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Conformationall  changes in the c-terminus of the cardiac sodium channel influences channel inactivation 

ABSTRACT T 

Voltage-gatedd sodium (Na+) channels produce the ionic current responsible for the rapid 

upstrokee of the action potential in nerve and muscle. Upon membrane depolarization, Na+ 

channelss undergo conformational changes that lead to channel activation followed almost 

immediatelyy by inactivation. While the cytoplasmic loop linking Na+ channel domains III and 

IVV plays a role in fast inactivation gating, this structure alone cannot reconcile subtle 

differencess in fast inactivation between isoforms. Moreover multiple inherited mutations in 

otherr domains, such as the c-terminus, have been identified that affect fast inactivation gating. 

Previouss studies have highlighted the importance of the proximal part of the c-terminus in 

inactivation.. However, it is unknown whether the c-terminus moves during Na channel 

inactivation,, and whether it has interaction domains within other channel loci. To test whether 

thee c-terminus may influence inactivation directly, we assessed the gating-dependent 

accessibilityy of an engineered cysteine residue, Y1795C, located in the proximal part of the C-

terminuss to a methanethiosulfonate reagent (MTSEA) and a redox catalyst Cu(II)(l,10-

phenanthroline>33 (CuPhe3). Whole-cell current (IN3) recordings from TSA-201 cells revealed 

thatt accessibility of Y1795C channels to MTSEA was increased during depolarization 

(MTSEAA reduced Y1795C peak INa by 28.3  5.3% at -20 mV, vs 2.5  1.8% at -120 mV: 

pO.01),, an effect not seen in wild type (WT) recordings. Moreover, application of lidocaine 

reducedd the depolarization dependent modification of Y1795C by MTSEA. Intracellular 

CuPhe33 increased Y1795C current, but not WT current. These results suggest interaction 

betweenn the c-terminus and the pore, and hint at an interaction domain between the proximal 

c-terminuss and a pore-lining cysteine. 
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INTRODUCTION N 

Voltagee gated sodium (Na) channels play a major role in tissues where fast signal 

propagationn is required such as in nerve, brain, skeletal muscle and the heart. Although Na+ 

channell  isoforms share functional and structural similarities, each isoform is also designed to 

bee able to comply with tissue specific demands dictated by firing frequency and therefore 

actionn potential duration of the cell.1,2 However, it is surprising that the major structures 

responsiblee for channel inactivation, such as the proposed inactivation gate and proposed 

dockingg sites for the proposed inactivation gate in isoforms are quite similar. Modification of 

thesee structures by other domains within and outside the channel protein may therefore be 

responsiblee for the observed functional differences. But since functional differences between 

isoformss are maintained when expressed in heterologous expression systems, the modifying 

element(s)) can be expected, and have been shown, to be an inherent part of the channel. 

Thee proximal c-terminus has been shown to modify the Na+ channel inactivation kinetics.3"5 

Additionall  evidence for its role in channel regulation comes from identification of mutations 

inn the c-terminus of the cardiac Na+ channel which were found to be causally related to 

inheritedd primary electrical diseases of the heart such as the long QT syndrome type 3 and the 

Brugadaa syndrome.6 In the long QT syndrome destabilization of fast inactivation leads to a 

smalll  but persistent depolarizing Na+ current during the plateau phase of the action potential 

thatt delays repolarization. On the other hand, in Brugada syndrome, too littl e depolarizing 

Na++ current is available during the initial depolarization phase of the cardiac action potential 

duee to multiple mechanisms that include enhanced slow inactivation.6'7 

Too further explore the role of c-terminus in channel inactivation we examined the state 

dependentt accessibility of an engineered cysteine residue, Y1795C,8 in the proximal part of 

thee c-terminus to sulfydryl modification using methanethiosulfonate (MTS) reagents. This 

residuee is also in the region of a highly conserved acidic domain in the c-terminus where 

multiplee disease-causing mutations that affect both fast and slow inactivation have been 

identified,, suggesting an importance for this region in channel inactivation. Gating-dependent 

