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Abstract DNA methylation is important in regulation of gene expression and normal
development because it alters the interplay between protein and DNA. Experiments
have shown that a single 5-methylcytosine at different CpG sites (mCpG) might have
different effects on specific recognition, but the atomistic origin and dynamic details
are largely unclear. In this work, we investigated the mechanism of monomethylation
at different CpG sites in the cognate motif and the cooperativity of full methylation.
By constructing four models of c-Jun/Jun protein binding to the 5’-XGAGTCA -3’(X
represents C or methylated C) motif, we characterized the dynamics of the contact
interface using the all-atom molecular dynamics method. Free energy analysis of
MM/GBSA suggests that regardless of whether the C12 pG13 site of the bottom strand
is methylated, the effects from mC25 pG26 of the top strand are dominant and can
moderately enhance the binding by ∼ 31kcal/mol, whereas mC12 pG13 showed a rel-
atively small contribution, in agreement with the experimental data. Remarkably, we
found that this spatial-specific influence was induced by different regulatory rules.
The influence of the mC25 pG26 site is mainly mediated by steric hindrance. The ad-
ditional methyl group leads to the conformational changes in nearby residues and
triggers an obvious structural bending in the protein, which results in the formation
of a new T-ASN-C triad that enhances the specific recognition of TCA half-sites. The
substitution of the methyl group at the C12 pG13 site of the bottom strand breaks the
original H-bonds directly. Such changes in electrostatic interactions also lead to the
remote allosteric effects of protein by multifaceted interactions but have negligible
contributions to binding. Although these two influence modes are different, they can
both fine-tune the local environment, which might produce remote allosteric effects
through protein-protein interactions. Further analysis reveals that the discrepancies
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in these two modes are primarily due to their location. Moreover, when both sites are
methylated, the major determinant of binding specificity depends on the context and
the location of the methylation site, which is the result of crosstalk and cooperativity.

Keywords Protein-DNA interaction · Molecular modelling · DNA methylation ·
Steric effect
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1 Introduction

In mammalian DNA, methylation of the fifth position of cytosine (5-methylcytosine,
5mC) is a highly conserved epigenetic modification of DNA that frequently occurs
at the CpG dinucleotides(mCpG) and can be read by a set of transcription factors
(TFs) known as methyl CpG-binding proteins (MBPs) [44, 62]. Although it repre-
sents a small chemical change, this addition of a methyl group to cytosine can have
a profound impact on regulation of gene expression and normal development by al-
tering the interplay between protein and DNA .[37, 14, 63, 39] It has been found that
in addition to the well-known methyl-CpG-binding domain (MBD) proteins, many
TFs ,including C2H2 zinc finger(ZF) proteins, basic-helix-loop-helix(bHLH),the ba-
sic leucine-zipper(bZIP) homodomain, and tumor suppressor protein (P53) can re-
sponse to different cytosine modification states.[61, 35, 52]

In recent years, with the combination of ever growing computing power and
highly optimized software packages, an array of molecular dynamics (MD) simu-
lation applications have emerged and produced selected new insights on the effects
of 5mC in many aspects[59, 30, 24, 58, 28, 48], especially 3D chromatin dynam-
ics and phase separation[34, 33].These studies bridge the gap between microscopic
mechanisms and macroscopic regulation. However,because of limited temporal and
spatial resolution and the sequence dependency of the structural diversity of DNA ,
too few high-resolution structures of corresponding complexes can be obained. Sys-
tematic studies of 5mC using the all-atom molecular dynamic simulation method are
scarce, and the exact mechanism by which an individual 5mC functions in different
contexts remains largely a mystery.

Evidence exists that each transcription factor might work independently, and thus
the most important features of a cis-regulatory sequence should be the number of
binding sites and how tightly it binds to those sites, which explains the hypomethy-
lation or hypermethylation of DNA methylation observed in cancer[25]. For speci-
ficity and affinity of binding, regulation grammar has received extensive attention. It
was reported that both the MBD and ZnF binding domain proteins recognized spe-
cific bases through classical hydrogen bonds and specific interactions unique to each
protein[41, 19, 46, 3, 36]. In particular, it is considered that the bZIP protein AP-
1/Zta, uses van der Waals contacts with 5mC to recognize the cognate motif [62, 20].
Certain other studies further proposed that although these proteins have structurally
distinct DNA-binding domains, they share a common methyl-Arg-Gua triad mode to
interact with 5mCpG and TpG [45, 22, 61, 35, 52].In particular, the mammalian SRA
domain recognizes methylated DNA by flipping 5mC from a hemi-methylated CpG
out of the double helix and into a hydrophobic binding cage[48, 41, 19, 46]. Sur-
prisingly, certain experiments have shown that selected mCpGs at different positions
of the target motif have different effects on the binding of protein, such as Kaiso,
and the major determinants of its remarkable specificity for methylated DNA are the
interactions with the particular first single site mC8 pG in the 5′C8GC10G motif[45].

