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Abstract Proteins are highly evolved, sophisticated machines which function
together to maintain homeostasis in their hosts. While merely a collection of
amino acids covalently bonded in a specific sequence, their wide variety of
functions is truly remarkable. Of course these covalent sequences are essential for
proper function, but equally important for proper function are weak interactions:
protein folding, enzyme-substrate interaction, and protein–protein communication
are all controlled by forces weaker than covalent bonds and understanding these
forces is fundamental in medicinal chemistry and drug design. Many inhibitory
drugs mimic natural substrates for protein binding sites but inhibition of
the substrate by mimicking the binding site is also possible. This mimicry and the
biological consequences are under investigation.
Keywords Aromatic interactions, Cation-pi interactions, Host-guest chemistry,
Hydrogen bonds, Molecular Recognition

Contents
1 Introduction: Weak Interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2 Anion Recognition by Carboxylic Acid Bioisosteres . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3 Receptors That Mimic Natural Aromatic Cage Motifs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

34
36
42
47
47

F. Hof (*) and T. Pinter
Department of Chemistry, University of Victoria, Victoria, BC, Canada V8W 3V6
e-mail: fhof@uvic.ca
S.A. Piletsky and M.J. Whitcombe (eds.), Designing Receptors for the Next Generation
of Biosensors, Springer Series on Chemical Sensors and Biosensors (2013) 12: 33–52
DOI 10.1007/5346_2012_15, # Springer-Verlag Berlin Heidelberg 2012
Published online: 27 June 2012

33

34

F. Hof and T. Pinter

1 Introduction: Weak Interactions
Weak interactions determine protein size and shape and are therefore an essential
part of normal protein function. Discreet binding pockets and motifs that have
evolved to be highly selective for only a very particular class of substrates come
about as a result of a myriad of these non-covalent interactions. The helical shape of
DNA is so because of an intricate combination of H-bond donor and acceptor pairs,
stacking between the bases and solvation effects. Weak hydrogen bonding, electrostatic, and hydrophobic interactions play roles in all protein–substrate and
protein–protein interactions.
The most commonly observed weak interactions and arguably most important for
normal protein function are hydrogen bonds. Ubiquitous in complex natural systems,
almost all biological processes involve hydrogen bonding in some form or another
and these interactions have been the topic of extensive study for decades [1–6].
Proteins which act on anionic substrates universally contain highly evolved hydrogen
bond networks in their active sites. Figure 1a depicts the pore of a ClC chloride
channel whose crystal structure was solved in 2002 [7]. The ion is coaxed into the
pore by four key hydrogen bond donating residues. These attractive interactions pull
the chloride in close proximity to an aspartic acid residue which is displaced, thus
opening the ion channel. During drug design, medicinal chemists often seek to
emulate the natural substrate of a biological target and attempt to preserve all
attractive forces in the host–guest complex. Replacement of the phosphate linker in
natural RNA with an acylsulfonamide in a simple dinucleoside mimic (2) preserved a
key H-bond with His119 and resulted in inhibition of RNase A (Fig. 1b, c) [8].
Other essential, yet not as well understood non-covalent interactions present in
biological systems are those involving aromatic residues [9–12] and the hydrophobic effect [13–16]. The former is often considered to be a result of the latter, as
hydrophobic aromatic residues pack close together in the core of the protein while
hydrophilic residues are more often observed near the protein surface [16]. Although
disfavored on the basis of configurational entropy, as a folded protein loses huge
numbers of degrees of freedom relative to its unfolded state, the favored enthalpic
gains of water molecules able to hydrogen bond to each other causes the overall
energy of the system to be favorable. As a direct result, hydrophobic aromatic
residues are often seen stacked on one another. Doubly mutating two stacked
tyrosine residues in bacterial ribonuclease (barnase) resulted in a 4.6 kcal/mol
decrease in protein stability (Fig. 2a) [9]. Because many hydrophilic residues reside
near protein surfaces, salt bridges and cation–pi interactions are often seen at
protein–protein interfaces [3]. The latter is sometimes observed as a quaternary
ammonium residue bound inside an electron-rich pocket heavily populated with
aromatic residues. These binding sites, or “hotspots,” contain highly preorganized
tryptophan, phenylalanine, and tyrosine residues which stabilize the incoming
cation through their electron-rich pi-clouds. An important interaction of this type
is between methylated lysine and the CBX class of proteins, when methylation of
lysine is misregulated, disease often follows [17–20]. Figure 2b depicts the co-
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Fig. 1 (a) Crystal structure of chloride (green sphere) bound in the pore of a ClC chloride channel
(PDB 1KPL). Key hydrogen bond contacts are observed with surrounding Ile, Ser, Tyr, and Phe
residues. (b) N-acyl sulfonamide linked dinucleoside mimic bound to RNase A. A key H-bond
between the sulfone of the inhibitor and a nearby histidine is observed in the crystal structure (PDB
2XOI). H-bonds are shown as red lines. (c) Natural dimeric RNA fragment (left) and N-acyl
sulfonamide functionalized mimic (right). Both compounds are deprotonated at physiological pH
and the mimic displays moderate inhibitory activity against RNase A

