








403JGP Vol. 149, No. 3

Cha, A., P.C. Ruben, A.L. George Jr., E. Fujimoto, and F. Bezanilla. 
1999. Voltage sensors in domains III and IV, but not I and II, are 
immobilized by Na+ channel fast inactivation. Neuron. 22:73–87. 
http ://dx .doi .org /10 .1016 /S0896 -6273(00)80680 -7

Chanda, B., and F. Bezanilla. 2002. Tracking voltage-dependent 
conformational changes in skeletal muscle sodium channel 
during activation. J. Gen. Physiol. 120:629–645. http ://dx .doi .org 
/10 .1085 /jgp .20028679

Chanda, B., O.K. Asamoah, and F. Bezanilla. 2004. Coupling 
interactions between voltage sensors of the sodium channel as 
revealed by site-specific measurements. J. Gen. Physiol. 123:217–
230. http ://dx .doi .org /10 .1085 /jgp .200308971

Deschênes, I., E. Trottier, and M. Chahine. 2001. Implication of 
the C-terminal region of the α-subunit of voltage-gated sodium 
channels in fast inactivation. J. Membr. Biol. 183:103–114. http ://
dx .doi .org /10 .1007 /s00232 -001 -0058 -5

Dumaine, R., Q. Wang, M.T. Keating, H.A. Hartmann, P.J. Schwartz, 
A.M. Brown, and G.E. Kirsch. 1996. Multiple mechanisms of Na+ 
channel–linked long-QT syndrome. Circ. Res. 78:916–924. http ://
dx .doi .org /10 .1161 /01 .RES .78 .5 .916

Hartmann, H.A., A.A. Tiedeman, S.F. Chen, A.M. Brown, and G.E. 
Kirsch. 1994. Effects of III-IV linker mutations on human heart 
Na+ channel inactivation gating. Circ. Res. 75:114–122. http ://dx 
.doi .org /10 .1161 /01 .RES .75 .1 .114

Havakuk, O., and S. Viskin. 2016. A tale of 2 diseases: The history 
of long-QT syndrome and Brugada syndrome. J. Am. Coll. Cardiol. 
67:100–108. http ://dx .doi .org /10 .1016 /j .jacc .2015 .10 .020

Mannuzzu, L.M., M.M. Moronne, and E.Y. Isacoff. 1996. Direct 
physical measure of conformational rearrangement underlying 
potassium channel gating. Science. 271:213–216. http ://dx .doi 
.org /10 .1126 /science .271 .5246 .213

Marom, S. 2016. Emergence and maintenance of excitability: 
kinetics over structure. Curr. Opin. Neurobiol. 40:66–71. http ://dx 
.doi .org /10 .1016 /j .conb .2016 .06 .013

McPhee, J.C., D.S. Ragsdale, T. Scheuer, and W.A. Catterall. 1994. 
A mutation in segment IVS6 disrupts fast inactivation of sodium 
channels. Proc. Natl. Acad. Sci. USA. 91:12346–12350. http ://dx 
.doi .org /10 .1073 /pnas .91 .25 .12346

McPhee, J.C., D.S. Ragsdale, T. Scheuer, and W.A. Catterall. 1995. 
A critical role for transmembrane segment IVS6 of the sodium 
channel α subunit in fast inactivation. J. Biol. Chem. 270:12025–
12034. http ://dx .doi .org /10 .1074 /jbc .270 .20 .12025

McPhee, J.C., D.S. Ragsdale, T. Scheuer, and W.A. Catterall. 1998. 
A critical role for the S4-S5 intracellular loop in domain IV of 
the sodium channel α-subunit in fast inactivation. J. Biol. Chem. 
273:1121–1129. http ://dx .doi .org /10 .1074 /jbc .273 .2 .1121

Mines, G.R. 1913. On dynamic equilibrium in the heart. J. Physiol. 
46:349–383. http ://dx .doi .org /10 .1113 /jphysiol .1913 .sp001596