modificationn of this cysteine residue by MTS reagents would suggest conformational changes 

off  the c-terminus either due to movement of the c-terminus itself or due to conformational 

changess of structures that are in close proximity to the proximal part of the c-terminus. We 

findd that depolarization leads to a greater modification of Y1795C by MTSEA, and lidocaine, 

aa local anesthetic that binds to residues close to the pore of the Na+ channel, reduces MTSEA 

modificationn of Y1795C. Our results are the first to demonstrate conformational changes in 
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thee c-terminus as a result of channel gating. In addition, our results suggest that the c-terminus 

mayy interact with residues close to the pore of the channel. 

MATERIALSS AND METHODS 

Mutagenesiss and heterologous expression 

Sitee directed mutagenesis was performed on SCN5A cDNA cloned in pSP64T, as previously 

described.77 All mutations were made using Strategene's Quick Change Mutagenesis kit, using 

hHl/pCGI-WTT as template for bicistronic expression of the channel protein and GFP reporter. 

Eitherr GFP tagged Wild-type (WT) or Y1795C hHl cDNA and equimolar ratio of Na channel 

pi-subunitt (1 fig) was co-transfected into tsA-201 cells using lipofectamine. Cells were 

incubatedd in DMEM supplemented with non-essential amino acid solution, 10% foetal bovine 

serum,, 100 IU/ml penicillin and 100ug/ml streptomycin in a 5% C02 incubator at 37o C. 

Cellss that exhibited green fluorescence 1 - 2 days after transfection were selected for 

measurements. . 

Electrophysiology y 

Whole-cellss Na+ currents were recorded at room temperature (20-22 °C) as described 

previouslyy using an Axopatch 200B amplifier (Axon Instruments).7 Voltage clamp protocols 

usedd are described with each figure (provided as insets). After patch rupture currents were left 

too stabilise for 6 minutes before recording. The effect of extracellular Cu(II)(l,10-

phenantroline)33 appeared to be immediate, and therefore, measurements with intracellular 

Cu(II)(( 1,10-phenantroline)3 were started immediately after attaining whole cell configuration. 

Onlyy measurements obtained within 60 seconds after whole cell were used. The following 

solutionss were used. Bath (external) solution in mM: NaCl 145, KC1 4, CaCb 1.8, MgCb 1, 

HEPESS 10, glucose 10, pH adjusted to 7.4 (NaOH). Pipette (internal) solution in mM: NaF 

10,, CsF 110, CsCl 20, EGTA 10, NaCl 10, MgCl2 2.0, HEPES lOmM, pH adjusted to 7.4 

(NaOH).. MTSEA, MTSES and MTSET (Toronto Research Chemicals, Canada) lmM and 

lOOuMM stock solutions were prepared and frozen until the start of the experiments. A 

lidocainee (Sigma) stock solution of lOmM was prepared and diluted to a concentration of 

lOuMM before the experiments. Glutathione (Sigma) in a concentration of 5 or lOmM was 

addedd to either bath or pipette solutions. Cu(II)( 1,10-phenantroline)3 stock was prepared from 

150mMM Cu(II)S04 and 500mM 1,10-phenanthroline in a 4:1 watenethanol solution as 

previouslyy described. The Cu(II)(l,10-phenantroline)3 solution was diluted to the appropriate 

concentration,, in either bath or pipette solution, before start of the experiments.9 The results 

192 2 



Chapterr 4.4 

aree expressed as mean  SEM, and statistical comparisons were made using one-way 

ANOVAA (Microcal Origin), with P<0.05 indicating significance. 