Fig. 2 (a) Aromatic–aromatic stacking in barnase stabilizes the protein (PDB 1A2P). (b) Trimethylated
lysine reisdue is recognized by an “aromatic cage” binding motif in the protein CBX6 (PDB 3I90)
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structure of a peptide fragment with trimethylated lysine binding in the aromatic
cage pocket of CBX6 [21].
Development of compounds which emulate a natural substrate, be it for protein
inhibition or detection if a fluorescent tag is attached, is commonplace. Is it possible
to develop sensors which do the opposite—that is, mimic the binding domain of the
protein itself and sequester the substrate before it enters? Our group and others are
actively exploring this avenue of research.

2 Anion Recognition by Carboxylic Acid Bioisosteres
Since the advent of crown ethers in the 1960s, cation coordination chemistry has
been thoroughly studied and rational design of synthetic cation receptors has
matured a great deal. Anion recognition chemistry, however, had received less
attention until the 1980s. The importance of anionic species to living systems is
critical. Anions are ubiquitous in biological systems: careful regulation of intra- and
extracellular charge gradients is necessary to maintain homeostasis, and the majority of enzyme substrates and cofactors carry a negative charge. DNA owes its
helical shape to well-defined hydrogen bond networks between complimentary base
pairs, phosphates provide the energy source crucial to all biochemical processes,
transport channels for small anions such as chloride and sulfate regulate the flow of
nutrients and osmotic pressure in and out the cell. Misregulation of these certain
chloride channels have been proven to cause the debilitating respiratory illness
cystic fibrosis [22], along with degenerative renal ailments Dent’s disease [23] and
Bartter’s syndrome [24]. Many pollutants, be it from agricultural runoff (lake
eutrophication from excess phosphate), nuclear waste (radioactive pertechnetate
discarded into the ocean), are a cause of growing environmental concern and are
anionic in nature. It is not surprising then that much attention has been focused on
creating potent receptors that are selective for anionic species of interest [25–27].
In biological systems, the most prominent anion present is carboxylate. Negatively charged amino acids are often present at cation-binding hotspots to offer
favorable electrostatic attractions. They are also one half of the common salt-bridge
binding motif and are present in myriad enzyme substrates and cofactors. Development of drugs and sensors that mimic these substrates often requires the creation
of esterified analogs that upon passage through a cell membrane are hydrolyzed to
the corresponding acid derivative by native esterases. An alternate strategy in drug
development is replacement of the carboxylic acid group with a functionally similar
moiety, one for which the body lacks the evolved metabolic pathways to affect
its degradation. These are known as bioisosteres of carboxylic acid. Common
acid bioisosteres include aryl sulfonamides, acyl sulfonamides, and tetrazoles
(Fig. 3). Utilizing these functional groups in drug development often leads
to improved oral availability, metabolic stability, and potency relative to carboxylate bearing analogs [28–30]. It follows that a vast number of small molecule
therapeutic targets contain tetrazole [31, 32], aryl sulfonamide [33, 34], and acyl
sulfonamide functionality [35–37].
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Fig. 3 Some common carboxylic acid bioisosteres

Fig. 4 (a) Fluoride selective sensor developed by Starnes et al. (b) Cyanide selective receptor
developed by Ahn et al.

