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Abstract
The Unique Role of the Domain 1V 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



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®").
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



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 o subunit and an accessory 3 subunit. The
B 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 a subunit

and it consists of four homologous, but non-identical, domains, each with six



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; Stihmer 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; Stihmer
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,



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;
Stihmer 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



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 DIl 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;



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.



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 DIIl 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



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 o 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 DIl 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



14

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



15

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 DIl or DIV into one conformation
utilizing a photo-activatable crosslinker. This particular study found that when the DIl 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 DIl 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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B. Rat p1 DI ISALRTFRVLRALKTITVIPGLKT
Rat p1 DIl SVLRSFRLLRVFKLAKSWPTL
Rat u1 DIll  LGPIKSLRTLRALRPLRALSR
Rat p1 DIV SPTLFRVI RLARIGRVLRLIRGAKGIR

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.
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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 Il

Experimental Procedures
2.1 Materials
Tetrodotoxin was purchased from Sigma-Aldrich (St. Louis, MO). Mu-conotoxin GIIA
(u-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 MgClI; x 6 H,O, 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 °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 CacCl;, x 2 H,0, 100 pg/ml Gentamicin, and

1 mg/ml bovine serum albumin (Sigma- Aldrich). Oocytes were stored in an 18 °C



27

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 pPBSTA-Mul-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 Notl 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 o subunit was diluted
in RNAse free water to a stock concentration of 2 ug/ul and the 1 subunit was diluted to
a stock concentration of 0.4 pg/ul and the concentrations were verified using the
Nanodrop 2000c. All RNA was stored in a -80 °C freezer until needed.

For injection, an equal volume of a and 1 subunit at 2 pg/ul and 0.4 pg/ul
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
calctum, and 100 uM DTT (unless stated otherwise), 0.2 mM EDTA, and 100 pg/ml
Gentamicin and stored for 2 to 7 days in an 18 °C incubator until optimum expression
levels were obtained.
2.5 Electrophysiological Experiments

2.5.1 lonic currents using the two electrode voltage clamp technique

After storage in the 18 °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 MQ. Oocytes were
placed in 105 mM sodium external solution (105 mM NaOH, 20 mM HEPES, 2 mM
Ca(OH), and MES to pH 7.4) and then two microelectrodes with a AgCI wire and filled
with 3 M KCI 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 lonic current measurements using the voltage clamp on cut open oocyte
technique.

After storage in the 18 °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 KCI agar bridges with platinum wire are placed in wells
containing an AgCl wire and 3M KCI 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 | 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 KCI at
0.2-0.7 MQ 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.

lonic 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 u-CTX experiments, the channels
were then blocked with either 0.6 - 1.1 uM TTX or 6 - 25.7 uM p-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-DlI,
DI, DIlI, or DIV-CN constructs, following injection the oocytes were stored in SOS with
calcium storage solution and 100 pg/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 H,0; in
order to maximize disulfide formation. Following the application of H,0,, 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, DIll, and DIV-CN
mutants so as to verify that H,O, 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 uM TTX or 6 - 25.7 uM p-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) = L/(1 + exp (-ze(V — V12)/KT))
where V1 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 uM p-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 (to) 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) = Ay (1+e0™) + Ay(1-e0) x H(to)
where A; is the amplitude of the fast component and A, is the amplitude of the slow
component , t is the time, to is the lag time, T is the time constant of the fast component
and T, is the time constant of the slow component, and the step function H(tg) = 0 for t <
to and 1 for t > to. The mono-exponential equation followed the form:

F(x) = A(L+e™29) x H(to)
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where A is the amplitude, t is the time, to is the lag time, t is the time constant, and the
step function H(to) =0 for t <t; and 1 for t > to. 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 111

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 111 and 1V, plugging the main pore of
the channel from the inside (Armstrong, Bezanilla et al. 1973; Stihmer 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 DIl 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 (DI1-CN),
or 105 mM potassium external (DI11-CN) and 105 mM N-methyl D-glucamine (NMG)
internal solution (for full composition, see Chapter 11, 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 (DIl and DIII) (see Chapter I, 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 11, 2.5.3).
3.2.2 Effects of TTX and u-CTX on the gating pore currents of DI, DII, DIIl, 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 1.1uM) 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, p-conotoxin (u-CTX). At physiological pH, u-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 u-CTX should have an even greater
impact on the DIV-CN gating pore currents.

We applied p-CTX to each of the CN mutants at concentrations sufficient to
completely block the central pore (up to 25.7 uM) (see Fig. 7) and observed that p-CTX
did not affect the gating pore currents of DI, DII, and DIII. Additionally, p-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 u-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 u-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 u-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 11, 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, u-CTX caused no reduction in the total OFF
gating charge. This is consistent with the minimal effect of p-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 H;0; 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, DI,
DIll, and DIV-CN both in oxidizing and reducing conditions (for the full solution
compositions, check Chapter 11, 2.5) and found that a disulfide bond in the selectivity
filter had no effect on the omega currents of the D400C/E755C DI, DI, 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, DI, and DIV-CN controls without the
cysteine mutations were minimally affected by either H,O, 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, u-CTX caused only a small
reduction in the DIV gating pore currents (16% versus the 65% induced by TTX). The

effect of u-CTX was voltage-insensitive with a static inhibition at all voltages. We further
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found that TTX, but not p-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, u-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 u-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



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), DI1I-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 1l (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 uM
TTX (B), and in 10 uM 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 Il (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: p-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 u-CTX for DI-CN (A), DII-CN (B), DI1I-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 DII1-CN were obtained in
presence of K*-Mes external solution. The pulse protocol used was same as reported in

Chapter 11 (2.5.3).
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Figure 8: Effect of n-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 u-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
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(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 p-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) p-

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 p-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 H,0, (B), and upon addition of
1 mM DTT after washout of H,O, (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, DI, 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 H,O, (black squares) and DTT (red squares) compared to the DI-
CN control in H,0, (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 DII-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. I, refers to the H,0,
traces collected at -160 mV. The data were normalized to I, 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 a-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
DIl 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).



75

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 DIl 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 DIl and DIV voltage-sensors, but not DI or DII (Cha 1999). Furthermore, a mutation
to a charged residue in the DIl 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 11, 2.5. lonic 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-V12)/KT))
where V1, 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 Vnax 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 Il, 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
areturnto -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, DIl, or DIl 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 1l, 2.5.6
and Chapter 11 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 DI11-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 (to) of the
form: F(x) = As(1 - exp(-(t-to)/t1) + Az(1 - exp(-(t-to)/t2 X H(to) (for a full description, see
chapter 11 2.6.1). While a clear voltage-dependence is reflected for the fast tau of the WT

as well as DI, DII, and DII-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,
DlIl, 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, DIl 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 P, 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 DIl 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 (to). 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-to)/t) x H(to) (for a full
description see chapter 11 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 p-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) = A(exp™™) + Ag(exp™™) + 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:

%At = (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
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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 DIVV-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,

DIl (orange), DII (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 (to) 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) = A;(1- ey +

Ao(1- ety 5y Hto).
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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 V, 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), DIl (orange), DIl (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 (to) 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- ") x H(t,) 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 p-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 11, 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 DI1I-CN voltage-
sensors. However, TTX caused a large reduction (by as much as 74%) in the DIV-CN
gating pore currents (see Chapter Il1, 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 u-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 u-CTX had much less of an effect on the DIV voltage-sensor (see Chapter 111
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
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Chapter Il 2.6.1), we found that while the WT, DI, DII, and DI11-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 P, 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 11l 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. | 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. | 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 | 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, DIlI, DII-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.
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Voltage-dependent jon duannels are ouwcial for generation and
propagation of electrical activity in biological syst ems. The primary
mechanism for voltage transduction in these proteins invohes the
movement of a voltage-sensing domain (DL which opens a gate
located on the oytoplasmic side. A distinct conformational change
in the selectivity filter near the extracellular side has been
implicated in slow inadtivation gating., which i important for
spike freqguency adaptation in newral drouits. Howewer, it remains
an open guestion whether gating tramsitions in the selectivity
filter region are also actuated by woltage sensors. Here, we ex-
amine conf ormational coupling between each of the four woltage
sensors and the outer pore of a eukaryotic vu-l'hge-depndﬂﬂ
sodium channel. The witage of thesie s oediivm ¢ i are
mot s trscturally symmetric and exhibit func tional specialization. To
track the cnfermational rearrangements of individual voltage-
sensing damains, we recorded domain-spedfic gating pore asr-
rents. Our data show that, of the four voltage sensors, only the
domain IV voltage sensor i coupled to the conformation of the
selectivity filter region of the sodium channel . Trapping the outer
pore in a particular mnformation with a high-affinity toxin or
disulphide mosshridge impedes the retumn of this voltage sensor
to its resting conformation. Our findings directly establish that,
in addition to the ¢ chanial coupling between
voltage sensor and inner pore gates of a sodium channel, gating
transitions in the selectivity filter region are also coupled to the
movement of a voltage sensor. Furthenm or e, owr results also imply
that the voltage sensor of domain IV i unigue in this linkage and
in the ability toinitiste slow inadivation in sodium channels

| electroar

electrophyiclogy | Masl 2 | ousr pore conformation

oliage-gated sodiom clannels, like the other const tuents of

the voltage-gated fon chanmnel superfamily, mdemgo gating
tranaitions that result in channel opening and inactivation.
Structural studies malnl on potssom selective don clannels
have establihed that the opering of the channel primanly in-
volves splaving of the bundle crossing formed on the intracelular
side by the 56 helices (1-3). Cotvpe inactivation gating, which
Tolkws channel openng and & mechanttically distinet from fast
N-type inactivation, involes conformational rearmangements in
the selectivity filter reglon (4-8).

