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1. INTRODUCTION
Ion channels are transmembrane proteins controlling the ion flux between different
biological compartments and therefore play a vital role, also emphasized by the fact that
they are highly conserved among all species. The macromolecular protein complexes form
an aqueous pore allowing ions to pass hydrophobic membranes. The controlled ion flux
fulfills fundamental biological functions in electrical excitability of neurons, contractility
of skeletal, heart and smooth muscle, regulation of osmotic balance and epithelial transport
for example in kidney and lung or it relays signals in form of a second messenger, such as
Ca2+.
The ability to regulate the ion flux through the membrane lipid bilayer is attributed by two
characteristics (Hille, 2001): first, their selectivity that means different kinds of channels
allow each only a particular ion type to pass and second, the possibility to change their
structural conformation (gating) between non-conducting (closed) and conducting state
(open) and thus alter the accessibility. Ion channels can be classified according to the
trigger that opens the channel, i.e. either a voltage change (voltage-gated channels) or
binding of a substance (a ligand) to the channel (ligand-gated channels), other channels are
constitutively open (Cannon, 2007).
Depending on their widespread occurrence, defects in or malfunction of these proteins lead
to various diseases also called ‘channelopathies’ concerning several organs like skeletal
muscle, brain and heart. Several neurological diseases are caused by inherited mutations of
ion channels including neuromuscular disorders, migraine, and epilepsy. A detailed
functional analysis of ion channels will not only improve our basic knowledge of ion
channel biology, but may also provide new insights into the pathomechanisms associated
with channelopathies.
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1.1. Voltage-gated sodium (Na+) channels

1.1.1. The family of voltage-gated sodium channels

Voltage-gated sodium channels belong to the superfamily of voltage-gated ion channels
comprising also potassium (K+) and calcium (Ca2+) channels to which they are
evolutionarily related. It is assumed that the nine known mammalian sodium channel
isoforms developed through gene duplication and chromosomal rearrangements. In
consistence with their common origin, they possess biophysical and structural similarities.
The genes encoding the isoforms Nav1.1, Nav1.2, Nav1.3 and Nav1.7 are highly active in a
wide range of neurons and clustered on chromosome 2q23-24. Na v1.5, Nav1.8 and Nav1.9
(chromosome 3p21-24) are unlike the first group of voltage-gated sodium channels more
or less resistant to tetrodotoxin and differ also in their expression pattern (heart and dorsal
root ganglion). Nav1.6 is primarily expressed in the CNS and encoded by a gen on
chromosomes 12q13. The isoform Nav1.4 that we investigated in this study is muscle
specific and its encoding gen is located on chromosomes 17q23-35 (Catterall et al., 2003).

1.1.2. Structure of voltage-gated sodium channels

Voltage-gated sodium channels (see Fig. 1) consist of a main pore-forming and voltagesensing α-subunit with a molecular weight of approximately 260 kD and one or more
associated β subunits, β1 to β4, which is for Nav1.4 the β1 subunit (Kullmann and Hanna,
2002; Catterall et al., 2003). These transmembrane proteins belonging to the
immunoglobulin superfamily have not only a modulatory function on channel gating but
also control channel expression at the cell surface, interact with the cytoskeleton and are
involved in cell adhesion and migration (Isom, 2001). For example, β 1, which is decisive
for the development of the nervous system, controls neuronal migration and neurite
pathfinding in fiber tracts (Brackenbury and Isom, 2011). Further, it was shown that β 1 and
Nav1.6 are interdependent for the regulation of excitability and neurite outgrowth in
cerebellar neurons (Brackenbury et al., 2010).
2

The α-subunit is made up of four homologous but not identical domains, each containing
six transmembrane segments (S1-S6) connected through intra- and extracellular loops (Fig.
1). The first four segments (S1-S4) form the voltage-sensing domain (VSD) with the
highly conserved S4 segments carrying positively charged amino acid residues at every
third position (Catterall et al., 2005), which confer the channel the ability to open in
response to a depolarization of the membrane. It is generally accepted that the S4 segments
move as a “sliding helix” or a “helical screw” outward creating the so called “gating
current”. While sliding outward the gating charges of S4 form sequentially ion pairs with
negatively charged amino acids of the neighbouring transmembrane segments S1 to S3
(DeCaen et al., 2011). However, an alternative model was proposed (Kariev and Green,
2012) suggesting that not positively charged amino acid residues but protons, which flow
through the voltage sensing domain (VSD), create the “gating current”. The S5 and S6
segments form the pore-module with the S6 helices lining the inner pore and harbouring
the activation gate at their intracellular ends (Payandeh et al., 2011). The loops between S5
and S6 (P-loops) line the outer entry of the pore of the ion channel. The amino acids of the
P-loops make the channel selective for sodium ions (Kullmann and Hanna, 2002).

Figure 1: Transmembrane structure of a voltage-gated sodium channel (Kullmann and Hanna,
2002).
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1.1.3. Gating of voltage-gated sodium channels

Voltage-gated Na+ channels have three main conformational states which are called closed
(C), open (O) and inactivated (I) (Fig. 2). The transition from one conformational state to
another is triggered by alterations of the voltage across the membrane. At hyperpolarized
membrane potentials, commonly between – 70 and – 90 mV, most of the channels are
closed and not passable for ions. After membrane depolarisation, sodium channels open
rapidly initiated by an outward movement of the α-helical S4 segments followed by
conformational changes that lead to the opening of the so-called activation gate. The
channel is now open, i.e. passable for ions, until another gate, the inactivation gate,
(compare to 1.1.4.) rapidly closes, the channel is then in the inactivated state. The inward
sodium flux through the channels accounts for the rapid upstroke of the action potential.
To be available to further openings after inactivation a membrane repolarisation is usually
necessary. This process called recovery is of a millisecond range and during this time the
channels stay refractory to further openings (Kullmann and Hanna, 2002).
In addition to fast inactivation, which develops within a few milliseconds of depolarisation,
slow inactivation is a separate process developing on a time scale of seconds.
Corresponding to the time until the entry of the fast inactivation also the recovery time
from this slow inactivated state is prolonged (Mickus et al., 1999; Vilin and Ruben, 2001).
It was recently suggested that slow inactivation is associated with narrowing of the central
pore caused by a number of conformational changes including the intracellular activation
gate, the S6 segments and the area of the selectivity filter and outer vestibule (Payandeh et
al., 2012). In contrast to inactivation, deactivation is the reversal process of activation in
which the activation gate closes after a brief depolarisation.

Figure 2: The three main conformational states of voltage-gated sodium channels.
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On a molecular level opening of the channel, i.e. the pore, is described as an ‘iris-like
dilation of the activation gate’ (Payandeh et al., 2011) mediated through the tight structural
coupling of the S5 and S6 segments of all four domains.
Fast inactivation of voltage-gated sodium channels is thought to arise from the closure of
an intracellular inactivation gate made up of the cytoplasmic linker between domains D3
and D4 (Fig. 1) (Patton et al., 1992). Three amino acids, the IFM motif, in the D3-D4
linker are supposed to form an “inactivation particle”, which folds into the channel and
therefore blocks the inner exit of the pore (Vassilev et al., 1988; Vassilev et al., 1989; West
et al., 1992; Eaholtz et al., 1994). This is also known as the ball-and-chain model
(Armstrong and Bezanilla, 1977) or hinged-lid model of fast inactivation (West et al.,
1992) of sodium channels.
The participation of the S4-S5 linkers and the distal parts of S6 in fast inactivation has
been proven (Tang et al., 1996; Smith and Goldin, 1997; Filatov et al., 1998; Tang et al.,
1998; Yarov-Yarovy et al., 2002; Wang et al., 2003). However, a conclusive evidence for a
receptor site for the IFM motif has not yet been provided. In homotetrameric K + channels
N-type inactivation is produced by one of their four gates which are formed by the first 20
aminoacids on the N-terminus of the α-subunit or β-subunit, located on the intracellular
side of the membrane. Zhou et. (2001) al proposed that inactivation is a sequential
reaction with binding of the N-terminal inactivation gate first to the cytoplasmic channel
surface and finally, after entering the inner pore as an extended peptide, to a receptor site in
the central cavity. A similar process has been suggested for the fast inactivation in Na +
channels involving the S4-S5 linkers in domains D3 and D4 and the S6 segment in D4
(The et al. 2005).
Moreover, the S4-S5 linkers in domains D3 and D4 contribute in a cooperative manner to
the fast inactivation of the Na+ channel (Popa et al., 2004) but the role of D1 and D2
domains in this process remains elusive.

