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Abstract

Methylation of cytosines in the DNA is central to the epigenetic code. The patterns along the DNA formed by
these chemical marks instruct the cell which proteins to express and their faithful maintenance after replication
are vital to the organism's life. Although Dnmt1 is the enzyme catalyzing the methylation reaction, it was found
that UHRF1 (ubiquitin-like, containing PHD and RING finger domain 1) is the protein that actually recognizes
hemi-methylated CpG sites. Nevertheless, the physical mechanism driving the strikingly robust distinction
between hemi-methylated and unmethylated sites is not known. In this paper, we show that the large
difference in the binding affinities of UHRF1 to these sites is possible not due to the presence of the methyl
group itself but is a result of the accompanying changes in the distribution of the electrons around the cytosine
ring. In particular, methylation reduces the dipole moment of cytosine and, as a consequence, unmethylated
DNA in its unbound state in water is more stable than hemi-methylated DNA. Furthermore, the interaction
energy of hemi-methylated DNA bound to UHRF1 with its surrounding is stronger than that of unmethylated
DNA. Thus, the change in the electronic structure of cytosine upon methylation destabilizes the unbound state
and stabilizes the bound state rendering discrimination with high fidelity possible.

© 2012 Elsevier Ltd. All rights reserved.

Introduction

All cells of an organism have the same genetic
information stored in their DNA sequences. However,
cells belonging to different tissues exhibit very
different phenotypes and perform different functions.
What is the mechanism guiding different cells to
express different genes? Chemical marks on the
DNA (especially in the promoter regions) and on
histone proteins are known to switch between active
and inactive states of genes. These chemical
marks have also important roles in embryonic
development, X-chromosome inactivation, and geno-
mic imprinting.1,2 In the DNA of mammals, the
epigenetic mark is a methyl group covalently attached
to cytosine (at position C5) in the dinucleotide
sequence CpG. The methylation patterns of the
DNA pass from mother cells to daughter cells, and
their faithful inheritance and maintenance is essential

to the well-being of the organism.3 This can be
accomplished owing to the ability of the DNA
replication machinery to distinguish hemi-methylated
DNA from either unmethylated or symmetrically
di-methylated DNA strands. The robustness of recog-
nizinghemi-methylatedDNA is veryhigh as evident by
the fact that patterns of methylated cytosinemarks are
propagated with fidelity of more than 99% and their
stable inheritance for more than 80 cell generations.4

The enzyme responsible for maintaining the
epigenetic marks on the DNA after replication is
Dnmt1.5 It catalyzes the transfer of a methyl group
from S-adenosyl-L-methionine to the cytosine of
hemi-methylated DNA.6 It has been shown that the
protein UHRF1 (ubiquitin-like, containing PHD and
RING finger domain 1) is also essential for main-
taining DNA methylation.7,8 UHRF1 exhibits strong
preferential binding to hemi-methylated DNA
through its SRA (SET and RING-associated)
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domain, which is a methyl DNA binding domain.
UHRF1 can also bind to the N-terminal domain of
Dnmt1 and, therefore, is able to play a role in the
correct loading of Dnmt1 to hemi-methylated CpG
sites. Consequently, Dnmt1 is able to recognize and
methylate the proper target cytosine on the comple-
mentary strand transforming hemi-methylated to di-
methylated site (see Fig. S1). A distinct character of
UHRF1 is its multiple conserved domains that are
able to bind different specific sites, such as
methylated histone H3 lysine 9 and histone deace-
tylase 1. This provides UHRF1 a unique function in
regulating the epigenome because it links DNA
methylation with histone marks.9,10

The crystal structure of the SRA domain of UHRF1
complexed with hemi-methylated DNA was obtained
by four different groups.11–14 All reported structures
indicate that the protein–DNA interaction involves
the flipping of the recognized methyl-cytosine out of
the DNA helix, presumably to prevent the sliding of
the DNA. Watson–Crick hydrogen bonds between
the methyl-cytosine and its paired guanine, which
are lost, are replaced by hydrogen bonds between
the methyl-cytosine and the binding pocket of
UHRF1, as well as by hydrogen bonds between
the orphan guanine and a “finger”, Asn-Lys-Arg, of
the protein that intrudes into the DNA double helix.
Furthermore, the stabilization due to base stacking
interactions in the DNA is replaced by interactions
that the flipped methyl-cytosine make with two
tyrosine residues of the protein located on both
sides of the base plane.
Therefore, it is the protein UHRF1 that makes the

distinction between hemi-methylated DNA and either
unmethylated or di-methylated DNA strands. Binding
to di-methylated DNA is much less harmful than
binding to unmethylated DNA because, in the former,
the target cytosine on the complementary strand is
already methylated, whereas in the latter, it is not. If
UHRF1 will bind unmethylated DNA, the subsequent
methylation of the cytosine base on the opposite
strand will lead to aberrant methylation pattern that
eventually can cause cancer.4,15 In fact, in vitro
experiments by several groups found that UHRF1
binding to unmethylated DNA is negligible.7,11,14

Binding of fully methylated CpG site is reported by
one experiment to be sevenfold weaker relative to
the binding of hemi-methylated DNA,7 whereas
another experiment did not detect any complex
formation at all.11 Other experiments also reported
a weaker interaction between UHRF1 and fully
methylated DNA; however, the relative binding
affinities were not quantified.12,13 As indicated
above, the methylated cytosine base differs from
unmodified cytosine in a single methyl (or methylene
if considering the aromatic hydrogen H5) group. It is
intriguing, however, how such relatively small chem-
ical alteration of the DNA (even when marked at a
single CpG site) can be so accurately recognized.

