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Evolution has converged on cation—m interactions for recognition of quaternary alkyl ammonium groups
such as trimethyllysine (Kme3). While computational modelling indicates that Trp provides the strongest
cation—m interaction of the native aromatic amino acids, there is limited corroborative data from
measurements within proteins. Herein we investigate a Tyr to Trp mutation in the binding pocket of the
HP1 chromodomain, a reader protein that recognizes Kme3. Binding studies demonstrate that the Trp-
mediated cation—m interaction is about —5 kcal mol™ stronger, and the Y24W crystal structure shows

that the mutation is not perturbing. Quantum mechanical calculations indicate that greater enthalpic
Received 13th January 2020 binding is predominantly due to i d cation— interactions. NMR studies indicate that diff :
Accepted 3rd March 2020 inding is predominantly due to increased cation—T interactions. studies indicate that differences in
the unbound state of the Y24W mutation lead to enthalpy—entropy compensation. These results provide

DOI: 10.1039/d0sc00227e direct experimental quantification of Trp versus Tyr in a cation—m interaction and afford insight into the
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Introduction

In the last 20 years, the cation-m interaction, defined as the
favorable interaction between a cationic species and the
electron-rich face of an aromatic ring (or other 7 system), has
entered into the standard lexicon of noncovalent interactions
that contribute to biomolecular structure and function.'* These
interactions are of particular importance in proteins, invoking
both cationic and aromatic amino acid side chains, and
accordingly mediate critical biological processes including
protein folding and enzymatic catalysis as well as protein-
ligand and protein-protein interactions (PPIs).">* Statistical
analysis of protein structures, gas phase measurements, and
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conservation of aromatic cage residues in Kme3 reader domains.

computational studies all indicate that Trp provides the most
favorable cation-7 interaction among the naturally occurring
aromatic amino acids due to its larger surface area and greater
electrostatic potential, which provides more extensive electro-
static stabilization of a neighboring cation (Fig. 1A).>* None-
theless, there is a dearth of direct experimental data in proteins
demonstrating that Trp provides a greater driving force for
cation-m interactions than Phe or Tyr.” ™"

The recognition of trimethyllysine (Kme3) on histone
proteins by Kme3 reader proteins is a biologically and medici-
nally relevant group of PPIs mediated by cation—m interactions.
These epigenetic PPIs, which mediate gene expression, have

CmBE -26.9
(kcal/mol)

Fig. 1 (A) Electrostatic potential maps of Phe, Tyr, and Trp and the
calculated cation—m binding energy (CtBE) of the aromatic side chain.
Electrostatic potentials were calculated in Spartan at the B3LYP/6-
31G* level of theory (+100 to —100 kcal mol ™). CwBE are based on gas
phase interactions of the aromatic side chain with Na*. (B) Aromatic
cage (cyan) of the HP1 chromodomain bound to Kme3 (silver). PDB ID:
1KNE.
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generally been shown to be driven by cation-7 interactions
between the trimethylammonium group of Kme3 in the histone
tail and an aromatic cage within the reader protein,**** in which
the tetra-alkyl ammonium ion in Kme3 preferentially interacts
with the face of an aromatic ring through charge-quadrupole
interactions.>**** Given the significant number of reader
proteins for Kme3 with diverse aromatic cages varying in
compositions of 2-4 Phe, Tyr, and Trp residues, this family of
proteins provides an ideal model system for studying cation-m
interactions in PPIs."

Herein we describe Tyr-to-Trp mutational studies of
a conserved Kme3 reader protein, heterochromatin protein 1
(HP1) from Drosophila melanogaster, to experimentally deter-
mine the relative contributions of these cation- interactions in
a protein binding event. Our combined thermodynamic, crys-
tallographic, and computational studies show that the cation-7
interaction is indeed stronger with Trp, as predicted, but the
mutations cause changes to the unbound state that counter-
balance enthalpic gains in binding affinity. These results
provide the first direct measure in a protein of the difference in
magnitude of Trp versus Tyr in a cation-m interaction, as well as
insight into the exclusive evolutionary selection of Tyr and Phe
at certain positions in the aromatic binding pocket of this
family of Kme3 reader proteins.

