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Abstract

Inter- and intra-molecular allosteric interactions underpin regulation of activity in a variety of 

biological macromolecules. In the voltage-gated ion channel superfamily, the conformational state 

of the voltage-sensing domain regulates the activity of the pore domain via such long-range 

allosteric interactions. Although the overall structure of these channels is conserved, allosteric 

interactions between voltage-sensor and pore varies quite dramatically between the members of 

this superfamily. Despite the progress in identifying key residues and structural interfaces involved 

in mediating electromechanical coupling, our understanding of the biophysical mechanisms 

remains limited. Emerging new structures of voltage-gated ion channels in various conformational 

states will provide a better three-dimensional view of the process but to conclusively establish 

a mechanism, we will also need to quantitate the energetic contribution of various structural 

elements to this process. Using rigorous unbiased metrics, we want to compare the efficiency 

of electromechanical coupling between various sub-families in order to gain a comprehensive 

understanding. Furthermore, quantitative understanding of the process will enable us to correctly 

parameterize computational approaches which will ultimately enable us to predict allosteric 

activation mechanisms from structures. In this review, we will outline the challenges and 

limitations of various experimental approaches to measure electromechanical coupling and 

highlight the best practices in the field.
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Introduction

Ion channels are highly specialized enzymes that catalyze the passage of ions across a 

hydrophobic barrier which is either the plasma membrane or an intracellular organellar 

membrane.1 Most ion channels are involved in some form of cellular signaling and their 

activity is typically regulated by external stimuli. Some are activated by ligands such as 

cAMP2 and calcium3 while others also respond to physical stimuli such as voltage and 

mechanical stretch. Voltage-gated ion channels (VGICs) constitute an important superfamily 

of ion channels that are likely evolved by fusion of a specialized voltage-sensing module 

with pore module.4 There are a number of ion channels whose activity is also regulated 

by voltage to varying extent even though they lack the voltage-sensing module5 but in 

this review, we will limit our discussion to those that belong to the voltage-gated channel 

superfamily.

The channels within this superfamily share a common tetrameric architecture. Within a 

single subunit, the first four transmembrane (TM) helices come together as a four-helix 

bundle and constitute the voltage-sensing module (VSD). The most characteristic feature 

of VSD is the charged 4th TM helix which is also known as the S4 helix.6,7 In a typical 

voltage-gated ion channel, every third residue in the S4 helix is positively charged and these 

charged residues are the primary sensors of transmembrane voltage.8–10 The movement 

of this charged S4 helix in response to changes in membrane potential results in a series 

of conformational changes that culminate in either opening or closing of pore gates. This 

molecular process that couples voltage-sensor conformational state to pore activity has been 

sometimes referred to as electromechanical coupling and will be the main focus of this 

review.11,12

To characterize the biophysical mechanisms of electromechanical coupling, we need an 

understanding of both structure and dynamics. 3D structures of the channel in various 

conformational states enables us to readily formulate possible physical mechanisms 

which can then be thoroughly tested by experimental means.12 Structures must be 

complemented by an understanding of the forces that drive these conformational changes. 

In electromechanical coupling, as in an allosteric network, we are interested in identifying 

how conformational energy flows from the stimulus sensing module to pore gates. In order 

to determine the contribution of various structural elements, we need reliable estimates of 

electromechanical coupling energy. With a well-defined metric in hand, it becomes possible 

to carry out systematic structure–function measurements to identify the interaction networks 

involved in transfer of energies and provide a comprehensive understanding of the physical 

mechanism.

Standard Definition of Coupling

The thermodynamic underpinnings of electromechanical coupling are best illustrated by 

considering a simple allosteric system consisting of two elementary units, where one is the 

sensory module (voltage sensor) and the other is a catalytic module (pore).13,14 Note that 

the sensory module has also been referred to as an effector domain elsewhere.15 These two 

allosteric units are connected by at most four possible interactions that depend on the state of 
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these modules (Figure 1). Due to these state-dependent interactions, a change in the state of 

the voltage sensor alters the status of the pore. The functional output of such as system is the 

dose activity curve which is a function of the intrinsic equilibrium constants for each of the 

two modules as well as the strength of the coupling interactions between the two allosteric 

units.

In a two-element allosteric model system described above, there are four types of coupling 

interactions between elements: resting VSD-closed pore (θRC), resting VSD-open pore 

(θRO), activated VSD-closed pore (θAC), and activated VSD-open pore (θAO). In addition, 

each individual element is governed by an intrinsic equilibrium constant (KVSD and KPore). 

This gives a total of six thermodynamic parameters which define the system at equilibrium. 

In an experimental setting, one can extract at most three non-dependent parameters from 

allosteric model consisting of two allosteric units. As shown previously, these two models 

can be reconciled by normalization.16,17 This normalization makes it evident that the 

experimentally measured equilibrium constants associated with voltage-sensor activation 

(KV) and pore opening (KP) in intact system is not the true intrinsic equilibrium constants. 

In principle, one can measure the true equilibrium constants by independently measuring the 

spontaneous activity of each of the particles in absence of the other interacting particles, but 

this is rarely possible in practice.

