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Abstract

Cation-rt interactions arise as a result of strong attractive forces between positively charged
entities and the r-electron cloud of aromatic groups. The physicochemical characteristics of
cation-rt interactions are particularly well-suited to the dual hydrophobic/hydrophilic environment
of membrane proteins. As high-resolution structural data of membrane proteins bring molecular
features into increasingly sharper view, cation-r interactions are gaining traction as essential
contributors to membrane protein chemistry, function, and pharmacology. Here we review the
physicochemical properties of cation-r interactions and present several prominent examples
which demonstrate significant roles for this specialized biological chemistry.
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Introduction

Physicochemical properties

Cation-rt interactions are short-range, noncovalent interactions between cations and nearby
1t systems (Figure 1). In the context of membrane biology, these energetically significant
interactions have multiple advantageous characteristics which have been highlighted in
studies employing gas and organic-phase “reduced systems” in combination with ab initio
computations. For instance, whereas the strength of a salt bridge formed between acidic
carboxylates (Glu, Asp) and basic moieties (Arg, Lys) is primarily determined by the
distance separating the two charge centers (r), cation-m interactions have an additional
geometric “en face” prerequisite that the cation engages directly with the face of the
aromatic [1]. This coordination geometry allows the cation to directly interact with the
quadrupole moment of the aromatic ring. The polarization-driven, attractive forces in cation-
Tt interactions stem from two distinct terms. The first term arises from the electric field
generated by the cation, which polarizes the rt-electron cloud of the aromatic side chain. The
second term relates to the induced dipole moment of the aromatic ring, which interacts with
the polarizing positive charge via its electrostatic potential. Put together, the attractive part of
the short-range potential that accounts for induction effects in cation-m interactions can
formally be described analytically by means of a 1/r* term, a term that has been added to
non-polarizable force fields [2-4] to approximate cation-rt interactions in classical
simulations. For the interested reader, details relating to the computational efforts to
formally include induction phenomena via explicit integration [5-9], and/or by the
development of other models that remain within the framework of the pairwise additive
approximation [10, 11] are more extensively described elsewhere [9, 12, 13].

In biology, consenting cations can be found in the basic side chains of proteins, as well as
many different ligands, toxins, other small molecules, or even ions that might closely
interact with the protein (Figure 1). Similarly, the r-electron partner in a cation-r
interaction can be provided either by aromatic side chains (Phe, Tyr, or Trp), or by an
aromatic moiety of an interacting ligand. Note that the side chain of histidine may formally
act as a cation or as an aromatic group, thus requiring particular consideration [14]. For the
guanidinium moiety of arginine—a dispersed r-system itself-the side chain can interact with
an aromatic through parallel (stacking) or perpendicular (T-shaped) geometries (Figure 1B—
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C). Important in the context of membrane proteins, which are exposed to mixed lipid and
aqueous environments, cation-r interactions are often found at the surface of proteins [1].
This suggests their higher resilience to the screening effects of solvent than salt bridges,
which are more commonly found interred, or at the interface between two proteins or
domains [1]. While a salt bridge between Asp/Glu and Arg/Lys residues can reach nearly the
strength of a covalent bond in a low-dielectric medium (~60kcal/mol), this interaction
strength rapidly dissipates with solvation [1, 15]. In contrast, a cation-r interaction, which is
weaker than a salt bridge in a low-dielectric environment (~20kcal/mol), is less drastically
affected by solvation [1, 12], such that a cation-rt interaction is estimated to be 2.5- to 10-
fold stronger than a comparable salt bridge in water [1, 12, 15]. As proposed by Gallivan and
Dougherty, the resilience of cation-r interactions in an aqueous environment relative to salt
bridges is explained at least in part by the fact that for a salt bridge to form in water, both
sides of the interaction must pay an energetic desolvation penalty, while in a cation-n
interaction only the cation suffers this penalty [1]. The mechanistic implications of both the
environmental resilience and the geometric dependence of cation-r interactions can be
profound for the diverse biological environments that membrane-embedded proteins
experience during their function.

