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Abstract DNA methylation plays a major role in organismal
development and the regulation of gene expression. Methylation
of cytosine bases and the cellular roles of methylated cytosine in
eukaryotes are well established, as well as methylation of
adenine bases in bacterial genomes. Still lacking, however, is a
general mechanistic understanding, in structural and
thermodynamic terms, of how proteins recognize methylated
DNA. Toward this aim, we present the results of molecular
dynamics simulations, alchemical free energy perturbation,
and MM-PBSA calculations to explain the specificity of the
R.Dpnl enzyme from Streptococcus pneumonia in binding to
adenine-methylated DNA with both its catalytic and winged-
helix domains. We found that adenine-methylated DNA binds
more favorably to the catalytic subunit of R.Dpnl (—4 kcal mol ")
and to the winged-helix domain (—1.6 kcal mol ") than non-
methylated DNA. In particular, N6-adenine methylation is
found to enthalpically stabilize binding to R.Dpnl. In contrast,
C5-cytosine methylation entropically favors complexation by
the MBD domain of the human MeCP2 protein with almost
no contribution of the binding enthalpy.
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Introduction

DNA methylation plays a major role in a wide variety of
biological processes, including the regulation of gene expres-
sion and self-recognition. In bacteria, the dominant form is the
N6-adenine methylation that helps protect bacteria against in-
vasion by foreign DNA [1]. Recently, N6-adenine methyla-
tion of DNA was also reported to be involved in the epigenetic
regulation of gene expression in mouse stem cells [2]. The
R.Dpnl enzyme (see Fig. 1a) from Streptococcus pneumonia
is a type IIE restriction endonuclease that consists of an N-
terminal catalytic domain and a C-terminal winged helix do-
main (residues 183-254) [3]. R.Dpnl protects Dam—,
R.Dpnl+ bacteria against phages that have been propagated
on Dam+ hosts. Both domains of R.Dpnl bind highly specif-
ically to Dam-methylated (Gm6ATC) sites [4]. A recent X-ray
structure determined by the Bochtler group [5] characterized
how the two R.Dpnl domains bind to methylated DNA. The
authors noticed that the presence of the two methyl groups
requires a structural deviation from the canonical B-DNA
conformation to avoid steric conflict.

C5-cytosine methylation of DNA is one of the most crucial
epigenetic modifications of eukaryotic genes, and plays an
indispensable role in modulating mammalian gene expres-
sion. The human Methyl-CpG binding protein 2 (MeCP2) is
crucial in gene silencing and has important neurological im-
plications [6] (see Fig. 1b). It belongs to a highly conserved
family of DNA-binding proteins that mediate gene silencing
by specifically binding to methylated CpG sites in the promot-
er regions of genes. MeCP2 possesses a hydrophobic methyl-
binding domain (MBD) that interacts directly with methyl
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Fig. 1a,b Crystal structures of methylated DNA bound to the restriction
enzyme R.Dpnl from Staphylococcus aureus and to human MeCP2. a
Winged-helix domain and catalytic domain of R.Dpnl, each bound to
DNA containing N6-methylated-adenine, are colored cyan and green
(RCSB PDB code: 4KYW), respectively. b Methyl-binding domain of
MeCP2 (dark grey) bound to DNA containing C5-methylated cytosine
(hot pink) (RCSB PDB code:3C2I). Figures were generated using
PYMOL

groups attached to cytosine bases of DNA, for example at the
promoter III of the mouse-brain-derived neurotrophic factor
(BDNF) [7]. This gene encodes the BDNF protein that seems
to be involved in sustaining long-term memory [8]. A
pioneering X-ray structure of the MBD domain bound to
methylated DNA revealed that the methyl group of cytosine
surprisingly contacts a predominantly hydrophilic surface
patch on the MBD domain that includes tightly bound water
molecules [9].

As mentioned, X-ray crystallography has been instrumen-
tal in elucidating the structural details of how proteins bind to
methylated or non-methylated DNA sequences. When bind-
ing to DNA, proteins generally induce an increase in the width
of the major DNA groove, so that the functional groups of
DNA make favorable contacts to protein residues at the bind-
ing interface in a sequence- and methylation-specific context
[10]. Moreover, when proteins bind to their target DNA re-
gions, they often change the equilibrium between two alter-
nating conformational states of DNA termed BI and BII that
are characterized by different relative orientations of neighbor-
ing phosphate groups in the DNA backbone [11, 12]. As
shown in Fig. 2, the two conformations differ with respect to
the (epsilon-zeta) torsion angles of the DNA backbone, being
negative in BI and positive in BII [13]. In the BII conforma-
tion, the bases are pushed toward the major groove of the
DNA, making them more accessible to the bound protein,
and in a sequence-specific manner [11]. In addition to affect-
ing the DNA conformation, methylation of DNA may also
enhance specific binding of proteins via solvent contributions
or via specific interactions with protein residues [9, 14]. As it
is typically not possible for X-ray crystallography to charac-
terize proteins complexed with both methylated or non-
methylated forms of their target DNA regions, there is an
important need to employ molecular modeling and biomolec-
ular simulations to unravel the mechanisms behind
methylation-specific binding.