Because the methyl group is positioned in the major groove, DNA methylation
does not interfere with Watson-Crick base pairing[38], but it can alter the local DNA
flexibility or conformation[30, 50, 47, 4], change the stability of nucleosomes and
thus affect the local chromatin structure and access of the TFs to genomic DNA.
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Computational studies have presented various results, e.g., cytosine methylation ei-
ther stiffens DNA [51, 43, 10, 40, 57] or has no effect[24] on the structure of DNA,
depending on the context. It has even been proposed that flexibility increases upon
methylation [59, 58]. Other studies were conducted on the preferences of TFs for
methylated over unmethylated CpGs from the perspective of free energy, and the
results demonstrate that the preferences are highly variable, ranging from 2-fold to
nearly 2 orders of magnitude[35, 45]. In addition, many studies have been conducted
on the effect of 5mC on DNA bending, the energy and direction of binding, and the
key interaction between proteins and DNA [56, 53].

In previous work, we explored how a single 5-methylation of cytosine regulates
C/EBP β -DNA interactions and found that even a single 5mC can regulate protein-
DNA recognition via the steric-hindrance effect of the methyl group and change the
local atomic environment via the 5mC-Arg-G triad [2]. However, according to Hong’s
experiment [50], when the homodimer of the c-Jun protein (which is another com-
ponent of the bZIP family) binds to DNA, the variation of the positions of 5mC in
the target motif has a significantly effect on binding affinity. This observation leads
us to propose the following questions: What is the reason for the spatial-specific phe-
nomenon of monomethylation found in the experiment? Does the methylation at dif-
ferent sites use the same mechanism as in our previous findings? Can this mechanism
be generalized across the bZIP TFs?

To answer these questions, we screened against the Protein Data Bank(PDB) and
finally determined the complex of c-Jun homodimer binding to DNA as our tar-
get model system to conduct a further investigation. The c-Jun oncoprotein is one
member of the AP-1 (activator protein 1) family, which is also an eukaryotic bZIP
transcription factor, the simplicity and tractability of which make it an ideal system
for molecular design and quantitative analysis of the minimal protein determinants
for binding specificity and affinity[26, 32, 31]. It is well known that the c-Jun pro-
tein binds DNA in a sequence-specific manner that couples extracellular information
in forms of growth factors, cytokines, hormones and stress[56, 1, 55]. and it can
unleash its transcriptional activity due to its ability to recognize the pseudopalin-
dromic TGACTCA via homodimerization.The consensus sequences TGACTCA and
TGACGTCA are respectively referred to as the TPA (12-O-tetradecanoylphorbol-13-
acetate) response element (TRE) and the cAMP response element (CRE) [60, 18, 49].
Experiments have revealed that the first mCpG step on the top strand of the TRE mo-
tif (i.e., MGACTCA) can enhance the binding affinity of the c-Jun protein, whereas
the corresponding mCpG step on the bottom strand has a negligible effect [61, 1, 20].
Therefore, we extended our study to four models (see next section), involving dif-
ferent methylation sites and used the all-atom MD method to clarify the detailed
dynamics.
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Fig. 1 Structure of the c-Jun/Jun-DNA complex. A) Protein sequences of c-Jun/Jun homodimer. The bZIP
domain is subdivided into an N-terminal basic region(BR), C-terminal leucine zipper (LZ) and a spacer
region (also referred to as the hinge region). The signature leucines are boxed, and the conserved basic
residues within the BR subdomains are highlighted in red. B) Crystal structure of complex (PDB ID:
5t01). The repeated leucines are depicted in gray, and the two methylated sites are shown in magenta. C)
Nucleotide sequence of dsDNA oligo with the core motif underlined. The variations are labeled as X and
Z, indicating C or 5mC.

2 Materials and Methods

2.1 Setup of the Simulation

The initial structure with a resolution of 1.89 Å was obtained from the Protein Data
Bank (PDB ID: 5t01), The structure is a c-Jun homodimer in complex with hemi-
methylated DNA, as shown in Figure 1A and B. For convenience of description, the
strand numbered from 1 to 18 was referred to as the bottom strand, and the strand
numbered from 19 to 37 was referred to as the top strand. The positions 25 and 12
were the two methylated sites, which were manually mutated to 5mC by substituting
the hydrogen atom of the 5-carbon site of cytosine with a methyl group (see Figure
1C) .

According to the methylation status of the two specific sites (labeled in Figure
1C as X or Z) in the cognate DNA motif binding by c-Jun/Jun protein, four models
(namly, C/C, M/C, M/M and C/M) were constructed for comparative study using the
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MD simulation method.The initial conformation of the protein-DNA complex of each
model was solvated in a cubic box, ensuring a solvent shell of at least 10 Å around the
solute. Sodium and chloride ions were added to neutralize the systems and reached
a concentration of 150mM. Ultimately, the four solvated models contained 113657
(C/C), 113699 (M/C), 113702 (M/M) and 113699 (C/M) atoms, respectively.

2.2 Molecular Dynamic Simulation

All molecular dynamics simulations were performed using the AMBER 16 suite of
programs with the ff14SB force field and TIP3P water model[23]. Force field pa-
rameters for 5-methylcytosine were obtained from the work of Lankas et al. [29]
Electrostatic interactions were evaluated using a cutoff of 10.0 Å, and the particle
mesh Ewald (PME) method was used in the long-range electrostatic interaction. Pe-
riodic boundary conditions were applied, and SHAKE constraints were applied to all
covalent bonds involving hydrogens[9, 11, 54]. The integration time step was set to
2 fs in all MD simulations.