Fig. 5 Chloride selective fluorescent sensor developed by Johnson et al. (left) and its crystal
structure complexed with chloride (right)

These groups have two possible modes of molecular recognition: when
protonated, the acidic hydrogen atoms should make excellent donors useful for
anion binding. When deprotonated, the anionic conjugate bases of these functional
groups are potential cation binders. Our group and others have investigated the use
of deprotonated tetrazolates for cation binding [38–43]. While aryl sulfonamides
have been used as anion binders, the affinities of tetrazoles and acyl sulfonamides in
neutral, protonated form have been largely unexplored.
Starnes and co-workers appended bis-aryl sulfonamide functionality to a wellknown porphyrin scaffold (3) and observed changes in the UV–vis absorption
spectra when titrating with various anions (Fig. 4a) [44], while Ahn et al. observed
fluorescence enhancement and selectivity towards cyanide with their naphthalenebased aryl sulfonamide receptor (4) (Fig. 4b) [45]. Recently, Johnson and coworkers have been developing aryl ethynyl scaffolds as anion sensors and have
shown remarkable fluorescence imaging of chloride in vitro [46]. They have also
fabricated a scaffold decorated with aryl sulfonamide functionality (5) that is also a
successful anion binder [47] (Fig. 5). Against this backdrop of favorable results, it is
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Fig. 6 Amide and sulfonamide functionalized anion receptors exhibit different selectivities

Table 1 Anion affinities of aryl sulfonamide functionalized hosts 8 and 9, acyl sulfonamide
functionalized hosts 10 and 11, and tetrazole functionalized hosts 12 and 13
Kassoc(M1) in CD3CN
Bu4N+NBr
Bu4N+OTs
Bu4N+NO3
Host
Bu4N+Cl
10
600(10)
110(10)
60(5)
40(40)
11
1,030(5)
320(5)
250(5)
100(5)
12
100(50)
20(10)
100(100)
80(5)
13
390(10)
90(5)
120(5)
60(5)
14
8,450(10)
720(10)
1,400(20)
5,800(30)
15
3,560(40)
800(10)
520(10)
330(5)
Errors in brackets are standard deviations of 2–3 replicate titrations

Bu4N+HSO4
50(5)
180(10)
70(20)
100(5)
660(50)
340(5)

interesting to note that the original report of isophthalamides as anion binders by
Crabtree also reports aryl sulfonamide analogs that have varying affinities and
selectivities relative to amides (Fig. 6) [48]. Compound 6 exhibits threefold more
potent binding for chloride relative to 7 while 7 binds fluoride approximately twice
as strongly as 6.
We recently explored anion binding by all three bioisosteres—aryl sulfonamides,
acyl sulfonamides, and tetrazoles—affixed to a common calixarene scaffold. Hosts
8–13 were prepared and their binding with several biologically important halides
and oxyanions was determined. The results are summarized in Table 1. These
studies revealed that although the N–H proton acidities of these three classes of
compounds are similar (representative N–H pKa values are 4.6, 8.5, and 5.2 for
tetrazole [49], aryl sulfonamide [50], and acyl sulfonamide [36] moieties, respectively), tetrazoles proved to be superior anion-binding elements relative to their
sulfonamide analogs within this structural context. The expected trends based on
N–H proton acidities were in fact observed with aryl sulfonamides, as 8 bound all
anions studied less strongly than did electron poor 9. Notably, acyl sulfonamide
functionalized hosts 10 and 11, although known to be more acidic than simple aryl
sulfonamides were less competent hosts. These findings implied that there were
more forces at work in these systems than simply hydrogen bond donation (Fig. 7).
We hypothesized that their varying conformational preferences, largely ignored
in their simple classification as interchangeable replacements for carboxylic acids,
might play a role in determining their anion-binding affinities. Molecular modeling
studies were carried out to investigate the host–guest complexes. We identified
geometries for each host–guest complex in which the calix[4]arene is in a perfect
“cone” conformation and all four hydrogen bond donors are engaging the central
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Fig. 7 New class of carboxylic acid bioisostere functionalized calix[4]arene recognition elements

Fig. 8 Local minima that involve the maximum four host–guest hydrogen bonds for representative host–guest complex with key dihedral angles calculated (HF/6-31+G*). Lower rim
substituents have been omitted. (a) Aryl sulfonamide functionalized host complexed with Cl.
(b) Acyl sulfonamide functionalized host complexed with Cl. (c) Tetrazole functionalized host
complexed with Cl