@ Springer

Fig. 2 BII (left) and BI (right) conformations of double-stranded DNA.
The combined rotation around the two torsion angles ¢ and ( generates
the two conformational substates BII and BI. The BII conformation
shown here was extracted from the pdb file 3GGI at the 2DCp3DT dinu-
cleotide. The BI conformation was extracted from our simulations of
MBD:mDNA (dinucleotide 7DAp8DC)

In a pioneering work, Zou and colleagues [15] conducted
conventional molecular dynamics (MD) simulations and al-
chemical free energy perturbation calculations for the
MBD:DNA system of the C5-methylcytosine binding protein
MeCP2. They emphasized that the structural ‘stair motif”
consisting of interactions between the mCpG dinucleotide
and two arginine residues at the protein-binding interface is
important for methylation-specific binding. We recently char-
acterized the binding of methylated or non-methylated BNDF
fragments to MBD by plain molecular dynamics simulations
[16]. In that study, we observed lower fluctuations for the meth-
ylated MBD complex as compared to unbound DNA or to the
non-methylated complex. Also, binding of the methylated
BDNF promoter induced a larger opening of the major groove
than the non-methylated form. These observations suggested
that MBD forms a tighter contact to methylated BDNF, in
agreement with the experimentally detected higher efficiency
of translational repression of the methylated promoter.
However, in that study, we did not address the thermodynamic
determinants of the MBD:BDNF promoter interaction.

This is exactly the aim of the present study. Also, we con-
trast the contribution of C5-cytosine- vs. N6-adenine- methyl-
ation to the specificity of protein binding. Towards this aim,
we studied the R.Dpnl enzyme, which binds selectively to N6-
adenine-methylated DNA, and compared it to the
MBD:BDNF promoter system that binds selectively to C5-
cytosine-methylated DNA [9]. We present results from con-
ventional MD simulations, alchemical free energy perturba-
tion, and Poisson Boltzmann/Surface Area (PB/SA) calcula-
tions to characterize the conformational changes induced in
the DNA strand upon binding to the protein, and to determine
the free energy changes and the corresponding enthalpic and
entropic contributions for both systems, either in the methyl-
ated or in the non-methylated DNA sequence context. The
findings from this study provide a basis for establishing a
mechanistic understanding of the structural and thermody-
namic parameters that determine why and how proteins may
specifically recognize the cytosine- or adenine-methylated
forms of DNA.
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Methods
MD simulations

The MD simulations for all systems were performed with the
GROMACS 4.5.5 package [17] using the CHARMM?27 force
field [18] and the TIP3P water model [19]. Force field param-
eters for methylated adenosine were taken from [20].

Each unbound DNA or protein:DNA complex of the two
R.Dpnl systems (catalytic domain and winged-helix domain)
was placed in a cubic water box of 6.1 or 9.9 nm box dimen-
sions with 0.10 mol/l NaCl added. The total size of the simu-
lated R.Dpnl systems was around 23,000 atoms for the un-
bound DNA systems, and around 95,400 atoms for the solvat-
ed protein—-DNA complexes. The simulations of MeCP2 for
the unbound DNA and the bound DNA-complex were con-
ducted using a cubic box of 9.3 nm dimensions, also with
0.10 mol/l NaCl added. The total size of these systems was
about 56,200-56,300 atoms. The setup of this system is iden-
tical to [16]. Periodic boundary conditions were employed.
Coulombic interactions were evaluated using a short-range
cut-off of 10 A and long-range interactions were treated by
the particle-mesh Ewald (PME) summation method [21]. The
non-bonded Lennard-Jones interactions were computed using
a smooth cutoff of 10 A. The integration time step was set to
1 fs. The temperature was kept at 310 K by applying leap-frog
stochastic dynamics forces with a damping coefficient of
0.1 ps ' [22].

At first, each simulated system was energy-minimized for
50,000 steps using the steepest descent algorithm followed by
a second energy minimization for 10,000 steps using a quasi-
Newtonian algorithm with the low-memory Broyden-
Fletcher-Goldfarb-Shanno approach. The tolerance was set
to 1.0 kJ mol™! nm™". Thereafter, the system was heated to
310 K during 4 ps. Then, each system was subjected to 1 ns-
equilibration in the NVT ensemble with harmonic restraints
applied to all protein and DNA atoms using a force constant of
1000 kJ mol ' nm 2. With restraints kept, each system was
further equilibrated for 500 ps in the NPT ensemble, and then
for another 500 ps without restraints.

The apo form of R.Dpnl-binding DNA was simulated in
the free form starting from an ideal B-DNA conformation
(methylated, nonmethylated and hemimethylated DNA). For
methylated and nonmethylated DNA, we collected 500 ns
simulations (two replicates with 100 ns each, plus ten shorter
replicates of 30 ns each). Simulations of the hemi-methylated
forms were conducted for 40 ns each. Here, we analyzed only
variables (torsion angles, solvent-accessible surface area for
methyl groups, radial distribution function of water around
methyl groups) that converged rather fast and apparently
needed no longer simulations.

Simulations of the R.Dpnl:DNA complexes were based on
the recent crystal structure of R. Dpnl with two strands of N6-

adenine-methylated DNA bound to the catalytic and the
winged-helix domains [5]. In the simulations, we simulated
the intact R.Dpnl protein with DNA either bound to the cata-
lytic or to the winged-helix domain. DNA in either domain
was further mutated into non-methylated and hemi-
methylated DNA sequences (both in the sequence context of
the proximal and distal methyl groups) by replacing the re-
spective methyl groups by hydrogen atoms. For the fully
methylated and nonmethylated DNA bound to either domain,
we collected 500 ns simulations (two replicates, 100 ns each
plus ten replicates with 30 ns each). Simulations of the two
forms of hemimethylated DNA were conducted for 40 ns
each.