Although the structure of the bound complex
between hemi-methylated DNA and UHRF1 has
been resolved, the molecular mechanism responsi-
ble for distinguishing between hemi-methylated and
unmethylated strands is not known. In one of the
studies, this discrimination is proposed to arise from
a hemisphere cavity with a radius of ~2Å in the
binding pocket of UHRF1 that exactly fits the methyl
group at position 5 of methyl-cytosine.12 Since the
methyl group resides deep inside the binding pocket,
a water molecule that may fill-up this cavity (if
unmethylated cytosine is bound) is argued to be
unfavorably hydrated. However, about half of the
atoms surrounding this cavity, within van der Waals
distance, are hydrophilic with potential of forming
hydrogen bonds with a water molecule (see Table 2
in the supplementary data of a paper reporting the
X-ray structure12). In addition, very small adjust-
ments in the positions of few residues of the protein,
on the order of 1Å, can readily abolish the existence
of such cavity. In another study, van der Waals
interactions and weak CH···O hydrogen bonds of
the methyl group with surrounding atoms were
proposed to explain the selectivity for hemi-methyl-
ated over unmethylated strands.11 However, similar
interactions also exist in the unbound state of the
DNA. In this case, water solvent molecules are in
contact with the methyl group at position 5 (in both,
the flipped-in and flipped-out conformations) and can
form the same types of interactions as do the
surrounding residues of the protein. It is also
impossible to explain this selectivity by solvent-
induced (hydrophobic) interactions because, on this
length scale (of one methyl group), the magnitude of
the effect, even if the entire hemisphere cavity is
hydrophobic, is small.16–18

In this paper, we perform molecular dynamics
simulations to elucidate the physical mechanism by
which UHRF1 is able to distinguish hemi-methylated
from unmethylated DNA. We find that the strong
recognition of hemi-methylated DNA by UHRF1 is,
predominantly, a consequence of the change in the
distribution of the electrons around the cytosine ring
due to the methylation reaction.

Results and Discussion

We calculated the binding free energy of UHRF1
to hemi-methylated DNA relative to the binding to
unmethylated DNA, ΔΔGb

HMe-UMe=ΔGb
HMe−ΔGb

UMe.
The thermodynamic cycles constructed to perform
the calculations are shown in Fig. 1, and the change
in free energy associated with each transformation is
given in Table 1. In the direct alchemical trans-
formations, ΔΔGb

HMe-UMe=ΔG1−ΔG2=−49.6kJ/mol.
This means that the binding of UHRF1 to hemi-
methylated DNA is stronger than that to unmethy-
lated DNA and that the magnitude of the difference in
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the binding strength (approximately, 8 orders of
magnitude in the ratio of the binding constants) can
readily explain the accuracy that UHRF1 discrimi-
nates between hemi-methylated and unmethylated
DNA strands.

Given this magnitude of the difference in the
binding free energies, it is reasonable to assume that
one or more hydrogen bonds between the protein
and the DNA are lost in the bound complex of
unmethylated DNA. The majority of the hydrogen
bonds between UHRF1 and the DNA are concen-
trated within the interaction with the CpG site.
Because the difference between hemi-methylated
DNA and unmethylated DNA is at position 5 of Cys6,
it is likely that, if there is a loss of hydrogen bonds, it
will be around this cytosine base. We calculated the
average number of direct hydrogen bonds between
UHRF1 and different groups of the DNA around the
flipped-out methyl-cytosine base and summarized
the results in Table 2†. No significant difference in
the number of direct hydrogen bonds exists between
the hemi-methylated and unmethylated complexes.
In accordance with this, we hardly find any difference
between the binding modes of the methyl-cytosine
and cytosine to the SRA domain of UHRF1.
Snapshots of these binding modes are displayed in
Fig. 2. The numbers indicated in this figure refer to
distances averaged over all trajectories. The pyrim-
idine rings of methyl-cytosine and cytosine establish
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ΔGb

cavity

ΔGb

UMe

ΔG1 ΔG2

ΔG6

ΔG4ΔG3

ΔG5

+

+

+

hemi–methylated hemi–methylated

cavitycavity

unmethylated unmethylated

UHRF1UHRF1

UHRF1UHRF1

UHRF1UHRF1

Fig. 1. Two thermodynamic cycles for calculating the difference between the binding free energy of UHRF1 to hemi-
methylated DNA (ΔGb

HMe) and to unmethylated DNA (ΔGb
UMe). In the direct cycle, this difference, ΔΔGb

HMe−UMe, equals
ΔG1−ΔG2, whereas in the cycle that passes through the intermediate cavity state (see the text), it equals ΔG3−
ΔG4+ΔG5−ΔG6. The value of the free-energy change obtained in the simulations in each transformation is given in
Table 1.

