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CONSPECTUS

F irst discovered over 60 years ago, post-translational methylation
was considered an irreversible modification until the initial
discoveries of demethylase enzymes in 2004. Now researchers under-
stand that this process serves as a dynamic and complex control ‘
mechanism that is misregulated in numerous diseases. Lysine methyla-
tion is most often found on histone proteins and can effect gene
regulation, epigenetic inheritance, and cancer. Because of this connec-
tion to disease, many enzymes responsible for methylation are
considered targets for new cancer therapies. Although our under-
standing of the biology of post-translational methylation has advanced at an astonishing rate within the last 5 years, chemical
approaches for studying and disrupting these pathways are only now gaining momentum.

In general, enzymes methylate lysine and arginine residues with very high specificity for both the location and methylation
state. Each methylated target serves as the focused hot spot for an inducible protein—protein interaction (PPI). Conceptually, lysine
or arginine methylation is a subtle modification that leads to no change in charge and small changes in size, but it significantly
alters the hydration energies and hydrogen bonding potential of these side chains. Nature has evolved a special motif for
recognizing the methylation states of lysine, called the “aromatic cage”, a collection of aromatic protein residues, often
accompanied by one or more neighboring anionic residues. The combination of favorable cation—z, electrostatic, and van der
Waals interactions, as well as size matching, gives these proteins a high degree of specificity for the methylation state.

This Account summarizes the development of various supramolecular host system scaffolds developed to recognize and bind to
ammonium cations, such as trimethyllysine, on the basis of their methylation state. Early systems bound to their targets in pure,
buffered water but failed to achieve biochemically relevant affinities and selectivities. Surprisingly, the use of the simple and very
well-known p-sulfonatocalix[4]arene provides protein-like affinities and selectivities for trimethyllysine in water. New analogs,
created by synthetic modification of the same scaffold, allow for further tuning of affinities and selectivities for trimethyllysine. Our
studies of each family of hosts paint a consistent picture: cation—z interactions and electrostatics are important, and solvation
effects are complex. Rigidity is especially important for host—guest systems that function in pure water. Despite their simplicity,
synthetic systems that take these lessons into account can achieve affinities that rival or surpass those of their naturally evolved
counterparts. The stage is now set for the next act: the use of such compounds as tunable and adaptable tools for modern chemical
biology.

Aromatic Cage Mimic

Aromatic Cage

Introduction

Cationic amino acids play a critical role in protein structure,
engaging with acidic and aromatic amino acids (aspartic
acid and glutamic acid and tryptophan, tyrosine, and phe-
nylalanine, respectively) through favorable electrostatic’
and cation—z interactions.> Surveys have shown that
cation—z pairs are particularly important at protein—protein
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interaction (PPI) interfaces, appearing in nearly half of all
examples that have been studied.? While arginine is relatively
over-represented at protein interaction interfaces, its cationic
counterpart lysine is notably absent from the list of residues
that are important at protein interaction hot spots.>® But
nature has evolved a separate path that brings lysine into a
role as an important player in protein—protein interactions.
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FIGURE 1. Known methylation states of lysine and arginine (MMA =
monomethylarginine; SDMA = symmetric dimethylarginine; aDMA =
asymmetric dimethylarginine).

A diverse set of lysine post-translational modifications expand
the toolkit of chemical properties beyond those of the ribo-
somally translated amino acid, and almost all of them exist
exdusively to trigger PPIs. Well known examples include lysine
acetylation, which tums on binding by bromodomains,* and
ubiquitination, which can recruit various partners that are
involved in gene regulation.> Of special interest in a discussion
of aromatic interactions are the post-translational methylations
of lysine.%” Lysine can exist in three distinct methylation states
(mono-, di-, and trimethyllysine), which are under the control of
highly specific methyl transferases or demethylases. Arginine is
also methylated by a complementary set of enzymes (Figure 1).
Post-translational methylation of lysine and arginine can be
considered a minimalist set of covalent changes for a variety of
reasons: the addition of CHj is the smallest possible change to a
protein's structure; each side chain remains positively charged
in all modified states; and most methylation states retain some
hydrogen bond donating ability (with the exception of
trimethyllysine). Almost all known examples of post-transla-
tional methylation serve to turn on new protein—protein inter-
actions with partners that specifically recognize the methylated
side chain.®® These interactions have diverse downstream
cellular effects, but are most closely associated with histone
proteins and gene regulation pathways.2? How do these seem-
ingly small changes become the dominant hot-spots that trigger
protein—protein interactions?