In the normalized version, one can use an inclusive coupling term, θ to describe the strength 

of interaction between the two allosteric particles. In most channels, electromechanical 

coupling ties the activation of the voltage sensor to pore opening. Thus, coupling is a 

measure of the strength of the interactions in the RC and AO states (termed ‘like’ states) 

relative to the RO and AC states (‘unlike’ states). The coupling term θ, is expressed as a 

ratio between the like and unlike state-dependent interaction terms (Figure 1). When θ is 

greater than 1, the model exhibits positive cooperativity whereas when θ is less than 1, it 

corresponds to negative cooperativity.

Alternatively, coupling can be viewed as the change in the observed equilibrium constant 

of one element when the state of the other element is fixed in each state. For example, the 

θ term is equal to the ratio of the observed equilibrium constant for pore opening when 

the voltage sensor is in the activated state KP
A  relative to the resting state (KP

R, Figure 

1(D)). This is also equal to the ratio of voltage sensor activation when the pore is open 

KV
O  versus closed KV

C . As a result, the effects of coupling interaction in the system are 

bidirectional, the activation of the voltage sensor increases favorability of pore opening by 

the same margin which pore opening increases favorability of voltage sensor activation.

Quantitative Methods for Measuring Coupling Energies

High-resolution structures of channels in various conformational states make it possible 

to conceptualize models of channel gating and highlights the possible pathways for 

propagation of allosteric interactions.12 In order to validate a mechanism, however, it 

is necessary to demonstrate that particular structural elements are able to transmit the 

underlying force to drive these conformational changes. Here, we will discuss the various 
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approaches that have been used to determine the allosteric interaction pathways involved in 

electromechanical coupling. We should point out that most studies would benefit from use of 

multiple approaches to mitigate the limitations of a single approach in order to build a more 

complete understanding of electromechanical coupling in a channel.

Integrated measures of allosteric coupling

Allosteric linkage analysis.—Allosteric linkage analysis was first introduced by Jeffries 

Wyman to understand the cooperative binding of oxygen to hemoglobin. For an allosteric 

system, the Hill transformation of dose–response will result in a curve that approaches 

linearity at extremely high and low doses.18 The difference in the y-intercept of the 

limiting asymptotes is directly proportional to the normalized coupling energy. This 

fundamental relationship can be extended to a system where the allosteric propagation 

involves N intermediate particles, as in a real protein.16 In the case of EM coupling, 

the Hill transformation of relative open probability versus voltage curves (ln[Po/(1 − Po)] 

versus V) can be utilized to calculate the coupling energy. This transformation generates a 

characteristic logistic curve where the slopes of the two limiting asymptotes at high and low 

potentials will become identical and the difference in their y-intercepts is called χ-value, 

which is directly proportional to the normalized coupling energy of the system (Figure 

2(A)).

In our view, if an allosteric system is amenable to linkage analysis, it should be the first 

approach that should be considered because it can directly resolve questions regarding the 

effect of mutations on binding vis-à-vis gating. The other advantage of this method is that 

it provides us an integrated measure of coupling strength between the two allosteric units as 

seen in Figure 2.16,19 Furthermore, the difference in the y-intercepts of limiting asymptotes 

is purely interaction terms and does not contain any of the intrinsic equilibrium constant 

terms even if one considers the all parameter allosteric model (see Chowdhury and Chanda16 

for derivations). Finally, in addition to quantifying the effects on the strength of the coupling 

energy, the Hill transform plots can also help determine whether the mutations affect resting 

state interactions or the activated state interactions.20

Nonetheless, the need to accurately determine Po at extreme potentials have hindered more 

widespread application of linkage analysis. As is evident from Figure 2(A), as the strength 

of allosteric coupling between the two domains increase, the magnitude of separation 

between the two limiting asymptotes increase which means that one has to accurately 

measure small values of Po to define the lower asymptote. In the Shaker potassium channel, 

for instance, it has not been possible to measure the coupling strength between the voltage­

sensor and the pore because the Po values do not reach the asymptotic limit even when the 

Po is 10−7.10 At an open probability this low, the channel spends nearly 3 hours in the closed 

state for every millisecond in the open state, so it is difficult to observe enough opening 

events to determine the Po accurately. Furthermore, in a channel that approximates the strict 

or obligate coupling regime, the asymptotic limit will never be reached. The other limitation 

of this approach is that it is not clear how one treats the subconductance states that are 

sometimes observed in single channel recordings. Typically, one should consider this part of 

the open channel but this might introduce some ambiguity in the measurements.
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This approach has provided insight on the voltage-dependent gating in Kir2.121 and to probe 

the calcium- and temperature-dependent activation of the archeal MthK channel.22 One 

promising approach that circumvents some of the limitation of measuring low Po values is to 

use a mutant with increased basal open probability which will move the limiting asymptote 

into the experimentally accessible range. This approach has been used by Auerbach lab23 

and Goldschen-Ohm lab24 to probe coupling in pentameric ligand-gated receptors but, to 

the best of our knowledge, has not been used in the VGIC field. Note that this modification 

provides a relative estimate of the contributions of various residues to electromechanical 

coupling.

Kinetic analysis of allosteric models.—The methods detailed above utilize 

equilibrium channel gating properties to elucidate thermodynamic parameters of coupling. 

Over the years, electrophysiologists have successfully built explicit kinetic models to 

describe the gating behavior of many ion channels especially for key model systems. 