Table 1. The free-energy changes of the chemical
transformations shown in Fig. 1

Forward Backward Average

ΔG1 −435.9 −436.4 −436.1
ΔG2 −385.7 −387.2 −386.5
ΔG3 −438.8 −439.5 −439.1
ΔG4 −400.1 −395.9 −398.0
ΔG5 −15.9 −15.9 −15.9
ΔG6 −10.6 −11.2 −10.9
ΔΔGb

HMe−UMe=ΔG1−ΔG2 −49.6
ΔΔGb

HMe−UMe=ΔG3−ΔG4+ΔG5−
ΔG6

−46.1

The differences in the binding free energy of UHRF1 to hemi-
methylated DNA and to unmethylated DNA computed via the
direct cycle and via the cycle that passes through an intermediate
cavity state are also shown. All values are given in kilojoules per
mole.
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five hydrogen bonds with the binding site of UHRF1.
In addition, the NKR finger of UHRF1 establishes
two hydrogen bonds with the orphan guanine (via
Arg491) and one hydrogen bond with the target
cytosine on the opposite stand (via Asn489). All of
these hydrogen bonds are stable in both complexes.

Despite the similarity in the binding modes of
hemi-methylated and unmethylated complexes, one
difference in the structure of both bound complexes
is evident. It arises because, in the unmethylated
complex, the space that was occupied by the methyl
group is now filled-up by a water molecule. This is
seen in the snapshots displayed in Fig. 2. In Table
S1, we calculate the average number of waters
within a radius of 6.0Å from C(5-Me)/H5 that are
simultaneously bound to (thus, within 4.0Å from) the
protein and DNA. The results confirm that, in the

unmethylated case, there is one extra water mole-
cule. This is also evident from the plot of the radial
distribution function between C(5-Me)/H5 and the
oxygen atoms of the water molecules (Fig. 3a),
indicating that the probability to observe a water
molecule at the space left by the methyl group is
high. Thus, the possibility of discrimination driven by
the existence of a “dry” state is excluded.19 Contrary
to previous suggestion,12 this intruding water mole-
cule is favorably hydrated, forming hydrogen bonds
with two neighboring waters, as well as with three
residues of UHRF1; therefore, it is not enclosed in a
hydrophobic region.20 Nevertheless, it does not
bridge UHRF1 to the DNA (apart from the weak
CH···O hydrogen bond with H5) as indicated by
essentially the same number of bridging waters in
the hemi-methylated and unmethylated complexes,

Table 2. The average number of direct and water-bridged hydrogen bonds between the SRA domain of UHRF1 and
different groups of the DNA located around the recognized CpG site

Direct hydrogen bonds Water-bridged hydrogen bonds

Interacting groups Hemi-methylated Unmethylated Hemi-methylated Unmethylated

Cyt6–UHRF1 4.79±0.08 4.86±0.03 b0.02 b0.02
Gua6′–UHRF1 1.92±0.01 1.88±0.03 0.26±0.06 0.03±0.01
Gua7–UHRF1 0.08±0.02 0.13±0.05 0.65±0.08 0.74±0.10
Cyt7′–UHRF1 0.86±0.07 0.91±0.03 b0.02 b0.02
Phosphate(Cyt6)–UHRF1 1.1±0.2 1.0±0.3 2.93±0.15 2.30±0.16
Phosphate(Gua6′)–UHRF1 b0.02 b0.02 0.05±0.02 0.06±0.04
Phosphate(Gua7)–UHRF1 0.88±0.04 0.87±0.05 1.05±0.08 1.16±0.09
Phosphate(Cyt7′)–UHRF1 0.29±0.08 0.38±0.08 0.10±0.03 0.15±0.04

A hydrogen bond is defined by a donor–acceptor cutoff distance of 0.35nm and a donor–hydrogen–acceptor angle larger than 150°.

hemi–methylated unmethylated

Fig. 2. Snapshots of the interactions of UHRF1 with hemi-methylated DNA (left panel) and with unmethylated DNA
(right panel) including all water molecules found within a radius of 6Å from C(5-Me)/H5. The flipped methyl-cytosine, as
well as the (intruding) water molecule that occupies the space of the methyl group in the unmethylated complex, is
emphasized by thick ball-and-stick representation. The protein–DNA hydrogen bonds are indicated by broken lines, and
the numbers shown correspond to the H–acceptor hydrogen bond distances (Å) averaged over all trajectories. Note that
the intruding water molecule can form hydrogen bonds with two other water molecules, Ser481, Gly480, and Thr479. The
distance corresponding to the first peak of the radial distribution function between H5 and oxygen of waters is also
indicated and represented by a continuous line.
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calculated for the region considered in Table S1. On
the contrary, the presence of this water molecule
appears to establish hydrogen bonds with nearby
waters on the expense of the hydrogen bonds these
nearby waters make with the protein. In addition, it
induces larger fluctuations in the positions of these
water molecules as indicated by a larger value of the
local Debye–Waller factor (see Table S1). In Table 2,
we present also the average number of water-
bridged hydrogen bonds between different groups
of the DNA and UHRF1. Significant difference is
observed only in the case of the orphan guanine
(Gua6′) and the phosphate group of the recognized
cytosine (Cyt6). In both cases, a larger number is
found in the hemi-methylated complex. Neverthe-
less, the combined difference is less than one
hydrogen bond that corresponds to an energy with
a magnitude that cannot explain the difference in the
free energy of binding obtained in Table 1.