A means to quantify cation-rt interactions in biology

The biological role of a putative cation-rt interaction is not easily quantified experimentally.
Side-chain removal of a benzene (Phe), phenol (Tyr), or indole (Trp) moiety through
conventional mutagenesis will fully remove the rt-electron contribution as well as most of
the steric and hydrophobic properties of the aromatic. Should a particular phenotype persist
after substitution with a non-aromatic amino acid (yet still hydrophobic, e.g., Leu), then the
functional requirement of a cation-rt interaction can be ruled out.} However, no such
“natural” substitution enables a strategy for energetic estimation or validation of the cation-
Tt interaction at play.

For this purpose, serial fluorination of the aromatic side chain has become the go-to method
for the experimental study of cation-rt interactions and their importance in maintaining
function. The electron-withdrawing fluorine substitution is nearly isosteric to hydrogen and
does not alter aromatic planarity (FIGURE 2A). Importantly, successive fluoro-substitution
withdraws electron density from the aromatic face in a linear fashion [16]. Thus, each
fluorine atom added will result in an approximately equal drop in the cation-rt binding
energy, pursuant to dissipation of the electrostatic component of the cation-m interaction.
Note that as alluded to above, the cation-m interaction undoubtedly involves additional types
of intermolecular forces beyond electrostatics. This being said, electrostatics have been
established to be highly predictive of the overall strength of the cation-rt interaction [17].
Experimentally, a loss of cation- r interaction energy could be reflected in binding affinity
or efficacy (in the case of ligands) or shifts in biophysical properties such as gating
energetics for ion channels. For a bona fide cation-r interacting pair, plotting the

I\we use this specific language (“functional requirement”) because in biological contexts, the formal possibility often exists that
elimination or alteration of an aromatic group may be functionally silent due to compensation. For this reason, it is more
straightforward to confirm a cation-r interaction than to conclusively refute one, particularly when testing one aromatic within a

network.
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experimental binding energy for each fluoro-aromatic condition against a calculated binding
energy of an ideal system (Na*-bound benzene for instance), will reveal a linear relationship
[16].

Despite the power of the methodology in dissecting the importance of cation-rt interactions,
the site-specific encoding of fluoro-aromatic amino acids is a non-trivial undertaking which
requires genetic code expansion methodologies. For proteins that tolerate prokaryotic
expression, autotrophic variants have been developed for encoding of some fluoro-aromatics
in response to natural codons [18]. However, more complicated chemical-biology
approaches are required for the site-specific encoding of fluoro-aromatics, particularly
within eukaryotic membrane proteins.

To encode unnatural aromatic variants in a eukaryotic cell, methods first developed in the
Schultz lab [19] and further honed by Dougherty and Lester [20] have produced a general
protocol, termed /n vivo nonsense suppression, to encode a variety of unnatural amino acids.
Briefly, the method utilizes an amber (TAG) stop-codon-suppressing orthogonal tRNA,
which is enzymatically appended at the 3’ end with an unnatural amino acid of interest e.g.,
a fluoro-aromatic. The property of orthogonality refers to the competency of the acylated
tRNA for ribosomal translation, as well as its incompatibility with endogenous amino acid
synthetases (FIGURE 2B). Thus, the ideal orthogonal tRNA is not significantly edited or
reacylated, thereby reducing the potential for spurious encoding of natural amino acids [21,
22]. The acylated orthogonal tRNA is co-injected into the Xenopus laevis oocyte expression
system with an RNA encoding the protein of interest with an inserted amber (TAG) stop
codon at the desired encoding site (FIGURE 1B). The oocyte is useful for this purpose as it
is a large (~1pl), easy to inject, nondividing cell with relatively low endogenous ion channel
activity. It is suitable for high-resolution electrophysiological approaches commonly used to
characterize ion channel and transporter activities. Nonsense suppression with /n7 vitro
chemically acylated tRNA is inherently inefficient in the production of full-length proteins,
stemming both from the amber codon suppression itself and the non-renewable nature of the
acylated tRNA. In this regard, the study of ion channels is especially suited to the approach
given that a single channel can conduct millions of ions per second, which can be easily
recorded as electrical current. Indeed, a so-called macroscopic recording of ion channel
behavior in an oocyte is possible from the plasma-membrane expression of only a
subfemtomole quantity of channels on the oocyte surface.

