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ABSTRACT: The cell is able to regulate which genes to
express via chemical marks on the DNA and on the histone
proteins. In all vertebrates, the modification on the DNA is
methylation at position 5 of the two cytosines present in the
dinucleotide sequence CpG. The information encoded by these
chemical marks on the DNA is processed by a family of protein
factors containing a conserved methyl-CpG binding domain
(MBD). Essential to their function, the MBD proteins are able
to bind DNA containing dimethylated CpG sites, whereas
binding to unmethylated sites is not observed. In this paper, we
perform molecular dynamics simulations to investigate the
mechanism by which the mCpG binding domain of MBD1 is able to bind specifically dimethylated CpG sites. We find that the
binding affinity of MBD1 to a DNA containing dimethylated CpG site is stronger by 26.4 kJ/mol relative to binding the same
DNA but with an unmethylated CpG site. The contribution of each of the methyl groups to the change in free energy is very
similar and additive. Therefore, this binding affinity (to a dimethylated DNA) is halved when considered relative to binding a
hemimethylated DNA, a result that is also supported by experimental observations. Despite their equal contributions, the two
methyl groups are recognized differently by MBD1. In one case, demethylation induces conformational changes in which the
hydrophobic patch formed by the conserved residues Val20, Arg22, and Tyr34 moves away from the (methyl)cytosine,
weakening the DNA−protein interactions. This is accompanied by an intrusion of a bulk water into the binding site at the
protein−DNA interface. As a consequence, there is a reduction and rearrangements of the protein−DNA hydrogen bonds
including a loss of a crucial hydrogen bond between Tyr34 and the (methyl)cytosine. The methylcytosine on the opposite strand
is recognized by conformational changes of the surrounding conserved hydrophobic residues, Arg44 and Ser45, in which Arg44
participate in the 5mC-Arg-G triad. More specifically, the hydrogens of the methyl group form weak hydrogen bonds with the
guanidino group and backbone carbonyl of the conserved Arg44, interactions that are absent when the cytosine is unmethylated.
The results presented in this paper contribute to our knowledge of the different ways the chemical mark on the DNA is
recognized by the epigenetic machinery.

■ INTRODUCTION

Although all cells of an organism contain the same genetic
information, different cells synthesize different proteins and
exhibit different phenotypes tailored for executing their
function. How does a cell ’know’ which genes to express out
of the entire genome? This is controlled by chemical marks on
the DNA and on the histone proteins. In the DNA of
vertebrates, this chemical mark is a covalent addition of a
methyl group at position 5 of cytosine (5mC), and it occurs
predominantly within CpG dinucleotide sequences.1 Apart
from regulating gene expression, the methylated cytosine marks
play important roles in embryonic development, X-chromo-
some inactivation, and genomic imprinting.2 The methylation
patterns of the DNA pass from mother cells to daughter cells,
and their faithful inheritance and maintenance is essential to the
wellbeing of the organism.3 In fact, aberrant methylation
patterns of the genome, which consequently alter the genes

expressed, have been demonstrated in several human
cancers.4−6

Often DNA methylation leads to silencing of genes.
Currently, two different mechanisms are known by which
DNA methylation can switch-off genes.7,8 The first is by
directly preventing the transcription factors to bind their
recognition sequences. The second is via modifying the high-
order structure of chromatin from a lightly packed state
(euchromatin) to a condensed state in which transcription is
not possible (heterochromatin). This process is triggered by the
binding of a family of methyl-CpG binding proteins (MBD) to
the mCpG site. To date, five family members of MBD proteins
have been characterized: MeCP2, MBD1, MBD2, MBD3, and
MBD4. The first three, have been observed to bind mCpG
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steps and repress gene transcription from methylated gene
promoters.9 This is likely a result of a concurrent binding, via a
separate transcriptional repressor domain (TRD), to a histone
deacetylase whose activity causes the condensation of the
structure of chromatin.10 MBD3 is the only family member that
does not bind mCpG sites, probably due to the lack of several
important amino acids that are conserved in the other MBD
proteins.
Among the five MBD proteins members mentioned above,