At first, each system was initially subjected to energy minimization for 1000
steps (500 steps of steepest descent followed by a further 500 steps of conjugate
gradient) with harmonic restraints on the backbones. Second, the restraints were re-
leased, and the systems were further energy-minimized for 2500 steps (1000 steps
of steepest descent followed by 1500 steps of conjugate gradient). Thereafter, the
systems were heated to 300K during 500 ps with restraints on the backbones us-
ing Langevin dynamics, and the pressure was adjusted to 1 atm by the Berendsen
weak-coupling algorithm [12]. Each system was subsequently equilibrated for 10 ns
in the NVT ensemble without restraints [17, 5, 7]. To avoid a simulation time that
was too short to sample the relevant protein changes, and to improve the reliability
of molecular dynamics simulation [27], three 250 ns trajectories were replicated un-
der the NPT ensemble as production runs [57]. Thus, the total combined simulation
time reached 3 microseconds. For each model, the last three 100 ns parallel trajecto-
ries were collected for statistical averaging and further analysis. The backbone atoms
C, Cα , N and P of complexes were chosen to calculate the root mean square de-
viation(RMSD).The hydrogen bonds and distance were calculated with the Cpptraj
command in AMBER Tools, and the MM/GBSA method was adopted to calculate
the binding free energy, [21, 16, 13] and the entropic components (translational, ro-
tational and vibrational) were estimated by Quasi-harmonic entropy approximation
implemented in the ptraj module of Amber tools citeRNB4. The residue-based free
energy decomposition method was applied to further compute the interactions of pro-
tein and DNA in the interface.The typical snapshots were extracted for more intuitive
interpretation of our data . which can be easily determined by calculating the RMSDs
of a certain duration trajectory, among which, the closest to the average structure was
taken as the representative snapshot.VMD software was used to visualize the struc-
tures and trajectories [30, 7].
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Fig. 2 Time evolution of the RMSD values investigated from the 250ns trajectories of selected replicated
runs. A, B C and D correspond to the C/C, M/C, M/M and M/C models, respectively. The average RMSD
and corresponding error bar of each trajectory were provided in supplementary Table S2- S3 and the
supplementary Figure S4 provided the RMSD plots of DNA using all the heavy atoms.

3 Results and discussion

3.1 Equilibrium of models and binding free energy

The root mean square deviations (RMSD) of the backbone atoms of the twelve 250
ns trajectories were calculated to verify the equilibrium. As shown in Figure 2, the
RMSDs of the four models exhibited similar fluctuation characteristics, which was
also consistent with our previous finding on the C/EBP β -DNA complex [2]. Specif-
ically, the overall structure appeared to have reached equilibrium, except for selected
glitches and periodic transitions. Detailed analysis indicated that these fluctuations
derived from the swing of the leucine zipper as well as the fluctuations of selected
end residues (Figure S1). From Figure S1AB, we find that the subtle variations of
each component accumulated into the hops near 200 ns, whereas no obvious confor-
mation change was found by examining the snapshots of the system. Furthermore,
when the RMSDs of the end residues in the disordered region of the protein were
removed, the curves became smooth (shown in Figure S2) with average values of
RMSD reduced from 2.05±0.48 Å and 2.05±0.42 Å to 1.81±0.45 Å and 1.85±0.4
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Table 1 Binding free energy of four systems under a temperature of 298K. The values of KD come from
the Hong et al. experiment [20] and the corresponding ∆G* are calculated accordingly. More details on
per-residue decomposition and entropy contribution are provided in supplementary Table S4-S7.The units
are kcal/mol.

System ∆H T∆S ∆G KD[20]
∆G*(MM/GBSA) (µM)

C/C -167.24 -141.78 -25.45 0.47±0.08 -8.62
C/M -168.19 -142.46 -25.73 0.40±0.06 -8.72
M/M -173.78 -141.79 -31.99 0.11±0.02 -9.48
M/C -175.96 -144.75 -31.21 0.10±0.01 -9.54

Table 2 Energy decomposition of key residues in the interface for the M/C and C/M models. All data
comes from the average of three repeats. The units are kcal/mol.

Residue van der Waals Electrostatic Polar Solvation Non-Polar Solv. TOTAL
M/C C/M M/C C/M M/C C/M M/C C/M M/C C/M

ASN48 -3.14 -2.53 -3.30 -1.17 5.00 3.25 -0.62 -0.42 -2.06 -0.86
DC12 -1.45 -2.83 -253.32 -272.02 252.83 273.69 -0.45 -0.73 -2.39 -1.89
DG13 -0.86 -0.70 -227.60 -240.82 226.93 241.34 -0.17 -0.20 -1.70 -0.39
SER55 -1.62 -0.95 -7.94 -6.43 7.56 6.90 -0.27 -0.19 -2.27 -0.66
DC25 -4.02 -1.62 -268.09 -258.29 271.09 260.29 -0.79 -0.47 -1.80 -0.09

Å, respectively (see Table S2), which indicated that the phenomenon originated from
the bias of the end effect. However, the free swing of the flexible protein chain at the
zipper region resulted in the periodic wobble of 20 ns shown in Figure S1.C and D
due to the lack of considering the cooperation and interactions of the c-Jun homod-
imer with other proteins.These results revealed the general conformational pattern of
bZIP protein-DNA complex. Subsequently, in this work, we focused primarily on the
contact interface between the core motif of DNA and the BR region of the protein.