of cation-r interactions in membrane proteins

Biological examples of cation-m interactions may be thought to fall under two broad
categories. The first are those found within or between proteins, involving basic and
aromatic amino acids, while the second encompasses soluble ligands and receptors. The
former proteinaceous interactions may be important for stabilizing overall structure or
particular conformational states, and were observed to be abundant in proteins of known
structure back when the PDB structural database was dominated by soluble proteins [23].
Whether such structural cation-m interactions are similarly common in membrane proteins is
less well understood. This is due to a historical paucity of unique membrane protein
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structures, which has begun to change with the advancement of protein engineering methods
[24], as well as single particle cryo-EM [25].

To estimate the abundance and nature of cation-r interactions within membrane proteins, we
provide a survey of proximity between aromatic (Phe/Tyr/Trp) and basic (Arg/Lys) residues
for ion channels and G protein-coupled receptors (GPCRs) of known structure (203 and 99
unique proteins, respectively; https://blanco.biomol.uci.edu/mpstruc/). These structures arise
from data of variable resolution and quality; thus, prudence should be used in the assignment
of likely cation-mt interactions. A range of distance thresholds have been proposed for
energetically significant cation-rt interactions, from less than 3.7 A [11] to 6 A, depending
on the molecules involved [16]. The angle of approach, 6, with respect to the normal of the
aromatic ring is also an important factor, as interactions become unfavorable beyond 45°
[11]. Distance and relevant angles of approach for all interactions within 8 A are plotted in
FIGURE 3. For lysine, amino acid pairs most likely to be true cation-r interactions are
represented by tall bars located on the near left side of the 3D plot, which feature the
smallest separations and deviations from an ideal angle of approach (FIGURE 3A and C). In
the case of the interaction of arginine with aromatic amino acids, most highly favored
stacked interactions are clustered near where (in this case, two) angles of approach (61, &)
are close to 0° (FIGURE 3B and D). In those regions, there is an apparent preponderance of
ideal arrangements of the guanidinium moiety with r-electron clouds, and this correlates
with close proximity (approximately 3.5-A distance). As previously discussed, Arg can also
form cation-r interactions through an alternate, T-shaped organization. In this plot, a T-
shaped organization would involve angles approaching 0° for 6;, and 90° for &,,
respectively. This geometry corresponds to a slightly greater separation, i.e., approximately
4.0 A. In terms of simple distance, statistics for these data give an overall impression of
higher preponderance of likely cation-m interactions involving arginine (118, 714, and 1781
occurring within 4, 5, or 6 A, respectively) compared to lysine (58, 386, and 949 occurring
within 4, 5, 6 A, respectively); thus mirroring the proportions previously found in soluble
proteins [26].

A second category of biological cation-m interactions embraces ligand-receptor interactions.
In this category, a “ligand” may be defined in a broad sense to include neurotransmitters
[27-29], drugs [30-32] , simple cations such as metals [33, 34], toxins [35-37], and even
potentially the choline headgroups of some membrane lipids [38, 39]. Below we present a
targeted survey of several instances of cation-r interactions from multiple protein families.
The interactions we detail below feature aromatic amino acids and cationic ligands. Using
the method of nonsense suppression with chemically misacylated tRNA, more than 30 such
cation-rt interactions have been identified and quantified between surface-exposed aromatic
amino acids in receptors and soluble cations (often basic amine-bearing groups). We note
also, however, that cation-m interactions involving basic (e.g. Arg, Lys) amino acids and the
aromatic groups on ligands have been demonstrated. One particularly interesting example
involves the K2P channels TREK1 and TREK2 and their binding of small molecule
activators ML335 and ML402 [32]. In this instance, a resident Lys on the channel interacts
with an aromatic group on the drug via a cation-rt interaction whose role in ligand binding
was elegantly confirmed via synthesis and testing of an analog of ML335 lacking
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aromaticity in the interacting ring. Below, when appropriate, we combine structural and
functional data to inform our analyses of the interactions.