Aceording to our current thinking, inactvation gating at the
selectivity filter reglon arfies &8 a result of structural changes that
Tollow pore opendng and are not due 1o the movement of vol tage
semaor (9-11). Indead, gating currents, which are a measure of
voltage-sensing chame movements, are recorded under con-
ditions with aliered C-type inactivation (12) or with blockers that
interact intimately with growps at the jon binding site (13, 14).
Faor instance, the gating currenis in exemplar Shaker potassium
clamiels are typically mesured i the background of the WA34F
mutation which resulis in a permanentl C-type inactivated
clamnel (15, 16). Although it kas been suggested that the show
C-type i nactivation may be coupled to voltage sensor movement,

25053 | PMAS | Fibwuady 142012 | wl 105 | ma 7

the evidence to date has been indirect and somewhat oon-
founding Charge—voltage (-F) curves of Shaker potassium
channe]l were found to undergo tme and voltage-dependent
shifta, which cormelated with develogment of C-type inactivation
(17). Stgnak from A womscent poobes attached to the 53-54 loop
of the Shaker potasivm channel develop an addtional compo-
nent, which also correlates with C-type mactivation (18). How-
ever, this may not reflect coupling between voltage sensor and
outer pore because these fluoresaent probes are bulky and, in all
ke lhood, directly sense the conformation of the ower pore.
Recent studies hove sugpested that the holding-potential-de-
pendent shift in the -1 crve is an intrsic property of a volt-
age sensor and may not necesariy reflect coupling to the outer
pore. Charge—voltage curves of an Bolated voltage sensor lacking
a pore domain (D) were found o exhibit these charge shifis
(“mode shifis™) upon changing the holding potential (19
Moreover, a nondnactivating mutant of the human ether-a-go-go
related gene (HERG) channel (X)) and nondnactivating hyper-
polanmton-activated cvclic nucleotide-gated (HON) channel

(21) both show lholding-potenttal-dependent shifts in Q-1

curves. Finally, this comelation between charge shift and C-type
iactivation ha been neexamined by other groups who have
comcluded that these two processes ane not coupled i the Shaker
potasium chanmel (2]

The goal of thi sudy & to tet whether, in a voliage-gated
sodium channel, the outer pore conformaton 15 energetically
coupled to the movement of a voltage sensor. As in the tetra-
menc potmsaum channels, the volage-gated sodivm channel
also have two gates tha i control don flux through the central pore.
Studies with acoesmony subundis | 233, 24) and local anestheties (25,
20) provide ressuring evidence that the primary pore gate 8 on
the cvioplamic side of the channel The cvioplasmic region of
the M subumdi behaves & a clmslcal open pore Bocker (1) It
blocks the conductance of the open pore in a stabe-dependent
manmer and prevents the deactivation of the sodium chanmnel
gates (23). The recently soled landmark structure of a pro-
kamotic sodiwm chammel, NaVab ako shows mather striking v that
the intracellular pore helices can gate the jon conducting path-
way (27 Several groups have proposed that the selectivity filter
reglon of the sodivm channel is the site for a second gate, which
B involved in dow and ulmaslow inactivation gating (28-3&). In
many regpects, slow inactivation gating in the sodium channels &
similar to C-type inactivation (4, 5,28, 34, 35). Althouh residue

dasther coriibufon: DLC, MUA SN and BC dedgred meieards; DULGC, NUA N, and
B par o e iy BLLF. cort st mew e g b m W e tacls ELLC, RALAAL,
AL, ard BC aralyoed diata; amd BLC amd BE weots the g

Tha authon dadir e no corfiict of infer et
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i the intrace lular $6 segments of the sodium channek have abo
been implicated in slow inactivation (37, 38), recent evidence
with disulphide cropslinking of paired sulstituted cystelne
atrongly suggests that the occlusion of outer pore B a crtical
determinant for dlow inactivation (31, 32). Here, we examine the
coupling between the individual voliage sensom of a sodium
channel and conformational rearangements in the selectiviiy
filier region. Using disulphide crorsbridge of pore residues and
g h-affinity toxins, we establih that modulation of the selec-
ity filker conformation spec fically modifies the activation of
the domain [V (DIV) voliage sensor, thus implying that these
e poosoesaes are oonf ormationa |l coupled.

Results and Discussion

Gating Pore Currentsin Charge Neutralized Mutants. To monitor the
conformation of indiddual voltage sensors, we generaied a seres
of mutants in which the fist two or three extracellular charges of
oité: vl tage sensor &l a time were mutated to a glutamine (Fg
14). Design of these chage neuraled (CN) Navld mutanis,
eg, domaln [ (DI-CN) was motivaied in part by recent findings
that mutation of specific chamed residues in the 5§ segments
allows state-dependent don flux through the voltage-sensing
domaing (39-42). These currents directly report the movement
of voltage sensors and are meferred 0 & gating pore currents
(abo omega curments) o ditnguish them from the canondcal
donde currents through the central pore.

Each of the CN mutanis, when expressad in Xenopus oncytes,
penerate curments upon depolartzation reembling the wild-type
sosiium curments (Fig. 15) (43). Due tolow expression = well =
persatent outward leak, we used the DIICN mutant in which
oy the fisst two clames are newralized for the remainder of
this study. In addition o typleal sodium currents, we obseve

Rg.1. Funchionalty of the dharge- reutralzed sodum dannel mutns. (4]
Tt pquesnoe of the afterned 54 segments of all four mutants. The sies that
e TR 1o g hutamines 3ne bobkd . (8] Cument-wokage slatiorshps for
e of The mutants with 3 sepesentatie familly of traoes. Note that some
af these oument reoordings were obvtained n different bon b conditions (for
detalk sep Method). Exdn graph represents The mean 4 5E of at ikt thees
indepan dent experiments. Aln note that the lonic oerents at mone depo-
Larzed potentiak am, 0 some s, contaminated by gating oumants

Capsas o al

large hyperpolanzation activated inward currents i all ON
mutants (Fig. 2). The kinetics and voltage dependence of these
curpems ane similar 1o the gating pore curmems neported for
domain 11 (41).

This approach of mondtodng indiddes] voliage sensoms over-
comen the Bmitations of using large spectroscopic probes Do
moitor kecal conformational dymamics (44, 45). The fluorescent
probes attached to the voltage sensors are in clode proximity to
the outer pore (the top of 55 and 56 segments) and, therefone,
v Canbil wisamibdgwously aecribe those sigials tovol tage sendor
movements (18],

[Effect of Pore Blodking Toxine on Gating Pore Currents. To probe the
coup ling between the selectivity filter and the voltage sensos,
we firat examined the effect of vetmdotoxdn (TTX), a high-af-
findty soadivm channel blocker, because it has been reported to
inldiit socdium currents in a use-d ependent manner (46, 47). In
CN mutanis, the currents elicited by depolartting voltage steps
were completely blocked by a saturating concentration of TTX
(up to 1.1 pM) (Fig 51). As expected, TTX does not block
galing pore currents through the CN mutants (41, 42). None-
theless, to our surprise, the gating pore cwrents through DIV-
CM wemne significantly altered by TTX (Fig. 2). At —110mV, the
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Fig 2. Effect of TTX on gating pore curmsnts finough the ind radu al valtage
sereors. (4] Sthematic dizgram depicting the conformational prooeses that
pmduce witage dependant gating pore cuments. (Left] Chanrel whene the
main pore sdosd and the wolge sercors anein aresting confommation in
this condition, the mutant witage senor i I 3 pem e postion for
gating pore cuments. Cumrents through e cental pore are blodoed by
a pore toxin. (Right) Chamnal with the wolkage sercors in an actvaied oon-
formation and the remaining dhames in e mutant woiage sencor mawe
Inta a posthon that bkedos the fiux of gating pom curent. A tam ly of gatng
pore currents before (LefT filed square) and after (Right; unfilled taanghe)
addiban of TTX froem the DlOW (5], DEON (O], DONCN (D), and DRVGOM GE)
mutants {Linper]. Mormalzed curent-wo lage plotsof the @m e {Lower]. The
oumrents at e woltage wes messimed ot the end of 30 me, marked 22
& dashed e Eadh phot mpmserts the mean & 5E of at kst thees n-
dapendent experiments. *F waloe 005, statctical significance
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magnitude of current was reduced by a3 much as 65%. More-
over, a further increase in toxin concentration (up to 10-fold)
did not incresae nhibition of gating pore currents, suggesting
that this effect & saturated (Fig. 52). We can eliminate the
posaiblity that the hyperpolarzation activated cuments through
DIV-CN are due to don flux through the central pore as op-
posed to belng gating pore currents because the central pore
currents reman completely Mocked by TTX (Fig. 51). There-
fore, we consider the posihlity that TTX is somelow modi-
fying the currents fuding through gating pore within the DIV
voltage sensor.

Fimt, we examined the possibility that TTX binds directly to
the voltage sensor in the DIV-CH mutant. We introduced apore
mutation at a site known to be edtical for TTX binding (Y4015)
inthe backgrownd of the DIV-CN mutant. The Y4015 mutation,
located next to the selectivity determining DERA (DaE00, ET55,
K1237, A1529) locus (48-52), vieks a channel that & nearly
inse nadtive 1o ock by TTX (53, 540 In this background (Y4015
DIV-CN), TTX kad no effect on gating pore curments through
the DIV voltage sensor (Fg 53). Therefore, TTX likely influ-
emoes the gating pore currents through the DIV voltage sensor by
hinding to the ower pore of the sodivm chanmel .

MNext, we considered the possibility that TTX interacts directly
with the charged voltage sensor while be ing docke d to jis binding
adte in the outer pore. The highly charmged pore Hocking peptide,
pconoton (p-CTX), ks been previously sugpested to shift the
voltage dependence of activation by a small degree by modifving
the surface charge (55). Our prediction will be that p-CTX,
witdch has a nominal net charge of +6 ai neutral pH, will lave
a much larger effect on gating pore currents if these interactions
are determined solely by electrostaties (50). We observed that
the satrating concentrations of p-CTX cause a much smaller
reduction | 16% at moat) in the DIV-CN gating pore currents
(Fig. 3 and Fig. 51). These findngs and others (57) support the
notion that TTX perturbs the DIV volage sensor through
a mechantim that 8 unlikely o involve direct eledrostatic
et action.

A plot of resddual gating pore curments vemus voltage reveals
that p-CTX inhibition of the gating pore curments & voltage in-
dependent, whenesas TTX block & pronounced at depolanized
potentials (Fig 54). The voltage dependence of the block B not
due to differences in voltage-depe ndent binding because these
measurements wene oblalmed al saturating concemrations of
TTX (central pore currents remain fully blocked). Therefone,
this voltage dependence reflects the effect of TTX on the gating
transition of the voltage sensor and shows that TTX binding
favorms the activated state of the DIV voltage sensor.

TIH Modulates Off-Gating Currents. Wheress galing pore current
data suggent that TTX specifically modulates the gating pore
current and by extension the voltage sensor movement, we
sought to validate this observation independently. Altemate
approaches o mondior conformational rearangement of the
voltage sensors involve memuning gating currents of fluones-
cemoe dgnals from ste-specific probes. Gating currents are the
most direct meawne of voliage sensor movemens hul reconding
them in ahsence of pore blockens remalns teclhrically demanding .

To eliminate contamination due to lome currents, we mea-
sured the off-gating currents in the wild-type chamel after
a depolanzing pulse sufficlent to induce fat inactivation. Per-
meant ins in the extermal soluion were substituted by N-methyl
D-glucamine (NMG) to eliminate any jondc cwrrent antaming-
tom of tall currents. Robust nonlinear charge movements were
recorded from the sild-type channe] without pore blockers (Fig.
55) and, @ expected, the chame—voltage curves obained from
these measurements were salurated al extreme polentiala A
comparton of the off-gating currents before and after addition
of saturating concentrationg of TTX shows that the total off-

285N e i of gligidad 1 0 0pns. 111ST5 10

gating clarge is reduced by 2% (Fig. 4). Mote that a substantial
ahdft in the Q-1 curve to a mone hyperpolanized potential in the
presence of TTX would result in subtraction of some of the
monthinear charge component and will be manifested @3 a reduwced
gating chamge. As opposed to TTX, pCTX caused no reduction
it the total gating charge, consistent with {6 effect on gating pone
currents thiough the DIV voltage sensor (Fig 4).