Muroi, Y., and B. Chanda. 2009. Local anesthetics disrupt energetic 
coupling between the voltage-sensing segments of a sodium channel. 
J. Gen. Physiol. 133:1–15. (published erratum appears in J. Gen. 
Physiol. 2009. 133:459) http ://dx .doi .org /10 .1085 /jgp .200810103

Muroi, Y., M. Arcisio-Miranda, S. Chowdhury, and B. Chanda. 2010. 
Molecular determinants of coupling between the domain III 
voltage sensor and pore of a sodium channel. Nat. Struct. Mol. 
Biol. 17:230–237. http ://dx .doi .org /10 .1038 /nsmb .1749

Rudokas, M.W., Z. Varga, A.R. Schubert, A.B. Asaro, and J.R. Silva. 
2014. The Xenopus oocyte cut-open vaseline gap voltage-clamp 
technique with fluorometry. J. Vis. Exp. (85):e51040.

Sheets, M.F., and D.A. Hanck. 2003. Molecular action of lidocaine 
on the voltage sensors of sodium channels. J. Gen. Physiol. 
121:163–175. http ://dx .doi .org /10 .1085 /jgp .20028651

Silva, J. 2014. Slow inactivation of Na+ channels. Handbook Exp. 
Pharmacol. 221:33–49. http ://dx .doi .org /10 .1007 /978 -3 -642 
-41588 -3 _3

Silva, J.R., and S.A. Goldstein. 2013a. Voltage-sensor movements 
describe slow inactivation of voltage-gated sodium channels I: 
wild-type skeletal muscle NaV1.4. J. Gen. Physiol. 141:309–321. http 
://dx .doi .org /10 .1085 /jgp .201210909

Silva, J.R., and S.A. Goldstein. 2013b. Voltage-sensor movements 
describe slow inactivation of voltage-gated sodium channels II: 
a periodic paralysis mutation in NaV1.4 (L689I). J. Gen. Physiol. 
141:323–334. http ://dx .doi .org /10 .1085 /jgp .201210910

Silva, J.N., and J.R. Silva. 2012. Updates on the inherited cardiac 
ion channelopathies: from cell to clinical. Curr. Treat. Options 
Cardiovasc. Med. 14:473–489. http ://dx .doi .org /10 .1007 /s11936 
-012 -0198 -1

Smith, M.R., and A.L. Goldin. 1997. Interaction between the 
sodium channel inactivation linker and domain III S4-S5. 
Biophys. J. 73:1885–1895. http ://dx .doi .org /10 .1016 /S0006 
-3495(97)78219 -5

Stühmer, W., F. Conti, H. Suzuki, X.D. Wang, M. Noda, N. Yahagi, H. 
Kubo, and S. Numa. 1989. Structural parts involved in activation 
and inactivation of the sodium channel. Nature. 339:597–603. 
http ://dx .doi .org /10 .1038 /339597a0

Tian, X.L., S.L. Yong, X. Wan, L. Wu, M.K. Chung, P.J. Tchou, 
D.S. Rosenbaum, D.R. Van Wagoner, G.E. Kirsch, and Q. 
Wang. 2004. Mechanisms by which SCN5A mutation N1325S  
causes cardiac arrhythmias and sudden death in vivo. Cardiovasc. 
Res. 61:256–267. http ://dx .doi .org /10 .1016 /j .cardiores .2003 
.11 .007

UniProt Consortium. 2015. UniProt: a hub for protein information. 
Nucleic Acids Res. 43:D204–D212. http ://dx .doi .org /10 .1093 /nar 
/gku989

Varga, Z., W. Zhu, A.R. Schubert, J.L. Pardieck, A. Krumholz, 
E.J. Hsu, M.A. Zaydman, J. Cui, and J.R. Silva. 2015. Direct 
measurement of cardiac Na+ channel conformations reveals 
molecular pathologies of inherited mutations. Circ Arrhythm 
Electrophysiol. 8:1228–1239. http ://dx .doi .org /10 .1161 /CIR CEP 
.115 .003155