This list includes the models for voltage-gated ion channels25–27and ligand-gated ion 

channels.28,29

In a typical electrophysiological experiment, there is a wealth of information carried 

in the non-equilibrium properties of channel gating. Kinetic modeling can harness both 

the equilibrium and non-equilibrium gating properties to extract a much more thorough 

understanding of channel function. In kinetic modeling, users define models of channels 

with various states and interconnectivities that can be used to simulate or fit experimentally 

observed channel properties. This is done through numerical solution of the transition 

matrix (Q-matrix) for a given model to solve for the time- and stimulus-dependent state 

occupancies.30 With a detailed model in hand, it is possible to find experimental conditions 

to extract the allosteric coupling term.

This approach has been primarily used to measure the allosteric coupling between voltage­

sensing pathway and pore gating in the BK channels.27,31–33 We note that this approach 

also necessitates measurement of voltage-independent channel openings at very high and 

low voltages, essentially the same requirement as in allosteric linkage analysis. As noted 

earlier, it has not been possible to obtain an estimate for coupling strength for the Shaker 

potassium channel despite the existence of a well-constrained kinetic models for more than 

two decades.10,25 Therefore, while the detailed models provide rich information about the 

kinetic barriers to gating processes, it does not circumvent the limitations of allosteric 

linkage analysis.

Gating in conformationally locked channels.—In principle, allosteric linkage 

analysis can also be carried out by measuring Po values from channels where the voltage­

sensor is chemically locked in either activated or resting conformations as opposed to 

applying strong voltages to reach the limiting conditions (Figure 2(C)). Furthermore, 

the same allosteric coupling term can also be estimated by locking the pore in one 

conformation and measuring the excess voltage (force) required to drive the voltage-sensor 

to non-permissive conformation (Figure 2(D)).19 To get a complete estimate of the 

electromechanical coupling strength, these measurements have to be carried out in both 

locked open and locked close states.
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A version of this approach was first used to identify mutants that disrupt coupling between 

the lidocaine bound open pore and domain III voltage-sensor.20 Haddad and Blunck also 

used a similar approach to identify mutants that disrupt coupling between open pore 

stabilized in relaxed conformation and the voltage-sensing domain.34 In both these cases, 

there is some ambiguity as to the nature of possible structure of open pore given that it is 

either blocked or relaxed. Yellen and coworkers overcame this limitation by locking the pore 

in either closed or open state using cysteine crossbridge.35 They were able to measure the 

coupling energy by probing the difference in the Q-V curve when the pore is locked open or 

locked close.

There are couple of assumptions inherent to this technique that must be carefully considered. 

The primary one being that the locked conformation corresponds to the native open and 

closed states. Additionally, the treatment that locks the state of one domain should not 

directly influence the equilibrium properties of the other domain. For example, a toxin that 

binds to the resting voltage sensor may also interact with the pore domain through a pathway 

that is distinct from the normal coupling pathway.

Despite these limitations, this approach to measuring coupling energy is convenient because 

it gives a direct readout of the normalized coupling energy (θ) between the two domains. 

Furthermore, as structural biology approaches become prevalent, it has become possible to 

rationally engineer mutations and treatments that lock the conformational state of the voltage 

sensor and/or pore for numerous channel types. These provide convenient starting points 

for mutagenic studies to identify pathways for electromechanical coupling in channels like 

HCN, two-pore channels, and voltage-gated sodium channels.36–38

Discretized measures of allosteric coupling

Double mutant cycle was first used by Alan Fersht and his colleagues to probe interactions 

between residues in the active site of tyrosyl t-RNA synthetase.39 It has its roots in 

the Hammett equation that was formulated to estimate interaction between aromatic ring 

substituents.40 Briefly, this method involves comparing the free-energies associated with 

double substituents to that of sum of free-energies from corresponding single substituents. If 

the difference is non-zero, then then this value corresponds to interaction energy between the 

two sites.

The Mackinnon group introduced this approach to the ion channel community by using it to 

measure interaction energies between sites on a channel and peptide toxin.41 In the modified 

method, the associated free-energy is obtained by measuring conductance-voltage curves of 

the various mutants. Assuming that the channel exists only in two states, these curves are fit 

to a Boltzmann function with only two free parameters, charge (z) and V1/2 which can then 

be used to calculate the free-energy of channel opening. Since this type of double mutant 

cycle analysis is based on functional measurements, it has been also referred to as functional 

mutant cycle analysis.

The functional mutant cycle analysis (FMC) has been frequently used to characterize a 

variety of interactions including allosteric interactions. However, the application of this 

approach to measure allosteric interactions is fundamentally flawed. When the channel 
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exists in more than two states, conductance-voltage curves no longer represent the free­

energy of activation and therefore is not a thermodynamic state function.19,42,43 By 

definition, this requirement excludes any allosteric system which must exist at least in 

four possible states. Chowdhury et al. have shown previously that even in a defined model 

system, the non-additivity observed in FMC analysis has no bearing to the true interaction 

energies.43 Our view is that the use of functional mutant cycle to estimate allosteric 

interactions has no theoretical basis and should not be used in the field.

The fundamental shortcoming of FMC can be overcome if one uses the gating charge versus 
voltage (Q–V) curves instead of G–V curves.19,43 The free energy of channel activation can 

be computed from the Q–V curve using median voltage analysis and it requires experimental 

determination of the gating charge per channel (QMax) and the median voltage (VM). The 

VM is computed directly from the normalized Q–V curve as the integrand of the curve 

relative to the y-axis. Unlike V1/2 of G–V curve, VM of Q–V curve is a thermodynamic 

state function and depends only on the energy difference between the initial and final state 

and not the number of intermediates states or the complexity of the underlying model. 