The ahove differences in perturtbation of voltage sensor
movements by the two toxins may reflect differences in thetr
inding site or thelr state dependence. Remarkahly, both TTX
and p-CTX can be sdmulianeously accommodated in the pone
and, furthermmore, TTX can be trapped in i3 hinding site by
p-CTX (58 59). The mutageness data abo suggest that the
crtical residues implicated in TTX binding & in the narmow jon
access mithway in the selectivity filter regon (53, 54, 600). Be-
caude TTX causes a reduction in the total charge of the off-
gating curments and influences the belavior of the DIV voltage
sensor to a much greater extent than pCTX, we suggest that
p-CTX may be a more appropriste tool for collecting sodivm
channel gating curreni. In summary, theie gating current
experiments establih that the TTX binding in the selecthity
fier reglon of the sodwm chammel ifluences the movemens of
o o mote voltage sensors of the sodium clannel.

- lri ding in the Sel ectivity Fil ter Affecs the DIV Voltage S ensor.
O posaible explanation for such cross-talk B that the central
pore toxins intmduce a nonnative interaction that perurks the
conformation of the DIV voltage sensor. Allematively, this long-
range interaction may reflect an inherent allosteric coupling
hetween the outer pore and this particular voltage sensor (61)

Rg. 3. Effed of T on gating pore cusrerds feough the ind kdual
woltage sersors. A family of hyperpolaroation activated cumerts before
Weft; filled muane] and after (Right unfilled triangle) additon of = CTX
Fommiie i ID0- O (AL (D00 (L, DANCM O], and (DO D0 miutants (Linged .
Womalzed ormntoecige phots of the same Lower). Crents were
recorded and normalzed following the pmtoon] desoribed i Methods
Cunrents It eadn wWoitage waere medsunsd at the end of 30 me, marosd 25
& dxied line. Exdh plot represents the mean + 5 of at keast thees in
depen dent experEments. *P valle <0005, sttt sqnificanoe.
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Rg.4. Off.gatngcurmns from the wild-type sodium dnanned in absenoe
and presence of outer pom blodoers. (A) Wikdtype off- gating ourrents be-
fore flad trace] and atter {red traced TR Preet) Off-gaiing cusrent traces
on an anilaged scale. (B Wilkdtype off gating cuments befom fbladc taos)
and after {md trace) pCTX fnset] Cff.gating ourrent trades ane shown ene

{illed triangd wghe] of T Each plot regresents
e mman 4 58 of at beast four indepen dent experiments. See Methods for
& desoripgtion of the protocol. %0 -2 0001, sttictcal sgnifhcanoe. | D) Change-
wolzge cunes of fie wil type darnel before (filled triangke) and atter
funfilled taangbe) biodc of sdeum ourrests by pCTX, dhown 3 in O

T diser i nate between these two posaible scenanios, we used the
disulpdde trapping method (62). Pared csieine sulstitutions in
the selectivin filier region of the sodum channel form a disul-
phide crom-bridge and Wgh-affirity Cd™ binding sites ina state-
dependent manner (332 63, 64). We hypothestre that disul-
phide cross-linking within the pore region may prevent relative
structural rearangements and reveal intrinsle conformational
coupling between tee pore and the voliage sensors.

We generated a double astelne mutant (DA0OCETSSC) in
the backgmund of DL DI, DI, and DIV-CN. These two res-
idues consttute pan of the DEEA locus in the selectivity filter
region of the sodivm channel and spontanecusly form a disul-
plide cros-bridge, resulting in block of sodium currents (63).
Loy comduction recovers when this cross-bridge 8 broken wnder
reducing condtions. In our case, we observe small sodium cur-
reils i GOcYies expressing our mutants and these curments wene
aholished upon additon of 4 mM H, Oy (Fig. 56). Under re-
ducing condtions (1 mm dithiothreitol, DTT), we recorded ro-
st sodium currents upon depolanzation, which indicated that
the cysteine cross-hridge was broken. Comparson of gating pore
currents through the DAOETSSC DI, DIL and DI mutamis in
reducing and ol dzing conditiom showed little change (Fig. 5.4-
C, mespectivelv), wheress the gating pore currents of D&Y
ET55C DIVON increased substantially in DTT (7065 at —140
m¥) (Fig. 50, The effects of the disulfide bridge on the gating
pore currents of DIV are not due to a direct effect of HyOy or
DTT because the reagents have no effect on channels laeking the
DA ETSSC mutations (Fig. 5).

Confomati onal transtons in the selectivity filter reglon of the
sosdium chanmel have been implicated in slow and “wltrlow™
inactivation (28-34). Our experiments direcly demonstrate that
the domain IV voliage sensor in the skeletal muscle sodivm
channe s coupled to conformational trans tons in the selectivity
filter reglon of the sodium channel. Although we cannol com-
pletely rule out the possibility that the other voltage sensors ane
dlso eoupled to gating transitions in the outer pore, it is ne-
markable that perturbation studies have previously implicated
54-DIV @ being involved in slow inactivaton (61). We find that

Capeat il 3l

A ( B B
5
L PR . S
N & [ | w i [ |
[T}
14!
Eil.}
&
-1
an __
r—— rm——
s S i Has i vl ol
= ey b 1 i b T T =i Condred OF T
C D
N .} +N 0 l.’ in + N 0
[T} i1
Eit} Eit
. s 4
T, ¥
BTy T T g T i e
JPa———— pep——

Fig 5. Efictof deulphide onos bridge formation in the outer pore of the
sodium dhannel on gating pore curens Timugh D4, D, DI, and DOV walt-
200 NSors Abowe e0h pana, 3 sdwmatc dizgram depicting gating pore
cuments through individual woitage mnos & shown. Upon depalaszation,
the gating poms In indaedual domairs doee, wihidh allwed W 1o monitor
the conformartional mowements of indiidual domans i all cses, e pone
& trapped Bn an nactvated conmformation by diulphide oo bnkong. (&)
Momnaleed curmnt-wolge plots of DAOOOETSSE DN gatng pom: our-
rents in H 05 fhladc squares) and DTT jred suaney companed with theDi-Od
comtml n HpD; (hue thang e and DTT igmeen trianghes). (8] Normalzed
ument-woktage plos of DLODDETSSC DION gatng pore ounran ts compansd
with thase of DE-ON. Symbok are 25 in A 0] Normalized ourent-woltage
ourres of DAOOIETESE DINLCN gating pore ourresnts oompamed weidh Hhe D0
N contral The symibok ane T Same ac 0 AL (D) oenaloed ounnesnt-wolt-
age cunves of DAOOCETSSC DW.CN gating pore curmenss compamd with
s of the DIVAOM cortrol. Eadh plot represents the mean + 55 of at beast
thres ndependant espemments. L, refes to the HpO; traces colleched at
- 150 mv. Data ware normalized to L for the controls and for the doulde
oysiEine mutants. *F value <003, statstical significance.

prodonged depolarizations that promote slow inactivation in so-
diwm channels inhibit gating pore awrents through the domain
IV woltage sensor (Fig. 57). This comelation suggests that the
movement of the DIV voltage sensor may be Bnked to entry into
the slow inactivated state. However, we should note that the
reduction i the DIV gating pore curments after long depolard-
zations could be due toan intinsic voltage semor mode shift as
was observed in lsolated valtage sensors (19).

Mutations in domain [V also specifically affect the bnding of
anticomulsants to neuromal sodivm dammelk (65 These drugs
I 1o the pore in an activity-dependent manner when applied bo
the extermal side but mot to the inbemal sde (66). Moreover, TTX,
which s close 1o putative selectivity filter of the sodwm
channel, is ako known to block in a uwse-dependent manner (67,
68). Thee ntrgung findings are consitent with the nobion
established herein that the domain IV voltage sensor and ower
pore of the sodium channel are conformationally coupled. The
present findings are in contrast o the prevalent view thal move-
ment of the voltage sensom i3 exclusively coupled to opening of
cyvtoplasmic pore gaked Furthenmore, our nsults provide an ex-
ample in which ths anomalous electromechanical coupling exiis
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concwmenty with canomcal voltage sensor pore coupling. These
mechanstic differences in oupling may underpin fundional
apectslization of sodiom channe | domatns (43, 89-72) and may be
a unhversal feature of other nonsymmetnc voltage-dependent
don chame k.

Methods

Molemular Biology and Expression. Mutators were made usng fie Qui
Change Mutagenesis ot STatagene). CRMA was made usn g the message
ni e b TF it { Aniceon] afiesr digesting #ie plaamibds contadning the so-
dim dnanned gene with Kot ereyme. For et bogou s expressan, S0nLof
CRMA contaning a mibdure of o and Blsuunit I 1:1 siobdhiometry was
mpcied N stage IV of V Xenopis vl oooyies. Afer ngection, the
0o0yiEs wem kept at 18 T in 1 » standard cooyte miution with Ca®t and
gentamicin far 2-5 d before recording.

Electrplrysisbogy. Fecording s were madeusn g the ot open aooye voitage
wlamp confiquraton with CA-18 amplifier (Dagan) 2 desorined et Ly
73, Gating and bonkc ousrets weee sampbed at 250 kHz with 2 Digedata
1400 inerface (MDS Analytical Tedwnobogies] and bow-pass fiftered at 20
BcHz. T D00y bes wene < im pied 2t aloiding potentialof -20 mi for at eas
S min betore recording. ourees for D0, DVAON, and DV-ON
Y4015 weere albtained i 105 mibd NatMes methan e Fanie 20d) exernal
SobuBon, wihereas tho e for DILCW and (D00 muan T waens ol d i an

sobution with 105 mM NMG, 10 mM Hepes, and 2 mM EGTA at pH 7.4,
Gating pone cunments wene elicited by st pulses from - 18010 -T0mV for 50
me followng a S0ms prepuls to - 120 mv. The curents wene nonmalized
with manect to the masETAIm orrent measured before ton, tymcally ot
— 160 mV. Channek were blodoed wsing 0.5-1.1 pM of TIX or 5-25.7 @M of
T i e ecebesnnad anbuthore. Garting o Qusments Wi neconded withaut
a P4 sulbtaction protoon), which means that the acthartion kinetio were
lcely to be contminated by capadty tansents. Offine ik subtaction
s e 1o eliminate the Inear bak componen't in Eqperiments whane it
was sgnificant (74).

Ta record the offgating cuments, we applied apepulse to 40 mV for 30
e 0 inacthate e channek. This was Tollowed Dy & Bt pulse To potertials
raniging from — 130 mv to 450 mv for Z0ems duratkons. These experments
e performed in MG Mes Internal and exctannal {105 m M NMG-Mes with
10 mM Hepes, and 2 mbd COH)) solutons. To abtain gating ourments in
presance of toon, 00611 oM TTH o 5-257 @M p-0TX was added o e
el sodution. At thise oonoen rathons, bonic oumen i wene fully Dbocied .
The dharge-wolage ours for the off gating cunens were fit © a single
Boltzmann equation: VG, (V) = 101 + e (20{V — V, VKT to estimate
the Vig frotge for hafmasimal actwation) and 7 fralence] values. Linear
capactty Farcknts were elminated by -4 subfraction at a holding po-
tantad of — 130 mv.

