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to fully-methylated CpG sites.

► WeperformMD simulations to address
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domain is displaced away from theDNA.
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UHRF1 and the recognized CpG site is
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Cytosinemethylation of CpGdinucleotide sequence is an epigeneticmark on theDNA that regulates gene expres-
sion, chromatin structure, and genome stability. Although the enzyme that catalyzes the methylation reaction
after replication is Dnmt1, it was found that the protein UHRF1 is essential for maintaining DNA methylation.
UHRF1 exhibits preferential binding to hemi-methylated DNA relative to both unmethylated and fully-
methylated DNA strands. In this paper we report results from molecular dynamics simulations aiming to eluci-
date the mechanism for the discrimination of UHRF1 to bind fully-methylated DNA. From alchemical mutation
free energy calculations we find that the binding affinity of fully-methylated DNA to UHRF1 is weaker by
17.9 kJ/mol relative to the binding of hemi-methylated DNA. Structural analyses reveal, in agreement with the
steric clash model, that a methyl group at the C5 position of the target cytosine induces a displacement of the
NKR finger domain away from the DNA. As a result a net loss of, approximately, one hydrogen bond between
the protein and the DNA is observed. These weakened protein–DNA interactions are located between the target
cytosine and the NKR domain, as well as, between the flipped methylcytosine and the binding pocket of the SRA
domain. Due to the conformational changes of the fully-methylated bound complex,watermolecules intrude the
protein–DNA interface and substitute the majority of the hydrogen bonds that are lost.

© 2012 Elsevier B.V. All rights reserved.
istry I, University of the Basque
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1. Introduction

The cell does not express all the genes coded in its genome. Some
genes are “switched-on”whereas others are “switched-off”. The current
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knowledge of why certain genes are transcribedwhereas others are not
is attributed, among other factors, to chemical modifications of the DNA
and core-histone proteins. The histone proteins are unique in the large
number and types of their post-translationalmodifications. However, in
the DNA of mammals themodifications occur only at the cytosine base,
especially at the promoter regions. In particular, a methyl group substi-
tutes a hydrogen atom at position 5 of the cytosine ring in the dinucle-
otide sequence CpG. This chemical mark has also an important roles in
embryonic development, X-chromosome inactivation, and genomic
imprinting [1–3]. The pattern of the methylated cytosines along the
DNA passes frommother cells to daughter cells and their faithful inher-
itance and maintenance is essential to the wellbeing of the organism
[4–7]. This can be accomplished owing to the ability of the DNA replica-
tion machinery to distinguish hemi-methylated DNA from either
unmethylated or symmetrically di-(fully)-methylated DNA strands.
The robustness of recognizing hemi-methylated DNA is very high as
evident by the fact that patterns ofmethylated cytosinemarks are prop-
agated with fidelity of more than 99%, and their stable inheritance for
more than 80 cell generations [5].

The enzyme that catalyzes the methylation of cytosines after replica-
tion is Dnmt1 [8,9]. The reaction involves a transfer of a methyl group
from the cofactor S-adenosyl-L-methionine to the cytosine of hemi-
methylated DNA [10]. Nevertheless, the recognition of hemi-methylated
DNA is mediated by the protein UHRF1 (ubiquitin-like, containing
PHD and RING finger domains 1) and was found to be essential for
maintaining DNA methylation [11,12]. UHRF1 contains a SET and
RING-associated (SRA) domain,which is amethyl DNAbinding domain,
and as a consequence exhibits strong binding to hemi-methylated DNA.
UHRF1 can also bind to theN-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 complementary strand transforming
hemi-methylated to fully-methylated CpG site. Essential for its function,
UHRF1 is able to discriminate efficiently hemi-methylated from either
unmethylated or fully-methylated CpG sites.

Interests in the structure and functions of UHRF1 have grown signif-
icantly in the last few years due to a distinct character of this protein. It
contains multiple conserved domains that are able to bind different
specific sites, such as methylated histone H3 lysine 9 and histone
deacetylase 1. This provides UHRF1 a unique function in regulating
the epigenome because it links DNA methylation with histone marks
[13,14]. Due to these multiple functions of UHRF1 in gene regulation,
it is not surprising that this protein is found to be over-expressed in
many forms of cancer [15–17].