1.2. Voltage-gated ion channels are associated with human diseases

Ion channelopathies are a growing group of human disorders that are causally connected to
mutations in genes coding for ion channels. Over 40 channelopathies are known up to now,
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representing all classes of ion channels with effect on all electrically excitable tissues:
brain, peripheral nerve, skeletal muscle, smooth muscle, and heart (Cannon, 2007).
Table 1 gives an overview of inherited human diseases that are linked to mutations in
genes encoding voltage-gated sodium channels.
Table 1: Sodium channelopathies

Na+ channel

Gene

Tissue
expression

Associated diseases

SCN1A

CNS/Brain



Familial hemiplegic migraine type 3
(FHM3)



Generalized epilepsy with febrile seizures
plus (GEFS+)



Severe myoclonic epilepsy of infancy
(SMEI)



Benign familial neonatal-infantal seizures
(BFNIS)



Generalized epilepsy with febrile seizures
plus

isoform
Nav1.1

Nav1.2

SCN2A

CNS/Brain

Nav1.3

SCN3A

CNS/Brain



‘Cryptogenic pediatric partial epilepsy’
(Holland et al., 2008; Estacion et. al, 2010)

Nav1.4

SCN4A

Skeletal muscle



Hyperkalaemic periodic paralysis
(HyperPP)



Hypokalaemic periodic paralysis
(HypoPP)



Paramyotonia congenita (PC)



Potassium-aggraveted myotonia (PAM)

Nav1.5

SCN5A

Heart



Long QT syndrome (LQT) type 3

Nav1.6

SCN8A

CNS/Brain



‚Human sleep disorders’ (Papale et al.,
2010)

Nav1.7

SCN9A

PNS



Inherited erythromelalgia (IEM)



Paroxysmal extreme pain disorder (PEPD)



Congenital insensitivity to pain (CIP) (Cox
et al., 2006)

Reviewed in: Ryan and Ptacek, 2010; Meisler et al., 2010; Platt and Griggs, 2009; Dib-Hajj et al.,
2009
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1.2.1. Skeletal muscle Na+ channelopathies

Among the first channels to be linked to human diseases was the major voltage-dependent
sodium channel of skeletal muscle, NaV1.4. Mutations in this channel can cause autosomal
dominant diseases, hyperkalaemic periodic paralysis (HyperPP), hypokalaemic periodic
paralysis, potassium-aggravated myotonia (PAM) and paramyotonia congenita (PC), many
of these may be led back to an impaired inactivation (Kullmann and Hanna, 2002). Most
muscle channelopathies also share a number of features like the episodic occurrence of the
symptoms with complete remission and a duration of minutes to days. The attacks are
often triggered by physical activity or rest afterwards, endocrine factors, emotional strain,
some food and medication (Jurkat-Rott and Lehmann-Horn, 2005). However, missense
mutations of the skeletal muscle voltage-gated sodium channel gene, SCN4A, result in
multiple defects in channel gating and produce different disease phenotypes depending on
the location of the mutation (Platt and Griggs, 2009) (Fig. 3).

Figure 3: Mutations in the voltage-gated sodium channel Nav1.4 associated with muscle
channelopathies (Jurkat-Rott und Lehmann-Horn, 2005).

A replacement of Isoleucin by Valin at position 1160 in the S4-S5 linker of D3 was found
in patients with potassium-aggravated myotonia characterized by muscle stiffness without
weakness worsened by increased K+ levels (Ptacek et al., 1994; Richmond et al., 1997).
The effect of a cysteine substitution at this position in combination with other mutations
was studied in this thesis (see results section).
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Figure 4: Pathophysiology of skeletal muscle channelopathies. In the first row Na+ currents in
response to a step depolarization from -100 mV to -10 mV are shown, left and in black for normal
channels and in red for gain-of-function defects of skeletal muscle Na + channelopathies. The
current in the middle demonstrates the effect of slowed inactivation whereas on the right side the
effect of incomplete inactivation is illustrated. In the second row the consequences on the muscle
fiber contractility are computer simulated. In the normal muscle fiber the suprathreshold current
pulse evokes a single action potential. The slowed inactivation (center) produces an instable
membrane potential with after-discharges and repeated muscle contractions that clinically
correspond to the stiffness observed in patients with myotonia. On the right side: the incomplete
inactivation causes a stable depolarization of the membrane, therefore the mucle fiber stays
refractory because the Na+ channels in the membrane are not available for re-openings. This
scenario impresses in concerned patient as paralysis (Cannon, 2007).

Fig. 4 illustrates that a gain-of-function defect in which the open probability of mutant
channels is greater than normal at the channel biophysical level may produce either a gain
or loss of excitability at the cellular level: In an intact muscle fibre, inactivation helps to
curtail the action potential. But if the inactivation is slowed down or incomplete it comes to
an increased Na+ influx. This leads, depending on the strength/ intensity of the
depolarization, either to a hyperexcitability of the sarcolemma as in myotonia for slight
depolarisation, or to inexcitability and muscle weakness for strong depolarization. In the
latter case, depolarization leads to general inactivation of sodium channels and
depolarization block, which manifests as paralysis as in HyperPP. Therefore, myotonia and
paralysis, though clinically opposite, stem from similar pathomechanisms.
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1.3. Aim

A common pathomechanism of hereditary muscle diseases is an impaired fast inactivation
of the Na+ channel. To elucidate some of the underlying molecular mechanism of fast
inactivation, it was previously suggested that the cytoplasmic S4-S5 linkers from domains
D3 and D4 of the human skeletal muscle Na+ channel α-subunit (hNav1.4) act
cooperatively on fast inactivation. In that study gating of mutant hNav1.4 channels
containing single mutations at critical sites in D3/S4-S5 and D4/S4-S5 as well as double
mutations at homologous sites from the two domains have been characterized (Popa et al.,
2004). However, the interaction of cytoplasmic linkers S4-S5 from domains D1 and D2 of
the hNav1.4 channel with regard to fast inactivation remains to be elucidated.
In this study we aimed to investigate the interaction of these domains on fast inactivation
of the hNav1.4 channel by introducing cysteine point mutations in homologous positions
(L250C/D1, L700C/D2, I1160C/D3, L1482C/D4). We tested the mutations of D1 and D2
alone and in combination with mutations in D3 and D4 domains using expression in human
embryonic kidney cell line, tsA201 and the whole cell patch-clamp technique.
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2. MATERIALS AND METHODS
2.1. Molecular biology methods

2.1.1. Mutagenesis

Mutagenesis and cloning procedures were performed by other coworkers in our laboratory.
Na+ channel mutagenesis
Two methods of mutagenesis were employed to create the point mutations of interest:
PCR-based strategies and the ‘altered sites’ system via pALTER (formerly pSELECT).
Midi or miniprep kits of QIAGEN (QIAGEN GmbH, Germany) were used for plasmid
DNA purification. The full wild type and mutated sequence, respectively, was inserted into
the pRc/CMV plasmid vector. After amplifying and cloning the construct was verified by
restriction digestion and DNA sequencing. Finally the pRc/CMV plasmid vector including
the full length construct was transfrected in the tsA201 cell. The pRc/CMV plasmid vector
was kindly provided by Dr. Al George.

