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Abstract 

 The cardiac voltage-gated sodium channel, NaV1.5, is responsible for the phase 0 

depolarization of the ventricular cardiomyocyte action potential.  NaV1.5 activates in 

response to depolarization, passes a transient inward sodium current, and then inactivates 

within milliseconds. Mutants in NaV1.5 that decrease the peak sodium transient cause 

Brugada syndrome and those that increase the fraction of channels that fail to inactivate 

cause long QT syndrome type 3 (LQT3).  Some mutants both decrease the peak current 

and increase the non-inactivating current, leading to an overlapping phenotype of 

Brugada syndrome and LQT3.  Of these mutants, E1784K in the proximal C-terminus is 

the most prevalent.  The E1784K mutant alters channel opening, fast inactivation, and 

slow inactivation, but the exact mechanism by which it does so is unknown.  Nor is it 

known why patients may experience normal heart function for many years before 

appearance of an arrhythmia. 

In these studies, the cut-open voltage-clamp technique is used to record NaV1.5 

currents and voltage-sensor fluorescence from residue 1784 mutants expressed in 

Xenopus laevis oocytes.  Experiments are conducted with extracellular pH between 7.4 

and 4.0.  Based on these data, a novel model of the voltage-gated sodium channel is 

constructed.  The following data show that: (1) the E1784K mutant-dependent loss-of-

function and gain-of-function effects are preferentially exacerbated by decreases in 

extracellular pH; (2) the E1784K mutant disrupts channel fast inactivation; (3) the 

mutant-dependent effects on channel conductance and the preferential effects of 

decreasing extracellular pH are due to altered channel fast inactivation; (4) Non-

inactivating sodium current is conferred by a positive charge at residue 1784.  These data 

provide mechanistic insight into how a single mutant may cause multiple disease 

phenotypes, paving the way for future therapeutic research. 

 

Keywords:  Sodium channel; Long QT Syndrome; Brugada Syndrome; Acidaemia; 

Inactivation 
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 Introduction to Sodium Channels 

The voltage-gated sodium channel (NaV) family consists of 10 members, NaV1.1-

1.9 and NaV2.1, encoded by the genes SCN1A-SCN11A (Table 1.1) (4).  Voltage-gated 

sodium channels are found in the nervous system, heart, and skeletal muscle fibers, where 

they allow movement of sodium across the cell membrane.  The inward movement of 

sodium, is responsible for the initial depolarization of the action potential waveform in 

each of these tissues.  This sodium current is transient, ceasing within milliseconds as the 

channels undergo a process termed inactivation (5). Genetic mutations in the genes 

encoding voltage-gated sodium channels can result in channels with altered opening and 

inactivation or render the channel non-functional.  Similar effects are exerted by drugs 

which target sodium channels, altering channel gating or blocking the channel.  Altered 

sodium channel function underlies potentially fatal electrical diseases including epilepsy 

disorders, paroxysmal pain, paralysis, myotonia, long QT syndrome type 3 (LQT3) and 

Brugada syndrome. 

Table 1.1.  Sodium Channel Isoforms 

Gene Chromosome Protein 
SCN1A 2q24.3 NaV1.1 
SCN2A 2q24.3 NaV1.2 
SCN3A 2q24.3 NaV1.3 
SCN4A 17q23.3 NaV1.4 
SCN5A 3p22.2 NaV1.5 

SCN6A/SCN7A 2q24.3 NaV2.1 
SCN8A 12q13.13 NaV1.6 
SCN9A 2q24.3 NaV1.7 
SCN10A 3p22.2 NaV1.8 
SCN11A 3p22.2 NaV1.9 

Sodium channel gene and protein names as well as chromosomal location of the gene. 

From the original quantification of the sodium current, which won Sir Alan 

Hodgkin, Sir Bernard Katz, and Sir Andrew Huxley the Nobel prize, to the recent crystal 

structures of eukaryotic sodium channels, our understanding of the voltage-gated sodium 

channel has grown (5–10).  Equipped with Bernstein’s theory of action potential 

generation and results from Cole and Curtis, Hodgkin, Huxley, and Katz recorded action 
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potentials and currents from Loligo forbesii and provided a mathematical model of how 

the sodium and potassium currents alter the membrane potential across an axon (5–8,11–

14). Hodgkin and Huxley proposed that sodium currents and potassium currents each 

have four gates.  For the sodium current, three of these gates control channel activation 

and one controls inactivation, while in the potassium current all four gates control 

activation.  Work by Clay Armstrong and Francisco Benzanilla later measured the gating 

currents that precede channel opening (15,16).  It is now understood that these gating 

currents are due to the movement of channel segments containing positively charged 

lysine and arginine residues.  In response to changes in membrane potential these 

segments move across the membrane and, in doing so, lead to opening, closing, and 

inactivation of the channel (17–20).  The four gates predicted by Hodgkin and Huxley 

correspond to these four voltage-sensors, of which the first three control channel 

activation and the voltage-sensor in domain four controls the fast inactivation. 

The following chapters review the current understanding of the structure and 

function of sodium channels, particularly the cardiac NaV1.5.  The role of cardiac sodium 

channel mutants in disease and how changes to the body’s internal environment impact 

their pathophysiology is discussed.  Finally, the following chapters present data on the 

role of the E1784K mutant in altered gating of NaV1.5. 

1.1. Sodium Channel Diversity 

One classification of voltage-gated sodium channel isoforms is based on 

sensitivity to the sodium channel specific blocker tetrodotoxin, (TTX).  The TTX-

sensitive channels, NaV1.1-1.4, NaV1.6, and NaV1.7, are blocked by nanomolar 

concentrations of TTX, while the TTX-resistant channels, NaV1.5, NaV1.8, and NaV1.9, 

are blocked by millimolar concentrations (4). When residue C373 in the first domain of 

NaV1.5 is mutated to phenylalanine or tyrosine, the corresponding amino acid in NaV1.2 

and NaV1.4, respectively, TTX-sensitivity is restored (21–24).  

A simple, but not all encompassing, classification of sodium channel based on 

location is the split between central nervous system (CNS), peripheral nervous system 
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(PNS), skeletal muscle, and cardiac expression.  The sodium channels expressed most 

highly in the CNS are NaV1.1-1.3, and NaV1.6.  Dorsal root ganglion neurons and other 

peripheral neurons express NaV1.6-1.9.  NaV1.4 is the skeletal muscle sodium channel 

and NaV1.5 is the cardiac sodium channel (4).  This is an over-simplification.  mRNA 

transcripts from NaV1.1 through NaV1.8 have been identified in the heart, albeit in some 

cases at a low level (25,26).  NaV1.5 represents only 77 % of the total sodium channel 

protein levels in mouse ventricular myocytes and show lower levels of staining in T-

tubules than do NaV1.1 and NaV1.3 (27,28).  NaV1.8 may play a particularly important 

role in regulating cardiac conduction.   SCN10A, the gene which encodes NaV1.8, and 

SCN5A, the gene which encodes NaV1.5, are located in the same region of chromosome 

3.  Not only is NaV1.8 expressed in cardiac neurons, but mutations in SCN10A can 

downregulate expression of NaV1.5 leading to decreased sodium currents (26,29–31).  

Sodium channel expression patterns are also dependent on other factors, including injury.  

Following damage to the nervous system, NaV1.3 and NaV1.7 are upregulated, which 

may play a role in neuropathic pain following injury (32,33).  Following heart failure 

NaV1.1 and NaV1.3 are upregulated in the sino-atrial node (34).  These small changes 

may play important roles in clinical settings as sodium channel isoforms show differences 

in activation, inactivation, and fraction of non-inactivating sodium current (4). 

1.2. Structure and Function of Sodium Channels 

Although the voltage-gated sodium channel isoforms differ in location, drug 

sensitivity, and gating, they share a common structure.  Voltage-gated sodium channels 

are formed by 24 alpha-helical, transmembrane segments arranged in four domains (DI-

DIV) (4,35) (Figure 1.1A). Unlike potassium channels which are composed of four 

identical subunits, the four domains of voltage-gated sodium channels are encoded by a 

single mRNA transcript, approximately 2,000 amino acids in length (36).  Therefore, the 

sequences of the 4 domains in sodium channels are not identical, nor are the intracellular 

segments connecting the domains. 

Each of the four domains of the voltage-gated sodium channel consists of a 

voltage-sensing domain formed by the first four transmembrane segments (S1-S4) and a 
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pore domain consisting of S5, S6, and the extracellular linker between these two 

segments (37,38).  The S4s contain positively charged arginine and lysine residues 

spaced approximately every 3 amino acids.  The movement of these charges across the 

electrical field of the membrane can be measured as a small current (39–42).  As the 

movement of the S4s controls the activation and inactivation of the sodium channel, this 

current is called a gating current. 

 
Figure 1.1. Structure of Eukaryotic Voltage-Gated Sodium Channels 
A: Primary structure of the mammalian cardiac voltage-gated sodium channel.  The α-subunit is formed by 
a single transcript with 24 alpha-helical transmembrane segments split into 4 domains.  The α-subunit 
associates with 1 or more β-subunits.  From Detta et al., 2015 (CC BY-NC-ND 4.0) (43). B: NaVPaS 
structure viewed from the extracellular side, colored by domain as in A.  The C-terminus is colored purple.  
The voltage-sensors are clustered around the central pore domain.  C: NaVPaS structure viewed from the 
side with DI and DIII removed for clarity (PDB ID: 5X0M) (9).  Molecular graphics and analyses were 
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performed with the UCSF Chimera package. Chimera is developed by the Resource for Biocomputing, 
Visualization, and Informatics at the University of California, San Francisco (supported by NIGMS P41-
GM103311) (44) 

NMR and crystal structures of the C-terminus and DIII-DIV linker segment of 

human sodium channels are available; however, the full structure of a mammalian 

sodium channel has not been solved (45–47).  Prior to 2017, the only full voltage-gated 

sodium channel structures were of homotetrameric sodium channels from bacteria and a 

chimera of the outer NaV1.7 voltage-sensor and the Arcobacter butzleri sodium channel 

(38,48,49). The first eukaryotic voltage-gated sodium channel structures were released 

earlier this year and are from the American cockroach, Periplaneta Americana (NaVPaS), 

and the electric eel, Electrophorus electricus (Figure 1.1B) (9,10). 

1.2.1. Sodium Channel Conductance 

Activation of the voltage-sensors and opening of the sodium channel pore during 

depolarization allows for the flow of sodium through the channel pore.  Upon 

depolarization, the S4 transmembrane segments move toward the extracellular surface 

(17,41).  During this movement, the positive gating charges form paired interactions with 

negatively charged residues in S1-S3, stabilizing translocation of gating charges across 

the membrane (Figure 1.2) (50).  The voltage-sensing domains are physically coupled to 

the pore domains by the S4-S5 linkers.  The outward movement of the voltage-sensors 

exerts a torque on the S4-S5 linker that in turn causes rearrangement and opening of the 

pore (51,52).  Upon repolarization, the pore closes and the S4 segments return to their 

resting positions; this process is called deactivation.  The outward movements of the 

DIS4 (S4 segment of domain I), DIIS4, and DIIIS4 cause opening of the sodium channel 

pore, seemingly confirming the existence of 3 activation gates suggested by Hodgkin and 

Huxley (18,50,53).  In contrast, much of the movement of DIVS4 occurs after channel 

opening suggesting less involvement in channel activation (20,53). 
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Figure 1.2. Voltage-sensing Domain of NaVPaS 
A voltage-sensing domain from the NaVPaS structure shown from the side.  The S4 voltage-sensor is 
colored cyan. Atoms for the gating charges R2, R3, R4, and R5, basic residues on S2, and the highly 
conserved phenylalanine charge-transfer center are shown (PDB ID: 5X0M) (9). 

Pore opening is followed by hydration of the channel pore, after which sodium is 

selectively conducted through the channel (54).  Sodium channels are highly selective for 

sodium entry into the cell with a potassium permeability to sodium permeability ratio of 

less than 0.10 (55–57). The selectivity filter in eukaryotic sodium channels is formed by 

the asymmetric DEKA ring: D372 in domain I, E898 in domain II, K1419 in domain III, 

and A1710 in domain IV (Figure 1.3) (57,58).  K1419 is required to maintain sodium 

selectivity.  Even the charge conserving K1419R mutant abolishes sodium selectivity and 
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allows potassium permeation (56).  Conversely, if the DEKA ring in mammalian 

channels is mutated to EEEE the sodium channel can be converted into a calcium 

selective channel (58).  Lipkind and Fozzard proposed a model of the mammalian DEKA 

selectivity where K1419 forms interactions with D372 and E898 that occlude the 

selectivity filter.  Being a stronger Lewis acid than potassium, sodium is capable of 

displacing this interaction and permeating through the selectivity filter (57).  The rate of 

sodium channel permeation is further determined by the outer charged ring of carboxylate 

residues E375, E901, D1423, and D1714.  Although these outer charged ring residues do 

not play a large role in determining sodium channel selectivity, mutating E375, E901, and 

D1714 drastically decrease single channel conductance (59). 
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Figure 1.3. The Selectivity Filter of Eukaryotic Voltage-Gated Sodium Channels 
A: Schematic of the selectivity filter and outer charged ring of NaV1.4.  The lower DEKA ring forms a 
selectivity filter and the upper EEDD forms the outer charged ring. Y401 is critical for block of sodium 
channels by tetrodotoxin.  From Fozzard and Lipkind, 2010 (CC BY 3.0) (60).  B: Structure of the NaVPaS 
selectivity filter and outer charged ring.  Residues homologous to those in NaV1.4 are labelled (PDB ID: 
5X0M) (9). 
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1.2.2. Sodium Channel Fast Inactivation 

Following activation, voltage-gated sodium channels remain in a conductive state 

for only a few milliseconds.  The cessation of current is due not to channel deactivation, 

but rather a process termed fast inactivation (5).  During fast inactivation, an intracellular 

particle binds and occludes the channel pore.  The fast inactivation particle is formed by 

four residues in the linker between domains three and four of the sodium channel: I1485, 

F1486, M1487, and T1488. Removal of the IFMT motif removes channel fast 

inactivation (61,62). When the cytosol is depolarized, this linker binds to residues on the 

intracellular side of domains III and IV, either occluding the channel pore directly or 

causing rearrangement sufficient to close the pore (9,63,64). The particle, therefore, acts 

like a hinged lid, preventing sodium from moving through the channel (65). 

The binding of the IFMT particle is voltage-independent, but the entire fast 

inactivation process is voltage-dependent (5,66,67).  The voltage-dependence of fast 

inactivation is conferred by a prior step, the movement of DIVS4, that makes the binding 

site for IFMT available (20).  The voltage-dependence of DIVS4 movement matches the 

voltage-dependence of fast inactivation (68).  The movement of DIVS4 is also rate-

limiting in fast inactivation and is sufficient to allow binding of the IFMT particle (20).  

The stability of the fast-inactivated state can be altered by mutants.  Destabilization of 

this state allows for a small fraction of channels that fail to fast inactivate (69,70).  These 

channels pass a non-inactivating current that is also termed persistent or late sodium 

current. 

After the cell repolarizes, the voltage-sensors deactivate and the inactivation 

particle unbinds from the channel.  Interestingly, approximately half of the inward gating 

charge movement is slowed following fast inactivation (71).  Intracellular pronase, which 

digests the fast inactivation particle, removes this charge immobilization (71).  The 

immobilized charge is the gating charges of DIIIS4 and DIVS4, which are locked in their 

activated states by the bound fast inactivation particle and recover on the same time scale 

as fast inactivation recovery (71,72).  Since disruptions of fast inactivation decrease 
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immobilized charge, immobilized charge can be used as a measure of the stability of 

sodium channel fast inactivation (71,73). 

The C-terminus plays an important role in modulating the voltage-dependence 

and completeness of fast inactivation as well as acting as a sensor for intracellular 

calcium.  Multiple functional and structural studies of the sodium channel C-terminus 

highlight the ability of sodium channels to respond to changes in the intracellular calcium 

concentration (46,74–79).  The consensus of these studies is that the C-terminus forms an 

EF-hand like domain, followed by an IQ motif (80,81).  Generally, EF-hand domains act 

as calcium binding domains, while IQ motifs allow binding of calmodulin.  The exact 

role of the EF-hand like domain in sodium channels is controversial with some data 

suggesting direct calcium binding in a physiologically relevant range, while other studies 

suggest a structural role with low calcium affinity (47,77).  Conversely, the IQ motif in 

sodium channels is believed to bind calmodulin as does a site in the DIII-DIV linker 

(46,47,82).  One model suggests that calmodulin forms a bridge between the C-terminus 

and the DIII-DIV linker allowing the C-terminus to regulate fast inactivation in a 

calcium-dependent manner (46).  In this model, at low calcium concentrations the C-lobe 

of calmodulin is bound to the C-terminal IQ motif.  When the intracellular calcium 

concentration increases the C-lobe of calmodulin binds calcium and then binds to the 

DIII-DIV linker.  The N-lobe of calmodulin is then free to bind the IQ motif in the C-

terminus forming a calmodulin bridge between the C-terminus and the DIII-DIV linker 

(Figure 1.4).  Interaction between the C-terminus and DIII-DIV linker may also occur in 

the absence of calmodulin (83).  The structure of NaVPas from the American Cockroach 

shows direct interactions between the C-terminus and DIII-DIV linker as well as between 

the C-terminus and the intracellular loops of DIV (9). 

Functionally, the C-terminus, calcium, and calmodulin are important in 

determining the voltage-dependence, rate, and stability of fast inactivation.  Increases in 

intracellular calcium depolarize the voltage-dependence of fast inactivation (74,77).  

Mutants in the EF hand-like domain and IQ motif decrease the sensitivity to calcium and 

calmodulin while increasing the fraction of non-inactivating channels (77,84).  

Interestingly, increasing the intracellular calcium concentration decreases non-
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inactivating current in the deltaKPQ (DIII-DIV linker),1795insD (C-terminal), and 

Q1909R (C-terminal) mutants while calmodulin over-expression decreases non-

inactivating current in the E1901Q (C-terminal), Q1909R (C-terminal), and R1913H (C-

terminal) mutants (75,76,79). 
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Figure 1.4. C-Terminal Interactions with the DIII-DIV linker 
A: Model of a proposed calcium-calmodulin dependent interaction between the C-terminus and the DIII-
DIV linker.  In the presence of calcium, the N-terminal domain of calmodulin binds the IQ motif in the 
sodium channel C-terminus while the C-terminal domain of calmodulin binds the sodium channel DIII-DIV 
linker.  The calmodulin bridge stabilizes channel fast inactivation.  From Sarhan et al., 2012 (46).  B: 
Structure of the NaVPaS sodium channel showing the interaction between the C-terminus (purple) and the 
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DIII-DIV linker (gray).  In the NaVPaS structure, the C-terminus interacts directly with the DIII-DIV linker 
and the DIVS4-S5 linker (PDB ID: 5X0M) (9). 

1.2.3. Sodium Channel Slow Inactivation 

Sodium channels can also become inactivated in a process called slow 

inactivation (85,86).  Physiologically, slow inactivation occurs during repetitive or 

prolonged depolarizations of sodium channels thereby limiting channel availability over 

longer time periods.  While fast inactivation occurs in the millisecond time range, slow 

inactivation occurs on the time scale of seconds. The exact process by which slow 

inactivation occurs is unknown, but involves voltage-sensor movement as well as 

rearrangement of the channel pore and selectivity filter (87–90).  

Voltage-sensors may cause slow inactivation through voltage-sensor relaxation.  

The active conformation of channel voltage-sensors is not the most stable outward 

conformation; studies in voltage-gated potassium channels and voltage-gated sodium 

channels shows the existence of one or more relaxed state conformations (88,89,91,92).  

Voltage-sensor relaxation also occurs in Ciona intestinalis voltage-sensitive phosphatase, 

suggesting the relaxed state is intrinsic to voltage-sensors (91).  In NaV1.4 the relaxation 

rates of the voltage-sensors in DI-DIII correlates well with the slow inactivation (88).  

This correlation is also true in the L689I mutant in NaV1.4, which causes corresponding 

decreases in channel slow inactivation and voltage-sensor relaxation (89).  Additionally, 

when TTX is added, a time constant of slow inactivation is impaired in the 10 s range as 

is a corresponding relaxation movement in DIS4 and DIIS4 (88).  These experiments 

suggest that the relaxation movements of the voltage-sensors in the first 3 domains of 

voltage-gated sodium channels are responsible for slow inactivation of the channel pore.  

Although these experiments did not identify a role of DIVS4, other studies have 

implicated the movement of DIVS4 in slow inactivation.  Removing fast inactivation in 

sodium channels increases the number of channels which enter the slow inactivated state 

(93,94).  Furthermore, the conformation of the channel selectivity filter rearranges during 

slow inactivation and is tied to the movement of DIVS4 (95).  Based on these data Silva 

and Goldstein hypothesized that DIVS4 may be involved in intermediate slow 

inactivation at time scales less than 1 s (88,89).  
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The mechanistic link between voltage-sensor relaxation and slow inactivation of 

the pore has yet to be fully elucidated.  Given that the movements of the voltage-sensors 

are transferred to the channel pore in the activation and deactivation processes, relaxation 

movements also altering the conformation of the pore is not a stretch of the imagination.  

The crystal structure of the archaebacterial NaVAb suggests that slow inactivation is due 

to collapse of the pore and selectively filter (48). This collapse was accompanied by 

formation of a new interaction between the S4-S5 linker segment and the S6 segment.  A 

possible model is, therefore, that voltage-sensor relaxation allows for an interaction 

between the S4-S5 linker and the S6 segments.  The rearrangement of pore domain to 

form this new interaction causes selectivity filter and pore collapse which prevents 

current conduction through the channel. 

1.2.4. Modulation of Sodium Gating by Accessory Proteins and Molecules 

Sodium channels are associated with numerous accessory proteins that alter 

channel gating. These include beta-subunits, caveolin, fibroblast growth factors (FGF), 

and calmodulin (96–100).  These associated proteins and regulators alter channel 

trafficking, expression and gating parameters.  In some cases, these accessory proteins 

may even block the channel, producing inactivation-like states (101). 

Although capable of functioning independently, in humans the voltage-gated 

sodium channel α-subunit associates with sodium channel β-subunits (102).  There are 5 

sodium channel β-subunits, β1 through β4 and β1B, that are expressed in tissues 

throughout the body.  β1 through β4 are formed by an extracellular N-terminal 

immunoglobulin domain, an α-helical transmembrane segment, and an intracellular C-

terminus.  β1B is a splice variant of the SCN1B gene with only the extracellular domain.  

While β1 and β3 interact with the α-subunit of the sodium channel through non-covalent 

interactions, β2 and β4 interact covalently.  This covalent interaction is between C55 (β2) 

or C58 (β4) and a cysteine triad in the DIIS5-S6 linker of the α-subunit.  In the TTX-

resistant channels this cysteine triad is missing.  Unlike in NaV1.2, no protection from the 

tarantula toxin pepetide ProTx-II is granted in NaV1.5 by β2 expression (103).  This 

suggests that β2 and β4 do not regulate NaV1.5 function. 
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In 1992, Lori Isom, “the inventor of the β-subunit” (L. Isom, personal 

communication, Feb. 8, 2017), and colleagues provided the first functional 

characterization of β-subunit effects on sodium channels (96).  They showed that the rat 

β1-subunit accelerates inactivation, hyperpolarizes the voltage-dependence of fast-

inactivation, and increases current amplitude of the rat NaV1.2 channel.  The effects of β1 

and β3 on NaV1.5 remain controversial with some studies showing a hyperpolarization of 

the voltage-dependence of fast inactivation and others suggesting depolarization of fast 

inactivation (104,105).  Similarly, while one of these reports suggested that β3 slows fast 

inactivation recovery and β1 and β3 accelerate fast inactivation onset, the other suggests 

that β1 accelerates fast inactivation recovery and β3 may slightly decelerate fast 

inactivation onset.  The differences in these reports may be due to the expression system 

as one was from Chinese hamster ovary cells and the other was from Xenopus laevis 

oocytes (104,105).  Still other studies suggest that the β1 subunit does not affect gating, 

but rather expression.  SCN1B knockout mice show increased transient and non-

inactivating sodium currents and elongated QT intervals with no changes to channel 

gating (106). 

Sodium channel gating is also modified by fibroblast growth factors (FGF) (101).  

A crystal structure of the NaV1.5 C-terminus shows FGF13 bound distal to the EF-hand 

like domain and proximal to the IQ motif (47).  FGF14 splice variant 1A decreases 

NaV1.5 currents in HEK cells by directly blocking the channel pore.  FGF14 also shifts 

the voltage-dependence of inactivation to more depolarized potentials (107). 

Sodium currents are further regulated by the adrenergic stimulation from the 

autonomic nervous system.  β-adrenergic stimulation increases peak sodium currents 

(108–110).  One possible mechanism behind sodium channel regulation by β-adrenergic 

stimulation is increased membrane expression of sodium channels (111).  Increased 

channel expression in rat cardiac myocytes is entirely blocked in the presence of caveolin 

3 antibodies, suggesting a role for caveolin based trafficking of sodium channel 

containing vesicles (97).  Caveolin may also play a role in modulating sodium channel 

gating as caveolin 3 mutants increase the fraction of non-inactivating channels (98).  β-

adrenergic stimulation leads to PKA based phosphorylation of sodium channels.  PKA 
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also hyperpolarizes the voltage-dependence of fast inactivation and activation (110,112).  

The DI-DII linker in NaV1.5 is a major player in channel phosphorylation as replacement 

with the DI-DII linker of NaV1.4 abolishes many effects (113). 

The importance of accessory subunits is underscored by their role in electrical 

diseases.  All of β1 through β4 are associated with cardiac diseases including atrial 

fibrillation, Brugada syndrome, and Long QT syndrome (106,114–118).  FGF14 

knockout mice suffer from severe neurological deficits with altered sodium channel 

gating (99).  And mutants in the C-terminus that disrupt the calcium-calmodulin 

machinery can lead to both Brugada syndrome and LQT3 (75,77,79).   

1.3. Sodium Channels and Disease 

Electrically excitable tissues are sensitive to improper gating behaviour in the 

underlying ion channels.  Single missense mutants in voltage-gated sodium channels may 

cause fatal electrical diseases.  Epilepsy syndromes are defined by hyperexcitability of 

the nervous system and are associated with non-inactivating sodium currents and 

resurgent sodium currents during repolarization (119).  These gain-of-function effects are 

caused by mutations in SCN1A, SCN2A, SCN3A, SCN8A, and SCN1B (119–124).  

NaV1.4 mutants cause either myotonic or paralytic syndromes, both of which are 

associated with abnormal inactivation (125).  And NaV1.5 mutants have been classified as 

gain-of-function mutants that increase non-inactivating current, causing LQT3, and loss-

of-function mutants that decrease peak current, causing BrS1 and conduction defects 

(69,126). 

What is increasingly being discovered, however, is that sodium channel mutants 

may have a mixture of loss-of-function and gain-of-function effects that interact with 

external factors.  Mutants in NaV1.1 may cause increases or decreases in the sodium 

current leading to a spectrum of epilepsy disorders including Generalized Epilepsy with 

Febrile Seizures plus and Dravet syndrome (119).  Interestingly, the same mutant may 

display both loss-of-function and gain-of-function effects.  In the A1273V mutant, febrile 

temperatures unmask both gain and loss-of-function that may alter neuronal action 
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potential firing (127).  Similarly, the P1158S mutant in NaV1.4, which causes an 

overlapping syndrome of hypokalemic periodic paralysis and myotonia congenita, 

displays both loss-of-function and gain-of-function properties that are dependent on pH 

(128,129).  A model based on these data suggests that lowered extracellular pH results in 

an increased non-inactivating sodium current that switches the P1158S mutant from a 

periodic paralysis phenotype to a myotonic phenotype.  Overlapping disease phenotypes 

are also seen in NaV1.5, with single mutants capable of causing LQT3, Brugada 

syndrome, or a mixed phenotype (130).  These mutants include the first characterized 

LQT3 mutant, deltaKPQ (1505-1507), located in the DIII-DIV linker; the most prevalent 

sodium channel mutant, E1784K, located in the C-terminus; the famous Dutch founder 

mutant, 1795insD, located in the C-terminus; the deltaK1500 mutant in the DIII-DIV 

linker; the delF1617 mutant in the DIVS3-S4 linker; and the L1786Q mutant in the C-

terminus.  All of these mutants increase non-inactivating sodium current and alter the rate 

or voltage-dependence of fast inactivation (2,69,70,75,130–146). 