To gain insight into the impact of monomethylation at different locations on the
binding of protein, every 10000 snapshots from each of the last three parallel 100 ns
trajectories were extracted and calculated using the MM/GBSA method. The binding
free energy of the four models were obtained by statistical averaging. Table 1 shows
that the binding affinities of the M/M and M/C models were similar, with values near
-31 kcal/mol, whereas the C/C and C/M models had an approximate binding free en-
ergy of -25 kcal/mol. The former indicates that regardless of whether the C12 pG13

site of the lower chain is methylated, methylation of C25 pG26 of the upper chain
moderately enhances binding. The latter suggests that methylation at C12 pG13 site
has nearly no effect on binding affinity. According to Hong’s experiment[20], when
compared with the M/C and M/M models, the C/M and C/C models showed compa-
rable but 4- to 5- fold higher dissociation constants,which meant a ∼3- fold loss of
affinity. However, because the KD values were only 0.4±0.06 µM and 0.1± 0.01
µM, respectively, the binding free energies calculated based on these values were
notably small, and the difference was within 1 kcal/mol. In this work, the difference
quantified by MM/GBSA was 6 kcal/mol, which was within the reasonable error
range. Our results confirm the different contributions of monomethylation at differ-
ent sites to the binding affinity, and are in agreement with the experimental data.
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Analysis of Table 1 demonstrates that the free energy contributions of the two
mCpG sites have no additivity because free energy calculation is complicated by
the competition of enthalpy and entropy, which usually move in opposite directions
and compensate for changes to maintain a fairly stable overall free energy of bind-
ing. The effects of methylation on protein-DNA interactions cannot be understood
merely in terms of their binding affinities[55]. Therefore, a more detailed investi-
gation was performed by decomposing the apparent binding affinities of the four
models into their corresponding enthalpy (∆H) and entropy (T ∆S) components. The
data in Table 1 indicate that the interactions are under strong enthalpic control and
are accompanied by entropic penalty and by Quasi-harmonic entropy approximation,
it suggests that the entropy contributions are mainly derived from vibration and show
small difference across the four models ( seplementary Table S6 ). The favorable en-
thalpy change is most likely due to the formation of hydrogen bonds, hydrophobic
contacts and electrostatic interactions between the BR region of the c-Jun/Jun ho-
modimer and its target DNA duplex. This observation is consistent with our previous
research[2]. Moreover, we noticed some different variations of the key residues in the
interface:Asn48,SER55,DC12,DG13, and DC25 by the analysis of per-residue con-
tributions (Table 2, seplementary Table S4 -S6).Obviously, compared with the C/M
system, these residues contribute more to the binding in the M/C system. Wherein,
the contribution difference of DC25, ASN48, SER55 and DG13 even exceeds 1.2
kcal/mol. In addition, it is worth noting that the contribution of DC25 increased from
-0.09 to -1.8 kcal/mol after methylation, while in the C/M system, the methylation
of DC12 reduced the contribution by 0.5kcal/mol, which implies that the mono-
methylation at different sites seems to have opposite effects. These results are con-
sistent with the hydrogen bond analysis which we will discuss in the subsequent
sections.To further determine the influence mechanism of different mCpG sites, the
production trajectories and the typical snapshots of each model were analyzed. Inter-
estingly, the data show that the two mCpG sites adopt different interaction modes to
exert their effects. The detailed conformational changes are discussed in the follow-
ing sections.

3.2 Steric effect of methyl group drives conformational change in M/C model

The structures of the C/C and M/C models were compared to investigate the impact
of mC25G on the local atomic environment. As presented in Figure 3A, the additional
methyl group led to conformational changes of the surrounding residues. The side
chain of serine S55 was orientated and obviously deflected away from DC25, thus
resulting in an elongated distance between the hydroxyl of S55 and the backbone of
DC25, which also indicated weakened interactions between DC25 and S55. Interest-
ingly, the distances of backbone between the P atom of DNA and the Cα atom of
the protein decreased slightly within 0.25 Å (Figure 3C). This observation suggests
that as the backbone of protein approaches, the side chains in the local region adopt
significant adjustments. At the same time, it is surprising that there appears to be a
bending in the BR region of monomer 2(Figure 3B). To verify this hypothesis, we
calculated the distance variations in this region displayed in Figure 3D.As expected,
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Fig. 3 Local conformational changes and remote bending in protein by mC25 pG . A) Superposition of
C/C(blue) and M/C(red) showing local adjustment of the protein side chain.The distance between the
hydroxyl and P atom of DC25 is indicated by a red dashed line, and the methyl group is depicted by a red
ball-stick model. B) Bending in the BR region of monomer2. C) Distance variations related to the local
adjustment shown in A). The data come from the differences in distance between the P atom of DC25
and the Cα atom of adjacent residues A51 to S55 compared with the C/C system. D) Distance variations
related to the bending region of Monomer 2 shown in B. All data stems from the last three parallel 100 ns
trajectories of system C/C and M/C.

it can be observed that the curves increased in both ends but decreased in the middle,
suggesting that the two ends of the BR region withdrew while the middle approached
the DNA backbone. Obviously, this distribution displayed a consistent bending trend
and the variations ranged from -0.4 Å to 0.6 Å, which confirmed the conjecture on
bending.