Results and discussion

HP1 chromodomain is a model reader protein for studying
cation-7 interactions

We chose the chromodomain of HP1 from Drosophila mela-
nogaster, which binds Kme3 at position 9 of histone H3
(H3K9me3), as our model reader protein, because its structure
and mechanism of binding have been extensively character-
ized.”** Recognition of Kme3 is mediated by a conserved
binding pocket comprised of two Tyr residues (Y24 and Y48)
and a Trp residue (W45, Fig. 1B). Previous studies from our
groups have demonstrated that binding is driven by cation-m
interactions by establishing the significance of the positive
charge on Kme3 through replacement with a neutral isostere
and by tuning the contribution of each tyrosine residue using
unnatural amino acid mutagenesis.'>*

The aromatic amino acids present in the binding pocket for
Kme3 are highly conserved in the HP1 and polycomb chromo-
domain families.'® For example, the composition of the pocket
shows only small variations between D. melanogaster (HP1, dPC)
and mammalian (CBX 1-7) chromodomain homologs (Fig. S17).
W45 (HP1 numbering) is invariant in both HP1 and polycomb
proteins. Y48 has converged to Tyr or Phe residues in HP1
proteins but is a conserved Trp at the homologous position of
polycomb proteins. Interestingly, despite the fact that trypto-
phan should provide an improved cation-m interaction, the
phenyl ring at position 24 appears to be important, as only Tyr
or Phe are observed at this site. In a previous report, we
demonstrated that replacement of Tyr24 and Tyr48 in HP1 with
Phe results in similar binding affinity when compared to wild
type, suggesting some plasticity in the pocket.*® Tyr24 and Tyr48
are both surface exposed, and preliminary mutational modeling
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in PyMOL suggested that the predominant Trp rotamers at each
position could occupy similar geometries to Tyr without
significant structural perturbation (Fig. S21). Accordingly, we
sought to investigate the effect of introducing tryptophan
mutations to this conserved aromatic cage.

Thermodynamics of binding in HP1 tryptophan mutants

We cloned and expressed the corresponding single and double
Trp mutations at the 24 and 48 locations in HP1, denoted HP1-
Y24W, HP1-Y48W, and HP1-Y24W/Y48W (Fig. S31). Binding
constants and thermodynamic parameters (Kq, AH°, and AS°) of
association between an H3K9me3 peptide (residues 1-15) and
the Trp variants were measured by isothermal titration calo-
rimetry (ITC, Table 1 and Fig. S51). Based on calculated cation-
7 energies for Trp and Tyr (Fig. 1A), we hypothesized that
noncovalent interactions between Kme3 and the aromatic cage
would be more favorable with Trp in place of Y24 and Y48.
However, the affinity of HP1-Y24W for H3K9me3 remained
unchanged with respect to the wild type and HP1-Y48W
binding was slightly attenuated (Table 1). Binding to the HP1-
Y24W/Y48W double mutant was significantly weaker.

Interestingly, the thermodynamic binding parameters of all
three Trp variants showed significant differences when
compared to the wild type protein. While the mutations did not
result in improved binding affinities, the enthalpic values for
binding indicate enhanced noncovalent interactions consistent
with more favorable cation-m interactions. For example, the
enthalpy of association of the H3K9me3 peptide is more
favorable by almost two-fold for HP1-Y24W and HP1-Y48W
when compared to wild type protein (Table 1). This is consistent
with the hypothesis that the larger Trp indole provides
a stronger cation-T interaction relative to Phe or Tyr. However,
in both cases, the improved enthalpy of binding is counter-
balanced by an entropic cost that reduces the overall affinity of
each mutant.

Structural investigation of HP1-Y24W bound to H3K9me3

To investigate the structural basis of measured differences in
binding, we determined the crystal structure of HP1-Y24W in
complex with H3K9me3 peptide at 1.52 A (see ESI Methods and
Table S17). The overall fold of the chromodomain bound to the
native ligand was not perturbed (RMSD = 0.19 A) and clear

Table 1 Thermodynamic parameters of HP1:H3K9me3 binding
measured by isothermal titration calorimetry

Protein® Kq (uM)  AH° (kcal mol™")  —TAS® (kcal mol ™)
HP1 wild type 1542  —58+03 —0.94+0.3
HP1-Y24W 14 +3 —10.6 £ 0.7 4.0+ 0.8
HP1-Y48W 23 £3 —10.4 £ 0.6 4.1 £ 0.6
HP1-Y24W/Y48W 55 £ 16 -9 +2 3+2

“ Experiments were performed by titrating H3K9me3 peptide (3-3.5
mM) into HP1 mutants (180-230 pM) in 50 mM sodium phosphate,
pH 7.4, 150 mM NaCl, 2 mM TCEP at 25 °C. Values are average of
three independent experiments, and calculated error is standard
deviation of measurements.