As a structural reference for the simulations of the
MBD:DNA complex, we used the X-ray structure of the
BDNF promoter bound to the human methyl-binding domain
(RCSB:3C2I; [9]). The plain MD simulations for this system
(two replicate simulations of 100 ns each) for free DNA in the
methylated and non-methylated forms, and for bound DNA in
the methylated and non-methylated forms were previously
described [16]. Since we found very good agreement between
the two replicate simulations of MBD:BDNF systems both in
the methylated and non-methylated forms, as well as in the
unbound form and in the complex (see Table 2), we saw no
reason to extend the simulation time of this system to the same
length as used for the R.Dpnl systems.

Free energy perturbation

The free energy calculations for R.Dpnl were conducted in-
dependently of the plain MD simulations. All windows were
started from the initially equilibrated systems, and were con-
ducted in a parallel fashion. Alchemical free energy perturba-
tion (FEP) calculations using the Bennett acceptance ratio
with error bars (BAR) were employed to determine the differ-
ence in binding free energy of the R.Dpnl-DNA complex
upon de-methylating 5-adenosine in both DNA strands [23,
24]. Both in unbound DNA and in the protein:DNA complex,
the two methyl groups attached to adenosine were annihilated
in two stages [25], see Fig. S1. In the first stage (correspond-
ing to the transition from panel 1 — 2), the electrostatic inter-
actions of each methyl group were switched off in a step-wise
manner and its respective charge was assigned to the N6 atom.
For this, the system Hamiltonian was coupled to a coupling
parameter A whereby A =0 corresponds to the reference state
and A=1 to the perturbed state. No soft-core potential was
used in this step since the final, uncharged atoms still exert
full Lennard-Jones (LJ) interactions so that no singularities are
introduced in this step (see below). In the second stage (2 —
3), the atoms of the methyl group were turned into dummy
atoms (by switching their epsilon and sigma LJ parameters to
zero). In this stage, a soft core potential was used where soft-
core alpha was set to 0.5, the soft-core power to 1.0, and soft-
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core sigma to 0.3 [26]. When their LJ potentials are annihilat-
ed, atoms are converted into dummy atoms. This can intro-
duce numerical problems during the last annihilation step(s)
when the interactions of an annihilated group of atoms be-
come so small that neighboring molecules, e.g., water mole-
cules, can approach them very closely. At such short atom—
atom distances, small displacements during an MD time step
can suddenly generate an exceedingly large repulsion due to
the remaining repulsive term of the LJ interaction. Exactly
these problems are overcome with a soft-core potential that
avoids the singularity at the origin [27]. To complete the free
energy cycle, the ‘dummy’ hydrogen atom of the non-
methylated adenosine was turned into an interacting hydrogen
by switching on its Lennard-Jones interactions (stage 3; 4 —
5), and then the electrostatic interactions (stage 4; 5 — 6).
Each of the four stages was decomposed into 26 intermediates
states (AA =0.04). As for the reference state at A = 0, the sim-
ulation of each intermediate state started with a double energy
minimization, followed by equilibration over 1 ns in the NVT
ensemble and 500 ps equilibration in the NPT ensemble with
harmonic restraints, and 500 ps without any restraints. Data

AAH = AHmet.complex_ AHmncomplex = Hmetcomplex_ (Hprotein + Hmet.DNA ) - (Hnm.complex_ (Hpmtein + HanNA) )

was collected during another 1.5 ns for each window. This
yields a total simulation time of 26 x 3.5 ns =91 ns for each
unidirectional simulation.

MM-PBSA energy calculations

In the MM-PBSA approach [28], the enthalpic contributions
to the free energy of binding are calculated via:

H= Ehonded + EvdW + Eelec + EPB + ESA (1)

where bonded stands for the bonded energy terms (bond
lengths, bond angles and torsion angles), vdW stands for the
van der Waals interactions, and elec for the Coulombic inter-
actions. The three terms represent the molecular mechanics
(MM) terms and are computed in the gas phase. SA refers to
the surface area contribution. PB stands for the solvation free
energy computed here with the adaptive Poisson Boltzmann
solver [29]. The net change in enthalpy upon methylation can
be calculated for a single biological entity as follows:

(2.a)

Here, Hmet.complex belongs to the complex of methylated
DNA and protein, Hpoein to the unbound protein, and
Huetona (or Hympna) to unbound methylated (or non-
methylated) DNA. Since Hpotein cancels out, this simplifies
into:

AAH = Hmet.complaxiHnm.comp[ex7 (Hrnel.DNA + HanNA) (Zb)