MBD1 is unique in that it has CXXC motifs that are able to
coordinate zinc. Five isoforms of MBD1, generated by
alternative splicing, are known containing either two or three
CXXC motifs, and one methyl-CpG binding domain.11 They
bind, as a monomer, to a symmetrically (di- or fully-)
methylated CpG site and exhibit selectivity with respect to
binding an unmethylated site. This selectivity appears to be
independent of the DNA sequence surrounding the mCpG
site.12 MBD1 is also able to compete, to a lesser extent, with
binding a hemimethylated step. It has been shown that full-
length MBD1 efficiently represses gene expression from both
unmethylated and methylated promoters.13 Inhibition of
transcription when the promoters are unmethylated requires
the existence of the third CXXC motif, whereas this
requirement is not needed when the promoters are methylated.
The methyl-CpG binding domain consists of 60−80 amino

acid residues and displays a high sequence homology within the
MBD family members.14 Based on the NMR structure of
MBD114 it was suggested, and later supported by mutational
analysis,15 that the five residues, Val20, Arg22, Tyr34, Arg44,
and Ser45, of the mCpG binding domain are crucial for the
recognition of the two methyl groups. Except for Val20 (which
in MeCP2 is replaced by Lys20) these residues are highly
conserved in all mCpG binding domains. Their side-chains, or
segments of them, form a hydrophobic patch presumed to be
responsible for the recognition. Note that based on the NMR
structure of MeCP2 a similar argument has been proposed for
the recognition by MeCP2.16 In contrast, the X-ray of the same
protein showed that the methyl groups contact a hydrophilic
surface that includes tightly bound water molecules.17 It was,
therefore, suggested that ”MeCP2 recognizes hydration of the
major groove of methylated DNA rather than cytosine
methylation per se”.17 In fact in MeCP2, the methyl group of
the methylcytosine also interacts with a conserved arginine
residue of the protein. This arginine residue concurrently forms
bifurcated hydrogen bonds (via the O6 and N7 atoms) with the
3′ guanine (on the same strand) of the CpG site. The resulting
motif, which is referred to as 5mC-Arg-G triad, exists also in
MBD114 as well as in several other proteins recognizing
methylated cytosine (MBD2, Kaiso, and Zfp57).18−23

Zou et al. studied by molecular dynamics simulations the
change in the binding free energy of MBD1 to a DNA
containing the mCpG site relative to a DNA containing a CpG
site.24 They obtained a preference for binding to the mCpG
site; however, the magnitude of this preference was calculated
to be only −5.0 kJ/mol. If both substrate DNAs are present in
equal amounts, the ratio between the equilibrium populations
of the bound complexes at room temperature is only 1:7. In
such a case, the recognition is very weak, and it contradicts
experimental observations. They also performed ab initio
studies of only the triad motif (single point calculations from
structures extracted from the classical trajectories), and the
average value for the difference in the energy of the methylated
triad relative to the unmethylated triad was −6.7 kJ/mol. Again,

the magnitude of this energetic component to the difference in
the binding affinities is too small to explain the recognition of
MBD proteins to the mCpG site.
In this paper we perform molecular dynamics simulations to

address the mechanism by which MBD1 recognizes dimethy-
lated CpG sites. By using alchemical mutations we were able to
reproduce substantial difference in the binding affinity of
MBD1 to a dimethylated DNA relative to an unmethylated
DNA. Albeit different apparent behavior, the contribution of
each of the methyl groups is similar and additive, thus, MBD1 is
found to bind weakly hemimethylated DNA. The molecular
mechanism governing this recognition is discussed.