anion symmetrically. These provided values for the key torsion angles of each
functional group that would be optimal for binding (Fig. 8). The actual inherent
conformational preferences for each functional group were then determined by
dihedral driving calculations and CSD surveys (not shown) and compared to the
values required for anion binding in this structural context.
The combined computational analyses for the key dihedral angles that define the
inherent shapes of these moieties are presented in Fig. 9.
These comparisons showed that the tetrazole hosts 12 and 13 must adopt a
nonideal dihedral that takes the tetrazole out of conjugation with its neighboring
ring to bind an anion, and that it paid ~13 kJ/mol in order to do so (Fig. 9c). The
shapes of the aryl and acyl sulfonamides are defined by three important dihedral
angles. The conformations of the rotatable carbon–sulfur bonds for aryl sulfone
type functionalities (y1, Fig. 9d) and are known to be similar (y1 ¼ ~90 ) [51].
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Fig. 9 Energy diagrams calculated at the HF/6-31+G* level of theory when driving key dihedral
angles from 0 to 180 for simplified fragments of aryl (square) and acyl (circle) sulfonamides
(a, b) and for a simplified tetrazole fragment (c). (d) Labeling of key dihedral angles studied
computationally. The approximate angles required to fully engage a central guest in a fourfold
symmetrical manner are highlighted with boxes

Focusing on the dihedral for rotation about the sulfonamide S–N bond, (y2; Fig. 9a)
and the amide/aniline dihedrals that define rotation about the neighboring N–C
bonds (y3; Fig. 9b) provides a different picture. Computational analysis revealed
that these functional groups also have preference for co-planarity with their aryl
neighbors. An analysis similar to that done for the tetrazole shows that both
compounds pay little energy in order for y3 to adopt a good binding geometry.
When examining y2 however, the acyl sulfonamide fragment pays a much higher
penalty to orient itself toward the guest than the aryl sulfonamide. These lessons
inform on sulfonamide recognition in general, as they can also explain the failure of
the Crabtree bis-sulfonamide 7. Clearly, the chosen scaffold was not ideal for
maximum host–guest binding and within the right structural context, the rigid
acyl sulfonamides have potential to bind anions with more potency.
Tetrazoles are the most highly acidic of these isosteres, and should be the best
hydrogen bonders of anions. Their utility as anion recognition elements has been
demonstrated in a variety of contexts that are informed on by considerations of host
shape and electronics. A tripodal receptor bearing three tetrazoles (15) was compared to a carboxylic acid analog (14) [52]. Binding studies showed that the
tetrazole-functionalized host bound halides up to six orders of magnitude more
strongly than did its carboxyl functionalized counterpart despite their nearly identical acidities. Again, the apparent similarity covers up major differences in shape
and stereoelectronics that drive molecular recognition. While the acidic OH and
acidic NH groups in 14 and 15 are arrayed in nearly identical positions in threedimensional space, the OH groups are directed outward and away from the guest
because of a carboxylic acid’s strong preference for a syn OH conformation. On the
contrary, the tetrazole’s NH (which prefers strongly to exist as the 1H-tetrazole
tautomer in polar solutions) is oriented such that all three host NHs can bind the
guest simultaneously. The impact of these stereoelectronic effects all cooperating in
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Fig. 10 Tripodal anion receptors with association constants measured in acetonitrile

Fig. 11 Previously studied amidopyrroles and new tetrazole containing anion binders

the binding of the guest is dramatic. Comparison with other recognition elements
appended to the same scaffold reveals that this host is among the strongest neutral
binders of anions ever reported—even comparable to triply cationic hosts such as
16 [53] (Fig. 10).
Further inspiration from medicinal chemistry was found in the natural product
prodigiosin and its synthetic analogs (prodigiosenes), which are being heavily
investigated as novel therapeutics in a variety of contexts and whose highly potent
binding of anions are linked to their biological activities [54]. The core anionbinding motif of prodigiosenes is a 2,20 -bipyrrole; prior lessons, the shapepreferences, and anion-binding potencies of tetrazoles suggested the utility of a
scaffold in which tetrazoles are installed next to a neighboring, conjugated pyrrole.
5-(Pyrrolyl)-tetrazole (17) is a small fragment that satisfies these design criteria
(Fig. 11) [55]. The recognition properties of the tetrazole are revealed by
comparisons to two key relatives, 2,20 -bipyrrole (18), which reproduces the geometry of 17 with a nearly isosteric tetrazole-for-pyrrole swap and a simple
amidopyrrole (19), which is a representative member of a larger family of
amidopyrroles that have been shown to bind and transport anions. Compound 16
binds almost any anion with tenfold greater affinity than the structurally related
bipyrrole (18) (Table 2). The similar selectivity trends observed for 17 and 18
suggest that their structures and directional hydrogen bonding are similar and that
the acidity of the tetrazole is the key to higher affinities. Compound 17 also binds
anions at least 47-fold stronger than amidopyrroles. The tridentate 2,5-(bistetrazolyl)-pyrrole (20) was also produced and compared to a forerunner that used
bis(amido)pyrroles for anion binding (21) [56]. Affinities improved again—this
time by two orders of magnitude. These amide-to-tetrazole comparisons revealed
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Table 2 Association constants for selected anions with compounds 17–21
Kassoc(M1) in CD3CN
Bu4N+NBr
Bu4N+OTs
Bu4N+NO3
Host
Bu4N+Cl
17
3,300(1,200)
450(50)
900(50)
160(20)
18
310(10)
50(3)
40(4)
20(1)
19
28
<10
nd
nd
20
26,000(2,300)
1,500(430)
34,000(3,500)
1,600(300)
21
138
<10
nd
nd
Errors in brackets are standard deviations of 2–3 replicate titrations. For compounds 19 and 21,
errors are estimated to be <15% [56]