1.3.1. The Cardiac Action Potential 

Sodium channels play a key role in the electrical signalling cascade that 

coordinates the beating of the heart.  Each heart beat is initiated by a depolarization of the 

pace making cells of the sinoatrial node.  This depolarization is conducted through the 

atria, down the Bundle of His and bundle branches in the interventricular septum to the 

apex of the ventricles.  This depolarization brings the membrane potential of the 

ventricular cardiomyocytes to the activation threshold of NaV1.5, triggering an action 

potential. 

The ventricular cardiomyocyte action potential has 5 phases, due to the 

asynchronous action of voltage-gated sodium, calcium and potassium channels (Figure 

1.5).  The phase 0 depolarization is due to the influx of sodium through active sodium 

channels.  The flow of sodium rapidly ceases at the end of phase 0 due to fast inactivation 

of the channel.  The phase 1 notch is caused by the transient outward potassium current 

through KV1.4, KV4.2, and KV4.3.  The extent of repolarization is greater in the outer 

heart wall, known as the epicardium, than it is in the inner heart wall, known as the 
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endocardium.  Phase 2 is the action potential plateau, during which calcium influx 

through CaV1.2, the L-type calcium channel, is counteracted by the outward, slow and 

rapid delayed-rectifier potassium currents through KV7.1 and KV11.1, respectively.  The 

phase 3 repolarization occurs when the delayed-rectifier potassium currents overcome the 

L-type calcium current allowing for the full repolarization of the ventricles.  Phase 4 is 

the resting membrane potential which is maintained by potassium efflux through the 

inward-rectifier potassium channel Kir2.1. 
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Figure 1.5 The Ventricular Cardiomyocyte Action Potential and its Underlying 

Currents 
A: A single ventricular cardiomyocyte action potential plotted over time.  B: Major currents during the 
ventricular action potential. B inset: Zoomed in plot of the major currents activate throughout the 
ventricular action potential.  The fast sodium current is responsible for the action potential upstroke.  All 
traces are simulated with a ten Tusscher 2006 model. 
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1.3.2. Long QT Syndrome 

Congenital Long-QT syndrome (LQTs) is associated with mutations in 17 genes 

(147–149); however, 90 % of inherited LQT cases are due to mutations in three genes: 

KCNQ1 (LQT1), KCNH2 (LQT2), and SCN5A (LQT3) (150).  LQTs is characterized by 

an elongated QT interval on an electrocardiogram (ECG) in conjunction with a personal 

or family history of syncope or sudden cardiac death.  The first known ECG of a patient 

with LQTs was recorded in 1957 by Jervell and Lange-Nielsen (151); however, the first 

possible report of LQT is from 1856 by Friedrich Ludwig Meissner (152).  The LQTs 

documented by Jervall and Lange-Nielsen, now termed Jervell and Lange-Nielsen 

syndrome, was associated with congenital deafness and represents a rare form of LQTs 

with an autosomal recessive mode of inheritance (153).  The more common LQTs type, 

Romano-Ward syndrome, which is inherited with an autosomal dominant pattern, was 

discovered in the 1960s and is not associated with deafness (154,155). 

At a cellular level, LQT is caused by an elongation of the ventricular action 

potential plateau due to delayed phase 3 repolarization.  This elongation may be caused 

by mutants, drugs, or environmental factors which decrease repolarizing currents or 

increase depolarizing currents during the action potential plateau.  LQT1 is the most 

common congenital LQTs and is caused by loss-of-function mutations, which decrease 

the slow delayed-rectifier potassium current through KV7.1 (156).  LQT2 is caused by 

loss-of-function mutants in KV11.1 which decrease the rapid delayed-rectifier potassium 

current (157).  Pharmaceutical block of KV11.1 is the most common cause of acquired 

LQT (158).  In contrast to LQT1 and LQT2, LQT3 is due to mutations that cause a gain-

of-function in NaV1.5, which increases the fraction of non-inactivating sodium current 

which is active throughout the action potential plateau (159).  Non-inactivating sodium 

current both delays action potential repolarization and may further predispose patients to 

arrhythmia by altering calcium handling (160).  Entry of sodium throughout the action 

potential plateau may decrease the ability of the sodium-calcium exchanger to shuttle 

calcium out of the cell.  This increases the amount of calcium pumped into the 

sarcoplasmic reticulum and can cause spontaneous calcium release and after-

depolarizations (161). 
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The elongation of the QT interval in LQT3 patients is greatest at low heart rates 

and arrhythmias are most common during sleep (162,163).   This is in contrast to LQT1, 

where arrhythmia is most common during exercise (163).  A simulation study suggested 

that action potential elongation during tachycardia is due to an imbalance between the 

non-inactivating sodium current and the slow delayed-rectifier potassium current (164).  

At elevated heart rates, the KV7.1 potassium channel does not fully deactivate between 

action potentials.  Consequently, the slow delayed-rectifier potassium current is large 

enough to overwhelm the non-inactivating sodium current.  In contrast, bradycardia 

allows full deactivation of KV7.1 during diastole and, therefore, the repolarizing 

potassium current during the action potential plateau is much smaller.  This allows the 

non-inactivating sodium current to delay repolarization.  An alternative mechanism is 

dependent on increased intracellular calcium concentrations at elevated heart rates (165).  

Increases in intracellular calcium may reduce the non-inactivating sodium current in 

some mutants, thereby attenuating action potential prolongation during tachycardia 

(75,76).  Although, arrhythmia is most common during sleep, LQT3 exhibits 

heterogeneity between patients (163).  The effects of environmental triggers and the 

efficacy of treatment options in LQT3 patients both appear to be dependent on the 

specific mutant (75,166,167).  This underscores that variability exists even within 

patients carrying mutations of the same gene, indicating the need for patient-specific 

recommendations.  

1.3.3. Brugada Syndrome 

Brugada syndrome was first described as a distinct syndrome in 1992 (168). The 

syndrome is characterized by right bundle branch block and an ST segment elevation in 

leads V1-V3.  The 8 original patients developed polymorphic ventricular tachycardias, 

recurrent aborted sudden cardiac deaths, and, in one case, sudden death.  In Brugada 

syndrome the ST-segment abnormalities are graded, with only the type I ECG considered 

diagnostic when found in conjunction with a personal or family history of sudden death, 

syncope, or arrhythmia (169).  The type I ECG includes greater than 2 mm elevation at 

the J-point followed by a descending ST-segment and an inverted T-wave in leads V1 

through V3.  Type II and III ECGs are suggestive of Brugada syndrome when present in 
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patients with personal or family histories of syncope, arrhythmia, or sudden death.  Both 

the type II and III ECGs include J point elevation and a positive T-wave. Clinicians may 

use sodium blockers, such as ajmaline, to try to elicit a type I ECG in suspected Brugada 

syndrome patients. 

Two mechanisms, both with substantial supporting evidence, are suggested for the 

pathophysiology of Brugada syndrome and the appearance of the Brugada syndrome 

ECG (170–172).  The repolarization hypothesis is based primarily on recordings of 

ventricular tissue.  This hypothesis suggests that deceases in peak sodium current cause a 

decrease in the phase 0 depolarization of the ventricular cardiomyocyte.  In conjunction 

with a large phase 1 transient outward potassium current, this can cause early 

repolarization of ventricular cardiomyocytes (Figure 1.6) (170,173).  The right 

epicardium is the region most likely to repolarize early due to the large transient outward 

current in that region.  The repolarization hypothesis states that early repolarization of the 

right epicardium causes a large heterogeneity of repolarization across the right ventricular 

wall that is responsible for the ST-segment elevation in leads V1-V3.  This heterogeneity 

of repolarization allows for a triggered action potential during phase 2 of the action 

potential which leads to generation of ventricular arrhythmias.   
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Figure 1.6. The Repolarization Hypothesis for Brugada Syndrome 
Schematic of the repolarization hypothesis for the Brugada syndrome ECG.  A: Normal action potential 
morphologies for endocardial, epicardial, and midmyocardial tissue and the corresponding normal ECG 
waveform.  B: Decreased sodium current allows for greater repolarization of the epicardial action potential 
by the transient outward potassium current.  The increased repolarization in the epicardium causes J-point 
elevation on the ECG.  C: Further decreases in the fast sodium current lead to a delay in the action potential 
plateau, leading to an elongated epicardial action potential.  This elongation causes T-wave inversion on the 
ECG.  D: Decreased sodium current can lead to a full phase 1 repolarization in some epicardial tissue.  E: 
Repolarization during phase 1 allows for a second, triggered action potential during phase 2.  Taken with 
permission from Antzelevitch, 2006 (174). 

The depolarization hypothesis is primarily based on mathematical models and 

clinical assays, including body surface potential mappings and ECGs.  The depolarization 

hypothesis postulates that the Brugada syndrome ECG and the right bundle branch block 

pattern are due to a delay in conduction to the right ventricular outflow tract (170,172).  

The conduction delays create a heterogeneity of depolarization which is responsible for 

ST-segment abnormalities (Figure 1.7).  Data from the explanted heart of a Brugada 

syndrome patient showed delayed activation of the right ventricular outflow tract and 

generation of ventricular arrhythmias from that region (175). 
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Figure 1.7. The Depolarization Hypothesis for Brugada Syndrome 
Schematic of the depolarization hypothesis for the Brugada syndrome ECG waveform.  A: Diagram of the 
right atrium (RA), right ventricle (RV), and right ventricular outflow tract (RVOT).  B: Slowed conduction 
delays the action potential in the RVOT relative to the RV.  C and D: Delayed activation of the RVOT 
relative to the RV causes J-point elevation on the ECG in the right precordial lead, V2.  E and F: Delayed 
repolarization of the RVOT relative to the RV causes T-wave inversion in lead V2.  Taken with permission 
from Wilde et al., 2010 (171).   

Other aspects of Brugada syndrome also remain controversial, including the 

importance of the SCN5A mutations.  Studies in large families carrying SCN5A 

mutations have shown that a small number of mutation-negative individuals have 

Brugada syndrome (176).  However, the same study suggests that penetrance of Brugada 

syndrome is approximately 5 times greater in family members carrying SCN5A 

mutations.  As approximately 20 % of Brugada syndrome cases with a known genetic 

cause are due to mutations in SCN5A (BrS1), with up to 15 % more due to mutations in 
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SCN10A, and rare variants in each of NaVβ1-3, sodium channel associated mutations 

remain the largest genetic contributor (177).   

What does seem likely is the need for additional factors that increase the potential 

for arrhythmia  in SCN5A mutation carriers.  Clinically this may be accomplished using 

sodium channel blockers, typically ajmaline or flecainide, to block currents through 

NaV1.5.  In patients, age is suspected to play a large role in eliciting ST segment 

abnormalities and arrhythmia.  A recent study in a large family with the E1784K mutant 

noted that SCN5A mutation carriers over the age of 40 had significantly longer PR 

intervals and QRS duration than mutation carriers under 40 (178).  Aging may lead to 

structural rearrangement and fibrosis which cause further electrical instability.   

Currently the best whole animal models of Brugada syndrome are an established 

heterozygous SCN5A knock-out mouse line and a more recent line of pigs. The mice 

develop conduction abnormalities and susceptibility to ventricular arrhythmias at an early 

age (179).  At 12-24 weeks ST segment elevation can be elicited with flecainide in these 

mice (180).  The heterozygote mice also develop significant fibrosis in the working 

myocardium, with onset at an undetermined point between 16 and 50 weeks (181,182).  

Fibrosis in these animals is associated with greater conduction slowing.  This illustrates 

the link between electrical signals and cardiac structure.  Sodium channel mutants may 

lead to structural changes in the heart and structural changes may in turn influence 

sodium channel expression (183,184). 

The first large animal model is the Yucatan mini pig model.  These animals are 

heterozygotic for a truncation mutant 558X in NaV1.5.  The pigs show conduction 

abnormalities at an early age, however, ST-segment elevation has not been found in these 

animals (185).  The lack of ST-segment abnormalities may be due to the lack of a 

transient outward current in the pig. It may also indicate that a further substrate, possibly 

fibrosis, is necessary for the development of Brugada syndrome in these animals. 



26 

1.4. Environmental Regulators of Electrical Signalling 

Electrical signalling in humans is affected not only by mutants, but also 

alterations in the internal environment of the body.  Hypoxia induced activation of 

voltage-gated sodium channels can trigger neuronal cell death (186).  Hyperthermia 

triggers seizures in generalized epilepsy with febrile seizures plus and Dravet syndrome 

(119,187).  Hyperthermia may also unmask Brugada syndrome (188,189).  Similarly, 

hyperthermia induces myotonia in carriers of the NaV1.4 P1158S mutant, while 

hypothermia causes periodic paralysis in the same patients (190).  Finally, changes in 

cardiac pH during ischemia can elongate the QT interval, cause ST segment 

abnormalities, and trigger ventricular arrhythmias (191–194). 

Changes to the internal environment of the body not only act as triggers for 

electrical dysfunction in patients with sodium channel mutants, but may be sufficient to 

elicit symptoms of electrical disease in the absence of an underlying mutant. Seizures 

occur in patients with Glutaric aciduria type 1, Propionic acidaemia, and methylmalonic 

acidaemia (195–197).  And in Brugada phenocopy a Brugada syndrome like ECG occurs 

due to environmental changes in the absence of an underlying mutation (198).  In one 

case of hypokalemia-induced Brugada phenocopy the ECG was resolved and then 

returned upon recurrence of hypokalemia in the patient (199).  Brugada phenocopy is also 

known to be elicited by cocaine ingestion, cardiac ischemia, and acute pulmonary 

embolism (200–204). 

1.4.1. pH and Sudden Cardiac Death 

Arrhythmia and sudden cardiac death are associated with exercise, sudden infant 

death syndrome (SIDS), ischemia, and cocaine use (163,205–211).  Cocaine directly 

blocks sodium channels and is associated with Brugada syndrome-like ECGs, ventricular 

tachycardia, and ventricular fibrillation (200,201,212).  Exercise may be used clinically 

to elicit arrhythmia in those suspected of carrying LQT and Brugada syndrome mutations 

(213).  A recent analysis of tissue from 191 child sudden unexplained death cases found 

pathogenic variants in cardiac genes in 6.7 % of cases and variants of unknown 
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significance in 26.7 % of cases (214).  Brugada syndrome may also be responsible for 

some SIDS cases (210,211).  And cardiac ischemia is associated with an elongated QT 

interval, ST-segment abnormalities, and arrhythmia (215–217). 

A factor common to these triggers is changes in extracellular pH.  Exercise causes 

small changes to arterial pH, SIDS is associated with arterial blood pH less than pH 7.0, 

cocaine ingestion can decrease arterial blood pH below pH 6.3, and ischemia can lower 

cardiac pH to pH 6.0 (200,215,218–224).  When blood pH decreases, the extracellular 

cardiac pH mirrors these changes, thus decreases in arterial pH decrease extracellular 

cardiac pH (225).  Decreases in intracellular cardiac pH occur in respiratory acidosis and 

in metabolic acidosis with extracellular pH below pH 6.8, thus the type of acidosis is 

important when considering acidaemia (224,226–228).  Cocaine ingestion causes 

metabolic acidosis, while in SIDS evidence supports both respiratory and metabolic 

acidosis (200,219,220,229–233).  Of the cases listed, the most severe decreases in pH 

occur during cardiac ischemia.  Brief serial ischemic episodes and no-flow ischemia both 

induce large decreases in extracellular pH to below pH 6.0 (215,222–224,234).  As 

duration of the ischemia increase, so to does the severity of acidaemia. 

1.4.2. Proton Modulation of Cardiac Channel Gating 

Increases in extracellular protons alter many aspects of voltage-gated sodium 

channel gating.  Protons decrease maximal channel conductance and depolarize the 

voltage-dependence of activation, fast inactivation, and slow inactivation (235).  

Interestingly, decreasing intracellular pH in a similar range to extracellular pH appears to 

have minimal or no effect on voltage-gated sodium channels (128,206).  This suggests an 

extracellular interaction site for protons. 

Experiments in guinea pig cardiomyocytes show that protons directly block 

sodium channels, decreasing single channel conductance (236).  In multi-channel assays 

this proton block causes a decrease in the maximal conductance.  Early experiments by 

Woodhull suggested that block of the channel pore is voltage-dependent as proton block 

is decreased at positive membrane potentials (237).  Woodhull proposed a proton binding 

site one quarter of the distance from the extracellular to intracellular membranes.  
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Currently, the known binding sites for protons include the selectivity filter, the outer 

charged ring, residue H880 and residue C373 (55,238–240).  Replacement of the 

selectivity filter carboxylates increases the fraction of sodium current resistant to proton 

block by approximately 25 % (55). The presence of the C373 residue, which also confers 

TTX resistance, allows for full proton block of sodium channels.  In NaV1.4, where the 

analogous residue is Y401,12-17 % of the current is resistant to protons.  The C373F and 

C373Y mutants in NaV1.5 impart a similar proton-insensitive current as does the H880Q 

mutant (239,240). 

Many of the proton-induced changes to channel gating have an underlying proton 

effect on the channel gating currents.  The voltage-dependence of gating current 

activation is depolarized by decreasing extracellular pH (73).  This depolarization of 

voltage-sensor movement would account for the depolarization of the conductance-

voltage (GV) relationship and the voltage-dependence of fast inactivation.  Extracellular 

protons also slow outward gating charge movement and accelerate inward gating charge 

movement (73).  Slowed activation and accelerated deactivation of the DIVS4 would 

explain the proton-dependent slowing of fast inactivation onset and acceleration of fast 

inactivation recovery.  Additionally, decreasing extracellular pH decreases the fraction of 

immobilized charge, indicative of a less stable fast inactivated state (73).  Destabilization 

of the fast-inactivated state would explain the increased fraction of non-inactivating 

current when extracellular pH is decreased. 

Structural studies and functional data from hERG potassium channels suggest a 

likely extracellular binding site for protons to affect the voltage-sensors.  Similar to 

sodium channels, decreasing extracellular pH slows and depolarizes the outward 

movement of the voltage-sensors in hERG (241).  Mutating the acidic residues D456 and 

D460 in S2 and D509 in S3 of hERG abolishes the effects of protons on channel 

activation (241).  The 2011 crystal structure of the Arcobacter butzleri voltage-gated 

sodium channel noted an aqueous cleft which exposed homologous extracellular acidic 

residues in the voltage-sensor to the extracellular solution (38).  As these residues are 

responsible for stabilizing the S4 voltage-sensors in the active conformation, protonation 
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of these residues is a likely candidate for the depolarized and slowed outward movement 

of the voltage-sensors. 

Overall, decreasing extracellular pH decreases peak sodium current, which could 

in turn decrease the action potential upstroke velocity, slowing conduction of electrical 

signals in the heart (235,242).  Protons also destabilize the fast-inactivated state leading 

to increases in the fraction of non-inactivating current (235).  As the effects of 

extracellular protons on sodium channels mirror the effects of cardiac sodium channel 

mutants that cause LQT3 and Brugada syndrome, acidosis may be particularly dangerous 

for those with an underlying NaV1.5 mutants associated with both Brugada syndrome 

and/or LQT3. 

1.5. The E1784K mutant 

The E1784K mutant in NaV1.5 is, along with deltaKPQ and 1795insD, one of the 

best studied mutants associated with both Brugada syndrome and LQT3.  In one study of 

44 LQT3-positive families from 7 referral centers, E1784K was the most common mutant 

(134).  The E1784K mutant is particularly prevalent on the island of Okinawa where, in 

one study, 14 of 23 children who met the diagnostic criteria for LQTs harboured the 

E1784K mutant (136).   

E1784K was first described as an LQTs mutant in a 3 generation family following 

the sudden death of a 13 year old girl (133).  The initial biophysical characterization of 

the mutant showed that E1784K induces a 2-4 % non-inactivating sodium current.  

Additionally, the E1784K mutant shifts the voltage-dependence of fast inactivation to 

more hyperpolarized membrane potentials.  The authors note that E1784K occurs in a 

region of the C-terminus that contains many negative charges.  When sets of four of these 

charges were neutralized in WT channels (E1773Q/E1780Q/E1781Q/E1784Q and 

E1788Q/D1789Q/D1790Q/D1792Q), the voltage-dependence of fast inactivation was 

hyperpolarized in the resulting channels and a small fraction of non-inactivating current 

was also present. 
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Later biophysical characterizations of E1784K showed that the mutant affects 

most aspects of sodium channel gating (134,146).  E1784K accelerates the recovery from 

and onset of fast inactivation.  E1784K shifts the GV of the sodium channel to more 

depolarized membrane potentials and decreases the slope of the curve.  The mutant also 

increases the fraction of channels that move into an intermediate slow inactivated state on 

a timescale less than 2 s.  Notably, the E1784K mutant does not disrupt trafficking of the 

channel to the cell membrane (134).  The summed effect of these shifts is a decrease in 

the peak sodium current transient and an increase in the non-inactivating sodium current. 

Although E1784K was originally thought to cause LQT3 exclusively, it is now 

recognized as both an LQT3 and Brugada syndrome mutant.  The first study of E1784K 

in the context of Brugada syndrome found a Brugada ECG in 9 of 41 carriers (134).  A 

more recent study showed approximately 90 % of E1784K carriers have a positive 

ajmaline test for a Brugada ECG (178). 
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Figure 1.8. Maximal Conductance in the E1784K Mutant is Preferentially 

Blocked by Protons 
Current density and proton block of wildtype and mutant NaV1.5 channels.  A1-D2: Sample macroscopic 
currents from WT, E1784K, R1193Q, and R376H channels at pH 7.4 and pH 6.0.  Note that the scale for 
R376H currents is 1/10th that of the other constructs.  E: The R376H decreases the sodium current density 
compared to the other three constructs.  F: The maximal conductance in E1784K is decreased to a greater 
extent by decreasing extracellular pH compared to wildtype channels.  Taken with permission from Peters 
et al., 2016 (2). 

The necessity of ajmaline testing highlights an important question: why can a 

patient with a sodium channel mutant have many years of normal heart function before 

occurrence of an arrhythmia?  One possibility is that external factors that lend further 

arrhythmogenic substrate are necessary to trigger an event.  Elevated temperatures 

drastically increase non-inactivating sodium currents in E1784K mutants (243).  

Furthermore, while calcium decreases non-inactivating current in other mutants, it does 

not do so in E1784K (75).  As protons block peak sodium currents and increase non-

inactivating sodium current similar to Brugada syndrome and LQT3 mutants, decreases 

in pH may represent another potential trigger (235). 
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Figure 1.9. Protons Preferentially Depolarize the Conductance Curve in E1784K 

NaV1.5 
A: Normalized conductance-voltage relationships of E1784K NaV1.5 at pH 7.4 and pH 6.0 overlaid with 
those of wildtype channels.  B: Normalized conductance-voltage relationships of R1193Q NaV1.5 at pH 7.4 
and pH 6.0 overlaid with those of wildtype channels.  C: Normalized conductance-voltage relationships of 
R376H NaV1.5 at pH 7.4 and pH 6.0 overlaid with those of wildtype channels.  D:  The midpoint of the 
conductance-voltage relationship is depolarized more by decreasing extracellular pH to pH 6.0 in E1784K 
NaV1.5 than WT.  Taken with permission from Peters et al., 2016 (2). 

I previously tested the effects of acidifying extracellular pH on 3 NaV1.5 mutants: 

the R376H mutant; the R1193Q (R1192Q) mutant; and the E1784K mutant (2).  That 

study found that the E1784K mutant is preferentially sensitive to changes in extracellular 

pH.  Compared to wildtype channels, E1784K maximal conductance is blocked by a 

further 10 % when extracellular pH is decreased to pH 6.0 (Figure 1.8).  Lowering 

extracellular pH also depolarizes the GV curve by an extra 10mV in the E1784K mutant 

compared to wildtype (Figure 1.9).  Finally, lowering extracellular pH from pH 7.4 to pH 

6.0 increases the fraction of non-inactivating channels approximately 2 % more in 

E1784K (3 % to 7 %) than in wildtype channels (1 % to 3 %) (Figure 1.10; Note that the 

Y-axis in Figure 1.10E is mislabelled and should actually be from 0 % to 9 %).  These 

data suggest that acidaemia exacerbates the loss-of-function and gain-of-function of 
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E1784K NaV1.5, and potentially provides a trigger for arrhythmogenesis in E1784K 

carriers. 

 
Figure 1.10. Lowered Extracellular pH Preferentially Increases Non-Inactivating 

Currents in E1784K NaV1.5 
A: Sample non-inactivating currents from E1784K NaV1.5 and wildtype channels at extracellular pH 7.4 
and pH 6.0.  B: Traces from panel A normalized to the peak inward current.  C1-D2: Sample sodium 
channel ramp currents in E1784K and wildtype NaV1.5 at extracellular pH 7.4 and pH 6.0.  Currents were 
elicited by a 500ms ramp from -130mV to +20mV.  Currents in C2 and D2 are normalized to peak inward 
sodium current recorded by a depolarization to 0mV prior to the ramp protocol.  E: Decreasing 
extracellular pH to pH 6.0 increases the fraction of non-inactivating current to a greater extent in E1784K 
NaV1.5 than wildtype.  Taken with permission from Peters et al., 2016 (2). 

1.6. Conclusion 

Despite more than a half century of research, many aspects of sodium channel 

remain elusive.  In many ways, sodium channel researchers have been hampered by a 

lack of structural evidence.  The first structure of a heterotetramic sodium channel was 

published earlier this year and shares only 40 % sequence homology to mammalian 

channels (9).  The more recent structures of electric eel sodium channels share higher 



34 

homology, however, not all regions of the channel were resolved (10). Thus, for years 

researchers have relied on functional studies to guide our model of the sodium channel.  

From these studies, much has been learned about the function of channels in 

physiological and pathophysiological conditions.  The first NaV1.5 mutant to be 

associated with LQT3, deltaKPQ, was studied in 1995 (69).  The Brugada brothers first 

described Brugada syndrome in 1992 and it was first linked to mutations in SCN5A in 

1998 (126,168).  More than 400 mutants in the cardiac sodium channel have now been 

identified to underlie these diseases (http://triad.fsm.it/cardmoc/).  Of these mutants the 

E1784K mutant is the most common and one of the best studied (134).  Despite decades 

of research, it is not known how single missense mutants in the C-terminus of the sodium 

channel can alter nearly every aspect of channel getting.  My projects have focussed on 

answering this question. 

In project 1 I measure gating currents from E1784K NaV1.5 at pH 7.4 and pH 6.0 

to determine whether the changes to channel conductance and preferential effects of 

extracellular protons are mediated by altered movement of the channel voltage-sensors.  

In project 2, I construct a new model of the voltage-gated sodium channel to test whether 

the effects of the E1784K mutant are mediated through fast inactivation.  This simulation 

was later confirmed by recording voltage-sensor fluorescence from E1784K mutant 

channels, and recording currents from fast inactivation deficient channels.  Finally, in 

project 3, I record ionic and gating currents of 8 different mutants at position 1784 to test 

whether the effects of the E1784K mutant on fast inactivation voltage-dependence and 

non-inactivating current are separable and which properties of residue 1784 are important 

for each disruption.  The data that follow provides an explanatory model of how C-

terminal mutations that underlie both Brugada syndrome and LQT can alter many aspects 

of channel gating.   
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 Proton Modulation of E1784K Ionic and Gating 
Currents 

2.1. Introduction 

The cardiac voltage-gated sodium channel, NaV1.5, passes an inward sodium 

current that is responsible for the upstroke of the ventricular cardiomyocyte action 

potential.  Mutants that change the gating of NaV1.5 can alter action potential 

morphology leading to potentially fatal cardiac arrhythmias. NaV1.5 is composed of a 

single transcript encoding 4 domains (DI-DIV), each with 6 transmembrane segments 

(S1-S6) (37).  In response to membrane depolarization, the positively charged S4 

segments rotate and move towards the outside of the membrane (17,41,51).  The 

movement of the S4s is physically coupled to the channel pore.  Activation of the S4s in 

DI-DIII causes pore opening, allowing for conductance of sodium.  The activation of the 

S4s produce a small but measurable gating current that can be used to map the 

conformational changes of the voltage-sensors en masse (16). 