This journal is © The Royal Society of Chemistry 2020
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electron density was observed for the Y24W mutation (Fig. S6
and S71). Consistent between the wild type and HP1-Y24W
structures, the backbone of the H3 peptide forms a character-
istic three-stranded B-sheet with the chromodomain while
K9me3 interacts with the surface exposed aromatic cage.
Importantly, the general topology of the aromatic cage remains
intact (Fig. 2A).

The backbone and CP atoms of Y24W superpose with the
wild type tyrosine. The 5-membered ring of Y24W contacts the
Kme3 trimethyl ammonium cation in a comparable position
and orientation to the phenol moiety of native Y24. The six-
membered ring of Y24W adopts an orientation that permits
additional packing interactions with the alkyl chain of the
Kme3. Distinct conformational changes are observed in the
alkyl chain of Kme3, which adopts a relaxed anti conformation
(Fig. 2B). All other reported HP1-ligand structures show Kme3
in a strained gauche conformation (Fig. 2C).***" This change in
side chain geometry tunes the distance and angle of interac-
tions between Kme3 and aromatic cage and allows Kme3 to
make additional contacts with Y24W.

Both conformations and distances are important determi-
nants of the strength of cation—-m interactions, with the
preferred geometry placing the trimethylammonium directly
over the center of an aromatic ring at a distance of ~3.6 A.** To
gain insight into how noncovalent interactions were altered in
the binding pocket of HP1-Y24W, we measured distances from
the centroids of aromatic rings to the N-methyl and methylene
atoms of Kme3 (Fig. 2B and S8, Table S21). We also generated
structural views that allow the geometry of cation-7 contacts to
be observed normal to the plane of the ring (Fig. 3). In wild type
HP1, the aromatic ring of Y24 makes close contacts (3.6 and 4.0
A, Fig. 2C) with two N-methyl groups of Kme3 pointing towards
the centroid of the phenol (Fig. 3). In HP1-Y24W (Fig. 2B), the 5-
membered pyrrole ring of the HP1-Y24W indole interacts with
the same two N-methyl groups at distances of 3.8 and 4.0 A from
the centroid of the pyrrole (Fig. 3), suggesting that the pyrrole
may function in a similar manner to tyrosine at this position.
Although not in an optimal position to participate in cation-m
interactions, the 6-membered ring of Y24W makes van der
Waals contacts with the € and § methylene groups of Kme3,
resulting in additional favorable dispersion interactions (4.0

and 4.1 A, Fig. 2B and 3).
C.
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Fig. 2 (A) Overlay of the HP1-Y24W crystal structure (PDB: 6MHA)
with wild type HP1 (PDB: 1KNE). The wild type cage is shown in cyan
and the HP1-Y24W cage is shown in green. Both chromodomains
were crystallized in the presence of H3K9me3, but only the Kme3
peptide of HP1-Y24W (wheat) is shown for clarity. (B and C) Rotated
perspective from (A) highlighting the differences in ligand contacts and
conformation between (B) Y24W and (C) Y24 in HP1.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Images of Kme3 contacts with residues 24, 45, and 48 viewed

normal to the plane of the ring for HP1 wild type and HP1-Y24W.
Interaction energies (E;ny) for Kme3 and each residue were calculated
with the M06-2X/6-311+G(d,p) basis set (see ESI for computational
protocol descriptiont).