Structural Aspects and Interactions

There are several protein domains identified that recognize
post-translationally methylated lysine or arginine (or both).
The methylated lysine recognition domains tudor, MBT,
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FIGURE 2. Aromatic cage recognition of a trimethyllysine-containing
peptide (PHD domain, PDB id 3ASK).

chromo, and PWWP are collectively referred to as the “royal
family”.'®'" All proteins containing domains of the “royal
family” are implicated in chromatin and genetic control."?
Tudor domains, in particular, can be categorized base on
their binding of either methylated arginine or methylated
lysine. Tudor domains that bind methylated arginine are
typically associated with RNA metabolism and those that
bind methylated lysine residues are associated with chro-
matin compaction and post-translational modifications
on histone proteins.'*'3 Plant homeobox domains (PHD
domains)'* and chromodomains'® are small a/ mixed
domains that bind to chromatin-related methylated lysine
residues. PWWP domains bind methylated lysine residues
within a central g-barrel.'® Proteins consisting of multiple
WDA40 repeats form a s-propeller structure that binds methyl-
ated lysines through its central pore.'” MBT domains recog-
nize lower methylation states of lysine through two distinct
mechanisms: using a deep, buried aromatic pocket with
specific size constraints and positioning a favorable anionic
complement near the pocket to make hydrogen bond con-
tact with the methylammonium group.'® Despite the evolu-
tionary and structural diversity among these proteins, they
all engage methylated amino acid side chains using a
common motif: the aromatic cage.

The “aromatic cage” is a preorganized collection of aro-
matic amino acids that coordinate to produce a desolvated,
highly z-electron-rich “cage” occasionally containing an
adjacent anionic residue (Figure 2).'>'® Recognition and
affinity is mainly derived from cation—x interactions be-
tween the positively charged cationic side chain and the
electron-rich z-surfaces of one or more nearby aromatic
rings. Recent work has shown, computationally, that re-
placement of trimethyllysine with a neutral, isosteric ana-
logue (tert-butyl norleucine) that cannot form cation—x



interactions results in a 3.1 kcal mol ™' penalty in binding.°
Prior work using experimental systems based on both the
trimethyllysine-binding HP1 domain and an aromatic cage
model system constructed using a f-hairpin peptide also
showed that replacement of trimethyllysine with the same
neutral analogue severely weakened affinity.?' The hydro-
phobic effect also plays a role, because the cationic (and
somewhat hydrophobic) methylated ammonium groups are
desolvated as they bind into the aromatic cage. Studies of
ING4 (a PHD-containing protein that binds methyllysine
partners) has shown that binding to a peptide containing a
methylated lysine is driven overall by large favorable en-
thalpic contributions and opposed by smaller unfavorable
entropic costs.>> When the methylation state of the key
lysine residue was considered, it was found that the selec-
tivity for trimethyllysine was entropically driven, suggesting
a unique role for the hydrophobic effect in driving selectiv-
ities among similar partners. Further evidence for the con-
tributions of these interactions in methyllysine recognition is
reported in a growing list of papers.'82324