Following activation, the DIII-DIV linker segment binds to, and occludes, the 

internal channel pore, thereby blocking the inward movement of sodium ions, a process 

termed fast inactivation (62,244).  The binding of the DIII-DIV linker is coupled to 

activation of DIVS4, which is rate limiting for fast inactivation (20).  Mutants in the C-

terminus of the voltage-gated sodium channel alter the rate and voltage-dependence of 

fast inactivation, suggesting coupling between the C-terminus and the fast inactivation 

machinery of the channel (130,133,146).  One such mutant is E1784K, which shifts the 

voltage-dependence of fast inactivation to more hyperpolarized potentials and accelerates 

the rate of fast inactivation onset and recovery.  The E1784K mutant also increases the 

fraction of channels that fail to enter the fast-inactivated state, increasing the non-

inactivating current throughout the action potential plateau.  Furthermore, E1784K shifts 

the conductance-voltage (GV) relationship to more depolarized potentials.  The summed 

result of these shifts in gating is a decrease in the peak sodium transient followed by a 

non-inactivating current that is 2-4 % of the peak (2,133,134,146,178,243). 
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The E1784K mutant causes two cardiac diseases, long QT syndrome type 3 

(LQT3) and Brugada syndrome.  LQT3 is caused by gain-of-function channel defects that 

lead to incomplete inactivation and persistent inward current, prolonging the cardiac 

action potential (69,70).  Action potential prolongation puts the patient at risk for cardiac 

arrhythmia (159,245).  In contrast, Brugada syndrome is caused by mutants that decrease 

the peak sodium current (126).  The consequence of this decrease is still being debated.  

The depolarization hypothesis suggests that this decrease slows conduction of the action 

potential throughout the ventricles, leading to heterogeneity of depolarization (170,171).  

The repolarization hypothesis suggests that the decreased sodium current allows for early 

repolarization of the epicardial cells in the ventricles, leading to heterogeneity of 

repolarization (173).  In both hypotheses, the heterogeneity in the ventricles is believed to 

predispose the patient to triggered activity and ventricular arrhythmia. 

Previous studies on E1784K have focused on the prevalence of LQT3 and 

Brugada syndrome signs in carriers and the biophysical characteristics of E1784K ionic 

currents (133,134,146,178).   Our lab recently added studies on the temperature and pH 

sensitivity of the E1784K mutant heterologously expressed in Chinese Hamster Ovary 

cells (2,243).  In wildtype (WT) channels, lowered extracellular pH decreases peak 

sodium currents and increases the fraction of non-inactivating sodium channels 

(235,246).  We showed E1784K has preferential sensitivity to changes in extracellular 

pH, with an increased depolarizing shift of the GV curve, increased proton block of peak 

current, and an increase in the fraction of persistent current at pH 6.0 (2).  It is not known, 

however, if E1784K alters the movement of the channel voltage-sensors, or whether 

preferential depolarization of the GV curve by extracellular protons is matched by a 

preferential depolarization of voltage-sensor movement. 

In this chapter, the results of experiments using the cut-open oocyte voltage-

clamp procedure are reported.  I record ionic and gating currents using a ‘background’ 

C373F mutant to increase channel sensitivity to tetrodotoxin (TTX) and allow for full 

channel block during gating current recordings (22).  The intracellular pH was also 

measured during some recordings to test whether the changes to the biophysical 

properties of the channels are due to changes in extracellular pH or concurrent changes to 
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intracellular pH.  I hypothesize that the depolarizing shift in the channel conductance 

curve in E1784K, and the greater depolarizing shift of conductance at low pH, are a 

direct result of depolarized gating charge movement. 

2.2. Methods 

2.2.1. DNA Constructs 

The C373F construct in pPol1 was used in a previous study from our lab and was 

generously donated by Dr. Mohamed Chahine (Laval University) (240).  The E1784K 

point mutant was made by Ziwei Ding (Simon Fraser University) and was then cloned 

into 10β E. coli cells (New England Biolabs, Ipswich, MA).  The plasmid DNA was 

purified using a Qiagen Midi-prep kit (Qiagen, Hilden, Germany) and sequenced by 

Eurofin MWG Operon sequencing service (Eurofins Scientific, Luxembourg).  I used 

NotI (NEB) to linearize both the C373F and C373F/E1784K DNA. Transcription was 

performed using a T7 mMESSAGE mMACHINE high yield capped RNA transcription 

kit (Ambion Inc., Foster City, CA). 

2.2.2. Oocyte preparation 

Female Xenopus laevis were obtained from Boreal Northwest (St. Catherines, 

Canada) and Nasco (Salida, CA).  Frogs were housed in an AQUANEERING Xenopus 

Aquatic Housing System (Aquaneering Inc., San Diego, CA).  Water temperature was 

maintained at 16-17 °C and frogs were fed either Nasco frog brittle or Boreal Xenopus 

food 3 times a week.  Breeding was not performed at our facility. 

All animal surgery and animal care procedures were performed in accordance 

with the policies of the Canadian Council of Animal Care.  The protocols for this study 

were approved by the Simon Fraser Animal Care Committee (SFU Permit 1207K-07).  

All surgery was performed under Tricaine Methanesulfonate (2 g/L) anesthesia and 

confirmed by pinching of the hind leg. All efforts were made to minimize suffering.  

Euthanasia was confirmed by cervical dislocation and pithing of the brain.   
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The X. laevis oocyte preparation has been published previously (235).  Oocytes 

were injected with 55 nL of purified NaV1.5 α-subunit RNA.  For ionic current 

recordings, RNA was injected at concentrations between 100 ng/uL and 360 ng/uL.  Ionic 

current experiments were performed within 24-72 h after injection.  Gating currents were 

recorded between 96-120 h after injecting oocytes with 360 ng/uL RNA. 

2.2.3. Data acquisition 

Cut-open voltage clamp procedures were as described previously (247,248).  We 

used a CA-1B amplifier (Dagan Corp., Minneapolis, MN) in the cut-open mode. Data 

were low pass-filtered at 10 kHz, digitized at 50 kHz, and recorded using Patchmaster 

(HEKA Electronik, Lambrecht, Germany).  Cells were permeabilized via bottom bath 

perfusion with intracellular solution supplemented with 0.1 % saponin. After a 10 – 60 s 

exposure, saponin-free intracellular solution was washed in. 

For ionic current recordings, the extracellular solution contained (in mM): 96 

NaCl, 4 KCl, 1 MgCl2, 2 CaCl2, and 5 HEPES.  For ionic current recordings, the 

intracellular solution contained (in mM): 9.6 NaCl, 88 KCl, 11 EGTA, 5 HEPES.  For 

gating current recordings, the extracellular solution at pH 7.4 contained (in mM): 117.7 

NMDG, 122.3 MES, 10 HEPES, and 2 Ca(OH)2; and the extracellular solution at pH 6.0 

contained (in mM): 70 NDMG, 170 MES, 10 HEPES, and 2 Ca(OH)2.  The ratio of 

NMDG to MES was changed to make solutions at the correct pH of the same osmolarity.  

For gating current recordings, the intracellular solution contained (in mM): 120 NMDG, 

120 MES, 10 HEPES, and 2 EGTA.  MES was substituted in place of HEPES for all 

ionic solutions at or below pH 6.5.  HCl and NMDG were used to titrate ionic solutions 

to the desired pH and MES and NMDG were used for gating current solutions. 

Gating currents were recorded after addition of 20 uL of 50 uM TTX to the 0.5 

mL top chamber yielding a final TTX concentration of ≈2 μM.  Data at low pH is 

matched in all cells to data at pH 7.4.  In gating current experiments, TTX was applied 

after each replacement of the extracellular solution. 
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Intracellular pH recordings were made using a VE-2 amplifier in zero current 

mode (Alembic Instruments, Montreal, Canada).  We filled pipettes with 3 M KCl 

solution, and backfilled with hydrogen ionophore solution. The hydrogen ionophore 

consisted of 6 wt.-% Hydrogen Ionophore II (Santa Cruz Biotechnology) and <1 wt.-% 

Potassium tetrakis(4-chloro-phenyl)borate dissolved in o-nitrophenol octyl ether. 

Immediately prior to recordings, the voltage response of the pH electrode was determined 

with solutions at pH 7.4 and pH 6.0.  The average voltage change per pH unit in the 

electrodes was 46 ± 1 mV/pH unit. 

Capacitance was compensated prior to recordings and leak was subtracted using 

either a P/4 or P/8 protocol. 

2.2.4. Protocols  

To measure the voltage-dependence of sodium conductance through the channel 

pore, I depolarized channels to voltages between -100 mV and +60 mV for 20 ms from a 

holding potential of -150 mV.  Conductance was determined by dividing the peak current 

by the voltage minus the experimentally observed equilibrium potential.  For 

comparisons of proton block I compared absolute conductance values while conductance-

voltage relationship comparisons were performed with normalized conductance.  GV 

relationships were fit by a single Boltzmann function (Equation 2.1) 

𝑌𝑌
𝑌𝑌𝑀𝑀𝑀𝑀𝑀𝑀

=  1

(1+𝑒𝑒
−𝑧𝑧∗𝑒𝑒∗(𝑉𝑉𝑚𝑚−𝑉𝑉1/2)

𝐾𝐾∗𝑇𝑇 )
  (2.1) 

where Y is conductance, charge, or current; Vm is membrane potential in mV; V1/2 

is the midpoint in mV; z is apparent valence in e (elementary charges); K is the 

Boltzmann constant in meV·K-1; and T is temperature in °K. 

The proton block of conductance was measured by fitting conductance from 

individual cells recorded at pH values between 4.0 and 8.0 to a Hill equation.  

Charge-voltage (QV) relationships were measured by 20 ms depolarizations to 

potentials between -150 mV and +40 mV from a holding potential of -150 mV.  This was 



40 

followed by a 20 ms hyperpolarization to -150 mV.  I measured the activation of the S4 

segments by integrating the outward gating currents (Igon) during the initial 

depolarization steps to give the amount of charge moved at a given membrane potential 

(QVon).  I fit the resulting QV curve with a Boltzmann function.  I fit the decay of the 

outward gating currents with a single exponential function to determine the rate of S4 

segment activation. 

To measure the voltage-dependence of fast inactivation I conditioned cells to 

voltages between -150 mV and -10 mV for 500 ms.  After the conditioning pulse, 

currents were elicited by a depolarizing pulse to -10 mV.  The peak currents were 

normalized and plotted versus conditioning potential.  The resulting curves were fit by a 

single Boltzmann function (Equation 2.1). 

I measured fast inactivation recovery with a double pulse protocol; following a 

500 ms depolarization to 0 mV, channels were allowed to recover for varying lengths of 

time at potentials between -130 mV and -70 mV after which currents were measured by a 

pulse to -10 mV.  Recovery time courses were fit by a double exponential function with 

the fast time constant being analyzed as the time constant of fast inactivation. 

I measured open-state fast inactivation by fitting the decay of macroscopic 

currents with a single exponential function.  The rate of fast inactivation from the closed 

state was measured by depolarizing cells to -70 mV or -50 mV for varying amounts of 

time from a holding potential of -150 mV.  The amount of current remaining was 

measured during a test pulse to -10 mV and the normalized current versus onset time was 

fit by a double exponential function at -70 mV and a single exponential equation at -50 

mV. 

I measured non-inactivating current as the fraction of current remaining at the end 

of 100 ms depolarizations to voltages between -30 mV and 0 mV.  To measure the 

fraction of channels that failed to inactivate, the non-inactivating current was divided by 

the peak inward current at the same potential to show relative non-inactivating current.  

Five traces were averaged for each measurement. 
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I measured the voltage-dependence of gating current deactivation by 20 ms 

repolarizations between 20 mV and -150 mV after a 20 ms depolarization to +50 mV.  

The amount of returning charge was assessed by integrating inward gating currents (Igoff) 

during the repolarizing pulse.  Normalized charge was plotted versus voltage and fit with 

a Boltzmann function.  Results were similar if gating charge return was measured by 

integrating outward gating currents during a depolarization to +50 mV immediately 

following the repolarization.  The inverse of the returning charge is plotted in Figure 2.5. 

I measured the rate of gating charge deactivation with a double pulse protocol.  I 

depolarized cells for 500 ms to 0 mV and then repolarized the cell to -150 mV for 

varying lengths of time.  The amount of charge returned during a given time period was 

measured by integrating an outward gating current elicited by a return pulse to 0 mV 

immediately following the repolarization.  The time course of charge return was fit by a 

double exponential function 

The voltage-dependence of slow inactivation was measured by holding cells for 

60 s at membrane potentials between -130 mV and -10 mV, recovering fast inactivation 

at -130 mV for 20 ms, and measuring the remaining current with a test pulse to -10 mV.  

Steady-state slow inactivation was fit by a Boltzmann function (equation 2.1) with a non-

zero asymptote. 

Slow inactivation onset and recovery were measured using the same protocol.  

Currents were measured during a 5 ms pulse to -10 mV, followed by a depolarization to 

+30 mV, 0 mV, or -30 mV for between 500 ms and 64 s (0.5 s, 1 s, 2 s, 4 s, 8 s, 16 s, 32 

s, 64 s), and a repolarization to -120 mV, -90 mV, or -80 mV for a total of 60 s.  By 

measuring slow inactivation recovery and onset at different membrane potentials I 

determined whether any mutant or proton-dependent effects occur throughout the voltage 

range.  Currents were measured at 10 time points after each depolarization pulse (0.02 s, 

0.1 s, 0.25 s, 0.5 s, 1 s, 2 s, 5 s, 10 s, 20 s, 60 s).  Onset at +30 mV, 0 mV, and -30 mV 

were matched to repolarizations at -120 mV, -80 mV, and -90 mV, respectively.  The 

currents for a given set of recovery pulses were normalized to the current elicited before 

the depolarizing pulse.  The 20 ms recovery pulse was not used in analysis as there are 
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still channels in the fast-inactivated state at that point.  Slow inactivation recovery time 

courses at a given membrane potential were globally fit for all onset durations with a 

double exponential function where the two time constants were global variables.  Slow 

inactivation onset time courses at a given membrane potential were fit globally for 

recovery durations of 100 ms to 10 s with a double exponential where the two time 

constants were global variables.  Using this global fit method allows for more accurate 

determination of the time constants of recovery and onset as the time constants are 

determined from 8 recovery time courses or 7 onset time courses at each membrane 

potential. 

2.2.5. Data analysis 

Ionic and gating currents were analyzed using Fitmaster (HEKA) and Igor Pro 

(Wavemetrics).  All statistical analysis was performed using JMP statistical software 

(SAS Institute, Cary, NC).  Except for the midpoint of proton block of peak conductance, 

all comparisons were made using a 2 factor repeated measures analysis of variance where 

the main factors analyzed were pH (ordinal variable) and mutant (nominal variable).  A 

significant interaction term between the two main factors was interpreted as a significant 

difference in the effect of protons on the dependent variable of C373F/E1784K compare 

to C373F channels.  A TUKEY post-hoc test was used for pairwise comparisons of pH.  

For comparisons of time constants, the log of the time constants was compared.  To 

compare proton block of conductance between C373F and C373F/E1784K channels I 

used a Student’s t-test.  Statistical significance was measured at α < 0.05.  For many cases 

where the same parameter was measured at multiple voltages (e.g. non-inactivating 

current) only the largest P-value (significant effects) or the smallest P-value (non-

significant effects) is stated.  All midpoint measurements are means and measurements of 

error listed are standard error of the mean. 

2.3. Results 

Source data for figures, including means, standard errors of the mean, and number 

of independent recordings, can be found in Appendix A. 
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2.3.1. Intracellular pH does not Change Along with Extracellular pH in 
Oocytes 

A pH sensitive micro-electrode was used to measure the change in intracellular 

pH when extracellular pH was decreased in uninjected Xenopus laevis oocytes and 

oocytes injected with C373F (CF) or C373F/E1784K (CF/EK) NaV1.5 channels (Figure 

2.1 A-C).  Measurements of intracellular pH were recorded simultaneously with ionic 

current recordings at pH 7.4 and following perfusion of pH 6.0 extracellular solution.  

Similar to previously published experiments, peak sodium current is blocked at pH 6.0 

(240).  There is no significant change in the intracellular pH after 5 minutes exposure to 

pH 6.0 extracellular solution in the uninjected cells, nor in those injected with either 

channel construct (P = 0.9760) (Figure 2.1D). 

 
Figure 2.1. Intracellular pH is not Decreased by Decreases in Extracellular pH 
Intracellular pH was measured for 5 minutes with extracellular pH at pH 7.4 and for 5 minute after 
changing extracellular pH to pH 6.0 in (A) un-injected cells (N = 5) and cells injected with (B) C373F (N = 
5) or (C) C373F/E1784K (N = 5) NaV1.5.  Cells were held at -110 mV and were depolarized to 0 mV 60 
times during each 5-minute segment. All error bars are standard error of the mean.  There was no 
significant change in the intracellular pH after 5 minutes at extracellular pH 6.0 (D).  Previously published 
in Peters et al., 2017 (3). 



44 

 

2.3.2. E1784K Depolarizes the Conductance-Voltage Relationship and 
Hyperpolarizes Gating Charge Activation 

 
Figure 2.2. The E1784K Mutant Depolarizes the Conductance-Voltage 

Relationship and Hyperpolarizes Gating Charge Activation 
(A1-A4) Sample outward and inward gating currents recorded from C373F and C373F/E1784K NaV1.5 at 
pH 7.4 and pH 6.0. (B1-B4) Sample ionic currents recorded from C373F and C373F/E1784K NaV1.5 at pH 
7.4 and pH 6.0. CF and CF/EK currents with relatively similar amplitudes were selected to highlight the 
effects of protons.  (C) Average normalized peak ionic current plotted versus voltage for C373F and 
C373F/E1784K NaV1.5 at pH 7.4 and pH 6.0.  Currents at pH 6.0 are normalized to the peak current 
recorded at pH 7.4 from the same cell. (D) Average peak conductance plotted versus pH in C373F and 
C373F/E1784K NaV1.5.  Conductance at all pH values is normalized to the peak conductance recorded 
from the same cell at pH 8.0. The pH at which conductance is reduced by 50% is shifted to higher pH in 
CF/EK channels. (E) Conductance-voltage relationships from ionic currents recorded in C373F and 
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C373F/E1784K NaV1.5 at pH 7.4 and pH 6.0. The E1784K mutant shifts the midpoint of the conductance-
voltage relationship to more depolarized potentials. E1784K undergoes a larger depolarizing shift of the 
conductance curve when extracellular pH is lowered.  (E inset) To measure current voltage relationships 
from which conductance was determined, cells were depolarized to membrane potentials between -100mV 
and +60 mV (a) from a holding potential of -150 mV. (F) Charge-voltage relationships for outward gating 
currents recorded from C373F and C373F/E1784K NaV1.5 at pH 7.4 and pH 6.0. The E1784K mutant 
shifts the midpoint of the charge-voltage relationship in the hyperpolarizing direction. (F inset) To measure 
gating current activation, cells were depolarized to membrane potentials between -150 mV and +40 mV (a) 
followed by a hyperpolarization to -150 mV (b).  Previously published in Peters et al., 2017 (3). 

I measured the voltage-dependence and rate of S4 voltage-sensor movement by 

recording outward and inward gating currents for CF and CF/EK channels at pH 7.4 and 

pH 6.0 (Figure 2.2 A1-A4).  Channel conductance was measured by recording 

macroscopic ionic currents at membrane potentials between -100 mV and +60 mV 

(Figure 2.2 B1-B4).  

I compared the dependence of peak currents and conductance in CF and CF/EK 

channels between pH 4.0 and pH 8.0.  The current-voltage relationships for CF and 

CF/EK channels at pH 6.0 normalized to currents at pH 7.4 are shown in Figure 2.2C.  

The maximal conductance at all pH values normalized to the maximal conductance at pH 

8.0 in the same cell is shown for CF and CF/EK channels in Figure 2.2D.  There is a 

significant shift in the pKa of conductance block of CF/EK channels compared to CF 

channels (P = 0.0149).   

I determined the voltage-dependence of sodium channel conductance in CF and 

CF/EK NaV1.5 channels at pH 7.4, 7.0, and 6.0 (Figure 2.2E).  Both the presence of the 

E1784K mutant (P = 0.0004) and lowering extracellular pH to pH 7.0 and 6.0 (P = 

0.0253 and P < 0.0001, respectively) cause a significant shift of the GV curve of CF 

NaV1.5 to more depolarized membrane potentials.  The depolarizing shift due to 

decreases in pH is significantly larger in the CF/EK mutant than in CF (P = 0.0374).  

Both the E1784K mutant (P = 0.0002), and lowering extracellular pH to pH 6.0 from pH 

7.4 (P < 0.0001), cause significant decreases in the apparent valence of the GV curve. 

The total gating charge moved at a given voltage was determined by taking the 

time integral of the outward gating current during a depolarization step.  Normalized 

outward charge versus voltage relationships (QV) were measured for C373F and 

C373F/E1784K at pH 7.4 and pH 6.0 (Figure 2.2F).  Decreasing pH from pH 7.4 to pH 
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6.0 causes a significant shift in the midpoint of the QV relationship in the depolarized 

direction in both CF and CF/EK channels (P < 0.0001). Although E1784K causes a 

depolarizing shift in the midpoint of the GV curve, it causes a hyperpolarizing shift in the 

midpoint of the QV relationship (P < 0.0001).  Thus, the voltage-sensors move outwards 

at more negative potentials in the mutant, but the channel does not conduct ions until 

more positive potentials.   

The rate of outward gating charge movement was measured by fitting the decay 

phase of outward gating currents to a single exponential function (Figure 2.3A). E1784K 

does not significantly alter the rate of outward gating charge movement at most measured 

potentials (P ≥ 0.1368 for 13 of the 15 measured voltages) (Figure 2.3B).  Decreasing 

extracellular pH to pH 6.0 slows the rate of outward gating charge movement at all 

measured membrane potentials (P ≤ 0.0235).  There is no significant difference in the 

effect of protons on the rate of outward gating charge movement between CF and CF/EK 

channels at most measured membrane potentials (P ≥ 0.08011 for 12 of 15 measured 

voltages) 

 
Figure 2.3. The E1784K Mutant does not Alter the Rate of Outward Gating 

Charge Movement at Depolarized Membrane Potentials 
A: Outward gating currents recorded at 0 mV from CF and CF/EK channels at pH 7.4. The dacay of 
outward gating currents was fit with a single exponential decay and the time constants are plotted in B.  
The E1784K mutant does not alter the rate of gating charge movement at the majority of membrane 
potentials whereas decreasing pH slows outward gating charge movement. Adapted from Peters et al., 2017 
(3). 
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Contrary to my hypothesis, these results suggest the basis for the shift in the 

midpoint of the GV curve caused by E1784K is not due to a direct effect on the voltage-

sensors responsible for activation. 

2.3.3. E1784K Hyperpolarizes and Accelerates Fast Inactivation 

I measured the voltage-dependence of fast inactivation in CF and CF/EK NaV1.5 

channels using a test pulse to -10 mV following a 500 ms prepulse to membrane 

potentials between -150 mV and -10 mV (Figure 2.4 A1-A4).  The normalized currents 

recorded during the test pulse are plotted versus prepulse potential in Figure 2.4B.  The 

E1784K mutant causes a significant hyperpolarizing shift in the midpoint of the voltage-

dependence of fast inactivation (P = 0.0003).  Decreasing pH to 7.0 or 6.0 from pH 7.4 

causes a significant depolarizing shift in the midpoint of the voltage-dependence of fast 

inactivation (P = 0.0312 and P < 0.0001, respectively).  The shift in the voltage-

dependence of fast inactivation to more hyperpolarized membrane potentials due to the 

E1784K mutant parallels the hyperpolarizing shift in the E1784K QV curve. 
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Figure 2.4. The E1784K Mutant Hyperpolarizes the Voltage-Dependence of Fast 

Inactivation 
(A1-A4) Sample ionic currents elicited during steady-state fast inactivation recordings from C373F and 
C373F/E1784K NaV1.5 at pH 7.4 and pH 6.0. (B) Steady-state fast inactivation relationships for C373F and 
C373F/E1784K NaV1.5 at pH 7.4 and pH 6.0.  The E1784K mutant shifts the midpoint of the fast 
inactivation voltage-dependence in the hyperpolarizing direction, whereas decreasing extracellular pH to 
pH 6.0 shifts the midpoint of the fast inactivation voltage-dependence to more depolarized membrane 
potentials. (B inset) To measure steady-state fast inactivation, cells were depolarized to -10 mV (b) 
following a conditioning pulse to membrane potentials between -150 mV and -10 mV (a). (C) Recovery 
from fast inactivation time course at -90 mV for C373F and C373F/E1784K NaV1.5 at pH 7.4 and pH 6.0.  
The E1784K mutant accelerates recovery from inactivation. (C inset) To measure recovery from 
inactivation, cells were depolarized to -10 mV (c) following a conditioning pulse to 0 mV (a) and a 
recovery pulse of variable duration to membrane potentials between -130 mV and -70 mV (b). (D) Time 
constants of fast inactivation recovery (-130 mV to -70 mV) and closed-state fast inactivation onset (-70 
mV and -50 mV) plotted versus voltage for C373F and C373F/E1784K NaV1.5 at pH 7.4 and pH 6.0. The 
E1784K mutant accelerates fast inactivation recovery and closed-state fast inactivation onset at all 
potentials.  (E) Time constants of open-state fast inactivation onset for C373F and C373F/E1784K NaV1.5 
at pH 7.4 and pH 6.0.  The E1784K mutant accelerates open-state inactivation at all membrane potentials 
excluding +20 mV.  Previously published in Peters et al., 2017 (3). 
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The time course of ionic current recovery from fast inactivation at -90 mV is 

plotted in Figure 2.4C. The time constants of fast inactivation recovery at voltages 

between -130 mV and -70 mV were measured as the faster time constant in bi-

exponential fits to data like that found in Figure 2.4C. Similarly, the time constants of 

closed-state fast inactivation onset at -70 mV and -50 mV were measured as the faster 

time constant in bi-exponential fits to fast inactivation onset time courses. The fast time 

constants of fast inactivation recovery and closed-state onset are plotted versus 

membrane potential in Figure 2.4D.  E1784K significantly decreases the fast time 

constants of fast inactivation recovery at -130 mV, -110 mV, -90 mV, and -70 mV (P < 

0.0001 in all cases). E1784K also significantly decreases the time constant of closed-state 

fast inactivation onset at -70 mV and -50 mV (P < 0.0001 in both cases).  Lower 

extracellular pH significantly decreases the fast time constant of fast-inactivation 

recovery at -110 mV (P = 0.0002) and -90 mV (P = 0.0054) and increases the time 

constant of closed-state fast inactivation at -50 mV (P < 0.0001). 

The time constants of open-state fast inactivation were determined by fitting 

mono-exponential equations to ionic current decay.  The time constants of open-state fast 

inactivation onset are plotted versus voltage in Figure 2.4E.  E1784K decreases the time 

constant of open-state inactivation at voltages between -40 mV and 30 mV, excluding at 

+20 mV (P < 0.044 for all cases, except at +20 mV P = 0.0763).  Thus, the E1784K 

mutant accelerates both entry into and recovery from the fast-inactivated state.  Lower 

extracellular pH significantly increases the time constant of open-state fast inactivation 

between -40 mV and +30 mV (P < 0.0408).   

2.3.4. E1784K Increases Non-Inactivating Current 

I measured absolute (Figure 2.5A) and relative (Figure 2.5A inset) non-

inactivating current amplitudes in CF and CF/EK NaV1.5 channels at pH 7.4, 7.0, and 6.0 

at membrane potentials between -30 mV and 0 mV.  The CF/EK mutant has a 

significantly larger proportion of non-inactivating current compared to CF channels at all 

membrane potentials (P ≤ 0.0018) (Figure 2.5B).  Low pH significantly increases the 

relative non-inactivating current more in the CF/EK mutant compared to CF channels at 
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all membrane potentials (P ≤ 0.0002).  Thus, whereas CF channels have a relatively 

similar fraction of non-inactivating current at -20 mV at pH 7.4 and pH 6.0 (0.45 % and 

0.43 %, respectively), the CF/EK channels have a 2.5 % increase in non-inactivating 

current from pH 7.4 to pH 6.0 at -20 mV (4.0 % and 6.5 %, respectively).  The CF/EK 

mutant also increases the absolute non-inactivating current at all membrane potentials (P 

≤ 0.0058). 