Although Y48 and W45 were not mutated, the subtle rotation
of the Kme3 ligand leads to additional contacts with both
amino acids that may further enhance binding. In the case of
Y48, a second N-methyl group is positioned closer to the
centroid of Y48 in the HP1-Y24W structure (Fig. 3). Previous
gas-phase computational studies by Dougherty predicted that
a 2-point contact of NMe," with benzene is ~1.3-fold stronger
than a single-point contact, suggesting the added contact
between Y48 and Kme3 improves binding.® With respect to
W45, the anti conformation of Kme3 appears to improve both
cation-7 contacts and VDW interactions (Fig. 3 and S8, Table
S21). In summary, the Y24W mutation and consequent struc-
tural changes enhance ligand interactions with each residue of
the aromatic cage.

Computational investigations of Y24W bound to H3K9me3

To further support our observations, interaction energies
between Kme3 and the aromatic cages of wild type HP1 and
HP1-Y24W were calculated using truncated computational
models generated from their corresponding crystal structures
(Fig. S9, see computational protocol description in the ESIt).**
Computed electronic interaction energies (Ej,) for the intact
aromatic cage predict a stronger interaction for Kme3 and HP1-
Y24W (Eip = —37.9 keal mol ') than for Kme3 and the wild type
HP1 (Ejn = —30.4 keal mol ™). The estimated difference in Ejn,
(AEi: = —7.5 kcal mol™") agrees well with experimentally
observed binding enthalpies determined by ITC, which show
a 5 keal mol " difference between the HP1-Y24W mutant and
HP1. Interaction energies for each individual residue in the
aromatic cage were also calculated. Computations showed that
the main improvement to the total Ej,; in HP1-Y24W mutant
comes indeed from the mutated Y24W residue, which has an
improved interaction of AE;, = —5 kcal mol ™! with respect to
the Y24 in the wild type (Fig. 3).

To determine the significance of the additional CH-7
interactions between the Y24W tryptophan and the Kme3 side
chain, we decomposed the total Ej, between Y24W and Kme3

Chem. Sci., 2020, 1, 3495-3500 | 3497
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using different truncated Kme3 models generated from the X-
ray structure: Me(CH,),NMe;'; where n = 0-3 (Fig. S91). The
computed total E;,,, for the native sidechain (n = 3) was —14.6
keal mol; while the computed Ej,, for truncated models n =2, 1
and 0 were —14.4, —14.1, and —13.3 kcal mol ", respectively.
Based on the estimated Ej,. for the truncated models, the
contributions of y-CH, (n = 3) and 3-CH, (n = 2) methylene
units to the total interaction energy can be estimated to be
about —1.2 kcal mol " due to van der Waals contacts and
dispersion interactions, whereas interactions between Y24W
and &-CH,-NMe;" provide the bulk of the favorable binding,
amounting to —13.3 kcal mol ™" due to the cation—m interaction.
The anti-conformation of the Kme3 sidechain adopted in the
mutant (Fig. 2B), in contrast to the gauche sidechain confor-
mation observed in wild type HP1 (Fig. 2C) allows these addi-
tional CH-m interactions to take place (Fig. S91). Taken
together, computations suggest that the observed improvement
in the interaction energy in HP1-Y24W arises primarily from
stronger cation-7v interactions as well as additional van der
Waals contacts attributed to Y24W mutation.

Potential source of entropic compensation in Y24W

Perturbation of complex biological systems often leads to
enthalpy-entropy compensation that may reflect either
constraints on the observable binding free energy (AG ~
constant) or extra thermodynamic sources.”* The origin of this
compensation is often difficult to identify, but can provide
useful structure-function information if determined. Thus, we
evaluated the unbound and bound states of wild type and HP1-
Y24W by NMR and circular dichroism (CD) to determine if we
could detect any structural or dynamic differences that correlate
with the change in the entropic cost of binding.

Relaxation dispersion (RD) experiments, which measure
conformational dynamics across the protein backbone, showed
no significant differences in dynamics between the unbound
wild type and mutant chromodomain (Fig. S117), indicating
that the biomolecular motion of Y24W is not substantially
different from wild type on the micro to millisecond timescale.
HSQC spectra for both the unbound and bound states of wild
type and Y24W align well overall, indicating that the mutation
does not substantially perturb the global protein fold (Fig. 4 and
S10t1). However, residues near the Kme3 binding pocket,
including residues 45-48 and 51-53, show larger chemical shift
perturbations (CSP) as a result of the Y24W mutation in the
unbound (apo) state than the bound (holo) state (Fig. 4B and C).
This suggests conformational differences between the unbound
states of HP1 wild type and HP1-Y24W that extend beyond
proximal residue effects due to the Tyr to Trp mutation, and are
mainly focused at the binding pocket. Furthermore, the side-
chain Ne of Y24W also showed a large change in chemical shift
between the peptide bound and unbound states (Fig. 44, inset),
suggesting a change in conformation of the Trp sidechain upon
binding.