Pentameric ligand-gated ion channels- focus on nAChR

The nicotinic acetylcholine receptor (nAChR) is the founding member of a family of
eukaryotic pentameric ligand gated ion channels, which also includes receptors for glycine,
serotonin, GABA, and glutamate. Acetylcholine (ACh) was recognized early on as a
potential cation-rt forming ligand and was tested for this possibility against a purely
synthetic aromatic receptor [23, 40-42]. Soon thereafter, the structure of the acetylcholine
esterase demonstrated the biological relevance of a cation-m interaction between ACh and a
resident tryptophan in the enzyme [43]. Encouragingly, contemporary research established
that the binding site of ACh on nAChR was rich in aromatic residues [44]. Using their
recently developed chemical misacylation approach for nonsense suppression described
above, the Lester and Dougherty research groups systematically encoded serially fluorinated
tryptophan analogs at the implicated sites and ultimately found a strong cation-rt interaction
involving a single tryptophan residue, W149, of the a subunit [29].

These findings were supported by structures of the ACh-binding protein, a homolog of the
ligand-binding domain of nAChR [45]. Atomic structural determination of the full,
heteromeric NnAChR would not be accomplished for another 15 years (FIGURE 4, center).
As expected, the structure of the human a4p2 heteropentamer bound to nicotine showed the
ligand enveloped in an aromatic cage located at the interface of a4 and B2 subunits, with
W156 of a4 (analogous to W149 discussed above) positioned to interact with the amine
group of nicotine [46] (FIGURE 4, top left). The pose of the drug in the binding pocket
helps explain why Lester and Dougherty did not find cation-m interactions between nicotine
and other nearby tryptophan residues such as W57 of B2, which interacts with nicotine,
albeit not in an orientation ideal for cation-r interaction.

Apart from this high-resolution map of the nicotine binding site within the a4/p2 interface,
the structure of the channel also revealed an interesting motif at a corresponding region in
non-ligand binding interfaces, such as p2/p2. While this interface lacks the features to
support ligand binding, it contains instead a structural (proteinaceous) cation-rt interaction
consisting of a subunit-specific arginine sandwiched between two tyrosine residues
(FIGURE 4, top right). Recently, the native 7orpedo nAChR structure bound to the inhibitor
bungarotoxin was solved via cryo-EM and the interaction of these entities in the a4/p2
ligand binding site represents a sort of conceptual merge of the motifs described above [36].
Two amino acids from bungarotoxin contribute an arginine (R36), as well as a phenylalanine
(F32) to a cation-rt sandwich involving Y198 from the a subunit of NAChR (FIGURE 4,
bottom left) [36]. Thus, this deadly neurotoxin blocks the binding of the model cation-r
ligand ACh to its receptor by substituting a proteinaceous cation-m interaction of its own.

Beyond the nAChR, it bears mention that energetically significant cation-m interactions have
been identified between ligands and aromatic amino acids located within orthosteric binding
sites in other pentameric ligand-gated ion channels, including GABA [47, 48], glycine [27],
and serotonin [28] receptors. The overall molecular logic is conserved, though in some cases
the binding sites utilize different aromatic residues.
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Voltage gated ion channels- focus on Na* channel pharmacology

Voltage-gated Na* channels (Nay/s) promote rapid depolarization during the action
potentials of the excitable cells of nerve and muscle [49]. These large (~250kD) 24
transmembrane (TM) proteins have four domains (DI-DIV), each with six helical TM
segments, termed S1-S6. The S1-S4 segments of each domain are assigned as peripheral
“voltage-sensing” domains, and the S5-S6 TM segments, connected by a reentrant loop,
define a central Na*-selective pore. The selectivity filter is located at an extracellular-facing
constriction, which further expands to an intracellular, water-filled vestibule lined by the
four S6 segments from each domain.