 
Figure 2.5. The E1784K Mutant Increases Non-Inactivating Current and 

Depolarizes the Voltage-Dependence of Gating Charge Deactivation 
(A) Sample persistent sodium current recordings at -20 mV from C373F and C373F/E1784K NaV1.5 at pH 
7.4 and pH 6.0. (A inset) Sample persistent sodium current recordings at -20mV normalized to peak current 
from C373F and C373F/E1784K NaV1.5 at pH 7.4 and pH 6.0. (B) Persistent current normalized to peak 
current for C373F and C373F/E1784K NaV1.5 at pH 7.4 and pH 6.0 at membrane potentials between -30 
mV and 0 mV. The E1784K mutant increases the fraction of persistent current. When extracellular pH is 
lowered to pH 6.0 there is a larger increase in the fraction of persistent current in CF/EK compared with 
CF. (C) Sample gating currents recorded during a protocol to measure gating current deactivation voltage-
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dependence. (D) Sample gating currents recorded to measure the time course of voltage-sensor deactivation 
at -150 mV. (E) Voltage-dependence of gating current deactivation for C373F and C373F/E1784K NaV1.5 
at pH 7.4 and pH 6.0.  The inverse of the amount of charge deactivating at a given voltage is plotted to 
facilitate comparisons with the outward charge-voltage relationship. The voltage-dependence of gating 
current deactivation is shifted in the depolarizing direction by the E1784K mutant. (E inset) To measure the 
voltage-dependence of gating current deactivation, cells were hyperpolarized to membrane potentials 
between -150 mV and +20 mV (b) following a depolarization pulse to +50 mV (a). This was followed by 
depolarization to +50 mV (c). (F) Time course of gating charge deactivation at -150 mV for C373F and 
C373F/E1784K NaV1.5 at pH 7.4.  Time courses at pH 6.0 overlap those recorded at pH 7.4 and are 
therefore not shown. The E1784K mutant increases the fraction of charge which recovers with the fast time 
constant of recovery and decreases the fraction of slow charge return. (F inset) To measure the rate of 
gating current deactivation, we depolarized cells to 0 mV (c) following a conditioning pulse to 0 mV (a) 
and a recovery pulse of variable length to -150 mV (b).  Previously published in Peters et al., 2017 (3). 

2.3.5. E1784K Depolarizes Voltage-Sensor Deactivation 

The voltage-dependence of inward gating charge movement, or gating charge 

deactivation, was measured by integrating inward gating currents at membrane potentials 

between +20 mV and -150 mV after depolarizing pulses to move the S4 segments to their 

activated conformation (Figure 2.5C).  Similar results were obtained when the amount of 

charge deactivation was measured by integrating outward gating currents at +50 mV 

immediately after the test pulse.  To facilitate comparison with activating gating currents, 

the inverse of the total inward charge is plotted versus voltage (Figure 2.5E).  Thus, like 

the outward charge-voltage relationships, the deactivation voltage-dependence represents 

how much gating charge is in the outward conformation.  In contrast to the shift in the 

midpoint of the activation QV relationship to more hyperpolarized membrane potentials, 

E1784K causes a significant depolarizing shift in the voltage at which gating charge 

deactivates (P = 0.0007).   

I measured the rate of gating charge deactivation at -150 mV (Figure 2.5D). The 

amount of gating charge that has deactivated for a given recovery time is plotted in Fig 

3F and is fit by a bi-exponential equation. The fast and slow time constants of 

deactivation are not significantly altered by E1784K (P = 0.0812 and P = 0.1809, 

respectively).  In the CF/EK channels the amplitude of the fast time constant is 

significantly increased and the amplitude of the slow time constant is significantly 

decreased compared to CF channels (P = 0.0012 and P = 0.0082, respectively).  Thus, the 

overall rate of gating charge deactivation is accelerated by the E1784K mutant. 
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2.3.6. E1784K does not Impact Slow Inactivation Voltage-Dependence 

I measured the voltage-dependence of slow inactivation in CF and CF/EK 

channels using a 60 s prepulse to membrane potentials between -130 mV and -10 mV 

(Figure 2.6A).  Current amplitude was assessed during a subsequent step depolarization to 

-10 mV. E1784K does not cause a significant change in the voltage-dependence (P = 

0.7824), asymptote (P = 0.1690), or apparent valence (P = 0.9071) of slow inactivation; 

however, extracellular acidosis causes a significant depolarization of slow inactivation in 

both CF and CF/EK channels (P = 0.0003). 

2.3.7. E1784K Accelerates Slow Inactivation Onset and Recovery 

Slow inactivation onset and recovery were measured in CF and CF/EK channels 

using a multiple pulse protocol with slow inactivation onset durations between 500 ms 

and 64 s and recovery durations between 20 ms and 60 s (Figure 2.6 B1 and B2).  The 

resulting slow inactivation recovery and onset curves were fit with double exponential 

functions (Figure 2.6C and Figure 2.6D, respectively).  The exception was at +30 mV 

where only a single time component of slow inactivation could be fit.  The currents 

recorded after 20 ms of recovery were not used in this analysis as many channels were 

still fast inactivated at that time, based on the time constants from our fast inactivation 

recovery experiments.  The fast and slow time constants of slow inactivation recovery 

and onset are plotted versus voltage in Figure 2.6 E and F, respectively.   
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Figure 2.6. The E1784K Mutant Accelerates a Slow Time Component of Slow 

Inactivation 
(A1) Voltage-dependence of slow inactivation in C373F and C373F/E1784K NaV1.5 at pH 7.4 and pH 6.0.  
Decreasing extracellular pH to pH 6.0 depolarizes the midpoint of low inactivation and increases the 
asymptote reflecting maximal slow inactivation onset.  (B1 and B2) Sample inward sodium currents 
recorded after 20 ms to 60 s repolarization pulses to -90 mV following either a 500 ms or 64 s 
depolarization to -30 mV.  (C) Time course of slow inactivation recovery at -90 mV in C373F NaV1.5 at 
pH 7.4 following depolarizations to -30 mV for durations between 500 ms (top curve) and 64 s (bottom 
curve). (C inset) To measure onset and recovery time courses for slow inactivation, cells were depolarized 
to -10 mV (c) following a depolarizing pulse of variable duration to membrane potentials between -30 mV 
and +30 mV (a) and a recovery pulse of variable duration to membrane potentials between -120 mV and -
80 mV (b). (D) Time course of slow inactivation onset at -30 mV in C373F NaV1.5 at pH 7.4 with recovery 
interpulses to -90 mV for durations between 100 ms (bottom curve) and 10s (top curve). (E) Time 
constants for the fast component of slow inactivation recovery (-120 mV to -80 mV) and slow inactivation 
onset (-30 mV and 0 mV) plotted versus voltage for C373F and C373F/E1784K NaV1.5 at pH 7.4 and pH 
6.0. The E1784K mutant decelerates the fast component of inactivation recovery at -80 mV and accelerates 
inactivation at 0 mV.  Decreasing extracellular pH slows the fast component of inactivation onset at 0 mV.  
(F) Time constants for the slow component of slow inactivation recovery (-120 mV to -80 mV) and slow 
inactivation onset (-30 mV to 30 mV) plotted versus voltage for C373F and C373F/E1784K NaV1.5 at pH 
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7.4 and pH 6.0.  The E1784K mutant accelerates the slow component of recovery at -120 mV and -90 mV 
and accelerates the slow component of onset at 0 mV. Decreasing extracellular pH slows the slow 
component of inactivation onset at -30 mV, 0 mV, and +30 mV.  Adapted from Peters et al., 2017 (3). 

The recovery of the fast component of slow inactivation is slowed in the CF/EK 

mutant at -80 mV (P = 0.0149) whereas the fast component of slow inactivation onset at 

0 mV is significantly accelerated in the CF/EK mutant compared to CF (P = 0.0052).  

The mutant effect on the fast component of slow inactivation recovery was not significant 

at other voltages (-120mV: P = 0.1168, -90mV: P = 0.7984, -30mV: P = 0.7962). The 

slow component of slow inactivation recovery and onset is accelerated in E1784K at -120 

mV, -90 mV, and 0 mV (P = 0.0017, P = 0.0397, and P = 0.0030) while at -80 mV and -

30 mV a non-significant trend was seen (P = 0.0945, P = 0.0865).  In total, these data 

suggest that E1784K primarily accelerates the rate of a component of slow inactivation 

onset and recovery in the 1-10 s range.   

Decreasing extracellular pH significantly slows the fast component of slow 

inactivation onset at 0 mV (P = 0.0029) and the slow component of slow inactivation 

onset at -30 mV (P = 0.0169), 0mV (P = 0.0009), and +30 mV (P < 0.0001).  Decreasing 

extracellular pH does not significantly affect the fast component of slow inactivation 

recovery at any membrane potential (P ≥ 0.6884).  In contrast, decreasing extracellular 

pH causes a non-linear effect on the slow component of slow inactivation recovery at -

120 mV, -90 mV, and -80 mV.  In all cases the slow recovery time constant was slowest 

at pH 7.0 compared to pH 7.4 and pH 6.0.  The changes to the slow component of 

recovery were consistent in CF and CF/EK channels.  Since time constants reflect both 

the forward and reverse rates of slow inactivation, it is possible that one rate is affected 

by a change to pH 7.0 whereas the other is not affected until pH reaches 6.0.  Overall, 

these data suggest that decreases in extracellular pH primarily impacts slow inactivation 

in the 1-10 s range as opposed to the range less than 1 s. 

2.4. Discussion 

The E1784K mutant in NaV1.5 is the most common LQT3 and Brugada syndrome 

mutant and is sensitive to extracellular acidosis (2,249,250).  Acidosis is a common factor 
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in a number of scenarios which can elicit arrhythmia and sudden cardiac death, including 

sudden infant death syndrome, exercise, cocaine ingestion, and ischemic heart disease 

(200,205,208,210,251).   During myocardial ischemia extracellular pH may drop as low 

as pH 6.0, while exercise can produce decreases to pH 7.0-7.2 (215,252,253). Since 

arrhythmias associated with E1784K potentially arise during these acidotic conditions, 

we further investigated how E1784K modifies channel gating at physiologically normal 

pH (pH 7.4) and during extracellular acidosis (pH 7.0 and 6.0).   

Consistent with my previous study, I show that extracellular acidosis produces a 

larger depolarization of the GV curve and a larger proton-dependent block of inward 

sodium currents in E1784K (2).  When extracellular pH was decreased from pH 7.4 to pH 

6.0 the depolarizing shift in the GV curve is twice as large (≈8.5 mV) in the CF/EK 

NaV1.5 compared to CF NaV1.5 (≈4 mV).  The larger depolarizing shift seems to be 

limited to extracellular acidosis below pH 7.0 as both CF and CF/EK channels saw 

similar (≈1.8 mV) shifts when pH was decreased to pH 7.0.  The effect was similar when 

looking at proton-dependent decreases in channel conductance as CF and CF/EK NaV1.5 

show relatively similar effects at pH 7.0, 3 % block in CF and 1 % in CF/EK, when 

compared to the block at pH 6.0, 26 % in CF and 37 % in CF/EK.  Overall these results 

suggest that small decreases in pH, such as during exercise, will not preferentially alter 

function in patients with the E1784K mutant; however, as pH decreases below pH 7.0, as 

might occur during ischemia, the CF/EK mutant will show drastically larger decreases in 

sodium channel conductance compared to CF NaV1.5.  In patients, these changes could 

exacerbate the decreases in peak current found with the E1784K mutant, potentially 

increasing the risk of arrhythmia or sudden cardiac death. 

A simple explanation for the depolarization of the conductance curve in the 

E1784K mutant would be a depolarizing shift in the voltage at which S4s translocate.  

The gating current experiments show that this hypothesis is unlikely to be true, since the 

activation QV relationship is hyperpolarized in the CF/EK mutant compared to CF, nor is 

there a preferential effect of protons on the E1784K QV relationship.   
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Hyperpolarization of the QV curve may reflect the E1784K-induced 

hyperpolarizing shift in the steady-state fast inactivation curve, which is tied to the 

movement of DIVS4.   I conclude that the shifts in the channel conductance curve in the 

E1784K mutant are not due to changes in the movements of the DI-DIII S4s linked to 

channel activation (53).  Instead, I hypothesize that the changes in conductance are due to 

the increased rates of DIVS4 movement, which leads to an increased rate of channel fast 

inactivation (20).  This increased rate of fast inactivation could decrease the amplitude of 

inward currents at potentials in the middle of the conductance curve when the activation 

rate is lower, causing a shift in the channel conductance that is unrelated to DI-DIII 

voltage-sensor movements.  This hypothesis is tested with a voltage-sensor-based model 

of ionic currents in the subsequent chapter. 

Interestingly, the data show that the voltage-dependence of gating current 

deactivation is depolarized in E1784K.  The result is that the large hysteresis between 

voltage-sensor activation and deactivation observed in CF channels is not apparent in 

CF/EK channels.  This may reflect the decreased stability of the fast-inactivated state, 

which normally immobilizes a fraction of the gating charge in the activated conformation 

(71,72).  This idea is consistent with the decreased amplitude of the slow component of 

gating charge deactivation we observed in CF/EK channels, which represents a decrease 

in the amount of immobilized charge.  Overall, these results, and the increased rate of fast 

inactivation recovery suggest a lower energy barrier for the deactivation of the DIVS4.  

Therefore, a small fraction of the DIVS4 voltage-sensors may be able to deactivate at 

depolarized potentials leading to fast inactivation recovery and the increases in non-

inactivating current in the E1784K mutant.  

Similar to other studies, the data show that E1784K increases non-inactivating 

current (2,134,146). Relative non-inactivating current is further increased at pH 6.0 in the 

CF/EK channels, while it is relatively similar in CF NaV1.5 at pH 7.4 and pH 6.0.  This 

suggests a decrease in the stability of the fast-inactivated state in E1784K that is further 

exacerbated by acidaemia.  This decreased stability may reflect a less stable binding by 

the IFM motif or the accelerated fast inactivation recovery rate in E1784K.  Although 

extracellular acidosis decreases the absolute peak and non-inactivating current 
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amplitudes, non-inactivating current is more resistant to these changes than is peak 

current, hence the increase in relative non-inactivating current.  Thus, while low pH will 

block sodium channels and increase the likelihood of conduction abnormalities in 

patients carrying the E1784K mutant, this blockade may not sufficiently reduce non-

inactivating currents to alleviate the elongated AP plateau. 

The slow inactivation experiments showed that E1784K primarily accelerates the 

slow component of onset and recovery in the range of 1-10 s. One possible mechanism 

for this could be a decrease in the stability of the fast-inactivated state.  Previous studies 

show that removing fast inactivation enhances entry into the slow inactivated state in 

cardiac sodium channels (86).  Thus, the changes to slow inactivation in E1784K may 

reflect a less stable interaction between the channel and the DIII-DIV linker.  I speculate 

that the acceleration of both onset and recovery from slow inactivation means there will 

be little effect on channel availability at resting heart rates.  Although channels will enter 

the slow inactivated state more rapidly during the action potential plateau, the long 

diastolic time and accelerated recovery rate will be sufficient to recover this extra slow 

inactivation; however, as heart rate increases, the diastolic interval represents a smaller 

proportion of each cycle.  Therefore, the increased slow inactivation in E1784K may not 

fully recover at elevated heart rates which would decrease the number of available 

sodium channels further decreasing peak sodium current. 

The slow inactivation experiments did not show preferential effects of acidosis in 

E1784K; however, there is an interesting effect on both CF and CF/EK channels in which 

the time constants of the slow component of recovery decreased at pH 7.0, but not pH 

6.0.  This time constant not only reflects the forward and reverse rates of slow 

inactivation but, if slow inactivation is tied to a voltage-sensor relaxation step from the 

active position as has been previously suggested, it is also likely to be influenced by the 

activation and deactivation rates of the DI-DIII voltage-sensors (88,89).  This makes 

interpreting this phenomenon difficult.  One possibility is that the one of the rates is 

altered at pH 7.0, while the other is not affected until pH 6.0. 
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Overall, these results show profound effects of extracellular acidosis on the ionic 

currents and suggest that the mechanism by which E1784K alters channel function is tied 

primarily to the fast inactivation mechanism.  This finding is consistent with the location 

of the mutant in the C-terminus, a region shown to interact with the DIII-DIV linker and 

to play a key role in determining the rates of fast inactivation (46,74).  This hypothesis is 

investigated in the subsequent chapter. 
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 Chapter 3: E1784K Regulates Channel Fast 
Inactivation 

 

3.1. Introduction 

The E1784K mutant in the cardiac voltage-gated sodium channel NaV1.5 is the 

most common LQT3-linked mutant (134).  The mutant is found with a particularly high 

prevalence on the island of Okinawa where a study on children found that LQT3 was the 

most prevalent LQT subtype and all that all children with LQT3 variants carried the 

E1784K mutant (136).  The mutant is also linked to Brugada syndrome and patient ECGs 

may show a Brugada syndrome waveform and an elongated QT interval simultaneously. 

For these reasons, E1784K is classified as a mixed syndrome mutant (134,243). 

Data in the previous chapter show that the depolarizing shift in the voltage-

dependence of channel conductance occurs in the absence of a depolarized charge-

voltage relationship.  Thus, the shifts in channel activation and the preferential 

depolarization of conductance by extracellular acidosis in E1784K are not explained by a 

simple depolarization in the movement of the S4 voltage-sensing segments.  Instead, I 

hypothesize that the effects of E1784K on channel conductance and gating-charge 

movement can be explained by the modified fast inactivation of E1784K.  To test this 

hypothesis, I developed a new sodium channel model that expands the Hodgkin and 

Huxley (HH) model to include multiple movement of the individual gates which can be 

directly related to movements of the 4 voltage-sensing domains (8). 

The simplicity of the HH model makes it computationally efficient, but its 

usefulness is limited in the face of increasing data on the biophysical and structural 

properties of sodium channels.  Data accumulated since the original formulation of the 

HH model show that the movements of the 4 voltage-sensors likely involve multiple 

voltage-dependent activation steps and, as discussed below, at least one voltage-

independent step (19,254).  Furthermore, the channel enters multiple slow inactivated 
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states that are not well accounted for by the HH model (85,88). Markov-type models 

address a number of these problems, simultaneously increasing the necessary 

computational power and the complexity (255).  For example, the Clancy-Rudy model 

uses nine states, but operates under the assumption that the activation voltage-sensors are 

either equivalent or ordered in their activation sequence (256).  Equivalent voltage-

sensors are not supported by fluorescence data which show: 1) different midpoints of 

activation for the different voltage-sensors; 2) DIIIS4 carrying 50 % more charge than 

DIS4 or DIIS4; 3) immobilization of DIIIS4, but not DIS4 or DIIS4, by fast inactivation; 

and 4) changes in the slope of the conductance curve as holding potential is changed 

(53,71,72,257,258).  Ordered transitions are not supported by fluorescence data that show 

no lag in the activation of any of the DIS4, DIIS4, or DIIIS4 movements (53).  A model 

that separates the motion of DIIIS4 from DIS4 and DIIS4 is the 19 state Armstrong 

model, however, the Armstrong model does not include slow inactivation (259). 

If the 4 voltage-sensors are all assumed to differ from one another and do not 

activate in a particular order, then a Markov model of deactivation and activation of the 

voltage-sensors, with no consideration of any inactivation step, would require 24 (16) 

states.  If, similar to potassium channels and consistent with the non-zero asymptote of 

the rates of channel activation and gating charge movement, the movements of the 

voltage-sensing segments are modeled with a voltage-independent transition prior to 

voltage-dependent activation, the necessary number of states to model the 4 voltage-

sensors is 34 (81) (53,73,260).  Recent evidence suggests that relaxation movements of 

the voltage-sensors during prolonged or repetitive depolarizations underlies the slow 

inactivation of currents (88,89).  Incorporating a single relaxation step in the first 3 

voltage-sensors and a single voltage independent transition tied to the DIVS4 voltage-

sensor for binding of the DIII-DIV fast inactivation particle yields a Markov model with 

44 (256) states. 



61 

 
Figure 3.1. The Peters-Ruben Model of Voltage-Gated Sodium Channel Gating 
Schematic of the Peters-Ruben model of NaV1.5.  The movement of the four voltage-sensors is calculated 
independently and the channel pore is modelled based on the position of the individual voltage-sensors.  
Rates colored red are voltage-independent rates with values directly derived from experimental data.  Rates 
colored black are voltage-dependent rates directly fitted from experimental data.  Rates colored green are 
fitted to minimize the deviation between simulated currents and experimental data.  Rates colored blue are 
ones to which the model is relatively insensitive.  Adapted from Peters et al., 2017 (3). 

As more and more states are incorporated the computational power necessary to 

solve the model increases along with the number of seldom- or never-occupied states that 

theoretically exist.  As opposed to the general 256 state Markov model, I propose using a 

voltage-sensor activation model in which the state of every voltage-sensor is calculated 

independently, like the HH model.  In this model, the probability of pore opening is 

calculated based on the states of the voltage-sensors. The proposed scheme (Figure 3.1) is 

composed of 16 states, and includes 4 positions for each of the voltage-sensors.  In the 

first 3 voltage-sensors these positions are: stable (S), deactive (D), active (A), and relaxed 

(R).  In the fourth voltage-sensors these positions are: stable (S), deactive (D), active (A), 

and Inactive (I).  The pore is open when the first three voltage-sensors move to their 
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active conformation (53,72).  Fast inactivation of the channel is modelled as a voltage-

independent movement of the inactivation particle following DIVS4 activation 

(20,67,72).  The conductance of the pore can then be calculated similarly to the Hodgkin 

and Huxley model (Equation 3.1). 

GNa = AI * AII * AIII *(1-I). (3.1) 

The results that follow show that this model accurately simulates both ionic and 

gating currents of the cardiac voltage-gated sodium channel, NaV1.5, with rates obtained 

from experimentally recorded data.  The model also allows for prediction of how the 

channel is affected by the E1784K mutant.  When only the rates of DIVS4 movement are 

altered with data from E1784K experiments, the mutant effects on fast inactivation, 

activation, non-inactivating current, and gating charge movement can be replicated.  The 

hypothesis that the effects of the E1784K mutant on the QV and GV relationships are due 

to altered fast inactivation is supported by experiments with fluorophore tagged DIVS4 

movement and experiments with the fast inactivation deficient IFM/QQQ mutant. 

3.2. Materials and Methods: 

3.2.1. Modeling 

All models were run in python on an iMac computer.  Graphing and analysis were 

done using IGOR Pro.  Changes in the voltage were simulated as an exponential time 

course to match the time course of voltage change in our experiments.  The time 

constants of voltage change in our experiments were determined by fitting the decay of 

capacitive transients from ionic current or gating current recordings.  

Data from our ionic and gating current recordings were used to fit the rates of the 

4 individual voltage-sensors in the modeling scheme shown in Figure 3.1.  The forward 

voltage-independent rate between the S and D states for all voltage-sensors (DI-DIV δ) is 

the maximal rate of outward gating charge movement.  The asymptote of the 

experimentally measured outward gating current decay (Figure 2.3B) at positive 

membrane potentials was used for this variable.  If this value is changed, the maximal 
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rate of the simulated outward gating charge movement is altered.  The reverse D to S 

transition (λ) was ten times the forward rate (δ).  This rate cannot be derived from our 

experimental data and simulations of ionic and gating currents are relatively insensitive to 

higher rates for this transition.  The reason for using ten times the forward rate is 

explained in the discussion section. 

The D to A transition rates for the first 3 voltage-sensors (DI-DIII α and β) were 

derived from the time constants of outward gating charge motion (Figure 2.3B).  Initially, 

the forward and reverse rates in all three voltage-sensors were fit with the same equation, 

which produced recognizable sodium currents (Figure 3.7A).  To provide an accurate fit 

of ionic currents, a genetic algorithm was used to minimize the deviation between 

simulated ionic currents and averaged experimental currents (261).  This algorithm was 

performed with the constraint that the first and second voltage-sensors are equivalent and 

therefore their motion can be fit by the same parameters.  The genetic algorithm is based 

on the principals of natural selection for a population under a selective pressure.  The first 

generation of 200 individuals was constructed randomly.  Each individual was given a 

value for the amplitude and voltage-dependence of the α and β rates for each of DI and 

DIII (the DII rates are the same as DI).  Thus, each individual is defined by a set of 8 

values. The values were assigned randomly based on normal distributions centered at the 

values derived from fitting the time course of outward gating charge movements in the 

experiments from chapter 2.  Individuals were grouped randomly in sets of four and 

current-voltage relationships were simulated for each individual.  The two individuals 

which less accurately simulated the experimental data, as measured by a greater sum of 

squared deviations, were discarded.  The two more accurate individuals were used to 

construct 4 individuals in the next generation (offspring) and then discarded.  For each of 

the 8 values, the offspring had a 90 % chance of inheriting a value from a parent (45 % 

for each parent) and a 10 % chance of getting a random value based on a normal 

distribution centred on the value from the best individual discovered by the algorithm to 

that point. The algorithm was continued until 50 generations failed to produce a better 

individual than the best one previously found.  The resulting best individual was then 

optimized using a climbing hill algorithm. The outcome of the two algorithms was a 

hyperpolarizing shift in the steady-state activation of DIII and relatively little change in 
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the rates of DI and DII.  Changes to either of the DI or DII α or β rates alter the simulated 

conductance-voltage relationship.  The DIII rates can be shifted to more hyperpolarized 

potentials with minimal impacts on the simulated conductance-voltage relationship.  This 

is discussed in the discussion section of this chapter as well as the updated model section 

of chapter 5. 

The D to A transition rates of the fourth voltage-sensor (DIV α and β) were 

modeled with the rates derived from fast inactivation time constants and steady-state fast 

inactivation values at given membrane potentials (Figure 2.4 B and D).  The sum of the 

forward and reverse rates at a given voltage is defined by the time constant (1/α+β) while 

the ratio of the forward to reverse rates is defined by the fraction of channels that 

inactivate at steady-state (α/α+β). From these relationships, the α and β rates can be 

calculated at each voltage.  The calculated forward and reverse rates were fit by bi-

exponential functions. Any changes to the DIV α and β rates will alter the simulated fast 

inactivation voltage-dependence and rates.  The voltage-independent inactivation rate 

between the DIV-A and DIV-I states (FI) was the maximum rate of open-state fast 

inactivation in the experiments from the previous chapter (Figure 2.4E).  Changes to this 

rate alter the simulated rates of fast inactivation onset, particularly at more depolarized 

potentials.  The voltage-independent reverse rate (FR) was modelled to replicate the 

fraction of non-inactivating current from experimental recordings (Figure 2.5B).  

Changes to this rate alter the fraction of non-inactivating channels in ionic current 

simulations. 

To produce modeled gating current traces, the proportion of each voltage-sensor 

which shifted between the D and A states in a time step was calculated.  To accurately 

reproduce charge immobilization, the deactivation rate for DIII was multiplied by one 

minus the number of DIV voltage-sensors in the I state; the result was a slower 

deactivation rate of DIII when the channel is inactivated.  When simulating gating charge 

movement, the value for proportion of DIII and DIV moved in each timestep were 

multiplied by 1.5 to account for the 50 % larger gating charge moved by these two.  
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The relaxation and de-relaxation rates of DIS4 and DIIS4 (DI/DII SI and SR) 

were directly derived from the fast time constants of slow inactivation (Figure 2.6E), 

whereas relaxation and de-relaxation rates of DIIIS4 (DIII SI and SR) were derived from 

the slow time constant of slow inactivation (Figure 2.6F).  The slow inactivation rates 

were calculated using a similar manner as that discussed above for DIV α and β.  The 

slow inactivation onset time constant at a given voltage was used to calculate the total 

forward and reverse rates (1/SI+SR) at a given membrane potential. The fraction of the 

total rate accounted for by the forward rate was the maximal amplitude for the given time 

component of slow inactivation divided by the total slow inactivation amplitude.  As the 

fast time component of slow inactivation is determined by two independent voltage-

sensors in the model, the fraction of the fast outward rate was square-rooted prior to 

determining the SI and SR rates.  The relaxation rates at -30 mV, 0 mV, and 30 mV were 

relatively similar, thus the average of the three was used as a voltage-independent 

forward rate (SI).  The forward rate of slow inactivation (SI) was subtracted from the 

total slow inactivation rate to determine the reverse rate (SR).  Changes to SI or SR in DI 

or DII alter the fast component of slow inactivation in the simulations, while changes to 

SI or SR in DIII alter the slow component of slow inactivation. 