■ METHODS
System Preparation. We perform free energy molecular

dynamics simulations in order to calculate the binding affinity
of the methyl-binding domain (MBD) of MBD1 protein to a
DNA double helix containing a CpG site. Three different
methylation states were considered for this CpG site:
unmethylated (UMe), hemimethylated (HMe), and fully
methylated (FMe) states. The initial conformation for the
simulations was taken from an NMR solution structure of MBD
(75 amino acids long) of MBD1 bound to a FMe DNA double
helix (PDB code: 1IG4).15 We chose the first model, out of the
20, deposited in the Protein Data Bank. The DNA used in the
experiment, as well as two other DNAs with the different
methylation states considered in the simulations, are shown in
Figure S1 in the Supporting Information. The CpG site is
located halfway along the DNA at positions (m)C6pG7/
(m)C18pG19 (the prefix (m) is used to indicate a CpG
sequence that can be either methylated or unmethylated
depending on whether the site is UMe, HMe, or FMe). These
12 base-paired DNAs contribute a charge of −22 e due to their
phosphate groups. The charged residues of MBD1 are arginine
and lysine, which were protonated, as well as glutamate and
aspartate, which were deprotonated. In addition, the N and the
C termini of the protein were taken to be protonated and
deprotonated, respectively. Given these protonations states for
the amino acid residues, the total charge of MBD1 was +3 e.
Consequently, these charges of the protein and DNA were
neutralized by 3 chloride anions and 22 sodium cations added
at random positions in the simulation box. The dimensions of
the cubic simulation box were determined by a minimum
distance of 1.2 nm between the MBD1−DNA complex and
each of the box edges. The systems were then solvated in water
and contained a total of 8639 water molecules. The DNA was
described by the parmbsc0 force-field,25 the protein by the
AMBER-99SB force-field,26 the water molecules by the TIP3P
model,27 and the ions by the AMBER-94 force-field.28 The
partial charges of the 5-methylcytosine, which are not available
in the parmbsc0 (or in AMBER-99) force-field, were taken
from the work of Rauch et al.29 These charges were obtained
from an ab initio calculation using the Restrained ElectroStatic
Potential (RESP) charge fitting procedure.30

Simulations Details. The molecular dynamics package
GROMACS31 version 4.5.5 was used to perform all simulations,
with a time step of 0.002 ps and periodic boundary conditions
applied in all three dimensions. The electrostatic forces were
evaluated by the Particle-Mesh-Ewald method32,33 with a real-
space cutoff of 1.0 nm, grid spacing of 0.12 nm, and quadratic
interpolation. The Lennard-Jones forces were calculated using a
1.0 nm cutoff. The entire system was maintained at 300 K by
the velocity rescaling thermostat,34 with a coupling time of 0.1
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ps, and at a pressure of 1.0 bar by the Berendsen barostat35 with
a compressibility of 5 × 10−5 1/bar and a coupling time of 1.0
ps. Water bond distances and angles were constrained using the
SETTLE algorithm,36 whereas the distances of the protein and
DNA covalent bonds were constrained using the LINCS
algorithm.37

All systems were first energy minimized using the steepest
descent method, followed by a 2 ns simulations in which the
positions of the protein and the DNA heavy atoms were
restrained by a harmonic potential with a force constant of
1000 kJ/(mol·nm2). Then, 10 ns of unrestrained dynamics was
performed to equilibrate the system.
Free Energy Calculations. The relative binding affinities

were computed by the concept of a thermodynamic cycle38 as
shown in Figure 1. To this end, alchemical mutations of atom
types (with soft-core potentials, α = 0.7 and p = 1), bonds,
angles, and dihedrals were performed to transform the FMe to
HMe DNA and, subsequently, to transform the HMe to UMe
DNA. Both transformations were performed for the DNA−

MBD1 complex and for the DNA free in solution in the
forward and backward directions. More specifically, for the
FMe to HMe transformation (in the forward direction), the 5-
methyl group of the methylcytosine, mC6, was mutated to a
hydrogen to form an unmethylated cytosine, C6. Correspond-
ingly, for the HMe to UMe transformation, the methylcytosine,
mC18, was converted to unmethylated cytosine, C18.
The free energy changes associated with these trans-

formations were computed by the Thermodynamic Integration
technique.39 For each transformation, 13 equally spaced λ-
points from λ = 0 to λ = 1 were constructed. At each λ-point
the system was equilibrated for 5 ns and then data collected for
25 and 45 ns for the mutation of the DNA free in solution and
complexed with MBD1, respectively (Figure S2 displays
examples of the convergence properties). However, for the
MBD1−DNA complex, the plot of λ∂ ∂/ as a function λ did
not exhibit a smooth behavior. At locations where the curve was
not smooth, we added extra λ-points (maximum eight for each
mutation). In general, the starting conformation for a particular
λ-point was taken after a relaxation of approximately 1 ns at the
precedent λ-point. We considered the calculations to reach
convergence when the values of the change in free energy
obtained from the forward and backward directions are within
the error of the calculations (an example of convergence for
one transformation is given in Table S1).
The estimation of the errors of the free energy changes were