Among the X-ray structures solved recently for UHRF1 are its com-
plexes with hemi-methylated DNA [18–21]. More specifically, the SRA
domain of UHRF1 from different species bound to a model double
stranded DNA were crystallized. A very distinct feature of the UHRF1–
DNA interaction is the flipping of the recognized methylcytosine out
of the DNA helix. The flipped methylcytosine forms several hydrogen
bonds with the active site of the protein which prevents its sliding. Fur-
thermore, base stacking interactions in the fipped-in state of the
methylcytosine are replaced by stacking interactions this base makes
with two tyrosine residues of the protein located on both sides of its
plane. The binding pocket of the SRA domain specifically recognizes
methylcytosine. It is too small to fit purines, and the discrimination
against thymine is due to Asp469 and Thr479 (amino acids labeling is
adopted from the human UHRF1 protein [18]) that accept two hydro-
gen bonds from N4 of the methylcytosine. When flipping out of the
helix, the Watson-Crick hydrogen bonds between the methylcytosine
and its paired guanine on the complementary strand are lost. In order
to compensate for this energy loss and to strengthen the protein–DNA
interactions, a finger, Asn–Lys–Arg (NKR), of the protein intrudes into
the DNA double-helix and forms, via Arg491, three hydrogen bonds
with the orphan guanine (G6′). The NKR finger, via Asn489, also
forms hydrogen bonds with the following G7–C7′ base-pair.
The binding of unmethylated DNA to the SRA domain of UHRF1
is found to be negligible by several groups [11,19,21]. However, the
binding affinity of fully-methylated is reported by one in-vitro experi-
ment to be seven-fold weaker relative to the binding of hemi-
methylated DNA [11], whereas another in-vitro experiment did not
detect any complex formation at all with fully-methylated strand [19].
Other experiments also reported a weaker interaction between UHRF1
and fully-methylated DNA, however, the relative binding affinities
were not quantified [18,20]. What is the mechanism by which UHRF1
recognizes hemi-methylated DNA? In a previous study we found that
the discrimination against unmethylated DNA is a result of the change
in the electron distribution around the cytosine ring upon methylation
[22]. This has the effect of destabilizing the unbound state of methyl-
cytosine in aqueous solution as well as stabilizing its bound state to
UHRF1. Based on the X-ray structures, the discrimination against bind-
ing fully-methylated DNA is suggested to be due to a steric clash
[18–20]. More specifically, it is proposed [18] that Asn489 and
Arg491 "work together to effectively mask the C5 position of the
non-methylated cytosine (Cyt7′)′′. The C5 atom of this unmethylated
cytosine is within van der Waals distance of the backbone carbonyl-
oxygen (which possibly interact through C O ⋅⋅⋅ H―C weak hydrogen
bond) and amide side chain nitrogen of Asn489. At the same time this
amide side chain of Asp489 is hydrogen bonded to the guanidino
group of Arg491 aswell aswith the backbone phosphate group of Cyt7′.

Depending on the flexibility of the protein's residue at the active
site, the volume taken by a methyl group relative to a hydrogen
atom can cause some structural rearrangements that may or may
not lead to loss of hydrogen bonds. What are then the conformational
changes the protein undergo upon binding to fully-methylated DNA?
Does it involve an overall loss of hydrogen bonds? If yes, between
which protein–DNA groups of atoms? Given the conflicting reports
in the literature about the relative binding affinity of UHRF1 to
fully-methylated DNA, we address these questions by free energy
molecular dynamics simulations. We find that by growing a methyl
group at position 5 of Cyt7′ the NKR finger domain is substantially
displaced away from the DNA. As a consequence, the interaction of
the NKR domain with Cyt7′ is disrupted. In addition, this conforma-
tional change also induces a disruption of the interaction between
the binding pocket of UHRF1 and the flipped-out methylcytosine
(Cyt6). In total, we observe a net loss of, approximately, one hydrogen
bond between UHRF1 and the fully-methylated DNA strand. The
hydrogen bonds that are lost are substituted by hydrogen bonds
with water molecules that penetrate the DNA–protein interface.

