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Voltage-sensor movements describe slow inactivation of voltage-gated
sodium channels I: Wild-type skeletal muscle Nay1.4

Jonathan R. Silva and Steve A.N. Goldstein
Department of Biochemistry, Brandeis University, Waltham, MA 02453

The number of voltage-gated sodium (Nay) channels available to generate action potentials in muscles and nerves
is adjusted over seconds to minutes by prior electrical activity, a process called slow inactivation (SI). The basis for
SI is uncertain. Nay channels have four domains (DI-DIV), each with a voltage sensor that moves in response to
depolarizing stimulation over milliseconds to activate the channels. Here, SI of the skeletal muscle channel Nayl.4
is induced by repetitive stimulation and is studied by recording of sodium currents, gating currents, and changes
in the fluorescence of probes on each voltage sensor to assess their movements. The magnitude, voltage depen-
dence, and time course of the onset and recovery of SI are observed to correlate with voltage-sensor movements
10,000-fold slower than those associated with activation. The behavior of each voltage sensor is unique. Develop-
ment of SI over 1-160 s correlates best with slow immobilization of the sensors in DI and DII; DIII tracks the onset
of SI with less fidelity. Showing linkage to the sodium conduction pathway, pore block by tetrodotoxin affects both
ST and immobilization of all the sensors, with DI and DII significantly suppressed. Recovery from SI correlates best
with slow restoration of mobility of the sensor in DIII. The findings suggest that voltage-sensor movements deter-
mine SI and thereby mediate Nay channel availability.

INTRODUCTION

Sodium currents through voltage-gated sodium (Nay)
channels activate and inactivate rapidly over several milli-
seconds. The molecular determinants of these rapid
events have been studied extensively. The Nay channel
corpus is a single large subunit with four homologous
domains that fold to create a single central ion con-
duction pore with four nonidentical voltage-sensor do-
mains, each carrying a positively charged S4 span (Fig. 1,
A and B) (Catterall et al., 2005). On stimulatory depo-
larization, the S4 spans are propelled outward by the
electric field: the pore opens, and sodium ions flow
down the electrochemical gradient into the cell. There-
after, a fast inactivation “lid” formed by the cytoplasmic
linker between DIII and DIV occludes the pore (Fig. 1,
C-E). The protein returns to its resting conformation
on repolarization. Individual voltage sensors have unique
roles in these rapid gating events. Using voltage-clamp
fluorimetry (VCF) to detect motion of each S4 segment
in Nayl.4 channels (Fig. 1, F and G), Bezanilla and col-
leagues demonstrated that movements of the sensors in
DI, DII, and DIII correlate with activation, whereas DIII
and DIV are coupled to fast inactivation and recovery
(Cha et al., 1999; Chanda and Bezanilla, 2002; Chanda
etal., 2004).
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Upon prolonged depolarization, Nay channels pro-
gressively enter the slow inactivation (SI) state from
which they are also slow to recover. Indicating that sev-
eral conformation states are involved in SI gating, the
kinetics of the development of SI show multiple time
constants and the rate of recovery from SI slows with
progressively longer depolarizing pulses (Toib et al.,
1998; Vilin and Ruben, 2001). This complex response
to long-lasting depolarization propagates from the cel-
lular to organ level to mediate important aspects of
physiology; thus, SI endows neuronal tissues with mem-
ory of previous excitation (Toib et al., 1998), prevents
excitation of skeletal muscle by mild hyperkalemia
(Bendahhou et al., 2002), and affects the conduction
velocity and excitability of cardiac tissue (Shaw and
Rudy, 1997).