2.2. Cell culture and transfection of tsA201 cells

2.2.1. Cell culture

The wild type and mutated Na+ channels were expressed in tsA-201 cells to study their
electropysiological characteristics using the patch clamp method. TsA-201 cells are ideal
for heterologous expression of Na+ channels because they express only a small number of
endogenous sodium channels. TsA-201 is a transformed human kidney cell line stably
expressing an SV40 temperature-sensitive T antigen which is a powerful proto-oncogen
derived from the polyomavirus SV40. The esteemed effect of the SV40 large T antigen is
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that the transfected plasmids are amplified and therefore the expression of the desired gene
products is extended.
The following procedure describes the subcultivation and maintenance of the cell culture:
For the medium Dulbeco´s MEM and HAMS nutrition mixture (GIBCO Brl, Paisley,
Scotland or PAA Laboratories, Linz, Austria) in a 1:1 ratio supplemented with 10%
inactivated fetal calf serum (PAA Laboratories, Linz, Austria) was used.
The cell culture was maintained in a controlled 5% CO2 atmosphere at 37°C in 25ml sterile
flasks (Integra Bioscience or Greiner, Frickenhausen) in which they were monitored
microscopically to prevent overgrowth and accelerated cell death from exhausted medium.
The cell line was subcultured two or three times a week. Therefore the medium in the flask
with the cell culture was aspirated and discarded. In the next step the monolayer of cells
was rinsed with Ca2+ and Mg2+ free PBS solution (PAA Laboratories, Linz, Austria) to
stabilize the pH of the medium and to enable the following resuspension by weakening the
cell-cell and cell-dish connections. New growing medium was added to the flask and
pipetted (with a 5ml plastic pipette, Greiner, Frickenhausen, Germany) to break up cell
clumps or to aid in the removal of attached cells. The cell suspension was dispensed into
sterile culture vessels supplemented with fresh medium, in the ratio one to three. Cells
were used for transfections until passage 40.
For long time storage cells were cryopreserved in cryopreservation media (90% FCS and
10% DMSO) and stored in the liquid nitrogen (-196°C). Cells were thawed by incubating
in a 37°C water bath for 3-5 minutes. The cryopreservation medium was immediately
diluted by transferring the cells into a culture flask with fresh, cold media. The cells were
then placed in a 37°C incubator and the medium was exchanged after 24 hours. The
thawed cells required usually one weak to adjust to the culture conditions before splitting.

2.2.2. Transient cell transfection

The calcium-phosphate method was used for transient cell transfection: DNA - calcium
phosphate co-precipitates arise spontaneously in supersaturated solutions. These
precipitates are then brought into eukaryotic cells via endocytosis or phagocytosis (cellesting). The foreign DNA is not included into the nuclear genome and lost when the cells
are dividing therefore the encoded protein is expressed only transiently, up to one week.
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The level of expression of the desired protein is very variable due to the narrow range of
physico-chemical conditions that control the initiation and growth of effective precipitate
complexes (Jordan et al., 1996).
Practically sterile 6 cm dishes (Greiner, Flickenhausen, Germany) filled with 5 ml cell
culture medium and a cell density of around 50% were prepared the day before
transfection. 5 μg of cDNA encoding the WT or mutant α-subunit Na + channel was
cotransfected with 3 μg of a plasmid containing CD8 cDNA in order to recognize
transfected cells using microbeads with CD8-antibodies. The whole amount of cDNA was
mixed with 250μl sterile CaCl2 solution and added drop-wise to 250μl 2xHEBS solution
(in mM: 170 NaCl, 40 HEPES, 2 KCl, 10 Dextrose, 1.4 Na 2HPO4). After 20 min
incubation at room temperature the mixture was added to the cells in a monolayer.
Transfection was stopped after 12 hours by gently washing the cells with PBS and
resuspended as described above. Different amounts of the suspension (from 100μl up to
1ml) were distributed in 3.5cm cell culture dishes for further electrophysiological
experiments.

2.3. Electrophysiology

2.3.1. Patch-clamp technique and experimental procedure

The patch-clamp technique allows the study of single or multiple channels in cells. The
basic principle of voltage clamp is to keep the voltage across a cell membrane constant i.e.
to clamp it while observing changes in the current. In a feedback circuit the command
voltage, that means the desired voltage for clamping the membrane, is compared to the
actually measured voltage. The divergence is corrected through current injection which
represents and therefore measures the current passing through the ion channels of the cell
membrane which are activated because of a voltage-change leading itself to an alteration of
the voltage over the membrane. The central component that contains the measuring and
clamping circuitry is the patch-clamp amplifier. Voltage measurement and current
injection use the same pipette electrode connected to the patch-clamp amplifier.
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Axbasicxsetxofxvoltagexclampxprotocolsxbasedxon potentialxsteppingxfromxaxholdingxpotential
toxaxtestxpotentialxisxapplied.xThextransientxcurrentxisxrecordedxandxanalyzedxregardingxtime
coursexandxvoltagexdependence.xThesexdataxallowxtoxdrawxconclusionsxaboutxchannelxgating.x

Figure 5: Patch clamp configurations0(http://www2.massgeneral.org/anesthesia/index.aspx?page
=research_pain&subpage=forman_patch,0accessed002/07/2012).

Thexpatch-clampxtechnique canxbexperformedxinxdifferentxconfigurationsx(Fig.x5):xwhole-cell
recordings,xallowingxmeasurementsxthroughxallxcellularxmembrane,xcell-attached,xinsideoutxandxoutside-outxconfigurationsxforxmeasurementsxofxthexcurrentsxthroughxthexpatchxin
thextipxofxthexpipette.xWexusedxthexwhole-cellxconfigurationxforxthexexperimentsxdescribed
inxthisxthesis.xThexpipettexintoxwhichxanxelectrodexisxintroducedxisxfilledxwithxaxsolution
matchingxthexionicxcompositionxofxthexcytoplasm.xThexglassxpipettexwithxanxopen,xveryxfine
tip x is x approached x to x the x surface x of x the x cell x under x microscopic x control x using x a
micromanipulator.xWhenxbroughtxintoxcontactxwithxthexcellxmembranexaxlittlexsuctionxis
applied x to x rupture x the x membrane x patch x while x maintaining x a x tight x contact x between x the
pipettexandxthexcellxmembrane.xThexresistancexofxthexpipettexwasxhigherxthanx1GΩ inxour
experiments.
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Rm

Cm

Raccess

cell

Figure 6: Equivalent circuit for the whole-cell configuration (after Molleman, 2003).