obtained from40

∑δ δ λΔ = ⟨∂ ∂ ⟩
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where δ λ⟨∂ ∂ ⟩/ is the error in determining the average
integrand at each λ-point. The value of δ λ⟨∂ ∂ ⟩/ at each λ-
point was evaluated by the block averaging method41 (see
Figure S2). As a result of all the free energy transformations,
each of the three methylation states of the DNA is simulated
multiple times. Therefore, the average value of the hydrogen
bonds were calculated from all these n multiple trajectories, and
the error was estimated from the standard deviation divided by
(n−1)1/2. Correspondingly, the analyses of the distribution of
the various distances considered all these multiple trajectories.

■ RESULTS AND DISCUSSION
Binding Affinities of MBD1 to FMe, HMe, and UMe

CpG Sites. Figure 1 displays the thermodynamic cycle
constructed to calculate the difference in the binding affinity
of MBD1 to the FMe CpG site relative to its binding to the
UMe site. The values of the free energy changes of the
individual transformations are presented in Table 1. The results
indicate that MBD1 prefers to bind the DNA containing FMe
CpG site than to bind the same DNA but with UMe CpG. The
magnitude of this recognition, ΔΔGb

FMe‑UMe, is −26.4 kJ/mol.
At T = 300 K the ratio between the equilibrium populations of
both bound states (obtained from the ratio of the
corresponding Boltzmann factors) is 1 to 4 · 104. Such a high
fidelity in the recognition is to be expected from a protein
involved in reading the epigenetic code.42 As shown in Figure 1,
we transformed the two methyl groups, on the two
methylcytosine bases, to hydrogens one at a time. As a
consequence, we obtained an intermediate state of the DNA
with a HMe site (C6pG7/mC18G19). The contribution of
mutating each of the methyl groups (separately) to a hydrogen

Figure 1. Thermodynamics cycle used for calculating the binding free
energy between the protein MBD1 and a DNA containing a fully
methylated (dimethylated) CpG site (ΔGb

FMe) relative to the binding
to a DNA with an unmethylated CpG site (ΔGb

UMe). The alchemical
transformations from fully methylated to unmethylated sites were
performed in two steps wherein a hemimethylated CpG site is served
as an intermediate state and its relative binding free energy (ΔGb

HMe)
can also be determined. The value of the free-energy change obtained
from the simulations for each transformation is given in Table 1.
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is almost the same and equals half of the total relative binding
affinity (ΔΔGb

FMe‑HMe ∼ ΔΔGb
HMe‑UMe ∼ −13 kJ/mol). These

results are in good agreement with in vitro experimental results.
More specifically, using gel retardation assay, it has been
reported that MBD1 (as well as MBD2 and MBD4) binds
specifically DNA containing FMe CpG site(s), whereas it does
not bind the same strands but with UMe CpG site(s).43

Furthermore, by introducing a 100-fold excess of the
corresponding HMe oligonucleotide, MBD1 (as well as
MBD4) exhibited competitive binding to this DNA.12 This
means that MBD1 can also bind the HMe CpG site but with
affinity much smaller compared with the binding to a FMe site.
Note however that quantitative comparison with experimental
results is not possible due to lack of experimental data.
In order to explain this specificity we calculate in Table 2 the

average number of hydrogen bonds between MBD1 and the

CpG site of the DNA. In the transformation from FMe to HMe
DNA we modified the 5-methyl group of C6. A decrease of 0.9
hydrogen bonds is observed for this cytosine, which is partially
compensated by an increase of 0.5 hydrogen bonds associated
with the unmodified methylcytosine on the complementary
strand. Very similar changes in the number of hydrogen bonds
occur for the transformation from HMe to UMe DNA. In
general, the lost hydrogen bonds of the CpG sites with the
protein are replaced by hydrogen bonds with the surrounding
water molecules, a process weakening the MBD1−DNA
interaction. Nevertheless, in both cases, the net change in the

number of MBD1−CpG hydrogen bonds is not large enough
to explain the entire 13 kJ/mol reduction in the binding affinity
when demethylating each of the cytosines.