What is then the driving factor that permits the
distinction between hemi-methylated and unmethy-
lated DNA strands? To answer this question, we
calculated ΔΔGb

HMe-UMe by a two-step transforma-
tion via an intermediate (cavity) state (see Fig. 1). In
this intermediate state, the partial charges of the
flipped-out cytosine are the same as those of
unmethylated cytosine; however, instead of H5, we
constructed an atom (cavity) that has the same
excluded volume as a methyl group (the charge and
Lennard-Jones dispersion interactions of the cavity
atom were kept as those of H5; see Fig. S2). This
cavity atom prevents the entry of the intruding
water molecule. Via this intermediate-state route,
ΔΔGb

HMe-UMe=ΔG3−ΔG4+ΔG5−ΔG6=−46.1kJ/mol,
which is very similar to the value found via the direct
transformation. The analysis of the two subcycles
indicates that the large magnitude of ΔΔGb

HMe-UMe

arises predominantly from the change of the partial
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Fig. 3. The radial distribution function between C(5-Me)/H5 of the recognized cytosine and the oxygen atom of the water
molecules (a), as well as between C(5-Me)/H5 and all the protein's heavy atoms (b) for UHRF1 bound to hemi-methylated
and unmethylated DNA.
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charges of the pyrimidine ring due to the methylation
at C5, ΔGb

HMe−ΔGb
cavity=−41.1kJ/mol, whereas the

removal of the excluded volume of themethyl group is
rather minor, ΔGb

cavity−ΔGb
UMe=−5.0kJ/mol.

When the DNA double strand is free in solution,
the methyl-cytosine is inside the helix and paired to
the complementary guanine. Nevertheless, it also
interacts (especially the C5 and 5-methyl groups)
with substantial amount of water molecules present
in the first neighbor shell and beyond. When the DNA
is bound to UHRF1, the methyl-cytosine is flipped-
out of the helix and surrounded by the protein atoms.
A major difference in the properties of bulk waters
compared with those of residues inside a protein
(especially at the active site) that is relevant for
interactions with electrostatic charges is that the
dielectric constant of the latter is much smaller
relative to the former. In other words, bulk waters can
easily adjust themselves to optimize the solvation of
charges, whereas protein residues at the active site
cannot. We calculated the potential energy between
the cytosine base in unmethylated DNA free in
solution and the solvent and compared it with that of
the methyl-cytosine base in hemi-methylated DNA.
The former interaction energy is more favorable by
33kJ/mol compared with the latter. This implies that
unmethylated DNA is more stable than hemi-
methylated DNA in the unbound state. To demon-
strate the effect of the different partial charges on the
stability of the unbound states in water more
rigorously, we constructed a simplified model to
calculate the transfer free energy of methyl-cytosine
from water to hexane (a solvent with a low dielectric
constant) and compared this value with that of
cytosine. The thermodynamic cycles for these calcu-
lations are shown in Fig. 4, and the results of the
individual transformations are shown in Table 3. The
value of ΔGt

mCyt−ΔGt
Cyt is about −20kJ/mol (where

the corresponding potential energy difference,
ΔEt

mCyt−ΔEt
Cyt, is −29.4kJ), which is much larger

than what is expected from hydrophobic interactions
of one methylene group; the transfer free energy of a
methylene group in alkane from water to a hydro-
phobic medium is found experimentally21,22 and
computationally23 to be, approximately, 3.2kJ/mol
or lower. Analogous to the cycles shown in Fig. 1,
also here, we calculated the change in the transfer
free energy directly and via the intermediate cavity
state. In fact, ΔGt

cavity−ΔGt
Cyt=−3.7kJ/mol, which is

very similar to the free-energy change of transferring
a methylene group from water to a hydrophobic
medium. Thus, most of the contribution to the
difference in the transfer free energy arises from
ΔGt

mCyt−ΔGt
cavity=−16.5kJ/mol, which is a conse-

quence of the change in the electrons distribution of
the pyrimidine ring. Because the atoms of the hexane
molecules in the model system we used are neutral,
the partial charges of the methyl-cytosine base
interact only with the water phase. This indicates

that the transfer of methyl-cytosine from water to
hexane is more favorable than that of cytosine
because methyl-cytosine is less stable than cytosine
in water.
What causes cytosine to be more stable than

methyl-cytosine in water? We calculated the dipole
moment of both molecules and found cytosine to be
larger by 1.2 Debye, essentially of which the entire
magnitude is projected along the axis coinciding with
the C5-C(5-Me) bond (Table S2 and Fig. S3). We
repeated the calculation by using charges obtained
from quantum mechanical optimizations at the level
of HF, MP2, and B3LYP (see Table S3). In all cases,
the dipole moment of cytosine was bigger than
methyl-cytosine by more than 1.2 Debye and again
the magnitude of the difference was aligned almost
completely along the axis of the bond between the
5-methyl and C5 (Table S2). In the supplementary
data (Table S4 and Fig. S4), we describe simulations
aimed at evaluating the free-energy change of
creating two dipole moments in water that corre-
spond to that of cytosine and methyl-cytosine
(represented by the force field used in this work).
The difference in the free-energy change, ΔGdipole