Fig. 6 shows an equivalent circuit for the whole-cell configuration. The leak resistance
(Rleak), representing the quality of the seal between the glass of the micropipette and the
membrane, should be as high as possible – in the GΩ range – to minimise short-circuiting
of the membrane current. The pipette glass and the cell membrane are insulators (Cpipette and
Cm, respectively) between the bath solution and the pipette solution or intracellular
solution, respectively, i.e. they form capacitors. Therefore fast voltage changes cause
capacitive currents. Cancellation of this capacitive current is achieved by supplying the
command stimulus with the additional current, required to charge the cell directly to the
desired value.
The patch-clamp protocols included a P/4 leak current and capacitive transient subtraction
protocol. The pipette resistance (Rpipette) and the access resistance (Raccess) which becomes
very low by disrupting the patch of the membrane in series are together named series
resistance (Rs). The series resistance can significantly affect the voltage clamp properties
of the circuit causing unwanted voltage drop V s = I*Rs, where I is the pipette current. The
problem can be reduced by over-injecting currents when the holding potential changes but
the compensation circuitry is prone to self-amplifying destabilisation, usually in the form
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of oscillations. In practice we reached 70% or more compensation of the series resistance
corresponding to a maximum voltage error of 4 mV for current sizes ranging from 1 to 15
nA. Furthermore liquid junction potentials that occur where two different salt solutions
come into contact can influence the preciseness of the recordings. The liquid junction
potential for the solutions used for our experiments was 7mV and nulled before making the
seal.

2.3.1.1. Technical requirements

A typical electrophysiology setup requires an anti-vibration table to minimize mechanical
interference, in our case a heavy granite plate placed on active (pneumatic) support for the
microscope and the hydraulic manipulator (Narishige Scientific Instruments, Tokyo,
Japan) to position the micropipette. An inverted stereo microscope Axiovert 10 (Zeiss,
Germany) was used for visualisation of the preparation. The setup was surrounded by a
faraday cage to create an electrically clean environment and all metal parts near the headstage were grounded, using the virtual ground input of the amplifier.
An EPC 7 amplifier (List Medical, Darmstadt, Germany) was used to perform continuous
single electrode voltage clamp in the whole-cell configuration. The amplifier head-stage
was connected to the pipette holder. The measured current was pre-filtered by a 3 kHz 8pole low-pass continuous Bessel filter (KF9006, Zeitz Instruments, Augsburg, Germany)
and digitized by a DIGIDATA 1200 AD/DA converter (Axon Instruments, Union City,
USA). The digitized signal war visualized and recorded on a personal computer running
Clampex 6.0 (Axon Instruments, Union City, USA) acquisition software under Microsoft
DOS 6.2 (Microsoft Corp. Redmond, USA). Clampfit (Axon), Origin (Microcal,
Northampton, USA) and Excel (Microsoft) software was used for analysis of the recorded
currents on another PC.

2.3.1.2. Whole cell measurements from tsA201 cells

For the electrophysiological measurements cell culture dishes being 3.5 cm in diameters
were prepared. After distributing into the cell culture dishes cells were incubated with 0.3
μl CD8-antibody coated beads (Dynabeads M-450, Dynal, Oslo, Norway, 1 μg/μl) per dish
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for 2-3 minutes. In this way transfected cells became visible and in more than 80%
appropriate Na+ currents were normally recordable. After breaking the patch of the
membrane under the pipette tip it was given ten minutes to the pipette solution and the
cytoplasm to mix before starting measurements. So the cytoplasm was replaced by the
pipette solution because the volume of the pipette solution is many times more than the
cytoplasm. For further analysis only cells producing Na+ currents larger than 1 nA were
used to exclude endogenous Na+ currents which are normally smaller than 200 pA. Series
resistance compensation was applied and only recordings with a voltage error less than
5mV were evaluated.
The glass microelectrodes used for the measurements were produced and fire polished on a
horizontal two stage DMZ Universal Puller (Zeitz Instruments, Augsburg, Germany) from
thin wall borosilicate glass pipettes with filament (1.5 mm OD, 1.17 mm ID; Clark
Electromedical Instruments, Reading, UK or Science Products, Hofheim, Germany). The
resistance of the whole cell patch clamp electrodes ranged between 0.8 and 1.5 MΩ. For
the Ag/AgCl electrodes, which were introduced into the glass pipettes, a silver wire
(l=5cm, d=300μm, Science Products, Hoffheim, Germany) was chlorided for about 10
minutes in a solution composed of iron chloride and diluted hydrochloric acid.

2.3.1.3. Solutions

All reagents were from Sigma-Aldrich (Deisenhofen, Germany) or Amercham Bioscience
(Freiburg, Germany).


Pipette solution (in mM): 105 CsF, 35 NaCl, 10 EGTA, 10 HEPES, pH = 7.4.



Bathing solution (in mM):150 NaCl, 2 KCl, 1.5 CaCl2, 1 MgCl2, 10 HEPES, pH = 7.4
(adjusted by CsOH).

The osmolarity of both solutions was approx. 300 mol/kg.


Chloriding solution: 600ml distilled H2O, 300mg FeCl3, 300ml HCl.
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2.3.2. Voltage protocols and data analysis

2.3.2.1. Na+ channel gating protocols

Voltage dependence of activation
The activation curve (percentage of maximum conductance versus membrane voltage) is
charting the voltage dependency of activation. The cells were clamped at a holding
potential of –140 mV and stepwise depolarized to various potentials between -105 mV and
67.5 mV in 7.5 mV steps. Conductance (g) was calculated from peak current during
depolarization as I/(V-Vrev), where V was the test pulse potential and V rev was the reversal
potential. Normalized conductance was fit to a Boltzmann function:
g/gmax (V) = 1/(1+exp[(V-V1/2)/kV]),
with gmax the maximal conductance, V1/2 the voltage of half-maximal activation, and k V a
slope factor.
Steady-state fast inactivation
The steady-state fast inactivation curve is illustrating the availability of the channel to open
at a given membrane potential, i.e. the part of non-inactivated channels. To determine the
voltage dependence of steady-state fast inactivation a 300 ms conditioning pre-pulse to
various potentials followed by the brief test pulse to -20 mV was used. The peak current
amplitudes measured during the test pulse were normalized to the maximum current
amplitude and plotted as a function of the conditioning pre-pulse potential. The data were
fit to a standard Boltzmann function:
I/Imax (V) = 1/(1+exp[(V-V1/2)/kV]),
with Imax being the maximal current amplitude, V1/2 the voltage of half-maximal
inactivation, and kV the slope factor.
Inactivation time constants and persistent current
The time constant of fast inactivation was determined by fitting a second order exponential
function to the current decay yielding two time constants of inactivation:
I(t) = Af exp[-(t-t0)τf] + AS exp[-(t-to)/τs] + C.
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The fast time constant (τf), termed τh, was considered as the main time constant of fast
inactivation and therefore used to describe the kinetics of fast inactivation.
Persistent Na+ currents (Iss, for ‘steady-state’ current) are representing the fraction of
current that fails to inactivate. The fraction of non-inactivating current is determined at the
end of 70 ms-lasting depolarizing pulses to 0 mV divided by the initial peak current (Ipeak).
Recovery from fast inactivation
Recovery from fast inactivation is depicting the refractory period after an action potential.
From a holding potential of –100 mV cells were depolarized to -20 mV for 100 ms to
inactivate all Na+ channels and then repolarized to various recovery potentials, e.g.

–

100mV, for increasing duration followed by a brief test pulse. Normalized peak currents
during the test pulses are plotted as a function of the duration of the recovery interval. The
time course of recovery from fast inactivation was best fit to a second order exponential
function with an initial delay:
I/Imax(t) = 1 – (Afexp[-t/τf]+Asexp[-t/τs]).
Only the fast time constant (τf), termed τrec, was used for comparison among WT and
mutants, since the slow one had a relatively small weight (<25%) and did not vary much
compared to the fast one.