Studies seeking to identify an SI gate in Nay chan-
nels have implicated sites throughout the channel,
including the outer portion of the ion conduction
pore, the inner pore region, and the voltage-sensor
domains. Using VCF to assess changes in the environ-
ment of the four S4 segments in Nayl.4, we find that
the magnitude, voltage dependence, and time course
for SI development and recovery track slow immobili-
zation and restoration of mobility of the voltage sen-
sors in DI, DII, and DIII. Evidence for direct coupling
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of DI and DII immobilization and development of SI
is provided by suppression of both by tetrodotoxin
(TTX). In our companion paper in this issue (Silva
and Goldstein), we evaluate Nayl.4 with a mutation
that causes hyperkalemic periodic paralysis (L689I)
(Bendahhou et al., 2002) and confirm coupling of
voltage-sensor immobilization and SI, demonstrating
correlated perturbations of sensor movements and
changes in SI, corroborating the role of DIII in both
onset and recovery, and offering a model that reca-
pitulates the voltage dependence and kinetics of SI
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based on VCF-determined movements of the voltage
sensors in DI, DII, and DIII in wild-type and L6891
Nayl.4 channels.

MATERIALS AND METHODS

Cut-open oocyte recording

The cRNA for the 3 subunit (NCBI Protein database accession
no. AAH94523.1) of the rat skeletal muscle sodium channel
and a-subunit Nayl.4 (NCBI Protein database accession no.
CAA76659.1) was produced in pBSTA and injected at a 1:2 molar
ratio (40 ng per cell total) into Xenopus laevis oocytes as reported

Figure 1. Nayl.4 channel ionic current, gating
°® DIl current, and site-specific fluorescent signals.

Nayl.4 currents (black traces) were measured
using cut-open oocyte clamp to achieve fast
temporal resolution (Stefani et al., 1994) as
@ described in Materials and methods. Changes
in fluorescence magnitude (AF/F; red traces)

DIV studied in four channels (DI-S216C, DII-S660C,

DII-L115C, and DIV-S1436C) after conjuga-
tion to TMRM. Groups of three to six cells re-
ported as mean + SEM in E and G. (A) Drawing
of the Nayl.4 pore-forming subunit indicat-
ing four domains, each with six transmem-
brane segments; each S1-S4 group forms a
voltage sensor, and the four S5-S6 spans are
reentrant pore loops that create a single con-
duction pore. The S4 spans (light gray) are
indicated (+) to have multiple arg and lys
residues that carry the majority of the gating
charge. “Lid” indicates hydrophobic triplet
on the DIII-DIV linker that is responsible for
fast inactivation. (B) Drawing represents the
spatial arrangement of four voltage sensors
around a central ion conduction pore. (C) So-
dium currents. Activation and fast inactivation
of ionic current are apparent with steps from a
holding voltage of —100 mV to test potentials
of —90 to +60 mV for 60 ms (10 ms shown) in
10-mV steps with a 10-s interpulse interval. For
all recordings of ionic currents, gating currents
were subtracted. (D) Gating current recorded
as in G, with 2 pM TTX in the bath to block
ionic current. (E) Channel current/voltage
(I/V; circles) and gating current/voltage (Q/V;
squares) relationships. Protocol as in C and D.
Conductance was calculated by normalizing
the current to the driving force (E,.,=7.9 mV),
which was fit with a Boltzmann of the form

23
1/ [1 + ERT(V_V"M)],

giving a half-maximal voltage (V) of
—29.1 mV and z = 2.4. For the Q/V relation-
ship, the fit gave Vg = —27.5 mVand z=1.1.
(F) VCF measurements. Fast changes in fluo-
rescence compared with baseline (AF/F,) for
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Vm(mV)

DI-S216C channels studied by applying steps from a holding potential of —120 mV to test potentials of —140 to 40 mV in 10-mV steps;
traces at —140, —100, —60, —20, and 20 mV are shown. (G) Fluorescence/voltage (F/V) relationships for each of the four Navl.4 do-
mains. Fits as in E gave DIt V,;4 = —74.6 mV and z = 1.3; DII: V,;;,4 = —69.4 mV and z = 1.1; DIII: V,;,4 = —82.4 mV and z = 1.7; and DIV:

Viia= —70.6 mV and z = 1.5.
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A lonic B Gatin
............................ g Figure 2. Sl onset: Ionic and gating currents.
Groups of 4-14 cells reported as mean + SEM.
(A) SI is probed by 320 repetitions of a tri-
ple-pulse protocol from a holding potential

of =100 mV. A 5-ms test pulse to +45 mV was

80 i used to measure peak current (phase a); SI

} Cycle2 | | was induced by a 500-ms pulse at —100, —75,
J J —45, —15, 15, or 45 mV (phase b); and a

