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Abstract 

The Unique Role of the Domain IV Voltage-Sensor in Sodium Channel Inactivation and 

Gating 

 

Deborah L. Capes 

Under the supervision of Dr. Baron Chanda 

At the University of Wisconsin-Madison 

The opening of the voltage-gated sodium (Nav) channel is responsible for the generation 

of the upstroke of the action potential. Following the depolarization of the membrane that 

occurs with an action potential, it is necessary for the Nav channel to inactivate so that 

the membrane is able to hyperpolarize and return to the resting potential. Defects in 

inactivation can lead to a plethora of diseases ranging from arrhythmogenic disorders in 

the heart to epilepsy in the brain. Therefore, it is crucial to obtain a better understanding 

of the processes underlying both fast and slow inactivation. This study characterizes the 

role of individual voltage-sensors in the processes of both fast and slow inactivation. This 

work identifies the voltage-sensor of domain IV as a potential source of the voltage-

dependence of slow inactivation. Furthermore, this study identifies domain IV S4 as the 

crucial voltage-sensor involved in fast inactivation.  
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CHAPTER 1 

BACKGROUND AND SIGNIFICANCE 

1.1 Cellular Communication and the Action Potential 

 1.1.1 Reflex Arcs (the Anatomy of a Knee-Jerk Reaction) 

 The body is composed of a complex array of tissues and organ systems. At any 

given time, these organ systems must work in concert, integrating signals and adapting 

appropriately to external stimuli. One of the most critical aspects in the functioning of a 

complex system is to have rapid and efficient communication between the disparate 

elements. In the case of the body, this communications system is multi-part, consisting of 

a complex melody of chemical notes including neurotransmitters and mechanisms by 

which cells can communicate via direct contact (as in juxtacrine signaling)(Anklesaria, 

Teixido et al. 1990), over short distances (paracrine signaling)(Papadopoulos, 

Kamtchouing et al. 1987), and over long distances (endocrine signaling).  

 Though chemicals play a crucial role in the intricate system to system 

communication, arguably the most important form of rapid signaling is electrical 

signaling in neurons and excitable tissue. For example, it has been shown that the reflex 

action of withdrawing the hand from a painful stimuli precedes the actual sensation of 

pain. Many elements are responsible for this rapid withdrawal reflex, firstly, receptors 

that detect noxious stimuli (believed to be the transient receptor potential, TRP, channel) 

depolarize the cell membrane of the sensory neuron (Greffrath, Schwarz et al. 2009). 

Next, once the membrane potential raises above threshold, voltage-gated sodium ion 

(Nav) channels open, allowing sodium ions to enter the cell and further depolarizing the 

membrane (Hodgkin and Huxley 1952). All along the neuron, the wave of depolarization 
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activates further sodium channels, propagating the action potential. At the synapse, the 

electrical signal is converted into a chemical signal via the release of neurotransmitters. 

The neurotransmitters bind to receptors on the postsynaptic neuron and cause local 

depolarization of the cell membrane. The signal moves from spinal neurons to motor 

neurons rapidly, bypassing the central nervous system, and finally proceeds to the 

neuromuscular junction, where the release of acetylcholine opens nicotinic acetylcholine 

receptors (nAChRs), and causes a localized depolarization of the muscle cell. This 

localized depolarization triggers an action potential wave in which the muscle Nav 

channels propagate the signal and it is this electrical message which causes the muscle 

cells to contract and results in withdrawal of the hand (see Fig. 1).  

1.1.2 Selective Permeability: a Building Block for the Action Potential 

 From the simplest organism to a complex vertebrate, one of the most critical 

components for viability is the selective permeability of the cell membrane, that is the 

ability of the cell to keep harmful elements out of the cell and essentials in. The lipid 

bilayer of the membrane with its hydrophobic interior is also sufficient to halt the 

permeation of charged ions such as sodium (Na
+
), potassium (K

+
), and calcium (Ca

2+
). 

Specialized leak channels and pumps such as the Na
+
/K

+
-ATPase maintain specific 

concentration gradients of these ions inside and outside the cell (Hodgkin and Keynes 

1955; Hilden and Hokin 1975).  

 Differences in ion concentrations inside and outside of the cell enable the cell to 

do work by funneling ions along their concentration gradients. Cells even use differences 

in ion concentrations (hydrogen ions, H
+
) to form adenosine triphosphate (ATP), the 

energetic currency of the cell (Mitchell 1961; Hille 2001). Additionally, differences in the 
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ionic concentrations across the cell membrane result in the charge difference that is an 

essential ingredient for the action potential - the electrical signal that triggers everything 

from the firing of neurons to the contraction of muscle cells in the heart. 

 When the cell is at its resting membrane potential, the concentration of Na
+
 inside 

the cell is much lower than that outside the cell. Additionally, the concentration of K
+
 

inside the cell is much higher than that outside the cell. The equilibrium potential for K
+ 

is much more hyperpolarized than that of Na
+
 (+ 67 mV vs -98 mV for K

+
 in skeletal 

muscle) (Hille 2001). In the resting state, the cell membrane is more permeable to K
+
 

than to Na
+
 and therefore, the resting membrane potential is much closer to the K

+
 

equilibrium potential (ranging anywhere from -40 to -95 mV) (Hille 2001). However, 

when selective ion channels in the membrane open in response to stimuli, these ions (and 

others) will proceed down their electrochemical gradients. Because there is more sodium 

outside the cell than inside, when the membrane becomes more permeable to sodium (via 

the opening of specialized channels), the sodium will rush into the cell and bring the 

membrane potential closer to its own equilibrium potential. This initial localized 

depolarization of the membrane activates the Nav channels which open and form the 

upstroke of an action potential. 

1.2 The Voltage-Gated Sodium Channel: Structure and Gating Behavior 

1.2.1 Structure and Topology 

 Nav channels consist of a pore-forming α subunit and an accessory β subunit. The 

β subunit modulates gating behavior of the channels and also regulates expression (Isom, 

De Jongh et al. 1992). The pore-forming subunit of the channel is called the α subunit 

and it consists of four homologous, but non-identical, domains, each with six 
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transmembrane segments designated S1-S6. Both the amino-(N)-terminal and the 

carboxy-(C)-terminal tails are located intracellularly (Noda, Shimizu et al. 1984; 

Thomsen and Catterall 1989). In each domain, the S5 and S6 helices come together to 

form the central pore of the channel, with the re-entrant p-loop forming the selectivity 

filter (Heinemann, Terlau et al. 1992; Chiamvimonvat, Perez-Garcia et al. 1996; Favre, 

Moczydlowski et al. 1996; Perez-Garcia, Chiamvimonvat et al. 1997; Huang, Favre et al. 

2000) (See Fig. 2A). The S1-S4 helices form the voltage-sensors of the channel with the 

S4 helices acting as the principal voltage-sensors. The S4 voltage-sensors contain 

stretches of positively charged basic residues every three residues (Noda, Shimizu et al. 

1984; Tempel, Papazian et al. 1987; Stühmer W 1989; Aggarwal and MacKinnon 1996; 

Seoh, Sigg et al. 1996) (See Fig. 2B) and it is these charges which provide the ability to 

sense voltage jumps (Noda, Shimizu et al. 1984; Tempel, Papazian et al. 1987; Stühmer 

W 1989; Aggarwal and MacKinnon 1996; Seoh, Sigg et al. 1996). 

 Though a crystal structure for a eukaryotic voltage-gated sodium channel is not 

yet available, structures have been obtained for the closely related voltage-gated 

potassium (Kv) channel as well as for a prokaryotic voltage-gated sodium channel 

NavAB (Long, Campbell et al. 2005; Payandeh, Scheuer et al. 2011)(see Fig. 3A and B). 

As can be seen from these crystal structures, the predicted structure of the sodium 

channel is propeller-like with the four voltage-sensing domains radiating off of the 

central pore axis. Another key feature to note about these crystal structures is that the 

voltage-sensing domains which actuate the pore gates are relatively far from the pore 

itself. The voltage-sensors are linked to the pore helices via the S4-S5 linkers which are 

known to transduce the voltage-sensor behavior to the pore gates (Bezanilla 2000; Long, 
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Campbell et al. 2005; Payandeh, Scheuer et al. 2011). Also of importance is the DIII-DIV 

loop, an intracellular loop believed to be the inactivation particle (Armstrong, Bezanilla 

et al. 1973; West, Patton et al. 1992; Kirsch, Alam et al. 1994). These elements are 

among the most critical for normal sodium channel function. 

1.2.2 The Normal Gating Behavior of the Voltage-Gated Sodium Channel 

 When an excitable cell is at rest, the pore gates of the Nav channel are closed and 

the voltage-sensors are in their resting positions. As the membrane depolarizes, the 

extracellular side of the membrane becomes increasingly negative relative to the 

intracellular side. This change results in the movement of the voltage-sensors toward the 

extracellular side. Since the voltage-sensors are charged, the movement of the voltage-

sensors can be recorded as non-linear capacitive transients called gating currents 

(Armstrong and Bezanilla 1973; Bezanilla and Armstrong 1975). When the voltage-

sensors activate, they actuate the pore gates and open the channel. Sodium fluxes down 

its electrochemical gradient and into the cell, depolarizing the membrane and generating 

the upward stroke of the action potential. 

 Next, the channels must inactivate in order for the potassium channels to be able 

to hyperpolarize the membrane. The fast inactivation process, sometimes referred to as 

'ball-and-chain' or 'hinged lid' inactivation is thought to occur when the DIII-DIV loop 

binds to its docking site and blocks the channel (Armstrong, Bezanilla et al. 1973; 

Stühmer W 1989; West, Patton et al. 1992; Kirsch, Alam et al. 1994). The inactivation 

process is responsible for the refractory period, an interval in which action potentials 

cannot be initiated or are inhibited. The refractory period is a safeguard against aberrant 
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excitability and therefore, improper inactivation can be a common mechanism of diseases 

ranging from epilepsy to cardiac arrhythmia (Goldin 2003). 

 Though fast inactivation is itself a voltage-sensitive process, there appears to be 

no charge movement associated with the movement of the inactivation loop itself.. 

Therefore, the voltage-dependence of fast inactivation must arise from either its coupling 

to the activation process or from a voltage-sensor associated with inactivation. Currently, 

it is suspected that the DIV and perhaps the DIII voltage-sensors may contribute the 

voltage-dependence to this process, however, the evidence is not conclusive (Chahine, 

George et al. 1994; Chen 1996; Kontis and Goldin 1997; Cha 1999; Horn, Ding et al. 

2000). 

 Finally, the channels recover from inactivation, a process during which the 

inactivation loop pops out of its binding site and the channels return to their fully resting 

conformation. Recovery from inactivation is also a voltage-dependent process and a 

reasonable hypothesis would be that perhaps one or more of the voltage-sensors must 

return to their resting conformation(s) prior to pore gate closure and inactivation particle 

unbinding. Following recovery from inactivation, the sodium channels are again able to 

respond to changes in membrane potential and to trigger another wave of action 

potentials. 

 Yet another gating process called slow inactivation occurs in sodium channels. 

Slow inactivation occurs after periods of long and high frequency activity and also when 

the membrane is depolarized for long periods of time. This process is thought to occur 

through the collapse of the selectivity filter region, blocking conduction (Balser, Nuss et 

al. 1996; Townsend and Horn 1997; Benitah, Chen et al. 1999; Todt, Dudley et al. 1999; 
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Ong, Tomaselli et al. 2000; Hilber, Sandtner et al. 2001; Vilin, Fujimoto et al. 2001; 

Xiong, Li et al. 2003; Xiong, Farukhi et al. 2006). As are the processes above, slow 

inactivation is a voltage-dependent process, however, the source of this voltage-

dependence remains uncertain and is widely thought to derive solely from the coupling of 

slow inactivation to the activation process. 

 Slow inactivation is most commonly known for its role in spike frequency 

adaptation, an important step in determining the pattern of brain waves (Fleidervish, 

Friedman et al. 1996). Additionally, slow inactivation is also a natural brake to terminate 

aberrant activity in disease situations. For example, when tissue becomes ischemic, the 

membranes become depolarized and slow inactivation occurs in that tissue, preventing 

spontaneous action potential generation in the diseased tissue. Certain anti-epileptic drugs 

like Lacosamide operate via enhancing the slow inactivation of sodium channels and thus 

decreasing the number of channels that are able to respond to stimuli (Jo and Bean 2011; 

Wang, Park et al. 2011). 

1.2.3 A closer look at the voltage-sensor and voltage-sensor movement 

 Evidence supporting the S4 helices as the principal voltage-sensors primarily 

came from experiments in which charges in the S4 segments were neutralized one at a 

time. When comparing the gating currents collected after these mutations to those of the 

WT channel, it was discovered that the total charge of the gating currents had reduced 

(Aggarwal and MacKinnon 1996; Seoh, Sigg et al. 1996). Additionally, it was observed 

that the largest reduction in the total charge of the potassium channel was observed for 

the first four positive charges. This data suggests that, at least in the potassium channel, 

the first four charges are the most important.  
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 Others made neutralizations of single charges in the DIV S4 of the sodium 

channel. Next, they used a toxin, anthopleurin-A, known to bind to DIV and also known 

to reduce the total gating charge of the channel on each of these mutants. Using this toxin 

as a tool to determine the contributions of each of the first three charges of DIV S4, they 

determined that the charges in the DIVS4 contributed differently to the total charge of the 

channel. When a neutralization was made of the first charge in the DIV voltage-sensor, 

the toxin caused much less of a reduction in the total charge of that channel. The third 

charge was found to make little contribution to the total charge of the channel while the 

second charge was intermediate (Sheets, Kyle et al. 1999). 

 Later studies in the sodium channel (Sheets and Hanck 2002) determined that it 

was the first three charges of the sodium channel voltage-sensors which were the most 

important, with the fourth charge making little contribution to the total charge of the 

channel. In the case of this study, only the voltage-sensor of DIII was examined. Cysteine 

mutagenesis studies done by the Yang group showed that the first three charges in the 

DIV voltage-sensor were accessible to cysteine modifying reagents applied on the 

extracellular side of the membrane when at depolarized voltages. However, this was not 

true for the fourth charge, an observation which suggests that it's possible that not all 

charges in the voltage-sensors may move through the membrane electric field (Yang, 

George et al. 1996). 

 The voltage-sensors of the sodium channel were originally speculated to be alpha 

helices, however, the recent crystal structure of a functionally related channel provided 

by the Catterall group suggests that the voltage-sensors may in fact be at least partially 3-

10 helices (Payandeh, Scheuer et al. 2011). A long standing controversy in the field of 
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ion channel research is how the voltage-sensors of the sodium channel - or any voltage-

sensitive protein move through the membrane. Various mechanisms have been suggested, 

ranging from a large paddle-like motion of the voltage-sensors through the membrane 

(acting as levers on the pore gates) to a smaller primarily vertical motion of the voltage-

sensors in the membrane. 

 Much of the original 'Paddle Model' resulted from study of the crystal structure 

gleaned from the Kv1.2/2.1 potassium channel chimera (Long, Campbell et al. 2005). 

Additionally, MacKinnon's group found that a Biotin molecule tethered to a voltage-

sensor could be dragged across the membrane (Jiang, Ruta et al. 2003). However, the 

original paddle model makes few allowances for the difficulty of moving such a highly 

charged segment of the protein through the unfriendly terrain of the lipid bilayer. 

 Other groups theorized that the membrane electric field could become focused in 

the region of an ion channel. This focusing of the electrical field would intensify the 

effects of membrane potential changes on the voltage-sensors such that fewer gating 

charges might be needed to produce the same reactions one would expect in a less 

focused electrical field. Such focusing of the membrane electric field would enable the 

voltage-sensors to actuate the pore gates with much less of a movement than that 

proposed by the paddle model (Chanda, Asamoah et al. 2005).  

 Other evidence arising from mutagenesis studies in the potassium channel 

Suggests that there must be an aqueous or proteinaceous pathway that the voltage-sensors 

move through. This ‘gating pore’ theory first arose from a study in which the topmost 

charge of the potassium channel voltage-sensor was mutated to a histidine. It was 

observed that this particular mutation resulted in a proton current at hyperpolarized 
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potentials. This data led the experimenters to theorize that the protons were able to flux 

through the voltage-sensor itself at hyperpolarized potentials. They further stated that the 

aqueous internal and external environments at the membrane must be separated by a 

narrow barrier in the channel (Starace and Bezanilla 2004). 

Further evidence supporting the gating pore model arose from studying a human 

pathological condition, hypokalemic periodic paralysis (hypoPP). In these patients, low 

concentrations of potassium in the blood lead to episodes of muscle paralysis. One of the 

mutations known to cause hypoPP is an arginine (R) to histadine (H) mutation. This 

particular charge mutation was seen to allow the development of a proton current that 

passed through the voltage-sensor itself. In the case of this mutation there emerged a 

hyperpolarizing proton leak current that is thought to alter the intracellular pH and to 

destabilize the resting membrane potential (Struyk and Cannon 2007). These data suggest 

that the voltage-sensor likely moves through an aqueous or proteinaceous pathway within 

the protein. 

 It remains to be seen exactly how the voltage-sensors move in the sodium 

channel, and therefore, it is necessary to reconcile many data sets with these multiple 

hypotheses, however, barring the arrival of crystal structures of a eukaryotic sodium 

channel in multiple states, it will be difficult to speculate with any degree of confidence 

on the mechanism by which voltage-sensors translocate their charge. Indeed, it is possible 

that the environment around the voltage-sensors shifts while the voltage-sensors 

themselves remain stationary. 
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1.3 Sodium Channel Diseases 

1.3.1 Types of sodium channel based channelopathies and the location of α subunit 

mutations 

 Malfunctioning sodium channels are known to cause a whole array of human 

diseases ranging from the moderate to the severe. These conditions affect various systems 

throughout the body and can affect basically any of the excitable tissues in which sodium 

channels can be found.  

 In the heart, two well known and severe conditions have their roots in a sodium 

channel dysfunction. These conditions are: Long QT syndrome ( LQT3) and Brugada 

syndrome (Grant 2005; Jones and Ruben 2008; Chopra and Knollmann 2011). These 

arrhythmogenic conditions result in the sudden cardiac death of many affected people. 

 In the central nervous system, mutations in the sodium channel are known to be 

responsible for certain types of epilepsy including generalized epilepsy with febrile 

seizures (GEFS). Also in the nervous system, sodium channel mutations are known to 

result in extremely painful conditions such as paroxysmal extreme pain disorder (PEPD) 

and erythromelalgia (Catterall, Dib-Hajj et al. 2008). 

 In the musculoskeletal system, mutations in the sodium channel can trigger 

several disorders of paralysis and myotonia. Some of the more well known diseases tied 

to the skeletal muscle sodium channel are congenital myotonia, hypokalemic periodic 

paralysis and hyperkalmic periodic paralysis. Even a specific myasthenic syndrome has 

been previously tied to the sodium channel (Jurkat-Rott, Holzherr et al. 2010). 

 Interestingly, the mutations responsible for this array of human diseases may be 

found scattered throughout the channel (see Fig. 4 for examples of mutation locations). 
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However, there are two locations that these disease causing mutations commonly fall 

into: DIV (previously suggested to be important in inactivation) and the inactivation loop 

(between DIII and DIV). The placement of these mutations points to an important role in 

pathogenesis for sodium channel inactivation. 

1.3.2 Mechanistically speaking: the importance of inactivation in sodium channel disease 

 Across multiple forms of sodium channel diseases, one of the most prevalent 

mechanisms of sodium channel dysfunction is through an altered inactivation process. 

These inactivation-linked disorders fall into two categories: loss of function, and gain of 

function mutations. While these two groups may also be caused by effects on the 

activation process of the sodium channel, it is hard to miss the relevance of fast 

inactivation in the production of the disease phenotype. 