2.3.2.2. Leak subtraction

All protocols included a leak subtraction protocol applied before each test pulse consisting
of four hyperpolarizing pre-pulses, each of it having one fourth of the amplitude (P/4) of
the following test pulse. At these negative voltages Na + channels do not open. The leak
current increases in linear proportion to the potential difference across the membrane.
Conclusively, the sum of the elicited currents during the four pre-pulses corresponds to the
leak current during the test pulse which is subtracted from the current recorded during the
P test pulse.
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2.3.2.3. Statistics

All data are shown as means ± standard error of the mean if not indicated otherwise.
Independent Student´s T-test was used to test for statistically significant differences
between WT and mutant channels.
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3. RESULTS
3.1. Functional6characterization6of6L250C,6L700C,6I1160C6and6L1482C6
mutations6in6Nav1.46channels6

ItphaspbeenpshownpthatpfastpinactivationpofpthepNa v184pchannelpinvolvespbothpS46S5plinkers
in pD3pand pD4pdomains pinpapcooperative pmanner pLPopapetpal8z p2AA4C8pInpthis pstudypwe
investigatedpco6operativepeffectspofptwopnovelpmutationspinpD1pandpD2pLL25ACpandpL7AACC
domainspandpinpconjunctionpwithppreviouslypcharacterizedpmutationspinpD3pandpD4pLI116AC
andpL1482CCpdomainspwithpregardptopactivationpandpfastpinactivationpofpthepNa v184pchannel8
The p plasmids p harbouring p either p single p mutation p or p double p mutations p or p all p candidate
mutations p were p transiently p transfected p into p tsA2A1 p cells p and p electrophysiologically
characterized8

Figure 7: Cysteine mutations in the adult human muscle Na + channel α-subunit (Nav1.4).
All,four,cysteine,point,mutations,in,homologous,positions,within,the,intracellular,S4-S5,loops,of
domains,D1,to,D4,concerning,conserved,residues,are,shown,,(modified,,after,Kullmann,and,Hanna,
2002).,

2A

3.2. Part I:

In the first set of experiments we tested the effect of the single mutation L250C in the D1
domain as well as double mutations containing L250C and a further cysteine mutation in a
“homologous” position in one of the domains D2 to D4. We investigated the cysteine
mutations L250C, L250C/L700C, L250C/I1160C and L250C/L1482C using transient
expression in tsA201 cells and the whole cell patch clamp technique.

3.2.1. Effects of L250C and double mutants containing L250C on activation of
Nav1.4 channels

The introduction of cysteine in position 250 of the sodium channel revealed clear
alterations of activation parameters. L250C causes a significant shift of the activation
curve in the hyperpolarizing direction (-50.7 ± 1.6 mV vs. -44.0 ± 1.2 mV, P < 0.01).
Additionally the mutation decreased the slope of the voltage dependence of activation (-7.3
± 0.2 vs. -5.8 ± 0.2, P < 0.001) (Fig. 8, Tab. 2).
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Figure 8: Activation parameters of the studied mutants. Voltage-dependence of steady-state
activation for L250C and mutants containing L250C. Symbols as indicated in the legend. Lines
represent fits to standard Boltzmann functions. Values for V 1/2 are given in Table 1. All values are
shown as means ± SEM, n = 3-15. (WT: wild type; V 1/2: half-maximal voltage of activation; SEM:
standard error of the mean; n: number of cells.)

Comparing the effect of L250C on the activation parameters with the cysteine mutations at
the corresponding positions in the S4-S5 loops of the domains D2 to D4, I1160C caused a
more significant shift of the activation curve in the hyperpolarizing direction (-54.6 ± 1.5
mV, P < 0.001), whereas L1482C caused a shift in the depolarizing direction (-35.6 ± 1.3
mV, P < 0.001) and L700C had no significant effect (Tab. 2, Fig. 13). I1160C, L1482C as
well as I1160C were studied by Popa et. al (2004). Consistent with the previous report, in
this study we also obtained the same activation and fast inactivation values for the wild
type Nav1.4 channel.
Furthermore, comparing the effect of the single mutation L250C on the activation kinetics
with the effect of the double mutations L250C/L700C, L250C/I1160C and L250C/L1482C
shows that, among those, L250C/I1160C causes a profound additional shift of the
activation curve in the hyperpolarizing direction (-59.6 ± 0.8 mV vs. -44.0 ± 1.2 mV, P <
0.001) (Fig. 8), whereas L250C/L700C and L250C/L1482C were not significantly
different from L250C alone.
The slope of the voltage dependence of activation was decreased for all of the three studied
double mutations L250C/L700C, L250C/I1160C and L250C/L1482C (Tab. 2).
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3.2.2. Effects of L250C and double mutants containing L250C on fast inactivation of
Nav1.4 channels

Previous studies have shown that the four different domains of Na + channels are certainly
specialized in their function, for instance, the voltage sensor D4/S4 is most important for
fast inactivation in contrast to D1-D3/S4 (Chen et al., 1996). We here tested the potential
cooperative effect of mutations in homologous positions of the S4-S5 linkers in domains
D1-D4 on fast inactivation of the Nav1.4 channel.
The inactivation curve of the single mutation L250C was significantly shifted in the
hyperpolarizing direction (-91.4 ± 1.0 mV vs. -87.0 ± 1.3 mV, P < 0.05), whereas L1482C
caused a distinct shift in the depolarizing direction (-77.4 ± 1.6 mV, P < 0.001) and I1160C
had no significant effect. For L250C/L700C and L700C we observed a similar effect as for
L250C (-92.1 ± 1.2 mV and -91.7 ± 1.6 mV vs. -87.0 ± 1.3 mV, P < 0.05). Both mutations,
L250C and L250C/L700C, however, had no effect on the slope of voltage dependence of
steady-state fast inactivation, whereas L250C/L1482C altered the slope of steady-state fast
inactivation and the kinetics of recovery from fast inactivation in a similar way like
L1482C (Fig. 9a, b and Tab. 2). The time course of fast inactivation was slowed 2-3 fold
for L250C/I1160C, and much less also for I1160C, L1482C and L250C/L1482C (Fig. 9b
and Tab. 3).
For the two mutations, L250C/I1160C and L250C/L1482C, the persistent current was
clearly larger than for L250C (6.1 ± 0.3 % and 8.5 ± 0.6 % vs. 1.4 ± 0.3 %) (Fig. 9c and
Tab. 3). The persistent current was increased for all four corresponding cysteine mutations.
For L250C, I1160C and L1482C the values were 1.4, 1.3 and 1.3%, respectively, and for
L700C less significantly increased to about 0.9%.
A further indication of a destabilized fast inactivation is the accelerated recovery from fast
inactivation, especially for L250C/L1482C comparable to the effect of L1482C. We also
found a slight acceleration of the recovery for L250C/I1160C, although the respective
single mutations did not show this effect (Fig. 9c and d).
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Figure 9: Effects of L250C and double mutants containing L250C on fast inactivation of
Nav1.4 channel. (A) Voltage-dependence of fast inactivation. Lines represent fits to standard
Boltzmann functions. Values for V1/2 are given in Table 1. (B) Voltage dependence of the fast
inactivation time constant (τh). (C) Persistent current levels (Iss/Ipeak) at different test potentials
between -60 and 10 mV, measured 70 ms after onset of the depolarization. (D) Recovery from fast
inactivation (τrec) at -100 mV. All values are shown as means ± SEM, n = 3-15. (WT: wild type; V 1/2:
half-maximal voltage of inactivation; SEM: standard error of the mean; n: number of cells.)