3.2.2. Experimental 

For experiments on IFM/QQQ channels, all Xenopus oocyte preparation 

procedures, cut-open voltage clamp techniques, solutions, protocols, and analysis are as 

described in the previous chapter.  The NaV1.5 IFM/QQQ mutant is in the pRcCMV 

plasmid.  A QuikChange Lightning (Agilent Technologies) kit was used to perform site 

directed mutagenesis and make the IFM/QQQ E1784K construct. 

Fluorescence experiments were performed by Wandi Zhu at Washington 

University in St. Louis.  The DIII voltage-clamp fluorimetry (VCF) 

(C373Y/M1296C/Y1977A or C373Y/M1296C/E1784K/Y1977A) and DIV VCF 

(C373Y/S1618C/Y1977A or C373Y/S1618C/E1784K/Y1977A) constructs are in the 

pMAX plasmid.  VCF constructs were linearized with PacI and then purified with the 

NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel, Bethlehem, PA).  At 
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Washington University frogs were also housed in an AQUANEERING Xenopus Aquatic 

Housing System.  Water temperature was maintained at 17-18 °C and frogs were fed with 

Nasco’s frog brittle three times a week.  At Washington University, both terminal and 

survival surgeries were performed in accordance with the Washington University 

Institutional Animal Care and Use Committee Protocol 20150237.  In terminal surgeries 

euthanasia was confirmed by excision of the frog’s heart.  For fluorescence recordings 

cRNA for mutant human α-subunit Nav1.5 and human β1-subunit (to boost expression 

for maximal fluorescent signals) were injected at a 1:2 molar ratio into oocytes. 

For fluorescence recordings, Clampex software (v10; Molecular Devices, 

Sunnyvale, CA) was used for data acquisition.  The light source for stimulation was a 

green, high-powered LED (PT-121, Luminus, Sunnyvale CA) controlled by a LED driver 

(Lumina Power, LDPC-30-6-24VDC). The light was then focused into a liquid light 

guide with a 45°, 5 mm compound parabolic concentrator (Edmund Optics, Barrington, 

NJ) and the guide was coupled to the microscope via a collimating adapter (EXFO, 

Quebec City, Canada). A 40× water-immersion objective with a numerical aperture of 0.8 

(CFI Plan Fluor, Nikon, Tokyo, Japan) was used. Light measurements were made with a 

photodiode (PIN-040A; United Detector Technology, San Diego, CA) mounted on an 

XY axis manipulator (Thorlabs Inc., Newton NJ) at the microscope epifluorescence port. 

The photodiode was attached to the integrating headstage of a patch-clamp amplifier 

(Axopatch-200A; Molecular Devices) for low noise amplification of the photocurrent. 

The fluorescence emission was focused onto the photodiode active area using an 

achromatic doublet (Thorlabs Inc.) with a focal distance of 25 mm. Clampex software 

(v10; Molecular Devices) was used for data acquisition. Recording temperature was 

maintained at 19 °C with a temperature controller (HCC-100A; Dagan Corporation) 

(68,262). The internal recording solution was (mM): 105 NMDG-MES, 10 Na-MES, 20 

HEPES, and 2 EGTA, pH 7.4. The external recording solution was (mM): 25 NMDG-

MES, 90 Na-MES, 20 HEPES, and 2 Ca-MES2, pH 7.4. 

Before fluorescence recordings, oocytes were labeled with 20 µM 

methanethiosulfonate-carboxytetramethylrhodamine (MTS-TAMRA; Santa Cruz 
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Biotechnology, Dallas, TX) in a depolarizing solution (mM: 110 KCl, 1.5 MgCl2, 0.8 

CaCl2, 0.2 EDTA and 10 HEPES, pH 7.1) on ice for 20 min. 

To record both fluorescence and conductance of the voltage-clamp fluorimetry 

mutants, cells were depolarized in 20 mV increments from a holding potential of -100 

mV. Depolarizing pulses were preceded by a 100 ms long prepulse and 50 ms long 

postpulse at -120 mV.  The amplitude of the fluorescence signals was determined as the 

mean of the signal from 5 ms after depolarizing voltage pulse to the end of voltage pulse.  

The magnitude of the signal in fluorescence traces is expressed as ΔF/F0 (%), where ΔF is 

the change in signal amplitude in response to the voltage change and F0 is the baseline 

fluorescence recorded with no voltage change. 

Fluorescence data were analyzed using Clampfit software (v10; Molecular 

Devices).  To correct photobleaching of the fluorescence probe, fluorescence traces were 

subtracted by the fluorescence baseline, which was recorded with no change in voltage. 

The magnitude of fluorescence signals is expressed as ∆F/ F0, where ∆F is the change in 

fluorescence in response to voltage change and F0 is the magnitude of baseline. 

3.2.3. Statistical Analysis 

All statistical analysis was performed using JMP statistical software.  

Comparisons between IFM/QQQ and IFM/QQQ E1784K channels were made using a 2 

factor repeated measures analysis of variance where the main factors analyzed were pH 

(ordinal variable) and mutant (nominal variable).  The interaction between the two main 

factors was used to analyze differences in proton sensitivity.  Statistical significance was 

measured at α < 0.05. All midpoint measurements are means and measurements of error 

listed are standard error of the mean. 

3.3. Results 

 The rates and equations used for the model can be found in Appendix B.  

Experimental means, standard error of the means, and number of independent 

experiments are found in Appendix C 
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3.3.1. The Peters-Ruben Model Accurately Recapitulates Experimental 
Gating and Ionic Currents 

 
Figure 3.2. The Peters-Ruben Model Accurately Simulates Sodium Channel Ionic 

and Gating Currents 
(A1-4) Sample experimental and simulated gating currents and ionic currents for C373F NaV1.5 at pH 7.4.  
(B) Overlaps of outward gating current traces recorded from 6 different cells expressing C373F NaV1.5 at 
pH 7.4 with simulated outward gating currents at the same membrane potentials.  Gating currents were 
normalized to the peak outward current at 40 mV. (C) Overlaps of ionic current traces recorded from 6 
different cells expressing C373F NaV1.5 at pH 7.4 with simulated ionic currents at the same membrane 
potentials.  Ionic currents were normalized to the peak inward current at 20 mV. Overall the model 
replicates the experimental ionic and gating currents at different membrane potentials.  Previously 
published in Peters et al., 2017 (3). 

The model accurately simulates both ionic and gating currents.  Simulated and 

experimental gating currents and macroscopic ionic currents are shown in Figure 3.2 A1-

A4.  Overlaps of experimental data with simulated gating currents and ionic currents at 

different voltages are shown in Figure 3.2 B and C.  By integrating the modeled gating 

current, I obtained modeled QV curves (Figure 3.3A).  Two issues with the modeled 

gating currents are an accelerated recovery of immobilized charge and a small 

depolarization of the QV relationship, both of which are discussed in the model 

limitations section of the discussion.  The GV relationship, fast inactivation voltage-

dependence, rates of fast inactivation onset and recovery, and rates of slow inactivation 
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onset and recovery overlap with experimental data from the previous chapter (Figure 3.3 

B-F). 

 
Figure 3.3. The Peters-Ruben Model Accurately Simulates Channel Activation, 

Fast Inactivation, and Slow Inactivation 
The simulated charge voltage relationship of C373F NaV1.5 is overlapped with experimental data from the 
previous chapter in A.  In B the simulated GV curve and voltage-dependence of fast inactivation is 
overlapped with experimental data from the previous chapter.  In C and D, simulated time constants of 
C373F fast inactivation are overlapped with experimental data from the previous chapter.  Simulated time 
courses of slow inactivation recovery and onset are overlapped with experimental data in E and F, 
respectively. Adapted from Peters et al., 2017 (3). 
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3.3.2. The E1784K Mutant Can be Modelled with Shifts to Fast Inactivation 

Models of the sodium current at pH 6.0 were derived in the same manner as the 

pH 7.4 models from data collected at pH 6.0.  Models of C373F/E1784K were the same 

as the C373F model at the same pH with the exception that the rates between D and A 

and A and I in domain IV were modified to reflect fast inactivation of E1784K.  The 

E1784K model also includes a modified de-relaxation rate of DIII, but not domains I or 

II, to reflect the changes to the slow time component of slow inactivation.  Simulated 

currents from all models are shown in Figure 3.4 A1-A4.  The models accurately 

reproduced the direction of shifts seen in experimental data including: (1) the mutant-

dependent hyperpolarization and proton-dependent depolarization in the QV relationship 

(Figure 3.4B); (2) the mutant- and proton-dependent depolarization of the GV curve 

(Figure 3.4C); (3) the mutant-dependent hyperpolarization and proton-dependent 

depolarization of steady-state fast inactivation (Figure 3.4C); (4) the mutant-dependent 

acceleration of fast inactivation recovery and onset and the proton-dependent slowing of 

fast inactivation onset (Figure 3.4D), and; (5) the mutant-dependent increase in non-

inactivating current and the proton-dependent increase in normalized non-inactivating 

current in the E1784K mutant (Figure 3.4E). 
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Figure 3.4. The Peters-Ruben Model Accurately Simulates E1784K NaV1.5 at pH 

7.4 and pH 6.0 
(A1-A4) Simulated ionic currents from C373F and C373F/E1784K NaV1.5 models at pH 7.4 and pH 6.0. 
(B) Simulated outward charge-voltage relationships from C373F (solid circles) and C373F/E1784K (open 
circles) NaV1.5 models at pH 7.4 (black) and pH 6.0 (red) are overlapped with fits to data from C373F 
(solid lines) and C373F/E1784K (dashed lines) experiments at pH 7.4 (black) and pH 6.0 (red). In all cases, 
there is a small depolarizing shift in the simulated gating current voltage-dependence which is reviewed in 
the discussion section (C) Simulated fast inactivation steady-state and conductance-voltage relationships 
from C373F (solid circles) and C373F/E1784K (open circles) NaV1.5 models at pH 7.4 (black) and pH 6.0 
(red) overlapped with fits to data from C373F (solid lines) and C373F/E1784K (dashed lines) experiments 
at pH 7.4 (black) and pH 6.0 (red).  (D) Simulated time constants of fast inactivation recovery (-130 mV to 
-70 mV) and closed-state fast inactivation onset (-70 mV and -50 mV) from C373F (solid circles) and 
C373F/E1784K (open circles) NaV1.5 models at pH 7.4 (black) and pH 6.0 (red) overlapped with fits to 
data from C373F (solid lines) and C373F/E1784K (dashed lines) experiments at pH 7.4 (black) and pH 6.0 
(red).  (E) Simulated persistent currents at -20 mV from C373F and C373F/E1784K NaV1.5 models at pH 
7.4 and pH 6.0. (E inset) Sample experimental persistent current recordings at -20 mV from C373F and 
C373F/E1784K NaV1.5 at pH 7.4 and pH 6.0.  Overall the model accurately replicates the experimental 
conductance-voltage relationship, steady-state fast inactivation, time course of fast inactivation, and 
persistent current amplitudes.  Previously published in Peters et al., 2017 (3). 
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3.3.3. DIVS4 movement is shifted to more hyperpolarized potentials in 
E1784K 

Recordings of activating and deactivating gating currents from the previous 

chapter, suggest that the E1784K mutant affects channel voltage-sensing domains. Based 

on: (1) the position of the mutant, (2) changes in fast inactivation, (3) increases in 

persistent current, and (4) a relatively smaller fraction of slowly deactivating gating 

charge, altered movement of the DIV voltage-sensor seems likely (20,72).  My model of 

the E1784K channel suggests that the shifts in fast inactivation and the depolarization of 

the conductance-voltage relationship can be accurately simulated with shifts to the 

DIVS4 movement.   
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Figure 3.5. The Movement of DIVS4 is Hyperpolarized by the E1784K Mutant 
(A1-A4) Representative fluorescence signals for DIII-VCF, E1784K-DIII-VCF, DIV-VCF, and E1784K 
DIV-VCF constructs. Percentage of fluorescence change were calculated as ∆F/F0.  Conductance-voltage 
relationships for DIII (B) and DIV (C) VCF constructs with and without the E1784K mutant.  In both VCF 
constructs the E1784K mutant depolarizes the conductance-voltage relationship. Steady-state fast 
inactivation voltage-dependence for DIII (D) and DIV (E) VCF constructs with and without the E1784K 
mutant. In both VCF constructs the E1784K mutant causes a hyperpolarizing shift in the steady-state fast 
inactivation voltage-dependence.  (F) Voltage-dependence of steady state fluorescence signal change (FV) 
of WT-DIII-VCF and E1784K-DIII-VCF constructs. The E1784K mutant causes a shift in the DIII FV 
curve to more hyperpolarized membrane potentials. (F inset) To measure the voltage-dependence of 
voltage-sensor fluorescence, the membrane potential of cells was changed to between -180 mV and +20 
mV (a) from a holding potential of -120 mV. (G) Voltage-dependence of steady state fluorescence signal 
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change (FV) of WT-DIV-VCF and E1784K-DIV-VCF constructs. The E1784K mutant shifts the DIV FV 
curve in the hyperpolarizing direction.  Adapted from Peters et al., 2017 (3). 

To confirm whether DIV voltage-sensors is affected by E1784K, the voltage 

clamp fluorometry (VCF) method was used.  The VCF constructs used a C373Y mutant 

instead of a C373F mutant to increase channel sensitivity to TTX. They also contain a 

Y1977A mutation to prevent ubiquitination of the channel to increase expression level. 

Sample traces of CY and CY/EK, DIII and DIV voltage-sensor fluorescence are shown in 

Figure 3.5 A1-A4.  The E1784K mutant induces similar shifts in the midpoints of the 

channel conductance and fast inactivation curves in the two VCF constructs as in the non-

VCF constructs (Figure 3.5 B-E). The voltage-dependence of voltage-sensor activation is 

described by the fluorescence-voltage (FV) curve. Compared to CY channels, CY/EK 

induces a significant shift in the hyperpolarizing direction in midpoint of the DIV FV (P 

= 0.0126) (Figure 3.5F), suggesting that the DIVS4 activates at lower potentials in the 

presence of the E1784K mutant.  E1784K also causes a small shift in the hyperpolarizing 

direction in the midpoint of the DIII F-V curve (P = 0.0193) (Figure 3.5G). Since the DIII 

and DIV voltage-sensors have been shown to closely regulate each other, it is possible 

that any E1784K modulation of the DIIIS4 is a secondary effect of modifications to the 

DIVS4 (263).  

3.3.4. Removal of FI removes E1784K-Dependent shifts in conductance 

As hypothesized, the model reproduced the depolarizing shift in C373F/E1784K 

conductance without any modifications in the activation rates of DI-DIII (Figure 3.6B).  

This mutant-dependent depolarizing shift in the GV curve was accompanied by a 

hyperpolarizing shift in the QV relationship in the E1784K model, consistent with the 

shift seen experimentally.  To confirm that the changes to channel conductance in the 

E1784K mutant are due to altered fast inactivation, I measured conductance in the fast 

inactivation-deficient IFM/QQQ and the IFM/QQQ/E1784K mutants.  Sample 

macroscopic ionic current traces at pH 7.4 and pH 6.0 are shown for IFM/QQQ and 

IFM/QQQ/E1784K channels in Figure 3.6 A1-A4.  In the absence of fast inactivation, the 

GV relationship in the IFM/QQQ/E1784K mutant at pH 7.4 and pH 6.0 are not 

significantly different from those of IFM/QQQ (Figure 3.6C). 
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Figure 3.6. The E1784K Mutant Depolarizes the Conductance-Voltage 

Relationship Through Altered Fast Inactivation 
(A1-A4) Sample ionic currents recorded from IFM/QQQ and IFM/QQQ-E1784K NaV1.5 at pH 7.4 and pH 
6.0.  (B) Simulated outward charge-voltage and conductance-voltage relationships from C373F and 
C373F/E1784K NaV1.5 models at pH 7.4.  To replicate the hyperpolarizing shift in the midpoint of the 
charge-voltage relationship and the depolarizing shift in the midpoint of the conductance voltage-
relationship in the E1784K model required only changes to DIVS4 movement to correspond to 
experimental data on fast inactivation (C) Conductance-voltage relationships of IFM/QQQ and IFM/QQQ-
E1784K NaV1.5 at pH 7.4 and pH 6.0.  In the absence of fast inactivation, the E1784K mutant does not 
significantly affect the conductance-voltage relationship.  Previously published in Peters et al., 2017 (3). 

3.4. Discussion 

Here I describe a new model of voltage-gated sodium current behavior that can 

simulate both ionic and gating currents.  The model includes a voltage-independent step 

in the activation pathway of each voltage-sensor and a slow transition into a relaxed state 

at depolarized potentials.   To simulate the effects of the E1784K mutant, I need only 

change the rates in DIV and one relaxation rate. Thus, this model predicts that the 

depolarization of the conductance curve in this mutant is caused by a mutant-induced 

change in fast inactivation, a finding confirmed by experiments with WT and E1784K 

mutant channels expressing IFM/QQQ, which removes fast inactivation. 
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3.4.1. The Peters-Ruben Model 

This model proposes that a voltage-independent step is present in the activation 

pathway for voltage-gated sodium channels.  Thus, I included a “stable” state which the 

majority of sodium channel S4 segments occupy at negative membrane potentials.  A 

similar step has been used previously in models of hERG potassium currents (260).  The 

rationale for a voltage-independent step in the hERG model and in this model is that the 

outward motion of the gating currents and the opening of the channel pore do not saturate 

to zero at depolarized membrane potentials (53,73,260).  A voltage-independent, solvent-

dependent step in channel opening has previously been suggested to represent the 

hydration of the channel pore following voltage-sensor activation (54).  The voltage-

independent step in this model, however, must be different because it is the rate-limiting 

step in gating charge movement at depolarized potentials. Thus, it must occur prior to the 

charge carrying steps in voltage-sensor activation.   

Other models recognized that the activation step in sodium channels does not 

follow a straight voltage-dependent exponential equation, and used sigmoid curves 

(256,264).  I chose to make this step explicit in the model and used the experimentally 

determined asymptote of outward gating current movement rates at positive membrane 

potentials as a forward rate (Figure 2.3B). Consistent with the altered asymptote in our 

gating current decay curves, I used a slower forward rate at pH 6.0.  One problem is that I 

could not measure the reverse rate of this transition.  To overcome this problem, I made 

an assumption that if greater than 10 % of channels were in the deactive state at rest, 

there would be a measurable component of gating current activation that is purely 

voltage-dependent. This would appear as a fast spike in gating current recordings that 

could be fit with a time constant that decays to zero at positive membrane potentials.  

This, however, was not seen in any of our gating current recordings in the previous 

chapter, thus I used a reverse rate that was 10x the forward rate.  In the resulting 

simulations, greater than 90 % of the voltage-sensors occupy the stable state at 

hyperpolarized potentials; thus, the modeled gating currents show primarily voltage-

independent activation at depolarized potentials, like the experimental results. 
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My recordings of ionic and gating currents do not allow for direct measurement of 

the D to A transition rates for any voltage-sensor; however, once the voltage-independent 

rates between the S and D states are known, the rates between the D and A states can be 

modeled such that the overall transition from S to A accurately replicates the 

experimental data.  In contrast to other sodium channel gating models, the Peters-Ruben 

model uses different rates for the voltage-dependent step in the DIII activation pathway 

compared to that for DI and DII (8,256).  When developing the model, I tried using 3 

identical activation voltage-sensors with rates directly extracted from the gating current 

decay. Although this produced recognizable inward sodium currents, there were visible 

errors in the voltage-dependence of activation, particularly obvious at -20 mV and -10 

mV (Figure 3.7A) when compared to experimental data (Figure 3.2A3).  I subsequently 

used two fitting algorithms, a genetic algorithm and a climbing hill algorithm, that were 

allowed to alter the DIII or the DI and DII activation and deactivation rates while fitting 

to an average of 6 experimental IV curves (261).  The outcome was a hyperpolarization 

of DIII activation movement and a slowing of its rates. 

 
Figure 3.7. Limitations of the Peters-Ruben Model 
Ionic currents simulated with the Peters-Ruben model with the rates of DIII activation being the same as DI 
and DII activation are shown in A.  Red arrows show the -20 mV and -10 mV traces. B shows simulated 
gating currents when a hyperpolarization to -130 mV is used as opposed to -150 mV.  

The model also includes a depolarization-induced transition to a relaxed state in 

the DI-DIII voltage-sensors, simulating slow inactivation.  Fluorescence and gating 

current measurements show that the relaxed state is present in sodium and potassium 

channels, and, given its presence in Ciona intestinalis voltage-sensing phosphatase, is 
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likely an intrinsic voltage-sensor property (88,89,91,92,265).  The impact and role of 

relaxation on ionic currents has not been fully resolved, however in sodium channels it 

may cause slow inactivation of the channel pore.  A fluorescence study correlated the 

relaxation of the voltage-sensing domains to the onset and recovery of slow inactivation 

in NaV1.4 (88).  Furthermore, the L689I mutant in NaV1.4, which alters ionic current 

slow inactivation, also causes corresponding changes to the relaxation rates of the 

voltage-sensors (89).  For these reasons, the relaxation rates were used to model sodium 

channel slow inactivation.   

Similar to the previous experimental study, a voltage-independent relaxation rate 

was used (89).  The de-relaxation rate was voltage-dependent and may reflect that the 

voltage-sensor can move directly to the deactive state.  Simulations in which the voltage-

sensors relax directly to the deactive state did not differ from those in which the voltage-

sensors went through the active state.  I resolved two components of slow inactivation 

with time constants in the range of 1 s and 10 s.  A third, slower component has also been 

observed with time constants in the 100 s range, but as the experimental data from the 

previous chapter were on a shorter timescale, this ultra-slow component was not included 

in the model (88,266).  As exact coupling data for NaV1.5 voltage-sensors and slow 

inactivation are not available, I chose to couple the faster component (1 s) of slow 

inactivation to Domains I and II, and the slower component (10 s) to DIII.  This choice 

was made because of the mutant changes to slow inactivation discussed below and may 

need to be revised if future fluorescence data on this coupling suggest otherwise. 

Another possibility to code slow inactivation in the model is multiple relaxation 

steps for each voltage-sensor.  Previous data suggest that all four voltage-sensors undergo 

relaxation movements on similar timescales, however the time scale that correlates to 

slow inactivation differs between the voltage-sensors (88,89).  These data suggest that the 

faster components of relaxation in the DI and DII voltage-sensors are correlated to slow 

inactivation, while the slower component of relaxation in DIII is correlated to slow 

inactivation.  This method was not implemented in this model as the relaxation transitions 

that do not correlate to a time component of slow inactivation can’t be extracted from 

ionic data and require in depth fluorescence experiments; however, those wishing to 
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model the slower relaxed transitions in DI and DII or the faster relaxation transition in 

DIII could incorporate these transitions with a relatively small impact on computational 

efficiency 

3.4.2. The E1784K Mutant Primarily Modifies Fast Inactivation 

The Peters-Ruben model was used to test whether modifications of fast 

inactivation are sufficient to explain a hyperpolarization of the charge-voltage 

relationship in the presence of a depolarized conductance-voltage relationship.  I 

hypothesized the hyperpolarized QV curve reflects a hyperpolarization of DIVS4 

movement consistent with the hyperpolarization of steady-state fast inactivation in 

E1784K (20,146).  The increased probability and rate of fast inactivation in the mutant 

could lead to decreased peak sodium currents in the middle of the normal GV curve when 

the rates of opening are slowest.  This hypothesis is also consistent with data which show 

that a significant number of channels enter the fast-inactivated state before channel 

activation is complete (66). 

When DIVS4 rates were altered to correspond to the increased probability and 

rate of fast inactivation in E1784K, the simulated GV curve depolarized to accurately 

reproduce the experimental GV.  Furthermore, when channel fast inactivation was 

removed experimentally with IFM/QQQ, the E1784K mutant no longer depolarized the 

GV curve.   

The only other change needed to model the E1784K mutant was an increase in the 

rate of de-relaxation in domain III (rate SR in DIII).  Previous studies suggest that the 

rates of deactivation in DIII and DIV are slowed by channel fast inactivation, a process 

termed charge immobilization (72,267).  The rate of fast inactivation recovery and 

persistent currents are increased in E1784K.  The amplitude of the slow component of 

gating charge deactivation in E1784K is decreased which indicates a decrease in charge 

immobilization.  Together these data indicate fast inactivation destabilization in E1784K.  

As the DIII-DIV linker normally stabilizes DIIIS4 in an outward conformation, 

destabilization of fast inactivation may lead to decreased stability of the outward states 

(A and R) in DIIIS4.  For this reason, I chose DIIIS4 to reflect the 10s component of slow 
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inactivation as E1784K increases the rate of slow inactivation recovery for that 

component. 

Overall, these data show that the E1784K mutant alters sodium currents by 

altering fast inactivation.  This may be important for targeting therapeutics to patients.  

As with some other NaV1.5 mutants, E1784K is associated with both a gain-of-function 

disorder (LQT3) and a loss-of-function disorder (Brugada syndrome) (134,268); 

pharmacological interventions for these mixed syndrome mutants may prove difficult 

(269).  One of the first LQT3-specific treatments was the sodium channel blocker 

mexiletine; however, not all patients respond to mexiletine, and its effects in Brugada 

syndrome patients are mixed.  Mexiletine rescues some trafficking deficient mutants, 

thereby increasing current density. In one patient with both Brugada syndrome and 

LQT3, however, mexiletine was found to increase persistent currents while also blocking 

the peak currents in the channel, leading to cardiac arrhythmia (269).  These cases 

illustrate that, although the SCN5A gene is a common factor for Brugada syndrome and 

LQT3 patients, the pathophysiology and response to pharmaceuticals can vary based on 

the specific mutant.  These data show that E1784K alters fast inactivation, thus 

pharmaceuticals targeted at DIV are a rational direction for drug development in E1784K 

patients. 

3.4.3. Advantages of the Peters-Ruben Model 

This model, and its strategy of modeling individual voltage-sensors, has some 

advantages over other models, including computational efficiency and a direct 

relationship to the channel structure and function.  By individually modeling the voltage-

sensors, the channel is constrained to 16 states while removing the assumption of 

equivalent activation voltage-sensors.  Thus, this model is more efficient and 

comprehensive than previous models in that it requires fewer states while encompassing 

slow inactivation, which has been omitted in many previous models (53,259).  

Furthermore, by modeling the sensors separately, the cost of adding a state is relatively 

low as the number of explicitly modeled states increases by only one.  This allows for the 

model to include two additional states of the voltage-sensors stable and relaxed, with 
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minimal decreases in efficiency.  It also allows for model expansion.  Currently, 3 

distinct relaxed states per voltage-sensor, including DIV, have been suggested, which in 

this scheme would lead to a 25 state model (6+6+6+7) while the corresponding Markov 

chain would be 1512 states (6*6*6*7) (88,89).  Expansion of the voltage-dependent 

activation process to include 5 distinct charge transferring steps would yield a 41 

(10+10+10+11) state model with this formulation method and a Markov chain of 11,000 

states (10*10*10*11) (19). 

3.4.4. Limitations of the Peters-Ruben Model 

This model has a few shortcomings, which include accelerated FI recovery at 

membrane potentials < -110 mV and a lack of explicit coupling between voltage-sensors.  