RESULTS S 

Modificationn by MTS-reagents 

Whenn tsA-201 cells transfected with either wild type (WT) or Y1795C c-DNA were exposed 

too 100 uM extracellular MTSEA, we observed an irreversible reduction in peak Na+ current 

(nott shown). To evaluate depolarization-dependent modification by MTSEA, we utilized the 

twoo protocols shown in figure 1A. A 3 minute exposure to 100 uM MTSEA during prolonged 

depolarizationn (protocol II) reduced Y1795C peak sodium current (INa) (51  1.3 %, n=6) to a 

greaterr extent than WT (36.5  1.4%, n=7; p<0.05 with Y1795C). This effect was partially 

reducedd by addition of 5 mM glutathione, a reducing agent (38.0  0.9%, n=7; pO.01). Since 

theree are multiple native cysteines in the extracellular loops of the Na+ channel that could 

contributee to the modification of WT Na+ channels, we tested whether MTSEA could elicit a 

similarr response when applied intracellularly.10 Figure 1 shows current traces recorded from 

cellss expressing WT (panel B) or Y1795C (panel C) using the protocols shown in panel A. 

Thee current recorded during PI and P2 are overlaid for comparison. As can be seen from 

panell  B, MTSEA had no effect on WT peak INa during protocol I (hyperpolarization) or 

protocoll  II (depolarization). In contrast, MTSEA significantly reduced the peak Y1795C INa 

afterr the depolarization protocol (panel C). The bar graph in figure 2 summarizes the data and 

showss the percentage current reduction as a result of MTSEA modification under varying 

conditions.. The number of cells recorded in each experimental condition is shown in 

parentheses.. While WT channels were unaffected by MTSEA, Y1795C channels were 

significantlyy modified by MTSEA during depolarization (28.3  5.3 vs 6.6  2.7: pO.01). In 

addition,, the extent of modification of Y1795C during depolarization (protocol II) was much 

greaterr than during hyperpolarization (protocol I). Furthermore, modification of Y1795C was 

greaterr than WT (4.4  0.8%; pO.001 with Y1795C). MTSEA modification of Y1795C 

duringg protocol II was completely reversible with 5 mM intracellular glutathione. We also 

examinedd the effect of MTSEA on the peak INa at all membrane voltages using the protocol 

shownn in figure 3. Following exposure of cells to MTSEA during a 3-minute period at either -

1200 mV (I) or at -20 mV (II), the membrane was depolarized to varying voltages and peak Iwa 

wass normalized to cell capacitance and plotted as a function of membrane voltage. While 

MTSEAA had no effect on WT peak INa at all voltages and during both protocols (panel B), 
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MTSEAA significantly reduced peak Y1795C INa at voltages between -50 mV and +30 mV 

afterr protocol II but not protocol I. 

Figuree 1. MTSEA modification of 

Y1795CC exhibits voltage-dependence. A: 

Cellss expressing WT or Y1795C 

channelss were subjected to the protocol 

shownn (I and II) . After an initial pulse 

(PI)) to -20 mV, MTSEA (lOOuM) was 

washedd into the bath after 15 msec 

equilibrationn period, while the membrane 

wass held at -120 mV for 3 min (I), or 

alternativelyy was depolarized to -20 mV 

(II )) for the same time period. MTSEA 

wass washed out of the bath, and INa was 

reassessedd with a brief pulse to -20mV 

(P2).. B: Currents through wild-type were 

recordedd using protocol I (left) or II 

(right).. The INa recorded during PI and 

P22 are superimposed for comparison. C: 

Currentss through Y1795C were recorded 

usingg protocol I (left) or II (right). 

Reductionn in peak Ina reflects covalent 

modificationn of Na+ channels during 

MTSEAA exposure. 

Protocoll I 
P11 P2 

Protocoll II 
P11 P2 

Y1795C C (I) ) 

55 msec 

(II) ) 

Identicall  experiments using the larger, positively charged reagent, MTSET, or the negatively 

chargedd analogue, MTSES, produced a similar behaviour as MTSEA: both compounds 

reducedd peak Y1795C INa (figure 2). Interestingly, the positively charged MTSET had the 

greatestt effect on current reduction, possibly due to the presence of highly conserved 

negativelyy charged amino-acids surrounding Y1795C, while the negatively charged MTSES 

hadd a smaller effect on current reduction than MTSET. State-dependent accessibility of 

Y1795CC clearly suggests that the c-terminus changes conformation during channel gating. 