3.3. Part II:

In the second set of experiments we tested the effect of the mutation L700C in D2/S4-S5
alone and in combination with those in all other domains, analogously to the experiments
with L250C.
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3.3.1. Effects of L700C and double mutants containing L700C on activation of
Nav1.4 channels

We could not find profound alterations on activation parameters for the single mutation
L700C. However, as observed for L250C, the combination of L700C with a mutation in
position 1160 produced the largest shift of the activation curve in the hyperpolarizing
direction (-57.7 ± 1.7 mV vs. -44.0 ± 1.2 mV, P < 0.001). L700C/L1482C was the only
double mutation which shifted the activation curve in the depolarizing direction (-36.2 ±
0.7 mV vs. -44.0 ± 1.2 mV, P < 0.01), corresponding to the effect of L1482C alone (Fig.
10 and Tab. 2).
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Figure 10: Activation parameters of the studied mutants. Voltage-dependence of steady-state
activation for L700C and mutants containing L700C. Symbols as indicated in the legend. Lines
represent fits to standard Boltzmann functions. Values for V 1/2 are given in Table 1. All values are
shown as means ± SEM, n = 3-15. (WT: wild type; V 1/2: half-maximal voltage of activation; SEM:
standard error of the mean; n: number of cells.)

For all three double mutations containing L700C, we found a significantly decreased slope
of the voltage dependence (Fig. 10 and Tab. 2).
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3.3.2. Effects of L700C and double mutants containing L700C on fast inactivation of
Nav1.4 channels

In contrast to activation, L700C shifted the availability curve slightly but significantly into
the hyperpolarizing direction (-91.7 ± 1.6 mV vs. -87.0 ± 1.3 mV, P < 0.05). The effect of
the double mutation L250C/L700C was similar without any additive effect of both
mutations. For double mutation L700C/L1482C, however, we found a shift towards more
depolarized membrane potentials (-81.3 ± 1.0 mV vs. -87.0 ± 1.3 mV, P < 0.05), but less
significant than for the single mutation in position L1482 (-77.4 ± 1.6 mV, P < 0.001)
(Fig.11a and Tab. 2).
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Figure 11: Effects of L700C and double mutants containing L700C on fast inactivation of
Nav1.4 channel. (A) Voltage-dependence of fast inactivation. Lines represent fits to standard
Boltzmann functions. Values for V1/2 are given in Table 1. (B) Voltage dependence of the fast
inactivation time constant (τh). (C) Persistent current levels (Iss/Ipeak) at different test potentials
between -60 and 10 mV, measured 70 ms after onset of the depolarization. (D) Recovery from fast
inactivation (τrec) at -100 mV. Symbols as indicated in the legend. All values are shown as means ±
SEM, n = 3-15. (WT: wild type; V 1/2: half-maximal voltage of inactivation; SEM: standard error of the
mean; n: number of cells.)

The recovery from fast inactivation (τrec) is shown in figure 11d. For double mutation
L700C/L1482C the τrec is not significantly altered as compared to single mutation in
L1482C (3.51 ± 0.42ms and 4.04±0.32ms at -100mV, respectively). Interestingly, the τrec at
-140mV, was slowed for L700C as well as for L250C/L700C and L700C/I1160C.
We obtained increased persistent currents (Iss/Ipeak) for all mutants combined with L700C as
well as for L700C itself (0.90 ± 0.18 % vs. 0.38 ± 0.07 % at 0 mV, P < 0.05), most
pronounced for L700C/I1160C (5.00 ± 0.40 % vs. 0.38 ± 0.07 % at 0 mV, P < 0.001). The
persistent current was larger for double mutations than for the single mutation L700C.
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Table 2: Boltzmann parameters of activation and steady-state inactivation curves
V1/2activ.

kactiv.

V1/2inactiv.

kinactiv.

(mV)

(mV)

(mV)

(mV)

WT

-44.0 ± 1.2

-5.8 ± 0.2

-87.0 ± 1.3

5.3 ± 0.2

L250C

-50.7 ± 1.7**

-7.3 ± 0.2***

-91.4 ± 1.0*

5.8 ± 0.5

L700C

-45.5 ± 1.5

-3.4 ± 1.0*

-91.7 ± 1.6*

5.0 ± 0.1

I1160C‡

-54.6 ± 1.5***

-7.7 ± 0.3***

-85.8 ± 1.1

5.2 ± 0.2

L1482C‡

-35.6 ± 1.3***

-6.5 ± 0.2**

-77.4 ± 1.6***

6.3 ± 0.2**

L250C/L700C

-49.0 ± 1.4*

-8.3 ± 0.2***

-92.1 ± 1.19*

5.1 ± 0.2

L250C/I1160C

-59.6 ± 0.8***

-8.8 ± 0.3***

-87.5 ± 1.4

5.2 ± 0.1

L250C/L1482C

-51.1 ± 0.7***

-7.1 ± 0.3***

-86.0 ± 1.8

6.7 ± 0.3**

L700C/I1160C

-57.7 ± 1.7***

-7.9 ± 0.3***

-89.3 ± 1.2

5.0 ± 0.1

L700C/L1482C

-36.2 ± 0.7**

-7.4 ± 0.4***

-81.3 ± 1.0*

6.3 ± 0.2*

I1160C/L1482C‡

-48.9 ± 1.6*

-6.8 ± 0.3*

-69.4 ± 1.6***

5.1 ± 0.3

L250C/L700C/I1160C/L1482C

-62.5 ± 1.6***

-7.1 ± 0.3***

-74.6 ± 1.0***

7.2 ± 0.0**

Values for V1/2, the voltage of half-maximal activation and inactivation, and the slope factor k were
derived from Boltzmann fits to activation and inactivation curves (see Methods). n = 3-15.
Significance levels are indicated as follows: *P < 0.05, ** P < 0.01, *** P < 0.001. ‡Popa et al.,
2004. (WT: wild type; n: number of cells; P: p-value, independent Student’s T-test.)

3.4. Part III

In

the

last

set

of

experiments

we

investigated

the

effect

of

mutation

L250C/L700C/I1160C/L1482C on activation and fast inactivation of the sodium channel.
To this end we introduced a cysteine mutation into each of the S4-S5 loops of the domains
D1-D4 of the Nav1.4 channel (Fig. 7).
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3.4.1. Effects of L250C/L700C/I1160C/L1482C on activation of Nav1.4 channels

Interestingly,

the

activation

curve

for

the

combination

of

all

mutations

L250C/L700C/I1160C/L1482C was by almost -20mV as compared to the wild type (-62.5
± 1.6 mV vs. -44.0 ± 1.2 mV, P < 0.001) (Fig. 8 and 10). It is noteworthy that the
difference

for

the

voltage

of

half-maximal

activation

(V1/2)

for

mutation

L250C/L700C/I1160C/L1482C was also larger than for all single and double mutations
(Tab. 2).
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Table 3: Steady-state current and kinetics of fast inactivation and recovery

τh at 0 mV

Iss at 0 mV

τrec at -100 mV

(ms)

(%)

(ms)
8.72 ± 0.79

WT

0.26 ± 0.02

0.38 ± 0.07

L250C

0.25 ± 0.02

1.40 ± 0.28***

10.16 ± 0.93

L700C

0.29 ± 0.02

0.90 ± 0.18*

13.01 ± 1.35*

I1160C‡

0.44 ± 0.02***

1.30 ± 0.18***

9.07 ± 0.55

L1482C‡

0.37 ± 0.02**

1.30 ± 0.21***

4.04 ± 0.32**

L250C/L700C

0.21 ± 0.02

1.50 ± 0.38***

8.64 ± 0.59

L250C/I1160C

0.70 ± 0.04***

6.10 ± 0.33***

7.87 ± 0.78

L250C/L1482C

0.35 ± 0.02*

8.50 ± 0.59***

4.68 ± 0.43***

L700C/I1160C

0.32 ± 0.02

5.00 ± 0.40***

9.08 ± 0.65

L700C/L1482C

0.35 ± 0.01**

1.80 ± 0.25***

5.36 ± 0.88*

I1160C/L1482C‡

0.70 ± 0.04**

23.65 ± 2.00 ***

L250C/L700C/I1160C/L1482C

1.61 ± 0.26***

78.50 ± 1.87 ***

2.30 ± 0.50***

Values for fast inactivation time constant (τh), at 0 mV, persistent current (Iss) relative to peak current
70 ms after onset of depolarization at 0 mV and the time constant of recovery from fast inactivation
(τrec) at -100 mV. n = 3-15. Significance levels are indicated as follows: *P < 0.05, ** P < 0.01, *** P
< 0.001. ‡Popa et al., 2004. (WT: wild type; n: number of cells, P: p-value, independent Student’s Ttest.)