Analogous to the HSQC data, the CD spectra of the unbound
wild type HP1 and HP1-Y24W are generally similar, as indicated
by the ratio of the mean residue ellipticity (MRE) value at 220 to
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Fig. 4 (A) [*H-'°N] HSQC overlay of apo WT HP1 (black) and Y24W
mutant (red). Y24W titration with the H3K9me3 peptide, stoichiometry
from O (red) to 1.5 (blue), causes substantial chemical shift perturba-
tions to the Ne of W24. (B) Several chemical shift perturbations (CSPs)
in the apo (top) state are larger than the holo (bottom). CSP larger than
0.05 ppm are shown in pink. The green and white bar is the site of
mutation. (C) The residues with CSP larger than 0.05 (pink) are mapped
to the H3K9me3 (teal) bound Y24W HP1 structure (PDB: 6MHA) with
W24 (green), W45, Y48, and K9me3 residues shown as sticks.

206 nm (Fig. S41). Thermal CD melts showed only small
changes in stability, further supporting that the overall struc-
ture of HP1 remains intact (Fig. S41). In the unbound state,
there are differences in the positive peak at 232 nm, which we
primarily attribute to exciton coupling among residues in the
aromatic cage (Fig. 5). Compared to wild-type, the exciton peak
for HP1-Y24W is lower, suggesting a difference in the relative
orientation of the aromatic residues in the aromatic cage. This

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 CD spectra of HP1 (A), and HP1-Y24W (B) in the presence and
absence of H3K9me3. Ratio of the bound to unbound exciton peak are
highlighted in red for each chromodomain. Spectra were obtained
with 25 pM chromodomain and 100 uM H3K9me3 in 10 mM sodium
phosphate buffer, pH 7.4 at 20 °C.

local change in the aromatic cage region correlates well with the
chemical shift perturbations present in the unbound HSQC
data.

In the presence of ligand, deeper minima from 210 to
220 nm in the bound state are observed for both proteins,
indicating an increase in folding attributable to the formation
of a three stranded beta-sheet between the chromodomain and
the H3K9me3 peptide backbone upon binding (Fig. 5). The
most significant difference between the HP1-Y24W and wild
type CD spectra is the relative change in the positive exciton
peak upon binding H3K9me3, which is reflected in the ratio of
bound to unbound MRE values at 232 nm (Fig. 5). In Y24W, the
change in exciton coupling is greater than wild type, while the
magnitude in the bound states of both Y24W and wild type are
similar. This is consistent with the NMR data, suggesting
a more significant rearrangement of the aromatic cage in going
from the unbound to bound state for Y24W. Taken together,
these experiments suggest that differences in unbound states as
well as changes in the conformation of W24 upon binding may
contribute to the increased entropic cost of binding in the Y24W
mutant.

Conclusions

These studies experimentally demonstrate for the first time that
Trp provides a sizable increase in cation- binding relative to
Tyr in the HP1 chromodomain. Calculations yielded a more
favorable interaction energy of —7.5 kcal mol™" for HP1-Y24W,
which is in reasonable agreement with the —5 kcal mol !
enthalpic difference between wild type and HP1-Y24W

This journal is © The Royal Society of Chemistry 2020
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measured by ITC. Calculations further suggest that the majority
of this energetic gain arises from more favorable cation-m
interactions, whereas increased van der Waals interactions with
the Kme3 side chain provide minor stabilization amounting to
about —2 keal mol~". Despite the enhanced interaction energy,
binding affinity in this case is counterbalanced by an entropic
penalty which appears to arise in part due to changes in the
W24 conformation and surrounding binding pocket in the
bound versus unbound states. Furthermore, these findings
provide insight into the evolutionary basis of aromatic amino
acids in a native Kme3 reader protein. While Trp, for example,
provides the strongest cation-m interaction, natural selection is
inherently governed by constraints that are rooted in structure
and function.
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