Cyt −
ΔGdipole

mCyt , equals −32.2kJ/mol. This means that a
difference of 1.2 Debye in the dipole moment can
explain the −20kJ/mol observed for the transfer free
energy from water to hexane.
In addition to the larger stability of unmethylated

DNA compared with hemi-methylated DNA in the
unbound state in water, the bound complex of hemi-
methylated DNA with UHRF1 can be more stable
than that with unmethylated DNA. Stronger interac-
tions of methyl-cytosine with UHRF1 can be a result
of the protein structure around the binding site that
takes advantage of the base-altered partial charges.
We calculated the interaction energy of these two
bases with the protein and the solvent and found
that, for hemi-methylated, the interaction was more
favorable by −17.0kJ/mol. The dominant contribu-
tion of this energy change can be attributed directly
to the change in the partial charges. When we
repeated the calculations for the unmethylated base,
but with trajectories taken from the simulations of
the hemi-methylated complex, the difference was
−10.0kJ/mol. The remaining contribution arises from
a change in the protein conformation. The entry of a
water molecule to the space left by the methyl group
pushes some of the protein atoms away from the
methyl-cytosine residue. This is displayed in Fig. 3b,
where the radial distribution functions between the
protein atoms and the C(5-Me)/H5 atom are plotted.
The major difference is in the location of the first peak
that shifts from 0.42nm in the hemi-methylated
complex to 0.54nm in the unmethylated complex.
These displacements occur probably to enlarge the
space for the intruding water molecule and allow it to
form its hydrogen bonds network. Most of these
conformational changes occur solely due to the
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removal of the excluded volume of the methylene
group and the entry of the intruding water molecule;
however, some changes are also contingent upon
the change in the partial charges of the bases. This,
for example, can be seen in Fig. S5, where the
distribution of the distance between the methyl-
cytosine and Ser481 in the cavity intermediate
complex resembles the distribution of the unmethy-
latedmore than that of the hemi-methylated complex.
Another difference between the hemi-methylated

and unmethylated cases occurs in the γ-dihedral
angles of the DNA backbone around (m)Cyt6.
Although these dihedrals are in the gauche (g+)
conformation (as in an ideal B-DNA structure) for
both cases when the strands are free in solution, the
C6-γ dihedral of the unmethylated strand bound to
UHRF1 populates also the trans conformation. The
trans population in the hemi-methylated bound

ΔGt
mCyt

ΔGt
cavity

ΔG6

ΔG4
ΔG3

ΔG5

ΔGt
Cyt

ΔG2ΔG1(Water)

methylcytosine methylcytosine

cavity cavity

(Water)

cytosine

(Water)

cytosine

(Hexane)

(Hexane)

(Hexane)

Fig. 4. The transfer free-energy change, ΔGt, from water to hexane of cytosine, methyl-cytosine, and cytosine with the
cavity atom bonded to C5. The two thermodynamic cycles shown are analogous to those constructed in Fig. 1, and the
simulation result for the value of the free-energy change associated with each transformation is given in Table 3.

Table 3. The free-energy changes of the chemical
transformations shown in Fig. 4

Forward Backward Average

ΔG1 −455.9 −455.9 −455.9
ΔG2 −435.8 −435.7 −435.8
ΔG3 −441.8 −441.5 −441.6
ΔG4 −425.1 −425.0 −425.1
ΔG5 −16.0 −16.0 −16.0
ΔG6 −12.3 −12.3 −12.3
ΔΔGt

mCyt−Cyt=ΔG1−ΔG2 −20.1
ΔΔGt

mCyt−Cyt=ΔG3−
ΔG4+ΔG5−ΔG6

−20.2

ΔΔEt
mCyt−Cyt=ΔE1−ΔE2 −29.4

The differences in the free-energy change of transferring cytosine
and methyl-cytosine from water to hexane via the direct cycle and
via the intermediate cavity state are also shown. The difference in
the potential energy change of the transfer process is also
indicated. All values are given in kilojoules per mole.
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complex is very small (see Fig. S6). Note that the
flipping of a base out of the double helix or the
binding of a DNA to a protein regularly involves the
occurrence of trans conformations of the DNA
backbone.24 The larger population of the trans
conformation in the unmethylated DNA bound
complex can also add an energetic penalty that will
favor the binding to hemi-methylated DNA.
The results presented in this paper indicate that

accurate distinction between cytosine and methyl-
cytosine, which differ seemingly in only one methy-
lene group, is possible not due to the presence of
this methylene group per se but is a consequence of
the change in the charge distribution of the aromatic
ring. This change in the electron structure is a result
of the methylation reaction, and it induces two effects
influencing the binding free energy with UHRF1. The
first is a reduction of the magnitude of the dipole
moment of the base that destabilizes hemi-methyl-
ated DNA in its unbound state in water. The second
is strengthening the interaction energy in the bound
complex between UHRF1 and hemi-methylated
DNA. The combination of these two effects produces
a difference in the binding constants with magnitude
that permits recognition with high fidelity not
expected from such a small change.