that the tetrazole-functionalized hosts encoded a non-Hofmeister preference for
sulfonate/sulfate type anions relative to chloride, showing that even a subtle
structural change (in this case, the angle of the N–H donors relative to each
other) can have large effects on binding selectivities.

3 Receptors That Mimic Natural Aromatic Cage Motifs
As with receptors inspired by common drug motifs, inspection of natural binding
motifs in proteins provides a multitude of lessons on molecular recognition. One
that has found particular resonance and utility in supramolecular chemistry is the
aromatic cage motif that is used throughout nature to bind tertiary and quaternary
ammonium cations. This motif is typically defined as a rigid cluster of 2–4 aromatic
amino acid side chains (Trp, Phe, Tyr) describing a central binding site [57].
Notable examples include the choline-binding proteins, which include acetylcholinesterase and the nicotinic acetylcholine receptor, and several gene regulation
proteins that recognize and bind to the “histone code” marks of dimethyllysine and
trimethyllysine side chains (see Fig. 2) [58]. The latter are especially interesting,
because they have evolved in a competitive environment where they must reject
binding of proteins that are identical to their targets but are unmethylated at the
critical lysine side chain. Thus, their aromatic cages are the sole and unique hot
spots that are responsible for this biologically driven selectivity.
It is notable that, for tertiary and especially quaternary ammonium ions, nature
rarely employs a negatively charged molecular recognition element such as carboxylate or phosphate. This leads one to the idea that the cation–pi interaction and
possibly the hydrophobic effect are the key operators. A large set of synthetic
receptors have been used both to demonstrate that the cation–pi interaction is adept
at encoding the strong and selective binding of quaternary ammonium ions in water.
The variety of such structures is large, and this area has been extensively reviewed
[59]. Exemplary evidence is provided by data from a single family of macrocyclic
hosts invented by Dougherty (Fig. 12). Host 22, a synthetic aromatic cage
functionalized with polar solubilizing groups, demonstrated the ability to bind
ammonium ion guests such as 23 and 24 with high affinities in pure water.
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Fig. 12 Macrocyclic hosts that mimic aromatic cage motifs, and their guests that have been used
to understand the nature of their interactions

