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Abstract

Given their primacy in governing the action potential (AP) of excitable cells, voltage-gated Na+ 

(Nav) channels are important pharmacological targets of therapeutics for a diverse array of clinical 

indications. Despite historically being a traditional drug target, therapeutics targeting Nav channels 

lack isoform selectivity, giving rise to off-target side effects. To develop isoform-selective 

modulators of Nav channels with improved target-specificity, the identification and 

pharmacological targeting of allosteric sites that display structural divergence among Nav channel 

isoforms represents an attractive approach. Despite the high homology among Nav channel α 
subunit isoforms (Nav1.1–Nav1.9), there is considerable amino acid sequence divergence among 

their constituent C-terminal domains (CTD), which enables structurally and functionally specific 

protein: protein interactions (PPI) with auxiliary proteins. Although pharmacological targeting of 

such PPI interfaces between the CTDs of Nav channels and auxiliary proteins represents an 

innovate approach for developing isoform-selective modulators of Nav channels, appreciable 

modulation of PPIs using small molecules has conventionally been difficult to achieve. After 

briefly discussing the challenges of modulating PPIs using small molecules, this current frontier 

review that follows subsequently expounds on approaches for circumventing such difficulties in 

the context of developing small molecule modulators of PPIs between transmembrane ion 

channels and their auxiliary proteins. In addition to broadly discussing such approaches, the 

implementation of such approaches is specifically discussed in the context of developing small 

molecule modulators between the CTD of Nav channels and auxiliary proteins. Developing 

allosteric modulators of ion channels by targeting their PPI interfaces with auxiliary proteins 

represents an innovative and promising strategy in ion channel drug discovery that could expand 

the “druggable genome” and usher in first-in-class PPI-targeting therapeutics for a multitude of 

channelopathies.
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1. INTRODUCTION

In neurons, voltage-gated Na+ (Nav) channels are a primary molecular determinant of the 

action potential (AP) [1]. Despite the central role of the pore-forming α subunit in 

conferring this functionality, protein: protein interactions (PPI) between the α subunit and 

auxiliary proteins are essential for enabling the full physiological function of the Nav 

channel, which ultimately enables the repetitive firing of APs [2–11]. As these PPIs enable 

specificity of the intermolecular regulation of different Nav channel isoforms [12–15], 

pharmacological targeting of PPI interfaces between Nav channels and their auxiliary 

proteins represents a novel approach for developing highly target-selective therapeutics. 

Despite holding promise, identification of compounds that modulate such PPIs is vexingly 

difficult for a multitude of reasons, chief among which is that PPI interfaces are structurally 

divergent from the targets of most conventional small molecules. This challenge is further 

complicated in the context of developing modulators of PPIs involving transmembrane ion 

channels and auxiliary proteins, as adequate screening platforms to support early-phase drug 

discovery initiatives targeting these surfaces are lacking in both the academic and industry 

sectors. As such, integration of complementary approaches ranging from in-cell and 

biophysical assays to functional and behavioral studies is necessary to elucidate the potential 

of PPIs as druggable targets for the treatment of a diverse array of disease states, especially 

neurologic and neuropsychiatric disorders. In addition to broadly discussing such 

approaches, the mini-review that follows discusses a targeted approach for developing 

allosteric modulators of Nav channels by targeting their PPI interfaces with auxiliary 

proteins. As such efforts to expand the “druggable genome” by targeting PPIs represent a 

largely unexplored area in central and peripheral nervous system drug discovery, 

implementation of such approaches has the potential of identifying and establishing novel 

classes of PPI-targeting neurotherapeutics, which, in the specific case of Nav channels and 

auxiliary proteins, would result in a first-in-class family of allosteric modulators.

2. BARRIERS TO DEVELOPING SMALL MOLECULE MODULATORS OF 

PPIS

The approaches expounded upon below to identify small molecule modulators of PPIs 

between transmembrane ion channels and their auxiliary proteins are born of necessity to 

circumvent, broadly speaking, two pharmacological difficulties. The first of these difficulties 

arise due to the sheer size and unorthodox geometry of the target. PPI interfaces generally 

range in size from 1000 to 4000 Å2, whereas conventional small molecule drugs are 

generally designed against targets that are only 300 to 1000 Å2 [16, 17]. Furthermore, 

conventional small molecule drugs are ordinarily designed against well-defined binding 

pockets of enzymes and receptors, whereas PPI interfaces tend to be devoid of such clearly 

demarcated topographical regions [18]. Given these discrepancies between the conventional 

surfaces that small molecules are designed to target and the structural properties of PPI 

interfaces, it is, therefore, unsurprising that high-throughput screenings (HTS) of small-

molecule libraries against PPI complexes often yield few viable hits that could serve as PPI 

modulators [18].
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The second, and intimately related, pharmacological challenge of developing small molecule 

modulators of PPIs stems from ill-defined characterization of druggable motifs along vast 