2. Methods

We perform molecular dynamics simulations in order to calculate
the binding affinity of UHRF1 to a DNA strand containing a fully-
methylated CpG site, and to elucidate possible conformational
rearrangements, relative to a DNA containing a hemi-methylated CpG
site. The initial structure taken for the simulations was the crystallo-
graphic structure of the SRA domain of UHRF1 (204 amino-acids long)
complexed with a 12-mer hemi-methylated DNA (PDB accession
code: 3CLZ) [18]. The sequence of one of the hemi-methylated strands
is 5′-GGGCC-mC-GCAGGG-3′ (mC denotes 5-methylcytosine) which is
base-paired to the complementary strand, 5′-CCCTGCGGGCCC-3′.
Thus, the hemi-methylated CpG site is located halfway along the DNA
double helix at positions mC6pG7 and the corresponding bases on the
complementary strand are C7′pG6 ′. From the different X-ray structures
deposited 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. An exception for these assignments was the case of
Asp469 located at the active site of the SRA domain that contributes
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to the binding affinity of the flipped methylcytosine to UHRF1. 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 methylcytosine indicates 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 [23]. Quantum
mechanical calculations indicate that the proton is more likely to reside
on the carboxylate group [10] 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 +7 e. In addition,
a 12 base-pair double-stranded DNA contributes a charge of−22 e due
to the phosphate groups. These charges were neutralized by 7 chlorides
and 22 sodiumcations added at randompositions in the simulation box.
All oxygen atoms of waters given in the X-ray structure (124 in total)
were built intowatermolecules. The dimensions of the cubic simulation
box were determined by a minimum distance of 0.8 nm between the
DNA–protein complex and each of the box edges. The system was
then solvated by additional waters resulting in a total of 10510 water
molecules. Analogous construction procedure was applied for the sys-
tem where the DNA is free in solution neutralized by 22 sodium
atoms and solvated by 8356 water molecules. In these simulations the
nucleotide mC6 was in its flipped-in state because this is, by far, the
more stable conformation when it is unbound to the protein. The initial
structure of the DNA was an ideal B-DNA double helix conformation
built using the PREDICTOR software [24].

The DNA, protein, and counterions were represented by the
AMBER03 force-field [25,26] (note that for the nucleic acids the pa-
rameters are the same as those of AMBER99 force-field) and the
water molecules by the TIP3P model [27]. 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. [28]. These
charges were obtained from an ab-initio calculation using the Re-
strained ElectroStatic Potential (RESP) charge fitting procedure [29].
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Fig. 1. The thermodynamic cycle constructed to calculate the binding free energy of U
hemi-methylated DNA (upper process, ΔGb

HMe). This relative binding affinity, ΔΔGb
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shown in Table 1.
The molecular dynamics package GROMACS version 4.0.7 [30] was
used to perform all of the computer simulations with a time step of
0.002 ps and periodic boundary conditions applied in all three dimen-
sions. The electrostatic forces were evaluated by the Particle-Mesh
Ewald method [31] (with real-space cut-off of 1.0 nm, grid spacing of
0.12 nm, and quadratic interpolation) and the Lennard–Jones forces
by a cutoff of 1.0 nm. The systemwasmaintained at a constant temper-
ature of 300 K by the velocity rescaling thermostat [32] with a coupling
time of 0.1 ps, and at a pressure of 1.0 bar by the Berendsen thermostat
[33] 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 [34] whereas the protein and DNA covalent bond dis-
tances were constrained using the LINCS algorithm [35]. 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 1000 kJ/(mol⋅nm2). Then, a 10 ns of unrestrained
simulation was performed. The configuration emerged from these sim-
ulations is used as an input for the free energy calculations.

The binding free energy of UHRF1 to hemi-methylated DNA relative
to the binding to fully-methylatedDNAwas computed by the concept of
a thermodynamic cycle [36] (see Fig. 1). To this end, alchemical muta-
tions of atom types (with soft-core potentials, α=0.7 and p=1),
bonds, angles, and dihedrals were performed to transform the
hemi-methylated to fully-methylated DNA and vice versa [37]. More
specifically, in the forward direction H5 of C7′ and three dummy
atoms covalently bonded to it were mutated to a carbon atom and
three hydrogen atoms, thus, transforming cytosine to methylcytosine.
Whereas, the backward transformation describes the mutation of
methylcytosine (mC7′) to cytosine (C7′). These transformations were
performed for the DNA-UHRF1 complex and for the DNA free in solu-
tion. The free energy changes associated with these transformations
were computed by the Thermodynamic Integration technique [38].
For each transformation, eleven equally spaced λ -points from λ =
0 to λ =1 were constructed. At each λ -point the system was
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Table 2
The average number of direct and water-bridged hydrogen bonds between the SRA do-
main of UHRF1 and different groups around the bound hemi-methylated and
fully-methylated CpG sites. The total number of hydrogen bonds between the entire
DNA and the SRA domain of UHRF1 is also indicated.