It has always been a confounding element of these motifs (natural and synthetic)
that a hydrophobic component (and not the cation–pi interaction) might be sufficient to drive the observed binding of quaternary ammonium ions (which are much
more hydrophobic than primary ammonium ions). But comparisons in water of
nearly isostructural guests such as 24 and 25 that bear different charges revealed a
significant difference in affinities that can only be explained by the multiple
cation–pi interactions that exist between the guest 24 and the cyclophane. Further,
the guest 26, with isosteric aliphatic –C(Me)3 and ammonium –N(Me)3+ ends,
shows a strong preference for binding with the charged (and slightly less hydrophobic) –N(Me)3+ end inside the aromatic cage of 22; if hydrophobicity were the
prime driver for guest binding, then the more hydrophobic –C(Me)3 end would win
out. Finally, the host analog 27, with two of the benzene rings of 22 replaced with
cyclohexane walls that are more hydrophobic and more polarizable than the
benzenes in the parent host, also shows decreased affinities for ammonium ion
guests that support the key role of cation–pi interactions in the parent host 22.
Other informative comparisons have been conducted using natural, proteinbased aromatic cage motifs as “receptors” themselves for physical organic studies.
In one kind of study, strong-binding quaternary ammonium ion ligands of the type
–N(Me)3+ (31) are compared to ligand analogs that are isostructural except for –C
(Me)3 substitutions (32, Fig. 13) [60, 61]. The affinities in both studies are higher
for the charged species that can form multiple cation–pi interactions with their
protein binding partners. In a different kind of study, the protein itself is altered to
reduce the strength of the proposed cation–pi interaction by installation of unnatural
aromatic amino acids with decreased electron density relative to the native Trp
residues (e.g., F-Trp, F2-Trp, F3-Trp) [62]. Again, the dominant role of certain
cation–pi contacts in these biologically important recognition events is supported
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Fig. 13 Perturbation of protein–ligand interactions by modulating the cation–pi interaction. (a)
Peptides bearing trimethyllysine –N(Me3)+ and neutral –C(Me3)+ side chains, as well as the parent
peptide with an unmodified lysine (–NH3+) side chain, and their affinities for the aromatic cage
protein HP1. The HP1 binding pocket containing bound trimethyllysine is shown at left (1KNE).
(b) Two inhibitors of the enzyme Factor Xa that show 100-fold increased potency for the –N
(Me3)+ type inhibitor. (c) Electron-deficient Trp analogs are introduced into nicotinic acetylcholine receptor (nAChR) at position a149 by mutagenesis. The resulting receptors show reduced
activation by the agonist epibatidine with increasing fluorination, demonstrating the importance of
the Trp149-epibatidine cation–pi interaction

by the dramatic weakening of protein–ligand interactions for the proteins with more
highly fluorinated, and therefore more electron-poor aromatics.
Trp is the most electron-rich of the aromatic amino acids, and as such is the
aromatic residue most frequently identified as participating in strong cation–pi
interactions in nature [63]. In recent work, our group has been creating new aromatic
cage mimics that involve the incorporation of Trp into receptor frameworks of
different types. One variation on this theme involves the construction of small
Trp-rich peptides, with augmentation of their aromatic character by incorporation
of N-benzyltryptophan as a building block [64]. This artificial amino acid presents
both the electron-rich indole and an appended benzyl substituent to cationic binding
partners. The peptide-derived receptor Trp(Bn)–Trp(Bn) (33) shows the ability to
bind to quaternary ammonium ions in water, with selectivity over unmethylated
primary quaternary ammonium ions in this highly competitive medium. More
telling, the construction and comparison of receptors based on Trp–Trp peptides
(33–35) bearing zero, one, and two appended benzyl substituents showed an increasing ability to bind to acetylcholine in water with increasing benzylation (Fig. 14).
In another approach, we have created a variety of hosts based on indole carboxylic acids, including receptor 37 made from three copies of the de-aminated Trp
building block indole-3-propionic acid (36, Fig. 15) [65]. Despite its extreme
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Fig. 14 Hosts for quaternary ammonium ions based on N-benzylated Trp residues

Fig. 15 A host based on Trp derivative indole-3-propionic acid binds quaternary ammonium ions
in buffered water

simplicity and lack of pre-organized binding pocket, host 37 binds quaternary
ammonium ions like Me4N+, AcCh, and Kme3 in buffered water, with two- to
fivefold selectivity over some analogous primary and secondary ammonium ions. In
this case, however, studies that extended to examination of more hydrophobic
cations showed more dramatic increases in affinity, including a >800-fold higher
affinity for Bu4N+ than Me4N+. This difference is completely absent in CDCl3
(where in fact, Bu4N+ is not bound at all), demonstrating that it must be largely
driven by the hydrophobic effect and not by specific weak interactions between host
37 and Bu4N+. This lesson—that hydrophobicity can cooperate with cation–pi
interactions in aqueous medium—likely extends to naturally occurring aromatic
cages that can recognize peptides bearing quaternary trimethyllysine side chains
over their unmethylated congeners. As previously stated, the observation that a
substrate bearing neutral –C(Me)3 side chains (32) binds more weakly to an
aromatic cage protein than does the natural partner (31) bearing –N(Me)3+ side
chains demonstrates the importance of the cation–pi interaction. But the comparison of the methylated peptide 29 to its unmethylated analog 28 raises a question: all
other things being equal, the strength of the cation–pi between the aromatic cage
protein and unmethylated 28 should be stronger, because the cation is more
compact (and charge dense) and can form shorter cation–pi contacts. But of course,
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Fig. 16 p-Sulfonatocalix[4]arene (38) and macrocycle 39 mimic the aromatic-rich pockets of
methyllysine-binding proteins in different ways. Both bind peptides bearing trimethyllysine side
chains in buffered water with protein-like affinities and selectivities