 Loss of function mutations, as the name suggests, cause a reduction in sodium 

current at physiologically relevant potentials (at least in the case of a mutant with a 

phenotype). This reduction can be caused through multiple mechanisms including a 

rightward shift of the G-V curve, a shift in the selectivity of the channel, or altered 

inactivation (either fast or slow). For example, Brugada syndrome precipitated by the 

E1784K mutation results in a leftward shift in the steady state inactivation curve (Wei, 

Wang et al. 1999). This means that the affected sodium channels tend to inactivate at 

voltages that are more hyperpolarized than in the WT channel (Zimmer and Surber 2008). 

 All of these loss of function mutations cause a reduction of sodium currents in 

physiologically relevant conditions. This means that there are either less sodium channels 

available to drive an action potential or that less sodium current penetrates the cell for 

each channel that opens. In the specific case of Brugada syndrome, the reduction in 
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sodium current results in an imbalance between the depolarizing sodium current, and the 

hyperpolarizing currents (such as potassium current) during the cardiac action potential. 

This results in a characteristically shorter cardiac action potential (see Fig. 5). 

Arrhythmias in this case are generated via a process called reentry (Yan and Antzelevitch 

1999; Antzelevitch, Brugada et al. 2002). Inactivated sodium channels result in patches 

of non-excitable tissue and new action potentials must go around these places. However, 

the sodium channels in those patches eventually recover from inactivation and can be 

excited by a previously rerouted action potential, generating a new, aberrant wave of 

depolarizations. Additionally, the mixture of inactivated and reactive channels tends to 

create a conduction delay. A conduction delay is a necessary component for a reentrant 

arrhythmia (Wit, Hoffman et al. 1972). 

 Gain of function mutations, on the other hand, result in an increase in sodium 

current at physiologically relevant voltages. Again, multiple mechanisms might be behind 

the gain of function - or a mixture. A leftward shift in the conductance-voltage (G-V) 

curve of the sodium channel would allow the sodium channel to open at voltages more 

hyperpolarized than in the WT condition. Accelerated kinetics of activation would also 

present as a gain of function. On the other hand, as with the loss of function mutations, 

gain of function can result from altered inactivation. For example, the LQT3 mutation 

A1330P results in a rightward shift of the steady state fast inactivation curve (Wedekind, 

Smits et al. 2001).  

 Arrhythmias result from LQT3 mutations because the interval between ventricular 

depolarization and repolarization (the QT interval) is extended. In this case, the QT 

interval is lengthened due to a flux of sodium current that continues beyond the point 
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where most of the WT sodium channels are inactivated. Therefore, the depolarizing 

sodium current acts to counter the hyperpolarizing potassium current. The lengthening of 

the QT interval increases the window of time during which the cardiac tissue is 

depolarized and also increases the probability of developing triggered arrhythmias (see 

Fig. 5). For example, potentially deadly arrhythmias can arise when the repolarization of 

cardiac tissue is delayed enough to allow for the recovery of a fraction of L-type calcium 

channels. Because the cardiac tissue is still depolarized, L-type calcium channels that 

have recovered from inactivation can open again, allowing a further depolarizing influx 

of calcium into the cell and forming an early afterdepolarization (EAD) which, if 

propagated through the ventricle, can lead to the development of arrhythmia (Davidenko, 

Cohen et al. 1989). 

 Due to the undeniable importance of the process of inactivation in pathological 

conditions, it is important to better understand the elements and steps involved in 

inactivation. Through a better understanding of inactivation, new disease mechanisms 

and potential treatment target sites may be elucidated. However, determining the role of 

different structural elements of the channel may prove difficult due to the complexity 

inherent in a heterotetrameric channel such as the sodium channel. 

1.4 Heterotetrameric Complexity  

1.4.1 Different domain, different function? 

 As stated above, the four domains of the sodium channel are homologous but not 

identical. This concept of domains with similar but distinct sequences extends as well 

into the S4 voltage-sensors. As the voltage-sensors themselves are not identical, different 

domains may (and probably do) contribute differentially to the total gating charge of the 
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channel. Such dissimilarity creates an opportunity for much more complex features in 

channel gating behavior than might be seen in a homotetramer. 

 If a voltage-sensor were to carry a larger fraction of the gating charge than any of 

the other domains, it would follow that this particular voltage-sensor may have different 

kinetics of motion or an altered voltage-dependence. Additionally, with voltage-sensors 

that have different kinetics or voltage-dependencies, it is also possible that each of the 

voltage-sensors may play a slightly different role in the gating of the sodium channel. 

There may even be a predominant sequence of voltage-sensor activation in response to a 

voltage jump. 

 The concept of differential voltage-sensor behavior is not a new one. Several lines 

of evidence have pointed to the possibility of different voltage-sensor roles in the past. 

For example others determined that the site-3 toxin Anthopleurin-A (Ap-A) specifically 

inhibited inactivation. Furthermore, Ap-A was found to reduce the gating charge by 

approximately 33% at depolarized potentials, a reduction which the authors believed was 

due to the effects of the toxin on inactivation (Hanck and Sheets 1995; Sheets and Hanck 

1995). Interestingly, Ap-A binds primarily to DIV, strengthening the argument that this 

domain is involved in inactivation (Benzinger, Drum et al. 1997). 

 Additionally, there was a study in which either the first or third voltage-sensor 

charge in one domain was neutralized. This study showed that most of the neutralizations 

(13 out of 15) caused a decrease in the voltage-dependence of peak sodium current and 

that 9 out of the 15 neutralizations caused a shift in the conductance-voltage relationship, 

results consistent with the S4 voltage-sensors being involved in the activation process. 
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However, it was determined that out of all of the voltage-sensors, only when 

neutralizations were made in the DIV S4 was inactivation affected (Chen 1996).  

More support for the argument of different roles for the voltage-sensors arrives 

from a study that locked the voltage-sensor of either DII or DIV into one conformation 

utilizing a photo-activatable crosslinker. This particular study found that when the DII S4 

was locked into one position, there was a reduction of ionic currents at every potential, 

but little effect on inactivation. Conversely, the locking of DIV S4 had a profoundly 

inhibitory effect on the inactivation of the channel and an increase in ionic currents at all 

potentials (likely due to defective inactivation)(Horn, Ding et al. 2000). 

 When placing an environmentally sensitive fluorescent probe on the top of a 

specific voltage-sensor, it was determined that the voltage-sensors behave differently. 

The DI, DII, and DIII voltage-sensors have rapid kinetics of movement in response to a 

depolarization and when comparing these kinetics to those of macroscopic channel 

opening, the movement of the DI-DIII voltage-sensors was found to precede channel 

opening - as would be expected for a process crucial for activation. On the other hand, the 

DIV S4 had much slower kinetics of movement and these kinetics matched closely with 

the decay of current - a finding which seems to tie the DIV voltage-sensor to inactivation 

(Chanda and Bezanilla 2002). 

 Additionally, when a toxin interacts specifically with the DIV of the voltage-gated 

sodium channel, that toxin tends to have an effect solely on channel inactivation. 

Alternatively, if a toxin interacts with the first three domains, whether or not it targets 

DIV, that toxin tends to alter the channel opening (Bosmans, Martin-Eauclaire et al. 

2008). 
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 Though there are a large number of papers supporting the existence of different 

roles for the voltage-sensors, some of that information is contradictory. The papers listed 

above primarily support the role of the DIV S4 in inactivation. However, a paper in 

which charges were replaced in the voltage-sensors of individual domains found that 

most of the mutations in the DI and DII voltage-sensors resulted in leftward shifts in fast 

inactivation, while most mutations in DIV resulted in no significant effects on fast 

inactivation. In their two paired papers, the Goldin group made the argument that all of 

the voltage-sensors were involved in activation and inactivation (Kontis 1997; Kontis and 

Goldin 1997). 

 Further complicating our ability to delineate specific roles for individual voltage-

sensors is the fact that much of the data that we have is difficult to interpret. For example, 

though the results gleaned from mutations of single gating charges are interesting, they 

are rather difficult to unravel in light of experiments in the potassium channel suggesting 

that neutralizations of even numbered charges can shift the open probability to the left 

whereas neutralizations of odd numbered charges can shift the open probability right 

(Papazian, Timpe et al. 1991).  Furthermore, different charges in a particular voltage-

sensor may contribute differently to the total charge of the channel, rendering the effects 

of the mutations hard to interpret. Additionally, experimental approaches utilizing 

mutagenesis must take into account the possibility of compensatory changes. For 

example, the lack of effect of a mutation does not necessarily mean that this residue is 

unimportant, rather, this may be due to a compensatory mechanism. Thus, one should not 

assign too much weight to data sets making single charge neutralizations. 
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 A further complication of many of these data sets is that they are observing 

macroscopic currents. Placing too much weight on changes in the kinetics of macroscopic 

currents is unwise. The processes of activation and inactivation are closely linked and 

therefore, the properties of inactivation shape the kinetics of activation as well. In 

macroscopic currents, there is a rapid rise to the peak of current and then a decay phase. 

However, the time to the peak of current may appear to be much shorter than it actually is 

because inactivation begins to set in and causes the current to decrease. This presents an 

obvious caveat to any experiments looking only at the kinetics of macroscopic currents. 

 Therefore, while it is reasonably clear that the voltage-sensors of different 

domains may play different roles, at this point in time, it is difficult to determine exactly 

what those roles may be. In order to better determine the involvement of a voltage-sensor 

in the processes of activation and inactivation, a systematic study must be performed in 

which the voltage-sensors may be functionally isolated from the others so that the 

behavior of the channel may be studied in the 'absence' of one voltage-sensor at a time. 

Due to the critical nature of inactivation in sodium channel disease processes, this work 

aims at specifically elucidating the role of each voltage-sensor in the processes of both 

fast and slow inactivation. 
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Figure 1: The sodium channel drives the reflex arc. (A) A diagram showing a simple 

reflex arc. Following a painful stimulus, a wave of depolarizations is initiated that passes 

through the spinal neurons and to a motor neuron. The motor neuron triggers contraction 
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of the muscle and withdrawal of the hand. (B) An enlarged portion of the membrane of 

neuron. After a localized depolarization past threshold, sodium channels open, allow 

sodium ions to enter the cell, and propagate the action potential.
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Figure 2: The transmembrane topology of the sodium channel and the sequence of 

the muscle Nav channel voltage-sensors. (A) The transmembrane topology of the 

voltage-gated sodium channel is shown. Domain (D) numbers are marked above. The 

transmembrane helices are labeled as S, the inactivation loop is labeled as I, and the 

reentrant P loops as P. (B) The sequence of the S4 voltage-sensors of the Nav1.4 rat 

skeletal muscle sodium channel is shown. The positively charged gating charges are 

marked in red. 
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Figure 3: Crystal structures of a eukaryotic potassium channel chimera and a 

prokaryotic sodium channel (A) The crystal structure of the Kv1.2/2.1 chimera adapted 

from Long et al. (Long, Campbell et al. 2005). The S1-S6 helices are marked and each 

domain is shown as a different color. (B) The crystal structure of the NavAb channel 

adapted from Payendeh et al. (Payandeh, Scheuer et al. 2011). On the left, a side view of 

two stacked channels is shown. On the right is the top down view. 

3A. 

3B. 
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Figure 4: Sodium channel mutations are spread throughout the channel. 

(A) The location of some of the mutations causing paramyotonia congenital (PMC). The 

figure was based on the review by Jurkat-Rott et al. (Jurkat-Rott, Holzherr et al. 2010) 

(B) Mutations resulting in generalized epilepsy with febrile seizures (GEFS). The figure 

was adapted based on the review by Catterall et al. (Catterall, Dib-Hajj et al. 2008). (C) 

The location of characterized mutations causing long QT syndrome 3 (LQT3). The figure 

was based on the review by Zimmer and Surber (Zimmer and Surber 2008). 
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Figure 5: The effects of sodium channel mutations on cardiac action potentials and 

the electrocardiogram. (A) Examples of cardiac action potentials in normal cases, 

brugada syndrome (BS), and long QT syndrome 3 (LQT3). Underneath, the sodium 

currents (and the changes in sodium current caused by these two conditions) are shown 

for reference. This was taken from Bezzina et al. (Bezzina, Rook et al. 2001). (B) 

Depicted here is an electrocardiogram (EKG) for BS which degenerates into arrhythmia 

and ventricular fibrillation. This figure was taken from Bell and Siriwardena (Bell and 

Siriwardena 2000) . (C) An EKG for LQT3 which also degenerates into ventricular 

fibrillation. This figure panel was taken from Chinushi et al. (Chinushi, Kasai et al. 

2002).
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CHAPTER II 

Experimental Procedures 

2.1 Materials 

Tetrodotoxin was purchased from Sigma-Aldrich (St. Louis, MO). Mu-conotoxin GIIIA 

(μ-CTX) was provided by the lab of Robert J. French (Calgary, Canada) or purchased 

from Bachem Americas (Torrance, CA). Methanesulfonic acid (MES) was purchased 

from Acros organics (Geel, Belgium). N- methyl-D-glucamine (NMG ) was purchased 

from Sigma-Aldrich. Collagenase A was purchased from Roche (Madison, WI). The 1 kb 

DNA ladder was purchased from New England Biolabs (Ipswich, MA) and the low mass 

ladder from Invitrogen (Life Technologies, Madison, WI). All restriction enzymes were 

purchased from New England Biolabs. Fast AP dephosphatase was purchased from 

Fermentas (Glen Burnie, MD). Primers were synthesized by integrated technologies (East 

Providence, RI). The PFU-Ultra DNA polymerase from Agilent technologies (Santa 

Clara, CA) was used for PCR reactions. All other chemicals were obtained either from 

Fisher Scientific (Fitchburg, WI) or from Sigma-Aldrich. 

2.2 Oocyte excision and preparation 

Adult female Xenopus laevis from either Xenopus Express (Brooksville, FL) or Nasco 

(Fort Atkinson, WI) were prepared for oocyte excision by anesthetizing them in MS-222 

(Sigma) until they lost their righting reflex and became unresponsive to toe pinch. A 

small, sterile incision was made just off of midline in the abdomen and lobes of oocytes 

were removed and placed in standard oocyte solution (SOS) without calcium (100 mM 

NaCl, 2 mM KCL, 1 mM MgCl2 x 6 H2O, and 5 mM HEPES at pH 7.2.). The animal was 
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then sutured using sterile Vicryl sutures (Ethicon 360, San Angelo, TX) and humanely 

euthanized via returning them to the anesthetic for an hour and transferring them to a 

designated -20 
o
C freezer.  

In the case of a frog survival procedure, the surgery was carried out as stated 

above. Next, the frog was placed in clean water and allowed to recover for two hours 

before returning the animal to the holding area. For a period of at least two days, the 

animal was placed into an isolated tank and carefully observed for any complications. A 

single frog was used a maximum of five times. All animal care and procedures were 

carried out with the guidance and approval of the institutional care and use of animals 

committee at the University of Wisconsin - Madison.  

 Following their removal, the oocytes were mechanically dissociated using sterile 

forceps. Following two rinses in SOS without calcium, the oocytes were placed in 1 mg/ 

ml Collagenase A dissolved in SOS without calcium and were placed on a turntable 

(VWR, Radnor, PA) for 20 minutes. After three rinses with SOS without calcium, the 

oocytes were again manually separated with sterile forceps and then they were returned 

to the collagenase for another 15 minutes. Following three rinses in SOS without 

calcium, the oocytes were observed under a dissection microscope (Ningbo Yong Jing 

Science And Education Equipments Co., Ningbo, China). If the oocytes were still in their 

follicular layers, they were returned to the collagenase for another 5 - 10 minutes. This 

process was repeated until 20 percent or more of the oocytes were defolliculated. Next, 

the oocytes were stored in SOS with 1.8 mM CaCl2 x 2 H2O, 100 μg/ml Gentamicin, and 

1 mg/ml bovine serum albumin (Sigma- Aldrich). Oocytes were stored in an 18 
o
C 
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incubator (VWR). All oocyte solutions were measured for the correct osmolarity (200 - 

210 mmol/kg) using a Wescor Vapro 5520 Osmometer (Logan, UT). 

2.3 Mutagenesis and DNA preparation 

Mutations were made using the QuikChange kit (Qiagen, Valencia, CA). Sequences were 

validated utilizing the reagents and sequencer of the Biotechnology Center at the 

University of Wisconsin - Madison and the Qiagen MagDTR resin and kit. Mutations 

were cloned into the pBSTA-Mu1-Z3 vector which is optimized for oocyte expression 

and contains an ampicillin resistance cassette. Constructs were transformed into 

chemically competent XL1-Blue cells prepared in the lab. Plasmid purification was 

carried out using the Qiagen mini-prep or midi-prep kits and the final concentration was 

assessed using a Nanodrop 2000c spectrophotometer (Thermo Scientific, Wilmington, 

DE).  

2.4 RNA preparation and injection 

DNA was linearized using the NotI enzyme and then the linearized DNA was purified 

using PelletPaint (EMD Millipore, Billerica, MA). RNA was made using the T7 RNA 

polymerase mMessage mMachine kit (Life Technologies, Grand Island, NY) and then 

concentrated by lithium chloride precipitation. The sodium channel α subunit was diluted 

in RNAse free water to a stock concentration of 2 μg/μl and the β1 subunit was diluted to 

a stock concentration of 0.4 μg/μl and the concentrations were verified using the 

Nanodrop 2000c. All RNA was stored in a -80 
o
C freezer until needed. 

 For injection, an equal volume of α and β1 subunit at 2 μg/μl and 0.4 μg/μl 

respectively were mixed together. Oocytes were selected and placed in sterile SOS 

without calcium and a micropipette was pulled using the PP-83 puller (Narishige, East 
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Meadow, NY). The tip of the pipette was broken off and the pipette was back loaded with 

mineral oil. The pipette was loaded onto a Nanoliter 2000  microinjector (World 

Precision Instruments; Sarasota, FL). The RNA was loaded into the pipette and 50.6 nl 

was injected into each oocyte. Following injection, oocytes were moved to SOS with 

calcium, and 100 μM DTT (unless stated otherwise), 0.2 mM EDTA, and 100 μg/ml 

Gentamicin and stored for 2 to 7 days in an 18 
o
C incubator until optimum expression 

levels were obtained. 

2.5 Electrophysiological Experiments 

 2.5.1 Ionic currents using the two electrode voltage clamp technique 

 After storage in the 18 
o
C incubator for 1-3 days post injection, oocytes were 

assessed for sodium channel expression utilizing the two electrode voltage clamp (TEV) 

technique. Micropipettes were pulled using a P-97 flaming brown microelectrode puller 

(Sutter Instrument Co., Novato, CA) to a resistance of 0.2 to 0.7 MΩ. Oocytes were 

placed in 105 mM sodium external solution (105 mM NaOH, 20 mM HEPES, 2 mM 

Ca(OH)2 and MES to pH 7.4) and then two microelectrodes with a AgCl wire and filled 

with 3 M KCl were inserted into the oocyte. The oocyte was clamped at -80 mV using an 

OC-725C Oocyte Clamp (Warner Instruments) and allowed to equilibrate for 5 minutes 

prior to recording. Next oocytes were stepped to -120 mV for 50 ms and then a voltage 

pulse train from -120 mV to 65 mV was applied for 20 ms and the oocyte was returned to 

-120 mV. A p/4 subtraction with a subtraction holding potential of -130 mV was used to 

subtract membrane leak and to minimize the capacitive transient. Data on the TEV was 

collected using pClamp 8 software (Molecular Devices, Sunnyvale, CA) and the resulting 
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traces were analyzed in Clampfit (Molecular Devices, Sunnyvale, CA) followed by Excel 

(Microsoft, Redmond, WA). 

 2.5.2 Ionic current measurements using the voltage clamp on cut open oocyte 

technique. 