Experimental Procedures

The initial structure for the simulations was the
crystallographic structure of the SRA domain of UHRF1
(204 amino acids long) complexed with a 12-base-pair
double-stranded hemi-methylated DNA (Protein Data
Bank accession code: 3CLZ).12 The hemi-methylated
CpG site is located halfway along the DNA strand at
position mC6pG7, and the corresponding bases on the
complementary strand are C7′pG6′. From the different
structures available, we chose the model with the lowest
number of missing atoms. The missing atoms, eight in
number belonging to three lysine residues, were then built
by the software PyMOL version 1.2r1. The side chains of
arginine and lysine were protonated, whereas those of
glutamate and aspartate were deprotonated. Histidine was
simulated in its neutral form in which the δ-position was
protonated because this tautomer exhibits a slightly larger
pKa value.

25 An exception for these assignments was the
case of Asp469 located at the binding pocket of UHRF1
that contributes to the stability of the flipped methyl-
cytosine. In this case, the aspartate was simulated in its
protonated form because the distance in the X-ray
structure between one of its carboxylate oxygens and N3
of methyl-cytosine strongly suggests the presence of a
proton either on the oxygen or on the nitrogen. In fact, this
aspartic (or alternatively glutamic) acid is a conserved
residue that is also conserved in DNA cytosine-5
methyltransferase from different organisms.26 Quantum
mechanical calculations indicate that the proton is more
likely to reside on the carboxylate group,6 and therefore,
we considered Asp469 to be protonated. The N and the C
termini of the protein were protonated and deprotonated,
respectively. Given these protonation states for the amino

acid residues, the total charge of the protein is +7e. In
addition, a 12-base-pair double-stranded DNA contributes
a charge of −22e due to the phosphate groups. These
charges were neutralized by 7 chlorides and 22 sodium
cations added at random positions in the simulation box.
All oxygen atoms of waters given in the X-ray structure
(124 in total) were built into water molecules. The
dimensions of the cubic simulation box were determined
by a minimum distance of 0.8nm between the DNA–
protein complex and each of the box edges. The system
was then solvated by additional waters and contained a
total of 10,510 water molecules. Analogous construction
procedure was applied for the system where the DNA is
free in solution neutralized by 22 sodium atoms and
solvated by 8356 water molecules.
The DNA and protein were represented by the

AMBER03 force field27,28 (note that the nucleic acid
parameters are the same as those of AMBER99 force
field) and the water molecules by the TIP3P model.29 The
chloride and sodium ions were also represented by the
AMBER03 force field, that is,σCl− =0.440nm,εCl− =0.418kJ/
mol, σNaþ =0.333nm, and εNaþ =0.0116kJ/mol. The partial
charges of 5-methylcytosine, which are not available in the
standard parameters of AMBER03, were taken from the
work of Rauch et al.30 These charges were obtained from
an ab initio calculation using the RESP (Restrained
ElectroStatic Potential) charge fitting procedure.31

The molecular dynamics package GROMACS version
4.0.732 was used to perform all of the computer simula-
tions with a time step of 0.002ps and periodic boundary
conditions applied in all three dimensions. The electro-
static forces were evaluated by the particle mesh Ewald
method33 (with real-space cutoff of 1.0nm, grid spacing of
0.12nm, and quadratic interpolation) and the Lennard-
Jones forces by a cutoff of 1.0nm. The system was
maintained at a constant temperature of 300K (with a
coupling time of 0.1) by the velocity rescaling thermostat34

and at a pressure of 1.0bar (with a compressibility of
5×10−5 bar and a coupling time of 1.0 ps) by the
Berendsen thermostat.35 Water bond distances and
angles were constrained using the SETTLE algorithm,36

whereas the protein and DNA covalent bond distances
were constrained using the LINCS algorithm.37

The system was first energy minimized using the
steepest descent approach, followed by a 2-ns simulation
in which the positions of the DNA and protein heavy atoms
were restrained by a harmonic potential with a force
constant of 1000kJ/(mol nm2). Then, 10ns of unrestrained
simulation was performed. The configuration emerged
from this simulation was used as an input for the free-
energy calculations.
The binding free energy of UHRF1 to hemi-methylated

DNA relative to the binding to unmethylated DNA was
computed by the concept of a thermodynamic cycle. To
this end, we performed alchemical mutations of atom types
(with soft-core potentials α=0.7 and p=1), bonds, angles,
and dihedrals to transform the hemi-methylated to
unmethylated DNA and vice versa. These transformations
were performed for the DNA–protein complex and for the
DNA free in solution. The free-energy changes associated
with these transformations were computed by the thermo-
dynamic integration technique. For each transformation, 11
equally spaced λ-points from λ=0 to λ=1 were constructed.
At each λ-point, the value of ∂H/∂λwas averaged over 25ns
and 35ns, for the transformation of the DNA free in solution
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and bound to UHRF1, respectively, preceded by 5ns
equilibration time. At locations where the plot of ∂H/∂λ as a
function of λ did not exhibit a smooth behavior, we added up
to 7 extra λ-points and the simulation time of some points
were extended to 60ns (seeFig. S7 for the curves of 〈∂H/∂λ〉
as a function of λ). In the calculations involving the cavity
intermediate state, we constructed 13 λ-points and at each λ
averaged over 35ns and 45ns for the transformation of the
DNA free in solution and bound to the protein, respectively,
after discarding the first 5ns for equilibration. For all
transformations, we calculated the free-energy change
associated with the forward and backward directions. In
general, the input conformation at a particular λ-point was
taken after equilibration of approximately 1ns at the
preceding λ-point. We checked that, throughout the trajec-
tories, the protein–DNAbound complexes stayed intact (see
Fig. S8).
In order to obtain better statistics for the unmethylated