Inherited mutations or post-translational dysregulation of Nays can result in aberrant
channel activity and pathophysiological Na* conductance. In some cases this can entail
destabilization of non-conducting “deactivated” or “inactivated” channel states. Such ‘hyper-
excitable” Nay, channel gating can result in cardiac arrythmia [50], epilepsy [51], and
enhanced pain syndromes [52]. For this reason, therapeutics that inhibit Nay, channel activity
are widely used in clinical settings for the treatment of these disorders. Several local
anesthetics as well as anti-arrhythmic and anti-epileptic agents are weakly basic, amine-
bearing Nay, channel blockers. To bind the channel, these drugs rely upon a pair of
conserved aromatic groups found in the DIV S6 pore-lining helix [53-55]. Removal of
either aromatic residue results in decreased channel block [53-55]. Using site-directed serial
fluorination of either aromatic site, it has been shown that the aromatic proximal to the
selectivity filter engages lidocaine and other class 1b anti-arrhythmic drugs via cation-r
binding, while the lower aromatic does not [30, 31]. Interestingly, other anti-arrhythmic
drugs designated as class 1a or 1c lack a cation-rt component at either aromatic, suggesting
that multiple binding modes may exist within the Nay, channel inner vestibule [30].

Consistent with their role in action potential firing of nerve and muscle tissues, Nay
channels are also targeted by toxins used in predator-prey relationships [56]. Tetrodotoxin
and saxitoxin (TTX and STX), for instance, are cationic neuromuscular toxins that rapidly
and reversibly block Nay channels via an aqueous extracellular binding site [57]. Nine
mammalian Nay, channel isoforms are commonly segregated as either sensitive (Nay/1.1-
Nay1.4, Nay1.6, Nay.1.7) or resistant (Nay1.5, Nay1.8, Nay1.9) to TTX, showing blocking
activity in nanomolar concentrations or micromolar concentrations of the toxin respectively.
Those in the higher-affinity category have a conserved aromatic (Tyr or Phe) located just
extracellular to the selectivity filter ring in the DI S5-S6 loop, whereas those that bind
poorly lack the aromatic side chain, and instead have a Cys or Ser at this site [57].
Mutagenesis to swap a non-aromatic for a Phe or Tyr significantly enhances TTX binding
affinity, suggesting a requirement for an aromatic residue at this conserved position [58].
Consistent with this hypothesis, it has been shown by encoding fluoro-aromatics in the
skeletal Nay 1.4 isoform that the guanidinium group of the TTX neurotoxin binds the
channel via a cation-r interaction [35]. Interestingly, the inhibition of Na, channels by Ca2*
has been shown to rely on a cation-m interaction with the same aromatic [33].

Recent near-atomic cryo-EM structures from the human neuronal channel hNay, 1.7 bound
to TTX or STX revealed essentially identical binding sites within the channel pore,
consistent with prior functional studies and featuring extensive interactions with the toxin
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[59]. Here, we focus on the region proposed to include a cation-m interaction with STX
(FIGURE 5A). Specifically, three critical residues are positioned to interact with the
guanidinium groups of STX; a conserved tyrosine (Y362) and two acidic residues (E364 and
E930) located on either side of it. Mutation of any of these three residues significantly
reduces affinity for the toxin [60]. From this structure it appears that the aromatic residue
(Y362) and E930 engage the six membered guanidinium-bearing ring of the toxin, while
E364 engages the neighboring five-membered ring.

As an interesting aside, it is known that several species of frogs express and secrete a protein
called saxiphilin, which binds STX with high affinity and is thought to confer resistance to
the toxin [61]. Recently, a high-resolution crystal structure of the saxiphilin:STX complex
was solved, allowing for assignment of molecular interactions that comprise the STX
binding site [37]. Saxiphilin uses a strikingly similar chemistry to engage STX as do Nay
channels. This includes a motif consisting of two acidic residues flanking an aromatic
residue, in this case a Phe (FIGURE 5B). The saxiphilin:STX structure suggests that for this
complex, the aromatic is engaged in a cation-rt interaction with the five-membered
guanidinium-bearing ring of STX, and that this interaction is supported by the two acidic
residues. Saxiphilin is not evolutionarily related to Nay, channels, and the three amino acids
comprising this electrostatic recognition motif are contained within a single short loop,
rather than across multiple domains. With this in mind, it is remarkable that this protein
evolved such a similar recognition strategy to that of the ion channel. One might even say
that nature has strongly “suggested” a binding strategy to be used in future efforts for
therapeutic neutralization of STX.