L ... 30-ms pulse at —100 mV was used (phase c) to

C o allow for recovery from fast inactivation before

the next test pulse. Above protocol, sample
traces from cycles 1, 2, 80, and 320 show pro-
gressive decrease in peak current with SI at
+45 mV. Parameters for SI onset are reported

_o in Table 1. (B) Loss of gating current with SI
= 04 ﬁ :Zé m¥ . induced as in A. (Top) Sample traces from
A= -15mV cycles 1, 2, 80, and 320 show progressive reduc-
x ﬂé m¥ tion in peak gating current with SI at +45 mV.
02 02 (Bottom) Plot of the gating charge (Q, the
1 10 100 1 10 100 integral of the gating current) with time at

Time (s) Time (s) different potentials.

previously (Chanda and Bezanilla 2002). Oocytes were incubated the probe. After collimation (Thorlabs Inc.), light was carried
at 16.5°C for 2-5 d in solution with (mM) 96 NaCl, 4 KCI, 1.8 to the microscope via a liquid light guide (Sutter Instrument)
CaCly, 1 MgCly, 5 HEPES, and 0.1 EDTA, and 1% penicillin-strep- and coupled to the microscope via a collimating adapter

tomycin, pH 7.4. Recordings were performed using an amplifier (EXFO). A 40x water-immersion objective with a numerical
(CA-1B; Dagan Corporation) coupled to an A/D converter aperture of 1.0 and working distance of 2.1 mm (Plan Acro-
(Digidata 1320; Molecular Devices) with Clampex and Clamp- chromat; Zeiss) was used. Light measurements were made with
fit software (v10; Molecular Devices) for acquisition and analysis. a photodiode (PIN-040A; United Detector Technology)
Temperature was maintained at 19°C with a controller (HCC- mounted on an XY axis manipulator (Thorlabs Inc.) at the mi-
100A; Dagan Corporation). The internal solution was (mM): 113 croscope epifluorescence port. The photodiode was attached

NMG-Mes, 2 Na-Mes, 20 HEPES, and 2 EGTA, pH 7.4. The exter- to the integrating headstage of a patch-clamp amplifier (Axo-
nal solution was composed of (mM): 95 NMG-Mes, 20 Na-Mes, patch-200A; Molecular Devices) for low noise amplification of
20 HEPES, and 2 Ca-Mes,, pH 7.4. Capacitance and leak were sub- the photocurrent. A circuit with a 22.5-V battery and 6-G( re-

tracted manually. In ionic current studies, gating current was re- sistance was used to remove integration spikes by offsetting
corded with 2 pM TTX in the external solution and subtracted. current into the summing junction of the headstage. The fluo-

rescence emission was focused onto the photodiode active area
Fluorescence measurements using an achromatic doublet (Thorlabs Inc.) with a focal dis-
Oocytes were labeled with 10 pM tetramethylrhodamine ma- tance of 25 mm.

leimide (TMRM; Invitrogen) in a depolarizing solution (mM:
110 KCl, 1.5 MgCl,, 0.8 CaCl,, and 10 HEPES, pH 7.4) on ice Data analysis

for 20 min. TMRM stock solution was 10 mM in DMSO and Parameters were determined by fits of the raw data: SI onset
stored at —80°C. A tungsten halogen lamp with a 250-W fila- (Table 1) and SI recovery (Table 2). For each trace, three expo-
ment powered by a 24-V linear power supply served as the light nentials were fit to the raw data using the “Isqcurvefit” function in
source. The lamp output was interrupted with a TTL-triggered MATLAB (MathWorks), which implements a trust-region reflec-
shutter (Sutter Instrument) to minimize photobleaching of tive optimization algorithm. Each of the three exponentials was
TABLE 1
Fractional magnitudes of time constants for ionic current, gating current, and fluorescence during the onset of SI
Channel variant (measured parameter) Ay Ay Ag C n
WT (I) 0.13+0.01 0.11 +0.01 0.51 + 0.06 0.25 +0.05 14
WT (Q) (2 pM TTX) 0.13 £0.01 0.03 £0.01 0.35 +0.03 0.49 £ 0.03 4
DI (F) 0.25 +0.02 0.17+0.03 0.28 £ 0.03 0.30 + 0.04 6
DII (F) 0.23 +0.06 0.27 = 0.04 0.27 £0.02 0.23 = 0.06 6
DIII (F) 0.28 + 0.05 0.17 = 0.05 0.26 + 0.06 0.30 + 0.05 8
DIV (F) 0.29 +0.03 0.08 + 0.04 0.16 + 0.03 0.46 + 0.03 6