and hemi-methylated states, we conducted six additional
simulations for 60ns for each of these states in which we
saved the trajectory of the entire system every 40ps. Thus,
the thermodynamic and structural properties reported for
these states are averaged over 360ns when the informa-
tion of the solvent is needed, otherwise, for 540ns.
In the calculations of the transfer free energy of cytosine

and methyl-cytosine from water to hexane, we capped
both bases by a united atom methyl group at N1. Hexane
and the capped methyl group at N1 were modeled by the
Gromos96 (43A2) force field. The charge on the N1 methyl
group was assigned to +0.0631e to neutralize the charge
of the entire base. Here, the interconversion between
cytosine and methyl-cytosine in the forward and backward
directions was performed by 13 λ-points. At each point, the
system was equilibrated for 2ns and data were collected
for 8ns. The mutations in water included 1520, whereas in
hexane 521, solvent molecules. In the simulations with
hexane, the value of the isothermal compressibility was set
to 16.7×10−5bar and the coupling time was set to 2.0ps.
Because we calculated the electrostatic interactions

using Ewald summation, the decomposition of the poten-
tial energy into contributions from different groups was
performed by the direct evaluation of the interparticle
distances from the trajectories (using the -rerun option
in Gromacs).
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Figure S1: Schematic illustration of the role of the regulatory protein UHRF1 in maintaining
the DNA methylation patterns after replication. Immediately after replication the emerging DNA
strands are hemi-methylated. UHRF1 selectively binds to hemi-methylated CpG sites and con-
currently can bind to Dnmt1, the enzyme catalyzing the methylation of cytosines. The binding
to UHRF1 enables Dnmt1 to methylate the correct target cytosine on the opposite strand. In this
way, the original methylation pattern is maintained. Thus, it is crucial that UHRF1 would not binds
mistakenly to unmethylated CpG sites otherwise the methylation pattern will be altered. Note, that
although in this scheme UHRF1 and Dnmt1 are shown to be bound to the DNA simultaneously,
it is not clear whether this is the case. It is also possible that unbinding of UHRF1 precedes or
occurs concurrently to binding of Dnmt1.
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Table S1: The number of water molecules at the DNA-UHRF1 interface within a radius of 6.0
Å from C(5-Me)/H5, their Debye-Waller factor, and the number of water molecules that are
simultaneously hydrogen-bonded to (thus, bridging) the DNA and UHRF1. The local Debye-
Waller factor (in nm2) for (the oxygen atom of) water i at short time was calculated by[1],
DWi =

〈〈
(~ri(t)− 〈~ri〉τ )

2
〉
τ

〉
where 〈. . .〉τ denotes average over the time period τ = 1 ns and

the outer brackets, 〈. . .〉, denotes average over the simulation trajectory (i.e., average over differ-
ent time origins). Larger value of the Debye-Waller factor obtained in the unmethylated complex
indicates larger magnitude of fluctuations of the water molecules around their average positions.

Hemi-methylated Unmethylated
# of Interfacial Waters 2.1 ± 0.4 3.2 ± 0.3
# of Bridging Waters 1.3 ± 0.1 1.5 ± 0.1
Debye-Waller factor 0.08 ± 0.02 0.14 ± 0.02
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Figure S2: The Lennard-Jones potential of the hydrogen atom at position 5 in unmethylated cyto-
sine, H5, the carbon atom of the methyl group bonded to C5 in methyl-cytosine, C(5-Me), and of
the cavity atom in the cavity-intermediate state. The Lennard-Jones parameters of the cavity atom
are σ=0.385 nm and ε=6.276 kJ/mol. The value of this ε is the same as that of H5 but the value
of σ was chosen in such a way that the Lennard-Jones potential of this cavity atom has the same
excluded volume as the 5-methyl group.
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Table S2: The absolute value of the dipole moment, and its projection, µx (see Fig. S3), onto
the axis defined by the bond between C5 and H5/C(5-Me), of cytosine and methy-cytosine. The
calculations are based on the partial charges obtained by different quantum-mechanical methods
(Table S3) applied on the same classical geometry as defined by the AMBER force-field. The
partial charges of the hydrogens of a methyl group were incorporated into the carbon atom. All
values are given in units of Debye.

cytosine methyl-cytosine cytosine – methy-cytosine
|µ| µx |µ| µx ∆|µ| ∆µx

RESP 8.25 7.95 7.03 6.74 1.22 1.21
MP2 7.61 7.47 4.88 4.82 2.73 2.65
HF 8.72 8.46 6.16 6.03 2.56 2.43

B3LYP 7.98 7.86 4.70 4.69 3.28 3.17
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Figure S3: The definition of the different atoms in cytosine and methyl-cytosine base and the
orientation of the molecule in the coordinate system used for in Tables S2 and S3.

