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Abstract: Histone modifications are implicated in epigenetic inheritance and are of central importance in
regulating chromatin structure and gene expression. A prototype example is the trimethylation (Me3) of
lysine 9 on histone 3 (H3), which is a readout by an aromatic cage of the chromodomain of heterochromatin-
associated protein 1 (HP1) thereby leading to transcriptional repression and heterochromatin formation.
Considering that the lysine methylation does not change the charge state of the histone tail and such
aromatic-cage mediated recognition of the quaternary ammonium moiety is emerging as the most striking
mechanistic commonality for the state-specific recognition of histone lysine methylation, it is of particular
interest and importance to understand the physical origin regarding how the aromatic cage distinguishes
between the H3K9Me3 mark and its unmethylated counterpart. Here we have simulated relative binding
free energies among HP1 chromodomain—H3 tail complexes differing at position 9 of the H3 tail. Our
simulated results further confirm the essential role of cation—z interactions for the binding of a methylated
H3 tail by an HP1 chromodomain but indicate that the effect from an electrostatic origin is not dominant in
distinguishing between the H3K9Me3 mark and its unmethylated counterpart. Meanwhile, our calculated
free energy difference between H3-tert-butyl norleucine 9 and H3-methylnorleucine 9 in their binding to
the HP1 clearly reveals the importance of the charge independent interactions for the state-specific readout

of histone lysine trimethylation marks.

1. Introduction

In the nuclei of eukaryotic cells, DNA is tightly wrapped
around histone proteins and is compacted into a dense
structure known as chromatin. Histone tails, which protrude
out of the surface of the chromatin assemblies, are subject
to a variety of reversible covalent modifications, including
acetylation, methylation, ubiquitination, and phosphorylation.'-?
These histone modifications can play critical roles in regulat-
ing chromatin structure and the access of the genomic DNA
thereby leading to various important cellular functions, such
as DNA replication, transcription, repair, etc." ™ One pro-
totype example is the histone 3 (H3) trimethylation at lysine
9, which is directly linked to the recognition of the H3 tail
by the chromodomain of heterochromatin-associated protein
1 (HP1) and thereby leading to transcriptional repression and
heterochromatin formation.*”® On the other hand, H3 with
unmethylated lysine has almost no detectable binding to HP1
and would result in an opposite biological function. H3K9
trimethylation has been implicated as an epigenetic mark,
and the mechanism for its transmission onto the chromatin
of the replicating DNA has been proposed. Meanwhile, the
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cross-talk between H3K9Me3 and other histone modifica-
tions, including the phosphorylation of H3 serine 10,” has
been established, which leads to more complicated regulation
in cellular function.”®

Since the lysine methylation does not change the charge
state of the histone tail, a critical question is how H3K9
trimethylation would promote its recognition by HP1. The
key structural feature for HP1 binding of the methylated
lysine-9 was found to be an aromatic cage formed by three
aromatic residues”'® (see Figure 1). Subsequently, such
aromatic-cage mediated methyl-lysine recognition has been
found to be the most striking mechanistic commonality for
the state-specific readout of histone lysine trimethylation
marks,'" including the recognition of H3K4Me3 by the plant
homeodomain (PhD) finger'? and the readout of H3K27Me3
by Polycomb."?
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Figure 1. Illustration of the binding of HP1 chromodomain (blue) with
histone H3 tail (green). Residues in red form the binding pocket for
trimethylated K9.

As it has been demonstrated in numerous cases for other
biological systems,'*”'7 the cation—s interaction originated
from the 77 electrons of the aromatic residues and the positively
charged methylammonium moiety is expected to play an
important role in stabilizing the complex. Indeed a recent
experimental study'® showed that when the trimethyllysine
(KMe3) is replaced by its neutral analogue, fert-butyl norleucine
(tBuNle), the binding affinity between the histone 3A peptide
and the choromodomain is reduced by 31-fold. So it has
generally been assumed that the cation—u interaction is mainly
responsible for the readout of the trimethylysine mark, while
the charge independent interactions, including van der Waals
and hydrophobic effects, play a less important role. However,
the lysine methylation does not change the charge state, and it
has been known that the ammonium cation interacts more
strongly with aromatic systems than the tetramethylammonium
cation does.'” To address this apparent dilemma, we have
applied computer simulations to elucidate the physical origin
regarding how the aromatic cage distinguishes between the
H3K9Me3 mark and its unmethylated counterpart in the binding
of the H3 tail to the HP1 chromodomain. Since molecular
recognition and ligand binding are of central importance to
biology and medical chemistry, computational approaches to
studying the absolute/relative binding free energies have made
significant progress in recent years and the results are in good
agreement with experiments.>°>* Here we have employed long
time molecular dynamics simulations and calculated the relative
binding free energies by alchemically transforming residue 9
of the H3 tail from one to another (see Figure 2).
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Figure 2. Chemical structures of the side chains for KMe3, LYS, tBuNle,
and MeNle.