MTSEAA significantly reduced peak Y1795C INa at voltages between -50 mV and +30 mV 

afterr protocol II but not protocol I. 

Lidocainee reduces MTSEA modification 

Sincee our studies indicate a state-dependent change in MTSEA accessibility, we hypothesized 

thatt the c-terminus may modulate the inactivation process by interacting with structures 
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surroundingg or making up the channel pore. To test this hypothesis, we examined if 

rearrangementt of the pore affected MTS modification. 

50 0 

40 0 

gg 30 

3 3 -o o S S 
ÏÏ 20 
c c 

e e 
O O 

10 0 

0 --

]] Protocol I 
|| Protocol II 
II Protocol II + MTSEA 
II Protocol II + MTSEA + Glutathione 

p<0.011 P<0.005 

p<0.005 5 

WT T Y1795C C Y1795CC Y1795C 
++ + 

Figuree 2 M T S E S M T S E T 

Figuree 2. Summary data showing the percentage current reduction of peak INa because of MTS reagent exposure 

underr varying conditions. The number of cells recorded in each condition is shown in parentheses. 

Depolarizationn potentiated MTSEA modification of Y1795C channels and this was reversible with 5 mM 

gluthathione.. MTSET and MTSES also had a similar effect on Y1795C channels. 

Itt is known that local anesthetics such as lidocaine bind to residues close to the pore of the 

Na++ channel and stabilize the channel pore in the slow inactivated state. And recently it was 

shownn that lidocaine inhibited depolarization dependent sulfhydryl modification of an 

engineeredd cysteine at the 1236 position of the rat skeletal muscle Na+ channels (ul: 

F1236C),, adjacent to the domain III lysine (K1237) that forms part of the Na+ channel 

selectivityy filter." To test if lidocaine affected the depolarization-dependent modification of 

Y1795C,, we repeated the experiments in the presence of 10 uM lidocaine. Addition of lOuM 

extracellularr lidocaine reduced the effects of MTSEA on 1795C channels. Figure 4A shows 

peakk INa recorded using the protocol II shown in figure 1A. The current recorded before and 

afterr exposure to MTSEA are overlaid for comparison. As seen in panel A and summarized in 

thee bar graph in panel B, 10 uM lidocaine attenuated the current reduction caused by 100 uM 

MTSEAA as well as 50 uM MTSEA. It is also observed from figure 4b that lidocaine had 

195 5 



Conformationall  changes in the c-terminus of the cardiac sodium channel influences channel inactivation 

minimall  effect on current reduction in the absence of MTSEA. These results lend support to 

ourr hypothesis that the c-terminus might modulate inactivation by interacting with structures 

inn or close to the pore of the channel. 

Hyperpolarizationn Protocol (I) Depolarizationn Protocol (II) 

-1200 mV 

B B 

33 min 1000 mV 

-C.4 4 

LL L 
CL L 
33 -0.8-) 
c c 

-1.2 2 

-1.6 6 

» - W TT + MTSEA(l) 
o - W T ++ MTSEA (II) 

) ) 
O-WT(II) ) 

Membranee Potential (mV) 

0 0 0 0 

TT i 

I I 

00 Z> 

<< : 

33 min 

1 1 1 1 

1000 mV 

-Y1795CC + MTSEA(I) 
-Y1795CC +MTSEA (II) 
-Y1795CC (I) 
-Y1795CC (II) 

Membranee Potential (mV) 

p<< 0.01 

** p<0.05 

Figuree 3. MTSEA modification of Y1795C. A: IV curves recorded from tsA 201 cells expressing either wild 

typee (WT) or Y1795C channels using the protocol shown. B: MTSEA had no effect on WT Na+ channels during 

protocoll  I or II and at all voltages tested. C: MTSEA significantly reduced peak INa during protocol II, but not 

protocoll  I at all the voltages as indicated. 