PPI interfaces. In particular, the discovery that there are residues of PPI interfaces that are 

crucial to the assembly of two proteins, conventionally identified using alanine scanning 

mutagenesis [19], has led to the viewingof some “hot spot” residues as druggable motifs of 

PPI interfaces [20]. This notion that a PPI interface “hot spot” implies a druggable target for 

small molecules is, however, oftentimes uninformative from a drug discovery perspective. 

For example, alanine scanning can identify a residue as a “hot spot” due to the amino acid’s 

contribution to protein stability, which is unrelated to developing modulators of a PPI [21]. 

Furthermore, interactions of a small molecule with residues beyond a single “hot spot” are 

necessary to enhance specificity and modulatory effects on the assembly of two proteins 

[21], underscoring the need to reconceptualize druggable pockets of PPI interfaces.

3. DEVELOPMENT OF SMALL MOLECULES TARGETING “HOT 

SEGMENTS” OF PPIS

Although developing a viable small-molecule PPI modulator by targeting “hot spot” residues 

of PPI interfaces is hindered by the difficulties described above, targeting “hot segments” of 

PPIs could potentially circumvent many of those obstacles. “Hot segments” [22, 23], or the 

related “small-molecule inhibitor starting points (SMISP)” [21, 24], are clusters of amino 

acids at a PPI interface. These clusters of amino acids, unlike conventional “hot spots,” are 

identified through methods that depart from alanine scanning and determine the primacy of 

clusters of amino acids in governing a PPI by directly assessing the PPI interface structure 

[21–24]. Using these methods, between 15% and 40% of all PPIs have been shown to 

exhibit “hot segments” and that such clusters of amino acids confer more than half of the 

protein:protein binding energy involved in a given PPI [22, 23]. Furthermore, the 

“druggability” of such “hot segments” or “SMISPs” can be determined using some of these 

methods [21, 24], enabling target tractability to be rapidly assessed. Given the increased 

amenability of such clusters of amino acids at PPI interfaces to serve as druggable pockets, 

such pharmacological targeting of “hot segments” represents a promising approach for 

developing PPI-targeting therapeutics.

4. WORKFLOW FOR DEVELOPING COMPOUNDS TARGETING “HOT 

SEGMENTS” OF PPI INTERFACES

To develop small molecules targeting a “hot segment” of a PPI, the first phase of the 

workflow, as in Fig. (1), is to access the structure of a functionally relevant PPI interface. If 

structural data of the PPI interface suggests that the interaction between the two proteins is 

disproportionately mediated by a specific cluster of amino acids at a key domain of one of 

the binding partners, putative “hot segments” of the PPI can be investigated using a variety 

of previously reported in silico prediction methods, such as PocketQuery [24] and 

RosettaDock [25]. If in silico interrogation of a PPI is suggestive of a well-defined “hot 

segment,” development of small molecule modulators of the PPI can proceed by screening 

chemical libraries or compounds rationally designed against the “hot segment” using 

targeted platforms for HTS that are tailored to the specific target. Using a robust and scalable 
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in-cell HTS platform is essential for this early-phase discovery. A desirable platform should 

include cost-effective primary screenings that enable reconstitution of the PPI interface in a 

controllable yet physiologically relevant environment to enable reliable initial validation of 

hits. Especially in the context of developing modulators of PPIs involving transmembrane 

ion channels and intracellular auxiliary proteins, an in-cell primary assay is desirable as it 

ensures that identified lead compounds have the necessary drug-like properties, especially 

favorable molecular weights and cLogP values, to reach their intracellular sites of action 

both ex vivo and in vivo.