G protein-coupled receptors (GPCRs)- focus on Muscarinic Acetylcholine Receptor

GPCRs serve to couple external chemical signals to intracellular signaling pathways through
the activation of their cytoplasmic partners, G-proteins. Approximately one third of all FDA
approved drugs act on GPCRs [62]; thus, the atomic-level understanding of their
mechanisms of action is of critical clinical importance. The chemical mechanisms of
molecular recognition by GPCRs reflect the diversity of the proteins (at least five major
classes comprising ~800 individual proteins [62]) and the ligands involved.

In general, regulation of GPCRs is accomplished by the binding of orthosteric as well as
allosteric ligands to distinct sites [63]. For the prototypical class-A M2 muscarinic receptor
(M2R), structural data support the idea that cation-r interactions play significant roles in the
recognition of common cationic functional groups within ligands by specific aromatic
residues within the protein. For example, binding of the drug Iperoxo has been proposed to
involve cation-r interactions between its trimethyl ammonium group and a box of aromatic
(tyrosine) residues lining the orthosteric ligand binding site in the receptor (FIGURE 6) [64].
Binding is also supported by a nearby Asp residue. It is worth noting that the trimethyl
ammonium group in Iperoxo is shared with ACh, the physiological agonist of the receptor,
suggesting that recognition of the endogenous ligand also depends on cation-r interactions.

It has been similarly proposed that binding of at least a subset of allosteric modulators of
M2R relies on cation-m interactions. A study combining computational docking and
simulation identified a common binding site for a gamut of allosteric modulators that is
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immediately extracellular to the orthosteric binding site and features a different set of
aromatic groups [65]. The docking results suggested that these aromatics may interact with
cationic centers on the drug via cation-m interactions. /n vitro experimentation using
conventional mutagenesis supported the idea that binding of the prototypical modulator
C-/3-phth is dependent on such cation-rt interactions. General support for the identification
of this region as an allosteric binding site on M2R comes from a crystal structure of the
protein solved with the allosteric modulator LY2119620 bound [64]. LY2119620 is
structurally distinct from C/3-phth. However, it binds to an overlapping site, utilizing its
own aromatic groups to interact with the aromatics on M2R. The structural diversity among
the allosteric modulators guarantees that their binding to similar sites is mediated by a range
of different chemistries.

In addition to the M2R, another example of a cation-m interaction involved in GPCR
function is found in the binding of glutamate to metabotropic glutamate receptors. In
mGIuR1, binding involves interactions between the a amino group of glutamate and a
conserved tyrosine residue (Y236) in the extracellular ligand binding domain on the receptor
[66, 67]. As with multiple previously mentioned cation-rc interactions (Na,-STX,
Saxiphilin-STX, and M2R-iperoxo), this motif is supported by an ionic interaction with a
nearby acidic residue (D318) to the same cationic group. Conventional mutation of both
residues affects ligand binding [68]. Finally, in addition to the interactions discussed above,
we note that there is great potential for the discovery of novel cation-r interactions in future
GPCR research since there is currently very little known about the molecular basis of
recognition for many GPCR ligands such as odorants [69].

Cation-1t interactions have been proposed to be critical to the structure and function of the
membrane-associated integrin complex in platelets. Specifically, it has been proposed that a
conserved aromatic (Phe or Tyr) residue in the Bl subunit interacts with divalent metal ions
via a cation-rt interaction, and that this interaction is crucial for ligand binding and strong
Mg?2*-dependent cell adhesion [34]. This interaction is supported by crystal structures that
locate a row of cations in the proximity of this conserved aromatic residue, with an
orientation suggestive of a cation-r interaction [70].