For oussdinking esperiment, the oooyies sapreEting mutants s
mudmzmm;mmhdmnﬂeﬁnmtnm

wxtarnal soluBon oontadning ether S5 mb Na©-Mes o 105 mbd Kb,
respectiely. Follesing a3 D-ms pepule 1o -120 MV, the armens ware
elicrted by test pulses ranging feom —20 1o 470 mv for a dumtion of 50 ms.
Gating pone ouments were meoonded bn 105 mbd Ma"Mes for ot D0 2end DV
TN, whereas fe gating pore oumets for Dl 00 and DICN were msconded
i TS i K- e eochesn 2l sobu Bon et 10 mid Hepes and 2 mild Caf0H ) at
PH 7.4 Unbiss stated otferaise, thise recondings ussd NMG s iniemal
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Voltage-gated ion channels are important for electrical and chemical signaling pathways in a

variety of excitable cells

. In outwardly rectifying potassium channels, depolarization initiates
conformational changes in four identical voltage-sensing domains, which culminate in a single-step
concerted opening of the pore ***%7%, This final all-or-none transition ensures that the conductance of
biological membranes is steeply voltage-dependent. However, both eukaryotic voltage-gated sodium
and calcium channelz lack the symmetry of exemplar potassium channels. Indeed, conformational
changes in the domain IV voltage-sensor of sodium channels lag those in the other three domains, and
have also been linked to inactivation *'®'**, Nonetheless, it remains unclear whether the central pore
in the sodium channel opens in a single concerted step. Development of well-constrained kinetic
models of godium channel activation has been hindered by the presence of fast inactivation which
typically masks all but the first few events ", In this study, we combined single channel recordings,
cysteine accessibility, and fluorescence measurements from site specific probes to study the
activation gating in an inactivation deficient mutant Mav1.4-L435W/L437C/A438W (WCW) . We
observed three distinct conductance levels whose kinetice are correlated with either macroscopic
activation or inactivation in wild type channels. A comparison of the relative time and voltage-
dependent kinetics of individual domain movements with various conductance levels shows that
rearrangements of domain IV underlie formation of a distinct pore conformation preceding inactivation.
Our experiments reveal that, contrary to gating models of potassium channels, the pore opening in
sodium channels involves multiple non-concerted transitions which are driven by asymmetric
movements of voltage-sensors. These findings shed new light on the effects of disease causing
mutations at distal sites on inactivation gating in voltage-gated sodium channels "%,

Voltage-gated ion channelz are biclogical equivalents of a trangistor and, much like the semiconductor
devices, they are crucial for propagating and amplifying electrical signals . One of the hallmarks of these ion
channels is that their conductance is very voltage-dependent, more so than the silicon based counterparts.
These channel proteins are made up of a cenfral ion conducting pore and four discrete voltage-sensing
domaing, each of which contributes to approximately three gafing charges, Although, the voltage-sensing
domains can activate independently, the final pore opening transition iz concerted which ensures that these
channels open in an all-or-none manner. Much of our present knowledge about the gating mechanisms of this
family of ion channels comes from studies on voltage-dependent potassium channels which are made up of
four identical subunits. Eukaryotic voltage-gated sodium and caleium channels lack this structural symmetry
and this, therefore, raises questions about the conserved nature of the gating transitions in these ion channels.

A complicating factor in studies of sodium channel gating is that they rapidly inactivate after opening,
which allows the membrane to reset for the next signal. Similar to the N-terminal domain of Shaker potassium
channels 22, inactivation of eukaryotic voltage-gated sodium channel invelves an occlusion of the pore by an
intracelular hydrophobic segment 2. However, disease causing mutations throughout the channel affect fast

inactivation, suggesting that thiz process is intimately coupled to more global conformational changes
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MIBEITIEZE |y particular, studies with flucrescent probes ®, gating modifier toxins %, and paddle chimeras
imply that whereas domains I-lll are primarily involved in activation, domain IV has a distinct role in
inactivation. These and mutagenesis studies T332 haye led to the notion that domain 1V iz unique, and
apparently couples activation to inactivation in sodium channels. However, the mechanism underying this
relationzhip between domain 'Y movement, channel opening, and inactivation is not understood.

Development of guantitative models of sodium channel activation has been hindered by inactivation,
which occurs at a similar voltage range and contributes fo the shaping of both macroscopic current rise and
decay . Therefore, removing inactivation represents an attractive approach to study the complete activation
process in isolation, and may akso reveal slower or less frequent aspects of channel gating. This approach has
been used to successfully develop detailed quantitative models of Shaker potassium channel activation
5,!-!-34.35#6.

However, studies of inactivation deficient sodium channel preparations have yet to reveal a consistent
picture of the activation process. For example, whether or not removing inactivation reveals a prolonged
activation time course appears to depend on the particular preparation used and the choice of compound for
disrupting inactivation ****'"_ Unfortunately, interpretation of these studies iz complicated by potentially
heterogeneous channel populations, and possible secondary effects of compounds whose mechanism fior
impairing inactivation is not entirely clear. Both of these complications make it difficult to be certain that a
channel population has been uniformby modified.

In contrast to the potentially heterogenecus effects of exogenously applied compounds, genetic
mutations are an atiractive method for applying a specific and uniform local perturbation. The triplet mutations
114880Q/F1489Q/M 14500 (QQQ) in the domain -1V linker =, or L435WIL437CIA438W (W CW) in the domain |
56 segment ", each largely remove fast inactivation in vertebrate voltage-gated sodium channels, possibly by
disrupting the putative inactivation particle or its docking site, respectively. However, whereas the QQ0Q mutant
does not express well in heterolegous systems, the WOW mutant expresses reasonably well for the recording
of single channelg, gating currents, and flucrescence from site-gpecific probes. Thiz ability to study a single
inactivation deficient mutant using a varety of bicphysical methods is an enormous advantage for developing a
comprehensive view of sodium channel gating.

Consistent with a lack of fast inactivation, single Nav1 4-WCW channels (9 patches) opened repeatedly
throughout 200-400 ms depolarizing voltage steps from -60 to 0mY (Fig. 1a). In contrast, single Mav1.4
channels (6 patches) opened 1.5 £ 0.2 times at all voltages tested before entering an absorbing closed state
which we atiributed to inactivation. Currents obtained by averaging single channel records were reflective of
macroscopic whole cell curmrent responses, suggesting that the observed single channel activity is
representative of these channel's behavior (Fig. 1b; Supplementary Fig. 1)

Immediately apparent in Mav1.4-WCW single channel records is the presence of multiple conductance
levels, with subconductances at approximately 1/3 (S1) and 23 {52) of the fully open (O) level (Fig. 1a). Based
on the frequent occurrence of events that within our resolution appear to transition directly betwesn closed and

3
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fully open states (C « Q), or skip an intermediate level such as C «+ 52 or O « 51, and the similarity of the
conductance in O (17.5% 1.4 p5) to that of Nav1.4 (17.1 £ 1.4 pS), we conclude that these events represent
subconductances in a single channel. The altemative, that the three conductance levels reflect the coincidental
opening of one to three low-conductance channels in the patch, would require a mechanism for cooperativity
between channels to account for the frequent simultanscus opening and closing of two or three channels
{within our resolution, channels appeared to open directly to the fully open state about 50% of the time at all
voltages tested). Mav1.4 channels also exhibited a single subconductance at approximately 1/2 of the main
conductance level (Supplementary Fig. 2a). Howewver, the subconductance in Mav1l4 occurred only
infrequently, possibly because rapid inactivation limits the opportunity to visit a subconducting state, and thus
precluded a more detailed kinetic analysis. The presence of subconductances in Nav1 4-WCW i= consistent

with the frequent observation of subconductances upon removal of inactivation in both sodium and potassium

A5 3ES 404942 43 4344

channels , @z well as observations of subconductances in wild type channels

To address the kinetice of individual conductance levels in Nav1.4-WCW, we idealized single channel
records using the segmental k-means (SKM) algorthm in the QUB software suite ¥ allowing for two
subconducting states (Supplementary Fig. 2b; see methods). The presence of a single channel was
determined by a lack of any visible stacked openings above the fully open level. Given their high probability of
being open at -20 and 0 mY, this approach is a robust method for detecting patches containing single Nav1.4-
WCW channels. The idealized conductance levels were repregentative of Gaussian fits to single channel
amplitude distributions (Fig. 1c; Supplementary Fig. 3). Each conductance level displayed a linear cument-
voltage relation (Fig. 1d), with slopes which were, for Nav1 4-WCW: 51=68209p5, 52 =125+ 1.3 p5,
O0=17T5x14pS; and for Mavid: 171x14pS, and similar reversal potentials (Navi 4-WCW:
51=342x99mV, S2=363x89mYV, 0=366x63m\;, Navl4: 434+£58mV) (Fig. 1e). However,
reversal potentials obtained from the extrapolation of linear fits as shown in figure 1d are unlikely to detect less
than 2 fold changes in Na™:K~ permeability as observed for subconductances in Shaker potassium channels.
Similar conductance levels were also observed during deactivation of single Mavi 4-WCW channels
(Supplementary Fig. 4). We note that the 52 conductance level often exhibited more noise than other levels,
giving rise to the possibility that 52 may reflect the fitering of a rapid flicker such as C « Q or 51 « O
(Supplementary Fig. 5).

The time to first opening after application of a depolarizing voltage step was highly voltage dependent
for each individual conductance level, with more depolarized potentials eliciting channel opening faster on
average than more hyperpolarized potentiale (Fig. 2a). Although the latencies to O and 52 were similar, on
average the first event in 52 occcurred slightly later than that in O, consistent with the idea that activation
preferentially involves transitions from C = O = 32, In contrast, latency to 51 was much longer than that for
52 and O. However, the voltage dependence of the weighted time constant from bi-exponential fits to the
cumulative probability of having first opened was similar for each conductance level, suggesting that the set of
clozed states that is traversed in the activation pathway prior to reaching each of the conducting states all have
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a similar voltage dependence (Supplementary Fig. 6). The probability of observing a null sweep (i.e. no visible
channel activity during the 200 mes pulse) was also voltage dependent, decreasing from about 0% at -80 mVv
to 30% at 0D m\/.