Chemical Mimics of Methyllysine-Binding
Proteins
Efforts to create chemicals that recognize PPI elements can
teach fundamental lessons about how these surface motifs
balance the competing needs of encoding molecular recog-
nition and preserving protein solubility. These chemicals can
also serve as disruptors of their targeted PPIs, which permit
their use in both basic studies of chemical biology and as
novel therapeutics. The first small molecules that target
and bind to aromatic cage proteins have recently been re-
ported.?>?® Agents that bind to the methyllysine-containing
partners in this family of PPIs would provide complementary
information. Unfortunately, trimethyllysine residues are almost
always present on flexible, unstructured protein tails and as
such do not present any concave binding pocket of the type
typically exploited for small-molecule intervention. We, and
others, have proposed a supramolecular approach using host
scaffolds with defined binding pockets. A suitable concave host
could simulate the aromatic cage motif, while negatively
charged groups could provide favorable electrostatic interac-
tions known to also play a role in the natural complexes.'®
This idea arises naturally from a large body of work, too
vast to summarize here, on ammonium-ion-binding supra-
molecular hosts. Where supramolecular approaches have
been used to bind ammonium ions of biological importance,
the targets have most often been cationic neurotransmitters
such as catecholamines, nicotine, and especially cholines.
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The structural similarity of cholines to trimethyllysine (they
both contain RNMes™ functional groups) provides an ob-
vious starting point for this new work, where the biological
targets are post-translationally methylated amino acids,
peptides, and proteins (and the interactions they encode),
rather than small molecules. The constant challenge in the
currently reported work and in all biologically motivated
supramolecular chemistry is to arrive at hosts that operate in
biologically relevant solutions (sometimes referred to as
“pure, warm, salty water’) with affinities and selectivities
that are relevant to the biochemistry under study. What
follows is a brief account of our own group's recent work in
the area. We report on a variety of motifs that have suc-
ceeded to greater or lesser extents against these stringent
criteria and on lessons learned along the way.

Tetrazolates and Indole Carboxylates

To engage the hydrophobic cation of trimethyllysine a
supramolecular system is required that has rigidity, water
solubility and some combination of aromatic and anionic
character to encourage cation—x interactions and electro-
static attraction. To have some selectivity for a more highly
methylated ammonium ion over a less methylated analog,
some degree of hydrophobicity is required. We explored
two heterocydlic systems, tetrazolates and indoles functio-
nalized with carboxylates, that satisfy these requirements in
different ways. Tetrazoles are acidic, aromatic heterocycles
finding increased use in medicinal chemistry as metaboli-
cally stable replacements for carboxylic acids.?” In terms of
molecular recognition, the deprotonated, anionic tetrazolates
are more hydrophobic than their carboxylate counterparts,
and we anticipated that these characteristics would make
them good complements to hydrophobic quaternary ammo-
nium cations like the side chain of trimethyllysine.?®2° Indoles
are electron-rich aromatic rings that, as the side chains of
tryptophan residues,%*' are key participants in the vast
majority of natural protein—trimethyllysine complexes. To
use them as recognition elements in synthetic hosts, we
appended them with carboxylates or additional aromatic
functionality in a variety of ways in an effort to provide for
attractive electrostatic and cation—x interactions and water
solubility.

We first used 1,3,5-trisubstituted benzene scaffolds in
order to allow for the installation of multiple recognition
elements and to provide them with some degree of
organization.3>33 Tetrazolates (and carboxylates, as a
point of comparison) were appended onto the well-
known 2,4,6-triethyl benzene scaffold®*3* to give compounds
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1 and 2 (Figure 3).3° Tetrazolates have previously been
explored as recognition elements that can form salt bridges
with amidinium-type cations in organic solvents.>® We found
that in mixed organic/aqueous solvent, the tetrazoles of host 1
also form energetically stable salt bridges with ammonium
ions and therefore bind ammonium ions of type RNH;™ more
strongly than quaternary ammonium ions. But in pure water,
the selectivities change. Host 1 binds MesN* with higher
affinity than it does RNHs™. Its carboxylate counterpart 2
does not measurably bind the same quaternary ammo-
nium ion. Further, NMR shifts upon formation of the
1-Me4N* complex in pure water revealed that the interac-
tion between the tetrazolates and quaternary ammonium
ion occurs via a face-on orientation of the tetrazolate.
This is consistent with our understanding of these binding
elements, because this orientation maximizes dispersive
and hydrophobic interactions between the tetrazolates'
m-electrons and the polarizable, hydrophobic quaternary
ammonium ion.

To explore the use of indole carboxylates (Figure 3) and
associated solvent effects on similar scaffolding, the cation
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FIGURE 4. Trp and Trp(Bn) hosts explored as dipeptides.

binding properties of host 3 and its neutral counterpart 4
were studied in different solvent systems.>” NMR titration
studies of 3 and 4 with a variety of methylated ammonium
cations, as well as acetylcholine and trimethyllysine, pro-
vided insight into the nature of interactions occurring in this
host—guest system. Host 3, in pure, buffered water, bound
acetylcholine and trimethyllysine (K4 = 23.8 and 15.9 mM)
with modest affinities. Again, increasing methylation tracked
with increasing affinities in pure water for host 3. When
affinities were compared between 3 and 4, the trend of
increased affinity with increasing methylation state was not
observed. In this instance, we also investigated the affinities
of non-natural Et,N*, Pr,N*, and Bus,N" and found dramatic
increases in affinity, reaching a strong Kq of 41.7 uM for the
complex of 3 and BuzN* in pure water. The structure/function
and solvent effects for this system are consistent with a
dominant role for the hydrophobic effect and only a small
impact of cation—u interactions.