Furthermore, we determined the degree of bifurcation in the spacer region, which
is generally considered to affect DNA binding ability due to its crucial role in bridg-
ing the two monomers and interacting with DNA. We calculated the average distance
between two DNA binding segments, namely, the fifteen amino acids(residues 45-
59/107-121) passing through the major groove of the cognate DNA in each basic re-
gion [6]. The results showed that the distance decreased by 0.1 Å upon mC25 pG26 on
the top strand (Table S1). Although subtle, this decrease can contribute significantly
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to binding specificity, and in this case, it resulted in large distal changes, especially
the structural bend of the protein. This result also evidenced the proximity of the BR
region and the enhanced interactions between protein and DNA.

The question arises as to what drove these small local changes and thus result in
the long-range allosteric effect in monomer 2? To explore this internal drive force,
the hydrogen bonds (H-bonds) in the protein-DNA interface were calculated and are
shown in Figure 4. For each system, 1000 snapshots were extracted from the last
three replicated 100 ns trajectories to statistically obtain the changes of the H-bonds.
The geometric criteria were applied with an angle cutoff of ≥ 135◦ and a distance
cutoff of ≤ 3.0 Å. For clarity, only the H-bonds were present greater than 40% were
considered. It is generally accepted that specific recognition is primarily supplied by
the interactions between bases and basic amino acids, whereas hydrogen bonds be-
tween the protein and DNA backbone atoms stabilize the protein-DNA interface, with
the major contribution from the basic long chain residues including arginine and ly-
sine. By comparing the H-bonds in Figure 4A and Figure 4B, we find that mC25 pG26

triggered a series of adjustments. First, the backbone H-bond between the methyla-
tion DC25 and serine 55 disappeared, which implied that the single methylation at
C25 pG26 impaired the backbone interaction between DNA and protein. Moreover, it
is significant that the specific recognition of H-bonds between R118 and DG28 disap-
peared but formed a new DC30-N110-DT7 triad mode in the M/C system. In contrast,
the bidentate H-bond between asparagine(N48) and cytosine(C12) and guanine(G13)
remained stable, indicating that the specific recognition of the TCG half-site remained
uninfluenced upon mC25 pG26.

We turned to extraction of the typical snapshots and clarification of the changes
in the local atomic environment. As displayed in Figure 5A, the side chain of S55
moved away from DC25 while the distance between the hydroxyl and P atom of
DC25 increased from 1.92 Å to approximately 3 Å, which was in accordance with
the previous analysis on the breaking of this backbone H-bond. However, the biden-
tate hydrogen bonds between N48 and DC12 and DG13 were not influenced, and
the related distances marked by red dashed line remained at ∼1.75 Å and ∼2.0 Å,
respectively. We found that these interactions can remain unchanged because of the
presence of residues A51 and A52. Although these two highly conserved residues did
not supply the specific H-bond interactions with bases, they can tolerate the insertion
of a methyl group for structural compatibility with the neighborhood. Therefore, the
backbone of monomer 1 remained essentially uninfluenced, but the situation was
far different in monomer 2, as mentioned above. With the bending in the BR region,
R118 deviated from the major groove and destroyed the original hydrogen bond (Fig-
ure 5B), and simultaneously, N110 inserted deeper and formed the new triad mode
with DC30 and DT7. The residues nearby, including R116 and R120, formed new ad-
ditional interactions with the negatively charged DNA backbone. Consequently, the
specific recognition was further enhanced, and the variations of the hydrogen bonds
and the allosteric effect can be well explained.

From the above observations, the steric hindrance of the methyl group at mC25 pG26

resulted in a series of changes and adjustments of the local interactions, and therefore,
the specific recognition of TCA half-site was enhanced. Furthermore, considering the
crucial location of DC25 in the interface, which is right at the top edge of the ma-
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Fig. 4 Comparison of H-bonds in the protein-DNA interface. A-D) H-bonds in the protein-DNA interface
of the C/C , M/C ,C/M and M/M systems, respectively. The blue triangles represent backbone H-bonds,
and the orange solid circles represent the H-bonds with bases.