Direct HB Water-Bridged HB

Interacting groups FMe HMe FMe HMe

mCyt6–UHRF1 4.14±0.1 4.76±0.05 0.16±0.03 b0.02

41C. Bianchi, R. Zangi / Biophysical Chemistry 171 (2013) 38–45
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 UHRF1, re-
spectively. However, for the DNA-UHRF1 complex, the plot of ∂H/∂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 two
for each mutation) and the simulation time of some the λ -points
were extended to 100 ns. For all transformations we calculated the
free energy change in the forward and backward directions. For the
DNA-UHRF1 complex, the hemi-methylated→ fully-methylated trans-
formationwas performed first, and then, the fully-methylated DNAwas
mutated back to the hemi-methylated state. In general, the starting
conformation for a particular λ -point was taken from the simula-
tion of the preceding λ after a relaxation time in the range of
2–3 ns. At λ=0 and λ=1 for the forward and backward directions,
thus for hemi-methylated and fully-methylated states, the system
was simulated for 100 ns in order to obtain better statistics. The es-
timation of the errors of the free energy changes were obtained by
integrating the error estimate at each λ -point. The error at each λ
is calculated by dividing the standard deviation of ∂ H/∂λ by the
square root of the number of independent data-points. The latter
was estimated from the total time of the simulation for each λ divid-
ed by the autocorrelation time of ∂H/∂λ [39].

All structural analyses for the hemi-methylated and fully-methylated
states were averaged over the forward and backward transformations,
thus, for 60 and 200 ns for the unbound and bound DNA, respectively.
A hydrogen bond is defined by a donor–acceptor cutoff distance
of 0.35 nm and a donor–hydrogen–acceptor angle larger than 150°.
The errors in the number of hydrogen bonds were estimated using the
block averaging method [40].

3. Results and discussion

The results of the mutation free energy changes defined in Fig. 1 are
shown in Table 1. Given these values, the binding free energy change of
UHRF1 to fully-methylated DNA, relative to hemi-methylated DNA, is
ΔGb

FMe−ΔGb
HMe=+17.9± 6.4 kJ/mol. Thus, at room temperature,

fully-methylated CpG sites bind weaker to UHRF1 by, approximately,
three orders ofmagnitudes. As discussed in the introduction, the exper-
imental data are not settled yet and our results seem to be somewhere
in between the factor of seven [11] and the absence of binding [19]
reported in the literature. However, an error in the force-field on the
order of 5 kJ/mol can change the number we obtained by one order of
magnitude. Furthermore, it is assumed that if fully-methylated DNA
binds to UHRF1 its binding mode can be reached from the binding
mode of the hemi-methylated bound complex within the simulation
time. Along the trajectory, the binding of fully-methylated DNA to
UHRF1 results in small rearrangements of some of the protein residues
(see below) compared with the UHRF1-hemi-methylated bound struc-
ture. It can be that the simulation time at each λ-point along the muta-
tion in the bound complex was not long enough to observe a complete
relaxation, in which case, the magnitude of the relative binding affinity
will likely to be reduced. This incomplete relaxation might be some-
what implied by the relatively large difference of 5.5 kJ/mol between
the forward and backward directions when the transformation took
place inside the protein, whereas this difference for the DNA free in
solution was very small, 0.6 kJ/mol.
Table 1
The free energy changes of the alchemical mutations shown in Fig. 1. The change in the
binding free energy of UHRF1 to fully-methylated (FMe) DNA relative to hemi-
methylated (HMe) DNA is also indicated. All values are given in kJ/mol.