A comparizon with Mav1.4 shows that following the onset of a voltage step to 0 mV, the probability of
having first opened rises with a similar time course for both Nav1.4 and Mav1.4-WCW up to the time of peak
curmrent in Mawv1.4 {Fig. 2bx). This suggests that the rate constants for activation which define the rising phase of
cuments in Mav1.4 are not different in Mav1.4-WCW. However, whereas MNav1.4 activation saturated within
10-20 ms at 0 mV, Nav1.4-WCW channels continued to open for the first time much later into the voltage step.
For Mav1 .4, these late openings are likely masked by inactivation from closed states prior to opening (i.e. if the
channel has not opened within approximately 20 ms of the depolarization it is likely to already be inactivated).
Thus, removing closed state inactivation in Mav1 4-WCW (Supplementary Fig. 1) reveals a prolonged
activation time course. Such late channel activation was also observed previously for other inactivation
deficient preparations including N1862A, another mutation that may reside within the inactivation gate ®, and
after reatment with MBA*

Thus, although the time to peak cument is prolonged in Mav1.4-WCW as compared to Nav1.4 (Fig. 1b),
the opening latency of single channels reveals that this is not due to slower activation rates, but reflects a
prolonged activation time course resulting in a larger peak open probability (Fig. 2c). Indead, upon scaling the
average current responses for Nav1.4 and Mav1.4-WCW to their relative maximal open probabilities, we find
that their rising phases up to the time to peak for Navi 4 are indistinguishable. The peak open probabiliies we
observed here are similar to previous reports of gingle Nav1.4 and other inactivation deficient sodium channel

374847

preparations . These data suggest that the activation process in Mav1.4 lasts much longer than the time

to peak, where it iz occluded by rapid inactivation. Furthermore, figure Zc illustrates how fast inactivation can
play a major role in shaping the rising phase of macroscopic cumrents 5.

Apparent dwell times in subconductance levels were often long-lived as compared to open times for
Mav1.4, and the lifetime in O and 52 increased with depolarization (Supplementary Fig. 7; Supplementary
Tahle 1), similar fo previous observations of inactivation deficient sodium channel preparations 5474847
Increasing depolarzation also reduced the frequency and duration of clozed times, which likely reflect the
movement of the voltage sensors.

The average probability in each conductance level (Pgy, Paa, Pgo) was computed from the idealized
records for every time point (Fig. 3a). P, increased rapidly early on during activation, whereas Pz, and Pz
increased more slowly. At 0 mV, Py even exhibitz a peak and subsaquent slow decay. This slow decay could
reflect either a amall contamination in the observed activation process from slow inactivation, or a transition
from O = 51/52. In the latter case, we would predict that after opening, Po should decay with similar kinetics
to a rize in Pgy or Pe. To test this, we computed the conditional probability in each conductance level {CPgy,
CPs:, CPg) by averaging the probability at every time point after aligning each sweep to the time of first
opening to any level (Fig. 3b). After first opening, CPo decays with a similar time course to a rise in CPsz,

5



137

suggesting that the pore preferentially adopts a fully open conformation first in the activation pathway, followed
by a rearrangement associated with the 52 subconductance. In contrast, CPs does not show any obvious
comelation with respect to the time of initial channel opening. Thus, 51 may represent a pore conformation off
the main activation pathway.

An examination of the kinetics of individual conductance levels in single molecules shows that the time
course of the rise and subsequent decay (inactivation) in the open probability of Nav1.4 comesponds nearly
exactly to the rate of entry into the O and 52 conductance levels in Mav1 4-WCW, respectively (Fig. 4a).
However, unlike the inactivated state in Nav1 .4, the 52 state is not absorbing, and therefore we do not observe
a substantial decrease in P with time (i.e. channels reach an apparent equilibrium between O and 52).

Given that the domain IV voltage sensor has been implicated as having a unigue role in inactivation ¥,
we asked whether or not the movement of specific voltage sensors could underie the different conductance
levels. To test this, we measured flucrescence signals from fluorophores attached to individual voltage sensors
in Nav1.4 during depolarizing voltage steps (Supplementary Fig. 8). A comparizon of the kinetics of Py and Py
with the relative time courses of flucrescent responses from individual voltage sensors shows that domain 1-11
voltage sensors track entry into O, whereas the domain IV voltage sensor tracks entry into 52 (Fig. 4b;
Supplementary Fig. 9). This suggests that the fully open conductance level O reflects channel opening upon
activation of voltage sensors in domains |-11l, whereas the 52 subconductance level reflects a conformational
state associated with inactivation and movement of the domain IV voltage sensor.

Functionally, inactivation reflects entry into an absorbing closed state. Structurally, this is manifested as
an occlusion of the pore upon binding of an intracellular hydrophobic “particle” 245 This idea is supported by
cysteine accessibility studies which show that cysteines infroduced in sites such as F15379C become
inaccessible during inactivation, but are orders of magnitude more accessible either prior to or upon removal of
inactivation *'. Given the comelation between the time course of 52 and wild type inactivation, we were
interested in testing whether the subconductances observed here might simply reflect a weakly conducting
form of inactivated state, where the inactivation particle still binds, but only partially occludes the pore. In this
case, we predict that the bound mactivation parlicle should still pose a significant barmier to accessibility of
larger reagents such as MTSET for sites normally hidden during inactivation.

To test this, we examined the accessibility of an introduced pore cysteine (F1379C), which in a wild
type background shows no reactivity to internal MTSET while inactivated, but whose reactivity is increased to
up to 50 M'=™ upon impairing inactivation by changing the stimulus frequency and duration, or with a peptide
toxin *'. To avoid contamination from medification of L437C in WCW, we mutated position 437 to serine,
hereafter referred to as WSW (L435W/L4375/A4 38W). Both Nav1 4-WSW and Mav1 4-WSW-F1579C severcly
disrupted fast inactivation similar to Nav1.4-WCW, suggesting that theze mutations did not alter the overall
behavior of the WCW mutant (Supplementary Fig. 10). Exposure of Nav1.4-WSW-F1579C to 250 uM intemal
MTSET at O mV conferred a gradual reduction in peak cument amplitude with a second order rate constant for
modification of 5,360 + 180 M's"' (2 oocytes), whereas no apparent modffication of Mavi4-WSW was

[
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observed (three cocytes) (Supplementary Fig. 10). Taken together, substantially increased reactivity of the
F1579C position in the WS5W background shows that these sites are not protected, and is consistent with the
idea that at least structurally these channels are unlike inactivated states. Thus, the subconductances
observed here reflect distinct conformations of the open pore as opposed to conducting forms of the
inactivated state.

The simplest model that can qualitatively account for our single channel, fluorescence, and pore
accessibility observations requires that channel gating involve a conducting conformation of the pore distinct
from that of the fully open state, which directly precedes fast inactivation (Fig. 5). We posit that in wild type
channels inactivation occurs rapidly from the 52 state, such that subconductances are rarely cbserved, but
which are revealed upon destabilization of the inactivated state. In this model, the 52 conductance arises
either from the 52 state itself, or from a rapid flicker between 52 and inactivated states. In either case, the rate
limiting step to inactivation in wild type channels is the formation of the S2 pore. Therefore, we propose that
MNav1 4 inactivation involves activation of the domain IV voltage sensor, which promotes a rearmangement of
the pore to a conformation to which the inactivation particle readily binds.

The existence of a distinct pre-inactivated pore conformation can explain how both microscopic
activation and inactivation rates are rapid while the apparent time course of macroseopic current inactivation is
slow, as the latter primarily reflects the rate of entry into 52 Therefore DIV mutations which disrupt the stability
of the 52 state without necessarily affecting the initial activation process or the inactivation particle can
produce defects in inactivation gating ™. The formation of 52 state also offers a potential explanation for why
some inactivation impaired preparations reveal a prolonged activation ime course ¥'%, whereas others appear
not to ****_ For example, a perturbafion that specifically destabilizes the inactivated state will uncover the 52
conductance, thersby giving rise to a prolonged increase in channel open probability. In contrast, inhibiting
entry into the 52 state will also effectively remove inactivation without exhibiting this additional conductance or
a prolonged activation time course. Thus, prior apparently conflicting results may reflect differential effects
between various inactivation disrupting perfurbations that either inhibit formation of the pore conformation
preceding inactivation or binding of the inactivation particle itself. In addition, preferential binding of anesthetics
such as lidocaine to the 52 pore conformation may explain apparently conflicting observations regarding the
affinity of these drugs for open versus inactivated states . Interestingly, a recent crystal structure of a
prokaryotic voltage-gated sodium channel shows that these channels can adopt an asymmetric pore
conformation, afthough its relation to functional inactivation is not entirely clear .

The cccurrence of a second open pore conformation immediately preceding pore block by an
accessory beta? subunit has alzo been observed in large conductance calcium and voltage activated (BK)
channels . However, the second open state in the symmetric BK channel has not been associated with the
movement of an individual voltage sensor. The subconductances reported here also differ from those observed
upon removal of inactivation in Shaker potassium channels, in that they are both long lived and comelated with

activation of the domain IV woltage sensor specifically. In contrast, Shaker's activation coupled
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subconductances reflect very brief intermediates, consistent with the primarily concerted motion of four highly
coupled units, although it remains unclear whether these subconductances directly comespond to the activation
of individual voltage-sensing segments **. Thus, a fundamental difierence between pore opening in eukaryotic
voltage-gated sodium and potassium channels is that for sodium channels the asymmefric movement of the
domain I voltage sensor confers a non-concerted, two step pore opening process which directly couples
movement of the domain IV voltage sensor to fast inactivation. By rapidly occluding the second open pore
conformation, fast inactivation essentially converts an intrinsically non-concerted two step pore opening

process to one that behaves functionally as a single pore opening transition.



Methods Summary

Single channel recordings were acquired from inside-out patches excised from HEK-293 cells
expressing either Nav1.4 or Nav1.4-WCW channels at 10°C. Silguard coated quariz pipettes (10-15 MO fip
resistance) and custom RF shielding were used for low noise recordings. Currents were sampled at
100-250 kHz and low-pass fitered at 10 kHz. For analysis of single channel records, currents were digitally
filtered at 2 kHz and resampled at & kHz. ldealized records containing four conductance levels (C, 51, 52, Q)
were generated using the segmental k-means (SKM) algorithm in the QUB software suite **. For the selected
2 kHz filter cutoff, the SKM algorithm generated consistent sets of dwell times for simulated data across the
range of signal to noise representative for our cumrent recordings from -60 to 0 mV. Flucrescence from TMREM
labeled channels was recorded from a modified cut-open oocyte setup as described by Murci and Chanda =5
Accessibility of Nav1.4-WSW and Nav1 4-WSW-F1579C to intermal MTSET (freshly dissolved and kept on ice
prior to each experiment) was assayed from inside-out patches excized from Xenopus oocytes after

mechanical removal of the viteline layer.
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Figure 1. Multiple conductance levels during gating of single inactivation deficient Navi1.4-WCW
channels. (a) Single channel records in response to 200 ms depolarzing pulses from -60 to 0 mY (-120 mY
holding) for Nav1.4 (left, only first 100 ms shown) and Nav1.4-WCW (right) channels at 10°C (filiered at 1 kHz
for display). Dashed lines indicate observed conductance levels (C = closed, 51, 52, O; openings are
downward). (b) Macroscopic responses obtained by averaging single channel records. (c) Single channel
amplitude distributions from all points n a single channel patch at 40 m\ {see Supplemental Fig. 2 for
amplitude distributions at other voltages) after discarding points adjacent to changes in amplitude in the
idealized record. Smooth dashed lines are individual Gaussian fite to each conductance level, and the smooth
solid line is their sum. {d) Current-voltage relation for each conductance level and its linear fit. The main
conductance bevel for Mav1.4 (squares) neary overlaps that of Nav1 4-WCW (circles). Data between -120 and
-B80 mV/ iz from deactivation to the indicated potential (Supplemental Fig. 4). () Summary of the conductance

(top) and reversal potential (W, lottom) for each conductance level from individual patches.