After completion of screening, identified hits with favorable drug-like properties are further 

pharmacodynamically evaluated using complementary techniques. At this juncture, 

employing an amalgam of complementary and orthogonal approaches, including in silico 
prediction of blood-brain barrier (BBB) permeability [26], in-cell toxicity assays, protein: 

ligand binding studies using surface plasmon resonance (SPR), and functional studies using 

electrophysiology is crucial to robustly characterize lead compounds in silico to ex vivo 
prior to advancing into in vivo studies. Having characterized lead compounds displaying 

favorable in silico to ex vivo performance, the in vivo pharmacokinetic (PK) profile of leads 

should be assessed prior to advancing into behavioral paradigms that seek to characterize the 

organismal effects of modulation of a targeted PPI.

5. “HOT SEGMENTS” OF PPI INTERFACES BETWEEN NAV CHANNELS 

AND THEIR AUXILIARY PROTEINS AS NOVEL SITES FOR ALLOSTERIC 

MODULATION

Given their role as the fundamental molecular determinant of neuronal excitability, it is 

unsurprising that Nav channels have been the target of many central nervous system (CNS) 

drug discovery campaigns [1]. However, given that three pharmacologically relevant Nav 

channel isoforms are abundantly expressed in the CNS (Nav1.1, Nav1.2, and Nav1.6) [1], 

which have greater than 85% overall homology in terms of their respective pore-forming α-

subunits [27], such efforts have been of limited success on account of developed lead 

compounds often failing to demonstrate isoform selectively [28].

To progress toward achieving isoform-selectivity, some conceptual delineation between 

orthosteric and allosteric sites is necessary to identify novel druggable sites of Nav channels 

that could confer functionally relevant and targeted modulation. Structurally, the pore-

forming α subunit of Nav channels is comprised of four transmembrane domains, denoted as 

DI-DIV. Each of these four transmembrane domains is comprised of six segments, denoted 

as S1–S6. In addition, the pore-forming α subunit also features an intracellular N-terminal 

domain and intracellular C-terminal domain (CTD) [29, 30]. Crucially, the orthosteric 

modulator of Nav channels, which is voltage itself, exerts its effects through positive gating 

charges at intervals of three amino acid residues in S4, leading this transmembrane segment 

to conventionally be considered the “orthosteric site” of these channels [31]. Although this 

definition is technically correct, it is somewhat uninformative in the context of developing 

isoform-selective, allosteric modulators of Nav channels. For example, small molecules 

targeting Nav channels for epilepsy and local anesthesia bind to regions that, despite being 
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outside of S4 are still, however, highly homologous among Nav channel isoforms [32, 33], 

resulting in such molecules being classified as allosteric modulators despite lacking 

selectively.

To arrive at a more restrictive and informative conceptualization of allosteric sites of Nav 

channels in the context of developing isoform-selective modulators, a criterion worthy of 

consideration is the homology of specific structural domains of the Nav channel across 

isoforms. Considering this criterion, one particular structural domain of Nav channels that 

represents a promising and truly allosteric site to target for the development of isoform-

selective modulators is the intracellular CTD, as CTDs display appreciable amino acid 

sequence divergence across Nav channels isoforms that enables functionally specific PPIs 

with distinct auxiliary proteins [2–4, 6–15]. As such, identification of compounds targeting 

“hot segments” of PPIs between the CTD of specific Nav channels and specific auxiliary 

proteins could serve as a novel approach for the development of isoform-selective 

modulators of Nav channels. In the case of the CNS, such modulators would have broad 

applicability for neurologic and neuropsychiatric disorders, such as epilepsy and bipolar 

disorder, respectively, whereas such modulators targeting peripheral nervous system 

isoforms of Nav channels, such as Nav1.7, would have applicability for the treatment of 

neuropathic pain and as local anesthetics [29, 34]. Compounds targeting these PPIs would 

gain the definition of allosteric modulators by two separate and complementary criteria: i) 

they target a domain of the Nav channel, the CTD, that is highly divergent across isoforms 

and is not directly related to the orthosteric site (i.e. the voltage sensor); and ii) they involve 

a binding partner, the auxiliary protein, that is distinct from the pore-forming α subunit.

Of particular interest, PPIs between intracellular fibroblast growth factors (iFGF) and CTDs 

of different Nav channel isoforms have been shown to modulate Nav channel activity in an 

isoform-dependent fashion [35–37], and these changes were further shown to be distinct 

from those mediated by other iFGF isoforms and splice variants [12, 14]. Given this 

isoform-dependent modulation of distinct Nav channels by distinct iFGFs, in addition to 

iFGF dysfunction increasingly being associated with neurologic and neuropsychiatric 

disorders [34, 38, 39], PPI interfaces between different Nav:iFGF pairs may serve as 

promising targets for pharmacological probe and drug development of allosteric modulators 

of Nav channels (Fig. 2A–C).