3.4.2. Effects of L250C/L700C/I1160C/L1482C on fast inactivation of Nav1.4
channels

Fast inactivation was almost completely abolished when all four cysteine mutations were
introduced together in the α-subunit of the sodium channel. As shown in table 2, the
persistent current (Iss) increased from 0.4 ± 0.1% for the wild type to 78.5 ± 1.9% for
L250C/L700C/I1160C/L1482C, respectively. Therefore, it was not possible to investigate
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the kinetics of recovery from fast inactivation. Fast inactivation kinetics (τh) were slowed
up to 6-fold for L250C/L700C/I1160C/L1482C (Tab. 3). Furthermore, the availability
curve showed a distinct shift towards more depolarized membrane potentials (-74.6 ± 1.0
mV vs. -87.0 ± 1.3 mV, P < 0.001) (Fig. 9a and 11a). These results point to a considerably
destabilized fast inactivation. Like observed for activation, L250C/L700C/I1160C/L1482C
had more pronounced effects on fast inactivation than all corresponding single and double
mutations (Tab. 2 and 3, Fig. 13 and 14).

Figure 12: Whole-cell currents of S4-S5/D1, S4-S5/D2 and double mutants D1-D4
Different pairs of cysteine mutations were investigated combining corresponding mutations at
positions 250 (S4-S5/D1), 700 (S4-S5/D2), 1160 (S4-S5/D3) and 1482 (S4-S5/D4). Shown are
representative raw current traces as recorded for wild type (WT) Na + channels and each of the
mutants expressed in tsA201 cells, elicited by depolarizing the membrane between -105 mV and
67.5 mV in 7.5 mV steps from a holding potential of -140 mV. The scale bars represent 2 nA
(vertical) and 5 ms (horizontal), respectively.
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4. DISCUSSION
The voltage-gated sodium channel is a single polypeptide with four homologous domains,
responsible for the rising phase of an action potential. The divergence in the primary
structure between sodium-channel domains is expected to confer functional distinctions
corroborated by previous findings that the voltage sensor D4/S4 plays a unique role in fast
inactivation in comparison with D1-D3/S4 (Chahine et al., 1994; Chen et al., 1996; Kontis
and Goldin, 1997; Horn et al. 2000). On the other hand, the S4-S5 linker sequence is
highly conserved among sodium channels, suggesting a conserved role in channel function.
A recent study gave a proof of the fundamental involvement of the S4-S5 loops of both D3
and D4 in fast inactivation and more decisive, of their cooperative interaction in this process
(Popa et al., 2004). However, the role of the cytoplasmic S4-S5 linkers from domains D1
and D2 and the interaction with other domains has not yet been elucidated. Here we show
that the S4-S5 loops of domains D1 and D2 in cooperation with domains D3 and D4 are
profoundly involved in fast inactivation of the Na+ channel but are also critical for
activation of the Na+ channel.

4.1. Evidence for functional distinctions of S4-S5 linkers from the
different domains of the voltage-gated sodium channel Nav1.4

In the first part of our experiments we investigated the effects of cysteine single mutations
in the S4-S5 loops of D1 (L250C) and D2 (L700) on Na+ channel activation and fast
inactivation. For mutation L250C, we found similar effects on the voltage dependence of
activation like for mutations at position 1160 (Popa et al., 2004). In particular if cysteine
point mutations in both positions, 250 and 1160, were introduced the alterations were more
significant. L250C and all double mutations containing L250C destabilized the resting
closed state relative to the open state by shifting the activation curve in the hyperpolarizing
direction. These results support the idea that D1/S4-S5 and D3/S4-S5 have important
effects on activation whereas D4/S4-S5 is more relevant for fast inactivation.
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In contrast, L1482C (D4) (Popa et al., 2004) and all double mutations containing L1482C,
except L250C/1482C, had most prominent effects on fast inactivation, as indicated by a
significant shift of the fast inactivation curve towards more depolarized potentials, that
means a destabilization of fast inactivation, since a larger depolarization is necessary to
inactivate a mutant channel to the same extent as the WT. For L250C/L1482 this effect
seems to be neutralized by the second cysteine point mutation at position 250 because
L250C itself causes a slight shift of the fast inactivation curve towards more
hyperpolarized potentials. The range of possible fast inactivation defects further includes
an acceleration of recovery from fast inactivation, which was also found exclusively for
L1482C and double mutations containing L1482C, as well as an increase of the persistent
current and a slowed rate of fast inactivation. In the latter two cases, we did not find a
preference for L1482C and double mutations containing L1482C though. Taken together,
our results support the notion that the differences in the primary structure between voltagegated Na+ channel domains, in contrast to the four identical domains of the voltage-gated
K+ channels, confer functional distinctions.
A comparison of other disease-associated mutations in the S4-S5 linkers of the four
domains in different types of sodium channels reveals partially divergent effects on sodium
channel gating. Different mutations in the S4-S5 linker of the same domain can have either
more pronounced effects on activation or on inactivation, sometimes even mutations of
neighbouring amino acids (Yang et al., 1994; Kohrman et al., 1996; Plassart-Schiess et al.,
1998; Kearney et al., 2001; Tsujino et al., 2003; Bouhours et al., 2005; Scalmani et al.,
2006; Jarecki et al. 2008; Ahn et al., 2010; Cheng et al., 2010). Cheng et al. also suggested
varying functions of the C-terminal and N-terminal end within the same S4-S5 linker in
fast channel inactivation and activation. While P1308L, an inherited erythromelalgia
causing mutation within the C-terminal end of the D3/S4-S5 linker, shifts the voltage
dependence of activation towards more hyperpolarized potentials, V1298F, which is
located within the N-terminus of the same linker and a known mutation in patients with
paroxysmal extreme pain disorder, shifts fast inactivation in the depolarizing direction,
slows inactivation kinetics and accelerates recovery from fast inactivation. Both mutations
have been identified in the Nav1.7 channel, which is preferentially expressed in dorsal root
and sympathetic ganglion neurons. In both cases, dorsal root ganglion neurons become
hyperexcitable. It is also noteworthy that the effect of corresponding residues appears to be
isoform dependent (Mannuzzu and Isacoff, 2000) and that the functional properties of Na +
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channels and the effects of their mutations are very sensitive to the cell background and
thus to the expression system used (Smith-Maxwell, 1998).
In agreement with the various effects of S4-S5 mutations described above, the mutation
L250C/L700C/I1160C/L1480C confirms the importance of the S4-S5 interlinkers for both,
activation and fast inactivation, by a strong destabilisation of both states (Tab. 2 and 3).

Figure 13: Activation and steady-state inactivation parameters of the studied mutants
(including I1160C, L1482C and I1160C/L1482C [Popa et al., 2004]). (A) V1/2 of activation curve for
all mutants relative to the WT. (B) V 1/2 of steady-state inactivation curve for all mutants relative to
the WT. All values are shown as means ± SEM, n = 3-15. (WT: wild type; V1/2: half-maximal voltage
of activation/ inactivation; SEM: standard error of the mean; n: number of cells.)