We sought a different scaffold for further studies of the
indole carboxylate motifs. Previous work using dipeptides as
synthetic hosts has shown that they can bind ammonium
cations in chloroform.®® Moderate affinity between a tyrosine-
based dipeptide host and acetylcholine were measured in
chloroform (K4=7.69 mM). We created new hosts based on
this synthetic scaffold with two key features: the addition
of carboxylates for improved electrostatic attraction and
water solubility and the introduction of indole-N-benzyl
substituents as additional aromatic surfaces for cation bind-
ing (Figure 4).° This resulted in the hosts 5 [Trp-Trp], 6
[Trp(Bn)-Trp], and 7 [Trp(Bn)-Trp(Bn)]. NMR binding studies



in buffered water showed the Trp(Bn)-Trp(Bn) host 7 was
able to bind acetylcholine in water (K; = 71.4 mM) and that
binding was dependent on the presence of the introduced
benzyl groups. Again, the binding measured was weak.

Each of these systems displayed the general trend of
binding more highly methylated ammonium ions more
strongly. They fail to reproduce the low-micromolar affi-
nities displayed by naturally evolved binders of trimethylly-
sine. More importantly, the studies of solvent effects in each
synthetic system highlighted that they rely more on the
hydrophobic effect than the cation—x interaction for binding
and selectivity. NMR studies in each case suggest that each
of these hosts possess a large degree of conformational
freedom and that indole-based hosts 3—7 tend to undergo
hydrophobic collapse or self-aggregation in pure water. In
general we observe that flexibility is very detrimental to
affinities and that these effects are greater in water than in
organic solvents. Can we solve this problem of flexibility to
achieve biochemically relevant affinities of trimethylammo-
nium groups in water?

Macrocycles: Disulfide Linked

The systems described above failed to supply strong binding
due to inherent rotational freedom of binding elements
and collapsibility of the binding pocket. We sought a scaffold
that is inherently rigid. There are a significant number of
macrocyclic systems that have proven to be effective supra-
molecular hosts in pure water. The existence of the cation—n
interaction has been demonstrated using various aromatic
macrocycles,*®*! and a family of aromatic sulfur-linked
dynamic combinatorial macrocycles provide an example
of hosts capable of high-affinity interactions with acetylcho-
line and various ammonium cations.*>** These systems
produced hosts that engage their ammonium guest via
cation—z interactions much more so than electrostatics,
because the charged elements are presented outside the
aromatic cage cavity (Figure 5A).43 Recently one of these
dynamic combinatorial systems was used to screen for the
creation of trimethyllysine binders.** Three to four building
blocks capable of forming several different macrocycles
under equilibrating conditions were treated with a trimethyl-
lysine-containing dipeptide as a template. This protocol
amplified and produced from the mixture two trimethyllysine-
selective hosts (represented by 8). Not surprisingly, these
hosts were some that had been previously identified as
strong binders of acetylcholine in a prior study.*® These
hosts displayed protein-like (low-micromolar) affinities for
trimethyllysine-containing peptides, 2-fold selectivity over
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FIGURE 5. (A) Previously explored macrocyclic acetylcholine*® and
trimethyllysine** host, 8. (B) p-Sulfonatocalix[4]arene host 9.

dimethylated lysine, and even higher selectivities over un-
methylated lysine. These results demonstrate that rigid,
organized aromatic systems are ctitical to provide strong
affinities and methylation state selectivity.