We note that this sum is not purely a sum of enthalpic
terms, since the PB/SA terms are parameterized as sol-
vation free energies. Enthalpy decomposition was per-
formed using the amber MMPBSA.py tool [30]. The
original set of MD simulations was performed using
GROMACS (as explained in MD simulations), the tra-
jectories of several replicates were merged, and the snap-
shots were superimposed on the starting structure. We
then used the package AMBERTOOLS (version 2) to
compute the contributions of the individual components
to the free energy of binding. For consistency, the
CHARMM27 force field was also used in the MM-
PBSA calculations. For this, the topology files were gen-
erated with the CHAMBER package available in
AMBERTOOLS, and applied to the snapshots of the
GROMACS MD simulations generated with the same
CHARMM27 force field [31]. Protein structure files
(PSF) in CHARMM format were provided as an input
to the CHAMBER package. A total of 10,000 fitted PDB
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snapshots per simulation type were fed as input to the
CPPTRAJ utility in AMBERTOOLS, in order to generate
the MDCRD trajectories required for the Amber package.
Both structure file types (PDB and PSF) were processed
with the PSFGEN plugin in VMD [32, 33]. Patches and
parameters for the nonstandard residue 6MA were added
to the input topology and parameter files.

Configurational entropy of DNA and protein

Characterizing the configurational entropy of flexible sol-
ute molecules as studied here by molecular simulations is
known to require lengthy MD simulations. Thus, we per-
formed simulations in several replicates for the apo and the
holo forms of DNA started from various starting configu-
rations, and then merged the sampled conformations to
achieve better and faster convergence of the configuration-
al entropy. For the B-DNA form of all unbound systems, as
well as for the crystal forms of the DNA bound to the
winged-helix domain and to the catalytic domain, ten short
simulations (30 ns each) were merged with two longer
simulations of 100 ns each. To check for convergence,
we followed the strategy introduced by Domene and co-
workers [34]. Snapshots were collected each 5 ps. For the
MBD system, we used snapshots from two replicate simu-
lations of 100 ns each [16].
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The configurational entropy of the complexes, proteins and
DNA in the methylated and non-methylated forms was

quantified by the approach of Schlitter [35]. Entropy differ-
ences due to methylation were computed as follows:

AAS = AS, met.complex_AS nm.complex = S met,complex_S nm.complex™ (S protein + Smet.DNA_ (Sprotein +S anNA) ) (3)

=S met.complex_S nm.complex™ (S met.DNA_S nmDNA )

These contributions were computed for the individual pro-
teins and DNA as well as for the formed complexes.

Results

In this study, we employed MD simulations to determine the
structural and energetic characteristics that mediate the specif-
ic binding of the catalytic and winged-helix domains of the
bacterial restriction enzyme R.Dpnl and of the MBD domain
of the mammalian transcription factor MeCP2 to DNA strands
carrying either methylated or non-methylated adenine or cy-
tosine bases. For the three studied systems, we found that the
DNA structure was generally well maintained in all simula-
tions, with an upper RMSD of 3 A and an average RMSD of
1.5 A during MD simulations of 100 ns duration.

Structural adaptation of DNA upon binding

The width of the major groove of DNA is known to have an
important effect on the specificity of protein:DNA binding.
Figure 3a shows the major groove width at the dinucleotide
step in the binding interface for the R.Dpnl simulations (both
in the complexes and in the unbound DNA); Fig. 3b shows
this for the MBD simulations (see also [16]). Both non-
methylated DNA strains (solid blue lines in 2A and 2B) gave
a clear peak around 15.5 A. The major groove width with

methylated cytosine is a bit narrower (16.0 A, solid red, 2B)
than with the methylated adenosine (17.0 A; solid red, 2A).
The protein—-DNA complexes always showed an opening of
the major groove. This tendency was stronger in the winged
helix domain of R.Dpnl (22.0 A) than in the catalytic domain
(19.0 A). Methylated DNA bound to proteins generally gave
narrower-peaked distance profiles compared to the more
‘floppy’ non-methylated forms. MBD-bound DNA also
showed a very clear opening transition. We did not observe
contacts between protein and the DNA minor groove.

Next, we checked the BI ratio of the DNA strands (see
Fig. 4). In the BI conformation, the difference between the
two torsion angles € (C4'-C3'-03’-P) and ¢ (C3'-03'-P-05’) is
about —90°, and about +90° in the BII form [36]. Importantly,
the phosphate position in the BI conformation is symmetrical
with respect to the minor and the major grooves, whereas the
BII conformation shifts the phosphates to the minor groove.
We found that the non-methylated R.Dpnl-binding sequence
adopted a slightly smaller BI ratio in solution (0.88) than the
MBD-binding sequence (0.92). In both cases, methylation of
adenosine or cytosine hardly induced any conformational
changes in solution compared to the non-methylated forms.
In the complexes, the BI/BII equilibrium was shifted to slight-
ly smaller values, indicating a higher proportion of the BII
conformation with better accessible nucleic bases (see
Introduction). Upon binding to MBD, the change was rather
small (0.02-0.03). Upon binding to R.Dpnl, bimodal
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distributions were observed with peaks near 0.88 and near
0.84. When complexed either to the catalytic or to the
winged-helix domains, N6-methylation of adenine increased
the occupancy of the 0.84 peak.

Investigating the DNA structure in the bound and unbound
conformations (Table S1) in terms of the well-known basepair
steps (rise, roll, shift, slide, tilt, and twist) revealed a certain
structural strain in the DNA bound to the catalytic domain of
R.Dpnl and when bound to the MBD protein. These deforma-
tions were smaller in complexes with the winged-helix do-
main of R.Dpnl.