Figure 2. Activation latency and open probability for Mav1.4 and Mav1.4-WCW. (a) Cumulative probability
of first opening to each individual conductance level during activation from -60 to 0 mV {maximum probakbility
increases with voltage). The reduction of the maximum from unity reflects the probability of observing a null
sweep with no channel activity. (b) A comparison of the cumulative probability of first opening for Nav1.4 and
Mav1.4-WCW during the first 20 ms of activation at 0 mY. Smooth lines are bi-exponential fits. {¢) Comparizon
of the average single channel response scaled to the observed peak open probability during activation at 0 m'
for Nav1.4 (solid red) and Mav1.4-WCW (cyan). The response for Mav1.4 is also shown after normalizing to the
peak regponse for Nav1.4-WCW (dotted red).

Figure 3. Kinetics of individual conductance levels. (a) Average probability at every time pont for each
conducting state from idealized records (dots, only first 100 ms shown), and fits to the eguation I, A
[1 - expi-ift)] {lines, see Supplemental Table 2). The firzt 40 ms period is shown on the right after nomnalizing
the fits to illustrate the relative kinetics of the initial rise in probability for each level. (b) Average conditional
probability at every time point after aligning the idealized records so that the first event in each sweep occurs at

time zero (dots), and fits to the equation X, A, exp(-t't) + constant (ines, see Supplemental Table 2).

Figure 4. Individual conductance levels are correlated with the movement of specific voltage sensing
domains. (a) Average single channel open probability for Mav1.4 during activation at 0 mV (black) overaid
with the probability for Mav1 4-WCW to be either fully open (F5, blue dots) or in a state associated with the 52
subconductance (Pg, magenta dots). P, is shown inverted and scaled to illustrate its similar time course to
that of Mav1.4 macroscopic inactivation. (b) Py and Pz, are shown as in a overlaid with fluorescence signals
from fluorophores attached to individual voltage sensors from domaing |-V in Nav1.4. See Supplementary

figure 9 for ime constants at all voltages tested. Because fluorescence signals were prohibitively difficult to
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reliably obtain below room temperature, these signals were uniformly scaled in time to account for the different
temperatures at which the single channel (10°C) and flucrescence (room temp.) was obtained (see methods).
We note, however, that the S-fold scaling employed here is consistent with both the chserved temperaturs
dependence of sodium channel current kinetics ¥, and the observation that domains -1l track macroscopic

current activation ¥

Figure 5. A simple cartoon depicting the preferential sequence of events during Nav1.4-WCW channel
activation. The closed to open transition represents all of the steps from resting to activated, and the closed to
52 transition reflects inactivation from closed states. In this model, the 52 state represents a distinet
conformation of the open pore which precedes inactivation. In wild type channels, inactivation occurs
sufficiently rapidly from the 52 state so that it is rarely ocbserved. For simplicity, the 51 subconductance is not
included here, but this conductance may potentially be represented as a parallel set of states to indicate an
independent allosteric conformation of the channel.
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Methods

Constructs. The inactivation deficient rat skeletal muscle clone L433WIL43TCIA438W was gified by Dr. Ging
Kuo Wang and Dr. Sho-Ya Wang. This triple mutant was recloned in the rat Nav1.4 background with multiple
silent mutations to facilitate cloning as first described in Muroi and Chanda ¥, as well as an additional silent
mutation at MN434 to remove a Mfel cut site infroduced by the L453W mutation. The mutation C4375 was
introduced in the WCW background with the QUICKCHANGE mutagenesiz kit (Stratagene, CA) to obtain the
WSW construct, and subcloned into pBSTA for expression in Xenopus ococytes. Mutations were verified by
seguencing the entire cloning cassette from enzyme cut sites Mfel to BsiW. The mutation F1579C was gifted
by Dorocthy Hanck, and subcloned into Navi 4-WSW using enzyme cut sites Xbal and BspEl.

Heterologous expression in HEK-293 cells and oocytes. HEK-293 cells (ATCC) were cultured in a 37°C,
2% COz incubator using MEM supplemented with 10% fetal bovine serum, 100 U.L/mL Penicillin, 100 pgfmL
Streptomycin, 1x sodium pyruvate and 1x nonessential amino acids (Invitrogen). Cells were transfected with 1-
2 ug rat Havi4 or rat Navi4-L435WAL437CIA438W cDNA in the pBudCE4.1 vector (gift from Dr. David
Wagner) using Lipofectamine LTX (Invitrogen). Recordings were made 24-F2 hours after transfection.
Recordings were alzo made from a HEK-293 cell line stably expressing the rat Mav1 4-L435WIL437CIA438W
construct *. The media for the stable line was supplemented with 200 pg/mL Geneticin (5418, Invitrogen) to
maintain a selective pressure for cells expressing the mutant construct No gualitative differences were
observed in either macroscopic or single channel behavior between channels expressed in the stable line and
the transiently transfected mutant. For cysteine accessibility studies, the a-subunit (Mav1 4-WSW and Nav1.4-
WSW-F1579C) and B1-subunit cDMAs were transcribed using the mMessage mMachine Kit (Ambion Inc.,
Austing TX), and their RNAs injected into defolliculated Xenopus oocytes in a ~1:1 molar ratio.

Electrophysiclogy. Single channel data was acquired from inside-out patches excised from HEK-293 cells
uging an Axon Digidata 1400 digitizer and Axon 2008 amplifier (MDS Analylical Technologies) with AxoGraph
software (AxoGraph Scientific, Sydney, AU). Recordings were sampled at 100-250 kHz and low-pass filtered at
10 kHz. The pipettefextracellular solution was (in mM). 140 NaCll, 0.5 CaCl;, 10 HEPES, pH 7.4, and the
bathfintracellular solution was (in mM): 100 CsF, 30 KCI, 10 EGTA, 10 HEPES, pH 7 4. Quartz pipettes (Sutter
QF-150-75) coated with Silguard (Dow Coming Comp., Midland, MI) and having a tip resistance of 10-15 MO
were used for low noise recordings ®, and additionally a cusiom RF shield made from tin foil was placed
around the recording chamber. The bath temperature was held at 10 = 1°C with a low noise peltier driven
temperature controlled chamber (QE-1HC, CL-100 and TCM-1, Wamer Instruments, LLC, Hamden, CT). For
whole cell recordings we used boroscilicate pipets (World Precision Instruments, Inc., Sarasota, FL) with a tip

resistance of about 2 M. Whole cell series resistance compensation was usually 90%.
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Single channel analysis. Single channel records were digitally filtered at f. = 2 kHz and resampled at S kHz
for analysis. The rise time of the filter T, was estimated as T, = 0.3 / £ = 150 ps, and the dead time T, was set
to 2.5 sample points (T;=500us) . For MNavl4WCW channels, idealized records containing four
conductance levels (closed, open, and two subconductances) wers generated using the segmental k-means
(SKM) algorthm in the QUB software suite **. For Mav1.4 channels, idealized records were obtained using
SKM with two conductance levels (closed, open), and similar results were obtained with a half amplitude
threshold crossing. Because the fast component in some of the observed dwell time distributions for Nav1.4-
WOCW approached the limits in our ability to idealize an event, it is likely that the gingle channel records contain
brief events that were not resclved in this analysis. Thus, the reported apparent dwell times may reflect the
fime spent not in a single state, but a set of states (e.g. a conducting state and a brief unresolved closed state).
However, the average time dependent probability was insensitive to the omission of bref events, and thus is
representative of the channel behavior.

We tested for artifacts in the voltage dependence of the dwell times at each conductance level due to
the idealization by taking idealized records at 40 and -60 m\ where our signal to noise is greatest and
rescaling them and adding noise to simulate the same records at -20 and 0 mY. At a filker cutoff of 2 kHz this
method gave similar dwell time distributions at all signal to noise ratios reflecting our recorded data between
-60 and 0 mV, whereas filtering at higher bandwidihs such as 5 kHz resulted in emoneous voltage dependent

dwell times for the same record at different signal to noise levels.

Fluorescence. Optical signals wers recorded from a modified cut-open oocyte setup after labeling with 10 pM
tetramethylrhodamine (TMR) maleimide (TMRM; Invitrogen) as described by Murci and Chanda = Cysteines
were introduced in individual voltage sensors at the sames sites used previously by Chanda and Bezanilla °.
Fluorescence was recorded at room temperature, as fluorescent responses at colder temperatures were
gquenched and lacked sufficient signal to noise to extract reliable kinetics. One possibility for reduced signal to
noise is that the soclubiliy of oxygen, which iz a potent guencher of fluocrescence, increases at lower
temperatures. To account for the temperature dependence of sodium channel kinetics ¥, fluorescence
responses were uniformly scaled in time by a factor of 5 in order to compare them to the single channel
kinetics observed at 10°C. The scaling factor was chosen 20 as to maintain the comelation between the
activation of domains -1l and the macroscopic current rise for Nav1.4 ®, and is consistent with the temperature

dependence of these channels 5.

Cysteine accessibility. Accessibility to internally perfused MTSET was examined in inside-out patches from
Xenopus oocytes 4-5 days postinjection after mechanical removal of the viteline layer. The
pipettefextracelular solution was (in mM). 115 NaCl, 5 KCI, 2 CaCl,, 10 HEPES, pH 7.2, and the
bathfintraceliular solution was (in mM): 100 K-Aspartate, 20 NaCl, 2.5 MgCl,, 2 EGTA, 10 HEPES, pH 7.2.

Fresh MTSET was dissclved in the bath solution and kept on ice prior to each experiment. A single exponential

13
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was fit to the reaction time course of peak current vs. cumulative MTSET exposure time at 0 mY. Dividing the
reciprocal of the rate constant by the concentration of MTSET yielded the apparent second order rate constant
for modification.
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Supplementary Information for:

Pore opening is not concerted in a eukaryotic voltage-gated sodium
channel.

In Nature

Marcel P. Goldschen-Ohm', Debbie Capes’, Kevin Oelstrom’, Baron Chanda'
"University of Wisconsin, Madison, W, Dept. of Neuroscience

Fast inactivation of voltage gated sodium channels is critical for normal signaling betwesn excitable
cells. However, rapid accumulation of channels in non-conducting inactivated states typically occludes all but
the first few ewents during channel activation as assayed by current through the pore. Thus, removing
inactivation should reveal both the time course of the activation process as well as less frequent infrinsic gating
properties of the pore. Therefore, we explored the single channel behavior of the fast inactivation deficient
skeletal muscle sodium channel mutant Nav 1.4 W oW .