First, SI of ionic current at +45 mV was fit using three exponentials with time constants for fast, intermediate, and slow components: 7z = 1.8 + 0.2 s,
7 =13.1+1.1s, and 75 = 195 + 33 s. Because the three time constants span the time domains of our protocol, they can be held constant and used to
describe data from ionic, gating, and fluorescence measurements by varying the fractional magnitude of each component (Fig. S1). The table shows
the fractional magnitude of each component for all studies in this article. n, the number of cells studied; WT, wild-type channel; DI, DII, DIII, and
DIV indicate channels with the single site changes DI-S216C, DII-S660C, DIII-L.115C, and DIV-S1436C, respectively; I, current assessed after subtraction of
Q; Findicates a fit to fluorescence.
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allowed to range in a unique time scale: from 1 to 10 s, 10 to 100,
and 100 to 1,000 s. Points logarithmically distributed in time were
then plotted according to the fit. Later to compare traces quanti-
tatively, it was useful to reduce the number of parameters and
set the time constants to be invariant, while only the magnitudes
were allowed to vary.

Online supplemental material

Fig. S1 is provided to demonstrate the success of fitting SI traces
by varying the magnitudes of three exponentials, while leaving
the time constant for each unchanged. It is available at http://
www.jgp.org/cgi/content/full/jgp.201210909,/DC1.

l Cycle 1 } Cycle2

RESULTS

Sodium current: Onset of S|

SI develops with repetitive or prolonged activity, limiting
the availability of channels that open on depolarization
so that peak currents become progressively smaller. In
this work, SI is induced using a triple-pulse protocol re-
peated 320 times (Fig. 2 A); each cycle includes a 5-ms
step to +45 mV to measure peak current (phase a), an SI
induction phase of 500 ms at various voltages (phase b),
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Figure 3. Single cysteine substitutions
do not alter SI. Ionic currents for WT,
DI-S216C, DII-S660C, DIII-L115C, or
DIV-51436C channels measured using the
protocol in Fig. 2 A. Gating current is not
subtracted from ionic current. Data for
groups of four to six cells are shown as
mean + SEM. (A) Representative traces
for the DI-S216C channel resulting from
repetitive pulse to induce SI. (B) Voltage
and time dependence of Sl in the four mu-
tant channels remain largely unchanged
with the introduction of the cysteine and
conjugation of the fluorophore (see C).
(C) When a fluorophore is conjugated to
each of four cysteine mutants, a slight shift
to higher potentials in DI and DIII is ob-
served compared with WT SI at 160 s. At
+45 mV, this shift is seen as a trend for DI
(P =0.15) and significant for DIII (P < 0.05).
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Figure 4. Voltage-sensor immobilization is observed with SI in
all four domains. Changes in fluorescence magnitude (AF/F)
of TMRM conjugated to each domain via DI-S216C, DII-S660C,
DIII-L115C, or DIV-S1436C. The mean + SEM for groups of six
to eight cells is reported. (A) Fluorescence. (Top) Application
of the triple-pulse protocol reveals reduction in the AF/F, with
increasing cycle number: 4 ms before and 4 ms after the test step
to +45 mV (phase a) for the indicated pulse is shown. (B) Time-
dependent change in the magnitude of AF/F, for the four chan-
nels on log-log plots using the triple-pulse protocol described
in Fig. 2 A. Parameters are shown in Table 1. DI and DII show
changes with voltage and cycle number that are most reminis-
cent of SI.

and a third phase (c) at the holding voltage of —100 mV
lasting 30 ms, a duration sufficient to allow recovery from
fast inactivation, but not SI, before the next pulse.