Methyl-methyl proximity effects on methylation specific
binding

DNA is fully methylated in the crystal structure of the R.Dpnl
enzyme so that the two N6-adenine methyl groups are tightly
packed against each other. According to Fig. 5, the methyl-
methyl distance is only slightly larger than the sum of their
van der Waals radii (2.0 A +2.0 A=4.0 A; [37]) in the X-ray
structure of the catalytic domain of R.Dpnl. This is very sim-
ilar to the situation in a methylated perfect B-DNA fiber, gen-
erated for the GATC sequence with the 3DNA program and
default parameters [38, 43]. When bound to the winged-helix
domain, this distance is about 4.5 A in the X-ray structure. We
reasoned that interactions between the methyl groups could on
one hand promote a ‘shielding effect’ of the hydrophobic
methyl group (see below). On the other hand, close contacts
could reduce the conformational flexibility of DNA in solu-
tion, and thus lower its conformational entropy [5]. To find out
whether this is the case, we computationally grafted methyl
groups in trans-orientation onto the N6 atoms of the adenines
in the A:T dinucleotide steps in the MD snapshots (fitted to the
X-ray conformation of the methylated DNA). For unbound
DNA simulated in the non-methylated form, grafting showed
that the methyl groups were indeed too close (3.4 A).

@ Springer

However, grafts applied to MD snapshots of non-methylated
DNA bound to the winged-helix domain of DNA gave fluc-
tuations around an average distance of 4.0 A, what is an ac-
ceptable value (see above). For the non-methylated DNA
bound to the catalytic domain, however, this was not the case.
Here, the grafts applied to DNA showed a minimum distance
of 3.0 A and equilibrated around this value. For the
MBD:meDNA complex, the distance between the two methyl
groups of the C5-methylcytosines in the methylated complex
(8.0 A) was much larger than the sum of the van der Waals
radii. Therefore, there appears no risk of entropic restraints in
terms of the binding specificity of SmC.
N6-methyladenosine can adopt both the cis and the trans
isomers. Here, only the planar trans conformation was ob-
served in the MD simulations for the fully and hemi-
methylated Gm6ATC target sequence (Fig. S2). When com-
plexed to R.Dpnl, water molecules around the N6 adenine

4.8- |
) n N I (|

WA /b ZUA LW A | A

v““‘,‘ ‘\V“‘v"v" ‘\'11 “x\\“ \fyt')\. ‘\V"‘,;:‘/}\)‘v‘l‘, I [\ ; A\ \l,' \ \‘! Lt &

4.5- LT RAART TP RANT N)
(A L

4.2-
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3.9-

o o o o (=]
— N [<2] <

time (ns)

mMDNA-R.Dpnlcy; | mDNA-R.Dpnlyingea | MDNA (B fiber) | |

Fig. 5 Carbon—carbon distance between the two methyl groups of N6-
methyladenine of DNA in the free form, and in complex with the catalytic
or winged helix domains of R.Dpnl during the initial 40 ns of the 100-ns-
long simulations.
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atoms were displaced, both in the case of methylated and non-
methylated DNA (Fig. 6). Water displacement was more pro-
nounced upon binding to the winged-helix domain than to the
catalytic domain. In contrast, Fig. S3 shows that very few
water molecules were displaced with respect to the C5-C5M
plane connecting the C5-methylated cytosine.

Methyl groups energetically stabilize complexes of DNA
with the catalytic and winged-helix domains of R.Dpnl

The AAG contribution of DNA methylation to R.Dpnl bind-
ing was quantified using alchemical free energy perturbation
calculations and the thermodynamic cycle shown in Fig. 7.
For this, we transformed either the methyl groups on the prox-
imal and distal strands of fully methylated DNA or the respec-
tive hydrogen atoms in the non-methylated form of DNA from
a fully interacting state to a dummy state (Fig. S1). This was
done in solution as well as in the complexes with the catalytic
and the winged-helix domains of R.Dpnl.

During the free energy calculations for the DNA:R.Dpnl
complex with DNA bound to either the catalytic or the
winged-helix domains, the protein conformation was well
maintained. During all stages and windows, the RMSD values
between final and starting conformations were between 0.2
and 0.4 nm, which are values typical of MD simulations of
proteins. Also, DNA conformations were well preserved
throughout all simulation windows of the discharging step.
However, in the last windows of the stages where the LJ
potential was turned off (between A =0.96 and 1.00, during
both perturbations of the methyl species as well as replacing

2

(B)

mMDNA-R.Dpnlcy |

A Gcom lex
nmDNA+R.Dpnlee——»nmDNA:R.Dpnla

AG AG;

AGm. complex
MDNA+R.DpnlLy— > mDNAR.Dpnlea

Fig. 7 Thermodynamic cycle to compute the contribution of DNA-
methylation to the binding affinity of the R.dpnl protein toward DNA.
The upper leg corresponds to the association of non-methylated DNA, the
lower leg refers to the binding of methylated DNA. The difference of
these two legs is the desired quantity. It can also be obtained as the
difference of the two vertical processes 1 and 2, which are conveniently
conducted as annihilation processes described in Fig. S1

hydrogens), the DNA unwound and dissociated from the com-
plex. As the structural transition happened both in the pres-
ence and absence of protein, and, as most of the free energy
change occurs for initial values of A<0.8 (see Fig.S4), the
computed free energy differences should be almost unaffect-
ed. This unexpected computational result is consistent with
the biochemically observed low affinity of non-methylated
DNA to the catalytic domain [3]. Figure S4 shows that the
cumulative changes in free energy as a function of A were
quite smooth both during the van der Waals elimination step
and during the discharging step.