 After storage in the 18 
o
C incubator for 2-4 days post injection, oocytes were 

placed into the voltage clamp on cut open oocyte setup for measurement of ionic 

currents. The oocytes were placed in 105 mM sodium external solution as described 

above and seated in the central chamber positioned over a hole leading into the lower 

chamber. Next, the top chamber was placed on top of the oocyte so that the membrane of 

the oocyte protruded through the hole and into the top chamber. The top chamber was 

filled with 105 mM sodium external solution and the bridges were added. All data was 

collected using the pClamp 10 software (Molecular Devices, Sunnyvale, CA). 

 The voltage clamp on cut open oocyte (COVG) technique works as described in 

(Stefani E 1998), briefly, 3M KCl agar bridges with platinum wire are placed in wells 

containing an AgCl wire and 3M KCl and into each separate bath. The top bath receives 

three electrodes: the P1, P2, and CC electrode. These electrodes are used to clamp the 

membrane of the oocyte to the command potential and to minimize the capacitive 

transient. Two electrodes, GS1 and GS2 go into the central guard chamber. Their 

function is to prevent leak from the top chamber into the lower bath chamber by 

electrically isolating the chamber. Finally, the bottom chamber receives the I bridge 

which is the current injection electrode. The lower membrane of the oocyte which 

protrudes into the bottom bath chamber is permeabilized using a mild detergent and this 

allows the I current injection bridge access to the interior of the oocyte. A sharp recording 
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electrode, V1, filled with KCl and a AgCl wire is inserted through the top membrane of 

the oocyte and then the membrane may be clamped to the command potential (see Fig. 1 

for a diagram of both TEV and COVG).  

Essentially, the COVG technique improves on the TEV technique by decreasing 

the area of membrane that must be clamped and also by decreasing the resistance to the 

clamp via the permeabilization of the lower membrane. These two factors increase the 

speed of the clamp and allow the operator to measure processes with much more rapid 

kinetics than is usual with the TEV. Unless otherwise stated, all COVG experiments were 

conducted in 105 mM NMG internal solution (105 mM NMG, 20 mM HEPES, 2 mM 

EGTA, and MES to pH 7.4). 

 After the placing the bridges, the lower bath solution was exchanged with saponin 

in NMG internal solution (3 mg/ml saponin). After the lower membrane of the oocyte 

was permeabilized, the lower solution was exchanged several times with 105 mM NMG 

internal solution. Next, a sharp microelectrode containing an AgCl wire and 3M KCl at 

0.2-0.7 MΩ resistance was inserted into the oocyte membrane. Using a CA-1B clamp; 

(Dagan Instruments, Minneapolis, MN), the membrane was clamped to -80mV. To 

minimize the capacitive transient, capacitance compensation was carried out at voltages 

stepping from -100 to -90 mV. We allowed the oocytes to equilibrate for 5 minutes at -80 

mV and then ionic currents were collected. 

 Ionic currents were elicited utilizing a pulse protocol that applied a 50 ms 

prepulse to -120 mV followed by a 30 ms pulse train from -110 mV to 65 mV and then 

returning to -120 mV. This protocol reduced the capacitive transient using a P/-4 
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subtraction protocol with a subtraction holding potential of -120 mV. Traces were 

analyzed in Clampfit and then in Excel. 

 2.5.3 Gating pore current studies 

 Gating pore currents were collected in 105 mM sodium external solution (for DI-

CN, DIV-CN, DIV-CN-Y401S, and D400C-E755C-DIV-CN) or 105 mM potassium 

external (composed similarly to sodium external) solution (DII-CN and DIII-CN). 

Following equilibration at -80 mV for 5 minutes, gating pore currents were collected 

using a protocol that applied test pulses from −160 to −70 mV for 60 ms following a 50-

ms prepulse to −120 mV. In the case of the TTX and μ-CTX experiments, the channels 

were then blocked with either 0.6 - 1.1 μM TTX or 6 - 25.7 μM μ-CTX. Central pore 

currents were elicited by test pulses ranging from -80 to 70 mV for 60 ms in order to 

confirm block. After the channels were completely blocked (such that no central pore 

ionic current could flux), the gating pore currents protocol was re-run and the traces 

collected after toxin application were normalized with respect to the maximum gating 

pore current measured before toxin was applied (at -160 mV). 

 In the case of the disulfide crossbridge experiments with the D400C-E755C-DI, 

DII, DIII, or DIV-CN constructs, following injection the oocytes were stored in SOS with 

calcium storage solution and 100 μg/ml Gentamicin. No EDTA or DTT was added to the 

solution for these experiments. The absence of DTT allows for disulfide formation. After 

equilibration of the oocytes for 5 minutes at -80 mV, gating pore currents were elicited 

with the protocol described above and then the oocytes were treated with 2 mM H2O2 in 

order to maximize disulfide formation. Following the application of H2O2, the oocytes 

were held at -80 mV for 5 minutes before gating pore currents were collected again. 
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Following this protocol, the solutions in both the top and middle chambers were 

exchanged for 105 mM sodium external solution containing 1 mM of freshly made DTT. 

The oocytes were held at 5 minutes at -80 mV so as to allow the DTT to break the 

disulfide bonds and then the gating pore currents protocol described above was repeated. 

All steps of this protocol were further performed on the DI, DII, DIII, and DIV-CN 

mutants so as to verify that H2O2 and DTT do not have an effect on the gating pore 

currents of the mutants without the cysteines present. 

 We further investigated the effects of slow inactivation on the DIV-CN gating 

pore currents. These experiments were carried out by first pulsing the channels from -120 

mV to -10 mV for 20 ms to measure the ionic current and then a pulse train from -160 to 

60 mV was applied for 60 ms before returning to -120 mV for 20 ms. We next used a 

cumulative slow inactivation protocol (modified from protocols used by Cummins and 

Sigworth and Townsend and Horn)(Cummins and Sigworth 1996; Townsend and Horn 

1997). For the 30 s cumulative slow inactivation protocol, the oocytes were held at -10 

mV for 30 s before beginning the protocol described above. Additionally, the oocytes 

were also held at -10 mV for 30 s in between every voltage step. 

 For all gating pore current experiments, no p/n subtraction protocol was utilized 

meaning that the initial kinetics are likely to be contaminated by capacitive transient. 

Offline leak subtraction was utilized to subtract any significant linear leak. The offline 

leak subtraction protocol was performed by observing the linear leak at three subsequent 

potentials where there was no central pore or gating pore current. A line was fit to those 

data points and the equation of the line was used to calculate the leak at each potential. 
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2.5.4 OFF gating current experiments 

 In order to observe the effects of a particular toxin on the movement of the gating 

charges in the WT channel, it was necessary to obtain recordings both before and after 

toxin application. To study gating currents, it is necessary to block the central pore 

current of the channel using a toxin. Typically, the toxin used for these experiments is 

TTX. However, we needed information on the characteristics of gating charge movement 

before toxin was applied. In order to do this, we decided to inactivate the channels and 

then measure the OFF gating currents (ie. the currents resulting from the return of the 

voltage-sensors to their resting conformations). In the case of these experiments, the 

solutions used were 105 mM NMG internal and external solution in order to limit the 

presence of permeable ions. The rationale behind performing these experiments was that 

inactivating the channels and replacing much of the permeable ions with NMG would 

limit the amount of current fluxing through the central pore of the channel. Additionally, 

the OFF gating currents are in an inward direction and any current fluxing through the 

central pore of the channel would have to be in an outward direction because the only 

source of permeable ions comes from the potassium inside the oocyte itself. 

 For these experiments, following capacitive compensation and equilibration at -80 

mV for 5 minutes, the OFF gating currents were collected in the absence of any toxin. 

The protocol used to elicit these currents consisted of a 50 ms pulse to -130 mV followed 

by a 30 ms pulse to 50 mV. Next, a 20 ms voltage step train was applied from -130 to 50 

mV, followed by a return to -130 mV. It was also necessary to subtract the leak and 

minimize the capacitive transient via a p/4 subtraction with a subtraction holding 

potential of -130 mV. Following the measurement of these currents in the absence of 
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toxin, either 0.6 - 1.1 μM TTX or 6 - 25.7 μM μ-CTX was used to block the channels. 

Following a 5 minute equilibration at -80 mV the protocol described above was repeated.  

 In Clampfit, the raw traces were first baselined near the end of the test pulse 

waveform. Next, all OFF gating currents were analyzed by integrating the OFF gating 

current to get charge movement over time and then they were fit to a single Boltzmann 

equation of the form: 

Q/Qmax(V) = 1/(1 + exp (-ze(V − V1/2)/KT)) 

where V1/2 is the half maximal voltage, z is the apparent valence, e is the electronic 

charge, K is the Boltzmann constant, and T is the temperature (the Boltzmann fits were 

obtained by using the Excel solver function to minimize the sum of squared errors). In 

order to effectively compare the OFF gating currents collected before toxin to those 

collected after toxin, the currents were collected in the same oocyte and those OFF gating 

currents collected after toxin application were normalized to those collected before toxin 

was added. 

 2.5.5 Steady state inactivation experiments 

 All steady state inactivation experiments were carried out in 105 mM sodium 

external solution and 105 mM NMG internal solution. For all experiments that follow, 

the DII-CN mutant that was used was the triple neutralization mutant and not the double 

mutant used in prior experiments. The voltage-dependence of fast inactivation was 

assessed using a protocol that first applied a 20 ms prepulse to -120 mV followed by a 20 

ms voltage step train from -170 to 50 mV. Next, a 1 ms hyperpolarization to -120 mV to 

close non-inactivated channels was followed by a 30 ms test pulse to -30 mV to assess 
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the fraction of channels inactivated. All steady state inactivation data was fit to a single 

boltzmann equation. 

 2.5.6 Entry into fast inactivation experiments 

 As with the steady state inactivation experiments, all entry into fast inactivation 

experiments were carried out in 105 mM sodium external and 105 mM NMG internal 

solutions. To measure the kinetics of entry into fast inactivation, a protocol was used that 

applied a 20 ms prepulse to -120 mV followed by a variable duration (from 0.1 to 50 ms) 

inactivation pulse at the specified inactivation voltage (from -120 to 0 mV). The 

inactivation pulse was followed by a brief 1 ms hyperpolarization to -100 mV. At each 

time duration, the fraction of channels that had not inactivated was measured at a 0 mV 

test pulse for 30 ms immediately following the 1 ms hyperpolarization (see Fig. 2 A). 

 2.5.7 Recovery from fast inactivation experiments 

 Again, these experiments were carried out in 105 mM sodium external and 105 

mM NMG internal solutions. The kinetics of recovery from inactivation were assessed 

via a protocol that applied a 20 ms prepulse to -120 mV followed by a 30 ms inactivating 

pulse to -20 mV, a variable length recovery pulse (from 0.1 to 40 ms) at the indicated 

voltage, and then a 30 ms test pulse to -20 mV to measure the fraction of channels that 

recovered from inactivation during the recovery interval (see Fig. 2 B). 

 2.5.8 ON gating current experiments 

 These experiments were carried out in 105 mM NMG external and internal 

solutions. Channels were blocked using 6 to 25.7 μM μ-CTX and then allowed to 

equilibrate at -80 mV for 5 minutes. Next, the channels were pulsed to -130 mV for 52 

ms and then a voltage pulse train from -170 to 45 mV was applied for 20 ms before 
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returning the membranes to -130 mV. To eliminate leak and subtract the capacitive 

transient, p/4 subtraction was carried out from a subtraction holding potential of 50 mV. 

Following data collection, the ON gating currents were integrated in clampfit to give us 

the charge movement in time. This data was then plotted versus voltage in order to give 

us the ON gating current charge-voltage (Q-V) relationship. The Q-V curves were either 

fit to a single or a double Boltzmann equation in Excel. 

2.6 Data Analysis 

 2.6.1 Fits of entry into and recovery from fast inactivation 

 Both the entry into and the recovery from fast inactivation data exhibit a typical 

lag before either entry or recovery begins. This lag time changes based on the entry or 

recovery voltage and it is a critical indicator of the inactivation behavior of the construct 

in question. In order to obtain numerical values for both the time constants and the lag 

phase, entry and recovery data for each construct were fit to a bi-exponential equation 

with a variable lag (t0) or in the case of the DIV-CN recovery from inactivation data to a 

mono-exponential equation with a variable lag. The bi-exponential equation was of the 

form:  

F(x) = A1(1+e
((t-t0)/τ1)

) + A2(1-e
((t-t0)/τ2)

) x H(t0)  

where A1 is the amplitude of the fast component and A2 is the amplitude of the slow 

component , t is the time, t0 is the lag time, τ1 is the time constant of the fast component 

and τ2 is the time constant of the slow component, and the step function H(t0) = 0 for t < 

t0 and 1 for t ≥ t0.The mono-exponential equation followed the form: 

F(x) = A(1+e
(t-t0)/τ)

) x H(t0) 
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where A is the amplitude, t is the time, t0 is the lag time, τ is the time constant, and the 

step function H(t0) = 0 for t < t0 and 1 for t ≥ t0. These fits were performed using Matlab 

(Mathworks, Natick, MA). 

 2.6.2 Plotting graphs, testing significance, and figure building 

 Either Excel, Origin (OriginLab Northampton, MA), or Prism (GraphPad 

Software, La Jolla, CA) were used to plot all graphs. The error bars represented in each 

graph represent the standard error of the mean and for each experiment, there was a 

minimum of three separate tests. In all cases, figures were constructed using the Adobe 

Illustrator 10 program (San Jose, CA). Significance was determined using the Excel 

Analysis software and more specifically the student's t test with either paired or unpaired 

variables as appropriate. 
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Figure 1: Diagrams depicting the voltage-clamp on cut open oocyte and the two 

electrode voltage clamp setups. (A) A schematic showing the basic setup for voltage 

clamp on cut open oocyte. (B) A diagram showing the two electrode voltage clamp setup. 
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Figure 2: Entry and recovery from fast inactivation protocols. 

(A) Pulse protocol for entry into inactivation where ‘X’ is varied by both time and 

voltage as specified. (B) Recovery from inactivation protocol where the recovery interval 

‘Y’ is varied by both time and voltage as specified.
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CHAPTER III 

Determining the Connectivity Between the Selectivity Filter and the Voltage-Sensors 

3.1 INTRODUCTION 

The linkage between the voltage-sensors and the inner pore gate has been well-

characterized. This canonical mode of coupling grants voltage-sensitivity to the channel 

opening process. However, there are important gating processes that involve other 

structures and regions of the channel. For example, the process of fast inactivation 

involves the inactivation loop, connecting domains III and IV, plugging the main pore of 

the channel from the inside (Armstrong, Bezanilla et al. 1973; Stühmer W 1989; West, 

Patton et al. 1992; Kirsch, Alam et al. 1994). Another gating process called slow 

inactivation is thought to resemble C-type in activation in potassium channels  in which 

the selectivity filter region of the channel collapses and constricts the outer pore region of 

the channel (Lopez-Barneo, Hoshi et al. 1993; Liu, Jurman et al. 1996; Cordero-Morales, 

Cuello et al. 2006; Cordero-Morales, Cuello et al. 2006; Cuello, Jogini et al. 2010). Slow 

inactivation functions to set the waveform pattern in the brain by diminishing the long 

term availability of sodium channels under conditions of frequent firing (Fleidervish, 

Friedman et al. 1996). Additionally, slow inactivation is a natural brake to terminate 

aberrant excitation such as that which you would find during epilepsy, arrhythmias, and 

states during which the membrane is partially depolarized (as in ischemia).  

Like activation and fast inactivation, slow inactivation is a voltage-dependent 

process (Schauf, Pencek et al. 1976). However, it is controversial whether the voltage-

dependence of slow inactivation derives from its coupling to activation or through direct 
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coupling to one or more voltage-sensors. Previous work has shown that there is a voltage-

sensor mode shift in which the charge-voltage (Q-V) curve of the channel is shifted to 

more hyperpolarized potentials after the membrane has been held at depolarized 

potentials for extended periods (Bezanilla, Taylor et al. 1982). A correlation was drawn 

between this voltage-sensor mode shift and the process of slow inactivation in potassium 

channels, suggesting that the change in voltage-sensor conformation triggered the slow 

inactivation process (Olcese, Latorre et al. 1997). While this is an attractive hypothesis, 

later studies from the same group revealed that the voltage-sensor mode shift was in fact 

an intrinsic property of the voltage-sensor. When an isolated voltage-sensor (Ci-VSP) 

was expressed, the authors determined that holding the membrane at a positive potential 

for an extended time caused a similar leftward shift in the Q-V curve of Ci-VSP 

(Villalba-Galea, Sandtner et al. 2008). It is still unclear whether or not the voltage-

sensors are involved in triggering slow inactivation. In order to shed some light on this 

controversy, we elected to monitor the movement of individual voltage-sensors as we 

altered the conformation of the outer pore region.  

The standard methods of observing voltage-sensor movement would be 

inappropriate in this study. The most common method for observing voltage-sensor 

movement is through the measurement of gating currents. Gating currents are the 

capacitive current generated by the movement of the charges of all the voltage-sensors 

across the membrane electric field. However, gating currents are typically recorded in the 

presence of an outer pore blocking toxin which in and of itself could alter the structure of 

the outer pore. The other obvious method for tracking the individual voltage-sensors is 

via the measurement of voltage-dependent changes in fluorescence from a probe attached 
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to a cysteine engineered into specific voltage-sensors. While voltage-clamp fluorimetery 

is a useful tool in understanding the role of the voltage-sensors, it has a crucial limitation. 

Perhaps the most critical problem in analyzing voltage-clamp fluorimetry data arises 

from the size of the fluorophore itself. Because environment sensitive probes such as 

Tetramethylrhodamine maleimide (TMRM) are large molecules, they have a tendency to 

monitor the conformational changes not only in the voltage-sensor, but also in 

neighboring regions of the protein as well. TMRM is large enough that it would possibly 

measure conformational changes both in the voltage-sensor and the pore. In order to 

detect any coupling between the voltage-sensor and the pore, we must be able to monitor 

the conformational changes of specific voltage-sensors separately from conformational 

changes in the pore. Due to these limitations, we utilized another method of tracking 

voltage-sensor movement called gating pore currents. 

The voltage-sensors are hypothesized to move through aqueous or proteinaceous 

cavities referred to as gating pores (Islas and Sigworth 2001; Sokolov, Scheuer et al. 

2005; Sokolov, Scheuer et al. 2007; Sokolov, Scheuer et al. 2010). At the narrowest point 

of the gating pore is the gating pore septum and at this region, the positive charges of the 

voltage-sensor act as a cork in the bottle that blocks the gating pore to permeation by any 

ions. Gating pore currents, also called omega currents, result from mutating one or more 

of the positively charged residues in the voltage-sensor and thus allowing ions to flux 

through the gating pore. These omega currents only flux when the mutated voltage-sensor 

is in a permissive position and as soon as the voltage-sensor moves out of position, the 

gating pore currents shut down. Thus, gating pore currents are a reliable conformational 
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indicator for the mutated voltage-sensor and any change in the voltage-dependence of 

voltage-sensor movement will result in altered gating pore currents. 

We constructed mutants in which either the first two or three charges in one 

voltage-sensor at a time were neutralized to glutamine. These charge neutralization (CN) 

mutants exhibit ionic currents which are not blocked by the central pore blocker 

tetrodotoxin (TTX) and they are only active at hyperpolarized potentials at which the 

voltage-sensor is in its resting position. We used these currents to accurately report a 

specific mutant voltage-sensor’s movement as we perturbed the conformation of the outer 

pore of the sodium channel with outer pore blockers and disulfide bonds. We 

hypothesized that altering the conformation of the selectivity filter region should result in 

changes in the gating pore currents of a voltage-sensor only if that voltage-sensor was 

coupled to the outer pore of the channel. 