Double mutant cycle analysis based on Q–V measurements, which is also referred to 

as Generalized Interaction energy analysis (GIA), is an excellent alternative to FMC to 

quantify the contribution of interacting residues to channel activation without the limiting 

assumptions inherent to FMC.44

Despite the strength of the GIA approach, there are few key considerations that must be 

taken into account when interpreting these measurements. First of all, GIA is measure of the 

change in interaction energy relative to one state. The lack of non-additivity does not mean 

that these sites do not interact but only that their interaction does not change upon channel 

gating. Second, the discretized interaction energy may not correlate with total coupling 

energy between the two allosteric units. It is conceivable, for instance, that some positive 

interactions are countered by negative interactions between the two domains. Therefore, 

GIA should be used to measure interaction strengths between sites in two allosteric domains 

only when there is other evidence to suggest that these sites are likely to contribute to 

allosteric coupling.

Semi-Quantitative Approaches for Mapping Coupling Pathways

The quantitative methods described above provide means to systematically characterize the 

electromechanical coupling pathways in a channel but more coarse-grained techniques have 

been widely used to map the possible pathways of allosteric energy transduction. Below, we 

provide a list of these semi-quantitative methods that have greatly shaped our understanding 

of electromechanical coupling in the VGIC superfamily.

Chimeragenesis and other protein engineering techniques

Despite the similarities in sequence and architecture within the VGIC superfamily, the 

gating phenotypes, and thus electromechanical coupling mechanisms are quite diverse. 

Most channels are voltage-dependent, but some are voltage-independent; most channels 

open upon depolarization but some open upon hyperpolarization; some channels undergo 

inactivation while others are non-inactivating, just to name a few common phenotypic 
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differences. Chimeragenesis takes advantage of this functional diversity in homologous 

channels by swapping regions or residues between channels with differing function in an 

attempt to localize structural elements underlying phenotypic differences. This approach 

is often useful as a first pass to localize regions or domains that are critical for 

electromechanical coupling.

One of the main pitfalls of chimeragenesis is the relatively low success rate of producing 

functional chimeras. The low success rate is often attributed to structural perturbations that 

lead to misfolding or mis-trafficking due to use of incompatible junction points. Another 

concern is that domains may not retain the same fold/function in chimeras as they do in 

the parent constructs. The influx of three-dimensional structures for most channel types in 

the VGIC superfamily has enabled structure-guided chimeragenesis, which greatly improves 

the ability to identify compatible junction points based on structural alignments. Despite 

the limitations, chimeragenesis has historically been one of the most important techniques 

guiding our understanding of sensing, gating, and coupling mechanisms in ion channels.45,46

Lörinczi et al. introduced a new approach to examine the necessity of covalent linkage 

between the VSD and pore by recombinantly co-expressing these two domains in the same 

cell from separate transcripts.47 Surprisingly, these split or demi channels can still assemble 

and traffic to the plasma membrane and in some cases even retain similar gating properties 

to the wild-type parent channel. This approach has been used to demonstrate that many 

members of the cyclic nucleotide-gated clade of channels retain voltage sensitivity without a 

covalent connection between VSD and pore.47,48 It is important to note that the inability to 

generate functional demi channels for a given parent construct does not prove that a covalent 

linkage is necessary for gating since it cannot be ruled out that structural perturbations 

impeded trafficking or folding. Furthermore, the isolated domains may adopt an alternative 

fold or acquire a new function that complicates interpretation.49

Voltage-clamp fluorometry

The strength of electromechanical coupling determines how tightly pore gating correlates 

with voltage sensor movement. Therefore, independently measuring voltage sensor 

movement and pore opening is an effective way of examining the coupling between these 

two domains. While gating currents are the most direct measure of voltage sensor movement 

(see GIA above), this approach is often arduous and not practical for many channel 

types. An alternative is to spectroscopically track conformational changes in the voltage 

sensor using voltage clamp fluorometry (VCF).50 VCF enables detection of conformational 

changes in the voltage sensor via a fluorescent probe while simultaneously monitoring pore 

opening through macroscopic current recordings.

Once a suitable probe site is identified for VSD movement, mutations can be introduced 

to disrupt suspected coupling pathways between the voltage sensor and pore. Mutation of 

residues involved in coupling will produce a net shift in the fluorescence-voltage (F–V) 

curve relative to the Po–V curve.20,34,51 However, the interpretation that these shifts are 

only due to mutations that affect allosteric coupling rather than intrinsic pore opening or 

voltage-sensor movement requires more careful consideration. Muroi et al. showed that only 

when the mutations affect both like state interactions does this cause an opposite shift in 

Cowgill and Chanda Page 8

J Mol Biol. Author manuscript; available in PMC 2021 November 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the two curves.20 Thus, the criteria of opposing shifts in F–V and Po–V curves has been 

widely used in the field, they likely capture only a fraction of possible allosteric coupling 

interactions.

The other consideration for using F–V curve as a measure of the voltage-sensor movement is 

that the probe may detect conformational changes unrelated to the voltage-sensor movement. 

In some instances, conformational changes in the voltage sensor may not result in an 

environmental change but those in neighboring regions of the channel may be responsible 

for most of the fluorescence change. Nevertheless, the ability to simultaneously monitor 

conformational changes and channel function with sub-millisecond resolution makes VCF 

a useful tool for identifying residues involved in electromechanical coupling, especially if 

combined with kinetic modeling.