Forward Backward Average

ΔG1 +448.4±5.1 −447.8±5.3 +448.1±3.7
ΔG2 +463.3±3.7 −468.8±3.9 +466.0±2.7
ΔΔGb

FMe−HMe=ΔG2−ΔG1 +17.9±6.4
In Table 2we calculate the direct andwater bridged hydrogen bonds
between the protein and all the bases, phosphates, and sugars of the
CpG dinucleotide on both strands. The difference between the two
DNA strands is the presence of a methyl group instead of a hydrogen
at position 5 of Cyt7′ (i.e., the cytosine that is not flipped out). Not
surprisingly, the largest difference we observe is between the number
of direct hydrogen bonds this cytosine nucleotide is forming with the
SRA domain of UHRF1. In hemi-methylated DNA it forms on average
0.88 hydrogen bonds, whereas in fully-methylated DNA this value is
only 0.27. A more detailed analysis of the groups participating in the
Cyt7′-UHRF1 interaction, reveals that a major contribution for this ex-
cess (of 0.61 hydrogen bonds) arises almost entirely from the hydrogen
bondbetween the carbonyl-oxygen of Asn489 andN4 amide hydrogens
of Cyt7′ (an average difference of 0.56 hydrogen bonds). This is shown
in Fig. 2a–c displaying this hydrogen–Acceptor distance for both trajec-
tories and its total distribution. The excess of 0.25 in the number of di-
rect hydrogen bonds in hemi-methylated DNA associated with the
phosphate of Cyt7′ is also due to the interaction with Asn489, via its
side-chain –NH2 group. Furthermore, an excess of 0.38 hydrogen
bonds is observed between Gua7 (via its O6 atom) and the amide back-
bone of Arg491.

As suggested based on the X-ray structures, the NKR finger do-
main is positioned in a location that would cause a steric clash if a
fully-methylated CpG site is bound to UHRF1. Indeed, the results
shown in Table 2 indicate that a significant portion of the hydrogen
bonds that are lost in the fully-methylated complex involves interac-
tions with the NKR finger domain. In Fig. 3 we superimpose an instan-
taneous conformation of the bound complex of hemi-methylated
DNA on that of fully-methylated DNA. The conformation of the pro-
tein and DNA is not very different for the two complexes except for
the NKR finger domain. Because of the 5-methyl group of Cyt7′ the
NKR domain is pushed away from the DNA and the interaction with
Cyt7′ seems to be weaker. A more quantitative description of the
excluded volume effect of the C5 methyl group of Cyt7′ in fully-
methylated DNA, is plotted in Fig. 4a. The figure exhibits the distribu-
tion of the distance between the C5-methyl atom and the closest
atom of the NKR domain, i.e. the carbonyl oxygen of Asn489. In com-
parison with the corresponding distance to H5 in hemi-methylated
DNA, a clear shift of more than 1 Å, toward larger distances is ob-
served in the fully-methylated complex. Thus, the rearrangement of
Asn489 to prevent the steric clash with the methyl group results in
the loss of 0.86 hydrogen bonds with the Cyt7′ nucleotide (taking
into account the base and the phosphate). Due to its weaker interac-
tions with the DNA, Asn489 has a less defined structure. This is
Gua6′–UHRF1 1.89±0.02 1.90±0.01 0.23±0.06 0.15±0.03
Gua7–UHRF1 0.06±0.01 0.44±0.06 0.59±0.06 0.40±0.05
(m)Cyt7′–UHRF1 0.27±0.08 0.88±0.05 0.03±0.01 b 0.02
Phosphate(mCyt6)–UHRF1 1.14±0.06 1.10±0.07 2.0±0.4 1.80±0.09
Phosphate(Gua6′)–UHRF1 b0.02 b0.02 b0.02 b0.02
Phosphate(Gua7)–UHRF1 1.02±0.04 0.91±0.08 1.0±0.1 1.1±0.2
Phosphate((m)Cyt7′)–UHRF1 b0.02 0.25±0.02 0.05±0.03 0.10±0.03
Sugar(mCyt6)–UHRF1 b0.02 b0.02 0.19±0.04 0.20±0.06
Sugar(Gua6′)–UHRF1 b0.02 b0.02 b0.02 b0.02
Sugar(Gua7)–UHRF1 b0.02 b0.02 0.63±0.07 0.46±0.06
Sugar((m)Cyt7′)–UHRF1 b0.02 b0.02 b0.02 b0.02
DNA–UHRF1 18.1±0.7 19.4±0.6 5.2±0.6 5.1±0.5
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Fig. 2. The distance between the carbonyl-oxygen of Asn489 and the closest N4 hydrogen of (m)Cyt7′ for the (a) forward and (b) backward transformations, for hemi-methylated
and fully-methylated DNA strands bound to UHRF1. (c) The normalized distribution of this distance. The corresponding plots for the distance between the N3 atom of mCyt6 and Hδ