Fig. 5 Superposition of the local atomic environment of C/C (blue) and M/C (red). A) H-bonds change
near the mC25 pG site between DNA and monomer 1, with the methyl group depicted in the ball-stick
model. B) H-bonds change between DNA and monomer 2. The dashed lines indicate the key H-bonds.

jor groove close to the hinge region, it resulted in the long-range allosteric effect of
protein through the multifaceted interactions, akin to the ripple effect.
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Fig. 6 Conformational changes in the local atomic environment and in the remote BR region of monomer
2 induced by mC12 pG. A) Superposition of C/C (blue) and C/M (yellow) showing local adjustment of the
protein side chain. The H-bonds between N48 and bases DC12 and DG 13 in the C/C model are indicated
by red dashed lines, and the methyl group is depicted in the yellow ball-stick model. B) Displacement in
the BR region (marked by R109 to E129) of monomer 2, and the magenta sphere represents the methyl
group of DC12. C)Distance variations related to the local adjustment shown in A). The figure shows the
distance variations of the backbone atoms between DC25 and the surrounding residues N51-S55, taking
C/C as reference. D) Distance variations between backbone atoms of DC25-DG28 and residues R105-
E129, which correspond to the BR region of monomer 2 shown in B). All data stem from the last three
parallel 100 ns trajectories of systems C/C and C/M.

3.3 Hydrogen bond interactions drive conformational change in C/M model

When methylation occurred at the C12 pG13 step on the bottom strand, a similar ad-
justment in the local environment and remote structural change of the protein can be
found compared with the C/C system. However, surprisingly, the influence is mainly
mediated not by the steric hindrance of the methyl group but by the change in the
hydrogen bond interactions.

As shown in Figure 6A, residue N48 significantly adjusted its orientation and
withdrew from DC12 and DG13. Combined with the previous data shown in Figure
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4C, we can confirm that these bidentate hydrogen bonds were directly disrupted due
to the substitution of the methyl group at DC12, and because there was no restraint
of interactions between N48 and DC12-DG13, the backbone H-bond between DC25
and S55 disappeared accordingly. Additionally, it can be noted that the backbone
of monomer 1 in this region displayed an overall displacement, which increased by
1.3 -1.9 Å upon methylation(Figure 6C). Following this displacement, the degree
of bifurcation in the spacer region also increased. Even if the average distance of
bifurcation increased by less than 0.1Å (Table S1), it led to a shift of the backbone in
monomer 2 via protein-protein interactions and showed a subtle bending in the BR
region (Figure 6D), implying a series of regulation of interactions with DNA.

According to the H-bonds data depicted in Figure 4C, the interactions around the
methylated DC12 are significantly reduced while the distal BR region in monomer
2 is enhanced, taking the C/C model as the reference. Specifically, the two original
hydrogen bonds with N48 that supplied the specific recognition of the TCG half-site
disappeared, together with the formation of a new DC30-N110-DT7 triad mode at
the other TCA half-site. Among residues R120 and K116 and bases DT7 and DA6,
several new backbone H-bonds emerged. In this case, although the mC12 pG13 altered
the local electrostatic interactions, producing a series of subsequent adjustment, the
weakening of local interactions was compensated to a certain extent by the enhance-
ment of distal interactions. From the perspective of free energy analysis (see Table
1), this regulation of interactions by mC12 pG13 was negligible, and did not contribute
to specific recognition, and compared with the M/C model, it caused nearly a 3-fold
loss of binding affinity.

As discussed above, our findings suggest that the major determinants of this re-
markable specificity for methylated DNA are spatially specific, and although mC12 pG13

and mC25 pG26 are both monomethylations, their positions in the interface are differ-
ent, and their influence mechanisms are also quite different.

4 Cooperativity of steric effect and hydrogen bond interactions in the M/M
model

Based on the above results, we dissected the regulation mechanism of the two monomethy-
lation sites at different positions. The results suggest that the protein is more sensitive
to mC25 pG26 due to its specific location close to the spacer region. The additional
bulk methyl group can lead to adjustment of the protein side chain with constraint
by the H-bond between N48 and DC12 at the bottom of the groove. However, when
DC12 is monomethylated, this restraint is broken. What if DC25 and DC12 are both
methylated?

To investigate the cooperativity of full methylation, i.e., DC25 and DC12 are
both methylated, we extracted the typical snapshots and constructed the superposition
shown in Figure 7. The corresponding distances shown in Figure 8 were calculated
using the same method as in the previous analysis. Figure 7A shows the situation in
which DC12 is monomethylated. The H-bond interactions between ASN48 and bases
DC12 and DG13 were disrupted, thus impairing the specific recognition of the TCG
half-site. The H-bond between S55 and DC25 disappeared, but when the symmetrical
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Fig. 7 Superposition of local atomic environment. A) Alignment of C/C (blue) and C/M (yellow) . B)
Alignment of C/M (yellow) and M/M (cyan). The additional methyl groups are displayed by the ball-stick
model.

site (DC25) on the top strand was simultaneously methylated(Figure 7B ), it reformed
again and stabilized the backbone. We attribute this result to the steric hindrance of
the bulk methyl group at DC25, which blocks the shift of S55. We can also conclude
that the binding in the M/M model is dominant and is stronger than in the C/M model.

Taking the C/C model as the reference, we consider how the cooperativity can in-
fluence the variations of the backbone distance between the BR region of the protein
and DNA. As depicted in Figure 8A, which is related to monomer1, it can be ob-
served that the fluctuation trends of the M/M and M/C systems were similar, whereas
that of C/M was relatively large (Figure S3). Specifically, when monomethylation
occurred at DC12, the fluctuation of the backbone can reach ∼2 Å, and when DC25
is monomethylated, its change is negligible. When both C12 pG13 and C25 pG26 were
both methylated, we find that the large fluctuation by mC12 pG13 was partially off-
set. If we look at Figure 8B, which displays the displacement of the backbone in the
distal BR region of monomer 2, a similar phenomenon can be found. These analy-
ses demonstrate the cooperation of the two interaction modes and indicate that the
methylation at mC25 pG26 on the top strand is dominant, which can compensate for
the unfavorable effect by mC12 pG13 and account for the exceptional binding speci-
ficity.