3.2 RESULTS 

3.2.1 Design and characterization of the charge neutralization mutants 

 Design of the CN mutants in Nav1.4 was partially motivated by the recent 

discovery that mutations of specific residues in the S4 segments allow state-dependent 

ion flux through the voltage-sensors. In particular, it was observed that the neutralization 

of two paired charges in the DII voltage-sensor resulted in gating pore currents (Sokolov, 

Scheuer et al. 2005). For each domain mutant (ex. DI-CN), we neutralized the first three 

charges (the first two in DII) by mutating them to glutamine. All four CN mutants (the S4 

sequences are shown in Fig. 1A) were functional (Fig. 1B) and we observed inward 

gating pore currents at hyperpolarized potentials that were not blocked by TTX (Fig. 2 

and Fig. 3). Central pore currents were collected in 105 mM sodium external solution 
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(DI-CN, DIV-CN, and DIV-CN Y401S), in 52.5 mM sodium external solution (DII-CN), 

or 105 mM potassium external (DIII-CN) and 105 mM N-methyl D-glucamine (NMG) 

internal solution (for full composition, see Chapter II, 2.5.1). Central pore currents were 

elicited by test pulses ranging from -80 to 70 mV for 60 ms. Gating pore currents were 

collected either in 105 mM sodium external solution and 105 mM NMG internal solution 

(DI and DIV) or 105 mM potassium external solution and 105 mM NMG internal 

solution (DII and DIII) (see Chapter II, 2.5, for complete composition). The gating pore 

currents were elicited by test pulses from -160 mV to -80 mV for a duration of 60 ms (see 

Chapter II, 2.5.3).  

3.2.2 Effects of TTX and μ-CTX on the gating pore currents of DI, DII, DIII, and DIV 

 To investigate the coupling between the voltage-sensors and selectivity filter 

region, we first attempted to perturb the conformation of the outer pore with TTX. TTX 

is an outer pore blocker known to bind close to the selectivity filter of the channel 

(Backx, Yue et al. 1992; Satin, Kyle et al. 1992; Leffler, Herzog et al. 2005; Zhang, 

McArthur et al. 2009; Zhang, Gruszczynski et al. 2010) and it is the toxin most 

commonly used in the recording of gating currents. We compared the gating pore 

currents of each domain both before and after concentrations of TTX (up to 1.1μM) at 

which the central pore was completely blocked (see Fig. 4). As expected, TTX did not 

block the gating pore currents through the CN mutants (see Fig. 3). Though TTX has 

little effect on the gating pore currents of DI, DII, or DIII, it causes a significant 

reduction in the gating pore currents through DIV-CN. The amplitude of the current was 

reduced by as much as 74% at -110 mV (p<0.05). Increasing the concentration of TTX 
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up to ten fold caused no further inhibition of the DIV-CN gating pore currents (see Fig. 

5). This suggests that the TTX effect on DIV-CN is maximal. 

 TTX alters the DIV gating pore currents under conditions where the central pore 

currents are completely blocked (see Fig. 4), however, there are two alternative 

explanations as to how TTX is affecting the DIV voltage-sensor. One explanation is that 

TTX alters the DIV voltage-sensor’s behavior after binding to its site in the main pore of 

the channel. The alternate explanation is that TTX binds to the DIV-CN voltage-sensor 

and directly blocks the gating pore currents. In an attempt to disprove this second 

explanation, we constructed the DIV-CN mutant in the background of a mutation that 

renders the channel nearly insensitive to TTX block (Y401S). The Y401S mutation is 

next to the selectivity determining DEKA locus (Heinemann, Terlau et al. 1992; 

Chiamvimonvat, Perez-Garcia et al. 1996; Favre, Moczydlowski et al. 1996; Perez-

Garcia, Chiamvimonvat et al. 1997; Huang, Favre et al. 2000) and this residue is known 

to be critical for TTX binding (Backx, Yue et al. 1992; Satin, Kyle et al. 1992). We 

hypothesized that if TTX exerted its effect on the DIV voltage-sensor from its binding 

site in the selectivity filter, then TTX would have no effect on the Y401S DIV-CN 

mutant. TTX had no effect on the gating pore currents through the DIV voltage-sensor in 

the Y401S DIV-CN mutant and therefore must be bound to its site in the central pore in 

order to alter the behavior of the DIV voltage-sensor (see Fig. 6). 

 TTX is a positively charged toxin with a net charge of +1 at physiological pH. 

Therefore, we tested whether TTX was affecting the DIV voltage-sensor via a direct 

electrostatic interaction or by an allosteric mechanism. In an attempt to discriminate 

between these two possible mechanisms, we selected a much more highly charged outer 
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pore blocker, μ-conotoxin (μ-CTX). At physiological pH, μ-CTX has a net nominal 

charge of +6 and therefore, we would hypothesize that if the effect of TTX on the DIV 

voltage-sensor is mediated via electrostatics then μ-CTX should have an even greater 

impact on the DIV-CN gating pore currents. 

 We applied μ-CTX to each of the CN mutants at concentrations sufficient to 

completely block the central pore (up to 25.7 μM) (see Fig. 7) and observed that μ-CTX 

did not affect the gating pore currents of DI, DII, and DIII. Additionally, μ-CTX 

application resulted in a much smaller reduction (16% at most) in the DIV-CN gating 

pore currents (see Fig. 8). 

 We further analyzed the gating pore current data by plotting residual gating pore 

currents after toxin versus voltage and found that the μ-CTX inhibition of the DIV gating 

pore currents is voltage independent, but this is not the case for the TTX inhibition of 

DIV gating pore currents (see Fig. 9). The TTX inhibition of the DIV-CN gating pore 

currents is more marked at depolarized potentials and because these experiments are done 

at concentrations of TTX where the central pore is completely blocked, the voltage-

dependence exhibited here can’t be due to the voltage-dependence of TTX binding to the 

pore. 

3.2.3 The effect of TTX and μ-CTX on the OFF gating currents of wildtype sodium 

channel 

 The previous experiments were all conducted in a mutant background, leaving 

open the possibility that the coupling observed between the outer pore and the DIV 

voltage-sensor exists only in the mutant DIV-CN background. To eliminate this as a 
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possibility, we measured the effect of TTX on a wildtype (WT) sodium channel 

background.  

 To measure gating currents, the central pore of the channels is blocked using a 

toxin such as TTX or μ-CTX. The block of the central ion conductance allows for the 

gating currents to be isolated. However, we needed to measure the gating currents both 

before and after toxin block in order to detect any changes in voltage-sensor behavior 

induced by the toxin. Therefore, we elected to inactivate the channels with a 30 ms step 

to 50 mV. Next, we applied a voltage pulse train from -130 to 50 mV to measure the OFF 

gating currents (the capacitive transient generated by the voltage-sensors moving back to 

their resting position). The experiments were conducted in 105 mM NMG external and 

internal (for full protocol and solution composition see Chapter II, 2.5). We recorded well 

defined non-linear charge movements without pore blockers and when we integrated 

these OFF gating currents to get a Q-V curve, it was saturated on both ends (see Fig. 10) 

meaning that there was minimal ionic contamination. 

 We compared the WT OFF gating currents before and after the application of 

saturating concentrations of TTX and we found that the total OFF gating charge was 

reduced by 24% (Fig. 11). Unlike TTX, μ-CTX caused no reduction in the total OFF 

gating charge. This is consistent with the minimal effect of μ-CTX on the gating pore 

currents of DIV-CN. When recording these OFF gating currents, it was necessary to 

apply a p/-4 subtraction at a holding potential of -130 mV in order to separate the OFF 

gating currents from the capacitive transient. Since the leak subtraction was implemented 

at -130 mV, if there was a shift in the Q-V curve to more hyperpolarized potentials, this 

could result in a fraction of the OFF gating current being subtracted erroneously. 
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Therefore, due to subtraction, a decrease in the total charge of the OFF gating currents 

could in fact represent a leftward shift in the Q-V curve.  

3.2.4 The effect of a disulfide bond in the selectivity filter on gating pore currents 

 Though the above results supported the existence of coupling between the outer 

pore region and the voltage-sensor of DIV, all of these experiments were done in the 

presence of TTX. Therefore, it was essential that we determine whether the coupling 

between the selectivity filter region and the DIV voltage-sensor was present under normal 

physiological conditions or was an artifact induced by the binding of TTX. For this 

reason, we began searching for a way to perturb the conformation of the outer pore 

without using a pore blocking toxin.   

Balser et al. discovered that mutating both D400 and E755 to cysteine resulted in 

a mutant channel with the ability to form a spontaneous disulfide that blocked off all 

ionic currents through the central pore. When the D400C/E755C disulfide bond was 

broken using a reducing agent, the central pore ionic currents were recovered (Benitah, 

Ranjan et al. 1997; Tsushima, Li et al. 1997; Ong, Tomaselli et al. 2000; Xiong, Li et al. 

2003; Xiong, Farukhi et al. 2006). This disulfide bond is in the DEKA selectivity filter 

and is also near the TTX binding site and therefore was ideal for altering the 

conformation of the outer pore. We hypothesized that a disulfide bond in the selectivity 

filter might prevent structural rearrangements and unmask intrinsic conformational 

coupling between the selectivity filter and the voltage-sensors. 

We constructed D400C/E755C in the background of the DI, DII, DIII, and DIV-

CN mutants and measured gating pore currents in the presence and absence of the 

disulfide bond. In our hands, the D400C/E755C mutants frequently exhibited small 
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residual ionic currents through the central pore and therefore we added 2-4 mM H2O2 to 

maximize disulfide formation (see example currents for DIV-CN in Fig. 12). In reducing 

conditions (1 mM dithiothreitol, DTT), we observed robust sodium currents upon 

depolarization for all of our mutants. We compared the gating pore currents of DI, DII, 

DIII, and DIV-CN both in oxidizing and reducing conditions (for the full solution 

compositions, check Chapter II, 2.5) and found that a disulfide bond in the selectivity 

filter had no effect on the omega currents of the D400C/E755C DI, DII, or DIII as 

compared to control. However, the gating pore currents of D400C/E755C DIV-CN 

increased substantially when the disulfide bond was reduced in DTT (70% at -140 mV) 

(Fig. 13). The gating pore currents of the DI, DII, DIII, and DIV-CN controls without the 

cysteine mutations were minimally affected by either H2O2 or DTT showing that the 

observed effects are due to the disulfide bond. 

3.2.5 The effects of slow inactivation on the DIV-CN gating pore currents 

 Though we could say confidently that the selectivity filter region was 

conformationally coupled to the DIV voltage-sensor, we had no solid information to link 

this conformational transition to the process of slow inactivation. In an attempt to draw a 

parallel between slow inactivation and the DIV voltage-sensor, we chose to measure the 

DIV-CN gating pore currents both before and after slow inactivation. 

 We first recorded the gating pore currents of DIV-CN using a holding potential of 

-80 mV and the channels were pulsed from -120 to -10 mV for 20 ms in order to measure 

ionic currents. Directly after this pulse, a 60 ms voltage step train from -160 to 60 mV 

was applied in order to measure the gating pore currents and then the membrane was 

returned to -120 for 20 ms. Due to the long length of the slow inactivation protocol, we 
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chose to use a cumulative slow inactivation procedure modified from protocols 

developed by others (Cummins and Sigworth 1996; Townsend and Horn 1997). To slow 

inactivate the channels, we held the oocytes at -10 mV for 30s and re-applied the protocol 

above. In between every voltage pulse, the oocytes were returned to the -10 mV holding 

potential for 30 s. We found that the gating pore currents of DIV-CN reduce after slow 

inactivation (Fig. 14). To see whether this decrease in DIV-CN gating pore currents was 

reversible, we allowed the channels to recover at -80 mV for 10 minutes and we found 

that during this time, the gating pore currents begin to recover (though it should be noted 

that the recovery from slow inactivation is incomplete) (Fig. 14; Recovery). 

Taken together, our results suggest a possible role for the DIV voltage-sensor in 

the process of slow inactivation. However, this experiment can’t narrow out the 

possibility that the reduction in the DIV gating pore currents could be due to an intrinsic 

voltage-sensor mode shift at depolarized potentials. In order to properly characterize the 

role of the DIV voltage-sensor in the process of slow inactivation, it would be necessary 

to characterize the Q-V curves of the isolated DIV voltage-sensor before and after 

holding at depolarized potentials, but these experiments are beyond the scope of this 

work. 

3.3 DISCUSSION 

It is very well established that the voltage-sensors are connected to the activation 

gate. When the local membrane potential depolarizes, the voltage-sensors move into their 

activated positions and cause the activation gate of the channel to open. The activation 

gate of voltage-gated ion channels is thought to be on the intracellular side of the channel. 

State dependent MTS accessibility studies on the potassium channel have pinpointed the 
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location of the activation gate to the intracellular face of the pore (Liu, Holmgren et al. 

1997). Additionally, crystal structures both for potassium channels and for a bacterial 

voltage-gated sodium channel suggest an intracellular location for the activation gate 

(Long, Campbell et al. 2005; Payandeh, Scheuer et al. 2011). Therefore, the coupling 

between the intracellular pore and the voltage-sensors has become a mainstream idea. 

Though the coupling between the voltage-sensors and the inner pore of the channel has 

long been accepted in the field, there is little concrete evidence to suggest that there are 

voltage-sensors coupled to the selectivity filter region of the channel. 

To approach this question, we used mutations that resulted in domain specific 

gating pore currents through the voltage-sensors as conformational indicators. While 

monitoring the behavior of one voltage-sensor at a time, we perturbed the structure of the 

selectivity filter region of the channel. We reasoned that should a voltage-sensor be 

coupled to the outer pore of the channel, we should be able to observe changes in the 

behavior of that voltage-sensor on modification of the structure of the selectivity filter 

region. 

We found that TTX, resulted in a large decrease in the gating pore currents 

through the fourth voltage-sensor. In order to exert its effect, TTX must bind to its site in 

the central pore of the channel. Additionally, TTX inhibited the gating pore currents of 

DIV more effectively at depolarized potentials. Because gating pore currents shut off 

when the voltage-sensor in question activates, this would suggest that TTX biases the 

voltage-sensor of DIV to its activated state. Unlike TTX, μ-CTX caused only a small 

reduction in the DIV gating pore currents (16% versus the 65% induced by TTX). The 

effect of μ-CTX was voltage-insensitive with a static inhibition at all voltages. We further 
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found that TTX, but not μ-CTX, reduced the total gating charge of the WT OFF gating 

currents. 

It might seem surprising that two outer pore blockers should exhibit such widely 

different effects on the voltage-sensors. However, there are differences between the two 

toxins in terms of size and binding sites. TTX binds more deeply into the pore of the 

channel with a critical interaction residue (Backx, Yue et al. 1992; Satin, Kyle et al. 

1992) being right above the selectivity-determining DEKA locus (Heinemann, Terlau et 

al. 1992; Favre, Moczydlowski et al. 1996; Perez-Garcia, Chiamvimonvat et al. 1997; 

Huang, Favre et al. 2000). On the other hand, μ-CTX is a large peptide toxin and is 

unable to bind as deeply in the pore as TTX (Zhang, McArthur et al. 2009; French, 

Yoshikami et al. 2010; Zhang, Gruszczynski et al. 2010). We suggest that the closer 

proximity of TTX to the selectivity filter is at least partially responsible for its greater 

effects on the DIV voltage-sensor.  

 In relation to the toxins, it should also be noted that these experiments suggest 

that the measurement of gating currents through the use of TTX as a pore blocker is not 

appropriate. Our data suggest that TTX modifies the very phenomenon it has been used 

so thoroughly to study. Though μ-CTX also causes an alteration of the DIV voltage-

sensor behavior, this is by comparison, a relatively small effect.  

 We also observed that slow inactivation caused a reduction in the gating pore 

currents of DIV. These results and those previous potentially put forth the DIV voltage-

sensor as a source for the voltage-dependence of the slow inactivation process. However, 

our results do not rule out the explanation that the reduction in DIV gating currents 

caused by long depolarizations might be due to a separate voltage-sensor mode shift 
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process. That said, these data suggest that the DIV voltage-sensor may represent an 

attractive target for drugs developed to alter the slow inactivation process. 

 In the course of these experiments we also determined that disulfide crosslinking 

two of the DEKA residues resulted in a specific reduction of the DIV-CN gating pore 

currents. This effect could be reversed by applying DTT to reduce the disulfide bond. 

This last piece of data is critical in that it proves that the effects we have been measuring 

on the DIV voltage-sensor are not solely a property of TTX itself. Therefore, we 

conclude that the DIV voltage-sensor is coupled to the selectivity filter region of the 

sodium channel in its native state. 

 Regardless of the potential for the DIV voltage-sensor to play a role in slow 

inactivation these data are an important finding. To our knowledge, these data are the first 

solid evidence for the existence of non-canonical voltage-sensor to pore coupling. In 

addition to the traditional voltage-sensor to inner pore gates coupling, sodium channels 

exhibit coupling of a voltage-sensor to the outer pore. Such findings add another layer of 

complexity to the functioning of the heterologous sodium channel and indeed, perhaps 

differential coupling in the unique domains may underlie the functional specialization of 

each domain and allow for far more intricate gating behavior than was originally deemed 

possible. 
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Figure 1: Functionality of the charge neutralized sodium channel mutants. (A) The 

sequence of the altered S4 segments of all four mutants. The sites which were mutated to 

glutamines are shown in red. (B) Current-voltage relationships for each of the mutants 

with a representative family of traces are shown. Each graph represents the mean ± SE of 

1 

1 
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at least three independent experiments. Also note that the ionic currents at more 

depolarized potentials are, in some cases, contaminated by gating currents.  
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Figure 2: Charge neutralizations in the voltage-sensors generate gating pore 

currents. (A) Example gating pore currents through the altered DI-CN voltage-sensor. 

(B) Gating pore currents generated via neutralizations in the DII-CN voltage-sensor. (C) 

DIII-CN gating pore currents shown as above. (D) Gating pore currents through the 

mutated DIV voltage-sensor in DIV-CN.
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Figure 3: Effect of TTX on gating pore currents through the individual voltage-

sensors. (A) A schematic diagram depicting the conformational processes that produce 

voltage-dependent gating pore currents. The left panel shows the channel where the main 

pore is closed and the voltage-sensors are in a resting conformation. In this condition, the 

mutant voltage-sensor is in a permissive position for gating pore currents. Currents 

through the central pore are blocked by a pore toxin. The right panel depicts the channel 

with the voltage-sensors in an activated conformation and the remaining charges in the 

mutant voltage-sensor move into a position that blocks the flux of gating pore current. A 

family of gating pore currents before (left; filled square) and after (right; unfilled 

triangle) addition of TTX from the DI-CN (B), DII-CN (C), DIII-CN (D) and DIV-CN 

(E) mutants (Top). Normalized current-voltage plots of the same (Bottom). The currents 

at each voltage were measured at the end of 20 ms, marked as a dashed line in the figure. 

Each plot represents the mean ± SE of at least three independent experiments. Asterisks 

denote statistical significance with a p-value of less than 0.05.   
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Figure 4: Tetrodotoxin completely blocks the central pore currents through the CN 

mutants. A family of ionic currents elicited by depolarization before (left) and after 

(right) addition of TTX for DI-CN (A), DII-CN (B), DIII-CN (C) and DIV-CN (D). DI-

CN and DIV-CN were recorded in the presence of 105 mM Na
+
-Mes external solution 

whereas DII-CN and DIII-CN were obtained in presence of K
+
-Mes external solution. 

The pulse protocol used was same as reported in Chapter II (2.5.3).  
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Figure 5: Effect of increasing concentrations of TTX on DIV-CN gating pore 

currents. A family of DIV-CN gating pore currents before TTX addition (A), in 1 μM 

TTX (B), and in 10 μM TTX (C). Gating pore currents were recorded in the presence of 

105 mM Na
+
-Mes external solution. The pulse protocol used was same as reported in the 

methods. 
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Figure 6: TTX does not inhibit gating pore currents of the DIV-CN/Y401S mutant. 