Modificationn by Cu(II)(l,10-phenantroline)3 

Cu(II)(l,10-phenantroline)33 is a redox catalyst which induces the formation of sulfide bridges 

iff  cysteines approach each other within 4-7A of one another. When 500uM Cu(II)(l,10-

phenantroline)33 was added to the bath solution peak sodium current reduced for both WT and 

Y1795CC channels. Reduction of current was reversible upon washout and this effect was 

furtherr enhanced by addition of lOmM Dithiothreitol (DTT), a compound that breaks 

disulfidee bridges, to the bath solution (figure 5a). We also examined the role of intracellular 
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Figuree 4. Lidocaine attenuated the effect 

off  MTSEA modification. A: Peak INa 

recordedd using the protocol II shown in 

figuree 1A. Currents are superimposed to 

enablee comparison. Traces on the left were 

inn the presence of MTSEA, while the 

tracess in the right were in the presence of 

MTSEAA and lidocaine. B: Summary data 

showingg the percentage reduction of peak 

INaa because of MTSEA exposure. As 

shownn earlier in figures 1 and 2, MTSEA 

reducedd Y1795C ISa during protocol II. 

Lidocainee attenuated the reduction in 

currentt by MTSEA. 

CuPhe33 on WT and mutant Na+ channels. For these experiments the concentration of Cuphe3 

wass reduced to 5 uM. Intracellular Cu(II)(l,10-phenantroline)3 decreased the WT Na" current 

whenn compared to the current in the absence of the catalyst and this was statistically 

significantt after 175 seconds (figure 5b). In contrast, Cu(II)(l,10-phenantroline)3 increased 

Y1795CC Na+ currents when compared to currents in the absence of the catalyst (figure 5c). 

Thiss effect could be prevented when 5mM glutathione was added to the pipette solution. 

Thesee results suggest that the engineered cysteine in the proximal c-terminus (Y1795C) 

comess into close proximity to native intracellular cysteines to form a disulfide bridge. 

DISCUSSION N 

Statee dependent modification of the c-terminus 

Itt is now well known that the c-terminus is involved in regulation of the inactivation 

processess of voltage gated sodium channels.1'2 The precise mechanism of this regulation 

howeverr remains unclear. In this study we provide evidence that suggests a direct interaction 

betweenn the c-terminus and another structure within the Na+ channel that could lead to 

Y1795CC (Protocol II) 

1000 MM MTSEA 

Controll — 

0.55 mV 

55 msec 

1000 uM MTSEA + 
100 |iM Lidocaine 

B B 

30- , , 

S«« 25 
c c 
|| 20 

®® 15 -

§§ 10-

o-i i 

p<0.01 1 

Y1795C C 

1000 uM MTSEA 

100 uM Lidocaine 

p<0.05 5 

Y1795C C 
+ + 

10nMM Lidocaine 

Y1795C C 

500 uM MTSEA 
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regulationn of channel inactivation. Our results demonstrate that the c-terminus undergoes 

conformationall  changes during channel gating. In addition, our results indicate that the 

proximall  c-terminus might interact with residues located in the pore of the channel. Previous 

reportss have identified the first 100-amino-acids of the c-terminus to be essential for isoform 

specficc differences in inactivation properties. After truncation of the complete c-terminus the 

inactivationn process is deregulated such that channels remain in an inactivated state4 Attempts 

too locate one or more amino acids within this stretch that are responsible for inducing the 

observedd isoform characteristics have been unsuccesfull.3 

55 10 

timee after P1 (minutes) 

Figuree 5 

3 3 

a. a. 

a. a. 

2.00 -, 

1.88 -

1.66 -

1.4--

1.2--

1.00 -

 WT 

00 WT + CuPhe, 

// PS 0.05 
o o 

CC 2 . 0 -

1.88 -

SS 1.6 -

1.44 -

1.22 -

1.00 -

00 50 100 150 200 250 300 350 400 

t imee after P 1 ( s e c ) 

 Y179SC 

 Y1795C+CuPhe, 

aa P s 0.005 

00 50 100 150 200 250 300 350 400 

timee after P1{sec) 

Figuree 5. Redox catalyst induces the formation of disulfide bridges. A: Extracellular application of 500uM 