Subconductances have been observed in single sodium channel reconds from neuroblastoma cellz, rat
cardiomyocytes and dissociated mouse muscle cells after treatment with compounds that disrupt inactivation
such as chloramine-T, sea anemone toxin ATH-1l or DPI 201-106 %% Infrequent subconductances have also
been observed in these preparations without drug treatment, suggesting that subconductances are an intrinsic
aspect of native sodium channel gating that is revealed upon removal of inactivation "% Remaving
inactivation in Shaker potassium channels also reveals two subconductances ™. However, in contrast to the
very brief activation coupled subconductances reflecting intermediates between closed and fully open states in
Shaker "', the subconductances reported here for Mav1 4-WCW  are both long lived and preferentially visited
following channel opening to the fully open level.

The WCW mutations severely impair fast inactivation. Responses to depolarizing voltage steps were
recorded from wild type rat Mav1.4 and rat Mavl.4L4350W/L437CA438W (WOCW) channelz expressed in
HEK-283 cells. Nav1 4-WCW expressed robustly, having capacitance nomalized whole cell currents that were
3-fold larger than for Nawv1.4 (two tailed unpaired t-Test, P < 0.001, n = & and 5). Nav1.4 currents inactivated
nearly completely within 5-10 ms, whereas Nav14-WCW failed to show appreciable inactivation over the 20
ms test pulse (Supplementary Fig. 1a, c). Nav1.4-WCW right-shifted the conductance-voltage (G-V) relation as
compared to Mavi14 by & mV (Supplementary Fig. 1bk). The voltage at which the conductance was half
maximal (V) and the effective charge (z) from gingle Boltzmann fits to the G-V from individual cells were, for
Navid4 (mean = sem) Vie=-326219mVY, z = 38 * 04 &, n=5 and for Navi4-WCW:
Vip=-249208mV, z=4.7 £ 0.2 &, n= §. This shift was not due to a change in reversal potential (Mav1.4:
Viee =594 3 9 m\V; Nav1 4 WCW: V., = 56.2 £ 3.0 m\), which suggests that the mutations do not affect the
relative permeabilities of Na™ versus K™. These results are consistent with previous reports regarding whole cell
voltage dependent currents from the rat Mav1 4-WCW construct

As channels progress from closed to open to inactivated states, a right shift in the G-V with no change
in the rate constants of activation (main text Fig. 2) suggests that Nav1.4-WCW speeds at least one backward
rate along the deactivation pathway from open to clozed states. This iz conzsistent with the idea that one of the
deactivation steps involves pushing the inactivation particle out of ita docking site, the energetic cost of which
is absent for Mav1.4-WCW 2. In other words, removal of energetic stabilization of the open state by binding of
the inactivation particle may account for the rightward shift in the conductance voltage curves. Congistent with
such an idea, the Q00 mutations right shift the G-V by 5 mV *, and ancther mutation in the putative docking
site for the inactivation particle, N1662A, also gives rise fo late channel activation and right shifts the G-\ by
10 mV **. We note, however, that interpretation of this shift in the G-V is somewhat complicated due to the fact
that whereas the peak conductance for Nav1 4-WCW is a steady state measurs (ignofng slow inactivation),
the peak response for Nav1.4 is not at equilibrium.
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Hav1.4-WCW channels do not inactivate from closed states. Although the WCW mutations severely impair
fast inactivation, slow inactivation persists in this channel ', which becomes apparent during longer 15
depolarizing voltage steps. The fraction of available (i.e. non-slow inactivated) channels atthe endofa 1s
voltage step between -80 and 0 mY was assayed with a 20 ms test pulse to -20 mY (Supplementary Fig. 17).
Maotably, the onset of slow inactivation coincided almost exactly with the onset of channel activation during the
1 s preconditioning pulse (Supplementary Fig. 1g). These data are consistent with previous results from Wang
and colleagues ™, and show that Nav1 4-WCW channels do not inactivate at potentials too hyperpolarized to
elicit channel activation. In contrast, sodium channels have been shown to be able to inactivate from closed
states prior to channel opening " The coincidental remeval of both fast inactivation following channel opening
and inactivation from closed states prior to channel opening by the WCW mutations suggests that the same
fundamental mechanism may undedie these two processes.

Hav1.4-WCW single channel deactivation. Deactivation of zingle Nav1 4-WCW channels was assayed upon
repolarization following a 40 ms activating voltage step to 50 mV. Both subconductances observed during
channel activation were also apparent during deactivation (Supplementary Fig. 4a). The rate of decay of the
probability in each conductance level increased with increasing hyperpolarization from -80 to -100 mY, as
expected if part of the deactivation process involves the retumn of the voltage sensing changes to their resting
conformations (Supplementany Fig. 4b). At both -80 and -100 mY, the probability of being fully open decayed
rapidly as compared to the probability of being in a subconducting state. However, the single channel records
clearly show that channels can close directly from any conductance level.

The 52 subconductance may reflect the fitering of a rapid flicker. Mav1 4-WOW channsl activity
associated with the 52 subconductance level often contained excess noise as compared to activity at the other
apparent conductance levels. This excess noise could reflect the presence of multiple closely spaced
conductance states or result from the filtering of a rapid flicker between the fully open and either closed or 51
conductance. The amplitude distributions resulting from the filtering of a rapid flicker between two states should
take the form of a beta distribution, the shape of which will depend on the transition rates between the states 7.
Thus, to examine thizs possibility, we fit amplitude histograms from sojoums to the 52 level with beta
distributions to estimate the rate of flicker. Beta distribution fits were neary indistinguishable from Gaussian
fits, with the former slightly overestimating the low end of the amplitude distribution, and the latter slightly
underestimating the high end {(Supplementary Fig. Sa). Thus, we cannot conclusively determine from thess
data whether or not 52 results from a rapid flicker. If 52 does represent a rapid flicker between open and either
closed or 51 subconducting states, then the rate of flicker as estimated from fitting the amplitude histograms
with beta distnbutions show very little voltage dependence (Supplementary Fig. Sb).

Voltage dependence of apparent dwell times in individual conductance levels. Mavi 4-WCW dwell time
distributions for each conductance level were fit with sums of exponentials by maximizing their log likelihood ™
{Supplementary Fig. Ta, Supplementary Table 1). Closad time distributions indicate the presence of at least
three closed states, whereas dwell times in the fully open level were well described by a single open state.
Both subconductances were fit with two exponential components. However, the fast component was not well
resolved, and is likely contaminated by rapid events such as C = O = C with a very short duration in O, which
due to fitering appears to be a brief sojoum to S1 or S2. Thus, we took the longer time constant as
representative for the dwellz in 51 and 52. Bursting activity was defined as groups of openings separated by
closures shorter than 5 ms. Burst length disiributions exhibited at least two components consistent with the
observation of two apparent long lived closed states. The bursting behavior of Mav14-WCW channels
indicates that the open channel can transiently visit an unstable closed state similar to that observed upon
removal of inactivation in Shaker potassium channels ®.

After first opening, most of the voltage dependence during MNav1.4-WCW channel activation could be
aftributed to the long closures between openings which decreased in frequency and duration with increasing
depolarzation. Given the similar steep voltage dependence for the first latencies, it is possible that these long
closures reflect a retum to voltage dependent closed states along the activation pathway. Although burst
lengths were also very voltage dependent, this largely reflects the voltage dependence of the longer closures
that separated bursts. Dwell times in 51 were not very voltage dependent, whersas openings to 52 and O
increased slightly in duration with increasing depolarization. Mav1.4 open times were alzo well described by a
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single exponential component with very little voltage dependence. Although open times for Mav1.4 were similar
in duration to dwells in O for Nav1.4-WCW, ignoring changes in conductance level, Nav1. 4-WCW channel
openings lasted on average 2-3 time longer than those in Navi 4.

Thus, Mav1 4-WCW channel openings are compriged of visits to a fully open state O that ie similar in
duration to the cpen state in Nav1.4 channels as well as prolonged dwells in subconducting states that
contribute to an overall longer and voltage dependent open dwell time as compared to Mavid4, akin to
observations in other inactivation deficient preparations "*****', as well as during infrequent bursting activity of
cortical neurons =. In addition, the channel exhibits bursting activity giving rise to prolonged periods of high
open probability. The large voliage dependence of the long lived closures separating bursts is consistent with
the idea that these closures reflect the trangition of one or more voltage sensors between activated and resting
conformations. The larger voltage dependence of the dosed states as compared to the open states might be
expected if pore closure requires the return of only a single voltage sensor, whereas opening requires multiple
voltage sensors to be activated.
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Supplementary Figure 1
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Supplementary Figure 1. Nav1.4-WCW severely disrupts fast inactivation and eliminates inactivation
from closed states. (a) Whole cell cumment responses to 20 ms depolarizing voltage steps for rat Nav1 4 (lefi,
only 10 ms shown) and rat Nav1 4-WCW {rght) channels at room temperature. Cells were held at -70 mV and
hyperpolarized to -120 mV for 20 ms prior to and following a 20 ms depolarizing pulse from -120 mV to +50 mV
(Mav1.4) or +80 mY (Mav1.4-WCW) in 5-10 mV steps (see inset). (b) Normalized peak conductance-voltage
relation from recordings such as those shown in A (mean = sem.). The V,; and charge (z) for single
Boltzmann fits to the mean were for Mav1.4: Viz =-33.3 mV, 2= 3.4 ¢, and for Nav1 4-WCW: Viz =-24.4 mV,
z=42 ¢ (c) Summary of the fraction of the peak cumrent remaining after 10 m= for Mav1.4 and Nav1 4-WCW.
(d) The time course of cumrent activation from the time at which the current was equal to half of the peak
response up until the peak was fit to the equation lpeas (1 - exp{{f - fo) / 7)), where lex is the peak cument, fis
fime, f; ia the time of cument onset which was allowed to lag the onset of the voltage step, and 1, is the time
constant of cument activation. Example trace is for Nav1.4-WCW. (e} Voltage dependence of activation from
fitz as described in d (mean * s.em.). Although f; is contaminated by the fime required to charge the cell
membrane, the similar delay for both congtructs suggests that any differences in the time fo current onset
between Navi14 and Nav1.4-WCW must be less than fo. (f) Nav1.4-WCW whole cell current responzses to a
steady-astate inactivation protocol congisting of a 20 ms test pulse to -20 mV after a 1 & preconditioning pulss
from -80 to 0 mY at room temperature. Holding potential was -120 mY and a 1 ms hyperpolarizing pulse to
-140 mV preceded each test pulse. Responses to the test pulse are shown on an expanded time scale to the
right. (@) The nomalized peak cumrent response during the test pulse iz plotted against the voltage during the
preconditioning pulse for five cells (open circles, mean * s.e.m., n = 3). The conductance-voltage relation for