(the hydrogen of the protonated carboxy-oxygen) of Asp469 are plotted in (d), (e), and (f). Note that the backward trajectories (at λ =0) do not start from the point the forward
trajectories (at λ =1) end because the starting conformation at a given λ -point was taken after only 2–3 ns simulation time of the preceding λ -point (see Methods section for
more details).
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demonstrated in Fig. 4b displaying larger root mean squared devia-
tions of the Asn489 atoms, with respect to the protein excluding the
NKR finger domain, in fully-methylated DNA.
Fig. 3. Superposition of instantaneous configurations of UHRF1 complexed with
hemi-methylated (red) and fully-methylated (green) DNA strands. In both cases, the
DNA double helix is displayed only by its van der Waals surface except of (m)Cyt7′
that is shown also as colored sticks. Note that the main difference in the structure be-
tween the SRA domain in both complexes is the conformation and positioning of the
NKR finger domain. The backbone of the NKR finger domain, as well as, (m)Cyt7′ are
colored by yellow and blue for hemi-methylated and fully-methylated complexes,
respectively.
Instantaneous configurations of the interaction of Cyt7′ and Gua7
with the NKR finger domain in both complexes are shown in Fig. 5.
The relative motion of Asn489 with respect to Cyt7′, and as a conse-
quence the loss of the hydrogen bond between its carbonyl oxygen
and N4 amide group of Cyt7′, is clearly shown in the fully-methylated
complex. The numbers shown in the plots correspond to the average
distances over the entire trajectories. In order to satisfy the loss of the
hydrogen bond that broke with the N4 of Cyt7′, water molecules in-
trude into the interface between Asn489 and the DNA. We calculated
the number of water molecules within a radius of 4 Å from the
C(5-Me)/H5 atom and found values of 1.2 and 3.1 in hemi-methylated
and fully-methylated complexes, respectively. These waters make an
average of 0.4 hydrogen bonds with the N4 amide group in fully-
methylated DNA whereas this number is essentially zero for the
hemi-methylated complex. The compensation of the lost hydrogen
bond of the carbonyl oxygen of Asn489 is a little bit more complex.
This carbonyl oxygen does not make a hydrogen bond with these
intruding waters but it does with the guanidino group of Arg491. This
interaction comes on the expense of the hydrogen bond this guanidino
group makes with Oγ of Asn489 in hemi-methylated DNA. The hydro-
gen bond with Oγ of Asn489 is then replaced by a hydrogen bond this
residue makes with N4 of Cyt5. Cyt5 is not part of the CpG dinucleotide
sequence that is recognized in hemi-methylated DNA. These rear-
rangements of hydrogen bonds within the NKR finger domain are illus-
trated in Fig. 6 which exhibits the distances between the atoms that are
involved in the formation and breakage of these hydrogen bonds. Two
other important hydrogen bonds that are lost due to the rearrangement
of the NKR domain in fully-methylated DNA are between the O6
of Gua7 and the amide backbone of Arg491, as well as, between the



distance  [nm]

0

2

4

6

8

10
no

rm
al

iz
ed

 p
ro

ba
bi

lit
y

hemi-methylated

fully-methylated

a

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

RMSD  [nm]

0

1

2

3

4

5

no
rm

al
iz

ed
 p

ro
ba

bi
lit

y

hemi-methylated
fully-methylated

b

Fig. 4. (a) The normalized distributions of (a) the distance between C(5-Me)/H5 of (m)
Cyt7′ and the carbonyl-oxygen of Asn489, and (b) the root-mean squared deviations of
the Asn489 residue atoms after fitting the protein, excluding the NKR domain, to its initial
conformation in both trajectories, for the hemi-methylated and fully-methylated DNA–
UHRF1 complexes.
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phosphate of (m)Cty7′ and the side-chain amide of Asn489. These
hydrogen bonds are replaced by hydrogen bonds the intruding waters
make with these groups except for the side-chain amide of Asn489 for
which only partial substitutionwith these watermolecules is observed.