Current Understanding of Electromechanical Coupling in VGICs

Since the cloning of voltage-gated ion channels in the 80s, studies using the above 

approaches have fueled an ever-improving understanding of channel gating in the VGIC 

superfamily. Excellent reviews have been written in the field which provide a detailed 

historical perspective of electromechanical coupling.52,53 In the sections below, we will 

summarize some of the key advances that have shaped our current view of electromechanical 

coupling with a goal to highlight the current gaps in our understanding. While semi­

quantitative approaches have been widely implored in these studies, use of quantitative 

techniques has remained limited.

Canonical view of electromechanical coupling

Sequences and functional studies of VGICs clearly identified the role of S4 helix in voltage 

sensing. Likewise, the role of the intracellular S6 bundle crossing in channel had been 

uncovered by cysteine accessibility studies and the structure of KcsA.54,55 It was not 

clear from these studies, however, how voltage sensor movement controlled the state of 

the pore. McCormick et al. originally suggested the S4-S5 linker plays an important role 

coupling VSD movement to pore gating on the basis that mutations decreased the slope of 

relative open-probability versus voltage curves.56 While numerous alternative mechanisms 

can alter the slope of the Po-V curve, Schoppa and Sigworth confirmed this proposed role in 

electromechanical coupling for one position in the S4-S5 linker.26 They used gating current 

recordings paired with open probability measurements and extensive kinetic modeling to 

show that the voltage dependence of charge movement and channel opening were shifted in 

opposing directions by the mutation, a clear sign of disrupted coupling. Subsequent studies 

on the putative S4-S5 linker of the human ether-a-go-go related gene (hERG) channel 

showed that the D540K mutation dramatically disrupted pore closing at hyperpolarized 

potentials beyond resting potential indicating that this residue is involved in voltage-sensor 

pore coupling.57

The S4-S5 linker is an intuitive site for electromechanical coupling as it is the covalent 

linkage between the VSD and PD. In a series of classical experiments, Lu et al. showed 

that the chimeras which included the pore of voltage-insensitive KcsA channel can become 

voltage-sensitive when linked to the voltage-sensing domain of the Shaker potassium 
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channel.45,46 They found that the voltage-sensitivity was retained as long as the S4-S5 linker 

and the interface of S6 was maintained providing evidence that this region may have all the 

necessary molecular machinery to couple voltage-sensor movements to pore opening.

In the following years, extensive mutagenesis in Shaker and other VGICs focused on the 

S4-S5 linker and C-terminus of S6. These studies identified specific positions in these 

regions that were critical in electromechanical coupling as evidenced by increases in the 

basal open probability, increased separation in the voltage dependence of charge movement 

and pore gating, or changes to the sigmiodicity/cooperativity of channel activation. The 

Sanguinetti group even showed that the hyperpolarization-dependent opening of the hERG 

D540K could be abrogated through a subsequent neutralization or charge reversal at the 

C-terminus of S6 (R665), suggesting a direct electrostatic interaction of these regions.58

The first structures for Shaker-type channels showed that the S4-S5 helix forms a short 

helix running parallel to the membrane plane.12,59 This is due to the domain-swapped 

nature of the transmembrane domains of these channels, where the VSD of one subunit is 

nearest to the pore domain of an adjacent subunit. As a result, the S4-S5 linker is in direct 

contact with the C-terminus of S6 of the same subunit in the open state of the pore. This 

arrangement would produce a steric clash between the S4-S5 linker and the C-terminus 

of S6 when S4 moves downward upon hyperpolarization, pushing the gate closed (Figure 

3).12 Molecular dynamics simulations of channel deactivation from the Kv1.2/2.1 chimera 

structure agreed with this proposed gating model.60 Additionally, numerous structures of 

voltage-gated sodium channels and two-pore channels with voltage sensors trapped in the 

resting state have supported this canonical gating mechanism in other channel types.

Non-canonical coupling pathways

From the structure of the Kv1.2/2.1 chimera, Soler-Llavina et al. noted the presence of 

extensive intersubunit contacts between the transmembrane regions of S4 and S5.61 Using 

extensive mutagenesis along this interface paired with gating and macroscopic current 

recordings, they identified several mutations along the S4-facing surface of S5 which 

severely disrupted electromechanical coupling. Many of these positions on S5 are in contact 

with the sites of the ILT mutations (V369I, I372L, and S376T) on S4 that were known 

to uncouple voltage sensor movement from pore gating.62 Fernandez et al. used the GIA 

approach detailed earlier to quantify the contribution of these and other interactions along 

the intersubunit interface between S4 and S5.63 These measurements provide compelling 

evidence that the interactions mediated by residues in transmembrane helices at the interface 

of VSD and pore domain also contribute significantly to electromechanical coupling in 

prototypical voltage-gated ion channels.

The notion that non-canonical pathways are central to electromechanical coupling has 

gained more ground in recent years in part driven by new structures that show that many 

channels within the VGIC superfamily lack a well-defined S4-S5 linker domain.64–67 

Cui and coworkers have recently shown that in KCNQ channels the pathway for 

electromechanical coupling is dependent on the state of the voltage-sensor. KCNQ channels 

are unique because these channels can access an open state even when the voltage-sensor 

is in an intermediate position.51,68,69 The canonical pathway mediates the coupling between 
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the intermediate voltage-sensor and the pore whereas when the voltage-sensor is fully 

activated, the open pore conformation is stabilized by a non-canonical pathway.