Although there is no direct evidence that the S4-S5 linkers contribute to the docking site of
the fast inactivation particle IFM, the most likely explanation of the cysteine-induced
impairment of fast inactivation seems to be that mutations in these linkers interfere with
stable binding of the IFM (Isacoff et al., 1991; Holmgren et al., 1996; Smith and Goldin,
1997; Zhou et al., 2001). Hence it is an interesting perspective to investigate the
accessibility to sulfhydryl reagents of the introduced cysteine mutations in domains D1 and
D2 at depolarized membrane potentials (i.e. inactivated channel) and at hyperpolarized
potentials (i.e. resting closed channel) with regard to a potential receptor site for the
putative inactivation particle IFM and charge-dependent interactions.
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Further a perturbation of the α-helical structure of the S4-S5 linker or an interaction of this
linker with the plasma membrane have been discussed as additional mechanisms of the
disturbance of voltage-gated Na+ channel fast inactivation observed for mutations in this
protein region (Cheng et al., 2010).
A model how the S4-S5 linkers are involved in activation of voltage-gated sodium
channels is outlined below. There is also increasing evidence for the critical role of the S4S5 linkers for the coupling of S4 movement to the opening of the activation gate for other
cation channels like voltage-gated potassium (Jensen et al., 2012; Schow et al., 2012) and
calcium channels (Wall-Lacelle et al., 2011).

4.2. Cooperative effects of the S4-S5 linkers from domains D1–D4 on
channel gating of Nav1.4

Most of the available data about cooperativity in ion channels emanates from studies on K +
channels especially the voltage sensors (Schoppa et al., 1991; Tytgat and Hess, 1992;
Bezanilla et al., 1994; Zagotta et al., 1994; Schoppa and Sigworth, 1998; Smith-Maxwell et
al., 1998a; Smith-Maxwell et al., 1998b; Mannuzzu et al., 2000). But there are also strong
indications for cooperativity between subunits in other related channels like voltage-gated
proton channels (Gonzalez et al., 2010; Tombola et al., 2010). In agreement with previous
studies (Chanda et al., 2004; Popa et al., 2004) our results provide evidence for cooperative
effects in voltage-gated Na+ channels.
The most intriguing finding of this study was that the fast inactivation was almost entirely
abolished, corresponding to a persistent Na+ current of nearly 80%, when cysteine
mutations were introduced in the distal parts of all four S4-S5 linkers. While the persistent
current for all single mutations of D1-D4/S4-S5 was less than 1.5%. This massive
destabilization of the fast inactivated state for L250C/L700C/I1160C/L1482C is arguing
for cooperativity between the S4-S5 linkers of the four domains because a pure additive
effect would cause a considerably smaller increase of the persistent Na+ current in
comparison to the single mutations. Our results extend the findings of Popa et al. (2004)
showing that also the S4-S5 loops in D1 and D2, together with these in D3 and D4, are
cooperatively involved in fast inactivation.

35

Although our results using cysteine substitutions in D1-D4/S4-S5 linkers clearly point to
an interdependency of these regions on activation and fast inactivation of Na v1.4, the
molecular mechanism remains a subject of further investigations. Previous studies using
multiple cross-linking experiments did not show any conclusive evidence for a direct
interaction of the S4-S5 loops in D3 and D4 suggesting indirect effects, such as an
interaction of S4-S5 with the C-terminal part of S6 segments in each domain and a
cooperation of S6 segments in forming the receptor site for the inactivation particle (Popa
et al., 2004). Fast inactivation in voltage-gated sodium channels may occur via a sequential
binding of the inactivation particle with only temporarily binding to more than one
receptor site and rapidly passing of different inactivated states (The et al., 2005).
Consistent with this notion, it is also conceivable that if the S4-S5 linkers of domains D1D4 are involved in this process, a mutation in one of this protein regions leads to an
impairment of fast inactivation by interfering into this process, but this step can still be
passed. For L250C/L700C/I1160C/L1482C, however, the sequential binding may be
disturbed to such an extent that the IFM can only rarely reach its final docking site in the
inner pore of the channel.

Figure 14: Summary of effects of cystein mutations in S4-S5 loops of domains D1-D4
(including I1160C, L1482C and I1160C/L1482C [Popa et al., 2004]). (A) Inactivation time
constant (τh) for WT (0.26 ± 0.02 ms, n = 9, indicated as a vertical dotted line) and all cysteine
mutants and one alanin mutant. (B) Persistent current (Iss/Ipeak) at 0 mV recorded 70 ms after a test
pulse. (C) Time constant of recovery from inactivation (τrec). All values are shown as means ± SEM,
n = 3- 15. (WT: wild type; SEM: standard error of the mean; n: number of cells.)
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A recent study points out new clues, how cooperativity in Na + channel activation involving
the S4-S5 linkers may arise. According to the crystal structure of a voltage-gated sodium
channel from Arcobacter butzleri, the S4-S5 linker and the voltage-sensing domain move
together as a modular unit during activation. ‘This model suggests that rotation of the
voltage-sensing domain and the S4-S5 linker as a structural unit pulls the [pore-forming]
S5-S6 helices outward to open the pore’ mediated through an interaction of the distal S6
helices with the S4-S5 linkers. Pore opening is proposed to be a concerted process in which
shifting of the S5-S6 segments from one subunit necessitates the neighbouring subunits to
move similarly because of their overlapping arrangement (Payandeh et al., 2011).
Our results presented here show that on the one hand the structural differences of the four
homologous domains of the voltage-gated sodium channel correlate with functional
specializations, and on the other hand there is evidence for cooperativity between the
different domains in channel gating.
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5. SUMMARY
Ion channels, protein complexes that allow ions to cross the cell membrane, play a vital
role by fulfilling distinct biological functions like providing the basis for cellular electrical
excitability. Mutations or defects in ion channels disturb the regular excitability and cause
numerous diseases, so called ‘channelopathies’, including myotonia and epilepsy.
The common pathomechanism of myotonias and periodic paralyses is an impaired fast
inactivation of the skeletal muscle Na+ channel. Many aspects of the underlying molecular
mechanism of this process, including cooperativity of different domains of the channel are
yet unknown. In this study, to get more insights on this mechanism, we introduced cysteine
point mutations in the cytoplasmic S4-S5 loops from homologous domains D1 (L250C),
D2 (L700C), D3 (I1160C) and D4 (L1482C) of the α-subunit of the Na+ channel and
studied the effect of these mutations in D1 and D2 alone and in combination with
mutations in D3 and D4 domains using heterologous expression in a human embryonic
kidney cell line, tsA201 and the whole cell patch-clamp technique.
Strikingly, we found that the S4-S5 loops of domains D1 and D2 in cooperation with
domains D3 and D4 are profoundly involved in fast inactivation of the Na + channel as
inactivation could be almost abolished by S4-S5 mutations in all four domains. The
persistent Na+ current was less than 1.5% for all corresponding single mutations of D1D4/S4-S5. For L250C/L700C/I1160C/L1482C, however, we found a persistent current of
nearly 80%. These data clearly argue against a simple additive effect. Simultaneously,
activation was profoundly influenced indicated by a strong hyperpolarizing shift of the
activation curve (about -20mV). Moreover, among all single mutations tested, the cysteine
mutation in position 250 in D1 had a bigger effect on the voltage dependence of activation
which was similar to the effect of I1160C at the C-terminal end of D3/S4-S5, indicating an
important role of these residues for channel activation. Finally, if cysteine point mutations
were introduced in both positions, 250 and 1160, the alterations were more dramatic than
for other double mutations.
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In summary, our results reveal a crucial cooperative role of domains D1-D4/S4-S5 for fast
inactivation of the voltage-gated Na+ channel but also show the importance for activation.
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