The Mechanism for Binding FMe DNA Stronger than
HMe DNA. The conversion of the 5-methyl group on cytosine
to a hydrogen is accompanied by a decrease in the excluded
volume at this site. Does this decrease induce conformational
changes? Do water molecules enter the space that was occupied
by the methyl group? In Figure 2a we plot the radial
distribution function between C5Me/H5 of (m)C6 and the
oxygen atom of the water molecules. When transforming FMe
to HMe DNA there is a large increase in the probability to
observe a water molecule at the site of the mutation (as marked
by the peak at r < 0.4 nm for the HMe complex). We find that
the average number of waters within a radius of 0.4 nm from

Table 1. Free Energy Changes of the Alchemical Mutations Shown in Figure 1a

aThe relative binding free energy changes are calculated from the average of the forward and backward directions. All values are given in kJ/mol.

Table 2. Average Number of Hydrogen Bonds between the
Protein MBD1 and the CpG Site of the DNA with Different
Methylation States: FMe, HMe, and UMe Statesa

FMe HMe UMe

(m)C6G7 − MBD1 7.8 ± 0.1 6.9 ± 0.3 7.5 ± 0.2
(m)C6G7 − solvent 9.4 ± 0.1 10.5 ± 0.4 9.7 ± 0.2
(m)C18G19 − MBD1 3.3 ± 0.3 3.8 ± 0.1 2.9 ± 0.1
(m)C18G19 − solvent 15.7 ± 0.3 15.2 ± 0.1 16.2 ± 0.2

aThe corresponding numbers of hydrogen bonds between the CpG
site and the solvent water molecules are also displayed. Note that in
the transformation from FMe to HMe DNA, mC6 is converted into
C6 (mC18 is unchanged), whereas in the transformation from HMe to
UMe DNA, mC18 is converted to C18 (C6 is unchanged). The values
related to these transformations are bold-faced.

Figure 2. (a) The radial distribution function between the carbon
atom of the methyl group (C5Me), or the hydrogen atom (H5), of
(m)C6 and the oxygen atoms of the water molecules. These C5Me
and H5 atoms define FMe and HMe DNAs, respectively, and the
analyses were performed for the MBD1−DNA bound complexes. (b)
Same as (a) but for C5Me/H5 of (m)C18 in HMe/UMe MBD1−
DNA bound complexes.
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C5Me/H5 is 0.44 in the FMe complex, whereas it is 1.49 in the
HMe complex. This extra water molecule is actually in contact
with the hydrogen at position 5 of C6 in the HMe complex;
however, analogous interaction between the methyl carbon of
mC6 and surrounding waters is not evident for the FMe case.
This reduces significantly the strength of the interaction
between the protein and the DNA because the intruding
water molecule does not form a bridged hydrogen bond
between the protein and the DNA.
A methyl group also has a hydrophobic character. As

mentioned in the Introduction, it is argued that the recognition
of the methyl groups is due to five conserved amino acids
forming a hydrophobic patch. These residues are Val20, Arg22,
Tyr34, Arg44, and Ser45, where the first three and the last two
are relevant for mC6 and mC18 recognition, respectively. In
Figure 3 we present the distributions of the distance between
the center of mass of the hydrophobic segments of the first
three residues and methyl carbon or hydrogen at position 5 of
(m)C6. A large increase in the distance is exhibited for the
hydrophobic segment of Tyr34 when transforming FMe to
HMe DNAs implying weakening MBD1−DNA hydrophobic
interactions. For Val20, both the FMe and HMe complexes
display bimodal distributions; however, for the HMe complex
the mode with the larger distance exhibits a much higher
population and again suggesting weakened protein−DNA
affinity. The distributions of the Arg22 do not display a large
change. The hydrophobic character of these residues is

probably a necessary condition but not sufficient to keep the
bound state. Electrophoretic mobility shift assay indicated that
the Y34F and Y34A mutations resulted in proteins that do not
bind DNA containing the FMe CpG site because the hydrogen
bond between the hydroxyl of tyrosine and the NH2 group of
cytosine is also crucial for binding15,43 (it is worth mentioning
that the protein MBD3 which does not bind FMe CpG sites
has a phenylalanine residue instead of tyrosine at this position).
Instantaneous conformations displaying the positioning of