In Table 2 it is indicated that not only the interactions with the NKR
finger domain of UHRF1 are disrupted by the C(5-Me) group of Cyt7′
but also the interactions with the active site of the SRA domain to
which the flipped mCyt6 binds to. In this case, an average of 0.62
hemi−methylated

Fig. 5. Snapshots of the interaction between theNKR finger domain of UHRF1 and hemi-methyl
radius of 4.0 Å from the C(5-Me)/H5 atom are shown. The hydrogen bonds (for hemi-methylat
and Arg491 of UHRF1 and the DNA are denoted by dashed lines. The numbers shown correspo
intruding the protein–DNA interface in the fully-methylated complex substitute the hydrogen
hydrogen bonds are lost. The major contribution of this loss (0.41
hydrogen bonds) is between the N3 of mCyt6 and Hδ (the hydrogen of
the protonated carboxy-oxygen) of Asp469. In Fig. 2d–f we plot the dis-
tance between these atoms for hemi-methylated and fully-methylated
complexes from both the forward and backward transformations. This
hydrogen bond is very stable in the hemi-methylated complex through-
out the entire trajectories. However, in the fully-methylated complex,
although also very stable at the initial segment of the trajectories, a
sudden (after 47 ns and 70 ns for the forward and backwardmutations,
respectively) loss of this hydrogen bond is observed without any sign of
recovery until the end of these trajectories. Thus, it is very likely that if
these trajectories were extended for longer times, the loss of this hydro-
gen bondwould have had a larger contribution to the different averages
collected.

Snapshots of the interactions between mCyt6 and the binding
pocket of the SRA domain of UHRF1 for hemi-methylated and fully-
methylated DNA strands are shown in Fig. 7. In general, the interaction
of the flipped-outmethylcytosine and the binding pocket of the SRAdo-
main has to be strong to compensate for the lost Watson-Crick base
pairing and support the extrahelical conformation. In the complex
with hemi-methylated DNA, this is done by the formation of five hydro-
gen bonds. Despite the partial loss of some of these hydrogen bonds, the
positioning of the methylcytosine in the binding pocket for fully-
methylated complex was similar to that of the hemi-methylated com-
plex. However, also here, water molecules entered the protein–DNA
interface and compensated for the lost hydrogen bonds between the
N3 of mCyt6 and Hδ of Asp469. We computed the average number of
water molecules within a radius of 4.0 Å from the protonated Oδ of
Asp469 to be 0.1 and 1.0 for hemi-methylated and fully-methylated
complexes, respectively. This allows the protonated Oδ of Asp469 to
act as a donor for a hydrogen bond with this water molecule. On aver-
age, 0.92 hydrogen bonds are formed between the intruding waters
and Oδ of Asp469 when we consider the trajectories from the onset of
the loss of the Asp469―mCyt6 hydrogen bond. The replacement of
the N3 of mCyt6 hydrogen bond is only partial; a corresponding calcu-
lation yielded a value of 0.31 hydrogen bonds. The configuration we
choose for the fully-methylated DNA complex shown in Fig. 7 corre-
sponds to a case in which the intruding water molecule is engaged
with hydrogen bondingwith Hδ of Asp469 and N3 of mCyt6. Other con-
tributions, albeit smaller, to theweaker interaction betweenmCyt6 and
the binding pocket of the SRA domain of UHRF1 arises also from the
hydrogen bonds between N4 of mCyt6 and Asp469/Thr479 (a differ-
ence of 0.12 hydrogen bonds), as well as between the carbonyl group
of mCyt6 and Ala463/Gly465 (a difference of 0.11 hydrogen bonds).

