Trimethyllysine reader proteins exhibit widespread charge-agnostic
binding via different mechanisms to cationic and neutral ligands

Christopher R. Travis, Kelsey M. Kean, Katherine 1. Albanese, Hanne C. Henriksen, Joseph W. Treacy,
Elaine Y. Chao, K. N. Houk, Marcey L. Waters*

ABSTRACT: In the last 40 years, cation—n interactions have become part of the lexicon of noncovalent forces that drive protein
binding. Indeed, tetraalkylammoniums are universally bound by aromatic cages in proteins, suggesting that cation—r interactions
are a privileged mechanism for binding these ligands. A prominent example is the recognition of histone trimethyllysine (Kme3) by
the conserved aromatic cage of reader proteins, dictating gene expression. However, two proteins have recently been suggested as
possible exceptions to conventional understanding of tetraalkylammonium recognition. To broadly interrogate the role of cation—n
interactions in protein binding interactions, we report the first large-scale comparative evaluation of reader proteins for a neutral
Kme3 isostere, experimental and computational mechanistic studies, and structural analysis. We find unexpected widespread bind-
ing of readers to a neutral isostere, with no single factor dictating charge selectivity, demonstrating the challenge to predict such
interactions. Further, readers that bind both cationic and neutral ligands display an unprecedented change in mechanism: binding
Kme3 via cation—r interactions and the neutral isostere through the hydrophobic effect in the same aromatic cage. This discovery
challenges traditional understanding of molecular recognition of tetraalkylammoniums by aromatic cages in myriad protein-ligand
interactions and establishes a new framework for selective inhibitor design by exploiting differences in charge-dependence.
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Methyllysine (Kme) reader proteins bind to this key post-
translational modification (PTM) on histone tails in a se-
quence-selective manner, resulting in recruitment of proteins
to the nucleosome that dictate gene expression and elicit
downstream effects.'” Given their significant roles in epige- e
netic pathways, dysregulation of histone Kme readers is asso-
ciated with numerous diseases, and many of these proteins
have emerged as therapeutic targets.®'® Approximately 200
human histone Kme readers have been characterized to
date,'*'"'> many of which bind the same PTM at the identical
histone tail residue, yet elicit distinct biological outcomes."
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Several reports describe medicinal chemistry efforts target-
ing Kme readers.'"*'° However, selectivity remains a major
obstacle, as all known Kme3 readers bind the quaternary am-
monium group within a conserved aromatic cage as well as
through interactions with the surrounding sequence (Figure
la)."? To date, no therapeutics targeting histone Kme reader
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Figure 1. (a) Aromatic cages of three readers from different fami-
lies evaluated in this study. (b) Structures of Kme3 and tBuNle.
(c) Histone methyllysine reader protein microarray shows many
reader proteins from various families are capable of binding the

proteins have been approved for treatment.?*?? Given the well-
documented challenges faced in developing selective inhibi-
tors for this class of proteins,”””¢ a thorough understanding of
the binding capabilities of the aromatic cages of Kme3 readers
is warranted to provide insight into novel approaches to
achieve selective inhibition.

tBuNle mark at H3K4 and H3K9 (significant interactions indicat-
ed in red.

For nearly 40 years, mechanistic studies of the molecular
recognition of quaternary ammonium ions, including Kme3,
have repeatedly demonstrated that aromatic cages in proteins
as well as synthetic systems preferentially bind cationic lig-
ands over neutral ligands, emphasizing the critical importance
of cation—r interactions to these binding events.?’** In accord-
ance with these studies, maintaining cation—= interactions has
been a standard approach to inhibitor development for Kme
readers,”*** as well as other trimethylammonium-binding
proteins.”®?’ However, recently a few isolated examples have
been reported that contradict the preference of aromatic cages
for cationic ligands.*”* Moreover, conflicting mechanistic
explanations have been proposed, such as binding being driv-
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en by displacement of high energy water molecules in the ar-
omatic cage regardless of the nature of the ligand.’” Because
of the biological and medicinal relevance of these interactions
as well as the fundamental significance of cation—r interac-
tions in mediating recognition of tetraalkylammoniums in
biological systems, we undertook a comprehensive screen of
Kme reader protein selectivity for Kme3 vs its neutral isostere
tert-butyl norleucine (tBuNle) coupled with mechanistic and
structural studies to determine the driving force for aromatic
cages binding cationic vs neutral ligands. We find that 10 out
of 20 proteins identified from the screen bind to the uncharged
tBuNle with affinity comparable to or tighter than to Kme3.
Furthermore, we find that readers that bind both marks do so
through an unprecedented switch in mechanism, binding
Kme3 via cation—r interactions and tBuNle via the hydropho-
bic effect. Finally, we find that there is no one structural fea-
ture that dictates selectivity, meaning that structural analysis
or in silico screening methods would not predict our findings.
Together, these findings demonstrate a complex molecular
recognition profile by aromatic cages that bind trime-
thylammoniums and explains apparently contradictory results
in the literature.”’>” Moreover, this work enables novel strate-
gies to selectively target a subset of aromatic-cage containing
proteins that are charge-agnostic in binding.