Tyr34 and Val20 relative to (m)C6 in FMe and HMe
complexes are shown in Figure 4. This figure reveals that in
addition to the increased distance between (m)C6 and Val20,
the hydrogen bond between the hydroxyl of tyrosine and N4 of
(methyl)cytosine is not formed in the HMe complex. Indeed,
the average population of this hydrogen bond (over the all
trajectories) in the FMe complex is 0.69, whereas it is only 0.11
in the HMe complex. The reduction in the number of hydrogen
bonds, the intrusion of a water molecule to the interfacial cavity
formed by the elimination of the methyl group at C6, and the
weaker hydrophobic interactions between the protein and the
DNA can explain the weaker binding of MBD1 to HMe DNA
compared with that to FMe DNA.

The Mechanism for Binding HMe DNA Stronger than
UMe DNA. In Figure 2b we display the radial distribution
function between C5Me/H5 of (m)C18 and the oxygen atom
of the water molecules. In contrast to Figure 2a, here a bulk
water is present at the binding site when (m)C18 is methylated

Figure 3. Normalized distribution of the distance between the atom C5Me/H5 of (m)Cyt6 (of FMe/HMe DNA) and the center of mass of the
hydrophobic segment of (a) Tyr34, (b) Val20, and (c) Arg22 of MBD1 bound to FMe and HMe DNAs.

Figure 4. Superposition of the FMe (magenta) and HMe (blue) DNA−MBD1 complexes showing the conformational changes of the hydrophobic
pocket around (m)C6. Tyr34 and Val20 as well as (m)C6 are represented by sticks. Magnification of the content inside the square is displayed on
the right. The hydrogen bond between the NH2 group of mC6 and the hydroxyl group of Tyr34 in the FMe DNA complex is indicated by a dashed
line.
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and when it is demethylated. In Figure S3 we plot the relative
positioning of the hydrophobic residues that form a hydro-
phobic cage around this cytosine base, (m)C18. Figure S3a
indicates that Arg44 is on average at the same distance in both
HMe and UMe complexes. However, in the UMe complex it
displays a larger degree of flexibility. For the case of Ser45
(Figure S3b), it is evident that this amino acid moves slightly
away from the (m)Cyt18 in the case of the complex with the
UMe DNA. This is likely to weaken the hydrophobic
interactions between (m)C18 and the protein explaining at
least partially the difference in the binding affinity of MBD1
toward HMe and UMe DNAs. Note that the slight shifts of the
red curves (i.e., the HMe−MBD1 complex in Figure 2a and the
UMe−MBD1 complex in Figure 2b) toward smaller distances
is because we considered C5Me instead of HMe in the
methylated cytosine complexes. The analysis of the change in
the MBD1−CpG hydrogen bonds indicates that it is rather
similar in both transformations (Table 2) and can provide
another energetic source for the discrimination.
Nevertheless, experimentally, it was found that also Arg44

plays a crucial role in the recognition. Mutating Arg44 to lysine
or alanine abolishes the binding of the MBD1 to FMe DNA
strands.15 The mutation to lysine actually preserves the positive
charge and the hydrogen bonding potential of the side-chain,
thus, it might be that other characteristics of the guanidino
group (of Arg44) are important, especially, the interaction of
Arg44 with the 5-methyl group of mC18. Note that upon
binding HMe DNA, Arg44 undergoes a large conformational
change relative to its positioning when MBD1 is bound to FMe
DNA. More specifically, in the HMe complex this arginine is
closer to the methyl group of mC18. This rearrangement is
shown as a bimodal distribution in Figure 5a for the HMe−
MBD1 complex, where we plot the distance between the
central atom of the guanidino group of Arg44 (Cζ) and the
closest hydrogen of the 5-methyl group or H5 of (m)C18. The
larger distances with a smaller population correspond to the
mode when binding DNA with a FMe site. The methyl
hydrogen of the HMe complex is closer by 1.0 Å to the
guanidino group than the aromatic hydrogen H5 in the UMe
complex. The methyl hydrogens also interact with the
backbone carbonyl oxygen of Arg44, and the corresponding
change in the distance relative to that of H5 in the UMe
complex is 0.7 Å (Figure 5b). Representative snapshots of these
interactions are shown in Figure S4.
Are the interactions between the methyl hydrogens and the