5



Table S3: The partial charges of cytosine and methyl-cytosine obtained by quantum mechanical
optimizations at the MP2, HF, and B3LYP levels with the 6-31++G** basis set using the Gaus-
sian09 program[2]. The values used in this study, taken from Rauch et al.[3], were obtained
by RESP charge fitting procedure in compliance with the Amber force-field derived parameters.
The calculations were performed in vacuum. The starting configurations were created using the
Molden processing program[4]. For the analysis, the density matrix of the current method is used.
The charges of the hydrogen atoms of both methyl groups (Me5 and the capping (N1)-Me) are
absorbed onto the corresponding central carbon atom. For the definition of the atom names see
Fig. S3.

cytosine methyl-cytosine
Atom/Group MP2 HF B3LYP RESP MP2 HF B3LYP RESP

N1 -0.237 -0.386 -0.154 -0.034 -0.224 -0.370 -0.138 +0.014
(N1-)CH3 +0.275 +0.319 +0.243 +0.063 +0.260 +0.302 +0.232 +0.063

C2 +0.486 +0.702 +0.505 +0.796 +0.500 +0.742 +0.514 +0.775
O2 -0.507 -0.621 -0.513 -0.654 -0.511 -0.626 -0.511 -0.623
N3 -0.435 -0.615 -0.483 -0.775 -0.428 -0.601 -0.486 -0.717
C4 +0.103 +0.317 +0.036 +0.844 +0.112 +0.252 +0.074 +0.609
N4 -0.466 -0.564 -0.451 -0.977 -0.453 -0.567 -0.440 -0.876
H4a +0.326 +0.355 +0.325 +0.431 +0.342 +0.374 +0.342 +0.400
H4b +0.313 +0.345 +0.329 +0.431 +0.307 +0.338 +0.318 +0.400
C5 -0.048 -0.174 +0.080 -0.522 +0.309 +0.378 +0.591 -0.062

H5/Me5 +0.162 +0.168 +0.140 +0.186 -0.199 -0.206 -0.311 -0.002
C6 -0.102 +0.002 -0.178 -0.018 -0.158 -0.186 -0.329 -0.192
H6 +0.130 +0.152 +0.121 +0.229 +0.143 +0.170 +0.144 +0.211
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Table S4: The free energy change, in kJ/mol, for creating two dipole-moments in water. The
dipole moments are modeled by the system described in Fig. S4. Their magnitudes of 8.25 and
7.03 Debye correspond to the magnitude of the dipole-moments of cytosine and methy-cytosine,
respectively.

|µ| = 0→ 8.25 D |µ| =0→ 7.03 D |µ| =7.03→ 8.25 D
∆G -114.3 -82.1 -32.2

Figure S4: The model system used for the calculations of the free energy change of creating a
dipole-moment in water (Table S4). Two spheres, 0.4 nm apart, were frozen in a simulation box
with 1483 TIP3P water molecules. The Lennard-Jones parameters of the spheres are σ=0.4 nm
and ε=0.4 kJ/mol. The two spheres carried charges with equal magnitudes but with opposite signs
that simultaneously changed during the free energy calculations (molecular dynamics, thermody-
namics integration, 11 λ-points with 15 ns simulation time at each λ-point, temperature coupling
to 300K and pressure coupling to 1 atm) from 0.0 to 0.429667 e to model the creation of 8.25 D
dipole, and from 0.0 to 0.366144 e to model the creation of 7.03 D dipole.
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Figure S6: The γ dihedral (O5’–C5’–C4’–C3’) angles of the DNA backbone around the (m)Cyt6
base, namely, those of C6 and G7. The graphs show that these dihedrals for both, hemi-methylated
and unmethylated strands (averaged over the end states of the forward and backward directions)
free in solution, are only in the gauche conformations. However, when Cyt6 flips-out of the DNA
helix and binds to the binding pocket of UHRF1, the C6-γ dihedral also exhibits some degree of
trans conformation. For the hemi-methylated strand the population of this trans conformation is
very small.
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Figure S7: The value of 〈∂H/∂λ〉 as a function of λ for mutating hemi-methylated to unmethy-
lated CpG site for the unbound and bound DNA systems. Note, 〈∂H/∂λ〉 does not include changes
in mass (kinetic) or due to the distance constraints applied. These two contributions are cancelled
out within the thermodynamic cycle and in fact in all cases their contributions to the change in
binding affinity was less than 0.4 kJ/mol.
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Figure S8: The root mean squared deviations of the Cyt6/mCyt6 after fitting to the four crucial
residues of the binding pocket of UHRF1 of the first frame: Ala463, Gly464, Asp469, and Thr479,
for unmethylated and hemi-methylated protein–DNA complexes. The trajectories are taken from
the end points of the forward and backward directions of the free energy calculations. The plots
of the number of hydrogen bonds between the Cyt6/mCyt6 base and UHRF1, as a function of
time, for the same trajectories are shown in the lower panel. These graphs demonstrate that the
protein–DNA bound complexes stay intact throughout the simulations.
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