In this model, I chose to preferentially fit the fast inactivation curves to values within the 

physiological range.  The outcome was that the recovery of fast inactivation at -130 mV 

is faster than observed experimentally.  This error occurs outside the physiological range, 

but can lead to some resurgent currents, which are not observed experimentally, when the 

membrane potential is abruptly hyperpolarized to very negative potentials.  This also 

leads to a faster recovery of immobilized gating charge at -150 mV.  When off gating 

currents are simulated at -130 mV, however, the immobilized charge is similar to 

experimental recordings (Figure 3.7B).   

This model also lacks much of the explicit coupling between voltage-sensors 

(263).  Only one coupling interaction was included: DIIIS4 deactivation was coupled to 

DIVS4 as part of the immobilized charge.  Coupling exists between other voltage-

sensors, but is not explicitly accounted for in our model or in other models of cardiac 

sodium channels.  In this model, the coupling between sensors is assumed to be implicit 

in the experimental data from which our model is derived.  Those wishing to use this 

model in studies of coupling may wish to include this explicitly as we did for DIII and 

DIV.   

Because the original model formulation was based on data from gating charge 

movements, I was required to use a fitting algorithm to parameterize the DI-DIII 

activation steps to accurately model the conductance-voltage relationship.  The resulting 
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modeled QV curve is slightly depolarized compared to the experimentally derived curve.  

This may be due to me not assigning the correct relative amounts of gating charge to each 

voltage-sensor. Based on estimates of total charge contribution from experiments using 

lidocaine to trap voltage-sensors, I assigned 30 % of the total charge moved to each of 

DIIIS4 and DIVS4 and 20 % to each of DIS4 and DIIS4 (257).  This assumption may be 

incorrect, however, as fluorescence experiments suggest DIIS4 and DIIIS4 may be the 

voltage-sensors which carry the most charge (68).  It is also possible that constraining 

DIS4 and DIIS4 to be equivalent causes part of the depolarizing shift.  DIS4 movement is 

hyperpolarized compared to DIIS4, although not to the extent of DIIIS4, and this would 

also shift the QV to more hyperpolarized potentials (68).  Finally, the DIIIS4 may need to 

be hyperpolarized further in the model (68).  Simulations of conductance-voltage 

relationships are not sensitive to hyperpolarizing shifts in the DIII voltage-sensor rates.  

Thus, a hyperpolarizing shift in the DIII voltage-sensor rates could be used to 

hyperpolarize the simulated QV curve.  Simulations from an updated model with a more 

hyperpolarized DIIIS4 movement are found in chapter 5.4. 

3.5. Conclusion 

I present a new computationally-efficient model of the voltage-gated sodium 

channel directly related to channel structure.  The model accurately replicates ionic and 

gating currents with many rates obtained directly from experimental data.  The Peters-

Ruben model predicts that the E1784K mutant primarily modifies the rates of fast 

inactivation, a finding confirmed with recordings in fast inactivation-deficient channels. 

Understanding the mechanism by which E1784K alters channel gating may also 

act as a general indicator for how C-terminal sodium channel mutants lead to disease.  

The sodium channel C-terminus contains many other Brugada and LQT3 linked mutants 

including the 1795insD founder mutant (268).  Understanding the pathophysiology of the 

C-terminal mutants may allow for more specific drug targeting capable of treating both 

the increases in persistent current and decreases in peak current which occur in these 

mutants.  In the subsequent chapter I investigate which properties of residue 1784 are 

important for normal fast inactivation. 
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 Residue 1784 Mutants Disrupt Fast Inactivation 
Through Two Separate Mechanisms 

 

4.1. Introduction 

Voltage-gated sodium channels are heterotetrameric channels formed by 24 

transmembrane segments split into 4 domains (DI-DIV) (37).  Voltage-gated sodium 

channels open in response to membrane depolarization and pass an inward sodium 

current, which further depolarizes cells.  This inward sodium current is transient as the 

channel undergoes a process termed fast inactivation during which the pore of the 

channel is occluded (5).  The fast inactivation voltage-sensor is the fourth transmembrane 

segment in the fourth domain (DIVS4) and the inactivation particle is a conserved 

sequence of 4 amino acids (IFMT) in the DIII-DIV intracellular linker (20,62).  Upon 

depolarization, DIVS4 moves outward and allows for binding of the IFMT to the 

underside of the channel, occluding the pore. 

These two movements are subject to modification by other channel regions. One 

of the key regulators of channel fast inactivation is the C-terminus of the channel.  

Mutants in the C-terminus of sodium channels alter the voltage-dependence, rate, and 

stability of the fast-inactivated state (146,268).  In the cardiac sodium channel, NaV1.5, 

many disease-causing mutations occur within the C-terminus, including the most 

prevalent Brugada syndrome and Long QT syndrome (LQT3) mutant, E1784K (134).  

The E1784K mutant alters almost all aspects of channel gating.  E1784K depolarizes the 

voltage-dependence of conductance, hyperpolarizes the voltage-dependence of fast 

inactivation, accelerates fast inactivation onset and recovery, and increases the fraction of 

non-inactivating current (2,133,134,146,178,243).  In the previous chapter I showed that 

the E1784K-dependent depolarization of the conductance-voltage relationship is not due 

to depolarization of the voltage-sensors responsible for channel activation.  Rather the 

DIVS4 voltage-sensor moves at more hyperpolarized membrane potentials in E1784K.  

The corresponding hyperpolarization and accelerated onset of fast inactivation are 
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sufficient to cause the depolarization of the conductance voltage-relationship.  What is 

not known, however, is whether E1784K acts directly on DIVS4, the DIII-DIV linker, or 

both. 

Many structural and functional studies have suggested an interaction between the 

C-terminus of the sodium channel and the DIII-DIV linker (9,46,77,83,84).  This 

interaction may be calcium and calmodulin-dependent; however, studies show that 

mutants in the C-terminus are capable of modifying inactivation in the absence of 

calmodulin or changes to intracellular calcium concentration (2,77,79,133).  To these 

data was recently added the first crystal structures of a heterotetrameric eukaryotic 

voltage-gated sodium channel.  The cryo-EM structure of the cockroach NaVPaS shows 

extensive interactions between the proximal C-terminus and not only the DIII-DIV linker, 

but also the intracellular linkers of DIV (9).  Interestingly, many of the negatively-

charged residues in the C-terminus are conserved between human voltage-gated sodium 

channels and NaVPaS despite only 36-43 % overall homology.  E1784 is conserved 

between NaV1.5 and NaVPaS (E1423) and is located within the proximal C-terminus.  

Given that E1784K alters almost all aspects of fast inactivation, it potentially may disrupt 

interactions with both the DIII-DIV linker and the intracellular linkers of DIV. 

One way to test the existence of two interactions is to see if different mutants at 

position E1784 can separately alter fast inactivation voltage-dependence and 

completeness.  I measured ionic and gating currents from 8 different constructs: E1784, 

E1784D, E1784A, E1784Q, E1784V, E1784W, E1784R, and E1784K at pH 7.4, pH 7.0, 

and pH 6.0.  These experiments show that large disruptions of fast inactivation rates and 

voltage-dependence can occur without increasing the fraction of non-inactivating current.  

I also show the effect of protons on peak and persistent currents differ between mutants 

in a manner consistent with our theories in the previous chapters.  From these data, I 

propose that the E1784K mutant disrupts two separate interactions of the C-terminus.  I 

hypothesize that disrupting the interaction between the C-terminus and the DIII-DIV 

linker decreases the stability of the fast-inactivated state causing non-inactivating current.  

Meanwhile, disrupting the interactions between the C-terminus and the intracellular 

linkers of DIV modifies the rate and voltage-dependence of fast inactivation. 
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4.2. Methods 

4.2.1. DNA Constructs 

The C373F and the C373F/E1784K constructs in pPol1 were used in a previous 

study from our lab.  The E1784A point mutant was made by Ziwei Ding (Simon Fraser 

University).  The other mutants at position 1784 were introduced into the C373F pPol1 

construct using a QuikChange Lightning kit. 

 All DNA constructs were cloned in 10β E. coli cells, purified using a Qiagen 

Midi-prep kit and sequenced by either Eurofin MWG Operon sequencing service or 

Genewiz sequencing service.  I used NotI to linearize all constructs.  Transcription was 

performed using a T7 mMESSAGE mMACHINE high yield capped RNA transcription 

kit. 

4.2.2. Oocyte Preparation 

The Xenopus laevis oocyte preparation has been published previously (235).  All 

animal surgery and animal care procedures were performed in accordance with the 

policies of the Simon Fraser Animal Care Committee and the Canadian Council of 

Animal Care. 

4.2.3. Data Acquisition and Protocols 

All equipment, solutions, data acquisition procedures, and protocols are the same 

as those previously published (3). 

4.2.4. Data Analysis 

All statistical analysis was performed using JMP statistical software.  

Comparisons of means were made using a 2 factor repeated measures analysis of 

variance where the main factors analyzed were mutant (nominal variable) and pH 

(repeated, scaler variable).  A significant interaction between mutant and pH was 

interpreted as a difference in the proton effect on the dependent variable on at least one 
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mutant relative to the others.  Pairwise comparisons between mutants were not tested and 

P-values reported are those of the main factors or interaction factor from the full ANOVA 

test.  For comparisons of time constants, the log of the time constants was compared.  

Statistical significance was measured at α < 0.05.  All midpoint measurements are means 

and measurements of error listed are standard error of the mean.  For measurements of 

correlation, the Pearson correlation coefficient is given.  The test for a significant 

correlation was against the null hypothesis that the Pearson correlation coefficient is 0. 

4.2.5. Homology Models 

Molecular graphics and analyses were performed with the UCSF Chimera 

package. Chimera is developed by the Resource for Biocomputing, Visualization, and 

Informatics (RBVI) at the University of California, San Francisco (supported by NIGMS 

P41-GM103311) (44).  The Homology model of the NaV1.5 sequence on the NaVPaS 

structure was constructed using MODELLER software run at RBVI. 

4.3. Results 

The source data for figures in this chapter, including means, standard error of the 

mean, and number of independent recordings are found in Appendix D. 

4.3.1. Conductance 

I measured conductance from macroscopic inward sodium currents at membrane 

potentials between -100 mV and +40 mV.  Sample current traces for each mutant are 

shown in Figure 4.1 A1-A8.  There is a significant mutant dependent effect on the 

midpoint of the conductance voltage (GV) relationship (P=0.0007) (Figure 4.1B).  The 

E1784W GV curve is the most hyperpolarized, while E1784V is the most depolarized.  

There is also a significant pH dependent effect on the midpoint of the GV curve 

(P<0.0001) (Figure 4.1C).  Lowering extracellular pH depolarizes the midpoint of the GV 

curve in all cases.  Decreasing extracellular pH also significantly reduces the maximal 

conductance in all mutants (P<0.0001) (Figure 4.1D).  The proton-dependent block of 
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maximal conductance is significantly different between channel variants, ranging from 24 

% to 48 % at pH 6.0 (P=0.0016). 

4.3.2. Fast Inactivation 

I measured the voltage-dependence of fast inactivation using 500 ms prepulses to 

membrane potentials between -150 mV and -10 mV followed by a test pulse to -10 mV.  

There is a significant mutant-dependent shift in the midpoint of the fast inactivation 

voltage-dependence (P<0.0001) (Figure 4.2A).  The most hyperpolarized midpoint of fast 

inactivation voltage-dependence is in the E1784K mutant while the most depolarized 

midpoint occurs in the E1784W mutant.  Decreasing extracellular pH causes a significant 

depolarization of the midpoint of the fast inactivation voltage-dependence in all mutants 

(P<0.0001). 
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Figure 4.1. Mutants at Residue 1784 in NaV1.5 Alter the Voltage-dependence of 

Conductance and Proton Block of Maximal Conductance 
A1-A8: Sample macroscopic sodium currents recorded in residue 1784 mutants at extracellular pH 7.4.  B: 
Normalized conductance-voltage relationships of residue 1784 mutants at extracellular pH 7.4.  C: Average 
midpoints of the conductance-voltage relationships for residue 1784 mutants at extracellular pH 7.4 and pH 
6.0. D: Fraction of conductance remaining at extracellular pH 6.0 in residue 1784 mutants. 
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Figure 4.2. Mutants at Residue 1784 in NaV1.5 Alter the Rates and Voltage-

Dependence of Fast Inactivation 
A: Average voltage-dependence of fast inactivation in residue 1784 mutants at extracellular pH 7.4. B: 
Average time course of fast inactivation recovery at -90 mV in residue 1784 mutants at extracellular pH 
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7.4.  C: Average time course of fast inactivation onset at -50 mV in residue 1784 mutants at extracellular 
pH 7.4.  D: Average time constants of fast inactivation recovery and closed-state onset plotted versus 
voltage for residue 1784 mutants at extracellular pH 7.4.  D:  Average time constants of open-state fast 
inactivation onset plotted versus voltage for residue 1784 mutants at extracellular pH 7.4. 

The rates of fast inactivation recovery and closed-state fast inactivation onset 

were measured using double pulse protocols.  Time courses of fast inactivation recovery 

at -90 mV are shown for all mutants in Figure 4.2B.  Time courses of closed state fast 

inactivation onset are shown for all mutants at -50 mV in Figure 4.2C.  The fast time 

constant of recovery or onset was determined from double exponential fits to recovery or 

onset time courses, the exception being the -70 mV recovery where only a single 

exponent could be fit.  The fast time constants are plotted versus voltage in Fig 4.2D.  

There was a significant mutant effect on the fast time constant of fast inactivation 

recovery and onset at all membrane potentials (P<0.0001 at all membrane potentials).  

There is also a significant proton-dependent acceleration of fast inactivation recovery or 

slowing of fast inactivation onset at all membrane potentials (P<0.0001 at all membrane 

potentials).  There is a significant interaction between extracellular pH and the mutant at -

70 mV for both onset and recovery of fast inactivation (P≤0.0306).  This likely reflects 

that at -70 mV a different fraction of channels will onset or recover from inactivation in 

each mutant.  As decreasing extracellular pH slows inactivation onset and speeds 

recovery, the effect of decreasing pH on a given mutant will depend on the fraction of 

channels which recover from inactivation versus onset into the inactive state. 

I measured the rate of open-state fast inactivation by fitting macroscopic current 

decay at membrane potentials between -30 mV and +30 mV with a single exponential 

equation.  The time constants of open-state fast inactivation are plotted versus voltage for 

all mutants in Figure 4.2E.  There is a significant mutant-dependent effect (P≤0.0046) 

and pH-dependent effect (P≤0.0003) on the time constant of open-state fast inactivation 

at all membrane potentials.  The 3 fastest inactivating mutants were E1784K, E1784R, 

and E1784V, while E1784E and E1784A typically showed the slowest inactivation.  As 

with the data in chapter 2, lowering extracellular pH slows open-state fast inactivation. 
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4.3.3. Gating Charge Activation and Deactivation 

I measured the voltage-dependence of gating charge activation (QV) by 

integrating the outward gating current during 20 ms depolarizations from a holding 

potential of -150 mV to membrane potentials between -150 mV and +40 mV.  This was 

followed by a 20 ms repolarization to -150 mV.  Sample outward currents are shown in 

Figure 4.3A.  I measured the voltage-dependence of gating current deactivation using 20 

ms repolarizations between 20 mV and -150 mV after a 20 ms depolarization to +50 mV.  

The amount of returning charge was assessed by integrating the outward gating currents 

during subsequent depolarizing pulses to +50 mV.  Sample deactivating gating currents 

are shown in Figure 4.3B.  There are significant mutant-dependent shifts in the midpoint 

of the activation QV relationship (Figure 4.3C) and deactivation-voltage relationship 

(Figure 4.3D) (P<0.0001).  Notably the ordering of mutants differs between gating 

current activation and deactivation (Figure 4.3E).  The E1784K mutant activates at the 

most hyperpolarized potentials, but has the third most depolarized voltage-dependence of 

deactivation.  In contrast, the E1784A mutant has the second most depolarized voltage-

dependence of gating current activation and the most hyperpolarized gating charge 

deactivation.  Thus, while the E1784K mutant has approximately 7 mV of hysteresis 

between gating charge activation and deactivation, the E1784A mutant has approximately 

30 mV of hysteresis.  Decreasing extracellular pH significantly depolarizes the voltage-

dependence of gating charge activation and deactivation (P<0.0001).  The effects of 

decreasing extracellular pH did not significantly differ between mutants for either gating 

charge activation or deactivation (P≥0.330). 
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Figure 4.3. Mutants at Residue 1784 Alter Gating Current Voltage-Dependence 
A1: Sample gating currents recorded with the activation protocol described in the text.  A2: Sample gating 
currents recorded with the deactivation protocol described in the text.  B: Average voltage-dependence of 
gating charge activation for residue 1784 mutants recorded at extracellular pH 7.4.  C: Average voltage-
dependence of gating charge deactivation for residue 1784 mutants recorded at extracellular pH 7.4.  D: 
Average midpoints of gating charge activation and deactivation for residue 1784 mutants at extracellular 
pH 7.4. 
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4.3.4. Non-inactivating Current 

I measured non-inactivating sodium current at the end of 100 ms depolarizations 

to membrane potentials between -30 mV and 0 mV.  5 traces were averaged for each 

recording.  Sample non-inactivating currents from cells with similar peak current 

amplitudes are compared for all mutants in Figure 4.4A.  There is a significant mutant-

dependent effect on the normalized persistent current at all measured membrane 

potentials (P<0.0001 in all cases) (Figure 4.4B).  At all membrane potentials, the E1784K 

mutant has the largest fraction of non-inactivating current.  The fraction of non-

inactivating sodium current is similar in all other mutants except E1784R. The E1784Q 

mutant had no discernable non-inactivating sodium current in many recordings.  There is 

a significant interaction between decreasing extracellular pH and mutant at all membrane 

potentials (P≤0.0160).  The fraction of non-inactivating current is increased most in 

E1784K and E1784R channels by decreasing extracellular pH (Figure 4.4C).  This is not 

the case for the other mutants. 
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Figure 4.4. Positively Charged Mutants at Residue 1784 Increase Non-

Inactivating Current 
A: Sample currents recorded at -10 mV from residue 1784 mutants with similar size peak currents at 
extracellular pH 7.4.  B: Average non-inactivating current as a percent of peak current for residue 1784 
mutants recorded between -30 mV and 0 mV at extracellular pH 7.4.  C:  Average non-inactivating current 
at -30 mV as a percent of peak current for residue 1784 mutants at extracellular pH 7.4 and pH 6.0 

4.3.5. Correlations 

In the previous chapter, I showed that the hyperpolarization of the gating charge 

activation voltage-dependence in E1784K is due to the hyperpolarized movement of the 

DIVS4 voltage-sensor. As the DIVS4 acts as the voltage-sensor for fast inactivation, so 

long as the shifts in the DI-DIII voltage-sensors are minimal, the midpoint of our 

activation QV curve should correlate to the midpoint of fast inactivation voltage-
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dependence.  From most hyperpolarized to most depolarized the midpoints of fast 

inactivation voltage-dependence and gating charge activation at pH 7.4 were: 

K<R<Q<V<D<E<A<W for fast inactivation and K<Q<V<R<D<E<A<W for gating 

charge activation (Figure 4.5B).  There was a significant correlation between the 

midpoint of the fast inactivation voltage-dependence curve and the QV curve at pH 7.4 

(R = 0.92, P = 0.0011).  Notably, the midpoint of the conductance voltage-relationship 

and QV curve did not correlate (P = 0.1438) (Figure 4.5A). 

 
Figure 4.5. The Voltage-Depedence of Gating Charge Movement Correlates to 

the Voltage-Dependence of Fast Inactivation but not Conductance 
A: Midpoint of the conductance-voltage relationship for residue 1784 mutants plotted versus the midpoint 
of the charge-voltage relationship.  B: Midpoint of the voltage-dependence of fast inactivation for residue 
1784 mutants plotted versus the midpoint of the charge-voltage relationship.  C: Midpoint of the 
conductance-voltage relationship for residue 1784 mutants plotted versus the time constant of open state 
fast inactivation at -10 mV.  D: Fraction of maximal conductance blocked by decreasing extracellular pH to 
pH 6.0 for residue 1784 mutants plotted versus the time constant of closed-state inactivation onset at -50 
mV. 

In the previous chapters, I showed that the depolarized midpoint of the 

conductance-voltage relationship in E1784K is due to the altered fast inactivation.  Thus, 

the midpoint of the conductance voltage-relationship should correlate to fast inactivation 
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parameters.  At pH 7.4 there is a significant correlation between the midpoint of the 

conductance curve and the time constants of open state fast inactivation at -20 mV, -10 

mV, 0 mV, and 10 mV (Figure 4.5C) (R≥0.71, P≤0.0468).  Similarly, the proton block of 

maximal conductance at pH 6.0 is correlated with the rate of closed state fast inactivation 

at -70 mV and -50 mV (R=0.79, P=0.0201, at -70 mV; R=0.73, P=0.0398, at -50 mV) 

(Figure 4.5D).   

4.4. Discussion 

The data presented show how different mutants at position 1784 in the cardiac 

sodium channel, NaV1.5, alter ionic and gating currents.  The E1784K mutant is the most 

prevalent Brugada syndrome and LQT3 mutant in NaV1.5 and alters almost all aspects of 

channel gating (134,146).  In the previous chapters, I showed that the E1784K mutant 

hyperpolarizes the movement of DIVS4 and that this hyperpolarized movement is 

responsible for hyperpolarization of the voltage-dependence of the outward gating 

currents.  I also showed that the hyperpolarization and acceleration of fast inactivation in 

the E1784K mutant is responsible for depolarization of the conductance-voltage 

relationship.  The data presented here support these findings while also suggesting that 

the E1784K mutant acts through two mechanisms.  I hypothesize these two mechanisms 

are (1) a disrupted interaction between the C-terminus and the DIII-DIV linker, and (2) a 

disrupted interaction between the C-terminus and the DIVS4-S5 linker.  

4.4.1. E1784 Mutants Destabilize Two Fast Inactivation Interactions 

The proximal C-terminus is a key regulator of sodium channel function and 

expression.  Approximately one third of the initial 30 amino acids of the C-terminus are 

negatively charged glutamates or aspartates.  Mutants of these negative charges disrupt 

the voltage-dependence, rate, and completeness of fast inactivation 

(134,145,146,268,270).  Data in the preceding chapters show that the E1784K mutant 

alters the movement of DIVS4 and increases the fraction of non-inactivating currents.  

What is not known is whether these two effects occur due to a single disruption or 

whether the mutant disrupts multiple interactions.  I sought to assess this possibility by 
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testing multiple mutants at position 1784 and measuring whether a given mutant can alter 

only one property. 

Our data suggest that the E1784K mutant destabilizes two separate interactions, 

one of which is responsible for changes to the voltage-dependence and rate of fast 

inactivation, and one of which is responsible for the increase in non-inactivating current.  

As with the experiments in the preceding chapters, these data show that the E1784K 

mutant hyperpolarizes and accelerates fast inactivation compared to E1784 NaV1.5.  The 

E1784R mutant exerts a similar effect to the E1784K mutant, while E1784V and E1784Q 

both have a lower magnitude of effect.  In contrast, the E1784W mutant depolarizes the 

voltage-dependence of fast inactivation compared to E1784 NaV1.5.  The E1784K mutant 

also causes a large fraction of non-inactivating sodium current.  The E1784R mutant 

increases the fraction of non-inactivating current, but to a lesser extent compared to 

E1784K.  Notably, despite inducing shifts in the voltage-dependence and rates of fast 

inactivation, none of the E1784V, E1784Q, or E1784W change the fraction of non-

inactivating sodium current.  E1784V, in particular, exerts a similar magnitude of effect 

as E1784R in many protocols, yet does not increase the fraction of non-inactivating 

current. 

Overall, these data suggest that non-inactivating current is conferred by the 

presence of a positive charge at position 1784.  Neutralization of E1784 does not induce a 

non-inactivating current, although previous work suggests neutralizing 4 successive 

glutamate residues in this region (E1773Q/E1780Q/E1781Q/E1784Q) is sufficient (133). 

Interestingly, the E1784R mutant confers a significantly smaller fraction of non-

inactivating current compared to E1784K.  This may be due to the positive charge on 

arginine being split between three nitrogens, while on lysine the positive charge is 

localized on a single nitrogen.  A similar effect can be seen in the sodium channel 

selectivity filter the where K1419R mutant abolishes selectivity for sodium over 

potassium (56).  This suggests that E1784 may be close in proximity to a positive charge 

that would be more strongly repelled by lysine than arginine. 
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In contrast to increases in non-inactivating current, disruptions of the rate and 

voltage-dependence of fast inactivation can seemingly be conferred by any large 

disruption at position 1784.   The recently-solved structure of the NaVPaS eukaryotic 

sodium channel shows C-terminal interactions with the DIVS4-S5 linker just downstream 

of the position homologous to residue 1784 (9).  Mutants at position 1784 might, 

therefore, disrupt the structure of this region and alter this interaction.  The data presented 

show that E1784R, E1784K, E1784V, E1784Q, and E1784W alter the voltage-

dependence and/or rates of fast inactivation.  Substitution of residue 1784 with any of 

lysine, arginine, valine, or glutamine accelerates fast inactivation.  Conversely, the 

E1784W mutant decelerates fast inactivation and depolarizes the voltage-dependence of 

fast inactivation.  A possible model is that a C-terminal interaction with the DIVS4-S5 

linker normally stabilizes the deactive conformation of DIVS4 and restricts the 

movement of DIVS4.  The E1784K mutant disrupts overall conformation of the C-

terminus, in doing so it disrupts the interaction with the DIVS4-S5 linker.  This removes 

the restrictions on DIVS4 movement and allows for accelerated movement.  An 

interesting aspect of the data presented is that E1784W stabilizes the deactive 

conformation of DIVS4.  Tryptophan is rich in pi-electrons, allowing it to form stable 

interactions with cations, C-H groups, aromatic residues, and adjacent prolines (271–

274). Residue 1784 is adjacent to P1785 and, as discussed below, I predict residue 1784 

normally interacts with a lysine in the DIII-DIV linker.  Thus, E1784W may form stable 

interactions with both residues. 

4.4.2. Rapid Fast Inactivation Increases Proton Block of Conductance 

These data suggest that more rapid inactivation allows for greater proton-

dependent block of peak channel conductance.  In the previous chapters I showed that 

decreasing extracellular pH preferentially decreases conductance in the E1784K mutant 

compared to E1784 NaV1.5.  Given that E1784 is an intracellular residue and the data 

presented above show that intracellular pH doesn’t change in our recordings, this 

interaction is confusing.  The data in this chapter suggest that the proton block of 

conductance is partially dependent on the fast inactivation rate of the channel.  There is a 
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significant correlation between proton block of channel conductance and the rate of 

closed state fast inactivation.  

Protons slow channel activation by decelerating and depolarizing the movement 

of the voltage-sensors.  Accelerated fast inactivation may cause larger decreases in peak 

current when activation is slowed by protons, similar to how accelerated fast inactivation 

decreases peak current through E1784K and depolarizes the GV curve. Therefore, it 

seems likely that preferential effects of protons will occur in other mutants with 

accelerated fast inactivation.  The list of sodium channel mutants with accelerated 

inactivation onset includes many of the mixed Brugada syndrome and LQT3 mutants, 

such as deltaKPQ and deltaK1500 (137,143).  Preferential block or depolarization of 

conductance would further decrease peak sodium current in these channels and 

exacerbate Brugada syndrome symptoms.  Thus, decreasing extracellular pH may be a 

risk factor for Brugada syndrome-related arrhythmias in many NaV1.5 mutant carriers. 
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Figure 4.6 A Homology model of NaV1.5 Suggests E1784 Associates With K1493 

in the DIII-DIV Linker 
A: Homology model of the NaV1.5 sequence on the NaVPaS structure.  The C-terminus, DIII-DIV linker, 
and DIVS4-S5 linker are colored pink, blue, and green, respectively.  B: In the homology model of NaV1.5, 
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residue E1784 comes within 5 Å of residue K1493 in the DIII-DIV linker.  All residues with atoms with 5 
Å of E1784 are shown as sticks (PDB ID: 5X0M) (9).  