guanidino group as well as with the backbone amide carbonyl

group important and do they contribute to ΔΔGb
HMe‑UMe?

When converting methylcytosine to cytosine, two major events
occur. The first is the conversion of a methyl group to a
hydrogen, and the second is changing the partial charges of the
pyrimidine ring as a result of the demethylation. In previous
studies of the recognition of HMe DNA strands by UHRF1 we
found that the recognition can be due to either a change of the
partial charges around the cytosine ring upon (de)-
methylation44 or a steric repulsion of the excluded volume of
the methyl group.45 Therefore, in order to isolate the
contribution of the change in the charges of the cytosine ring
from the interactions involving the methyl group, we
constructed another thermodynamic cycle, that passes via an
intermediate state, to calculate ΔΔGb

HMe‑UMe (see Figure S5).
The results of these transformations (Table S2) indicate that
the dominant contribution for the preference of MBD1 for
HMe CpG sites over UMe sites arises from the step in which
the methyl group at position 5 is converted to a hydrogen.
Thus, the interaction between this methyl group and Arg44 is
important.
As mentioned in the Introduction, the X-ray structures of

several proteins recognizing methylated cytosine reveal that the
methyl group of cytosine interacts with the guanidino group of
an arginine of the protein that is part of the 5mC-Arg-G triad.
Zou et al. calculated quantum mechanically the interaction
energy of this ternary system for HMe and UMe complexes.24

They used single point calculations of structures extracted from
classical trajectories and obtained that, on average, the HMe
complex does exhibit lower energy of about 3.3 kJ/mol (Table
S1 in their Supplementary Information). Energy optimization
of such an isolated (m)C-Arg-G triad is not possible because
the minimized structure does not correspond to the structure
extracted from the entire protein−DNA complex. The
explanation for the stronger interaction with the methylated
cytosine can be due to π-stackings that are enhanced upon
methylation, dispersion interactions of the methyl group, or
weak hydrogen bonding of the methyl hydrogens with
electronegative atoms. The fact that our free energy calculations
(performed classically) reproduced the discriminations against
unmethylated cytosine suggests that the explanation is not
likely to be due to a change in the stacking interactions (which
require quantum description). It is known that there are
interactions, albeit weak, between hydrogens attached to a
carbon and an electronegative atom, A, such as oxygen and
nitrogen.46,47 This interaction has been shown to exist
abundantly in proteins by analyzing their crystal structures.48

Figure 5. Normalized distribution of the distance between the closest methyl-hydrogen (HMe complex) or H5 (UMe complex) of (m)C18 and (a)
the central carbon atom, Cζ, of the guanidino group and (b) the backbone carbonyl oxygen, of Arg44.
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In this case, the distance from the hydrogen to the acceptor
displays a large range 2.1−3.4 Å, and the C−H···A angle can
display a large distortion from linearity 78°−173°.
In order to shed light on the reason why the methylcytosine