(A) A family of DIV-CN/Y401S traces shown before (left) and after (right) TTX 

application (Top). (B) A family of gating pore currents before (left) and after (right) 

addition of TTX from the DIV-CN/Y401S mutant (above). (C) Current-voltage (I-V) 

relationship of the DIV-CN/Y401S mutant in absence (unfilled triangle) and presence 

(filled square) of TTX. The voltage protocol is the same as in the methods. Data was 

collected in the presence of 105 mM Na
+
-Mes external solution. (D) Normalized current-

voltage plots of the gating pore currents from the DIV-CN/Y401S mutant before (filled 

square) and after (unfilled triangle) addition of TTX. The currents were recorded in the 

presence of 105 mM Na
+
-Mes external solution using voltage protocols described in the 
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Chapter II (2.5.3). The currents were normalized to the maximum current measured 

before toxin, typically at -160 mV. The currents at each voltage were measured at the end 

of 20 ms, marked as a dashed line (B). Each current-voltage plot represents the mean ± 

SE of four experiments. 
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Figure 7: μ-conotoxin completely blocks the central pore currents of the CN 

mutants. Example ionic current traces elicited by depolarization before (left) and after 

(right) addition of μ-CTX for DI-CN (A), DII-CN (B), DIII-CN (C) and DIV-CN (D). As 

before, the ionic currents of DI-CN and DIV-CN were recorded in the presence of 105 

mM Na
+
-Mes external solution whereas those for DII-CN and DIII-CN were obtained in 

presence of K
+
-Mes external solution. The pulse protocol used was same as reported in 

Chapter II (2.5.3).  
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Figure 8: Effect of μ-CTX on gating pore currents through the individual voltage-

sensors. A family of hyperpolarization activated currents before (left; filled square) and 

after (right; unfilled triangle) addition of μ-CTX from the DI-CN (A), DII-CN (B), DIII-

CN (C) and DIV-CN (D) mutants (Top). Normalized current-voltage plots of the same 



65 

 

(Bottom). The currents were recorded and normalized following the protocol described 

in the methods. The currents at each voltage were measured at the end of 20 ms, marked 

as a dashed line in the figure. Each plot represents the mean ± SE of at least three 

independent experiments. Asterisks denote statistical significance with a p-value of less 

than 0.05.  
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Figure 9: Voltage-dependence of TTX and μ-CTX inhibition of DIV gating pore 

currents. A plot of the fraction of DIV hyperpolarization activated current remaining 

after toxin addition versus voltage. Each graph represents the mean ± SE of five 

independent experiments. The fraction of gating pore current remaining after toxin 

addition was calculated by dividing the currents obtained after toxin addition by the 

currents obtained before toxin was added (following normalization). 
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Figure 10: Wildtype OFF gating currents obtained in the absence of pore blocker. 

(A) Wildtype OFF gating currents in the absence of pore blocker. The voltage protocol 

used is the same as in the methods. (B) Wildtype charge-voltage plots shown in the 

absence of pore blocker. Each plot represents the mean ± SE of eleven independent 

experiments.  
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Figure 11: OFF gating currents from the wildtype sodium channel in absence and 

presence of outer pore blockers. (A) Wildtype OFF gating currents before (black trace) 

and after (red trace) TTX. The OFF gating current traces on an enlarged scale are shown 

as an inset. (B) Wildtype OFF gating currents before (black trace) and after (red trace) μ-

CTX. The OFF gating current traces are shown enlarged as an inset. (C) Charge-voltage 

curves of the wildtype channel in the presence (filled triangle) and absence (empty 

triangle) of TTX. Each plot represents the mean ± SE of at least four independent 

experiments. See the methods for a description of the protocol. Statistical significance is 

denoted by an asterisk (p <0.01). (D) Charge-voltage curves of the wildtype channel 

before (filled triangle) and after (empty triangle) block of sodium currents by μ-CTX 

shown as in (C). 
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Figure 12: Representative sodium current traces under varying redox conditions in 

D400C/E755C DIV-CN. A family of ionic currents from oocytes expressing the 

D400C/E755C DIV-CN mutant (A), in presence of 2 mM H2O2 (B), and upon addition of 

1 mM DTT after washout of H2O2 (C). All traces were collected from the same oocyte in 

presence of 105 mM Na
+
-Mes external solution using a voltage protocol listed in 

methods. 
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Figure 13: Effect of disulphide crossbridge formation in the outer pore of the 

sodium channel on gating pore currents through the DI, DII, DIII, and DIV voltage-

sensors. Above each of the panels, a schematic diagram depicting gating pore currents 

through individual voltage-sensors is shown. Upon depolarization the gating pores in 

individual domain close which allows us to monitor the conformational movements of 

individual domains. In all cases, the pore is trapped in an inactivated conformation by 

disulphide crosslinking. (A) Normalized current-voltage plots of D400C/E755C DI-CN 

gating pore currents in H2O2 (black squares) and DTT (red squares) compared to the DI-

CN control in H2O2 (blue triangles) and DTT (green triangles). (B) Normalized current-

voltage plots of D400C/E755C DII-CN gating pore currents compared to those of DII-

CN. The symbols are used as in (A). (C) Normalized current-voltage curves of 

D400C/E755C DIII-CN gating pore currents compared to the DIII-CN control. The 

symbols are the same as in (A). (D) Normalized current-voltage curves of D400C/E755C 

DIV-CN gating pore currents as compared to those of the DIV-CN control. Each plot 

represents the mean ± SE of at least three independent experiments. Io refers to the H2O2 

traces collected at -160 mV. The data were normalized to Io for the controls and for the 

double cysteine mutants. Asterisks denote statistical significance with a p-value of less 

than 0.03. 
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Figure 14: The effect of cumulative slow inactivation on the DIV-CN gating pore 

currents. A family of gating pore currents (above) is shown after fast inactivation, after a 

30 s cumulative slow inactivation protocol, and after a 10 min recovery at -80 mV. 

Normalized current-voltage plots of the DIV-CN gating pore currents (below) before 

slow inactivation (filled squares), after a 30 s cumulative slow inactivation protocol 

(unfilled triangles), and after a 10 min recovery at -80 mV (unfilled circles). The channels 

were pulsed from -120 mV to -10 mV for 20 ms to measure the ionic current and then a 

pulse train from -160 to 60 mV for 60 ms was collected before returning to -120 mV for 
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20 ms. Our cumulative inactivation protocol was modified from protocols used by 

Cummins and Sigworth and Townsend and Horn (Cummins and Sigworth 1996; 

Townsend and Horn 1997). For the 30 s cumulative slow inactivation protocol, the 

oocytes were held at -10 mV for 30 s before beginning the protocol described above and 

were also held at -10 mV for 30 s in between every voltage-step. Each plot represents the 

mean ± SE of six independent experiments. Asterisks denote statistical significance from 

the gating pore currents collected after fast inactivation (p<0.02). 
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CHAPTER IV 

The role of the DIV voltage-sensor in fast inactivation of the sodium channel 

4.1 INTRODUCTION 

 

 In the sodium channel, the voltage-sensors of the non-identical domains that form 

the α-subunit are thought to have different roles in the process of channel gating. This 

hypothesis has come about through various suggestive lines of evidence. Generally 

speaking, if all of the voltage-sensors were involved both in the activation and 

inactivation processes, a disruptive mutation in one voltage-sensor could be expected to 

affect both processes. However, this is not necessarily the case. For example, locking the 

DII voltage-sensor into one conformation with a photo-activatable crosslinker had the 

effect of reducing ionic currents at all potentials but had no effect on the inactivation 

process. Conversely, when the same experiments are carried out on the DIV voltage-

sensor, it was found that locking the DIV S4 caused a large inhibition of inactivation and 

an increase in currents at all potentials (likely due to defective inactivation) (Horn, Ding 

et al. 2000).  

 Furthermore, the kinetics of voltage-sensor movement in each of the domains 

appears to be different as well. Placing an environmentally sensitive fluorophore on the 

top of one voltage-sensor allows the experimenter to measure voltage-dependent changes 

in fluorescence and, by extension, the kinetics of voltage-sensor movement. As might be 

expected for a process preceding activation, the movement of the first three voltage-

sensors occurs before the development of ionic currents. However, this is not the case for 

the DIV voltage-sensor whose movement is slower and appears to correlate with the 

development of current decay (Chanda and Bezanilla 2002).  
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 Another set of two paired papers in which charges were replaced in the voltage-

sensors of different domain led to a different claim. They found that while most of the 

mutations in the DI and DII voltage-sensors resulted in leftward shifts in fast inactivation, 

most of the mutations in DIV resulted in no significant effects on inactivation. 

Furthermore, the authors were able to provoke shifts in different directions in the voltage 

of half maximal activation through various mutations in each domain. These results led 

them to conclude that the voltage-sensors of all four domains were involved in both 

activation and inactivation (Kontis, Rounaghi et al. 1997; Kontis 1997).  

 Much of the above data led to the current view in the field that different voltage-

sensors are involved differently in the processes of activation and inactivation. Despite 

numerous suggestions that the DIV voltage-sensor is involved in the process of 

inactivation, it remains unclear whether the movement of the DIV voltage-sensor is the 

sole trigger of the inactivation process or there is some other contributing factor. 

Complicating the issue, there is evidence for the DIII voltage-sensor to be involved in 

inactivation as well. Inactivation of the sodium channel results in the immobilization of 

the DIII and DIV voltage-sensors, but not DI or DII (Cha 1999). Furthermore, a mutation 

to a charged residue in the DIII S4-S5 linker is known to disrupt inactivation and a 

compensatory mutation (of an opposite charge) in the inactivation loop may partially 

rescue this effect (Smith and Goldin 1997). It has been suggested that the DIII and DIV 

S4-S5 linkers may actually form part of the inactivation loop docking site (Miyamoto, 

Nakagawa et al. 2001). 

 Disease mutations affecting inactivation may be found scattered about the channel 

but are especially dense in DIII and DIV. These diseases can have a devastating impact 
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causing a variety of cardiac arrhythmias (long QT syndrome and Brugada syndrome), 

epileptic seizures (generalized epilepsy with febrile seizures), muscle weakness 

(hyperkalemic periodic paralysis, paramyotonia congenita, and myasthenic syndrome), 

and even extreme pain (paroxysmal extreme pain disorder and erythromelalgia). Due to 

the clearly important role of inactivation in channel functioning in both normal and 

disease states, it is important to pinpoint the structures and processes that are involved. A 

better understanding of sodium channel fast inactivation is necessary in order to develop 

more effective treatments for the battery of sodium channel diseases. 

 Though the voltage-sensors contain multiple positive charges in their sequences, 

not all of these may pass through the whole length of the electric field. In the potassium 

channel, it was found that it was only the first four charges that contributed to the gating 

charge of the channel (Aggarwal and MacKinnon 1996; Seoh, Sigg et al. 1996). 

However, in the sodium channel, the fourth charge appears to make no contribution to the 

total charge of the channel and it is the first three charges which are the gating charges 

(Sheets and Hanck 2002). In the potassium channel, the neutralization of the first three 

charges of the voltage-sensors led to the development of a channel with voltage-

independent gating. The authors suggested that this was because they had locked the 

voltage-sensors of the channel into an activated position (Bao, Hakeem et al. 1999). 

 Based on the results above, we reasoned that if we neutralized the first three 

gating charges of one voltage-sensor, we could use those mutants to study the activation 

and inactivation behavior of a channel where one voltage-sensor is defunct. By studying 

inactivation in the functional absence of one voltage-sensor at a time, we hoped to 

determine the role of each individual voltage-sensor in the process of fast inactivation. 
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4.2 RESULTS 

4.2.1 Characterization of the voltage-sensor mutants 

 In order to study channel gating behavior where one voltage-sensor is defunct, we 

chose to neutralize the first three most critical gating charges in one voltage-sensor at a 

time by mutating them to glutamine. We then expressed the resulting constructs in 

Xenopus oocytes and found that all four mutants formed functional channels. We 

collected ionic currents either using the two electrode voltage clamp technique (in 105 

mM sodium external solution) or the voltage-clamp on cut open oocyte technique (in 105 

mM sodium external solution and 105 mM N-methyl D-glucamine (NMG) internal 

solution). For full solution compositions, see Chapter II, 2.5. Ionic currents were elicited 

by holding at -120 mV for 50 ms and then applying a voltage pulse train from -110 to 65 

mV (at 5 mV increments) for 30 ms and returning to -120 mV. A p/-4 subtraction 

protocol was used with a subtraction holding voltage of -120 was used to minimize the 

capacitive transient and subtract the leak. We plotted the conductance-voltage (G-V) 

relationships for each of the mutants and the WT and fit the data to a single Boltzmann 

equation of the form:  

G/Gmax(V) = 1/(1+exp (-ze)(V-V1/2)/KT))  

where V1/2 is the half maximal voltage, z is the apparent valence, e is the electronic 

charge, K is the Boltzmann constant, and T is the temperature.  

Neutralizing the first three charges in all domains (D) resulted in a leftward shift 

of the G-V curve with the Vmax values being approximately -20.5 mV for the WT, -36.5 

mV for DI-CN, -25.1 mV for DII-CN, -26.4 mV for DIII-CN, and -23.1 mV for DIV-CN 

(see Fig. 1). Therefore, we can conclude that the neutralization of the first three gating 
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charges in one voltage-sensor allows the channel to open at voltages that are more 

hyperpolarized than the WT. If one considers that in order for the channel to open, the 

voltage-sensors must activate, this result tallies with the hypothesis that neutralizing the 

gating charges in a voltage-sensor locks that voltage-sensor in its activated position, 

thereby making the channel easier to open. However, all four mutants exhibit gating pore 

current through the altered voltage-sensor. In order for gating pore current to flux, the 

voltage-sensor must be in a permissive position. Because the gating pore current of all 

four mutants rectifies (see Chapter 3 Figs. 2, 3, and 4), we can conclude that the voltage-

sensors are still mobile. Should a voltage-sensor be locked in one position, we would 

expect to see a constitutive linear leak at all voltages. Therefore, we hypothesize that the 

neutralization mutations are instead biasing the voltage-sensors toward their activated 

positions such that they become easier to activate. 

4.2.2 Effects of neutralization mutations on the steady state inactivation behavior of the 

channel 

 To investigate the role of each voltage-sensor in the steady state fast inactivation 

of the sodium channel, we used our neutralizations to observe steady state inactivation in 

the functional absence of one voltage-sensor at a time. Steady state inactivation data (and 

all other data unless explicitly stated) was collected utilizing the voltage clamp on cut 

open oocyte technique and all data was acquired in 105 mM sodium external solution and 

105 mM NMG internal solution (for full composition see Chapter II, 2.5). Our protocol 

operated by applying a 20 ms pulse to -120 mV followed by a 100 ms voltage step train 

from -170 mV to 50 mV to allow the channels to fast inactivate. Next, a 1 ms 
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hyperpolarization to -120 mV was applied followed by a 30 ms test pulse to -30 mV and 

a return to -120 mV.  

 Analyzing the currents elicited at the test pulse allows the experimenter to 

determine the fraction of channels that did not fast inactivate at each potential and thus 

assess the voltage-dependence of fast inactivation. We found that neutralizations in the 

DI, DII, or DIII voltage-sensors caused small hyperpolarizing shifts in the steady state 

inactivation curves relative to the WT. However, the DIV-CN mutant exhibited a steady 

state inactivation curve which was drastically shifted to the left. The midpoint values for 

each construct were approximately -62.1 mV for the WT, -69.3 mV for DI-CN, -66.1 mV 

for DII-CN, -68.7 mV for DIII-CN, and -137.3 mV for DIV-CN. These midpoint values 

were obtained by fits of the data to a single Boltzmann equation. However, as can be seen 

from the figure (see Fig. 2), the steady state inactivation curve of DIV-CN never saturates 

and therefore, the midpoint value of the DIV-CN mutant may be much further left shifted 

than can be determined by our equipment. 

 These data show that when the gating charges of the DIV voltage-sensor are 

neutralized to glutamine, the altered channels are able to fast inactivate at voltages much 

more hyperpolarized than the WT. This suggests a unique role for the DIV voltage-sensor 

in setting the voltage-dependence of the fast inactivation process. 

4.2.3 Effects of charge neutralizations in each voltage-sensor on entry into fast 

inactivation 

 How quickly a channel enters into inactivation is a major determining feature of 

that channel's overall gating behavior. A rapid entry and exit from inactivation leads to a 

channel that has a shorter effective refractory period and is able to quickly reset and 
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respond to new stimuli. Prior to channel entry into inactivation, there is a typical lag 

phase where the channels remain open and do not inactivate. This lag gives the channels 

time to conduct ionic current before inactivation sets in (see Fig. 3). Another property of 

fast inactivation is that channels are able to inactivate faster at more depolarized 

potentials. Due to the importance of the voltage-dependent entry into fast inactivation in 

determining a channel's unique biophysical properties, we determined to look at the 

effects of gating charge neutralizations in specific voltage-sensors on the characteristics 

of entry. 

 We assayed entry into fast inactivation via a protocol which started by applying a 

voltage jump to -120 mV for 20 ms. Next, the channels were jumped to a specified 

inactivating voltage for a variable time (from 0.1 to 50 ms) before being hyperpolarized 

to -100 mV for 1 ms. Finally, the fraction of channels inactivated during that duration of 

inactivation pulse were assayed utilizing a 30 ms test pulse to 0 mV (see Chapter II, 2.5.6 

and Chapter II Fig. 1). When we tested the entry into fast inactivation for the WT and the 

CN mutants, we found that DI, DII, and DIII, like WT, maintained a lag before entry into 

fast inactivation (see Fig. 3 A-E). This lag appeared to be slightly shorter for the DIII-CN 

construct. However, DIV-CN exhibited no lag before inactivation at any voltage where 

inactivation occurred (see Fig. 3 F).  

 To provide a better quantitative measure of the kinetics of entry into fast 

inactivation, we fit our data to a bi-exponential function with a variable lag (t0) of the 

form: F(x) = A1(1 - exp(-(t-t0)/τ1) + A2(1 - exp(-(t-t0)/τ2 x H(t0) (for a full description, see 

chapter II 2.6.1). While a clear voltage-dependence is reflected for the fast tau of the WT 

as well as DI, DII, and DIII-CN, much of the voltage-dependence in the fast tau for the 
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DIV-CN mutant is eliminated (see Fig. 3 G). Additionally, while the lag time in WT, DI, 

DII, and DIII-CN is observed to decrease at more depolarized inactivation pulses, there 

appears to be little change in the lag time of DIV-CN with essentially no lag observed at 

any voltage (see Fig. 3 H). Together, these results suggest that much of the voltage-

dependence of entry into fast inactivation arises from the activity of the DIV voltage-

sensor. 

4.2.4 Effects of charge neutralizations on closed state fast inactivation 

 Most of the fast inactivation that occurs in the WT sodium channel is open state 

fast inactivation: the channels open and then they inactivate. One would expect a channel 

that exhibits mainly open state inactivation to have kinetics of inactivation that are 

closely matched to the macroscopic channel opening. However, it is also possible for 

channels to enter into the inactivated state from the closed state. This closed state 

inactivation has a higher probability to occur at more depolarized voltages and one would 

visualize this as a deviation of the kinetics of entry into inactivation from those of 

macroscopic channel opening (ie. the inactivation will begin to precede channel opening). 

As closed state inactivation can be a major determinant of channel availability, we 

determined to test for alterations of closed state inactivation caused by our gating charge 

neutralizations. 