Cu(II)(l,10-phenantroline)33 (arrow 1) produces an immediate reduction of INa The observed effects were similar 

forr cells expressing WT (  ) or Y1795C (O) sodium channels. The effect of Cu(II)(l,10-phenantroline)3 was 

partiallyy reversible upon washout of Cu(II)(l,10-phenantroline)3 (arrow 2). Addition of Dithiothreitol (DTT) 

furtherr increased current suggesting that the observed effect resulted from disulfide formation (arrow 3). B: Peak 

INSS in cells expressing WT channels during repetitive stimulation protocol shown in inset. Repetitive stimulation 

increasedd peak INa, ) (n=17), but this increase was attenuated upon exposure to 5uM Cu(II)(l,10-

phenantroline)33 (O) (n=16). C: In cells expressing Yl 795C channels INa significantly increased upon exposure to 

intracellularr Cu(II)( 1,10-phenantroline)j (D) (n=21) compared to control ) (n=18). 

Additionallyy there is evidence that the most proximal part of the c-terminus regulates the 

inactivationn process while the most distal part is involved in channel trafficking and/or 
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expression.55 The effects of MTS modification of an engineered cysteine within the first 100-

amino-acidss may thus be due to an effect of the modifying properties of the c-terminus. The 

factt that MTS modification is state dependent argues in favor of motion of the c-terminus or 

structuress surrounding the c-terminus that might be necessary for interaction of the c-terminus 

withh other intracellular structures. 

Doess the c-terminus physically interact with the channel pore? 

Mostt sodium channel structures involved in inactivation are located around the channel pore, 

whichh is made up of the S5 and S6 segments of each of the four domains. Fast inactivation 

occurss by closing of the inner mouth of the pore by the intracellular domain III-I V linker 

whilee slower forms of inactivation probably occur as a result of conformational changes in the 

poree and/or extracellular S5-S6 linkers of all four domains." Thus the sodium channel pore 

appearss to be a focal point for inactivation. To test whether the c-terminus interacts with the 

pore,, we examined whether lidocaine, an inhibitor of Na channels affected MTSEA-induced 

reductionn of the sodium current. Previous studies have shown that lidocaine stabilizes the pore 

inn the slow inactivated state by binding to residues on S6 segment and close to channel pore. 

Furthermore,, lidocaine was shown to limit the depolarization-dependent MTS modification of 

ann engineered cysteine deep in the channel pore with restricted access. We hypothesized that 

iff  the c-terminus were to interact with residues in the pore of the channel, then lidocaine 

wouldd limit this interaction. Lidocaine reduced MTSEA modification of Y1795C during 

depolarization.. These results suggest that while under resting conditions the residue is 

inaccessiblee to MTSEA, depolarization leads to conformational changes that allow for 

modificationn of this residue. Reduction of the current following modification implies that the 

proximall  part of the c-terminus approaches close to the channel pore. Furthermore, lidocaine 

reducess this effect by binding to residues close to the channel pore and preventing the c-

terminuss from approaching the channel pore. 

Whilee MTS reagents merely bind to available cysteines, the redox catalyst Cu(II)(l,10-

phenantroline)) 3 enables the formation of disulfide bridges between available SH-groups 

whichh are at a distance of < 4-7A. Disulfide trapping has been used extensively to map 

regionss of close contact between subunits in a variety of protein complexes and engineered 

disulfidee bridges have been used to map the architecture and topology of pore lining residues 

inn voltage gated Na+ channels. The observed differences between WT and Y1795C channels, 

currentt run down in cells expressing WT channels and current run up in cells expressing 
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Y1795CC channels, may suggest that the Y1795C channels are differently modified. This 

differencee could be due to the fact that the engineered cysteine comes in close proximity with 

anotherr structure containing a native cysteine. Although previous studies have shown the 

importancee of the c-terminus during channel gating, our results provide evidence that 

conformationall  changes of the c-terminus may play a role during channel inactivation. 

Moreover,, our results indicate that this effect might be mediated by an interaction between the 

c-terminuss and the pore of the channel. 
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