RESULTS AND DISCUSSION

Many methyllysine readers bind histone tails containing
a neutral Kme3 analog. To determine the scope of histone
Kme readers that bind the neutral isostere of Kme3, we per-
formed a qualitative screen of biotinylated H3 peptides, each
containing Kme3 or tBuNle at the K4 or K9 position, against a
reader protein microarray that contains approximately 200
different human proteins that are known or predicted binders
of histone methylation (Figure 1c, Figures S1, S2)'® Results
indicate that many histone Kme readers bind to H3K4tBuNle
and H3K9tBuNle, suggesting the ability of readers to bind a
neutral ligand is more widespread than previously known.*”-*

Twenty histone Kme readers were selected for quantitative
analysis of binding to Kme3 and tBuNle histone peptides via
isothermal titration calorimetry (ITC) (Figures S3, S4, S5).
We found selectivities ranging from > 120:1 in favor of Kme3
to nearly 7:1 in favor of tBuNle among these proteins (Table
1, Figure S6). The degree of selectivity differs among fami-
lies: all chromodomains investigated preferentially bind Kme3
whereas readers from the plant homeodomain (PHD) and Tu-
dor domain (TTD) families exhibit a range of selectivities.
Eight PHDs bind tBuNle with comparable or tighter affinity
than Kme3 (DIDO1, RAG2, BPTF, and ING1/2/3/4/5), while
three members of this family demonstrate greater than 2-fold
preference for Kme3 (TAF3, JARIDIA, and JARIDIB).
Among the TTDs, SGF29 preferentially binds tBuNle, while
JMID2A and SPIN1 have large preferences for Kme3. Fur-
ther, we find that the UHRF1 TTD, a key oncological target,*
binds H3K9tBuNIe nearly 7-fold more tightly than H3K9me3,
the largest degree of preference observed for tBuNle of any
protein, as well as the only H3K9me3 reader to prefer tBuNle.
These results are unexpected, as each of the readers investigat-
ed contains a highly conserved cage of two to four aromatic
residues in which Kme3 binds, yet these proteins, even those
in the same family, differ substantially in their affinities for
tBuNle. Mechanistic studies and structural analyses were un-

dertaken to assess factors which dictate this range of selectivi-
ties.

Table 1. Binding affinities and selectivities of histone readers
binding to H3 peptides containing Kme3 and tBuNle deter-
mined by ITC at 25 °C, pH 7.4, 50 mM sodium phosphate,
150 mM (or 500 mM?*) NaCl, and 2 mM TCEP. *TAF3 PHD
data was previously reported.’® "CBX1 chromodomain data
with H3K9me3 was previously reported.*!