To summarize, although the two methylation sites adopt different influence mech-
anisms to play the roles, their contributions are neither independent nor linearly ad-
ditive.The two sites undergo crosstalk and cooperation, but which plays the main
role depends on its location and the context. In this paper, the effect of mC25 pG26

is dominant and can promote specific binding. Because mC25 is closer to the spacer
region, it more easily affects the protein-DNA interactions and can even drive long-
range allosteric effects. This effect is achieved mainly through steric hinderance of
the methyl group. In contrast, although mC12 pG13 breaks the H-bond directly, its
effects are mostly limited to the local region, and the protein is less sensitive to its
regulation because it locates at the bottom of the groove.
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Fig. 8 Comparison of distance changes of the backbone between protein and DNA in the contact interface.
A) Distance variations between the P atom of DC25 and the Cα atom of adjacent residues A51 to S55
in monomer1. B) Distance variations between the P atom of DC25 and the Cα atom of residues R105 to
E129 in monomer 2. All of these values were calculated by taking the C/C system as the reference.

4.1 Conclusion

In this work, we explored the molecular mechanism of CpG methylation at different
sites in the cognate DNA motif. The result suggests two different influence modes,
namely, steric hindrance effect and electrostatic interactions. The effects of methy-
lation are spatially specific. Although methylation does not affect the overall DNA
structure, it can fine-tune the local environment, which might trigger remote allosteric
effects through protein-protein interactions, depending on the sequence context and
the location of the methylation site. When multiple sites are simultaneously methy-
lated, the effect is nonlinear and cooperative. In this case, the dominant influences
stem from mC25 pG26, which is consistent with the experimental data. For specific
recognition, we did not find the common methyl-Arg-Gua triad mode but the T-
ASN-C triad mode ,which supplied specific recognition of the TCA half-site, and the
recognition of the other TCG half-site was supplied by the bidentate hydrogen bond
between N48 and DC12 and G13. From this point, the methylation at this site obvi-
ously disrupts the specific binding. Finally, because our object system is composed of
two monomers and two DNA strands, protein-DNA interactions and protein-protein
interactions occur as well, which adds an additional layer of complexity in determin-
ing the TF-DNA interaction dynamics.For example,as we know, the choice of force
fields for complex biomolecular systems, especially for protein-DNA system, is not
a trivial matter. Notably,due to the good performance of ”combined” ff14SB in our
previous research, and the length of DNA strand in this work is limited,we did not
introduce the updated force field OL15 or bsc1for DNA[15, 8, 42] .The question
whether or to what extent this choice of force field may lead to certain bias for differ-
ent systems are beyond the scope of this article, and we will explore them in detail in
subsequent work.
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Fig. S1 General pattern of the RMSD change of the bZIP protein-DNA complex. A) One curve of the
RMSDs of the three 250ns trajectories of the C/C model. The jump at 200 ns in the rectangular area is
decomposed as described in the right panel. B)One of the RMSDs of one of the three 250ns trajectories of
the M/C model. The periodic wobbles of 20 ns originate from the swing of the LZ region described in the
right panel.

63. Zhu H, Wang GH, Qian J (2016) Transcription factors as readers and ef-
fectors of dna methylation. Nature Reviews Genetics 17(9):551–565, DOI
10.1038/nrg.2016.83, URL ¡Go to ISI¿://WOS:000381510700012

5 Supplementary Material



24 Li-Hua Bie et al.

Fig. S2 Time evolution of the RMSD values investigated from the 250ns trajectories of the other two
replicated runs of each model, among which AB, CD, EF AND GH correspond to the C/C, M/C, M/M
and M/C models, respectively.
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Fig. S3 Distance values and standard deviations (vertical bars) between the backbone P atom of DC25
and the Cα atom of residues 109 to 129 in comparing the C/C system with the C/M system.

Table S1 Distance variations of bifurcation in the spacer region compared with the C/C model.

Dsiance Sapcer region BR region
∆M/C -0.08 -0.09
∆M/M 0.00 0.28
∆C/M 0.07 -0.01

Table S2 Comparison of average RMSD values of four models.

System P1 Std. P2 Std. P3 Std.
C/C 2.054 0.479 2.027 0.397 2.057 0.417
C/M 2.522 0.651 2.741 0.495 2.987 0.562
M/M 2.562 0.604 2.654 0.644 2.663 0.505
M/C 2.513 0.579 2.590 0.544 2.542 0.635

Table S3 Comparison of average RMSD values of four models with two terminal residues removed.The
three trajectories of each system are represented by p1, p2, and p3, respectively.