Experimental support of this interaction has thus far been provided by reconstitution of the
platelet adhesion mechanism of the a4p7 complex in transfected HEK 293T cells [34].
Conventional point mutation of F185 supports the potential of an energetically significant
cation-rt interaction at this site, in as much as tyrosine is interchangeable at this position,
whereas non-aromatics such as alanine, leucine, and glutamate are not. Intermediate
phenotypes were observed for the aromatic residues tryptophan and histidine; this
observation was reasoned to stem from improper fit of these differently-shaped amino acids
in the interaction site. FRET analysis of the point mutants supported the idea that this cation-
v interaction helps maintain the proper orientation of the extracellular domain relative to the
plasma membrane [34].
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Conclusions

Cation-rt interactions are critical to the function and pharmacology of several types of ion
channels and other membrane proteins. These interactions result from the attraction of the
charge borne by a positive center towards the quadrupole created by the r-electron cloud of
an aromatic side chain. Compared to salt bridges, cation-m interactions are relatively more
resilient to water and have an added geometric component that strongly influences
energetics. Here, we focused on cation-r interactions in specific membrane proteins that
have been studied by various methodologies. There is reason to believe that many new and
interesting cation-rt interactions will be proposed on the basis of continually emerging
atomic and near-atomic membrane protein structures solved via X-ray crystallography and
single-particle cryo-EM. These structures have in fact changed the way we think about
“testing” or “confirming” the structural and functional roles of cation-r interactions in
membrane proteins. Previously, in the absence of sufficient high-resolution structural data, a
functionally demonstrated cation-rt interaction provided incredibly unique high-resolution
information about the interaction between two amino acids, or between an amino acid and a
ligand, which may not have been otherwise knowable. The subsequent emergence of
structural information would in many cases support the prior inference. The solving of
representative members of many ion channel and other membrane protein families has
created a scenario wherein structural data can more often serve as a starting point to propose
cation-tt interactions. These interactions may then be tested for energetic significance, and,
therefore, a functional role, via complementary approaches including the encoding of
fluorinated amino acids via nonsense suppression.

In what new contexts can we forge this ultimate link between how an interaction /ooks and
how it works? To this end, significant effort must be expended towards the development of
new methodological platforms for the encoding of unnatural amino acids outside of the
Xenopus oocyte. In principle, several routes could be explored. Simply translating the
chemical misacylation method to mammalian cells via optimized and/or novel delivery
techniques is an option that may increase the applicability of the approach to protein targets
requiring mammalian expression hosts [71]. However, inherent limitations in these
technologies with efficiency and scaling make their application to biochemical assays
difficult if not impossible. Alternatively, /n vivo nonsense suppression via co-evolved
tRNA / synthetase pairs offers facile, scalable encoding of unnatural amino acids in
mammalian cells in instances where, crucially, an efficient and high-fidelity synthetase has
been successfully identified and validated for the amino acid(s) of interest. Feasibility is
suggested by a study reporting a synthetase that is competent to encode a select number of
fluorinated phenylalanine residues via nonsense suppression in £. coli[72]. The emergence
of such tools would be expected to significantly grow and democratize the study of cation-r
interactions, allowing a deeper understanding of their significance in biology.
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Infield et al. “Cation-r interactions and their functional roles in membrane proteins”lon
Channel Special Edition

HIGHLIGHTS

The physicochemical characteristics of cation- interactions are summarized.

Cation- =t abundance is assessed via automated analysis of 203 ion channels
and 99 unique GPCR protein structures.

Aromatic fluorination as a method to assess cation-m interactions is discussed
in tandem with unnatural amino acid mutagenesis techniques.