Vassilev, P.M., T. Scheuer, and W.A. Catterall. 1988. Identification 
of an intracellular peptide segment involved in sodium channel 
inactivation. Science. 241:1658–1661. http ://dx .doi .org /10 .1126 /
science .2458625

Wang, S.Y., K. Bonner, C. Russell, and G.K. Wang. 2003. Tryptophan 
scanning of D1S6 and D4S6 C-termini in voltage-gated sodium 
channels. Biophys. J. 85:911–920. http ://dx .doi .org /10 .1016 /
S0006 -3495(03)74530 -5

Wedekind, H., J.P. Smits, E. Schulze-Bahr, R. Arnold, M.W. 
Veldkamp, T. Bajanowski, M. Borggrefe, B. Brinkmann, I. 
Warnecke, H. Funke, et al. 2001. De novo mutation in the 
SCN5A gene associated with early onset of sudden infant death. 
Circulation. 104:1158–1164. http ://dx .doi .org /10 .1161 /hc3501 
.095361

West, J.W., D.E. Patton, T. Scheuer, Y. Wang, A.L. Goldin, and W.A. 
Catterall. 1992. A cluster of hydrophobic amino acid residues 
required for fast Na+-channel inactivation. Proc. Natl. Acad. Sci. 
USA. 89:10910–10914. http ://dx .doi .org /10 .1073 /pnas .89 .22 
.10910

Zhu, W., Z. Varga, and J.R. Silva. 2016. Molecular motions that 
shape the cardiac action potential: Insights from voltage clamp 
fluorometry. Prog. Biophys. Mol. Biol. 120:3–17. http ://dx .doi .org 
/10 .1016 /j .pbiomolbio .2015 .12 .003

 on July 26, 2017
jgp.rupress.org

D
ow

nloaded from
 



T
he

 J
o

u
rn

al
 o

f 
G

e
ne

ra
l 

P
hy

si
o

lo
g

y

VSD regulation of NaV inactivation | Hsu et al. 17JGP��

S U P P L E M E N TA L  M AT E R I A L

Hsu et al., https ://doi .org /10 .1085 /jgp .201611678

Figure S1. Recovery kinetics of DIII-LFS channel Na+ currents were recorded from human NaV1.5 channels carrying DIII-LFS 
mutations. The mean ± SEM for seven cells is reported. Recovery curves were obtained via the protocols described in Fig. 4. (left) 
Ionic currents from DIII-N1659A channels were recorded with the protocol described in Fig. 4. The initial −20-mV depolarizing pulse 
was held for either 10 (top) or 200 ms (bottom). (right) Time dependence of fraction of current recovered for DIII-LFS after a 10-ms 
depolarizing pulse (gray) or 200-ms depolarizing pulse (black). The smaller subplot only shows the fitted curves for time dependence 
of recovery. Curves were constructed as described in the Materials and methods section. See Table 2 for exponential parameters.
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Figure S2. Ionic currents and voltage dependence of steady-state parameters of WT and non-LFS mutant channels. Na+ cur-
rents were recorded from human NaV1.5 channels carrying no fluorescence or background mutations. The mean ± SEM for five to 
seven cells is reported. Activation and inactivation curves were obtained via the protocols described in Fig. 1. (A–D) Traces and 
graphs were plotted for WT (A), N1325S (B), A1330P�� (C), and N1659A (D). (left) Ionic currents from channels were recorded during 
200-ms-long depolarizing pulses ranging from −160 to 20 mV in 20-mV steps. Current traces corresponding to only −160, −100, 
−40, and 20 mV are shown for clarity. (right) Voltage dependence curves of steady-state activation (GV, black circles) and SSI (black 
squares) for each channel were created. Curves were constructed as described in the Materials and methods section. See Table 1 for 
Boltzmann fit parameters.