Kp(Kme3)/ AGbindi
Protein Ligand Kp (uM mding
g P (tBuNle) | (keal/mol)
TAF3 H3K4me3 1.1+0.2 o1 -8.16 £ 0.02
PHD* H3K4tBuNle 11£1 ' -6.78 + 0.04
JARIDI1A H3K4me3 3.6+0.1 -7.43+0.01
s 0.46
PHD(3)* H3K4tBuNle | 7.9+0.2 -6.96 £ 0.01
JARID1B H3K4me3 3.8+0.1 0.46 -7.40+0.01
PHD(3)* | H3K4tBuNle | 8203 ’ -6.94+0.01
DIDO1 H3K4me3 1.9+0.1 -7.82+0.01
0.66
PHD H3K4tBuNle | 2.9+0.2 -7.56 +0.04
RAG2 H3K4me3 42+6 -5.98 £0.08
0.74
PHD H3K4tBuNle 57+6 -5.79 + 0.07
BPTF H3K4me3 8+1 12 -7.0+0.1
PHD H3K4tBuNle | 6.6+0.3 ' -7.07 £ 0.03
ING3 H3K4me3 2.5+0.1 17 -7.64+0.01
PHD H3K4tBuNle | 1.5+0.2 ’ -7.96 = 0.06
ING2 H3K4me3 8.5+0.5 -6.92 +0.04
22
PHD H3K4tBuNle | 3.8+0.1 -7.40 +0.02
ING1 H3K4me3 6.8+0.7 a6 -7.05 +0.06
PHD H3K4tBuNle | 2.4+0.1 ; -7.67 +0.02
ING4 H3K4me3 10.2 0.6 3 -6.81 £0.04
PHD H3K4tBuNle | 3.4+0.2 -7.46 +0.03
ING5 H3K4me3 17.3+0.7 2 -6.50 £ 0.01
PHD H3K4tBuNle | 5.2+0.1 : -7.21+0.01
CBX1 H3K9me3 0.68 +0.08 -8.42+0.03
R 0.017
Chromo H3K9tBuNle 40+ 10 -6.07 £ 0.09
CHDI H3K4me3 18.8+0.7 N -6.45+0.02
Chromo H3K4tBuNle 150 £ 20 : -52+0.1
CDY! H3K9me3 1.75+0.08 NE -7.85+0.02
Chromo H3K9tBuNle 14+1 ' -6.63 £ 0.04
CBX5 H3K9me3 15+4 0.15 -6.6+0.2
Chromo H3K9tBuNle ~100 ' >-6
MPPS H3K9me3 2.5+0.1 DG -7.65+0.02
Chromo* | H3K9tBuNle | 15.3+0.6 ' -6.57 £0.03
SPIN1 H3K4me3 0.67 £0.04 -8.42 +0.01
0.0079
TTD* H3K4tBuNle 85+ 10 -5.56£0.07
IMJID2A H3K4me3 195+04 -6.42 +0.01
0.039
TTD* H3K4tBuNle >500 >-5
SGF29 H3K4me3 13.8+£0.6 57 -6.63 £0.03
TTD H3K4tBuNle | 5.1+0.3 ‘ -7.22 +0.04
UHRF1 H3K9me3 44 +3 a -5.94+0.03
TTD* H3K9tBuNle | 6.5+0.8 : 7.1+0.1

Kme3 and tBuNle bind by different mechanisms. The
cation—n interaction has been shown to be the key driving
force for binding Kme3 in several readers.?*"#4> Thus, for
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proteins whlch bind tBuNle .VV.lth equal or tlghtqr affinity, the a. DID01Pg;|‘DU+X Kme3 d. DIDO1 Y8 AGyiqng VS ESP
question arises as to the driving force of binding these two 550 5 . " -
differently charged ligands. ITC data indicates that two pro- Too0 | - YToNm-EE
teins, the DIDO1 and ING3 PHDs, display enthalpy-entropy E G mH3K4tBuNle
compensation (EEC), with similar free energies of binding to g-e.so e,

Kme3 and tBuNle, but distinct differences in enthalpy and £-7.00 |y =0.00x - 7.65
entropy of binding (Figure S6). For these proteins, binding of & 750 Reoos '-l
Kme3 is more enthalpically favorable while binding of tBuNle < 800 o o B
has a significantly reduced enthalpic driving force and a fa- ’ ESP (kcal/mol)
vorable entropy of binding, consistent with a hydrophobic SGF29 TTD + Kme3 SGF29 Y238 AG vs ESP
driving force. Other proteins, including the BPTF PHD, also = 5 m:d(;ng e
bind tBuNle with comparable affinities, but do not demon- Phe264 -4.85 § o H3Kame3
strate significant EEC (Figure S6). While the observed EEC > Asp266 5.35 mH3K4tBuNle

K X X X K y = -0.12x - 4.47 ...
for some proteins suggests possible differences in mechanism, R = 0.94 r R

these data alone are not sufficient to draw a definitive conclu- 635 | v=-001x-671

AGyinging (kcal/mol)
o]
(5]

sion, as EEC is not a consistently reliable measure of the hy- 6.85 ] =
drophobic driving force.** Thus, we pursued a more rigorous 735 # o
method to evaluate the binding mechanisms of readers to ESP (kcal/mol)

Kme3 and tBuNle.