4.4.3. E1784 May Interact with K1493 in the DIII-DIV linker 

The C-terminus of NaV1.5 is thought to interact with the DIII-DIV linker either 

directly, as is shown in the NaVPaS structure, or through a calmodulin-mediated 

interaction (9,46).  The proximal C-terminus contains approximately 30 % negative 

glutamate and aspartate residues, while the DIII-DIV linker contains 12 positively 

charged residues.  Neutralization of the positive charges in the DIII-DIV linker or 

negative residues in the proximal C-terminus increases the fraction of non-inactivating 

sodium current (133,275).  The E1784K and E1784R charge reversal mutants increase 

the fraction of non-inactivating sodium current.  Given these data, I hypothesize that 

E1784 normally interacts with a positively charged residue in the DIII-DIV linker.  

Charge reversal mutants at position 1784 repel the positively charged residue in the DIII-

DIV linker, disrupting this interaction and increasing the non-inactivating current.  As 

arginine has a more diffuse charge than lysine, the E1784R mutant causes less of an 

effect than E1784K. 

I constructed a homology model of the NaV1.5 sequence on the NaVPaS structure 

using the MODELLER program run at the University of California San Francisco RBVI 

(276).  This model places residue E1784 within 5 Å of residue K1493 in the DIII-DIV 

linker.  A model constructed on the SWISS-MODEL server shows similar results (277–

279).  The K1493 residue was previously neutralized along with 6 other lysines in the 

DIII-DIV linker (275).  Neutralization of these 7 lysines increased the fraction of non-

inactivating current.  Furthermore, the delK1493 mutant is associated with conduction 

diseases of the heart and drastically decreases channel expression (280). 

In our experiments, neutralization of E1784 did not produce non-inactivating 

currents; however, neutralization of E1773, E1780, E1781, and E1784 in the proximal C-

terminus does (133).  In the homology model K1493 also comes within 5 Å of E1780 and 

E1781.  Thus, neutralization of E1784 may not be sufficient to disrupt the interaction of 

K1493 with this pocket of glutamate residues, and a direct repulsion may be necessary.  
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A future experiment to test this hypothesis would be to make the K1493E/E1784K 

double mutant and test whether the E1784K-dependent increases in the fraction of non-

inactivating current are mitigated. 

4.4.4. Conclusion 

I have shown that the E1784K-dependent increases in non-inactivating current are 

dependent on a positive charge at position 1784.  Conversely, disruptions of fast 

inactivation voltage-dependence and rates can occur with changes to size and 

hydrophobicity.  Mutants at position 1784 can alter fast inactivation voltage-dependence 

and rates without affecting the fraction of non-inactivating current.  This is supported by 

the recent structure of NaVPaS that shows the C-terminus interacting with both the DIII-

DIV linker and the DIVS4-S5 linker (9).  The data presented here also support our 

previous suggestions that E1784K-dependent shifts in the voltage-dependence of fast 

inactivation are mirrored in the QV relationship and that E1784K alters channel 

conductance through changes to fast inactivation.  Finally, these data suggest that proton 

block of maximal conductance is increased by accelerated fast inactivation.  As many 

mixed LQT3 and Brugada syndrome mutants show acceleration of fast inactivation, 

protons may be an arrhythmogenic trigger in other mutants. 
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 Conclusion 

 

5.1. Interactions of Residue 1784 in NaV1.5 

The data in the previous chapters show that E1784K, the most common Brugada 

syndrome and LQT3 mixed mutant, modifies channel gating through changes to fast 

inactivation.  Although the conductance-voltage relationship is depolarized in E1784K, 

the gating charge movement is shifted to more hyperpolarized potentials.  This is due to a 

hyperpolarization of the movement of DIVS4 that also hyperpolarizes the voltage-

dependence of fast inactivation.  Hyperpolarized and accelerated fast inactivation 

decreases the peak sodium current and is responsible for the apparent shift in the 

conductance-voltage relationship. 

Ionic and gating current recordings of multiple mutants at residue 1784 suggest 

that rates and voltage-dependence of fast inactivation can be altered without changing the 

fraction of non-inactivating current.  Non-inactivating current is conferred by a positive 

charge at position 1784, while changes to the fast inactivation voltage-dependence and 

rates are sensitive to other amino acid properties.  This suggests that the C-terminus has 

at least two separate mechanisms by which it regulates channel fast inactivation. 

The structure of the cockroach sodium channel NaVPaS supports previous pull-

down assays showing that the C-terminus of the sodium channel directly interacts with 

the DIII-DIV linker (9,83).  Notably, in this structure the C-terminus forms separate 

interactions with the DIII-DIV linker and with the DIVS4-S5 linker.  The proximal C-

terminus contains a high concentration of acidic glutamates and aspartates.  Conversely 

the DIII-DIV linker contains several basic lysines and the DIVS4-S5 linker contains 3 

basic residues close to the cytoplasmic end of DIVS4.  Mutants that neutralize or reverse 

these charged residues are associated with altered inactivation gating and increases in 

non-inactivating current (70,77,133,134,270,275).  These data suggest that paired 
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negative and positive amino acids may be the interacting partners between these channel 

regions.  

 
Figure 5.1. A Homology Model of the NaV1.5 C-Terminus Interacting with the 

DIVS4-S5 linker 
Homology model of the NaV1.5 sequence on the NaVPaS structure (PDB ID: 5X0M) (281).  The C-
terminus and DIVS4-S5 linker are colored pink and green, respectively.  D1789 in the C-terminus is within 
5 Å of R1644 in the DIVS4-S5 linker and D1790 is within 5 Å of K1641. 

I used the NaVPaS structure as a template for a homology model of NaV1.5.  This 

homology model of the NaV1.5 sequence and the NaVPaS structure suggests that two of 

the basic residues in the DIVS4-S5 linker, K1641 and R1644, are in close proximity to 

two acidic residues in the C-terminus, D1790 and D1789, respectively (Figure 5.1).  Of 

these residues the R1644H mutant increases the fraction of non-inactivating current and 

is associated with LQT3 (70); the R1644C mutant depolarizes the conductance voltage 

relationship, has accelerated fast inactivation recovery, and causes Brugada syndrome 

(282); and The D1790G mutant increases the fraction of non-inactivating current, 

hyperpolarizes the voltage-dependence of fast inactivation, accelerates the onset and 

recovery of fast inactivation, depolarizes the conductance-voltage relationship, and 

causes LQT3 (160,270). 
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In this homology model, the DIII-DIV linker is near the C-terminus from residue 

E1489 to P1509 (Figure 5.2).  Of these 21 residues, 13 have been implicated in LQT3 or 

Brugada syndrome (140,283–285) (see: http://www.uniprot.org/uniprot/Q14524).  There 

are 7 basic residues within this span of which 5 are within 5 Å of residues in the proximal 

C-terminus: K1493, K1500, K1504, K1505, and K1508.  The K1493R mutant increases 

the fraction of non-inactivating current, depolarizes the voltage-dependence of fast 

inactivation, and is associated with LQT3 and atrial fibrillation (286).  The delK1493 

mutant decreases channel trafficking, accelerates fast inactivation recovery, slows onset 

of an intermediate slow inactivation with a time constant of approximately 1s, and is 

associated with conduction block (280). The delK1500 mutant hyperpolarizes the 

voltage-dependence of fast inactivation, depolarizes the conductance-voltage 

relationship, accelerates fast inactivation, increases the fraction of non-inactivating 

current, and causes Brugada syndrome and LQT3 (137).  K1505 is the first residue in the 

deltaKPQ1505-1507 mutant that hyperpolarizes the voltage-dependence of fast 

inactivation, depolarizes the conductance-voltage relationship, accelerates fast 

inactivation onset and recovery, increases the fraction of non-inactivating current, and 

causes LQT3 and Brugada syndrome (69,70,75,131,132,143,144).  K1508 is the second 

residue in the deltaQKP1507-1509 mutant which increases the fraction of non-

inactivating current and causes LQT3 (287). 
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Figure 5.2. Predicted Interactions Between the C-Terminus and the DIII-DIV 

Linker. 
Homology model of the NaV1.5 sequence on the NaVPaS structure (PDB ID: 5X0M) (9).  The C-terminus 
and DIII-DIV linker are colored pink and blue, respectively.  Acidic residue in the DIII-DIV linker that 
face the proximal C-terminus are shown as sticks as are basic residue in the proximal C-terminus that face 
the DIII-DIV linker. 

In addition to clinical studies, this region of the channel was studied in a series of 

experiments from Dr. William Catterall’s lab that culminated in the identification of 

IFMT as the fast inactivation particle (275).  Deleting the residues homologous to 1493-

1502 resulted in non-functional channels, while deleting residues 1503-1512 severely 

impairs fast inactivation.  Neutralizing the 7 lysines and 2 glutamates within this region 

increases the fraction of non-inactivating current. 

Based on the data in the previous chapters, the homology model presented, and 

these previously published reports, I suggest that the E1784K mutant disrupts charge-

dependent interactions between the C-terminus and the DIII-DIV linker, specifically by 

repelling K1493.  Disrupting this interaction destabilizes the fast-inactivated state and 

increases the fraction of non-inactivating current through the channel.  The E1784Q 

mutant does not show an increase in non-inactivating current, which suggests removal of 
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a negative charge is not sufficient to disrupt this interaction and that repulsion by a 

positive charge at position 1784 is necessary.  This may be due to the coordination of 

K1493 by other C-terminal residues in the area.  In our homology model, K1493 is within 

5 Å of two other C-terminal glutamates: E1780 and E1781.  The 

E1773Q/E1780Q/E1781Q/E1784Q mutants increase the non-inactivating sodium current 

to a similar extent as E1784K (133). 

Given that mutants can alter fast inactivation rates and voltage-dependence 

without increasing the fraction of non-inactivating channels, I suggest that modifications 

at position 1784 can also disrupt the overall structure of this region of the C-terminus, 

thereby altering the movement of DIVS4.  The two neutral residues that most alter 

channel fast inactivation are valine and tryptophan.  The E1784V mutant accelerates both 

recovery and onset of fast inactivation and hyperpolarizes the fast inactivation voltage-

dependence.  This may be due to valine being one of the most hydrophobic amino acids.  

This hydrophobicity may disrupt the overall architecture or stability of the C-terminus 

and through that alter the fast inactivation process.  Conversely, the E1784W mutant 

depolarizes the fast inactivation voltage-dependence and decelerates the onset of fast 

inactivation. Despite being an aromatic amino acid, tryptophan is relatively hydrophilic 

and can participate in hydrogen bonds.  The large number of Pi electrons in tryptophan 

may act to stabilize this region leading to an opposite effect of E1784V (271–274). 

My proposed model for the C-terminus is that it binds both the DIII-DIV linker 

and the DIVS4-S5 linker as suggested by the NaVPaS structure.  An interaction with the 

DIII-DIV linker stabilizes the binding of the IFMT, which leads to a channel that 

inactivates fully.  The interaction with the DIVS4-S5 linker stabilizes the deactivated 

state of the DIVS4.  I propose that mutants which disrupt the interaction with the DIII-

DIV linker, like E1784K, increase the fraction of non-inactivating current, and mutants 

that disrupt the interaction with the DIVS4-S5 linker allow the DIVS4 to activate more 

rapidly and at more hyperpolarized membrane potentials. 
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5.2. Role of Protons in E1784K Arrhythmia 

These studies confirm my earlier results showing protons have large effects on the 

E1784K channel.  As with my study in Chinese Hamster Ovary cells, increasing 

extracellular protons causes larger depolarizations of conductance, block of peak 

conductance, and increases in non-inactivating current in E1784K channels compared to 

WT (2).  These effects would be expected to exacerbate symptoms of both Brugada 

syndrome and LQT3, which are characterized by decreased peak sodium currents and 

increased non-inactivating sodium currents, respectively.  Given that many conditions 

associated with arrhythmia and sudden cardiac death involve acidaemia, this supports the 

hypothesis that acidaemia may act as an arrhythmogenic trigger in those with Brugada 

syndrome or LQT3 mutants. 

Contrary to my initial expectation, the effect of protons on NaV1.5 gating currents 

was not amplified by the E1784K mutant.  Decreasing extracellular pH causes a similar 

depolarization of voltage-sensor activation and deactivation in the presence of the 

E1784K mutant.  This suggests that the amplified effect of protons on conductance are 

due to a synergistic effect of protons and the E1784K mutant.  I suggest that the increased 

depolarization of conductance and increased proton block of maximal conductance in 

E1784K are due to the proton slowing of activation in the presence of accelerated fast 

inactivation.  In the presence of the rapid fast inactivation of the E1784K mutant, the 

channels have less time to activate before fast inactivation occurs.  This accelerated 

inactivation prematurely attenuates current.  When activation is slowed by extracellular 

protons, the effects of this accelerated fast inactivation are amplified, leading to an even 

larger shift in the conductance-voltage relationship and a larger block of peak channel 

conductance.  This hypothesis is supported by recordings of fast inactivation-deficient 

channels that show protons depolarize conductance to an equal extent in IFM/QQQ and 

IFM/QQQ/E1784K channels. 
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5.3. Future Directions 

My theories about how E1784K alters gating and protons sensitivity may be 

applicable to other disease-causing mutants within this region of the channel.  Many of 

the mixed Brugada syndrome and LQT3 mutants occur in the channel structures 

underlying fast inactivation and cause similar effects on channel gating.  All of 1795insD, 

deltaKPQ1505-1507, delF1617, and deltaK1500 cause acceleration of fast inactivation, 

hyperpolarization of the voltage-dependence of fast inactivation, and increased non-

inactivating sodium current (70,75,137,138,143,145,268,288).  Proton-induced slowing 

of activation could cause similar preferential effects on conductance in these mutants.  A 

reasonable future project is, therefore, to see whether these effects are generalizable to 

other mutants.  Testing the effects of protons on ionic currents through other mixed 

syndrome mutants, and the effects of these mutants on gating charge movement may 

show that mixed syndrome mutants share common impairments.  This would allow for 

more targeted drug development to treat mixed syndrome patients. 

One type of drug that may play an important role in these patients is 

arylsulfonamides.  A recent study showed that an NaV1.7-specific small molecule agonist 

acts by binding one of the gating charges in the DIVS4 (49).  This binding effectively 

traps the voltage-sensor in the upward conformation and slows recovery from 

inactivation.  Similar compounds may be useful in the treatment of mutants which alter 

channel fast inactivation.  A drug which targets DIVS4 and slows both the outward and 

inward movements may counteract the accelerated rate of fast inactivation in these 

mutants.  Another potentially productive direction would be to investigate voltage-sensor 

trapping by toxins.  ATXII is a neurotoxin derived from the venom of Anemonia sulcata 

and is used at high concentrations as a model of LQT3 (159).  At high concentrations 

ATXII induces a large non-inactivating sodium current which elongates the action 

potential and may cause afterdepolarizations (289,290).  Interestingly at concentrations as 

low as 1nM, ATXII slows inactivation onset of sodium channels (289).  Although many 

toxins are potentially fatal and, therefore, not feasible treatment options, these types of 

fast inactivation specific modifiers may be useful in designing drugs to specifically target 

DIVS4. 



110 

A less clinically-oriented study is to find interacting partners of E1784K.  I have 

predicted that E1784 interacts with a lysine in the DIII-DIV linker, possibly K1493, but 

as this prediction is based on a homology model, it should be tested in NaV1.5.  An 

experiment in which the lysines in the DIII-DIV linker are serially mutated to glutamates 

in the presence of the E1784K mutant could determine the exact pairing.  Mutation of the 

DIII-DIV linker partner lysine to a glutamate should restore some interaction with 

E1784K, thus reducing the non-inactivating current compared to E1784K.  Conversely, 

mutating the partner lysine to glutamate in the normal E1784 channel should disrupt this 

interaction and produce a small non-inactivating current.  Our preliminary experiments 

on this residue indicate that the K1493E mutant causes a non-inactivating current (Figure 

5.3); however, the K1493E/E1784K double mutant has a similar level of non-inactivating 

current compared to wild-type channels.  These data support the hypothesis that E1784 

normally interacts with residue K1493, the E1784K mutant disrupts this interaction, and 

the K1493E/E1784K double mutant restores this interaction. 

Of interest will be whether the double glutamate channel also has altered fast 

inactivation voltage-dependence or kinetics.  If not, this would further suggest two 

separate interactions that are disrupted by the E1784K mutant.  However, if the double 

glutamate mutant altered fast inactivation, this would imply that destabilizing a C-

terminal DIII-DIV linker interaction is sufficient to also alter DIVS4 movement.  If two 

interactions are suggested by this experiment, the E1784I and E1784L mutant could be 

used to test whether hydrophobicity is indeed the key factor in modifications of channel 

gating by E1784V. 
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Figure 5.3 Non-Inactivating Current of the K1493E/E1784K NaV1.5 Mutant 
Normalized sample currents recorded at -20mV from wild-type, K1493E, E1784K, and K1493E/E1784K 
NaV1.5 at extracellular pH 7.4.  The E1784K and K1493E mutants both appear to increase the fraction of 
non-inactivating current.  The K1493E/E1784K double mutant has similar amounts of non-inactivating 
current to wild-type channels. 

5.4. Limitations 

One of the primary limitations of these studies is shared with many others: the use 

of a heterologous expression system.  All the experiments were performed in Xenopus 

oocytes, which do not fully recapitulate the channel in native cardiac tissue.  In 

ventricular cardiomyocytes, the voltage-gated sodium is modulated by numerous 

cytoskeletal proteins and accessory subunits (291).  Experiments in ventricular myocytes, 

therefore best recapitulate the function of the cardiac sodium channel in its native 

environment.  However, experiments in cardiomyocytes also have drawbacks compared 

to expression systems.  To accurately measure the current through the voltage-gated 

sodium channel, a cornucopia of drugs must be applied to block the other currents in the 

tissue.  Additionally, using cardiomyocytes would not allow for gating current and 

voltage-sensor fluorescence measurements, which require channel overexpression.  The 

Xenopus laevis expression system was used in these experiments as I wished to perform a 
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biophysical characterization rather than a clinical one and expression systems allow for 

better characterization of individual currents.   

A more clinically-oriented follow-up project could test the effects of decreasing 

extracellular pH on cardiomyocytes expressing E1784K NaV1.5.  The best model would 

be cardiomyocytes from the explanted heart of an E1784K patient, however these may be 

difficult to obtain.  A more feasible project would be to create a human induced 

pluripotent stem cell (hIPSC) line from an E1784K carrier and then differentiate these 

cells to cardiomyocytes.  The action potential characteristics of these cells could then be 

compared to cardiomyocytes derived from wildtype hIPSCs.  Or if patient tissue is 

completely unavailable, use CRISPR-Cas9 to introduce the E1784K mutant into a normal 

hIPSC line. 

A limitation of the Peters-Ruben model is that the simulations presented in 

chapter 3 shows a small depolarization in the charge voltage relationship.  The algorithm 

used to fit DIIIS4 activation and deactivation rates originally hyperpolarized the DIIIS4 

movement substantially more than the hyperpolarization used in the model for this 

chapter.  At the time this model was constructed, the only fluorescence data available was 

from NaV1.4 in which the DIIIS4 is hyperpolarized by <20 mV compared to DIS4 and 

DIIS4 (53).  The more recent fluorescence data from NaV1.5 show that while the 

midpoints of DIS4 and DIIS4 activation are hyperpolarized by 20-30 mV compared to 

the conductance-voltage relationship, the DIIIS4 is hyperpolarized by 70 mV (68).  When 

an additional 30 mV hyperpolarization is included for DIIIS4 movement in our model, 

the simulated QV curve and GV curve provide better fits to the experimental data (Figure 

5.4).  
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Figure 5.4. Hyperpolarizing DIIIS4 Movement in the Peters-Ruben Model 

Improves the Fit to Experimental Data. 
A: Simulated voltage-dependence of C373F NaV1.5 gating charge activation plotted against experimental 
data from chapter 2.  Black circles are simulated using the Peters-Ruben model with the rates of DIIIS4 
activation and deactivation hyperpolarized by 30 mV, while the black dotted line is simulated with the 
original parameters in chapter 3. B: Simulated voltage-dependence of C373F NaV1.5 conductance plotted 
against experimental data from chapter 2.  Black circles are simulated using the Peters-Ruben model with 
the rates of DIIIS4 activation and deactivation hyperpolarized by 30 mV, while the black dotted line is 
simulated with the original parameters in chapter 3 

Unfortunately, these studies were also hampered by a lack of structural data.  

These three studies were all designed and many of the experiments were carried out prior 

to the publication of the first two eukaryotic sodium channel structures earlier this year 

(10,281).  Even with these structures, my structural inferences should be treated with 

caution.  The channel C-terminus is not resolved in the eel structure, which shares a 

higher sequence homology with mammalian channels, thus I was forced to use the 

NaVPaS structure for homology modelling and predictions.  The NaVPaS structure shares 

only 40 % homology with human sodium channels, although the negative charges in the 

proximal C-terminus are relatively well conserved.  This introduces error into our 

predictions of C-terminal structure and it would not be surprising if E1784 was 

positioned differently in the C-terminal structure in mammalian channels.  This 

limitation, unfortunately will not be fully resolved until a structure of a channel with 

higher sequence homology is resolved. 
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5.5. Clinical Significance 

The data presented here provide a model of how mixed syndrome mutants alter 

seemingly all aspects of channel gating.  The finding that E1784K acts primarily through 

alterations to the fast inactivation machinery may be generalizable to other mixed 

syndrome mutants, which show similar alterations to gating and occur in regions of the 

channel associated with fast inactivation.  These data may allow for more targeted drug 

design to treat both the gain-of-function and loss-of-function effects of these mutants.  

Currently implantable cardio defibrillators are the only proven treatment for Brugada 

syndrome (292,293).  The website Brugadadrugs.org lists drugs with potential anti-

arrhythmic effects for Brugada syndrome patients including Quinidine, Isoproterenol, and 

Bepridil (https://www.brugadadrugs.org/).  Of these, Quinidine and Isoproterenol are 

contraindicated in LQTs and Bepridil is no longer sold in the USA.  The first-line 

pharmaceutical for LQT3 is mexiletine, which may have mixed effects.  Mexiletine 

hyperpolarizes fast inactivation and exerts both a tonic and use-dependent block of 

NaV1.5 channels in heterologous expression systems (294); However, mexiletine is not 

associated with ST-segment elevation in Brugada syndrome patients (295).  Mexiletine 

may rescue trafficking in some Brugada syndrome mutants thereby increasing peak 

sodium current (296,297).  In one case, rescue of trafficking further prolonged QT 

interval in a patient with the F1473S LQT3 mutant by increasing the number of non-

inactivating channels trafficked to the cell membrane (298).  This case illustrates that 

mexiletine may not be effective for all mutants, particularly those altering peak and non-

inactivating current (167). 

The data presented also highlight the effects of protons on mutant sodium 

channels.  In combination with other studies from our lab this suggests that triggers for 

arrhythmia may be mutant specific and lifestyle modifications may differ based on this 

(75,243).  In many LQT3 carriers, arrhythmia occurs during sleep (163).  This does not 

apply to all patients.  Studies on LQT3 mutants show that increased intracellular calcium, 

which occurs during exercise induced tachycardia, reduces non-inactivating currents 

(75,76).  Thus, exercise may be therapeutic.  In other patients exercise acts as a trigger 

which unmasks a type I Brugada syndrome ECG (205,208,209).  In the E1784K mutant 
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in particular, intracellular calcium was not found to reduce non-inactivating currents (75).   

In conjunction with temperature and proton-dependent increases in non-inactivating 

current, exercise may be pro-arrhythmic in E1784K carriers (243).  

5.6. Concluding Remarks 

Research from the past two decades has shown that diseases of sodium channels 

show a high degree of overlap.  Underscoring the difficulty of treating these diseases is 

the fact that single missense mutants may alter channel activation, fast inactivation, slow 

inactivation, and non-inactivating current.  Using a reductionist technique of modelling, 

gating current measurements, and voltage-sensor measurements in addition to standard 

ionic current measurements allowed me to ascertain that E1784K interferes with key 

interactions in the channel inactivation machinery.  This disruption of fast inactivation is 

responsible for the loss-of-function effects that cause Brugada syndrome and the gain-of-

function effects that cause LQT3.  Given the similarity in biophysics between E1784K 

and other mixed syndrome mutants, this may be a common mechanism for dysfunction 

and a possible target site for future therapeutics. 
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Appendix A.  Data for Chapter 2 

Table A.1. Voltage-dependence of Channel Conductance and Fast Inactivation 

 G V1/2 (mV) G z FI V1/2 (mV) FI z 
CF, pH 7.4 -35.2±1.0 4.14±0.23 -75.4±1.05 -4.10±0.34 
CF, pH 7.0 -33.5±1.1 4.12±0.20 -73.3±0.7 -4.45±0.25 
CF, pH 6.0 -29.7±1.1 3.60±0.23 -70.4±0.6 -4.38±0.21 
CF/EK, pH 7.4 -27.8±1.5 2.94±0.08 -80.4±0.6 -4.16±0.31 
CF/EK, pH 7.0 -26.0±1.3 3.21±0.10 -77.8±0.8 -4.31±0.28 
CF/EK, pH 6.0 -19.3±1.3 2.47±0.24 -75.1±1.1 -3.89±0.31 

Where values are mean ± standard error of the mean  
Where N = 8 for CF and CF/EK GVs and N = 5 and N = 6 for CF and CF/EK FI, respectively 
G V1/2: Midpoint of the conductance-voltage relationship 
G z: Apparent valence of the conductance-voltage relationship 
FI V1/2: Midpoint of the steady-state fast inactivation relationship 
FI z: Apparent valence of the steady-state fast inactivation relationship  



147 

Table A.2. Fast Inactivation Recovery and Closed-State Onset Time Constants 

 τFrec -130 
mv (ms) 

τFrec -110 
mv (ms) 

τFrec -90 
mv (ms) 

τFrec -70 
mv (ms) 

τFI -70 mv 
(ms) 

τFI -50 mv 
(ms) 

CF, pH 7.4 2.98±0.17 7.52±0.70 21.6±2.7 81.5±4.4 69.2±6.4 26.5±5.6 
CF, pH 7.0 3.08±0.15 7.54±0.69 20.7±1.6 79.9±4.9 72.8±7.3 25.9±6.1 
CF, pH 6.0 2.77±0.32 6.15±0.48 17.4±2.5 65.2±4.7 75.2±9.2 50.6±4.8 
CF/EK, pH 7.4 1.69±0.08 3.61±0.17 8.7±0.4 21.1±2.6 14.9±1.6 6.8±1.1 
CF/EK, pH 7.0 1.69±0.04 3.76±0.16 9.0±0.4 22.0±1.8 16.3±1.4 6.9±1.0 
CF/EK, pH 6.0 1.59±0.09 3.36±0.22 7.9±0.4 23.7±2.7 17.0±1.6 9.3±1.1 

Where values are mean ± standard error of the mean  
N = 6 for all cases 
τFrec: Time constant of recovery from fast inactivation at a given voltage 
τFI: Time constant of closed-state fast inactivation at a given voltage   
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Table A.3. Open State Fast Inactivation Time Constants 

 τFI -30 
mV (ms) 

τFI -20 
mV (ms) 

τFI -10 
mV (ms) 

τFI 0 mV 
(ms) 

τFI 10 mV 
(ms) 

τFI 20 mV 
(ms) 

τFI 30 mV 
(ms) 

CF, pH 
7.4 

1.66±0.0
7 

1.24±0.0
9 

1.03±0.0
7 

0.89±0.0
7 

0.85±0.0
8 

0.83±0.0
9 

0.89±0.0
9 

CF, pH 
7.0 

2.03±0.1
1 

1.36±0.0
5 

1.12±0.0
7 

0.92±0.0
7 

0.86±0.0
9 

0.88±0.0
9 

0.94±0.1
1 

CF, pH 
6.0 

2.30±0.1
2 

1.69±0.0
6 

1.25±0.0
6 

1.03±0.0
8 

0.94±0.1
0 

0.98±0.1
1 

1.00±0.1
4 

CF/EK
, pH 
7.4 

1.12±0.0
9 

0.90±0.0
6 

0.79±0.0
4 

0.70±0.0
4 

0.64±0.0
4 

0.63±0.0
4 

0.63±0.0
5 

CF/EK
, pH 
7.0 

1.26±0.0
8 

1.02±0.0
6 

0.87±0.0
4 

0.75±0.0
4 

0.68±0.0
3 

0.70±0.0
4 

0.70±0.0
5 

CF/EK
, pH 
6.0 

1.47±0.0
9 

1.22±0.0
6 

1.07±0.0
6 

0.94±0.0
5 

0.86±0.0
7 

0.81±0.0
7 

0.80±0.0
8 

Where values are mean ± standard error of the mean  
Where N = 7 or 8 for all cases 
τFI: Time constant of open-state fast inactivation at a given voltage  
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Table A.4. Persistent Sodium Current 