4
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Mavl4-WCW from b is shown inverted for comparson (dashed line). The peak response versus
preconditioning voltage relation was fit with a single Bolzmann plus an added constant (Viz =-299mY, z =
4.9 ¢, constant = 0.27).
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Supplementary Figure
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Supplementary Figure 2. Subconductances in Navi.4 and Nav1.4-WCW channels. (a) Examples of
subconductance events for Mav1.4 (left) and Nav1 4-WCW (right) channels during activation from -60 to 0 mY
(dashed lines indicate observed conductance levels including the dosed channel baseline, cpenings are
downward). Responses were filtered at 1 kHz for digplay. (b) Example idealizations (solid black) of single
Mavi 4-WCW channel activation records (gray, filtered at 2 kHz) including two subconductance levels obtained
uging the segmental k-means method in QUB ~ (zee methods). The portion of each trace indicated by a black
bar is ghown on an expanded timescale to the right.
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Supplementary Figure 3
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Supplementary Figure 3. Voltage dependence of individual conductance levels. Single channel amplitude
distributions for Nav1.4 (left) and Mav1 4-WCW (right) channels. Histograms were obtained from all peints in a
single channel patch after discarding points adjacent to changes in amplitude in the idealized record to remove
artifacts due o filtering. Red dashed lines are individual Gaussian fits to each conductance level, and the solid
red line is their sum.
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Supplementary Figure 4
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Supplementary Figure 4. Nav1.4-WCW single channel deactivation. (a) Deactivation of single Nav1.4-
WCW channels at -80 and -100 mY/ following a 40 ms depolarizing pulse to 50 m' from a holding potential of
-120 mY. Black amows and vertical dashed lines indicate the onset of deactivation at the end of the activating
pulse. Horizontal dashed lines illustrate the obsernved conductance levels. (b) The time dependent probability in
each conductance level obtained from the idealized records (dots). Smooth lines are fits to the equation
I, A expl-tit), where 4, and 1, are the amplitudes and time constants of an exponential decay (51 at -850 mV':
T1=324ms, Ay = 0.14; 52 at -B0mV: 1y =107y ms, 1:=895ms, 4 = 021, Az = 0.07;, O at -850 mV:
T =24mg 1;=30ms A, =0.14, A; = 0.09; 31 at - 100 mV: 7, = 1.7 mg, 1; = 254 ms, A, = 0.12, A; = 0.05;
S2at-100mV: Ty =8.3ms, 12=662ms, Ay =018 A:=004; O at 100 mV: v =24 mg, 12=225ms, 4y =
0.19, A: =0.04).
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Supplementary Figure 5
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Supplementary Figure 5. Flicker analysis of a Nav1.4-WCW subconductance level. (a) Mavi1.4-WOW
amplitude histograms from channel activity during events at the 52 subconductance level after nomalizing to
therange [C=0, O=1]{C «— Q)or [S1 =0, O = 1] (51 « O). The first and last data points in each event were
discarded to remove artifacts infroduced by the filtering of the event onset and offset transitions. Histograms
were fit with a beta distribution (solid red) or a Gaussian (dashed blue). (b) Mean * = e.m. across patches for
the potential rate of flicker between either C and O or 51 and O estimated from beta distribution fits to the

amplitude histograms as described by Yellen ™.
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Supplementary Figure 6
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Supplementary Figure 6. Voltage dependence of latency to first opening for Havi.4-WCW. (a)
Cumulative probability that a Nav1 4-WCW channel has first cpened to any conductance level during 200 ms
depolarizing voltage steps from -60 to 0 mY (-120 mY holding potential). Smooth red lines are fits to the
equation Zwsz A [1 - exp(-ifu)], where A, and 7 are the amplitudes and time constants of a biexponential rise
DmV: 1,=86ms, T,=496ms, A,=057, A, =017, -20mV: 1,=154 ms, 1,=1404 ms, A, =040,
Axz=0356, 40mV: T4=23.8ms, :=1189ms, A =013, A:=0.37;, -60 mV: T4y =128 ms, 12=129.1 ms,
A, =003, A; =027). The reduction of the maximum from unity reflects the probability of observing a null
sweep with no channel activity. (b) Summary of the weighted time constants from bi-exponential fits as shown
in a for each individual conductance level.
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Supplementary Figure 7
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Supplementary Figure 7. Voltage dependence of apparent dwell times in individual conductance levels
during Nav1.4-WCW activation. (a) Dwell time distributions from idealized records for each conductance level
excluding events shorter than 0.5 ms. Smooth curves are the maximum log likelihood fit ** for 1-3 exponential
components (daghed lines are individual components and the =solid line iz their sum). Time constants (and
relative areas) for each component are shown. (b) Mean * s.e.m. from maximal likelihood fits to dwell time
distributions for individual patches as shown in a. The time constant {and relative area) of the fast (circles) and
slow* (squares) components are shown. *For the closed times the slow component is the sum of the two
longest closed times weighted by their individual areas (and the sum of their areas). Open times from single

Fai
Iy 2.5 ms
15 ‘ .9 m [B72)
10 LT ma (0 2y
B L
5 L
]
] s
-
- TELS]
LS.
& lvoms wam
4 - 13aminey 4 LM RE
5 T ad &4 s (D36
5 iy 2
1 1
¢ T (I o R N BN B
a 1 2 o 1 2 L] 1 2 0
log[Cles=ed] {mes) log[S1] (ma) log[S2] {mas) log[Burst] {ma}
Closed 51 e 52 B = Burst
40 < 12 8 -
¥ 8 W i m/Q_M 0
20 e —
10 47 N 2]
7 14 M p—t—e—e .
L 0T T I = T T g A p—=—=—F_
1.0+ 1.0 4 1.0 10 4 —8——L—H8 10+
08 m: b5 0.5 w 0.5 - 05 - W
0 ==—p————r— 0. ————— |} ————— } == ] =
0 a0 -3 0 S0 -0 -3 0 -0 -40 200 A -0 -2 0 S0 -0 -3 0
Waltage (m) Vollage (mi'} Voltage (mv} Voltage (my) Voltage (mY'}

exponential maximum log likelihood fits to Nav1.4 are shown as gray triangles for comparison.
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Supplementary Figure 8
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Supplemental Figure 8. Kinetics of fluorescent responses from fluorophores attached to introduced
cysteines in each individual voltage sensor track entry into conductance levels O and S2. Fluorescent
responses from site specific fluorophores in each voltage sensor ** during voltage steps from -50 to 10 mV
from a holding potential of -130 mV. Kinetics were determined from biexponential fits (red) to fluorescence
signals (black), with the exception of domain IV, which was fit with 2 monoexponential.
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Supplementary Figure 9
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Supplementary Figure 9. Summary of the voltage dependence of the time constants for entry into the 52 and
O conductance levels (main text Fig. 3), and the fast ime constant from exponential fits to the fluorescence

responses from individual voltage sensing domains (Supplementary Fig. 8), after scaling the fluorescence in
time by a factor of 5 to account for the temperature difference between the flucrescence and single channel

observations (see methods).
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Supplementary Figure 10
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Supplementary Figure 10. The pore of Nav1.4-WSW is fully accessible to internal MTSET. (a) Current
responses to 10 ms voltage steps from -120 to 40 mV (20 mY steps) from a holding potential of -140 mV (see
inset) from Nav1.4-WSW channels in inside-out patches excised from Xenocpus cocytes. (b) The time course of
the reduction in peak current for Nav14-WSW and Nawv14-WSW-F1579C with respect to the cumulative
exposure time to intermal MTSET at 0 mV. Protocol involved a 10 g period at a holding potential of -120 m\/,
followed by a 100 ms pulse to 0 mV to allow MTSET modification in the open state, another 10 s at -120 mV,
and a 10 ms test pulse to 0 mY from which the peak response was obtained. Thiz cycle was repeated as
necessary to obtain the reaction rate. Inside-out patches were bathed in 250 pM MTSET during the entire
experiment. Curmrent responses for Mavl 4-WSW-F1579C prior to and after 1.7 s of exposure to intemal
MTSET at 0 m are shown. (c) Second order reaction rate of intermal MTSET with F1579C in MNav1.4-WSW is
plotted along with the reported reaction rate for F1579C in Nav1.4 before and after disruption of fast
inactivation with anthropleurin B {ApB) for comparison =.
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Supplementary Table 1. Time constants 1, (and normalized areas A)) from maximum log likelihood

exponential fits to dwell time distributions

activation (mean £ SEM; 9 patches).

1=

Voltage (mV) | ©, (ms) T2 (Ms) Ay
Closed* 1] 1.0x01 | 81+12 | 0.72£0.03
=20 1.3+04 |13 6+46 | 067 £0.03
-40 1.0x01 | 17559 | 0612007
-60 11201 | 37277 | 050 £0.13
Burst 0 3.0+15|536+x45|025+20.06
=20 25207 39367 | 032 +x0.07
-40 1.5+04 |27 1+56 | 052 =0.05
50 1.7203 |200+37 | 060 £0.15
51 0 1.0x02 | 84+1.3 | 073 +0.05
=20 0.7+01] 63+15 |0.85+0.03
-40 0.7+01] 9322 |086+0.05
-50 11206 | 8.5+32 |D&5+£0.05
52 0 1.6202 | 8.5+09 |046+0.05
-20 14203 6.9+x1.1 | 041 +£0.04
-40 1.6+05| 6.5+06 | 055+0.09
60 1.5207 | 47+06 |063+x0.11
Open 0 35406 nia 1.0
-20 24+04 nia 1.0
-40 23x05 nia 1.0
-50 1.6+04 nia 1.0
Open (Nav1.4) o 1.2+05 nia 1.0
-20 23205 nia 1.0
-40 31210 nia 1.0
-0 1.6x02 nia 1.0

in individual conductance levels during Mav1.4-WCW

* The closged channel slow time constants (1z) are the weighted average of the two slowest components from a
three component fit to the closed dwell time distributions.
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Supplementary Table 2. Fast time constants 1, (and amplitudes A,) from mono- or bi-exponential fits to
the kinetics of the time dependent probability in each individual conductance level (Px was fit with the
equation I, 4 [1 - expi{-t't)]} and the conditional probability after first opening (CP, was fit with the
equation I, A, exp{-t't) + C) (see main text Fig. 3).

Voltage (mV) | A1 |taims) | €
Po ] 026 1.9 nia
=20 017 27 nia
-40 0.07 6.7 nia
&0 Dos| 275 nila
Pza ] 0.32 9.4 nia
-20 0.25 12.4 nia
40 0.09 16.1 nila
-50 007 | 538 nia
Pz ] 0.0&8 11.2 nia
=20 0.07 8.9 nia
-40 0.03 15.5 nia
50 Doz | 415 nia
CPy 1] 022 3.3 0.19
=20 025 38 0.18
40 0.19 2.2 0.1
50 0.16 47 0.08
CPys 0 017 | 50 |033
-20 0.1 3.2 0.28
40 0.03 20 0.18
-0 0.04 10.7 0.1
CP,, 0 002 | 355 |0.08
=20 nig* nig* | 0.07
-40 0.01 114 |[0.05
-50 0.03 16.1 0.03

* Could not be distinguished from a horizontal line.
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