T AR N : B N
Electrostatic tunability of aromatic residues is an established J ! - \ .y Y !
tool to evaluate cation— interactions.**¥ Previously, we de- Hﬂj\(d g
o]
OH cl CF/, CN  NO,

veloped a genetic code expansion (GCE) methodology incor- R P "
porating of para-substituted Phe derivatives*! to systematical- :

ly tune the electrostatic potentials (ESP) of aromatic residues (kcssr:ol) o4 oss ez ez T2 4 e
within cages of readers, which provides information on the <. s T
electrostgtic contribut-ion to binding at the .individual re@{iue Protein Gumang Grmang
level (Figure 2). This approach has elucidated the driving KoM | (kealimol) | *o®™ | kcalimol)
forces of various reader proteins binding to different DIDOT WT 1.9£0.1 | -7.82£001 | 2902 | -7.56£0.04
PTMs,** including cation—7 interactions with Kme3.*'# DIDO1 Y8F 35£02 | -7.45:£003 | 30£02 | -7.54%0.04
Using this GCE method, we investigated the DIDO1 PHD and DIDOA Y8pCIF 39402 | -739+003 | 19+02 | -7.82+0.02
the SGF29 TTD (Figure 2). We prepared a series of DIDO1 DIDO1 Y8pCFF 14+1 | -664+005 | 3202 | -7.49%002
PHD TyI'8 mutants and SGF29 TTD Tyr238 mutants via DIDO1 Y8pCNF 23+3 63+0.1 25+06 77+02
GCE,*! and measured binding to H3K4me3 and H3K4tBuNle DIDOT Y8pNO,F 80£20 | 5601 | 26202 | -763:004
peptides via ITC (Figure 2, Figure S5). SGF29 WT 138406 | -6.63+003 | 51+03 | -7.22+0.04
SGF29Y238F | 21.0+0.8 | -639+0.02 | 11.6 +05 | -6.73£0.03
SGF29 Y238pCH,F | 249+06 | -6.2840.02 | 11.4£04 | -6.75+003
SGF29 Y238pCIF 513 | -586:004 | 111 | -6.78£006
SGF29 Y238pCF,F | 15010 | -5.20£0.05 [ 61 71201
SGF29 Y238pNOF | 38070 | -47:02 161 | -655+004

Figure 2. (a) Aromatic cages of DIDO1 PHD and SGF29 TTD.
(b) Structure of para-substituted Phe and ESP maps and values of
analogs used in this study. ESP maps were calculated in Spartan
using the DFT ©B97X-D/6-31G(d) level of theory with an ener-
getic range from -100 to +100 kcal/mol. Blue indicates positive
ESP, green is neutral, and red indicates negative ESP. ESP values
were previously reported.*? (c) Binding affinities of wild-type and
para-Phe mutant DIDO1 PHD and SGF29 TTD to H3K4me3 and
H3K4tBuNle determined by ITC. Each value reflects the average
of three independent ITC experiments, with error as the larger of
the standard deviation of the three runs or the largest error from
an individual run. (d) LFER plots evaluating the correlation be-
tween AGuinding and calculated ESP values.

The DIDO1 PHD domain series of Tyr8 mutants exhibits
significant differences in binding affinity to the Kme3 peptide,
with electron-withdrawing groups resulting in weaker binding.
Plotting the free energy of binding (AGuinging) against the cal-
culated ESP value™ of each Tyr8 mutant results in a linear free
energy relationship (LFER), indicating that binding is driven
by electrostatically tunable cation—mn interactions (Figure 2,
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Figure S7). The slope of this interaction, which indicates the
degree of electrostatic influence on binding, is comparable to
previously studied readers binding Kme3.*'*? In contrast, plot-
ting AGuinging for tBuNle with the series of Tyr§ mutants
against ESP results in a flat line, indicating that electrostatics
have no influence on binding to this ligand (Figure 2). These
results demonstrate that the DIDO1 PHD binds Kme3 via cat-
ion—r interactions as has been observed in other Kme3 readers
but binds to tBuNle via the hydrophobic effect, which is inde-
pendent of electrostatics, in agreement with observed EEC
(Figure S6). Similarly, for the SGF29 TTD, reduction in the
ESP in a series of Tyr238 mutants also correlates to decreased
binding affinities to the Kme3 peptide, consistent with tunable
cation— interactions (Figure 2, Figure S7), whereas binding to
tBuNle by the SGF29 TTD is not significantly affected by
mutations at Tyr238. Together, GCE studies indicate that both
proteins, which are from two different families, utilize differ-
ent mechanisms to recognize Kme3 versus tBuNle within the
same aromatic cage binding motif, even though the wild-type
AGhinging to the two ligands is similar. To gain further insight,
we performed energy decomposition analysis calculations on
SGF29 TTD binding the two ligands at the M06-2X/6-
311++G(d,p), SMD(Water) level of theory. These results
demonstrate that binding to the two ligands differs primarily in
the contribution of electrostatics and desolvation to the inter-
action, providing further support for different mechanisms of
binding (Figure 3a, Figure S8). This finding, that the same
aromatic cage binds cationic and neutral ligands with compa-
rable affinities but by completely different mechanisms, is
unprecedented.