2. Computational Methods

2.1. MD Simulations and Free Energy Calculations. The
starting models of the complex (HP1 chromodomain—histone H3
tail) were based on the crystal structure (PDB code 1KNE®), and
the histone tails were modeled with a short peptide corresponding
to residues 5 to 10 of histone H3, which participate directly in the
binding to the chromodomain. Molecular dynamics simulations and
thermodynamic integration were performed using GROMACS 3.3*
and amber99 force field with a reparameterization of the backbone
torsion terms (ff99SB).%¢-27

For the nonstandard residues (KMe3, tBuNle, and MeNle), the
atomic charges were determined with HF/6-31G* calculations and
the restrained electrostatic potential (RESP) module in AMBER
9.2 The relative binding free energies were calculated by “al-
chemically” transforming KMe3 to tBuNle, tBuNle to MeNle, and
LYS to MeNle for H3 tails complexed with the HP1 chromodomain
and in solution. When transforming tBuNle to MeNle, the process
was decomposed in two steps with atomic charge transformation
at the first step. At the second step, which involves the disappear-
ance of the methyl groups, the method of soft-core potential was
applied to ensure the stability of thermodynamic integration.?’
Except for the box equilibration at the beginning, all the simulations
were performed with Langevin dynamicis at the NVT ensemble.
The temperature was maintained at 300 K, and the MD integration
time step is 2 fs. The bonds involving hydrogen atoms were
constrained with the LINCS algorithm.?® The thermal dynamics
integration was performed with 11 or 16 points (if using soft-core
potential). The simulation time at each point was 5 ns (the results
from last 4 ns were used for data collection) in solution and 70 ns
(the results from last 65 ns were used for data collection) in
complex. To check the convergence of our simulations, two
independent runs were performed for the transformations in
complex. The relative binding free energies were obtained by taking
the difference of the values calculated from the simulations in
complex and in solution (see Scheme S1 for illustration). The
detailed results from the simulations are shown in Table S1. We
also performed 70 ns MD simulations of HP1 complexed with
KMe3, tBuNle, MeMle, and LYS H3 tails. The time dependent
root-mean-square deviations (RMSDs) from the crystal structure
are shown in Figure S1.
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Table 1. Relative Binding Free Energies (in kcal/mol) between H3
Tails and HP1 Chromodomain?

system run 1 run 2 average
KMe3 — tBuNle 32 3.0 3.1£0.1
tBuNle — MeNle 2.1 1.7 1.9+0.2
LYS — MeNle 2.3 1.9 21+£02

“These values were calculated with the thermodynamic integration
method by “alchemically” transforming the residue at position 9 of H3
tail from one to another, specifically, from KMe3 to tBuNle, tBuNle to
MeNle, and MeNle to LYS. The transformations were performed for
HP1 chromodomain—H3 tail complexes and H3 tails in solution, and the
relative binding free energies were obtained by taking the difference of
the results from simulations in complex and in solution.

29
KMe3 —_—  LYS

3.10.1 -2.1£0.2

tBuNle @~——» MeNle
1.940.2

Figure 3. Thermodynamic cycle of relative binding free energies in kcal/
mol. The relative binding free energy (shown in red) from H3-KMe3 to
H3-LYS is obtained via the route KMe3 — tBuNle — MeNle — LYS. The
statistical errors were estimated by taking the differences of the results from
two independent simulations.

2.2. Binding Energy Calculations for Model Systems. To
validate the force field parameters for the nonstandard residues,
we calculated the binding energies between nonstandard residues
(side chains only) and three hydrophobic residues (Y24, W45, and
Y48) present at the binding site for lysine-9 of the H3 tail. The
initial geometries were taken from the crystal structure and
optimized at the B3LYP/6-31G* level with side chain heavy atoms
fixed. The binding energies were then calculated with molecular
mechanics force field parameters and the MP2/6-31G* level with
basis set superposition error (BSSE) corrections. As shown in Table
S2, the results from ab initio calculations and force field calculations
are in quantitative agreement.

3. Results and Discussions

The key results of our current work, as listed in Table 1, are
the relative binding free energies among HP1 chromodomain—
H3 tail complexes differing at position 9 of the H3 tail. It should
be noted that a more negative binding free energy value indicates
stronger binding. We can see that when KMe3 is transformed
to its neutral analogue, tBuNle, the binding free energy is
weakened by 3.1 kcal/mol, which is consistent with the
experimental observation that cation—us interaction is essential
for the binding of the methylated H3 tail by the HP1 chromo-
domain.'® We also found that after removing the methyl groups
of tBuNle and mutating it to methylnorleucine (MeNle), the
binding free energy is weakened by 1.9 kcal/mol, and changing
LYS to its neutral analogue, MeNle, will destabilize the HP1
chromodomain—H3 tail complex by 2.1 kcal/mol. We note that
the binding affinity between the MeNle H3 tail and HP1
chromodomain probably cannot be acquired via experiment
because it is too weak to measure. We had attempted to directly
calculate the relative binding free energy for the transformation
from KMe3 to LYS but were unable to obtain a converged value
within an affordable simulation time (on the scale of 1000 ns
in total). Therefore, as shown in Figure 3, the relative binding
free energy between H3K9Me3 and H3K9 in their bindings to
HP1 is calculated via the completeness of the thermodynamic
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cycle. The resulted value 2.9 kcal/mol is in agreement with the
experimental one (>2.7 kcal/mol).'® Thus, our simulations have
confirmed the experimental result that the trimethylation of
H3K9 promotes the binding of the H3 tail to the HPI1
chromodomain.