Table 1 shows the free energy changes (AG) with standard
error for the individual annihilation processes for the protein-
DNA complexes and the unbound DNA strands. For unbound
DNA started in the conformation extracted from the X-ray
complex with the catalytic domain of R.Dpnl, mutating the
Né6-adenine-methylated DNA to non-methylated DNA (AG/)
gave a favorable free energy change of AG; of —3.70 (+0.22)
kcal mol ' (Table 1). Mutating methylated DNA bound to the
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Distance from Surface (nm)

Fig. 6a—c Radial distribution of water molecules around the hypothetical
surface of the two N6-amino/methylamino groups in DNA. a—¢ Expected
value (EV) for the distribution of the number of water molecules within
0.13 to 0.3 nm distance from the surface during the 100 ns long MD
simulations of methylated, hemimethylated and non-methylated
DNA:R.Dpnl complexes (b, ¢); as well as the respective unbound

Distance from Surface (nm)

Distance from Surface (nm)

DNAs (a). The expected number of water molecules was derived by
calculating the average radial distribution function of water molecules
up to the indicated distance using the RDF function in GROMACS
[17]. Snapshots were extracted at 10 ps intervals, and the average number
of water molecules in all snapshots was calculated
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Table 1 Thermodynamic cycle

to compute the contribution of AGgischarging AGuming Ly off AGiotal
adenine methylation to the _ ]
binding free energy of DNA tothe ~ (A) Catalytic domain
catalytic and the winged-helix met. DNA-DNA —3.47 (x0.11) —0.23 (20.18) -3.70 (+0.22)
subunits of the R.Dpnl protein. met. Complex—Complex 2425 (£0.58) ~23.9 (£0.36) 0.35 (£0.68)
Values are in units of kcal mol
AAG= ~4.05 (+0.71)
(B) Winged-helix domain
met. DNA-DNA 2.76 (+0.44) 0.09 (+0.36) 2.85 (+0.40)
met. Complex—Complex 13.66 (£0.11) -9.49 (+0.39) 4.17 (+0.29)
AAG= —132 (20.34)

catalytic domain into its non-methylated counterpart (AG»)
gave a slightly unfavorable free energy difference of AG, of
0.35 (£0.68) kcal mol !, Hence, the total cycle AGI-AG,
adds up to a AAG of —4.05 (£0.71) kcal mol ™' meaning that
No6-adenine-methylated DNA binds more strongly to the cat-
alytic domain of the R.Dpnl protein by this amount than non-
methylated DNA.

Table 1 also shows the free energy changes (AG) with
standard error for the same annihilation processes in the
winged-helix domain-DNA complex and the respective un-
bound DNA. Here, the free energy calculations were started
from the final conformations of the protein-DNA complex
after 100 ns of plain MD simulations. Mutating the methylated
DNA in water to non-methylated DNA (AG),) gave an unfa-
vorable free energy change of AG; = 2.85 (+0.40) kcal mol .
On the other hand, mutating the methylated DNA bound to the
winged-helix domain of R.Dpnl into the non-methylated
counterpart (AG,) gave an unfavorable free energy difference
of AG,=4.17 (£0.29) kcal mol™!. Hence, the total cycle
AG—AG, adds up to AAG =—1.32 (£0.34) kcal mol ', sug-
gesting that methylated DNA binds more strongly to the
winged-helix domain of the R.Dpnl protein by this amount
than non-methylated DNA, given the initial conformation of
the DNA and the protein.

Enthalpic contribution to the binding free energy

Using the MM-PBSA approach (one trajectory method), we
characterized the enthalpic contribution of N6-adenine meth-
ylation to the binding affinity toward both domains of the
R.Dpnl enzyme. For comparison, we also computed the
enthalpic contribution of C5-cytosine methylation to the bind-
ing to the MeCP2 protein. Using Eq. (2), the MM-PBSA
calculations with an internal dielectric of four showed that
adenosine methylation enthalpically favors binding to the
winged-helix domain by —11.01kcal mol ', and to the catalyt-
ic domain by —9.34kcal mol ', In contrast, the calculations
showed that C5-cytosine methylation enthalpically slightly
destabilizes the complex with MeCP2 by 0.76kcal mol
(Table 2).