Using the unnatural fluorescent amino acid ANAP, Kalstrup and Blunck describe a similar 

two-step electromechanical coupling in the Shaker channel, with the first transition driving 

pore opening while the second drives C-type inactivation.70 The Bezanilla lab has shown 

critical interactions between S4 and the S5 helix of an adjacent subunit critical for coupling 

voltage sensor movement to C-type inactivation.71,72 Thus, the canonical and non-canonical 

coupling pathways may have evolved concurrently to confer more precise tuning of the 

channel response to membrane potential.

Non-domain swapped channels.—Many of the early studies on the members of the 

KCNH family (including EAG, ERG, and ELK channels) mirrored studies detailed above 

on the more distantly related members of the voltage-gated potassium channel superfamily. 

Mutagenic studies suggested interactions between residues in the putative S4-S5 linker with 

S6 C-terminus played an important role in electromechanical coupling in these channel 

types.57,73 The first indication that something was significantly different in these channels 

came from studies of split or “demi” channels lacking covalent linkage between the VSD 

and pore as exemplified by studies on EAG and hERG channels.74 Moreover, much of 

the sequence corresponding to the S4-S5 linker could be removed in these demi-channels 

without perturbing voltage gating which clearly demonstrates that the canonical VSD-pore 

coupling cannot account for gating in these channels.

The cryoEM structure of EAG solved soon after highlighted a unique structural difference in 

the arrangement of the VSD and PD (Figure 4).67 Unlike any other VGIC structure solved 

at the time, the EAG transmembrane domains adopted a non-domain swapped fold, meaning 

that the VSD was nearest to the PD of its own subunit. As a result, the S4-S5 linker was 

formed by just a small loop segment and further demonstrated that the mechanical lever 

model of gating was not compatible with structure of these channels.

Another interesting feature of the EAG and hERG structures is the wide separation between 

the S4 and S5 transmembrane segments. As these channels both gate in the absence of the 

S4-S5 linker segment, one would expect tight interactions in the transmembrane interfaces 

between the VSD and pore underly electromechanical coupling in these channels.66,67 It is 

possible that tighter interactions form along this interface form during deactivation of the 

voltage sensor, stabilizing the closed state of the pore. This would be consistent with the 

proposal that the closed state of the pore is unstable and requires specific interactions with 

the VSD to remain closed.75 The supposed intrinsic stability of the open state of the hERG 

pore has been attributed to a lack of the PVP hinge at the end of S6 observed in other 

channels.75,76

The short S4-S5 linker in these non-domain swapped channels likely restricts the vertical S4 

movement during activation more so than the domain-swapped counterparts. The nature of 

the conformational change associated with voltage sensing is not well understood in these 

channels and, as we will discuss in the next section, may be distinct from the canonical 

vertical movement expected in VGICs.
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Hyperpolarization-activated channels.—While nearly all channels in the VGIC 

superfamily activate upon membrane depolarization, a small subset of channels in the 

CNBD family activate on hyperpolarization. These include the mammalian HCN channel 

and the plant channels KAT and AKT. Similar to other members of the VGIC superfamily, 

these hyperpolarization-activated channels possess positive charges on the S4 helix that 

sense changes in the electric field across the membrane.77 Movement of these gating 

charges is transmitted to the PD where dilation and constriction of a hydrophobic gate 

opens and closes the pore.78 As the voltage sensing and pore gating mechanisms in these 

channels are shared with the depolarization-activated members of the VGIC superfamily, the 

prevailing hypothesis for the inverted voltage-dependence of HCN channel gating has been 

an inversion of the VSD-PD coupling.

Early mutagenesis experiments showed evidence for interactions between the S4-S5 linker 

and the C-terminus of S6, as was expected given the canonical mechanism for coupling that 

was developing at the time.73 Kwan et al. used high affinity metal bridges to demonstrate 

state-dependent interactions in the closed and open states between the S4-S5 linker and 

C-linker and C-terminus of S6.79 These metal bridges locked the channel in either the closed 

or open state depending on the interacting pair that was bridged. The Yellen group later used 

these locked open and closed channels to measure the coupling energy between the VSD and 

PD, which revealed that the coupling energy in spHCN channels is much lower than that of 

canonical VGICs such as Shaker.35

The cryoEM structure of HCN1 showed that, like the related EAG and CNG channels solved 

previously, HCN channels adopt a non-domain swapped architecture.65 The extended length 

of the S4 helix of HCN1 compared to all previously known VGICs enabled new interactions 

between the VSD and C-linker region. Additionally, the VSD of HCN1 packs directly 

against the PD in the closed state structure, providing a tighter interface for VSD-PD 

coupling compared to other channel types.

Flynn and Zagotta demonstrated that spHCN demi-channels also retain voltage sensitivity.48 

They posited that the HCN pore is more stable in the open state and that interactions 

between the voltage sensor and the S5 N-terminus maintain the channel in the closed 

state under depolarizing conditions. In support of this idea, chimeras between HCN and 

EAG with a mismatched S4-S5 interface reopen upon depolarization and this opening 

can be obscured through preservation of the HCN specific interactions between S4 and 

S5.80 Furthermore, spHCN voltage dependence is completely inverted through the double 

mutation W355N (S4 C-terminus) and N370W (S5 N-terminus).81 This critical role of 

S4-S5 interactions in closed-state stabilization resembles proposals for hERG gating, albeit 

with inverted voltage dependence.