SI depends on induction potential and cycle number;
with greater depolarization, a larger fraction of the
channels moves into Sl states (Fig. 2 A). After 320 cycles
to an induction potential of +45 mV, peak currents are
decreased by 53 + 3%. The decrease in current extends
over a wide range of timescales (1, 10, and 100 s), re-
quiring description in terms of multiple time constants.
SI onset during 320 cycles (~160 s) can be approxi-
mated by three exponential time constants (Fig. S1),
Trast = 1.8 £ 0.2 S, Tryiermediace = 13.1 £ 1.1 s, and Tgjo = 195 +
33 s, which have fractional magnitudes of 0.13 = 0.01,
0.11 £ 0.01, and 0.51 + 0.06, respectively, and a constant
remainder (C) of 0.25 + 0.05 (Table 1). 75, and C re-
flect SI continuing in time scales beyond those well
studied with 320 cycles and must, therefore, be consid-
ered with caution as suggestive; these transitions with
T > 100 s are often referred to as ultraslow (Sandtner
et al., 2004; Szendroedi et al., 2007).

Gating current: Onset of SI

Nay gating currents are generated by charges in the
channel protein that move with changes in transmem-
brane potential and are primarily caused by arg and
lys residues in the four S4 segments. Gating currents
are recorded here by application of the pore blocker
TTX at 2 pM to suppress all sodium ion permeation
through the pore (Fig. 1 D). When the triple-pulse
protocol is applied, the charge carried by the gating
currents decreases with increasing potential and cycle
number (Fig. 2 B). The magnitude, voltage dependence,
and kinetics of gating charge suppression are ob-
served to be quite different than for SI (Fig. 2 A). After
320 cycles to +45 mV, peak gating charge decreases
by just 36 + 1% and, of particular note, the log-log
plot is flat in the 10-s time scale (Fig. 2 B), consistent
with ~70% reduction in the fractional magnitude of
Tintermediate (Table 1) .

Movement of S4 segments by VCF: Onset of SI

To examine movement of individual voltage sensors,
rather than their aggregate manifestation in the gating
current, we applied VCF to the same four Nayl.4 chan-
nels created by Bezanilla and colleagues to study fast
gating events, DI-S216C, DII-S660C, DIII-L115C, and
DIV-S§1436C (provided by F. Bezanilla, University of
Chicago, Chicago, IL; Cha et al., 1999; Chanda and
Bezanilla, 2002; Chanda et al., 2004). Each channel bears
a cys in place of a natural S4 span residue to permit
modification by a fluorophore to monitor sensor move-
ment. Bezanilla and colleagues studied these four mu-
tant channels because they do not disrupt rapid gating.
Similarly, we find that the mutations allow for the study
of SI (Fig. 3).
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Whereas activation of DI-S216C channels produces
rapid voltage-dependent changes in fluorescence to a
stable level (Fig. 1 F), repetitive activation cycles to in-
duce SI decrease peak fluorescence (Fig. 4 A), indi-
cating that the DI sensor slowly becomes immobile.
Unexpectedly, the magnitude, voltage dependence,
and kinetics of DI sensor immobilization (Fig. 4 B) re-
semble SI of ionic currents (Fig. 2 A) rather than gating

currents (Fig. 2 B). Thus, SI and DI slow immobilization
show voltage-dependent changes from —100 to +15 mV
across the three time domains studied. Similarly, VCF
with DII-S660C channels reveals slow immobilization of
the DII sensor resembling SI of ionic currents rather
than gating currents (Fig. 4 B). In contrast, immobiliza-
tion of DIII bears some likeness to SI but develops at
more hyperpolarized potentials (seen as clustering of

Figure 5. Immobilization of DI and DII voltage sen-
sors is suppressed by TTX. Changes in the fluores-
cence magnitude (AF/Fj) of TMRM conjugated to