Note that no substantial difference is observed in the number of
protein–DNA hydrogen bonds bridged by water molecules between
all groups analyzed (Table 2). For some groups belonging to the
fully−methylated

atedDNA (left), aswell as, with fully-methylatedDNA (right). All watermoleculeswithin a
ed) and the corresponding distances (for fully-methylated) between the residues Asn489
nd to the H–acceptor distances (in Å) averaged over all trajectories. Note that the waters
bond that N4 of mCyt7′ lost due to the 5-methyl-group on this cytosine base.

image of Fig.�4
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Fig. 6. The rearrangements of thehydrogen bondswithin theNKRfinger domain. Thenor-
malized distribution between the closest hydrogen of the guanidino group of Arg491 and
(a) the Oγ, as well as (b) the carbonyl-oxygen, of Asn489 in hemi-methylated and
fully-methylated DNA complexed to UHRF1.
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CpG site, slightly larger numbers are observed in the fully-methylated
complex. This can be attributed to the larger number of water mole-
cules present between the protein and the DNA at these locations.
Nevertheless, the total number is essentially the same. The sugar
groups of the CpG site do not form direct interactions with the
protein. When considering the total number of direct (and water-
bridged) hydrogen bonds between the entire protein and the entire
DNA, there is a loss of approximately one hydrogen bond in
hemi−methylated

Fig. 7. Snapshots of the interaction between the flipped methylcytosine and the binding poc
Note that in the latter complex, the hydrogen bond between Hδ (the protonated carboxy-o
intruding water molecule. In this figure, the numbers indicated correspond to hydrogen–ac
fully-methylated DNA. A loss of one hydrogen bond corresponds, ap-
proximately, to the relative change in free energy of +17.9 kJ/mol we
obtained in Table 1. However, larger loss is observed for the interac-
tion between the protein and the CpG dinucleotide. As mentioned
above, a compensation for this loss is established between Asn489
and Cyt5 which is not part of the CpG site. It might be that because
the interaction with the CpG site, including the flipped methyl-
cytosine, is weakened whereas the interaction with other residues
are slightly strengthened, the binding to fully-methylated will induce
further conformational changes in which no base-flipping occur and
the binding is not specific to the CpG site. This might explain the
contrasting results obtained experimentally on the strength of bind-
ing between UHRF1 and (different) fully-methylated DNA strands
which actually have different DNA sequences.
4. Conclusions

To perform its function, UHRF1 preferentially binds (via its SRA do-
main) DNA strands with a hemi-methylated, over fully-methylated,
CpG site. Because the difference between these two sites is the presence
a methyl group instead of a hydrogen atom, this methyl group must be
responsible for the recognition observed. Aiming to address this dis-
crimination against binding to fully-methylated strands we performed
molecular dynamics simulations with free energy calculations. The
starting conformation for the simulations is the X-ray structure of the
SRA domain of UHRF1 bound to hemi-methylated DNA. We find that
the excluded volume of a methyl group on the target cytosine to be
methylated (in fully-methylated DNA) induces a conformational
change in the NKR finger domain and displaces this domain away
from the DNA. As a result, weakened protein–DNA interactions are ob-
served at two different locations involving the recognized CpG site. The
first location is directly related to these rearrangements and is associated
with the loss of hydrogen bonds between the NKR finger domain and the
secondG–Cbase-pair of the CpG site. The second location is at the binding
pocket of the SRA domain to which the flipped-out methylcytosine is
bound to. In this case, a hydrogenbondbetweenN3of themethylcytosine
and Hδ (the hydrogen of the protonated carboxy-oxygen) of Asp469 is
lost. These lost protein–DNA hydrogen bonds are replaced by hydrogen
bonds with water molecules that intrude the protein–DNA interface in
the fully-methylated complex due to the NKR domain rearrangements.
Furthermore, a rearrangement of hydrogen bonds within the NKR do-
main is also observed. In total, a net loss of, approximately, one hydrogen
bond is observed in the fully methylated complex and, correspondingly,
fully−methylated

ket of the SRA domain of UHRF1 for hemi-methylated and fully-methylated complexes.
xygen) of Asp489 and N3 of mCyt6 is lost and substituted by a hydrogen bond with an
ceptor instantaneous distances.
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the results from the free energy calculations indicate that the binding
affinity to UHRF1 isweaker by 17.9±6.4 kJ/mol.We conjecture that be-
cause the flipped-out methylcytosine is not entirely bound to the pro-
tein in the fully-methylated complex, it might be that this flipped-out
state is not stable enough. In this case, base flipping will not take
place and the binding of UHRF1 to fully-methylated DNA is not specific
to CpG sites. Themagnitude of such nonspecific binding is likely then to
dependent on the sequence of the bound DNA segment.
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