 We averaged ionic current traces collected near the midpoint of each construct's 

conductance-voltage relationship. We chose to use traces collected at -20 mV for the WT 

and DIV-CN, and -30 mV for DI, DII and DIII-CN. In all cases, the averaged currents 

display error bars representing standard error of the mean. These traces were then 

inverted and overlaid with the relevant entry into inactivation plot at those voltages and 
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scaled in time so that they matched. Next, the G-V curve for each construct was utilized 

to calculate the maximum fraction of channels activated at that potential and the currents 

were scaled such that the peak current matched that relative Po on the plot. 

 For the WT, the kinetics of entry into fast inactivation are closely matched to 

those of macroscopic channel opening. This suggests that there is a low probability for 

closed state inactivation in the WT channel when at a voltage near the Vm. For both DI 

and DII-CN, the entry into inactivation kinetics significantly lag the macroscopic channel 

opening when at voltages near their Vm. The DIII-CN entry into inactivation plot, when 

matched with the macroscopic opening kinetics reveals that there may be a slightly 

higher propensity for the channels to closed state inactivate than in the WT when at 

voltages close to the Vm. This effect is even more pronounced for DIV-CN, with the 

DIV-CN mutant clearly entering into inactivation faster than the channels open (see Fig. 

4). Mutation of the DI or DII voltage-sensor gating charges increases the gap between 

channel opening and channel inactivation. On the other hand, neutralizing the gating 

charges of the DIV voltage-sensor and, to a smaller degree, the DIII voltage-sensor 

allows for the channels to quickly enter inactivation from the closed state. 

4.2.5 Effects of gating charge neutralizations on recovery from fast inactivation 

 Another parameter we chose to investigate was recovery from fast inactivation. 

How quickly channels recover from inactivate regulate how long they remain in the 

inactivated state and thus dictate how quickly they become available to respond to 

another stimulus. We assayed recovery from inactivation by applying a voltage pulse 

protocol that started at -120 mV for 20 ms followed by a 30 ms inactivating pulse to -20 

mV. Next, a hyperpolarized pulse was given at a specified recovery voltage for a variable 
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time (from 0.1 to 40 ms). This recovery interval was followed by a test pulse to -20 mV 

for 30 ms. 

 As with entry, there is a typical lag before recovery from inactivation begins. In 

the WT channel, this lag before entry begins is very short and the channel recovery 

begins almost immediately after the recovery pulse begins. All of the charge 

neutralization mutants exhibit a slowed recovery from inactivation with a longer lag 

period than in the WT. Relative to the others, the effects of the mutations on the DIII-CN 

construct is smaller. Once again, DIV-CN exhibits the greatest effects with the mutations 

in the fourth voltage-sensor result in the longest lag before recovery (see Fig. 5). In DIV-

CN, the time to half maximal recovery is greater than every other construct at -110 mV 

and more than double that of WT or the other mutants at -180 mV. 

 To quantify our results, we fit our data to an exponential function with a variable 

lag (t0). In the case of the WT, DI, DII, and DIII-CN the equation that best fit the data 

was bi-exponential (as reported above), however, the DIV-CN data was best represented 

by a mono-exponential equation of the form: F(x) = A(1-exp(-(t-t0)/τ) x H(t0) (for a full 

description see chapter II 2.6.1). At almost every recovery voltage, the DIV-CN construct 

has the largest tau value (see Fig. 5 G) and also the longest lag before recovery begins 

(see Fig. 5 H). As each of the mutants exhibit slowed recovery from fast inactivation, it is 

possible that each voltage-sensor may in fact play a role in recovery, with the DIV 

voltage-sensor making the most critical contribution to channel recovery from 

inactivation. 
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4.2.6 Slow component or not? The effects of neutralization on the DIV voltage-sensor 

 Gating currents are an electrophysiological way to track the behavior of voltage-

sensors. In observing the typical gating currents of the WT channel, two kinetic 

components may be distinguished, one fast, and one slow. A previous study dealing with 

the kinetics of voltage-sensor activation observed that the first three voltage-sensors 

moved before the channel opened. This result would be expected for a process that must 

precede channel opening. However, the movement of the fourth voltage-sensor is much 

slower and in fact trails the opening of the channel. This study linked the movement of 

the fourth voltage-sensor to the inactivation of the channel (Chanda and Bezanilla 2002). 

It is thought that the fast component of gating current relates to channel opening and the 

slow component relates both to the movement of the DIV S4 and to inactivation. 

 Due to these observations and to our prior results, we elected to characterize the 

kinetics of the DIV-CN gating currents and compare them with those of the WT channel. 

Keeping in mind that tetrodotoxin alters gating currents, we chose to make gating current 

measurements in the toxin μ-conotoxin instead. We hypothesized that a set of mutations 

altering the voltage-dependent behavior of fast inactivation should affect the slow 

component observed in gating currents as well. 

 At first glance, it is clear that the DIV-CN gating currents have a characteristically 

sharper appearance than those of the WT channel (see Fig. 6 A). Additionally, the 

neutralizations in the DIV voltage-sensor result in a large leftward shift in the charge-

voltage (Q-V) relationship (see Fig. 6 B). Such a leftward shift in the Q-V curve would 

make sense if a voltage-sensor moving at more depolarized voltages is suddenly able to 

move at voltages more hyperpolarized than previously. 
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 To aid in the comparison of the WT gating currents with those of DIV-CN, we 

chose to overlap the two currents at -10, 0, 10 and 30 mV with WT in black and DIV-CN 

in gray (see Fig. 7 A). Closer examination reveals that much of the slow component of 

the DIV-CN gating currents is absent. The slow component of gating currents has 

previously been suggested to be associated with the process of fast inactivation and 

therefore, based on our data, we reasoned that the slow component might be reduced or 

absent and that it might track be due to the movement of the DIV voltage-sensor. 

 We elected to fit the gating currents of both WT and DIV-CN to a double 

exponential at several voltages. These fits should numerically reveal whether the slow 

component of gating is absent or reduced. We fit each individual gating current trace to a 

bi-exponential function:  

F(t) = A1(exp
(-t/τ1)

) + A2(exp
(-t/τ2)

) + C 

We averaged either the fast tau values or the slow tau values together and plotted them 

versus voltage (see Fig. 7 B). As can be seen from these plots, the fast and slow tau 

values for the DIV-CN mutant do not vary widely with voltage. The fast tau becomes 

slightly faster in as the voltages become more depolarizing while the slow tau becomes 

slightly slower. The changes in the DIV-CN tau values are almost linear. On the other 

hand, the WT fast and slow taus change noticeably with voltage with the slow tau 

becoming the fastest at around -30 mV and then slowing again and the fast tau becoming 

the slowest at around -30 mV and then speeding up.  

 We also investigated the percent amplitude of the fast and slow components for 

both WT and DIV-CN. The percent fast amplitude was defined as: 

%Afast = (Afast) ÷ (Afast + Aslow) 
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In the case of the WT, the slow component reaches its highest contribution (about 43%) 

at -20 mV and then begins to drop again. On the other hand, the contribution of the slow 

component of DIV-CN is small and almost linear, reaching a maximum of approximately 

18% at -40 mV (see Fig. 7 C). These data suggest that neutralization of the first three 

charges of the DIV voltage-sensor removes a large portion of the slow component of 

gating currents. This suggests that, at least in part, the DIV voltage-sensor is responsible 

for the slow component present in gating currents. Furthermore, as the slow component 

of gating has been correlated to the fast inactivation of the channel, these results provide 

additional support for the importance of the DIV voltage-sensor in fast inactivation. 

4.3 DISCUSSION 

 Due to the importance of fast inactivation in voltage-gated sodium channel 

function, we sought to track down the voltage-sensitive elements that give the process it's 

voltage-dependence. We chose to determine which of the voltage-sensors were critical in 

this process by neutralizing the top three and most crucial gating charges in one voltage-

sensor at a time. We found that the neutralization of the first three gating charges in the 

DIV voltage-sensor dramatically shifted the steady state inactivation curve to more 

hyperpolarized potentials. In addition, the mutations in the DIV voltage-sensor resulted in 

the loss of much of the voltage-dependence of entry into inactivation and eliminated the 

lag before fast inactivation can occur. 

 These data make sense if you make the assumption that the mutations lock the 

voltage-sensor in question into its activated state, however, as stated above, this is not the 

case. In order for us to see rectifying gating pore currents through the mutated voltage-

sensors, they must be mobile. Therefore, we cannot assume a stationary voltage-sensor as 



87 

 

the cause for these behavioral changes. How then can we best explain the effects of the 

mutations in the DIV voltage-sensor on entry into inactivation and steady state 

inactivation? On observing the charge-voltage curves of the DIV-CN mutant next to that 

of the WT, it becomes plain that the gating charges of the DIV-CN construct are moving 

at voltages that are more hyperpolarized than the WT. Additionally, if one plots the 

current-voltage relationship of the gating pore currents through the DIV voltage-sensor, 

you will find that the majority of the gating pore current has switched off by -120 mV. 

This suggests that the mutant DIV voltage-sensor has mostly moved out of the permissive 

position by -120 mV. Therefore, though the CN mutations do not lock the voltage-

sensors into an activated conformation, it seems likely that they bias them toward their 

activated positions. 

 Our data makes attractive the model where the DIV voltage-sensor must activate 

in order for the channels to enter into fast inactivation. As entry into inactivation was 

only characterized back to -120 mV, a voltage by which the mutated fourth voltage-

sensor of DIV-CN is mostly activated, the lack of lag in the DIV-CN entry into 

inactivation begins to make sense. Furthermore, the movement of the fourth voltage-

sensor in DIV-CN at more hyperpolarized potentials than the WT DIV S4 would allow 

for channels to begin inactivating at more hyperpolarized voltages than is usual. 

 Further, our data show that mutating gating charges in the DIV S4 allow the 

channel to enter into fast inactivation from the closed state. Taking these data together, it 

seems probable that the DIV voltage-sensor must move in order for fast inactivation to 

occur. When in its resting position, the DIV voltage-sensor or the S4-S5 linker may 

occlude the docking site of the inactivation loop or otherwise restrict its access. As the 
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DIV S4 begins to activate, it allows the inactivation loop to interact with its docking site 

and its binding inactivates the channel. In the case of the DIV-CN construct, because the 

voltage-sensor has already mostly moved into its activated position by the voltages 

tested, the inactivation loop is free to access its binding site even at hyperpolarized 

voltages. Thus, the kinetics of entry into fast inactivation for the DIV-CN mutant may 

actually be reflective of the time required for the inactivation loop to bind to its docking 

site in the pore. 

 Each of the CN mutants further exhibit a slowing of recovery from fast 

inactivation. The largest effect is again observed for the DIV-CN construct. In order for 

the channel to recover from inactivation, it is thought that two things must occur: one or 

more of the voltage-sensors must return to their resting configurations and the 

inactivation particle must pop out of its docking site. Keeping in mind that the voltage-

sensors are biased toward their activated states, if we assume that only the fourth voltage-

sensor must return to its resting position in order for the channel to recover from 

inactivation, then we can explain why the DIV-CN mutant exhibits the longest lag before 

recovery from inactivation. However, neutralizations in the other three voltage-sensors 

also slow recovery from inactivation, albeit to a lesser extent, and this suggests that the 

other voltage-sensors play a role in recovery from inactivation as well..  

 Consider also a scenario where the principle voltage-dependence of recovery from 

inactivation is derived from the DIV voltage-sensor. If one were to mutate the gating 

charges responsible for recovery from inactivation, one would naively expect to remove 

the voltage-dependence of recovery from inactivation, however, this clearly does not 

occur. We propose a model in which the DIV voltage-sensor must return to its resting 
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position in order for the channel to recover. In the WT condition, the voltage-dependence 

for the movement of the DIV S4 comes largely from the DIV voltage-sensor itself but is 

also derived partially through coupling to the other voltage-sensors. However, on 

removal of the primary gating charges of the DIV voltage-sensor, the voltage-dependence 

of returning the fourth voltage-sensor to resting comes primarily from the other three 

voltage-sensors. This scenario would serve to explain the slowing of recovery from 

inactivation induced not only by neutralizations in the DIV S4, but also that induced by 

mutations in the voltage-sensors of DI, DII, and DIII.
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Figure 1: Characterization of the charge-neutralization mutants. (A) Sequence 

alignments of the altered voltage-sensors. Mutations are marked in bold. (B) A 

representative family of ionic current traces for the WT and the mutants (above). The 

normalized conductance-voltage relationships of the WT and CN mutants (below). The 

voltage pulse protocols used are reported in the methods. The lines represent fits of each 

data set to a single Boltzmann equation. 
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Figure 2: The characteristics of steady state fast inactivation in the WT and CN 

mutants. A representative family of currents after steady state fast inactivation has been 

achieved (above). Normalized steady state inactivation curves from the WT and CN 

mutants. The voltage protocols used are reported in the methods. Lines reflect a fit of 

each data set to a single Boltzmann function.  
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Figure 3: The effects of charge neutralizations in a specific voltage-sensor on entry 

into fast inactivation. (A) Representative families of traces showing WT (blue), DI (red, 

DII (orange), DIII (purple), and DIV-CN (green) entry into fast inactivation at -30 mV. 

(B) Plots of WT entry into fast inactivation at each voltage. (C) The same for DI-CN. (D) 

DII-CN as in B. (E) DIII-CN shown as in B. (F) DIV-CN as above. (G) The tau values of 
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entry into fast inactivation for the WT and CN mutants. (H) The delay (t0) before entry 

into fast inactivation begins for WT and the CN mutants. Tau values were generated 

through fitting to a double exponential equation of the form: F(x) = A1(1- e
(-(t-t0)/τ1)

) + 

A2(1- e
(-(t-t0)/τ2)

) x H(t0). 
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Figure 4: The effects of charge neutralizations in specific voltage-sensors on closed 

state inactivation. (A) An average WT ionic current trace collected at -20 mV scaled in 

time to match the plot of WT entry into fast inactivation at -30 mV. (B) DI-CN 

represented as above at -30 mV. (C) DII-CN as in A at -30 mV. (D) DIII-CN represented 
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as in A at -30 mV. (E) DIV-CN shown as above at -20 mV. The voltages used were 

chosen to be at or near the respective Vm values of their conductance-voltage curves. The 

peak of current was scaled to the relative open probability indicated by their 

conductance-voltage curves at the voltages used. The error bars represent the standard 

error of the mean. 
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Figure 5: The effects of charge neutralizations in specific voltage-sensors on 

recovery from fast inactivation. (A) Example traces showing recovery from fast 

inactivation at -140 mV for WT (blue), DI (red), DII (orange), DIII (purple), and DIV-

CN (green). (B) Graphs of WT recovery from fast inactivation at each voltage. (C) The 

same for DI-CN. (D) DII-CN as in B. (E) DIII-CN shown as in B. (F) DIV-CN shown as 
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above. (G) Tau values for recovery from fast inactivation of WT and the CN mutants. 

(H) The delay (t0) before recovery from fast inactivation occurs at each voltage for WT 

and the CN mutants. Tau values were generated through fitting to a single exponential 

equation of the form: F(x) = A(1- e
(-(t-t0)/τ)

) x H(t0) or a double exponential equation as 

indicated in the figure 3 legend. 
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Figure 6: The effects of voltage-sensor charge neutralizations on the gating current 

characteristics of the WT and DIV-CN. (A) Example traces collected in μ-conotoxin 

are shown for WT (black) and DIV-CN (gray). (B) Graphs of the charge voltage (Q-V) 

relationships of WT (black squares) and the DIV-CN mutant (gray triangles). Error bars 

represent standard error of the mean (n ≥ 4). 
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Figure 7: The DIV-CN neutralizations reduce the slow component of the gating 

currents. (A) Example traces are shown overlapping for WT (black) and DIV-CN (red) 

at -30 mV, -10 mV, 0 mV, and near their respective midpoint values (Vm) on the Q-V 

curve shown above. (B) The WT and DIV-CN gating currents were each fit to a double 

exponential to obtain the fast and slow tau values at each voltage which were then plotted 

in (B). Fast taus are represented as triangles with WT in black and DIV-CN in red. Slow 

taus are represented as circles with WT in black and DIV-CN in red. (C) The fast 

(triangles) and slow (circles) amplitudes obtained from the bi-exponential fits are plotted 

against each other for WT (black) and DIV-CN (red). Error bars represent the standard 

error of the mean for at least 4 experiments. 
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Chapter V 

 

Conclusions and Future Directions 

 

  Multiple past studies have determined that the voltage-sensors of different 

domains may have different roles (Chen 1996; Kontis 1997; Kontis and Goldin 1997; 

Horn, Ding et al. 2000; Chanda and Bezanilla 2002; Bosmans, Martin-Eauclaire et al. 

2008). However, there existed some controversy as to whether only the DIV voltage-

sensor was involved in fast inactivation (Kontis 1997; Kontis and Goldin 1997; Cha 

1999). Additionally, the prevalent thought in the field was that slow inactivation derived 

its voltage-dependence solely through coupling to the activation process. Most of the 

prior evidence connecting the process of slow inactivation to voltage-sensor behavior 

hinged on the correlation of the voltage-sensor mode shift to slow inactivation. However, 

this mode shift was observed in non-inactivating channels as well as an isolated voltage-

sensor (Piper, Varghese et al. 2003; Mannikko, Pandey et al. 2005; Villalba-Galea, 

Sandtner et al. 2008). Additionally, the mode shift behavior does not correlate with c-type 

inactivation in the potassium channel (Haddad and Blunck 2011). This study provides 

concrete evidence that the DIV voltage-sensor is the principle voltage-sensor involved in 

fast inactivation. Furthermore, we found that the DIV voltage-sensor is specifically 

coupled to the selectivity filter region of the channel, making the DIV S4 a good 

candidate for providing the voltage-dependence in slow inactivation as well.  

5.1 The DIV voltage-sensor is coupled to the selectivity filter of the sodium channel 

 In order for the Nav channel to produce normal, well-coordinated action 

potentials, the channels must be able to inactivate. Under normal conditions, the sodium 

channel opens, conducts briefly, and quickly fast inactivates. During periods of sustained 
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activity or when the membrane is depolarized for long durations, sodium channels enter 

into the long term slow inactivated state. Slow inactivation in the sodium channel is 

thought to resemble C-type inactivation in the Kv channel with a selectivity filter 

collapse blocking conduction (Lopez-Barneo, Hoshi et al. 1993; Balser, Nuss et al. 1996; 

Liu, Jurman et al. 1996; Townsend and Horn 1997; Vilin, Fujimoto et al. 2001). This 

being the case, should a voltage-sensor provide the voltage-dependence of slow 

inactivation, it would follow that this voltage-sensor should be coupled to the selectivity 

filter region of the channel. 

 In our studies, by making either triple (DI, DIII, and DIV-CN) or double (DII-

CN) neutralizations in a specific voltage-sensor, we were able to create gating pore 

currents (see Chapter III, Fig. 2) that were sensitive to the conformation of the individual 

voltage-sensor (Sokolov, Scheuer et al. 2005). As these currents did not pass through the 

central pore, a central pore blocking toxin such as TTX should only have an effect on the 

gating pore currents of a specific voltage-sensor if TTX alters the behavior of that 

voltage-sensor. We found that TTX had little effect on the DI, DII, or DIII-CN voltage-

sensors. However, TTX caused a large reduction (by as much as 74%) in the DIV-CN 

gating pore currents (see Chapter III, Fig. 3). This pointed to the specific alteration of the 

DIV voltage-sensor by TTX. We further found that the effect of TTX on the DIV 

voltage-sensor was saturated and that TTX must be bound to its site in the outer pore in 

order to exert its effect (see Chapter III, Figs. 5 and 6). TTX, but not μ-CTX also causes a 

reduction in the total gating charge of the WT channel. 