A
DI-DIV Summation
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=
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each domain via DI-S216C, DII-S660C, DIII-L115C,
or DIV-S1436C in the presence of 2 pM TTX. The
mean + SEM for groups of 5-14 cells is reported.
(A) Ionic currents. SI in wild-type channels in the
absence and presence of the indicated levels of TTX
by the protocol shown in Fig. 2 A. TTX inhibition
decreases SI (P = 0.038 for 200 nM vs. control).
(B) Fluorescence recordings as in Fig. 4 B with TTX.
Parameters are shown in Table 2. DI and DII voltage
sensors are significantly affected and are now remi-
niscent of gating currents. Insets compare immobi-
lization for the indicated domain at 160 s with TTX
(bright circles) and without TTX (dark triangles).
(C) Expected gating charge immobilization based
on fluorescence measurements. Each domain was
assumed to carry 25% of the gating charge, and the
traces represent the sum (see Results).



TABLE 2

Fractional magnitudes of time constants for ionic current, and fluorescence during the onset of SI in the presence of TTX

Channel variant (measured parameter) Ap Ay Ag C n
WT (I) 70 nM TTX 0.12 +0.02 0.07 +0.03 0.50 +0.07 0.31 +0.09 7
WT (I) 200 nM TTX 0.12 +0.03 0.06 + 0.02* 0.42 +0.10 0.40 +0.10 11
DI (F) + 200 nM TTX 0.13 +0.06 0.05 + 0.02° 0.24 +0.07 0.59 + 0.06" 6
DII (F) + 200 nM TTX 0.13 + 0.04 0.11 + 0.04* 0.22 + 0.05 0.54 +0.03" 6
DIHI (F) + 200 nM TTX 0.39 + 0.05 0.05 +0.03 0.27 +0.07 0.30 + 0.08 6
DIV (F) + 200 nM TTX 0.27 + 0.05 0.01 £ 0.00 0.09 + 0.03 0.63 + 0.08 5

Tr, T, and Ts and channel variant abbreviations are as in Table 1. p-values were calculated to evaluate differences between WT signals and those with TTX.

“Significant differences, P < 0.05.

the traces at potentials more positive than —45 mV).
DIV immobilization is also more rapid to develop than
SI and most closely resembles gating currents in small
fractional amplitudes of Tjyermediae (Table 1).

TTX inhibits Sl onset and movement of sensors in DI

and DIl

The observed difference between gating and ion cur-
rents during SI is found to be caused in large part by the
2 pM TTX present in the bath during gating studies.
Thus, the application of the pore blocker at low levels
that inhibit only a portion of the ionic current is ob-
served to suppress SI and, as TTX concentration in-
creases, SI decreases (Fig. b A). Suppression of SI is
significant in the intermediate time domain with the ad-
dition of just 0.2 pM TTX (Table 2). When VCF is per-
formed with 2 pM TTX (the level added to study gating
currents), significant suppression of slow immobiliza-
tion of the DI and DII sensors in the intermediate time
domain is observed (Fig. 5 B and Table 2). Potent sup-
pression is apparent for DI and DII as well in the param-
eter C that reflects the summation of immobilization
over the entire protocol (Fig. 5 B, insets, and Table 2).

Although TTX-induced changes in SI of the DIII and
DIV sensors did not reach significance, a trend was ob-
served in the magnitude of Ty, ermediae fOr both domains
and Tgj,y for DIV (P <0.1) (Table 2). The impact of TTX
on SI is perhaps not a surprise given that it shows use-
dependent block (Lonnendonker, 1989) and indicates
that gating current assessment can be confounded
by the blocker, a concern supported by others (Capes
etal., 2012).