the unmethylated peptide 28 has a handicap, in that the primary –NH3+ cation of
its side chain is strongly engaged with a shell of hydrating water molecules.
The affinities for these peptides with their partner protein HP1 are provided in
Fig. 13 [61]. The hydrophobic effect that is induced upon methylation is an
important player that works alongside cation–pi interactions and dispersive
interactions in generating the natural selectivities of aromatic cage proteins for
their trimethyllysine targets over unmethylated counterparts.
The calixarenes, a family of hosts that present multiple phenol rings in a
macrocyclic arrangement, have been widely explored as biomimetic hosts. A
particularly large body of work exists on sulfonated calixarenes, which are soluble
in water and capable of binding a wide variety of natural and unnatural guests
presenting ammonium ions. Hosts like p-sulfonatocalix[4]arene (38) have long
been known to bind biologically important quaternary ammonium ions like
acetylcholine [66, 67]. More recent work has broadly explored their abilities to
bind cationic amino acids, peptides, and proteins [68, 69]. Host 38 binds lysine,
arginine, and histidine in buffered water with affinities of 520, 330, and 20 M–1,
respectively (Fig. 16) [70–72]. Affinities rise upon methylation, with asymmetric
dimethylarginine (aDMA) and symmetric dimethylarginine (sDMA) binding
threefold stronger than unmethylated arginine [72]. The lysine series displays
even stronger dependence on methylation state, with affinities ranging up to
37,000 M–1 for the 1:1 complexation of trimethyllysine (Kme3) and 96,600 M–1
for the short trimethyllysine-containing peptide R-(Kme3)-S-T [72]. Such high
selectivities for the quaternary ammonium ions over primary counterparts are
dramatic and consistently displayed for this host. The difference probably arises
from a change in binding mode: unmethylated lysine side chains bury their most
hydrophobic elements, the aliphatic CH2 groups, inside of the aromatic cavity of
host 38 and leave the polar –NH3+ group exposed to the polar sulfonate functional
groups and external solvent [73]. Trimethyllysine, instead, buries its –NMe3+ group
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snugly inside the cavity of the host, and in doing so forms multiple strong cation–pi,
CH–pi, and dispersive interactions assisted by the hydrophobic effect [72].
Other synthetic hosts have recently been explored as receptors for trimethyllysine,
including macrocycle 39, which contains disulfide bridges that enable its participation
in and selection from a dynamically equilibrating host library. This aromatic-rich host
also binds trimethyllysine-containing peptides with excellent selectivities, displaying
an association constant of 40,000 M–1 for a trimethylated peptide and >50-fold
weaker binding to the unmethylated analog [74]. The affinities of both calixarene
38 and cyclophane 39 for their trimethyllysine targets are of the same order as
the naturally evolved aromatic cage proteins, which typically range from Kassoc ¼
50,000–200,000 M–1 (Kd ¼ 5–20 mM). In both of these cases, protein-like affinities
and selectivities, which are rarely displayed by supramolecular hosts, are achieved.
Both receptors profit from the approach of “teaching old dogs new tricks,” i.e.,
identifying existing host scaffolds that mimic naturally evolved protein binding
partners, and using them to engage biological targets that had previously been
unconsidered by supramolecular chemistry. The creation of biomimetic receptors
for post-translationally methylated protein residues is a promising area for future
developments in biotechnology and biomedical research.

4 Conclusions
The technological promise of biomimetic receptor-type compounds as both sensors
and disruptors of biological pathways is only now beginning to be realized [67, 75]
but there remain many challenges to converting this type of biologically inspired
receptor into advances that are biomedically important. The most fundamental is
that strong and specific molecular recognition in the medium of life—pure, warm,
salty water—remains difficult to achieve using the simple scaffolds that are familiar
in the world of supramolecular chemistry. Examples of success of the types
described here are relatively rare. As we continue to seek simple molecules that
can achieve complex recognition tasks, we find an almost inexhaustible source of
inspiration for these studies in the huge diversity of proteins and drugs that are
known encode strong and selective binding in water.
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