Macrocycles: Calixarenes

Calixarenes are multiaromatic macrocycles whose use as
supramolecular hosts is well studied.*>*® This sustained
interest is owed to their ease of synthesis, control of size
(calix[x]arene, x=14, 5, 6, and 8), well-defined cavity, and the
amenability of the upper and lower rim positions to syn-
thetic modifications that tune binding propetties. Sulfonated
calixarenes have been used as hosts for ammonium ions of
all types; a survey of the extensive literature is impossible
here. The portion of this body of work most relevant to the
discussion here involves their use as hosts for cationic
neurotransmitters, amino acids, and peptides.*” ~>%°° pre-
vious work has found 9 to complex cationic amino acids
with moderate affinity (K= 0.66 and 1.36 mM, for arginine
and lysine).>' These complexation events arose from both
favorable enthalpies and favorable entropies, and the rela-
tive strength of the enthalpic contributions suggested a large
role for charge—charge interactions in the formation of the
complexes. Other investigators have shown that 9 binds to
cholines, which bear an RNMes" group analogous to the
side chain of trimethyllysine, with strong Ky values in the
2.5 uM range.*”>2~3% These results naturally lead us to ex-
plore whether these simple sulfonated macrocycles could bind
post-translationally modified amino acids such as methyl-
ated lysines and arginines.>® We found that 9 is very well
suited to bind trimethyllysine, displaying a K4 of 27.0 uM,
with 70-fold selectivity over lysine, >100-fold selectivity
over arginine, and even higher selectivity over all other
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TABLE 1. Selectivities and Salt Effects Observed for the Binding of 9 to
Various Methylation States of Lysine As the Free Amino Acid and in the
Context of a Short Peptide

guest Kq (aM)? medium
Lys(Me) 333+ 189 PB
Lys(Me) 769 + 15 PBS
Lys(Me)> 95.2 +£18.1 PB
Lys(Me)> 323+ 11 PBS
Lys(Me)s 280420 PB
Lys(Me)s 66.7 + 2.1 PBS
RKST 182 + 33 PB
RKST 909 +14 PBS
RK(Me)sST 104 £ 1.1 PB
RK(Me)sST 36.1+07 PBS

“Determined by ITC at 30 °C. PB = 40 mM Na,HPO,4/NaH,POy, pH 7.4. PBS =
40 mM NayHPO4/NaH,PO,4, pH 7.4, 137 mM NaCl, 2.7 mM KCI. Results are
averages of 2—3 replicate titrations.

known unmodified amino acids.>>> Methylation of argi-
nine improves affinity to a lesser degree, meaning that 9
is >30-fold selective for trimethyllysine over the most highly
methylated states of arginine. To gain insight into the
system, we further analyzed our NMR titration data and
observed that methylated arginine analogs did not bind
tightly into the calixarene cavity (based upon Ad of shifts
during titration) but instead adopted a side-on binding mode
(with side-chain CH, groups deepest within the cavity) like
that observed for lysine.*® Modeling of trimethyllysine
bound to 9 produced a clear difference, with N-methyl
groups buried in the pocket in an overall end-on structure,
consistent with our NMR data. Our observed Ky of 10 uM for
a short peptide containing trimethyllysine is similar to the
affinities of the naturally evolved trimethyllysine binding
partners.?'>® The thermodynamics of these binding events,
as measured by isothermal titration calorimetry (ITC), are
consistent with previously reported thermodynamics of
sulfonatocalixarene based host—guest systems.'>”

Our prior work focused on using solvent changes to
understand the forces that drive binding. The addition of
salt to aqueous recognition systems is a related experiment
that should screen and weaken electrostatic interactions
and increase the power of hydrophobic interactions. Sub-
jecting host 9 to physiological salt concentrations (137 mM
Nadl, 2.7 mM KCl) was detrimental to affinities for a variety
of methylated lysine guests (Table 1), in each case causing
~3-fold loss in affinity. We also studied the effect of varying
temperature on the complexation of 9 and trimethyllysine
and saw small decreases in affinity with increasing tempera-
ture (Table 2). These studies show that affinity of the simple
host 9 for trimethyllysine under the most physiologically
relevant conditions (K4 = 66.0 uM at 37 °C in isotonic salt)
remains within the range of values reported for binding of
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TABLE 2. Thermodynamic Parameters for the Binding of 9 to Lys(Me)s
at Various Temperatures

temp (°Q) K4 (uM)?
37 66.0 + 2.9
30 66.7 + 2.1
21 469+ 1.2
16 395+ 1.9
9 280+ 22

“Determined by ITC in 40 mM Na,HPO,/NaH,PO,, pH 7.4, 137 mM Nadl,
2.7 mM KCI. [Lys(Mes)] in cell = 0.2 mM; [9] in syringe = 5 mM. Results are
averages of 2—3 replicate titrations.
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FIGURE 6. Synthesis of selectively modified hosts 10—17 and a model
of 13-Lys(Me)s that shows extended contacts between the introduced
aryl ring and the amino acid guest.