Given that fluorescence changes are dependent on
the movement of S4 sensors, we expect the summation
of the traces in the presence of TTX to reflect gating
charge immobilization, although correlation between
gating currents and fluorescence will be imperfect be-
cause they report on different processes (Mannuzzu
et al., 1996; Chanda and Bezanilla, 2002). To make the
comparison, we estimate that each sensor carries 25%
of gating charge (Sheets et al., 2000; Sokolov et al.,
2008). A summation of the traces from Fig. 5 B in Fig. 5 C
does resemble gating charge immobilization, particu-
larly in the flattening of the curves in the 10-s region of
the plot. In contrast, VCF shows inactivation at —75 mV
(Fig. 5 G, double arrow) that is not observed in the

Figure 6. Recovery from SI: Ionic and gating
currents. Changes in ionic and gating current
as channels recover from SI. The mean + SEM

4 for groups of four to five cells is reported.
nd L, (A) Sodium current. (Top) Recovery from SI

is probed after induction pulses to +45 mV for
5, 40, or 160 s (phase a) during 5,000 cycles
of 20 ms at —100 mV (phase b), followed by
4 ms at +45 mV when peak current is recorded
(phase c). Sample traces from cycles 1, 2, 500,
and 5,000 show the recovery of peak current.
(Bottom) Voltage and cycle dependence of
recovery from SI on log-log plots of peak cur-
rent normalized to the steady-state (change
of <1%) current after recovery. Parameters

Time (s)

for recovery from SI are shown in Table 3.
(B) Gating current. Recovery from SI is
probed as in A, with 2 pM TTX.

10 100
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TABLE 3
Recovery fractional magnitudes of recovery from SI

Channel variant Pulse Ap A Ag C n
(measured parameter)
s

WT (I) 5 0.10 + 0.02 (0.89) 0.00 + 0.00 (0.05) 0.01 £ 0.01 (0.06) 0.89 + 0.03 4
WT (I) 40 0.13 +0.02 (0.32)" 0.15 + 0.04 (0.37)" 0.12 +0.01 (0.31)" 0.60 + 0.03 4
WT (I) 160 0.07 +0.03 (0.10)*" 0.35 +0.02 (0.50)" 0.28 +0.02 (0.41)" 0.30 + 0.05 4
WT (Q) 5 0.10 £ 0.02 (0.73) 0.03 +0.02 (0.25) 0.00 + 0.00 (0.02) 0.86 +0.03 5
WT (Q) 40 0.12 +0.02 (0.48)" 0.12 +0.02 (0.51)" 0.03 +0.03 (0.01) 0.76 + 0.03 5
WT (Q) 160 0.15 +0.03 (0.39)" 0.18 +0.07 (0.48)" 0.05+0.01 (0.13)" 0.62 + 0.08 5
DI (F) 5 0.17 £ 0.04 (0.98) 0.00 + 0.00 (0.02) 0.00 + 0.00 (0.00) 0.83 +0.04 7
DI (F) 40 0.22 +0.05 (0.53)" 0.19 + 0.04 (0.46)" 0.00 + 0.00 (0.01) 0.59 + 0.04 7
DI (F) 160 0.13 £ 0.03 (0.35)" 0.18 +0.03 (0.46)" 0.08 + 0.03 (0.20)*" 0.61 +0.04 7
DII (F) 5 0.20 + 0.08 (0.94) 0.01 +0.01 (0.06) 0.00 + 0.00 (0.00) 0.79 £ 0.07 3
DII (F) 40 0.12 +0.10 (0.36) 0.21 +0.02 (0.61) 0.01 +0.01 (0.03) 0.66 + 0.09 3
DII (F) 160 0.13+0.11 (0.28) 0.22 +0.07 (0.49) 0.11 +0.03 (0.23)*" 0.54 +0.06 3
DIII (F) 5 0.34 + 0.08 (0.89) 0.04 +0.02 (0.09) 0.01 +0.01 (0.02) 0.61 + 0.06 6
DIII (F) 40 0.16 + 0.08 (0.32)" 0.18 + 0.05 (0.36) 0.17 £ 0.03 (0.32)* 0.48 + 0.06 6
DIII (F) 160 0.04 +0.04 (0.07)* 0.23 +0.01 (0.38)" 0.32 = 0.03 (0.55)*" 0.41 +0.02 6
DIV (F) 5 0.08 £ 0.05 (0.72) 0.03 +0.01 (0.28) 0.00 + 0.00 (0.00) 0.89 + 0.05 7
DIV (F) 40 0.03 +0.02 (0.12)" 0.14 + 0.02 (0.59) 0.07 £ 0.03 (0.29)* 0.76 = 0.04 7
DIV (F) 160 0.07 £ 0.03 (0.19)* 0.11 +0.02 (0.31)" 0.18 + 0.03 (0.50)*" 0.65 + 0.05 7