As depicted in Fig. (2), pharmacological targeting of “hot segments” of iFGF:Nav PPI 

interfaces not only represents an approach for developing isoform-selective modulators of 

Nav channels but also, through bidirectional manipulation of complex assembly, presents 

opportunities for negative versus positive allosteric modulation of Nav channel activity. For 

example, small molecules that inhibit the association of iFGF:Nav complex assembly (Fig. 

2A) are anticipated to abrogate iFGF-mediated regulation of Nav channels, thereby 

preventing the full physiological function of Nav channels and decreasing their activity. Such 

effects, consistent with studies in which iFGFs have been genetically deleted [34, 40], could 

classify such molecules as negative allosteric modulators (NAM) of Nav channels. In 

contrast, small molecules that stabilize and inhibit dissociation of iFGF:Nav complexes (Fig. 

2C) are anticipated to exacerbate iFGF-mediated regulation of Nav channels. Potentiation of 

iFGF-mediated effects on electrophysiological parameters of Nav channels including 
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inactivation and resurgent INa+ [41] would increase Nav channel activity. Such effects, which 

would manifest as increased firing rates of neurons, could classify such molecules as 

positive allosteric modulators (PAM) of Nav channels.

Through targeting “hot segments” of the PPI between the CTD of the Nav1.6 channel and its 

auxiliary protein fibroblast growth factor 14 (FGF14), isoform-selective probes targeting the 

Nav1.6 channel macromolecular complex have been developed to inform efforts to usher in 

first-in-class allosteric modulators of Nav channels targeting PPI interfaces. To begin, 

molecular modeling of the PPI interface between the CTD of Nav1.6 and FGF14 was 

performed, which identified clusters of amino acids on the β12 sheet of FGF14, namely 

FLPK (1, Fig. 3) and PLEV (2, Fig. 3), and β8–β9 loop of FGF14, namely EYYV (3, Fig. 

3), that were putative “hot segments” at the FGF14:Nav1.6 PPI interface [42, 43]. In 

subsequent works, these clusters of amino acids were used as scaffolds for the development 

of rationally designed peptidomimetics selectively targeting the Nav1.6 channel 

macromolecular complex. Reported by Ali et al. [40], a benzyl chloroformate (Cbz) 

functional group was added to the N-terminus of the FLPK tetrapeptide, and a Boc 

functional group was added to the constituent lysine residue of the tetrapeptide, which 

produced ZL181 (4, Fig. 3) [40]. Functional studies using 4 revealed that the peptidomimetic 

functioned as an isoform-selective modulator of the Nav1.6 channel macromolecular 

complex, as the compound suppressed Nav1.6-mediated peak transient INa+ density and 

suppressed maximal and instantaneous firing frequencies of medium spiny neurons (MSN) 

of the nucleus accumbens (NAc) [40]. Subsequently, Liu et al. [44] optimized the scaffold of 

compound 4 by replacing the N-terminal Cbz functional group with an acetyl functional 

group, replacing the Fmoc function group added to the constituent lysine residue with a Boc 

functional group, and adding a methoxy group to the C-terminus of the tetrapeptide, thereby 

producing ZL0177 (5, Fig. 3), which displayed a roughly five-fold improvement in terms of 

its inhibitory potency toward the FGF14:Nav1.6 complex assembly with an IC50 value of 11 

μM [44].

In more recent works, we [45] optimized the parental EYYV peptide via two synthetic 

routes. Firstly, the tetrapeptide was truncated to a tripeptide (YYV), the hydroxyl groups of 

constituent tyrosine residues were protected by tert-butyl functional groups, and a Fmoc 

functional group was added to the N-terminus, which produced compound PW0201 (6, Fig. 