Molecular dynamics simulations82 and the cryoEM structure of the HCN1 voltage sensor 

in an activated conformation37 revealed a unique voltage sensor movement underlying 

channel activation. Upon downward movement of the gating charges, the S4 helix breaks 

at S272 into two sub-helices; the N-terminal S4 remains perpendicular to the membrane 

plane while the C-terminal S4 bends parallel to the membrane (Figure 4(B)). Despite 

voltage sensor activation in both the structure and simulation, the pore remained in the 
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closed conformation. Thus, further studies are needed to understand how this unique voltage 

sensor movement drives channel opening in HCN channels. Nevertheless, it is clear that the 

helix-breaking transition of the HCN voltage sensor is a critical determinant for inverted 

gating as hydrophobic substitutions of the hinge point S272 can completely invert gating 

polarity in HCN-EAG chimeras.82

The unique movement of the S4 helix is not the sole determinant of inverted gating 

polarity of the channel, as chimeras with EAG containing just the S3b-S4 segment of 

HCN retain depolarization-activation of the EAG parent.80 Other elements from HCN are 

required to rescue hyperpolarization-dependent gating in these chimeras including residues 

near the gate on S6 previously implicated by the Sanguinetti group as well as the HCN C­

terminus.73 While the C-terminus of HCN1 can be fully removed with minimal perturbation 

to hyperpolarization activation, removing the HCN C-terminus dramatically favors the 

depolarization-activation pathway in HCN-EAG chimeras. This profound influence of the 

C-terminus on channel gating polarity in these chimeras is not well understood and warrants 

further study.

Dynamic Coupling

It is becoming abundantly evident that electromechanical coupling is dynamically regulated 

by a variety of cofactors. These include lipid modulators and auxiliary subunits which alter 

the interactions between the voltage sensor and pore. This type of modulation opens the door 

for pharmacological manipulation of channel activity with compounds selectively targeting 

these interfaces. Below, we will highlight several emerging examples of dynamic regulation 

of electromechanical coupling.

Lipids in electromechanical coupling

One of the most prevalent and well characterized examples of lipid modulation 

of electromechanical coupling in the VGIC superfamily is the secondary messenger 

phosphatidyl inositol 4,5 bisphosphate (PIP2). Numerous channels are regulated by PIP2 

including Shaker-type, hERG, EAG, KCNQ, and HCN.83–88 In the case of KCNQ channels, 

PIP2 is required to couple VSD movement to pore opening.89,90 Structures of KCNQ 

with and without PIP2 show that binding at the VSD-pore interface induces a large 

conformational change at the C-terminus of S6 responsible for opening the channel.91 

The effects of PIP2 on coupling in other channel types are more complex. Shaker-type, 

EAG, and spHCN channels have all been shown to have dual effects from PIP2 suggesting 

multiple binding sites.83,85–88 For example, in Shaker-type channels, PIP2 shifts the voltage­

dependence of activation to more positive potentials, indicating the channel is harder to 

open.86 Yet, the maximal current amplitude through the channel is increased, as if PIP2 is an 

agonist.

Other lipid modulators are thought to play a role in regulation of channel activity 

including sterols, ceramides, and polyunsaturated fatty acids. Overall, the roles of lipids 

in electromechanical coupling are generally not well understood and will likely be aided 

by elucidation of lipids bound to channels in emerging cryoEM structures in near-native 

environments.
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Auxiliary subunits in electromechanical coupling

In addition to lipids, auxiliary subunits can play a critical role in modulating the 

physiological channel activity. These effects can be the result of altered electromechanical 

coupling or via alternative mechanisms such as altered surface charge or channel trafficking.

In KCNQ channels, the KCNE1 beta subunit alters coupling to prevent channel opening 

from the intermediate state of the VSD that is observed in channels expressed without this 

accessory subunit.92,93 Crosslinking studies and a recent cryoEM structure have identified a 

binding site for the related KCNE3 subunit right at the VSD-Pore interface, directly opposed 

to the PIP2 binding site.91,94 This is consistent with the altered electromechanical coupling 

induced by coexpression with the KCNE1 subunit.

Pharmacological modulation of electromechanical coupling

The existence of lipid and auxiliary protein modulators of EM coupling points to druggable 

target sites which can be harnessed to modulate channel activity by altering VSD-pore 

coupling. Jara-Oseguera et al. have shown that ruthenium complexes such as the carbon­

monoxide releasing molecule2 (CORM-2) weaken EM coupling in Shaker-type (KV1) and 

KV2.1 channels.95 Based on mutagenesis and molecular docking, these compounds likely 

bind near the S4-S5 linker, a critical site for EM coupling in these channels.