Further analysis of the contribution of the cation—r interac-
tion was accomplished through a double mutant cycle (Figure
S9) using tBuNle as the Kme3 mutation, as it lacks a cation,
and pNO,Phe as the Tyr mutation, as it lacks a significant
electrostatic contribution with an ESP value near zero (Figure
2b). This novel approach allows us to quantify cation—= inter-
actions for a single aromatic residue. The contribution of the
cation—n interaction to binding is estimated to be -2.3 £ 0.1
kcal/mol for Tyr8 in DIDO1 PHD and -1.3 £ 0.2 kcal/mol for
Tyr238 in SGF29 TTD. This emphasizes that although these
proteins bind with comparable or tighter affinity to the neutral
ligand, cation—n interactions are still significant in binding
Kme3. Moreover, these results emphasize that measuring
binding of tBuNle to wild-type protein is not a sufficient
mechanistic tool for probing the contribution of cation—= in-
teractions.

Neutral isostere binds in the same pocket as Kme3. We
solved a 1.3 A resolution crystal structure of the RAG2 PHD
bound to H3K4tBuNle (Figure 3b, PDB 8T4R) that exhibits a
highly similar conformation to this protein binding Kme3
(PDB 2V89), emphasizing that tBuNle does not access a dif-
ferent binding site or contacts than Kme3 while binding with
comparable affinity (Figure 3, Figure S10).> This is in agree-
ment with previously determined structures with tBuNle that
overlay with Kme3 (Figure S8).%

Acidic residues in the binding pocket do not predict
charge preference. We evaluated whether the presence of an
acidic residue near a reader’s aromatic cage may drive selec-
tivity for Kme3 through a favorable electrostatic interaction
between the cationic ligand and the anionic acidic residue

and/or unfavorable desolvation of the acidic residue upon
binding of tBuNle.** Multiple Kme3 readers have an acidic
residue within 5 A of a methyl or methylene group on the &-N
of Kme3 and are selective for Kme3 (Figure S11). However,
that is not sufficient to dictate a preference for Kme3. For ex-
ample, the SGF29 and UHRF1 TTDs each contain an acidic
residue in their aromatic cage 3.4 A away from the nearest
Kme3 methyl group but are not selective for Kme3 (Figures
S8, S11, S12). Additionally, several proteins that are selective
for Kme3 do not have an acidic residue in the cage, including
the JARID1A/B PHDs and the CBXS5 chromodomain (Figures
S8, S11, S12). Thus, identification of an acidic residue in the
aromatic cage does not determine selectivity or lack thereof
for Kme3 over tBuNle.

Calculated aromatic cage interactions do not predict
charge preference. Since each reader differs in the number
and type of aromatic residues in its cage (Figures S8, Sl11,
S12), and the strengths of cation—= interactions are affected by
distance and angle,*® we performed computational studies at
the M06-2X/6-311++G(d,p), SMD(Water) level of theory. For
each protein with an available structure, we calculated interac-
tion energies (E.) between Kme3 or tBuNle and each amino
acid in the binding pocket (Table 2, Figures S8, S12). Plotting
the sum of the E;, for each interaction in the cage versus the
experimental AAG(Kme3/tBuNle) resulted in minimal correla-
tion (Figures S11, S13), indicating that stronger structurally
predicted cation—= interactions (i.e. larger summed Ej,;) do not
correlate with increased selectivity for Kme3.

Interactions with the surrounding histone tail do not
predict charge preference. Given that Kme readers bind his-
tones through cooperative interactions with both Kme3 and the
surrounding sequence, we considered whether readers which
have lower selectivity for histones containing Kme3 over un-
modified lysine may also be less selective for Kme3 over
tBuNle. Comparison of the ratio of the Kp of binding to Kme3
versus the unmodified H3 tail (based on literature values, Fig-
ure S11) to the ratio of binding to Kme3 and tBuNle shows no
correlation, suggesting that differences in binding to the se-
quence surrounding Kme3 do not dictate reader protein selec-
tivity for Kme3 vs tBuNle (Figure S14). Furthermore, the five
ING PHDs, which have nearly identical aromatic cages (Fig-
ure S15) but differ in residues that interface with the surround-
ing histone tail,> demonstrate similar selectivity profiles (Ta-
ble 1), indicating that differences in interactions with the his-
tone tail outside of the aromatic cage do not dictate preference
for Kme3 vs tBuNle.