3). Secondly, hydroxyl groups of residues comprising the tetrapeptide scaffold were replaced 

with tert-butyl functional groups and a benzoyl substituent was added to the N-terminus of 

the tetrapeptide, which produced compound PW0204 (7, Fig. 3). Interestingly, the 

compounds displayed opposite effects in vitro, with compound 6 and compound 7 negatively 

and positively modulating the Nav1.6 channel macromolecular, respectively [45]. Relatedly, 

Wang et al. [46] optimized the PLEV tetrapeptide through the addition of N-terminal 1-

adamantyl carbonyl pharmacophore and a C-terminal methoxy group, which produced 

compound PW0564 (8, Fig. 3). In vitro, compound 8 was shown to have functional and 

selective effects on the Nav1.6 channel macromolecular complex.
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CONCLUSION

Overall, this review introduces novel approaches and design strategies that could lead to the 

development of isoform-selective, allosteric modulators of transmembrane domain ion 

channels by targeting “hot segments” of their PPI interfaces with regulatory accessory 

proteins. As PPI interfaces represent hundreds of unexplored pharmacological targets, 

implementation of such approaches could considerably expand the concept of the 

“druggable genome” and usher in the development of novel classes of PPI-targeting 

neurotherapeutics.
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LIST OF ABBREVIATIONS

AP Action Potential

BBB Blood-Brain Barrier

Cbz Benzyl Chloroformate

CNS Central Nervous System

CTD C-Terminal Domain

FGF14 Fibroblast Growth Factor 14

HTS High-Throughput Screening

iFGF Intracellular Fibroblast Growth Factor

MOA Mechanism of Action

MSN Medium Spiny Neuron

NAc Nucleus Accumbens

NAM Negative Allosteric Modulator

Nav Voltage-gated Na+ Channel

PAM Positive Allosteric Modulator

PK Pharmacokinetic

PPI Protein:Protein Interaction
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SMISP Small-Molecule Inhibitor Starting Point

SPR Surface Plasmon Resonance
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Fig. (1). Workflow for developing small molecules targeting “hot segments” of PPIs in the central 
and peripheral nervous systems.
Phase 1) Based on existing structural data, potential “hot segments” of a PPI interface can be 

identified using in silico prediction methods, such as PocketQuery [24]. Phase 2) Screening 

of compounds against PPI interfaces with predicted “hot segments” using in-cell HTS 

platforms. Phase 3) After preliminary screening, hits are selected for orthogonal validation 

and mechanism of action (MOA) studies. These investigations can include in silico 
prediction of blood-brain barrier (BBB) permeability [26], in-cell assays to characterize PPI 

selectivity, electrophysiology to assess functional activity, and protein: ligand binding assays 

to determine binding affinities. Phase 4) Lead compounds identified are selected for in vivo 
pharmacokinetic (PK) and behavioral studies. Some in vivo studies of interest for the 

development of these modulators include single-unit electrophysiological recordings, 

assessments of mechanical hypersensitivity, and operant behaviors for the development of 

anti-epileptics, local anesthetics, and neuropsychopharmacological agents, respectively. Of 

particular interest for central nervous system (CNS) drug discovery, BBB permeability and 

deleterious effects on locomotor activity are assessed.
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Fig. (2). Diagrammatic representation of how “hot segments” of PPI interfaces between the CTD 
of Nav channels and intracellular fibroblast growth factors (iFGFs) function as allosteric sites for 
Nav channel modulation.
A) Small molecule targeting the iFGF:Nav PPI interface that inhibits association of the 

complex. Given that such PPIs are necessary for full physiological activity of Nav channels, 

such inhibition of complex assembly is anticipated to decrease Nav channel activity, 

resulting in molecules that inhibit the association of the complex functioning as negative 

allosteric modulators (NAM). B) Representation of a “hot segment” (red box) along an 

iFGF:Nav PPI interface that could serve as a druggable pocket for novel allosteric 

modulators of Nav channels. CTDs of Nav channel isoforms show less sequence homology 

relative to other structural components of the pore-forming α subunit. This amino acid 

sequence divergence among CTDs of Nav channel isoforms gives rise to structurally 

divergent PPI interfaces with auxiliary proteins, intermolecular interactions with 

functionally selective effects on different Nav channel isoforms. C) Small molecule targeting 

the iFGF:Nav PPI interface that stabilizes and inhibits dissociation of the complex. 

Inhibiting dissociation of the complex is anticipated to exacerbate iFGF-mediated regulatory 

effects on the channel, thereby leading to increased Nav channel activity. As such, molecules 

that inhibit dissociation of the complex are anticipated to function as positive allosteric 

modulators (PAM) of Nav channels.
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Fig. (3). 
Reported representative FGF14:Nav1.6 complex assembly modulators.
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