Liu et al. used similarity-based in silico screening and molecular docking of a library of 

compounds to identify CP1 as a novel compound which could target the PIP2 binding 

site in KCNQ channels.96 They showed that CP1 rescues channel rundown induced by 

PIP2 depletion and could rescue drug-induced action potential prolongation in guinea pig 

ventricular cardiomyocytes. Interestingly, CP1 had no measurable effect on several other 

channels with known PIP2-sensitivity, highlighting the potential of this strategy to identify 

new modulators with high specificity.96

Concluding Remarks

Understanding the mechanisms of electromechanical coupling has been one of the central 

questions in the field of voltage-gated ion channels. High-resolution structures of the 

channels in various conformations enabled us to envision detailed physical models of 

channel gating and voltage-transduction12,36,38 Functional and spectroscopic measurements 

have helped us identify the key residues or regions that are involved in electromechanical 

coupling (Figure 5).61,63 Given the diversity of functional behavior and the interaction 

of EM coupling pathways with other regulatory pathways, it is unsurprising that many 

questions remain outstanding. For instance, early experiments showed that compatible 

interfaces were necessary for EM coupling46 but subsequent studies showed that coupling 

can be achieved even in absence of conserved interface.97 In absence of quantitative 

estimates, it is not clear whether EM coupling is equally efficient in both these sets of 

chimeras. More broadly, it remains unclear which of the two pathways –canonical vis-a-vis 

non-canonical- contribute most to the electromechanical coupling and whether these differ 

between the domain swapped structure and non-domain swapped structures. Developments 

of robust and facile quantitative methods to characterize electromechanical coupling will 
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allow us to compare allosteric pathways across the VGIC superfamily and formulate general 

principles of electromechanical coupling.

An emerging frontier in the field is the use of computational approaches to understand 

the mechanisms of channel gating and activation (see accompanying review by Elbahnsi 

and Delemotte). We are entering an era in which computational advances will play an 

increasingly important role in development and rational design of new drugs.98 For instance, 

the protein folding appears to have been “solved” by state-of-the art machine learning 

algorithms.99 The development and success of the new generation of empirical models is 

dependent on availability of robust standardized datasets which we are currently lacking. In 

the meantime, computational methods will continue to guide experimental studies to identify 

and map key interaction pathways.

It is also becoming increasingly evident that extrinsic factors such as lipids and small 

molecule compounds also play an important role in regulating electromechanical coupling. 

By modulating the strength of EM coupling, these compounds can act as partial agonists 

of voltage-gating response. We anticipate systematic investigations of mechanism of action 

of these modulators will further our understanding of electromechanical coupling and help 

design new class of therapeutics.
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Figure 1. 
A. Model of a simple two-state VSD (left) coupled to a two-state pore domain (right). 

The VSD and PD are governed by intrinsic equilibrium constants while the two systems 

are coupled by state-dependent interactions. Interactions between ‘like’ states are shown in 

blue while interactions between unlike states are shown in red. B. Normalized allosteric 

model corresponding to the experimentally observable parameters of the model in A. The 

relationships between the parameters of the normalized and non-normalized models are 

shown below. C. Macrostates and connectivity of the allosteric system depicted in A-B. D. 

Equations relating the coupling energy to the various model parameters depicted in A-C.

Cowgill and Chanda Page 21

J Mol Biol. Author manuscript; available in PMC 2021 November 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
A. Example measurement of coupling energy using X-value analysis. Black line represents 

theoretical experimental data while the colored dashed lines represent linear fits to the 

asymptotes. Coupling energy is computed from the difference in y-intercept of the two linear 

fits (Xdiff) from the inset equation. B. Example calculation of the free energy of channel 

activation from Q-V curve using median voltage analysis. Median voltage represents the 

potential where the two shaded regions are equal in area and is related to the free energy of 

activation by the equation shown. C. Calculation of the coupling energy using measurements 

of open probability in a channel with the VSD locked in the activated (purple) and 

resting (aqua) states. Open circles represent the Hill transformation of the open probability 

measured for the two conformationally locked systems and the coupling energy can be 

computed from these values according to the equation shown. D: Calculation of coupling 

energy using measurement of Q-V curves for channels locked in the open (purple) or closed 

(aqua) state. Coupling energy represents the difference in activation energy computed using 

median voltage analysis as shown in B.
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Figure 3. 
Comparison of the resting structure of the Kv1.2/2.1 chimera from molecular dynamics 

simulations (left) to the activated-state crystal structure (right). The canonical intrasubunit 

coupling interface between the S4-S5 linker and S6 is highlighted as well as the non­

canonical intersubunit coupling interface in the transmembrane regions of S4 and S5. The 

VSD is shown in green with the gating charges and charge transfer center highlighted in 

slate gray. The S4-S5 linker is shown in red and the C-terminus of S6 is shown in pink. 

The pore domain is colored blue. Only one VSD is shown for clarity with the dashed line 

representing the position of the S4-S5 linker in the activated state for comparison.
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Figure 4. 
A: Comparison of the architecture of domain-swapped channels (left, represented by 

Kv1.2/2.1 chimera) with non-domain swapped channels (right, represented by EAG). Top 

view is looking down through the central axis of the pore into the cell while side view is 

viewed from the membrane plane with the extracellular side of the channel facing up. The 

VSD is colored in green, the S4-S5 linker is colored in red, and the pore is colored in blue 

with one subunit highlighted for clarity. B. Non-canonical voltage sensor movement of HCN 

channel activation. Left represents the down state cryoEM structure obtained by mercury 

crosslinking while the up state represents the original construct. Upon downward movement, 

the S4 helix (highlighted in green) breaks into two helices, with one bending nearly parallel 

to the membrane plane.
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Figure 5. 
Comparison of the architecture and residues implicated in electromechanical coupling from 

several channel types. Shaker-type and KCNQ are domain-swapped while hERG and HCN 

are non-domain swapped. The N-terminus is colored in salmon, the VSD is in green, the 

S4-S5 linker is in red, the pore is in blue, and the C-terminus is in pink. Residues previously 

shown to be critical in coupling are shown as spheres colored according to the region they 

are found.
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