 The above results suggested that the effects of TTX were likely based either in an 

electrostatic or an allosteric interaction. However the more highly charged outer pore 
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blocker μ-CTX had much less of an effect on the DIV voltage-sensor (see Chapter III 

Fig. 8), suggesting that the effects were likely caused via an allosteric interaction. TTX 

also inhibited the DIV-CN gating pore currents more efficiently at less hyperpolarized 

voltages, suggesting that TTX may favor the DIV voltage-sensor in an activated 

conformation.  

 The formation of a disulfide bond in the selectivity filter of the DIV-CN mutant 

channel also causes a reduction (around 70%) of the DIV-CN gating pore currents. 

Therefore, it is not likely to be TTX itself that is inducing the coupling between the DIV 

voltage-sensor and the selectivity filter. Together, the above results firmly suggest that 

the DIV voltage-sensor is coupled to the selectivity filter region of the channel. This 

unique type of coupling led us to form the hypothesis that the DIV voltage-sensor might 

provide voltage-dependence to the process of slow inactivation. 

 We next found that slow inactivation has the property of reducing the gating pore 

currents through the DIV-CN mutant. This particular reduction in gating pore currents 

after a long standing depolarization of the membrane most likely reflects a lower 

probability of the DIV voltage-sensor to be in a resting position. Since the voltage-sensor 

is not in its resting conformation where gating pore currents can flux, this explains the 

reduction that we observe in gating pore currents. The DIV voltage-sensor likely assumes 

a conformation that is either an activated position, or a 'relaxed' conformation as reported 

by the Bezanilla group (Villalba-Galea, Sandtner et al. 2008). 

 Previously, it was determined that the voltage-sensors exhibit a 'mode-shift' after 

long depolarizations. The membrane was held at depolarized potentials for an extended 

period (minutes) and then hyperpolarized again briefly before measuring the gating 
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currents. When the gating currents were recorded, the Q-V curve was greatly shifted to 

the left (charges moved at more hyperpolarized voltages). It was observed that this shift 

in the Q-V curve tied together well with the development of slow inactivation in sodium 

channels (Bezanilla, Taylor et al. 1982; Olcese, Latorre et al. 1997). However, it was later 

determined that an isolated voltage-sensor not connected to a pore (from the voltage-

sensing phosphatase ci-VSP) exhibited a similar mode-shift behavior (Villalba-Galea, 

Sandtner et al. 2008). This finding complicates the interpretation of the results of our 

slow inactivation experiments. The decrease that we find in the gating pore currents of 

DIV-CN after long held depolarizations could be interpreted simply as an intrinsic mode-

shift of the voltage-sensors and could be coincidental with the development of slow 

inactivation. This statement aside, it still remains an attractive hypothesis that the mode-

shift behavior of the DIV voltage-sensor triggers the process of slow inactivation in the 

sodium channel. 

5.2 The DIV voltage-sensor is the critical voltage-sensor in the process of fast 

inactivation 

 Previous studies in the potassium channel identified the first four charges of the 

Kv voltage-sensors as the most important charges. This study further hypothesized that 

the neutralization of these charges likely locked the affected voltage-sensor in its 

activated position (Bao, Hakeem et al. 1999). In the sodium channel, however, it was 

observed that the neutralization of the fourth charge caused little reduction in the total 

gating charge of the channel, leading to the hypothesis that the first three charges in the 

sodium channel were the most critical in gating behavior (Sheets and Hanck 2002). In 

order to parse out the role of each individual voltage-sensor in the process of fast 
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inactivation, we decided to create mutants in which the first three charges of one voltage-

sensor at a time were neutralized to glutamine.  

 We determined that the voltage-sensors were in fact still mobile, as suggested by 

the voltage-dependent characteristics of the gating pore currents through each voltage-

sensor. In the case of each of CN mutants, the neutralizations caused small to moderate 

leftward shifts in the G-V curves as compared to the WT channel (from an approximately 

3 mV shift to a 16 mV shift). These data suggested that the channels were activating at 

slightly more hyperpolarized voltages than the WT channel and led us to suspect that 

while the mutations did not lock the voltage-sensors in their activated conformations, 

they might bias the affected voltage-sensor toward its activated conformation. 

 We next measured the voltage-dependence of fast inactivation for each of our CN 

mutants and found that for DI, DII, and DIII-CN, the triple neutralizations produced a 

slight leftward shift in their steady state inactivation curves as compared to the WT. On 

the other hand, the midpoint value of the DIV-CN steady state inactivation curve was 

drastically shifted to the left, with an estimated midpoint value of -137 mV (as compared 

to -62 mV in the WT). As the steady state inactivation curve of the DIV-CN mutant never 

reaches saturation at hyperpolarized voltages, the midpoint value of this construct is 

likely underestimated. Therefore, when three charges of the DIV voltage-sensor are 

neutralized, the affected channels are able to fast inactivate at much more hyperpolarized 

voltages than in the WT condition. 

 We further found that the lag before channels are able to enter fast inactivation 

was reduced for each of the neutralizations as compared to WT and abolished for the 

DIV-CN mutant. Fitting the data to a bi-exponential equation with a variable lag (see 



106 

 

Chapter II 2.6.1), we found that while the WT, DI, DII, and DIII-CN mutants exhibited 

clear voltage-dependence to fast tau, this was greatly reduced for the DIV-CN mutant. 

Additionally, while the lag for the WT, DI, DII, and DIII-CN reduced as more and more 

depolarized voltages were applied no similar trend was observed for the DIV-CN mutant. 

Therefore, the DIV-CN channels are able to enter into inactivation almost 

instantaneously. 

 Next, we attempted to match the kinetics of entry into fast inactivation to those of 

the ionic currents of each construct. We chose to use data collected at voltages that were 

near the midpoint value of the G-V curves for each mutant. Next, we normalized the 

ionic currents to their relative Po on the graph (for example if the current was collected at 

the Vm of the G-V curve where half of the channels are open, the current would be 

normalized to 0.5). In cases where the channel is able to enter closed state inactivation, 

the entry into fast inactivation would occur ahead of the development of ionic current. 

We found that the kinetics of the ionic current in the WT matched closely with the 

development of fast inactivation. DI and DII-CN, on the other hand, revealed a delay 

after the development of ionic current before entry into fast inactivation occurred. The 

DIII-CN plot reveals that these neutralizations may slightly increase the propensity for 

these channels to close state inactivated. The entry into fast inactivation for DIV-CN 

occurs well before the development of ionic currents, suggesting that neutralization of 

charges in the DIV S4 makes it much more likely for the channels to enter closed state 

inactivation. 

 Next, we observed the recovery from inactivation behavior of each of the CN 

mutants. Similar to entry into fast inactivation, the recovery from inactivation exhibits a 
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typical lag phase before recovery can begin. All of the CN mutants exhibited a longer lag 

phase relative to the WT. As in earlier cases, the DIV-CN mutant presented with the 

largest change in the lag phase before recovery from inactivation with the time to half 

maximal recovery more than double the WT at -180 mV. These data suggest that while 

all of the voltage-sensors could potentially contribute to recovery from inactivation, it is 

likely the DIV S4 which is the most critical. 

 On observing WT gating currents, it is easy to see that there are two components, 

one fast and one slow. While the movement of the first three voltage-sensors precedes the 

activation of the channel, the fourth voltage-sensor appears to move more slowly 

(Chanda and Bezanilla 2002). The faster component of the gating current is thought to 

relate to channel opening and the slower component to inactivation.  

 As the fourth voltage-sensor moves more slowly and is important in fast 

inactivation, we elected to study the kinetics of the DIV-CN gating currents to determine 

whether the DIV voltage-sensor is the source of the slow component of gating. We found 

that the neutralization of the first three charges in the DIV voltage-sensor resulted in the 

removal of most of the slow component of gating. This result suggests that the DIV S4 is 

the major source of the slow component of gating. Furthermore, the DIV charge 

neutralizations resulted in a large leftward shift in the Q-V curve relative to the WT. This 

shift was much larger than the shift predicted solely by the reduction in the total charge of 

the channel. A leftward shift in the Q-V curve is consistent with the hypothesis that the 

altered DIV voltage-sensor is now able to move at more hyperpolarized voltages. 

Together, these data provide further support for the hypothesis that the DIV S4 is the 

critical voltage-sensor for fast inactivation. 
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5.3 A working model for Nav channel fast and slow inactivation 

 When the membrane potential reaches the threshold for sodium channel 

activation, the voltage-sensors begin to activate. The voltage-sensors of DI, DII, and DIII 

reach their activated positions faster than the DIV voltage-sensor. It has been previously 

suggested that the activation of the first three voltage-sensors may be enough to open the 

channel, however, this remains controversial (Sheets and Hanck 1995; Sheets, Kyle et al. 

2000). While in its resting position, either the DIV S4-S5 linker or the DIV voltage-

sensor itself blocks access of the inactivation loop to its docking site. As the DIV S4 

activates, the inactivation loop is able to bind to its docking site and then blocks 

conduction. 

 In the case of the DIV-CN mutant, the DIV voltage-sensor has likely become 

biased heavily toward its activated position. This seems probable for two reasons: the 

gating pore currents have largely shut off by -120 mV (see Chapter III Figs. 3 and 8) and 

the Q-V curve of the DIV-CN mutant has shifted to more hyperpolarized voltages (see 

Chapter IV Fig. 6). For each of the voltages for which we measured the kinetics of entry 

into fast inactivation the altered DIV voltage-sensor has likely already activated. If you 

consider fast inactivation to be a simple two step process in which the DIV voltage-

sensor must move and then the inactivation loop needs to bind its docking site, then we 

have effectively removed the first step of this process. I hypothesize that the rates of entry 

into fast inactivation may therefore reflect the intrinsic rates for the binding of the 

inactivation loop to its docking site. 

 Given our results, it is reasonable to state that the voltage-dependence of fast 

inactivation is derived from the voltage-dependent movement of the DIV voltage-sensor. 
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The altered DIV-CN voltage-sensor is moving at more hyperpolarized voltages. 

Therefore, it follows that if fast inactivation derives its voltage-dependence from the DIV 

voltage-sensor then the steady state inactivation curve should also shift to more 

hyperpolarized voltages. 

 Next, in order for the channel to reset itself for the next action potential, it must 

recover from inactivation. Based on our data for entry into fast inactivation, it would be 

reasonable to expect that in order for the channel to recover from fast inactivation, the 

DIV voltage-sensor must return to its resting conformation. In this case, we would predict 

an extended lag before recovery from fast inactivation as compared to the WT. Indeed, 

we do observe a larger lag for DIV-CN recovery from fast inactivation than for the WT 

or any of the other CN mutants. However, this data set becomes much more complicated 

to interpret when one observes that DI, DII, and DIII-CN also exhibit slower recovery 

from inactivation (albeit to a smaller degree). Therefore, I hypothesize that in the WT 

condition, much of the voltage-dependence of recovery from fast inactivation is derived 

from the DIV voltage-sensor. However, another source of the voltage-dependence of 

recovery from inactivation is obtained from the DI, DII, and DIII voltage-sensors via 

their coupling to the DIV S4. I also hypothesize that in order for a Nav channel to recover 

from fast inactivation, the DIV voltage-sensor must move into its resting position. Once 

the DIV voltage-sensor returns to its resting position, the inactivation loop can no longer 

occupy its binding site, and it pops off, allowing the channel to recover from inactivation 

(see Fig. 1). 

 In situations where the membrane remains depolarized for an extended stretch of 

time, the sodium channel undergoes slow inactivation. In the potassium channel, the 
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process of C-type inactivation greatly resembles sodium channel slow inactivation and it 

is thought that these two processes involve the collapse of the selectivity filter in the 

outer pore of the channel. This voltage-dependent process sculpts brainwave patterns and 

acts as a safeguard against erratic activity as well. Since we found that the DIV voltage-

sensor is coupled to the selectivity filter region of the channel, I put forth the DIV S4 as a 

candidate for supplying the process of slow inactivation with it's voltage-dependence. 

 When the membrane is depolarized for long stretches of time, voltage-sensors 

undergo a mode-shift in which they tend to activate at much more hyperpolarized 

voltages than normally expected. This mode shift behavior can be found even in the 

isolated voltage-sensor, but I hypothesize that in the sodium channel, the mode-shift 

behavior of the fourth voltage-sensor may trigger the selectivity filter collapse of slow 

inactivation.  

 These findings indicate that the DIV voltage-sensor may be an important 

pharmacological target for modulation of slow inactivation. Drugs that modify slow 

inactivation such as Lacosamide may alter the behavior of the DIV voltage-sensor. Once 

a role of the DIV voltage-sensor in slow inactivation is confirmed, these data may help to 

explain the inverse relationship of fast inactivation and slow inactivation. When fast 

inactivation is eliminated, it has been found that slow inactivation is able to occur more 

quickly (Featherstone, Richmond et al. 1996; Wang, Bonner et al. 2003). If the DIV 

voltage-sensor does in fact play a role in both fast and slow inactivation, it would follow 

that a change in one process could affect the other. It may prove possible in the future to 

tip the balance of fast and slow inactivation using drugs that target the DIV voltage-
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sensor. This would have potential utility in the treatment of sodium channel diseases 

ranging from arrhythmias to epilepsy. 

5.4 Future directions 

 Our studies have shown that the DIV voltage-sensors is the principal voltage-

sensor involved with fast inactivation and also brings to light the possibility that the DIV 

voltage-sensor may be a trigger for slow inactivation as well. To our knowledge, our data 

is the first to show an alternative mode of coupling other than the canonical inner pore 

gates to voltage-sensor coupling. This work suggests that differential coupling may 

underlie the functional specificity of different domains and further may allow for sodium 

channels and other heteromeric channels to participate in far more complex gating 

behaviors than previously thought possible. Our work also pinpoints the DIV voltage-

sensor as an important potential target for treating illnesses that result in gain of function 

or loss of function in the sodium channels via modulation of the inactivation process.  

 However, there is still much work to be done. The DIV voltage-sensor is just one 

of the components involved in inactivation. Other sites, such as the inactivation loop 

docking site or the precise regions involved in slow inactivation, have yet to be clearly 

identified. Our fast inactivation data are explained well by a model in which the DIV 

voltage-sensor must move out of the way in order for the inactivation loop to bind, 

unfortunately, in the absence of a crystal structure of a mammalian Nav channel, these 

mechanisms remain purely speculative in nature. Moreover, we remain unable to 

definitively state that the conformational change in the selectivity filter that is coupled to 

the DIV voltage-sensor is slow inactivation and as of yet, we are unable to determine the 
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molecular pathway for this coupling. At this juncture we can only state that there is a 

conformational change in the selectivity filter that may be related to slow inactivation. 

 Moving forward, it would perhaps be advisable for future research to involve true 

locking of the voltage-sensors into either a closed or activated conformation. Though our 

experiments likely bias the voltage-sensors into their activated conformations, our 

approach still allows for some voltage-sensor movement and therefore may not be as 

clean. Moreover it would be ideal to study channels in which all gating charges are 

present if only to more effectively track down the degree of charge carried by each 

voltage-sensor. Furthermore, much work must still be done on the phenomenon of slow 

inactivation. It would perhaps prove beneficial to determine whether the voltage-

dependence of slow inactivation is changed by either the DIV-CN mutations relative to 

DI, DII, DIII-CN, and the WT or by using a construct in which one voltage-sensor is 

locked in a resting or activated conformation. In conclusion, our experiments have 

identified some of the keystones necessary for the understanding the process of both fast 

and slow sodium channel inactivation. 
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Figure 1: A model for the involvement of DIV S4 in fast inactivation. (A) A diagram 

depicting the closed pore (black circle) and resting voltage-sensors (blue circles) of the 

sodium channel. The inactivation particle (red) is tethered to the DIV S4. (B) After 

depolarization, the first three voltage-sensors activate (orange circles), and the pore opens 

(white circle). (C) The DIV S4 activates and this allows the inactivation particle to move 

towards its binding site. (D) The inactivation particle binds to its docking site and the 

channel fast inactivates.



114 

 

 

REFERENCES 

 
Aggarwal, S. K. and R. MacKinnon (1996). "Contribution of the S4 segment to gating 

charge in the Shaker K+ channel." Neuron 16(6): 1169-1177. 

 

Anklesaria, P., J. Teixido, et al. (1990). "Cell-cell adhesion mediated by binding of 

membrane-anchored transforming growth factor alpha to epidermal growth factor 

receptors promotes cell proliferation." Proc Natl Acad Sci U S A 87(9): 3289-

3293. 

 

Antzelevitch, C., P. Brugada, et al. (2002). "Brugada syndrome: a decade of progress." 

Circ Res 91(12): 1114-1118. 

 

Armstrong, C. M. and F. Bezanilla (1973). "Currents related to movement of the gating 

particles of the sodium channels." Nature 242(5398): 459-461. 

 

Armstrong, C. M., F. Bezanilla, et al. (1973). "Destruction of sodium conductance 

inactivation in squid axons perfused with pronase." J Gen Physiol 62(4): 375-391. 

 

Backx, P. H., D. T. Yue, et al. (1992). "Molecular localization of an ion-binding site 

within the pore of mammalian sodium channels." Science 257(5067): 248-251. 

 

Balser, J. R., H. B. Nuss, et al. (1996). "External pore residue mediates slow inactivation 

in mu 1 rat skeletal muscle sodium channels." J Physiol 494 ( Pt 2): 431-442. 

 

Bao, H., A. Hakeem, et al. (1999). "Voltage-insensitive gating after charge-neutralizing 

mutations in the S4 segment of Shaker channels." J Gen Physiol 113(1): 139-151. 

 

Bell, D. and A. Siriwardena (2000). "Phrenic nerve injury following blunt trauma." J 

Accid Emerg Med 17(6): 419-420. 

 

Benitah, J. P., Z. Chen, et al. (1999). "Molecular dynamics of the sodium channel pore 

vary with gating: interactions between P-segment motions and inactivation." J 

Neurosci 19(5): 1577-1585. 

 

Benitah, J. P., R. Ranjan, et al. (1997). "Molecular motions within the pore of voltage-

dependent sodium channels." Biophys J 73(2): 603-613. 

 

Benzinger, G. R., C. L. Drum, et al. (1997). "Differences in the binding sites of two site-3 

sodium channel toxins." Pflugers Arch 434(6): 742-749. 

 

Bezanilla, F. (2000). "The voltage sensor in voltage-dependent ion channels." Physiol 

Rev 80(2): 555-592. 

 



115 

 

Bezanilla, F. and C. M. Armstrong (1975). "Kinetic properties and inactivation of the 

gating currents of sodium channels in squid axon." Philos Trans R Soc Lond B 

Biol Sci 270(908): 449-458. 

 

Bezanilla, F., R. E. Taylor, et al. (1982). "Distribution and kinetics of membrane 

dielectric polarization. 1. Long-term inactivation of gating currents." J Gen 

Physiol 79(1): 21-40. 

 

Bezzina, C. R., M. B. Rook, et al. (2001). "Cardiac sodium channel and inherited 

arrhythmia syndromes." Cardiovasc Res 49(2): 257-271. 

 

Bosmans, F., M. F. Martin-Eauclaire, et al. (2008). "Deconstructing voltage sensor 

function and pharmacology in sodium channels." Nature 456(7219): 202-208. 

 

Catterall, W. A., S. Dib-Hajj, et al. (2008). "Inherited neuronal ion channelopathies: new 

windows on complex neurological diseases." J Neurosci 28(46): 11768-11777. 

 

Cha, A., P.C.Ruben, A.L.George, Jr., E.Fujimoto, and F.Bezanilla. (1999). "Voltage 

sensors in domains III and IV, but not I and II, are immobilized by Na+ channel 

fast inactivation." Neuron 22: 14. 

 

Chahine, M., A. L. George, Jr., et al. (1994). "Sodium channel mutations in paramyotonia 

congenita uncouple inactivation from activation." Neuron 12(2): 281-294. 