trimethyllysine-containing peptides by their evolved recog-
nition proteins.>®

Thus, the parent sulfonated calixarene 9 possesses im-
pressive affinity and selectivity for trimethyllysine despite its
relative simplicity. One of the most attractive features of
calixarenes is the ease with which they can be synthetically
modified to tune binding properties. We recently devised
routes by which a single sulfonate on 9 could be selectively
replaced by a distinct, newly introduced substituent.>® One
major goal was to add functionality that could engage a
greater portion of the trimethyllysine guests, as the naturally



evolved proteins manage to bind both the NMes™ func-
tionality and the neighboring functional groups in the
targeted peptide partners. The outline of such a synthetic
approach to two such families of functionalized hosts is
shown in Figure 6. NMR titration of sulfonamide-derived
hosts showed a diminished affinity for trimethyllysine
(Kq=1.75 and 0.34 mM for 11 and 12, respectively) relative
to parent host 9. No NMR chemical shift occurred for distal
protons on the trimethyllysine, showing that the goal of
engaging the distal protons of the guest was not achieved.
More rigid biaryl hosts prepared via Suzuki couplings
proved more promising. NMR titration studies showed
that host 13 has the strongest affinity for trimethyllysine
(Kq of 15.6 uM) and best selectivity over unmethylated
lysine (~150-fold) that we have observed to date. NMR
titration data show that all Suzuki-coupled hosts 13—-17
engage guest protons all the way down to the most distal
CHa proton of the trimethyllysine guest, validating our
structural hypothesis and showing again the benefits of
rigid linkages in these synthetic hosts. Our most recent
work in this area has generated calixarenes (the best
scaffolds for binding trimethyllysine) appended with tetra-
zolates (found in our hands to be one of the most com-
plementary binding groups for trimethyllysine), and preliminary
results suggest them to be potent and selective agents that
can disrupt methylation-dependent biochemical signaling
events in vitro.

Outlook

The fundamental nature of the aromatic and electrostatic
interactions that drive trimethyllysine recognition events is
well understood. But the actual implementation of this
understanding remains complicated, largely due to our
inability to predict the complex relationships between struc-
ture, solvation, and binding. One lesson that arises repeat-
edly from the studies of supramolecular systems is that host
rigidity is far more important in water, where hydrophobic
collapse is possible and must be avoided, than in conven-
tional organic solvents. Interestingly, the known structures
of methyllysine-binding proteins also offers a similar insight,
because their aromatic cage binding pockets are very rigid
and tend to adopt the same structures whether in free or
bound states.'®

Of course, programming extreme rigidity in a host system
is a recipe for success only if the correct shape, size, and
chemical functionality are installed. It seems that in the well-
known calix[4]arenes, we have identified a host system
that is inherently a very good match for the side chain of
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trimethyllysine. Challenges remain: macrocycles that bind
other important signaling motifs, including mono- and di-
methyllysine, each form of methylated arginine (including
isomeric forms of dimethylarginine), and acetylated lysine,
all await discovery. Given the nature of the analytes, it is
almost certain that these developments will rely on existing
knowledge about aromatic interactions. Because these sys-
tems must operate in physiologically relevant solutions of
pure (salty) water, they will also almost certainly teach us
new lessons on how the complex interplay of structure,
weak interactions, and solvation effects provide affinity
and selectivity in water.

In addition to teaching us basic lessons, these approaches
promise to provide new tools for chemical investigations of
these biologically important pathways.®' Post-translational
modifications of the types discussed here constitute a spe-
cific subdivision of the bigger, growing field of protein—
protein interactions. The reliance of these protein interac-
tions on post-translational modifications, which are highly
localized and structurally very well understood on/off trig-
gers, offers continued encouragement for those who would
use supramolecular approaches to target, probe, sense,
disrupt, and learn from them.
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