In sum, no single unifying feature dictates selectivity for
Kme3 vs tBuNle. Instead, differences in many contributing
interactions, which amount to a sum of small differences in
AGuinging, contribute to the range of selectivities observed for
the 20 proteins that were investigated. This work elucidates
that the aromatic cages of Kme3 readers are significantly more
complex than previously thought and that structural analysis is
not sufficient to predict selectivity for Kme3 vs tBuNle.
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Figure 3. Bar graph of energy decomposition analysis calculations for (a) the SGF29 TTD and (b) RAG2 PHD binding H3K4me3 and
H3K4tBuNle calculated at the M06-2X/6-311++G(d,p), SMD(Water) level of theory. (c) Overlay of crystal structures of RAG2 PHD bind-
ing to H3K4me3 (cyan, PDB 2V89) and H3K4tBuNle (green, PDB 8T4R).

CONCLUSION

We demonstrate that the binding of histone Kme3 readers to
the neutral tBuNle isostere is widespread and report an un-
precedented dual mode of binding for Kme3 and tBuNle using
the same aromatic cage. We screened a microarray of methyl-
lysine reader proteins and identified that 10 readers of twenty
that were quantified bind with comparable or tighter affinity to
the neutral analog relative to Kme3.*”** This discovery is un-
expected, as there are significant differences in selectivity
between proteins with highly similar aromatic cages, proteins
from the same family, and proteins which recognize the same
sequence on the histone tail. Additionally, this report contrasts
long-standing precedent that aromatic cages throughout the
proteome preferentially bind charged ligands.?’!-#23435

Our mechanistic studies demonstrate a unique switch in
binding to these two ligands, utilizing electrostatically tunable
cation—T interactions to bind Kme3 versus using the hydro-
phobic effect to recognize tBuNle. These are rare examples of
protein binding pockets capable of binding with comparable
affinities both a charged and uncharged ligand yet employing
different mechanisms. Neither structural nor computational
evaluation elucidates a reader’s selectivity between charged
and neutral ligands, thus illustrating the under-appreciated
molecular-level nuance of the aromatic cage motif that cannot
be easily predicted. This is an example in which Ockham’s
Razor, which advocates for simpler explanations over those
that are more complex, is not supported; despite the universal
nature of aromatic cages in binding Kme3, a wide range of
selectivities for Kme3 versus tBuNle is observed without a
single structural feature that is responsible.®® This work
demonstrates the challenge of extrapolating findings from one
molecular recognition system to others as it shows that small
differences in the host or protein can result in significant dif-

ferences in guest or ligand binding. Moreover, these experi-
mental data are important to inform computational and artifi-
cial intelligence models of the binding profiles of aromatic
cages, a key structural motif across biology.

This work establishes a new framework for the design of se-
lective inhibitors by exploiting differences in charge-
dependence among readers in the same family with highly
similar binding pockets, which may address a recurrent chal-
lenge in therapeutically targeting Kme3 readers. For example,
we discovered just one H3K9me3 reader, the UHRF1 TTD,
preferentially recognizes tBuNle, offering a promising starting
point for therapeutic development for this significant oncolog-
ical target.!”*® Moreover, these findings have broader implica-
tions beyond histone Kme3 reader proteins, as evolution has
converged on aromatic cages to bind small molecules contain-
ing trimethylammonium groups, including acetylcholine, cho-
line, betaine, carnitine, and others;***’>? many of these binding
events have been shown to be primarily driven by cation—=
interactions.?’2%31:323435 Since there is no selective pressure for
these proteins to preferentially bind a cationic ligand over a
neutral analog, the variable ability of different aromatic cages
to bind a neutral analog of a trimethylammonium may extend
to other classes of proteins. Our findings challenge traditional
understanding of the molecular recognition of trime-
thylammonium groups by aromatic cages, indicating the need
to further analyze other classes of proteins that bind these key
biological molecules.

ASSOCIATED CONTENT

Supporting Information. Materials and methods, ESI-LCMS of
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