68.47 nm> (2.403 nm X
2.901 nm x 4.496 nm) containing TIP3P water molecules® as
well as Na™ and Cl™ counter ions to create a neutral electrostatic
environment. Electrostatic interactions were accounted for by
using the fast Smooth Particle-Mesh Ewald (SPME) method,®
with a 10A cutoff being employed to both electrostatic and van
der Waals interactions.

We prepared our system by performing an initial brief energy
minimization with 200 steps of the full simulation system, fol-
lowed by 2 500ps equilibration runs. The first equilibration run
was performed in a canonical ensemble with the standard velocity
rescaling thermostat®®, and the second equilibration run was con-
ducted in the isothermal-isobaric ensemble using the Berendsen
thermostat.®® The temperature and pressure coupling during the
simulations were 300K and 1 atm, respectively, and periodic
boundary conditions (PBC) were used. Subsequent production
runs were performed with no restraints and in an isothermal-iso-
baric ensemble, using the Parrinello-Rahman barostat.®® All sim-
ulations were performed using a 2 fs stepsize. We have sampled
each structure for 100 ns based on previous work by Pérez
et al.*” While it is possible that this is still inadequate simulation
time to obtain fully convergent results on these systems, these
authors found that a shorter 100 ns simulation had a self-

similarity index of 0.92 to 0.99 to a very long simulation of
1.2 ws, so it could correctly describe the DNA flexibility.®”
Finally, we repeated each simulation 3 times, with different ini-
tial velocities. The combined total simulation time for all our sys-
tems was therefore 2.1 ws (for a full list of simulations, see

Table S1).
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