 

Chanda, B., O. K. Asamoah, et al. (2005). "Gating charge displacement in voltage-gated 

ion channels involves limited transmembrane movement." Nature 436(7052): 

852-856. 

 

Chanda, B. and F. Bezanilla (2002). "Tracking voltage-dependent conformational 

changes in skeletal muscle sodium channel during activation." J Gen Physiol 

120(5): 629-645. 

 

Chen, L. Q., V.Santarelli, R.Horn, and R.G.Kallen. (1996). "A unique role for the S4 

segment of domain 4 in the inactivation of sodium channels." Journal of General 

Physiology 108: 7. 

 

Chiamvimonvat, N., M. T. Perez-Garcia, et al. (1996). "Depth asymmetries of the pore-

lining segments of the Na+ channel revealed by cysteine mutagenesis." Neuron 

16(5): 1037-1047. 

 

Chinushi, M., H. Kasai, et al. (2002). "Triggers of ventricular tachyarrhythmias and 

therapeutic effects of nicorandil in canine models of LQT2 and LQT3 

syndromes." J Am Coll Cardiol 40(3): 555-562. 

 

Chopra, N. and B. C. Knollmann (2011). "Genetics of sudden cardiac death syndromes." 

Curr Opin Cardiol 26(3): 196-203. 



116 

 

Cordero-Morales, J. F., L. G. Cuello, et al. (2006). "Voltage-dependent gating at the 

KcsA selectivity filter." Nat Struct Mol Biol 13(4): 319-322. 

 

Cordero-Morales, J. F., L. G. Cuello, et al. (2006). "Molecular determinants of gating at 

the potassium-channel selectivity filter." Nat Struct Mol Biol 13(4): 311-318. 

 

Cuello, L. G., V. Jogini, et al. (2010). "Structural mechanism of C-type inactivation in 

K(+) channels." Nature 466(7303): 203-208. 

 

Cummins, T. R. and F. J. Sigworth (1996). "Impaired slow inactivation in mutant sodium 

channels." Biophys J 71(1): 227-236. 

 

Davidenko, J. M., L. Cohen, et al. (1989). "Quinidine-induced action potential 

prolongation, early afterdepolarizations, and triggered activity in canine Purkinje 

fibers. Effects of stimulation rate, potassium, and magnesium." Circulation 79(3): 

674-686. 

 

Favre, I., E. Moczydlowski, et al. (1996). "On the structural basis for ionic selectivity 

among Na+, K+, and Ca2+ in the voltage-gated sodium channel." Biophys J 

71(6): 3110-3125. 

 

Featherstone, D. E., J. E. Richmond, et al. (1996). "Interaction between fast and slow 

inactivation in Skm1 sodium channels." Biophys J 71(6): 3098-3109. 

 

Fleidervish, I. A., A. Friedman, et al. (1996). "Slow inactivation of Na+ current and slow 

cumulative spike adaptation in mouse and guinea-pig neocortical neurones in 

slices." J Physiol 493 ( Pt 1): 83-97. 

 

French, R. J., D. Yoshikami, et al. (2010). "The tetrodotoxin receptor of voltage-gated 

sodium channels--perspectives from interactions with micro-conotoxins." Mar 

Drugs 8(7): 2153-2161. 

 

Goldin, A. L. (2003). "Mechanisms of sodium channel inactivation." Curr Opin 

Neurobiol 13(3): 284-290. 

 

Grant, A. O. (2005). "Electrophysiological basis and genetics of Brugada syndrome." J 

Cardiovasc Electrophysiol 16 Suppl 1: S3-7. 

 

Greffrath, W., S. T. Schwarz, et al. (2009). "Heat-induced action potential discharges in 

nociceptive primary sensory neurons of rats." J Neurophysiol 102(1): 424-436. 

 

Haddad, G. A. and R. Blunck (2011). "Mode shift of the voltage sensors in Shaker K+ 

channels is caused by energetic coupling to the pore domain." J Gen Physiol 

137(5): 455-472. 

 



117 

 

Hanck, D. A. and M. F. Sheets (1995). "Modification of inactivation in cardiac sodium 

channels: ionic current studies with Anthopleurin-A toxin." J Gen Physiol 106(4): 

601-616. 

 

Heinemann, S. H., H. Terlau, et al. (1992). "Calcium channel characteristics conferred on 

the sodium channel by single mutations." Nature 356(6368): 441-443. 

 

Hilber, K., W. Sandtner, et al. (2001). "The selectivity filter of the voltage-gated sodium 

channel is involved in channel activation." J Biol Chem 276(30): 27831-27839. 

 

Hilden, S. and L. E. Hokin (1975). "Active potassium transport coupled to active sodium 

transport in vesicles reconstituted from purified sodium and potassium ion-

activated adenosine triphosphatase from the rectal gland of Squalus acanthias." J 

Biol Chem 250(16): 6296-6303. 

 

Hille, B. (2001). Ion channels of excitable membranes. Sunderland, Mass., Sinauer. 

Hodgkin, A. L. and A. F. Huxley (1952). "A quantitative description of membrane 

current and its application to conduction and excitation in nerve." J Physiol 

117(4): 500-544. 

 

Hodgkin, A. L. and R. D. Keynes (1955). "Active transport of cations in giant axons from 

Sepia and Loligo." J Physiol 128(1): 28-60. 

 

Horn, R., S. Ding, et al. (2000). "Immobilizing the moving parts of voltage-gated ion 

channels." J Gen Physiol 116(3): 461-476. 

 

Huang, C. J., I. Favre, et al. (2000). "Permeation of large tetra-alkylammonium cations 

through mutant and wild-type voltage-gated sodium channels as revealed by relief 

of block at high voltage." J Gen Physiol 115(4): 435-454. 

 

Islas, L. D. and F. J. Sigworth (2001). "Electrostatics and the gating pore of Shaker 

potassium channels." J Gen Physiol 117(1): 69-89. 

 

Isom, L. L., K. S. De Jongh, et al. (1992). "Primary structure and functional expression of 

the beta 1 subunit of the rat brain sodium channel." Science 256(5058): 839-842. 

 

Jiang, Y., V. Ruta, et al. (2003). "The principle of gating charge movement in a voltage-

dependent K+ channel." Nature 423(6935): 42-48. 

 

Jo, S. and B. P. Bean (2011). "Inhibition of neuronal voltage-gated sodium channels by 

brilliant blue G." Mol Pharmacol 80(2): 247-257. 

 

Jones, D. K. and P. C. Ruben (2008). "Biophysical defects in voltage.gated sodium 

channels associated with long QT and Brugada syndromes." Channels (Austin) 

2(2): 70-80. 

 



118 

 

Jurkat-Rott, K., B. Holzherr, et al. (2010). "Sodium channelopathies of skeletal muscle 

result from gain or loss of function." Pflugers Arch 460(2): 239-248. 

 

Kirsch, G. E., M. Alam, et al. (1994). "Differential effects of sulfhydryl reagents on 

saxitoxin and tetrodotoxin block of voltage-dependent Na channels." Biophys J 

67(6): 2305-2315. 

 

Kontis, K. J., A.Rounaghi, and A.L.Goldin. (1997). "Sodium channel activation gating is 

affected by substitutions of voltage sensor positive charges in all four domains." 

Journal of General Physiology 1997: 10. 

 

Kontis, K. J. and A. L. Goldin (1997). "Sodium channel inactivation is altered by 

substitution of voltage sensor positive charges." J Gen Physiol 110(4): 403-413. 

 

Kontis, K. J., A. Rounaghi, et al. (1997). "Sodium channel activation gating is affected by 

substitutions of voltage sensor positive charges in all four domains." J Gen 

Physiol 110(4): 391-401. 

 

Kontis, K. J. a. A. L. G. (1997). "Sodium channel inactivation is altered by substitution of 

voltage sensor positive charges." Journal of General Physiology 110: 10. 

 

Leffler, A., R. I. Herzog, et al. (2005). "Pharmacological properties of neuronal TTX-

resistant sodium channels and the role of a critical serine pore residue." Pflugers 

Arch 451(3): 454-463. 

 

Liu, Y., M. Holmgren, et al. (1997). "Gated access to the pore of a voltage-dependent K+ 

channel." Neuron 19(1): 175-184. 

 

Liu, Y., M. E. Jurman, et al. (1996). "Dynamic rearrangement of the outer mouth of a K+ 

channel during gating." Neuron 16(4): 859-867. 

 

Long, S. B., E. B. Campbell, et al. (2005). "Crystal structure of a mammalian voltage-

dependent Shaker family K+ channel." Science 309(5736): 897-903. 

 

Lopez-Barneo, J., T. Hoshi, et al. (1993). "Effects of external cations and mutations in the 

pore region on C-type inactivation of Shaker potassium channels." Receptors 

Channels 1(1): 61-71. 

 

Mannikko, R., S. Pandey, et al. (2005). "Hysteresis in the voltage dependence of HCN 

channels: conversion between two modes affects pacemaker properties." J Gen 

Physiol 125(3): 305-326. 

 

Mitchell, P. (1961). "Coupling of phosphorylation to electron and hydrogen transfer by a 

chemi-osmotic type of mechanism." Nature 191: 144-148. 



119 

 

Miyamoto, K., T. Nakagawa, et al. (2001). "Solution structures of the cytoplasmic linkers 

between segments S4 and S5 (S4-S5) in domains III and IV of human brain 

sodium channels in SDS micelles." J Pept Res 58(3): 193-203. 

 

Noda, M., S. Shimizu, et al. (1984). "Primary structure of Electrophorus electricus 

sodium channel deduced from cDNA sequence." Nature 312(5990): 121-127. 

 

Olcese, R., R. Latorre, et al. (1997). "Correlation between charge movement and ionic 

current during slow inactivation in Shaker K+ channels." J Gen Physiol 110(5): 

579-589. 

 

Ong, B. H., G. F. Tomaselli, et al. (2000). "A structural rearrangement in the sodium 

channel pore linked to slow inactivation and use dependence." J Gen Physiol 

116(5): 653-662. 

 

Papadopoulos, V., P. Kamtchouing, et al. (1987). "Adult rat Sertoli cells secrete a factor 

or factors which modulate Leydig cell function." J Endocrinol 114(3): 459-467. 

 

Papazian, D. M., L. C. Timpe, et al. (1991). "Alteration of voltage-dependence of Shaker 

potassium channel by mutations in the S4 sequence." Nature 349(6307): 305-310. 

 

Payandeh, J., T. Scheuer, et al. (2011). "The crystal structure of a voltage-gated sodium 

channel." Nature 475(7356): 353-358. 

 

Perez-Garcia, M. T., N. Chiamvimonvat, et al. (1997). "Mechanisms of sodium/calcium 

selectivity in sodium channels probed by cysteine mutagenesis and sulfhydryl 

modification." Biophys J 72(3): 989-996. 

 

Piper, D. R., A. Varghese, et al. (2003). "Gating currents associated with intramembrane 

charge displacement in HERG potassium channels." Proc Natl Acad Sci U S A 

100(18): 10534-10539. 

 

Satin, J., J. W. Kyle, et al. (1992). "A mutant of TTX-resistant cardiac sodium channels 

with TTX-sensitive properties." Science 256(5060): 1202-1205. 

 

Schauf, C. L., T. L. Pencek, et al. (1976). "Slow sodium inactivation in Myxicola axons. 

Evidence for a second inactive state." Biophys J 16(7): 771-778. 

 

Seoh, S. A., D. Sigg, et al. (1996). "Voltage-sensing residues in the S2 and S4 segments 

of the Shaker K+ channel." Neuron 16(6): 1159-1167. 

 

Sheets, M. F. and D. A. Hanck (1995). "Voltage-dependent open-state inactivation of 

cardiac sodium channels: gating current studies with Anthopleurin-A toxin." J 

Gen Physiol 106(4): 617-640. 



120 

 

Sheets, M. F. and D. A. Hanck (2002). "The outermost lysine in the S4 of domain III 

contributes little to the gating charge in sodium channels." Biophys J 82(6): 3048-

3055. 

 

Sheets, M. F., J. W. Kyle, et al. (2000). "The role of the putative inactivation lid in 

sodium channel gating current immobilization." J Gen Physiol 115(5): 609-620. 

 

Sheets, M. F., J. W. Kyle, et al. (1999). "The Na channel voltage sensor associated with 

inactivation is localized to the external charged residues of domain IV, S4." 

Biophys J 77(2): 747-757. 

 

Smith, M. R. and A. L. Goldin (1997). "Interaction between the sodium channel 

inactivation linker and domain III S4-S5." Biophys J 73(4): 1885-1895. 

 

Sokolov, S., T. Scheuer, et al. (2005). "Ion permeation through a voltage- sensitive gating 

pore in brain sodium channels having voltage sensor mutations." Neuron 47(2): 

183-189. 

 

Sokolov, S., T. Scheuer, et al. (2007). "Gating pore current in an inherited ion 

channelopathy." Nature 446(7131): 76-78. 

 

Sokolov, S., T. Scheuer, et al. (2010). "Ion permeation and block of the gating pore in the 

voltage sensor of NaV1.4 channels with hypokalemic periodic paralysis 

mutations." J Gen Physiol 136(2): 225-236. 

 

Starace, D. M. and F. Bezanilla (2004). "A proton pore in a potassium channel voltage 

sensor reveals a focused electric field." Nature 427(6974): 548-553. 

 

Stefani E, B. F. (1998). "Cut-open oocyte voltage-clamp technique." Methods Enzymol. 

293: 18. 

 

Struyk, A. F. and S. C. Cannon (2007). "A Na+ channel mutation linked to hypokalemic 

periodic paralysis exposes a proton-selective gating pore." J Gen Physiol 130(1): 

11-20. 

 

Stühmer W, C. F., Suzuki H, Wang XD, Noda M, Yahagi N, Kubo H, Numa S. (1989). 

"Structural parts involved in activation and inactivation of the sodium channel." 

Nature 339(6226): 6. 

 

Tempel, B. L., D. M. Papazian, et al. (1987). "Sequence of a probable potassium channel 

component encoded at Shaker locus of Drosophila." Science 237(4816): 770-775. 

 

Thomsen, W. J. and W. A. Catterall (1989). "Localization of the receptor site for alpha-

scorpion toxins by antibody mapping: implications for sodium channel topology." 

Proc Natl Acad Sci U S A 86(24): 10161-10165. 



121 

 

Todt, H., S. C. Dudley, Jr., et al. (1999). "Ultra-slow inactivation in mu1 Na+ channels is 

produced by a structural rearrangement of the outer vestibule." Biophys J 76(3): 

1335-1345. 

 

Townsend, C. and R. Horn (1997). "Effect of alkali metal cations on slow inactivation of 

cardiac Na+ channels." J Gen Physiol 110(1): 23-33. 

 

Tsushima, R. G., R. A. Li, et al. (1997). "P-loop flexibility in Na+ channel pores revealed 

by single- and double-cysteine replacements." J Gen Physiol 110(1): 59-72. 

 

Vilin, Y. Y., E. Fujimoto, et al. (2001). "A single residue differentiates between human 

cardiac and skeletal muscle Na+ channel slow inactivation." Biophys J 80(5): 

2221-2230. 

 

Villalba-Galea, C. A., W. Sandtner, et al. (2008). "S4-based voltage sensors have three 

major conformations." Proc Natl Acad Sci U S A 105(46): 17600-17607. 

 

Wang, S. Y., K. Bonner, et al. (2003). "Tryptophan scanning of D1S6 and D4S6 C-

termini in voltage-gated sodium channels." Biophys J 85(2): 911-920. 

 

Wang, Y., K. D. Park, et al. (2011). "Development and characterization of novel 

derivatives of the antiepileptic drug lacosamide that exhibit far greater 

enhancement in slow inactivation of voltage-gated sodium channels." ACS Chem 

Neurosci 2(2): 90-106. 

 

Wedekind, H., J. P. Smits, et al. (2001). "De novo mutation in the SCN5A gene 

associated with early onset of sudden infant death." Circulation 104(10): 1158-

1164. 

 

Wei, J., D. W. Wang, et al. (1999). "Congenital long-QT syndrome caused by a novel 

mutation in a conserved acidic domain of the cardiac Na+ channel." Circulation 

99(24): 3165-3171. 

 

West, J. W., D. E. Patton, et al. (1992). "A cluster of hydrophobic amino acid residues 

required for fast Na(+)-channel inactivation." Proc Natl Acad Sci U S A 89(22): 

10910-10914. 

 

Wit, A. L., B. F. Hoffman, et al. (1972). "Slow conduction and reentry in the ventricular 

conducting system. I. Return extrasystole in canine Purkinje fibers." Circ Res 

30(1): 1-10. 

 

Xiong, W., Y. Z. Farukhi, et al. (2006). "A conserved ring of charge in mammalian Na+ 

channels: a molecular regulator of the outer pore conformation during slow 

inactivation." J Physiol 576(Pt 3): 739-754. 



122 

 

Xiong, W., R. A. Li, et al. (2003). "Molecular motions of the outer ring of charge of the 

sodium channel: do they couple to slow inactivation?" J Gen Physiol 122(3): 323-

332. 

 

Yan, G. X. and C. Antzelevitch (1999). "Cellular basis for the Brugada syndrome and 

other mechanisms of arrhythmogenesis associated with ST-segment elevation." 

Circulation 100(15): 1660-1666. 

 

Yang, N., A. L. George, Jr., et al. (1996). "Molecular basis of charge movement in 

voltage-gated sodium channels." Neuron 16(1): 113-122. 

 

Zhang, M. M., P. Gruszczynski, et al. (2010). "Cooccupancy of the outer vestibule of 

voltage-gated sodium channels by micro-conotoxin KIIIA and saxitoxin or 

tetrodotoxin." J Neurophysiol 104(1): 88-97. 

 

Zhang, M. M., J. R. McArthur, et al. (2009). "Synergistic and antagonistic interactions 

between tetrodotoxin and mu-conotoxin in blocking voltage-gated sodium 

channels." Channels (Austin) 3(1): 32-38. 

 

Zimmer, T. and R. Surber (2008). "SCN5A channelopathies--an update on mutations and 

mechanisms." Prog Biophys Mol Biol 98(2-3): 120-136. 

 
 



123 

 

 

 

 



124 

 

 

 

 



125 

 

 

 

 

 



126 

 

 

 

 



127 

 

 

 

 



128 

 

 

 

 

 



129 

 

 

 

 

 



130 

 

 

 

 



131 

 

 

 

 



132 

 

In preparation: 

 

 

 



133 

 

 

 

 

 



134 

 

 

 

 



135 

 

 

 

 

 



136 

 

 

 

 

 



137 

 

 

 

 

 



138 

 

 

 

 

 



139 

 

 

 

 

 



140 

 

 

 

 

 



141 

 

 

 

 

 



142 

 

 

 

 

 



143 

 

 

 

 

 



144 

 

 

 

 

 



145 

 

 

 

 

 



146 

 

 

 

 

 



147 

 

 

 

 



148 

 

 

 

 

 



149 

 

 

 

 

 



150 

 

 

 

 

 



151 

 

 

 

 



152 

 

 

 

 



153 

 

 

 

 

 



154 

 

 

 

 

 



155 

 

 

 

 

 



156 

 

 

 

 

 



157 

 

 

 

 

 



158 

 

 

 

 

 



159 

 

 

 

 

 



160 

 

 

 

 

 



161 

 

 

 

 

 



162 

 

 

 

 



163 

 

 

 

 

 

 



164 

 

 

 

 

 



165 

 

 

 

 



166 

 

 

 

 

 



167 

 

 

 

 

 



168 

 

 

 

 

 



169 

 

 

 

 

 



170 

 

 

 

 

 



171 

 

 

 

 

 



172 

 

 

 

 

 



173 

 

 

 

 

 