System P1 Std. P2 Std. P3 Std.
C/C 1.808 0.440 2.027 0.397 1.852 0.405
C/M 1.941 0.566 2.538 0.457 2.643 0.502
M/M 2.244 0.609 2.339 0.600 1.930 0.374
M/C 1.925 0.356 2.313 0.502 1.992 0.415



26 Li-Hua Bie et al.

Fig. S4 Time evolution of the RMSD values for DNA backbone in the four models investigated from the
250ns trajectories.

Table S4 Per-residue decomposition of protein in the interface for the four models.All data comes from
the average of three repeats. The units are kcal/mol.

Monomer1 C/C M/C M/M C/M Monomer2 C/C M/C M/M C/M
ARG45 -7.28 -9.18 -6.15 -9.70 ARG107 -9.11 -9.04 -9.43 -8.23
MET46 -0.07 -0.08 -0.13 0.03 MET108 -0.03 0.06 0.03 0.04
ARG47 -10.25 -7.77 -10.54 -8.03 ARG109 -7.28 -4.86 -6.43 -6.82
ASN48 -2.37 -2.06 -0.75 -0.86 ASN110 -1.55 -2.54 -1.96 -2.47
ARG49 -11.58 -11.31 -9.89 -12.70 ARG111 -11.75 -11.97 -12.16 -11.67
ILE50 -0.47 -0.40 -0.49 -0.43 ILE112 -0.41 -0.24 -0.39 -0.29
ALA51 -1.29 -1.30 -1.67 -0.96 ALA113 -1.57 -1.03 -1.53 -1.24
ALA52 -1.79 -1.89 -1.87 -1.51 ALA114 -1.58 -1.83 -1.81 -1.78
SER53 -0.21 -0.23 -0.19 -0.18 SER115 -0.34 -0.23 -0.28 -0.26
LYS54 -2.84 -2.71 -2.55 -3.16 LYS116 -2.75 -3.52 -2.90 -3.29
SER55 -2.35 -2.27 -3.13 -0.66 SER117 -2.89 -4.03 -3.93 -4.04
ARG56 -7.82 -7.69 -7.78 -7.79 ARG118 -3.84 -6.13 -6.38 -4.99
LYS57 -0.74 -0.57 -0.63 -0.56 LYS119 -0.76 -0.60 -0.81 -0.93
ARG58 -9.22 -9.35 -8.16 -8.91 ARG120 -8.03 -10.27 -9.83 -9.67
LYS59 -2.42 -3.25 -3.46 -2.31 LYS121 -3.18 -3.19 -3.44 -3.31



Title Suppressed Due to Excessive Length 27

Table S5 Per-residue decomposition of DNA in the interface for the four models.All data comes from the
average of three repeats. The units are kcal/mol.

Top C/C M/C M/M C/M Bottom C/C M/C M/M C/M
DA20 -1.38 -0.46 -1.32 -0.43 DG13 -1.96 -1.70 -0.85 -0.39
DT21 -1.89 -1.05 -4.01 -2.22 DC12 -1.66 -2.39 -0.26 -1.89
DG22 -2.41 -1.80 -1.58 -1.54 DT11 -3.46 -4.49 -1.77 -3.67
DG23 -0.48 -0.78 -0.20 -1.57 DC10 0.57 0.26 -0.50 0.48
DA24 -2.81 -2.76 -1.41 -1.02 DA9 -1.46 -0.82 -1.62 -1.41
DC25 -1.26 -1.80 -2.26 -0.09 DG8 0.14 -2.05 -0.28 -0.34
DG26 0.43 0.24 0.18 0.87 DT7 -3.22 -5.52 -5.58 -5.37
DA27 0.60 -0.58 -0.57 -0.17 DA6 -0.55 -4.27 -2.65 -3.59
DG28 -4.40 -1.88 -2.20 -2.69 DT5 -1.71 -0.94 -1.31 -1.29
DT29 -3.67 -4.17 -4.31 -4.31 DC4 0.04 -0.74 -0.26 -1.18
DC30 -0.99 -1.83 -1.70 -1.65 DC3 -1.18 0.63 -2.01 -1.02
DA31 0.28 0.31 0.11 0.32 DT2 -0.96 -1.63 -1.61 -1.02

Table S6 The components of entropy contributions.Entropy results are obtained by Quasi-harmonic ap-
proximation calculated with pthaj.All data comes from the average of three repeats. The units are kcal/mol
and temperature is 298.15 K.

Translational Rotational vibrational Total

C/C

Complex 16.77 17.88 3488.1 3522.76
Protein 16.26 17.21 2521.4 2554.88
DNA 16.03 16.34 1077.29 1109.66
∆S -15.52 -15.67 -110.59 -141.78

M/C

Complex 16.77 17.89 3475.2 3509.87
Protein 16.26 17.2 2512.3 2545.77
DNA 16.03 16.34 1076.47 1108.85
∆S -15.52 -15.66 -113.57 -144.75

M/M

Complex 16.77 17.89 3481.22 3515.88
Protein 16.26 17.21 2523.16 2556.64
DNA 16.03 16.34 1068.66 1101.04
∆S -15.53 -15.66 -110.6 -141.79

C/M

Complex 16.77 17.88 3489.65 3524.3
Protein 16.26 17.2 2527.6 2561.06
DNA 16.03 16.34 1073.32 1105.7
∆S -15.52 -15.66 -111.28 -142.46