In comparison with the available experimental data, one novel
aspect of our current study is the determination of the free energy
difference with reference to the H3MeNle9 tail, which allows
us to provide further physical insights into the role of lysine
methylation on the recognition of the quaternary ammonium
moiety by the aromatic cage. The lysine methylation influences
the binding in two aspects: one can be attributed to the effect
from an electrostatic origin, including cation—u interactions and
hydrogen bondings with water molecules; the other can be
attributed to a charge independent effect including the hydro-
phobicity and van der Waals interactions. From our calculated
results shown in Figure 3, these two aspects responsible for the
state-specific readout of the trimethylation mark can be separated
out. The relative binding free energy 1.9 kcal/mol between
tBuNle and MeNle reveals the strength of the charge indepen-
dent effect given by the methyl groups, while the difference of
the values between KMe3—tNuNle and LYS—MeNle trans-
formations, which is only ~1 kcal/mol, indicates the effect of
lysine methylation on binding coming from the electrostatic
origin. Therefore, our work suggests that the charge independent
interactions are important for the aromatic cage to distinguish
between the H3K9Me3 mark and its unmethylated counterpart
in the binding of H3 tail to the HP1 chromodomain. Meanwhile,
the effect from an electrostatic origin should not be ignored
but is not dominant in the readout of the trimethylation mark
by HP1. Our results are consistent with previous experimental
results that both charge-independent and electrostatic interactions
are important in recognizing the quaternary ammonium moiety
by the aromatic residues in the active site of acetylcholinest-
erase.'”

To further elucidate the structural effect of lysine methylation
on its binding to the aromatic cage, we have also analyzed the
trajectories of MD simulations of all four complex systems and
calculated the populations of the distances between residue 9
of the H3 tail and the aromatic residues forming the binding
cage. As shown in Figure 4, unlike KMe3 which resides well
inside the binding cage and interacts with all three aromatic
residues, the unmethylated lysine only interacts more strongly
with TRP 48 by stacking with it in a closer distance. The other
two distance distributions become much wider. Especially, the
distance between LYS-9 and TYR4S8 is significantly longer,
which indicates that Lys-9 has partially left the aromatic cage.
On the other hand, for MeNle and tBuNle simulations, their
distance distributions are more similar to those of KMe3 and
indicate that both MeNle and tBuNle still reside in the aromatic
cage. These results further emphasize the importance of charge-
independent effects in the readout of the trimethylation mark
by an aromatic cage with three aromatic residues.

4. Conclusions

To elucidate the physical origin regarding how the aromatic
cage distinguishes between the H3K9Me3 mark and its unm-
ethylated counterpart in the binding of the H3 tail to the HP1
chromodomain, we have employed molecular dynamics simula-
tions and alchemical free energy calculations to calculate the
relative binding free energies among HP1 chromodomain—H3
tail complexes differing at position 9 of the H3 tail. We found
that when KMe3 is transformed to its neutral analogue, tBuNle,
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Figure 4. Distance population calculated from MD simulations. The
distances are measured from the mass center of the side chain of residue 9
of H3 tail to the mass center of three aromatic residues (Y24, W45, and
Y48) forming the aromatic cage. The vertical lines indicate the distances
measured from the crystal structure (PDB code 1KNE).

the binding free energy is weakened by 3.1 kcal/mol, which is
consistent with the experimental observation that cation—s
interaction plays an important role for the binding of the
methylated H3 tail with the HP1 chromodomain. However, the

change of Lys9 to its neutral analogue, MeNle, is also found to
destabilize the HP1 chromodomain—H3 tail complex by 2.1
kcal/mol. This indicates that the difference between KMe3 and
Lys in their complexation to the aromatic cage coming from
an electrostatic origin is only ~1.0 kcal/mol, which cannot fully
account for the methylation-state specific recognition. Mean-
while, the calculated free energy difference of 1.9 kcal/mol
between H3-tBuNle9 and H3-MeNle9 in their binding to the
HP1 reveals the importance of the charge independent effects
for the state-specific readout of histone lysine trimethylation
marks. We hope that our current study will inspire further
experimental and theoretical work toward a better understanding
of the histone lysine methylation effect.
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