Examples of cation- rt interactions are highlighted for sodium channels,
acetylcholine receptors, saxiphilin, GPCRs, and, integrins.
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Figure 1:
Idealized geometries for cation-r interactions. A) ldeal position and distance for the

interaction of sodium and benzene. B) Depiction of ideal position and distance for stacked
(left) and t-shaped (right) interaction of guanidinium with benzene.
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Figure 2:
A) effect of serial fluorination on the electrostatic potential of benzene and indole, structural

surrogates for phenylalanine and tryptophan, respectively. B) Schematic view of /n vivo
encoding of unnatural amino acids via injection of chemically acylated orthogonal
suppressor tRNA. Unacylated suppressor tRNA is not recognized by endogenous aminoacyl-
tRNA synthetases (bottom left), while the acylated tRNA is competent for translation,
specifically enabling the encoding of an unnatural amino acid in response to the amber stop
codon (center). The engineered protein (in this case an ion channel) is trafficked to the
plasma membrane where it can be assayed via electrophysiology.
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Figure 3:
Cation-rt interactions naturally occurring in membrane channels and G protein coupled

receptors. Geometric variables utilized to characterize the approach of A) the primary amine
of lysine and B) the guanidinium moiety of arginine towards the plane of the aromatic side
chain. d'is the separation of the aromatic-ring centroid from either the nitrogen of the lysine
side chain, or the C-carbon of the arginine side chain. © is the angle formed by the normal to
the plane of the aromatic ring and the unitary vector pointing from its centroid to the
nitrogen of lysine. 6,1 and O, are, respectively, the angle between the normal to the aromatic
ring (n;) and the unitary vector pointing from its centroid toward the C-carbon of arginine,

and the angle formed by the normal of the guanidinium moiety (n,) and the unitary vector
pointing from its C-carbon atom toward the aromatic-ring centroid. C) Angular distribution
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characterizing the approach of the primary amine of lysine toward phenylalanine, tyrosine,
and tryptophan side chains of membrane channels and GPCRs. Taller columns denote closer
proximity of the primary amine group from the plane of the aromatic ring. A structural
depiction of the ideal angle of approach hovers over the plot near the closest interactions of
lowest angular deviation. D) Correlation plot of the angles 6, and 6, of the guanidinium
moiety of arginine from aromatic side chains in membrane channels and GPCRs, depicted as
in C). Idealized structural depictions hover over stacked and t-shaped variations.
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Figure 4:
Cation-rt interactions in the nicotinic acetylcholine receptor (nAChR). Overall structure of

the human a4/B2 nAChR is in the center, with nicotine ligand shown in red spheres. At top
left is a closeup view of nicotine in its binding site. Of the aromatic residues comprising an
aromatic box (cyan) around the ligand (gray), W156 (labeled) of a4 has been shown to
engage in a cation-rt interaction with the ligand (red dashed line). At top right is a closeup
view of a structural cation-rt within f2 found in non-ligand binding interfaces. Relevant
aromatic residues are shown in cyan. At bottom left is a closeup view from the cryo-EM
structure of the native 7orpedo nAChR bound to bungarotoxin (orange), showing a cation-r
interaction between Y198 (labeled) on the NAChR a subunit (analogous to Y204 in the
human a4) and an arginine/phenylalanine pair from bungarotoxin (labeled).
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M N-lobe = C-lobe

Figure 5:
Saxitoxin (STX) binding mediated by cation-rt interactions with conserved aromatic

residues in two different proteins. A) Left, overall Cryo-EM structure of hNa, 1.7 bound to
STX (shown in red spheres), shown with the resolvable regions of the p1 and B2 auxiliary
subunits. At right is a close up (top-down view) showing a cation-m interaction with the
toxin as well as nearby interactions with acidic residues. B) Left, crystal structure of bullfrog
saxiphillin bound to STX (shown in red spheres), with close up at right showing a
chemically similar structural motif to that seen in the Na,
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Figure 6:
Cation-rt interactions in the orthosteric binding site of the M2 acetylcholine receptor (M2R).

Left, overall structure of M2R (salmon) bound to the orthosteric ligand iperoxo (red
spheres). Right, closeup view of the iperoxo binding site, with tyrosine residues involved in
a cation-r interaction shown in cyan.
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