 INap -30 mV (%) INap 20 mV (%) INap -10 mV (%) INap 0 mV (%) 
CF, pH 7.4 0.36±0.02 0.44±0.04 0.40±0.02 0.28±0.03 
CF, pH 7.0 0.44±0.03 0.49±0.04 0.50±0.06 0.39±0.09 
CF, pH 6.0 0.37±0.05 0.43±0.05 0.42±0.07 0.28±0.12 
CF/EK, pH 7.4 4.13±0.43 4.02±0.53 3.67±0.53 3.12±0.48 
CF/EK, pH 7.0 4.75±0.51 4.50±0.57 4.03±0.60 3.25±0.66 
CF/EK, pH 6.0 6.36±0.67 6.53±0.60 5.88±0.65 4.85±0.75 

Where values are mean ± standard error of the mean  
Where N = 6 for CF and N = 8 for EK 
INap: Persistent sodium current measured as the fraction of current remaining at the end of a 100 ms depolarization to a 
given membrane potential.   
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Table A.5. Slow Inactivation Recovery Time Constants 

 CF pH 7.4 
(s) 

CF pH 7.0 
(s) 

CF pH 6.0 
(s) 

CF/EK pH 
7.4 (s) 

CF/EK pH 
7.0 (s) 

CF/EK pH 
6.0 (s) 

-120 
mV τf 

0.037±0.00
9 

0.042±0.01
0 

0.090±0.02
7 

0.060±0.00
7 

0.057±0.00
7 

0.046±0.01
2 

-120 
mV τs 

1.55±0.37 1.80±0.20 1.27±0.11 0.681±0.05
7 

0.630±0.06
2 

0.361±0.06
7 

-90 
mV τf 

0.336±0.07
4 

0.301±0.02
8 

0.699±0.44
1a 

0.360±0.05
0 

0.324±0.06
7 

0.282±0.06
2 

-90 
mV τs 

5.31±0.77 6.99±0.86 6.29±1.06 2.51±0.43 3.08±1.03 1.32±0.33 

-80 
mV τf 

0.276±0.02
3 

0.285±0.01
3 

0.250±0.01
3 

0.413±0.03
4 

0.434±0.02
8 

0.551±0.13
1 

-80 
mV τs 

4.97±0.44 7.11±0.98 5.76±0.515 3.71±0.17 4.78±0.48 4.21±0.86 

All values are represented as mean ± standard error 
a The mean represented contains a single outlier which did not alter the conclusion from the statistical test, with this 
point removed the mean and standard error is 0.258 ± 0.032 
CF: -120 mV, N = 5; -90 mV, N = 4; -80 mV, N = 5 
CF/EK: -120 mV, N = 6; -90 mV, N = 5; -80 mV, N = 5 
τf: Time constant of the fast component of slow inactivation recovery at a given membrane potential 
τs: Time constant of the slow component of slow inactivation recovery at a given membrane potential 
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Table A.6. Slow Inactivation Onset Time Constants 

 CF pH 
7.4 (s) 

CF pH 7.0 
(s) 

CF pH 
6.0 (s) 

CF/EK pH 
7.4 (s) 

CF/EK pH 
7.0 (s) 

CF/EK pH 
6.0 (s) 

-30 mV τf 1.33±0.39 1.61±0.31 1.98±0.55 1.02±0.31 1.56±0.44 1.80±0.48 
-30 mV τs 10.4±1.24 11.4±1.07 15.4±2.44 6.74±1.14 11.6±2.09 16.2±3.79 
0 mV τf 1.15±0.22 0.975±0.167 2.05±0.40 0.425±0.096 0.518±0.069 0.790±0.199 
0 mV τs 9.96±0.63 11.2±1.78 14.5±1.73 5.32±0.74 6.84±0.67 10.7±1.60 
30 mV τs 
a 

6.14±0.28 8.35±0.37 10.5±0.69 5.48±0.55 5.03±0.22 8.10±1.17 

All values are represented as mean ± standard error 
a At +30 mV only a single time constant of slow inactivation could be fit.  This time constant corresponded in time scale 
to the slow components measured at -30 mV and 0 mV. 
CF: -30 mV N = 4; 0 mV N = 5; 30 mV N = 5 
CF/EK: -30 mV N = 5; 0 mV N = 5; 30 mV N = 6 
τf: Time constant of the fast component of slow inactivation onset at a given membrane potential 
τs: Time constant of the slow component of slow inactivation onset at a given membrane potential 
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Table A.7. Gating Charge Activation and Deactivation Voltage-Dependence 

 QVOn V1/2 (mV) QVOn z QVDeac V1/2 (mV) QVDeac z 
CF, pH 7.4 -64.3±1.5 1.29±0.08 -84.9±1.1 1.73±0.07 
CF, pH 6.0 -56.5±1.6 1.41±0.09 -77.4±1.6 1.69±0.06 
CF/EK, pH 7.4 -75.6±1.6 1.44±0.07 -79.8±1.3 1.63±0.05 
CF/EK, pH 6.0 -66.1±0.8 1.55±0.07 -69.8±1.1 1.69±0.06 

Where values are mean ± standard error of the mean  
Where N = 6 and N = 10 for CF and CF/EK On QVs, respectively 
N = 6 and N = 8 for CF and CF/EK Off QVs, respectively 
N = 6 and N = 6 for CF and CF/EK Deactivation, respectively 
QVOn V1/2: Midpoint of the charge-voltage relationship measured using outward gating currents 
QVOn z: Apparent valence of the charge-voltage relationship measured using outward gating currents 
QVDeac V1/2: Midpoint of the gating charge deactivation voltage-dependence curve 
QVDeac z: Apparent valence of the gating charge deactivation voltage-dependence curve 
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Table A.8. Gating Charge Deactivation Rates at -150mV 

 τF (ms) AF τS (ms) AS 
CF, pH 7.4 0.583±0.067 0.604±0.048 3.724±0.357 0.469±0.044 
CF, pH 6.0 0.538±0.040 0.637±0.053 4.183±0.737 0.463±0.052 
CF/EK, pH 7.4 0.706±0.064 0.807±0.040 5.741±0.793 0.266±0.041 
CF/EK, pH 6.0 0.738±0.075 0.834±0.031 4.516±0.686 0.275±0.053 

All values are represented as mean ± standard error 
Where N = 9 for CF and N = 13 for CF/EK 
τf: Time constant of the fast component of gating charge deactivation 
τs: Time constant of the slow component of gating charge deactivation 
AF: Amplitude of the fast component of gating charge deactivation 
AS: Amplitude of the slow component of gating charge deactivation 
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Appendix B.  Peters-Ruben Model Parameters 

Table B.1. Transition Rates for the Peters-Ruben Model 

 CF pH 7.4 CF/EK pH 7.4 CF pH 6.0 CF/EK pH 6.0 
δ 2.2897 2.2897 1.922 1.922 

λ  22.897 22.897 19.22 19.22 

α1 381.14𝑒𝑒𝑉𝑉/9.657 381.14𝑒𝑒𝑉𝑉/9.657 371.54𝑒𝑒𝑉𝑉/7.813 371.54𝑒𝑒𝑉𝑉/7.813 

β1 0.3446𝑒𝑒𝑉𝑉/−78.1 0.3446𝑒𝑒𝑉𝑉/−78.1 0.104𝑒𝑒𝑉𝑉/−49.96 0.104𝑒𝑒𝑉𝑉/−49.96 

α2 381.14𝑒𝑒𝑉𝑉/9.657 381.14𝑒𝑒𝑉𝑉/9.657 371.54𝑒𝑒𝑉𝑉/7.813 371.54𝑒𝑒𝑉𝑉/7.813 

β2 0.3446𝑒𝑒𝑉𝑉/−78.1 0.3446𝑒𝑒𝑉𝑉/−78.1 0.104𝑒𝑒𝑉𝑉/−49.96 0.104𝑒𝑒𝑉𝑉/−49.96 

α3 183.94𝑒𝑒𝑉𝑉/22.4 183.94𝑒𝑒𝑉𝑉/22.4 134.71𝑒𝑒𝑉𝑉/10.73 134.71𝑒𝑒𝑉𝑉/10.73 

β3 0.3867𝑒𝑒𝑉𝑉/−38.76

× (𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 − 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷) 
0.3867𝑒𝑒𝑉𝑉/−38.76

× (𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 − 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷) 
0.1025𝑒𝑒𝑉𝑉/−30.29

× (𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 − 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷) 
0.1025𝑒𝑒𝑉𝑉/−30.29

× (𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 − 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷) 
α4 91.93𝑒𝑒𝑉𝑉/8.417

+ 48.39𝑒𝑒𝑉𝑉/11.51 
152𝑒𝑒𝑉𝑉/11.8

+ 60.88𝑒𝑒𝑉𝑉/12.97 
237𝑒𝑒𝑉𝑉/7.207

+ 4.99𝑒𝑒𝑉𝑉/16.01 
204.65𝑒𝑒𝑉𝑉/11.02

+ 19.59𝑒𝑒𝑉𝑉/15.31 
β4 9.273 × 10−6𝑒𝑒𝑉𝑉/−11.51 3.904 × 10−5𝑒𝑒𝑉𝑉/−12.52 1.432 × 10−5𝑒𝑒𝑉𝑉/−11.51 1.144 × 10−4𝑒𝑒𝑉𝑉/−14 

SI1 9.39 × 10−5 9.39 × 10−5 4.278 × 10−5 4.278 × 10−5 

SR1 3.874 × 10−4 + 4.687
× 10−6𝑒𝑒−𝑉𝑉/15.06 

3.874 × 10−4 + 4.687
× 10−6𝑒𝑒−𝑉𝑉/15.06 

3.597 × 10−4 + 3.666
× 10−6𝑒𝑒𝑉𝑉/−14.32 

3.597 × 10−4 + 3.666
× 10−6𝑒𝑒𝑉𝑉/−14.32 

SI2 9.39 × 10−5 9.39 × 10−5 4.278 × 10−5 4.278 × 10−5 

SR2 3.874 × 10−4 + 4.687
× 10−6𝑒𝑒−𝑉𝑉/15.06 

3.874 × 10−4 + 4.687
× 10−6𝑒𝑒−𝑉𝑉/15.06 

3.597 × 10−4 + 3.666
× 10−6𝑒𝑒𝑉𝑉/−14.32 

3.597 × 10−4 + 3.666
× 10−6𝑒𝑒𝑉𝑉/−14.32 

SI3 3.971 × 10−5 3.971 × 10−5 2.716 × 10−5 2.716 × 10−5 

SR3 5.199 × 10−5 + 2.642
× 10−6𝑒𝑒𝑉𝑉/−22.47 

9.436 × 10−5 + 2.396
× 10−6𝑒𝑒𝑉𝑉/−18.97 

3.852 × 10−5 + 9.863
× 10−7𝑒𝑒𝑉𝑉/−17.85 

4.994 × 10−5 + 6.335
× 10−7𝑒𝑒𝑉𝑉/−14.21 

FI 1.522 2.50 1.178 1.71 

FR 0.002 0.024 0.0015 0.023 
V is membrane potential in mV and all rates are in ms-1  
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Appendix C.  Data for Chapter 3 

Table C.1. Voltage-Dependence of Fluorescence for DIII and DIV VCF C373Y 
and C373Y/E1784K Channels  

 F V1/2 (mV) F z 
DIII VCF CY -127.7±1.3 0.82±0.05 
DIII VCF CY/EK -135.3±2.0 1.22±0.09 
DIV VCF CY -56.8±6.6 1.91±0.32 
DIV VCF CY/EK -85.3±4.6 1.60±0.12 

All values are represented as mean ± standard error 
Where N = 4 for all cases 
F V1/2: Midpoint of the fluorescence voltage relationship 
F z: Apparent valence of the fluorescence voltage relationship 
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Table C.2. Voltage-Dependence of IFM/QQQ and IFM/QQQ-EK Conductance 

 G V1/2 (mV) G z 
IFM/QQQ, pH 7.4 -43.7±1.4 4.10±0.26 
IFM/QQQ, pH 6.0 -36.8±1.6 3.33±0.24 
IFM/QQQ-EK, pH 7.4 -44.6±1.0 3.39±0.22 
IFM/QQQ -EK, pH 6.0 -37.8±0.7 2.77±0.13 

Where values are mean ± standard error of the mean and where N = 7 for IFM/QQQ and IFM/QQQ-EK 
G V1/2: Midpoint of the conductance-voltage relationship  
G z: Apparent valence of the conductance-voltage relationship 
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Appendix D.  Data for Chapter 4 

Table D.1. Voltage-dependence of Channel Conductance 

Mutant G V1/2 pH 7.4 (mV) G V1/2 pH 7.0 (mV) G V1/2 pH 6.0 (mV) N 
E1784A -33.4±1.1 -32.3±1.2 -27.6±1.0 10 
E1784D -36.0±0.9 -34.9±1.1 -28.7±1.0 7 
E1784E -36.0±0.5 -35.2±0.8 -29.6±0.8 8 
E1784K -32.9±2.7 -30.9±3.1 -27.4±2.5 7 
E1784Q -34.5±0.6 -32.0±1.0 -28.1±1.2 9 
E1784R -30.7±1.5 -29.4±1.8 -25.7±1.7 9 
E1784V -27.1±1.4 -24.3±1.6 -20.0±0.7 5 
E1784W -37.8±2.3 -34.7±1.6 -31.1±3.0 5 

Where values are mean ± standard error of the mean 
G V1/2: Midpoint of the conductance-voltage relationship 
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Table D.2. Voltage-dependence of Channel Fast Inactivation 

Mutant FI V1/2 pH 7.4 (mV) FI V1/2 pH 7.0 (mV) FI V1/2 pH 6.0 (mV) N 
E1784A -72.1±0.4 -70.1±0.4 -67.2±0.4 9 
E1784D -75.2±1.1 -73.7±0.9 -70.1±1.2 7 
E1784E -75.0±0.9 -74.2±0.8 -70.2±0.5 9 
E1784K -81.8±1.0 -79.6±1.2 -77.5±1.2 6 
E1784Q -77.6±0.3 -75.0±0.2 -71.1±0.5 8 
E1784R -80.7±1.0 -79.2±1.2 -76.4±1.2 9 
E1784V -77.4±0.5 -75.5±1.1 -72.2±0.5 5 
E1784W -67.6±1.2 -65.9±1.6 -62.6±1.4 5 

Where values are mean ± standard error of the mean 
FI V1/2: Midpoint of the voltage-dependence of fast inactivation 
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Table D.3. Voltage-dependence of Gating Charge Activation 

Mutant Q V1/2 pH 7.4 (mV) Q V1/2 pH 6.0 (mV) N 
E1784A -57.1±3.7 -53.6±7.9 4 
E1784D -67.2±1.9 -56.8±1.6 6 
E1784E -62.4±5.0 -57.6±3.0 5 
E1784K -78.2±2.3 -65.5±0.7 6 
E1784Q -74.1±1.6 -73.8±5.7 4 
E1784R -72.6±3.4 -64.3±2.8 5 
E1784V -73.2±3.4 -66.8±1.5 5 
E1784W -56.2±2.2 -51.4±3.5 5 

Where values are mean ± standard error of the mean 
Q V1/2: Midpoint of the gating charge activation-voltage relationship 
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Table D.4. Voltage-dependence of Gating Charge Deactivation 

Mutant Deac V1/2 pH 7.4 (mV) Deac V1/2 pH 6.0 (mV) N 
E1784A -85.4±1.5 -81.2±4.2 4 
E1784D -86.5±0.7 -79.6±1.5 5 
E1784E -85.5±1.1 -81.1±1.0 4 
E1784K -84.8±2.2 -75.6±1.3 5 
E1784Q -86.7±1.3 -80.0±2.8 4 
E1784R -79.8±2.2 -74.8±2.4 5 
E1784V -86.3±1.2 -76.3±0.8 5 
E1784W -81.5±1.5 -71.2±2.1 5 

Where values are mean ± standard error of the mean 
Deac V1/2: Midpoint of the gating charge deactivation-voltage relationship 
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Table D.5. Normalized Non-Inactivating Current 

Mutant Vm INap pH 7.4 (%) INap pH 7.0 (%) INap pH 6.0 (%) N 
E1784A -30 mV 

-20 mV 
-10 mV 
0 mV 

0.57±0.17 
0.49±0.08 
0.42±0.06 
0.19±0.08 

0.62±0.21 
0.50±0.10 
0.29±0.09 
0.12±0.06 

0.74±0.57 
0.42±0.26 
0.18±0.13 
0.07±0.07 

5 
5 
5 
5 

E1784D -30 mV 
-20 mV 
-10 mV 
0 mV 

0.56±0.07 
0.55±0.10 
0.45±0.10 
0.01±0.17 

0.60±0.08 
0.55±0.08 
0.46±0.11 
-0.04±0.24 

0.76±0.10 
0.52±0.10 
0.48±0.09 
0.26±0.04 

4 
4 
4 
4 

E1784E -30 mV 
-20 mV 
-10 mV 
0 mV 

0.49±0.07 
0.52±0.06 
0.38±0.06 
0.15±0.09 

0.63±0.06 
0.66±0.06 
0.60±0.04 
0.41±0.07 

0.40±0.14 
0.55±0.06 
0.47±0.07 
0.32±0.08 

4 
4 
4 
4 

E1784K -30 mV 
-20 mV 
-10 mV 
0 mV 

3.06±0.18 
2.87±0.13 
2.53±0.20 
1.96±0.32 

3.32±0.20 
3.15±0.12 
2.85±0.19 
2.38±0.26 

5.06±0.44 
5.18±0.39 
4.46±0.27 
3.71±0.24 

4 
4 
4 
4 

E1784Q -30 mV 
-20 mV 
-10 mV 
0 mV 

0.37±0.28 
0.19±0.11 

0.00±0 
0.00±0 

0.20±0.13 
0.20±0.12 

0.00±0 
0.00±0 

0.91±0.91 
0.17±0.17 

0.00±0 
0.00±0 

4 
4 
4 
4 

E1784R -30 mV 
-20 mV 
-10 mV 
0 mV 

2.35±0.21 
1.68±0.08 
1.26±0.14 
0.73±0.19 

2.39±0.18 
1.87±0.12 
1.57±0.14 
1.21±0.18 

3.31±0.16 
2.82±0.08 
2.77±0.24 
2.10±0.24 

5 
5 
5 
5 

E1784V -30 mV 
-20 mV 
-10 mV 
0 mV 

0.32±0.03 
0.32±0.02 
0.17±0.05 
-0.12±0.21 

0.39±0.04 
0.35±0.02 
0.27±0.03 
0.16±0.07 

0.50±0.05 
0.47±0.05 
0.33±0.04 
0.28±0.11 

5 
5 
5 
5 

E1784W -30 mV 
-20 mV 
-10 mV 
0 mV 

0.26±0.03 
0.22±0.02 
0.14±0.04 
-0.01±0.05 

0.25±0.04 
0.25±0.04 
0.06±0.14 
0.06±0.04 

0.25±0.07 
0.20±0.04 
0.18±0.04 
0.10±0.05 

5 
5 
5 
5 

Where values are mean ± standard error of the mean  
Vm: Membrane Potential 
INap: Persistent sodium current measured as the fraction of current remaining at the end of a 100 ms depolarization to a 
given membrane potential.   
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Table D.6. Time Constants of Fast Inactivation Recovery 

Mutant Vm τFrec pH 7.4 (ms) τFrec pH 7.0 (ms) τFrec pH 6.0 (ms) N 
E1784A -130 mV 

-110 mV 
-90 mV 
-70 mV 

3.1±0.2 
6.7±0.5 

17.5±1.8 
108.5±6.0 

3.0±0.2 
6.6±0.5 

20.5±2.2 
108.1±9.5 

2.7±0.1 
5.8±0.2 

13.8±0.6 
74.6±6.2 

5 
5 
5 
5 

E1784D -130 mV 
-110 mV 
-90 mV 
-70 mV 

3.6±0.1 
8.3±0.4 

25.1±1.3 
77.0±9.7 

3.6±0.1 
7.7±0.3 

23.0±1.7 
80.6±5.0 

3.4±0.2 
7.6±0.3 

18.1±0.7 
79.0±4.8 

4 
4 
4 
4 

E1784E -130 mV 
-110 mV 
-90 mV 
-70 mV 

3.6±0.2 
9.3±0.8 

30.5±3.3 
110.7±4.3 

3.7±0.2 
9.5±0.6 

30.4±2.2 
110.6±6.2 

3.4±0.1 
7.8±0.4 

21.2±1.9 
84.7±5.1 

5 
5 
5 
5 

E1784K -130 mV 
-110 mV 
-90 mV 
-70 mV 

2.2±0.2 
5.0±0.3 

13.2±1.1 
24.7±2.4 

2.2±0.1 
5.0±0.2 

12.9±0.5 
26.0±1.8 

2.0±0.2 
4.5±0.3 

11.1±0.8 
29.5±3.8 

3 
3 
3 
3 

E1784Q -130 mV 
-110 mV 
-90 mV 
-70 mV 

2.5±0.2 
5.7±0.4 

15.1±0.8 
65.8±7.1 

2.5±0.2 
6.3±0.6 

16.0±1.1 
57.1±4.6 

2.1±0.2 
4.7±0.5 

11.4±0.9 
41.5±5.5 

5 
5 
5 
5 

E1784R -130 mV 
-110 mV 
-90 mV 
-70 mV 

2.5±0.1 
5.7±0.1 

16.2±1.0 
36.9±1.9 

2.8±0.2 
6.2±0.3 

15.5±0.5 
37.6±4.8 

2.5±0.1 
5.4±0.3 

12.5±0.6 
31.7±1.1 

5 
5 
5 
5 

E1784V -130 mV 
-110 mV 
-90 mV 
-70 mV 

2.4±0.2 
5.8±0.3 

17.3±1.5 
45.6±1.6 

2.4±0.1 
6.0±0.3 

16.9±1.5 
48.1±3.1 

2.0±0.1 
4.7±0.4 

12.4±1.1 
36.8±1.7 

5 
5 
5 
5 

E1784W -130 mV 
-110 mV 
-90 mV 
-70 mV 

2.3±0.1 
5.6±0.2 

15.1±0.7 
94.6±1.5 

2.4±0.1 
5.6±0.1 

15.6±0.4 
94.2±2.2 

2.1±0.1 
4.7±0.2 

12.4±0.9 
68.4±3.1 

4 
4 
4 
4 

Where values are mean ± standard error of the mean  
Vm: Membrane Potential 
τFrec: Time constant of recovery from fast inactivation at a given voltage 
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Table D.7. Time Constants of Closed-State Fast Inactivation 

Mutant Vm τFI pH 7.4 (ms) τFI pH 7.0 (ms) τFI pH 6.0 (ms) N 
E1784A -70 mV 

-50 mV 
108.9±14.5 
28.8±2.9 

119.7±10.0 
39.8±2.2 

160.8±29.2 
44.9±4.5 

5 
5 

E1784D -70 mV 
-50 mV 

100.9±7.8 
19.7±4.0 

106.6±7.2 
21.8±3.3 

146.0±20.2 
28.4±9.7 

4 
4 

E1784E -70 mV 
-50 mV 

75.1±6.3 
24.6±1.9 

92.9±8.1 
27.5±2.5 

143.0±8.1 
38.4±2.0 

5 
5 

E1784K -70 mV 
-50 mV 

14.1±1.9 
4.4±1.1 

17.1±2.7 
5.1±1.3 

20.6±4.9 
6.3±1.4 

3 
3 

E1784Q -70 mV 
-50 mV 

36.8±3.5 
11.9±0.9 

44.5±4.0 
14.8±1.2 

49.2±5.8 
18.8±2.1 

5 
5 

E1784R -70 mV 
-50 mV 

22.2±2.3 
6.8±0.8 

24.0±3.1 
7.3±0.9 

27.6±3.5 
9.7±1.5 

5 
5 

E1784V -70 mV 
-50 mV 

36.1±2.3 
9.3±1.1 

47.6±5.2 
12.9±2.4 

47.2±4.4 
15.7±1.8 

5 
5 

E1784W -70 mV 
-50 mV 

122.3±10.4 
47.2±17.7 

146.8±10.9 
60.5±12.1 

169.9±6.0 
66.5±13.6 

4 
4 

Where values are mean ± standard error of the mean  
Vm: Membrane Potential 
τFI: Time constant of closed-state fast inactivation at a given voltage 
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Table D.8. Time Constants of Open-State Fast Inactivation 

Mutant Vm τFon pH 7.4 (ms) τFon pH 7.0 (ms) τFon pH 6.0 (ms) N 
E1784A -30 mV 

-10 mV 
+10 mV 
+30 mV 

2.08±0.13 
1.14±0.06 
0.91±0.06 
0.85±0.08 

2.37±0.19 
1.19±0.06 
0.90±0.06 
0.85±0.10 

3.12±0.38 
1.44±0.07 
1.05±0.08 
0.95±0.09 

9 
9 
9 
9 

E1784D -30 mV 
-10 mV 
+10 mV 
+30 mV 

1.84±0.18 
1.00±0.07 
0.79±0.06 
0.78±0.09 

1.95±0.17 
1.03±0.07 
0.80±0.05 
0.83±0.07 

2.88±0.15 
1.36±0.05 
0.98±0.08 
0.91±0.08 

7 
7 
7 
7 

E1784E -30 mV 
-10 mV 
+10 mV 
+30 mV 

1.95±0.07 
1.22±0.07 
0.99±0.07 
0.95±0.11 

2.02±0.08 
1.24±0.06 
1.02±0.07 
0.97±0.09 

3.08±0.14 
1.62±0.06 
1.28±0.09 
1.16±0.11 

8 
8 
8 
8 

E1784K -30 mV 
-10 mV 
+10 mV 
+30 mV 

1.16±0.18 
0.78±0.09 
0.67±0.09 
0.59±0.10 

1.36±0.19 
0.85±0.10 
0.72±0.08 
0.56±0.10 

1.54±0.22 
1.07±0.11 
0.77±0.10 
0.62±0.12 

4 
4 
4 
4 

E1784Q -30 mV 
-10 mV 
+10 mV 
+30 mV 

1.79±0.08 
0.99±0.06 
0.82±0.10 
0.54±0.05 

2.14±0.12 
1.09±0.05 
0.81±0.06 
0.61±0.06 

3.25±0.24 
1.64±0.07 
1.16±0.08 
0.98±0.25 

9 
9 
9 
6 

E1784R -30 mV 
-10 mV 
+10 mV 
+30 mV 

1.27±0.10 
0.83±0.06 
0.70±0.07 
0.74±0.07 

1.29±0.11 
0.84±0.06 
0.72±0.06 
0.73±0.09 

1.56±0.12 
1.07±0.07 
0.88±0.07 
0.78±0.12 

9 
9 
9 
8 

E1784V -30 mV 
-10 mV 
+10 mV 
+30 mV 

1.42±0.10 
0.79±0.05 
0.64±0.05 
0.58±0.05 

1.72±0.19 
0.82±0.06 
0.64±0.04 
0.60±0.05 

2.43±0.12 
1.08±0.07 
0.77±0.05 
0.66±0.07 

5 
5 
5 
5 

E1784W -30 mV 
-10 mV 
+10 mV 
+30 mV 

1.75±0.17 
1.10±0.07 
0.89±0.07 
0.77±0.08 

1.90±0.19 
1.13±0.06 
0.90±0.05 
0.80±0.07 

2.75±0.72 
1.42±0.08 
1.02±0.05 
1.05±0.19 

5 
5 
5 
5 

Where values are mean ± standard error of the mean  
Vm: Membrane Potential 
τFon: Time constant of open-state fast inactivation at a given voltage 
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