interacts stronger than cytosine in the (m)C-Arg-G triad, we
calculated quantum mechanically the binding energy of a
methane molecule to a guanidino group and to an amide
carbonyl group. The results are shown in Table S3 indicating
that the binding energy of the methane to the guanidino group
and the carbonyl group are −6.6 and −3.6 kJ/mol, respectively.
So when combined, the absence of these two binding energies
can have a relatively large magnitude. For comparison, we also
calculated the strength of the binding interaction with a water
molecule which yields a value of −1.7 kJ/mol (note that
quantum calculations using Symmetry Adapted Perturbation
Theory yield larger values for this interaction energy49). It is
difficult to know whether the interactions of the methane
molecule with these two segments of arginine originate mainly
from dispersion or from the weak CH···A hydrogen bonds. The
optimized structures obtained in the calculations are shown in
Figure S6. They indicate that a hydrogen of the methyl group
interacts with the three nitrogens of the guanidino group and
therefore points toward the central carbon atom Cζ, a
configuration very similar to that obtained from the classical
simulations for both mC6−Arg22 and mC18−Arg44 inter-
actions (see for example Figure S4). The distance to the three
nitrogens range from 3.2 to 3.3 Å, and the C−H···A angle is in
the range 102°−144°. In regard to the interactions with the
amide carbonyl group, the closest distance between any of the
methyl hydrogens and this backbone moiety is with respect to
the carbonyl oxygen, 3.0 Å, with an angle of 146°. Analysis of
43 crystal structures of protein−DNA complexes found a
relatively large number of CH···O contacts involving the
thymine methyl group and position 5 of cytosine.50 Whereas
the magnitude of the distortion observed in this analysis is the
same as in our case, the distances exhibited lower values. Taken
together, these observations suggest that the interactions of a
methyl group with the guanidino group within the mCyt6−
Arg22 and mCyt18−Arg44 interactions might be classified as
weak CH···A hydrogen bonds, however, because the distances
we observed are relatively large dispersion interactions and
cannot be excluded. Note that if we consider the change of
these interactions upon demethylation, the (m)Cyt18−Arg44
interaction seems to contribute more to the change in the
binding affinity (thus, to ΔΔGb

HMe‑UMe). This is because the
distance between HMe/H5 and the guanidino group changed, as
shown in Figure 5a, by about 1.1 Å, whereas in the (m)Cyt6−
Arg22 interactions this distance changes only by about 0.4 Å.
Therefore, it is not clear from the simulations to what extent
these CH···A weak hydrogen bonds contribute to ΔΔGb

FMe‑HMe.

■ CONCLUSIONS
In this study we performed molecular dynamics simulations to
address the recognition of DNA containing a fully methylated
CpG site by the protein MBD1. We find that the magnitude of
the discrimination against the same DNA but with an
unmethylated CpG site is −26.4 kJ/mol. Recognition with
such an order of magnitude is in agreement with experimental
results indicating that MBD1 does not bind at all unmethylated
DNAs. When only one of the cytosines is methylated, thus, a
DNA with a hemimethylated CpG site, the relative binding
affinity of the fully methylated DNA is halved (about −13 kJ/
mol), thus, the contribution of each of the methylated cytosines

is more or less equal. This result is also supported
experimentally by the observation of a weak binding of
MBD1 to a DNA containing hemimethylated site. Never-
theless, the mechanism of the recognition of the two methyl
groups is different. In the case of one of the methylcytosines,
the hydrophobic pocket enclosing the methyl group undergoes
large displacements upon demethylation and moves away from
the cytosine, and therefore, the hydrophobic interaction
between the protein and the DNA is reduced. Concurrently,
a bulk water molecule intrudes into the binding site at the
interface between the protein and the DNA. As a consequence,
the hydrogen bond network around the CpG site rearranges,
and there is a small decrease in the net number of protein−
DNA hydrogen bonds, including a loss of a crucial hydrogen
bond between a conserved tyrosine residue and the (methyl)-
cytosine base. In the case of the methylcytosine on the opposite
strand, there is a large conformational change of the
surrounding conserved hydrophobic residues Arg44 and
Ser45. The amino acid Arg44 forms a 5mC-Arg-G triad
motif, and we find (using a thermodynamic cycle with an
unphysical intermediate state) that this interaction between the
methyl hydrogens and the guanidino group, as well as the
backbone carbonyl, of an analogous arginine (which is also part
of another 5mC-Arg-G motif) also contributes for discriminat-
ing between methylcytosine and cytosine. The nature of the
interactions between the arginine groups and the methyl
hydrogens are weak CH···A hydrogen bonds that are absent for
unmethylated cytosine. These findings shed light on the
mechanism by which the 5mC-Arg-G triad can recognize
intrahelical methylated cytosines.
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