@ Springer

Entropic contribution to the free energy of binding

Based on the snapshots of the concatenated MD simula-
tions (0.5 ps in total for R.Dpnl and 0.2 us for MBD,
respectively) we quantified the configurational entropy of
DNA using the Schlitter method implemented in
GROMACS [35]. The simulations of unbound methylated
and non-methylated DNA sequences were started from
perfect B-DNA conformations. The computed configura-
tional entropies are listed in Table 3 (also see Fig. S5).
Figure S5 shows that the R.Dpnl:DNA system needed
more time than the corresponding MBD:DNA system to
sample the accessible configurational space and reach con-
vergence. A single 100 ns long simulation of the R.Dpnl
system appeared insufficient in this respect. Thus we added
simulation snapshots from ten parallel 30 ns long simula-
tions to improve sampling. This combined analysis appears
to result in reasonable convergence so that, in particular,
the entropic difference between methylated and non-
methylated systems should be captured in a robust manner.
When considering both protein and DNA, N6-methylation
of adenine gave an unfavorable entropic contribution of
—17.33 kecal mol™" for binding to the catalytic subunit of
R.Dpnl. When separately considering DNA and protein,
both gave a negative contribution each (—5.95 and —13.9,
respectively). The situation is very different for binding to
the winged-helix domain of R.Dpnl. Here, we noticed a
strong entropic decrease in the DNA, but this was
completely offset by a positive contribution of the protein.
Overall, methylation was predicted to give a slightly favor-
able entropic contribution of 2.46 kcal mol '. The case is
again different for the 5C-meDNA:MBD system. Here,
almost no change is found in DNA alone, whereas the
protein shows a clearly lowered entropy when bound to
methylated DNA. Interestingly, the entropy computed for
the full protein:DNA system is higher for methylated DNA
than for non-methylated DNA (9.54 kcal mol™). This re-
flects the important role of the relative mobility of protein
and DNA that is not considered when treating the binding
partners individually.
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Table 2 Enthalpic contribution

of methylation to the binding DNA:R.dpnlea DNA:R.dpnlyinged DNA-MBD

energies using the MM-PBSA

approach. The internal dielectric nmDNA

constant was set to four. Values HypwaaLs —134.90(0.10) —103.08 (0.10) =77.92 (0.11)

f;lgzzi‘,?s mean (SE) in Hepp ~748.37(0.30) ~685.60 (0.22) ~986.21 (0.51)
Eps 752.39(0.25) 662.19 (0.21) 942.41 (0.48)
Expol AR ~92.03(0.06) ~67.72 (0.05) ~61.70 (0.07)
Episper 225.55(0.09) 167.47 (0.12) 150.59 (0.15)
AH,, ~883.27(0.31) ~788.68 (0.24) ~1064.13 (0.57)
AHgy, 885.91(0.26) 761.93 (0.24) 1031.31 (0.53)
AHromar 2.64(0.12) ~26.74 (0.06) ~32.82 (0.07)

mDNA

HyvpwaaLs —137.40(0.10) —104.72 (0.12) —74.49 (0.08)
HggL —760.59(0.27) —697.71 (0.33) —931.54 (0.40)
Epp 757.76(0.24) 670.52 (0.31) 891.30 (0.36)
EnpoLar —91.86 (0.06) —66.75 (0.07) —59.36 (0.05)
Episper 225.40 (0.11) 160.91 (0.16) 141.94 (0.10)
AH,,, ~898.00 (0.28) ~802.43 (0.36) ~1006.03 (0.44)
AH,y, 89130 (0.27) 764.68 (0.33) 973.8731 (0.40)
AHromaL ~6.70 (0.09) ~37.75 (0.06) ~32.16 (0.07)
AAH, o AmmDNA ~934 (0.11) ~11.01 (0.06) 0.66 (0.07)

Discussion involving, e.g., CH---O hydrogen-bonding interactions [14],

Previous authors have pointed out the challenge in explaining
the binding selectivity of proteins to methylated DNA [5, 15].
In fact, there may exist alternative mechanisms [5] that apply
to different proteins as well as DNA methylation states,

cation—7t interactions, e.g., between arginine residues and cy-
tosine bases [15] and solvation/desolvation effects [9, 39]. In
this study, we employed conventional MD simulations and
free energy perturbation to unravel structural and energetic
parameters that may explain the advantageous specific

Table3 Partial entropic contribution of methylation to the binding energies (TS, kcal mol ') using the Schlitter formula at a temperature of 310 K. The
entropy was calculated for protein and DNA, DNA alone, and proteins alone (only in the bound form)

Catalytic domain of R.DPNI

Winged-helix domain of R.DPNI

MBD:DNA

Total entropy DNA free DNA-Protein Difference DNA free DNA-Protein  Difference DNA free DNA-Protein  Difference

nmDNA 237.80 1940.32 1702.52 237.80 1916.75 1678.95 369.79 681.85

mDNA 236.01 1921.20 1685.19 236.01 1917.42 1681.41 368.05 691.39

TASMDNA-NMDNA _1733 954
Catalytic domain of R.DPNI Winged-helix domain of R.DPNI MBD:DNA

DNA Contribution DNA free DNA in Complex Difference DNA free DNA in Complex

Difference DNA free DNA in Complex Difference

nmDNA 237.80 244.01 6.21 237.80 222.27 —15.53 369.79 365.79 —4.00
mDNA 236.01 236.27 0.26 236.01 198.05 -37.96 368.05 364.52 -3.53
TAS 1\ DNA-nmDNA -5.95 —22.43 047
Protein contribution Catalytic domain of R.DPNI Winged-helix domain of R.DPNI MBD:DNA
Protein bound to nmDNA 1718.04 1690.33 480.19
Protein bound to mDNA 1704.11 1714.19 464.78

TAS \DNA-nmDNA —13.93 23.86 ~15.41
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binding of methylated DNA to the two domains of the R.Dpnl
protein and to the MBD domain of the MeCP2 protein over
non-methylated DNA forms.

As is commonly observed upon protein:DNA association
[40], both binding of methylated and non-methylated DNA to
proteins was accompanied by an increased width of the major
groove and a shift of the BI/BII equilibrium to smaller values.

Due to the hydrophobic nature of the methyl groups, one
may suspect that desolvation of N6-methyladenosine is ener-
getically favored over desolvation of adenosine. In a recent
computational study [20], we found, however, that a single
non-methylated N base has a very similar solvation free ener-
gy as a single N6-methylated adenine base. In contrast, the
CS5-methylated form of cytosine is strongly favored over the
non-methylated form in water (reflected by a 26.7 kcal mol !
difference in solvation free energy). Note that these numbers
refer to single bases.

In the context of the DNA strand, steric shielding reduced
the solvent accessible surface area of a methyl group attached
to adenine about two-fold on average (from 65 A” to a range
of 28-38 A?, see Fig. S6). Upon protein binding, this was
reduced to only about 3 A% The process of water displace-
ment involved more waters for the winged-helix domain, so
that their release into the bulk solvent should be entropically
favorable, as previously reported [41]. For comparison, the
methyl group of a single C5-methylcytosine had a total
solvent-exposed area of 55 Az, which was reduced to about
35-40 A? when integrated in the DNA strand (see Fig. S7). In
the complex with MBD, the SASA surface was about 10—
15 A%, This suggests that shielding of the C5-methylated cy-
tosine likely plays a smaller role for the binding specificity
than for N6-methylated adenine.

According to the previous study of Zou et al. [15] for the
MBD:DNA system, the C5-methylation of cytosine contrib-
utes about —1.2 kcal mol ' of preferential binding free energy
to the interaction between methylated DNA and the MBD
domain. Similar free energy perturbation calculations present-
ed here showed that N6-adenine-methylated DNA favored
binding to the catalytic domain of the R.Dpnl protein by a
slightly larger amount (—4.05 + 0.7 kcal mol ). These results
are consistent with experimental findings that non-methylated
DNA shows, at most, weak binding to the catalytic subunit
[3]. N6-methylation of adenine also gave a favourable contri-
bution for binding to the winged-helix domain (—1.32 +
0.34 kcal mol ).

Computational modelling is also able to address individual
contributions to the binding free energy. MM-PBSA calcula-
tions predict that N6-adenine-methylation favors binding to
the R.dpnl winged-helix domain by —11.01 kcal mol ™", and
to the R.dpnl catalytic domain by —9.34 kcal mol ', This
comparably large favorable enthalpic contribution cannot be
attributed to non-bonded interactions between the two N6-
adenine methyl-groups and protein residues alone. An

@ Springer

important role is likely also played by the different conforma-
tional adaptation by DNA to the protein domains between
methylated and non-methylated DNA. Also, one needs to re-
member that we refer to differences in binding enthalpies be-
tween the solvated and bound states, so that one always needs
to consider the unbound state as well. Zou and colleagues [15]
have discussed for the Mecp2 system that classical force-
fields are likely not able to capture well the characteristic
cation-pi interactions formed between arginine residues of
the MBD domain and nucleic bases. Omission of these appar-
ently important effects may explain why the difference in
binding enthalpy computed was slightly unfavorable in our
study.

According to the Schlitter formula, free DNA had lower
configurational entropies in the methylated form than in the
non-methylated form for all the species studied here. For com-
parison, one may consider the relative experimental melting
points of the two species. According to Smith and colleagues,
C5-cytosine-methylated DNA has higher melting tempera-
tures than nonmethylated DNA, so that a lower entropy is
expected at the same temperature [42], in agreement with
our findings. We note, however, that the calculations only
account for the configurational entropy of the solute mole-
cules, whereas the experimental values reflect the entropy of
the full system including solvent and ions.

An experimental study by Jen-Jacobson and colleagues
characterized the enthalpic and entropic contributions to the
binding of several protein:DNA complexes [41]. The authors
observed an isothermal entropic—enthalpic compensation for
the different systems. A similar case was observed here for
DNA binding to the winged-helix domain of R.Dpnl where a
strong decrease in the conformational entropy of DNA was
fully compensated by a corresponding gain in conformational
entropy of the protein. On the other hand, N6-adenine meth-
ylation disfavored binding to the catalytic subunit of R.Dpnl
entropically, whereas C5-cytosine methylation had an entro-
pically favorable effect on the interaction of the MBD:DNA
complex.

Conclusions

DNA methylation of specific DNA regions is a targeting sig-
nal for particular proteins such as transcription factors.
According to our findings, specific binding to N6-adenine-
methylated or C5-cytosine-methylated DNA is achieved
through structural adaptation in DNA and the protein on the
one hand, and through the combined effects of more favorable
binding enthalpies and modulation of the conformational en-
tropy on the other hand. For the R.Dpnl system, a favorable
enthalpic contribution seems to play a major role in favoring
binding of methylated DNA over the non-methylated DNA.
In contrast, specific binding of C5-cytosine-methylated DNA
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to the MBD domain of the Mecp2 protein appears to be pre-
dominately stabilized by a favorable entropic contribution due
to the concerted dynamics of protein and DNA. It remains to
be studied whether these characteristics are intrinsic properties
of the systems investigated here or whether they transfer to
other systems and are, thus, general principles of N6-adenine
vs. C5-cytosine methylation.
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