Similar to SI onset, recovery from SI can be fit with three time constants, 7, = 0.6 £ 0.3 s, ;= 4.5+ 1.1 5, and 7¢ = 43.1 + 4.8 5, which were found by fitting the

recovery of the wild-type ionic current after a 160-s depolarizing pulse to +45. The fractional magnitudes below are for pulses to +45 mV lasting 5, 40, and

160 s. The absolute values correlate to the fraction inactivated during onset, which are described in Tables 1 and 2. To compute significance differences

in time constants between durations, magnitudes were normalized to the fraction inactivated (shown in parentheses). For example, after the 5- pulse, the fraction

of current inactivated with 1z was 0.91. p-values were computed to compare fraction inactivated with a given 7. I, the ionic current recovery in Fig. 6 A; Q, the

gating current recovery in Fig. 6 B; DI, DII, DIII, and DIV, the fluorescence recoveries in Fig. 7 B. Channel variant abbreviations as in Table 1.

*Significantly different (P < 0.05) from the 5-s pulse.
"Significantly different from 40 s (160 pulses).

gating charge perhaps because of movement of adja-
cent transmembrane segments that register differently
in the two measures. Assigning up to 35% of the charge
to any sensor at the expense of the others does not sig-
nificantly affect the plot (not depicted).

Recovery from Sl

Channel availability is a balance between development
of SI and recovery from SI. To study recovery, SI is in-
duced by pulses to +45 mV that last 5, 40, or 160 s fol-
lowed by two steps that are repeated 5,000 times: the
first step allows for recovery for 20 ms at the holding

voltage of —100 mV, and the second step measures re-
covery of peak current at +45 mV (Fig. 6 A). As reported
by others (Hayward et al., 1997, Toib et al., 1998;
Melamed-Frank and Marom, 1999), we observe recov-
ery time constants to increase with longer induction
pulses. In the time range studied here, recovery is ade-
quately fit by three time constants (Tpy = 0.6 + 0.3 s,
Tintermediate = 4.0 = 1.1 8, and Tg1o, = 43.1 £ 4.8 s), with frac-
tional magnitudes that shift to longer time scales with
longer induction (Table 3). Thus, all recovery of ionic
current occurs with Tp, after inductions lasting 5 s.
With 40-s inductions, recovery is spread equally across

TABLE 4
Boltzmann fits to F-V curves

Channel variant Ay B, Cy Ay By Co D

DI 0.73 0.0067 12.13 1.44 0.005 31.8 -1.1

DII 0.43 0.0087 10.99 0.98 0.052 36.3 —0.4

DIII 0.43 0.0001 8.16 0.70 0.010 20.7 —0.1

DIV 0.81 0.0062 12.76 1.57 0.008 41.47 —1.4

For F-V curves, two Boltzmann functions fit the curve well: X7, T +D.In each case, only one Boltzmann described voltage dependence above —100 mV.

To derive the steady-state activated probability for modeling purposes, A; was set to 1 and D to 0. The values predicted by this normalized function, which

used By and C,, were used to calculate the steady-state occupancy. Channel variant abbreviations as in Table 1.
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the three time constants, and with 160-s inductions,
90% of recovery occurs with Tiyemediate 20d Tsjoy. RECOV-
ery time constants for gating currents vary less with in-
duction time (Fig. 6 B and Table 3).

Like recovery of ionic currents, VCF shows that resto-
ration of voltage-sensor mobility in all four domains
shifts to longer time scales with longer inductions; that

A

DIl

Dlil

DIV

0%.1 1 10 100
Time (s)

Figure 7. Recovery from SI is reflected in restored voltage-sen-
sor mobility, especially DIII. Changes in fluorescence magnitude
(AF/F,) studied as channels recover from SI. The mean + SEM
for groups of four to eight cells is reported. (A) Changes in AF/F,
with DI-S216C by the protocol shown in Fig. 6 A, with duration of
40 ms in phase b. (B) Voltage and cycle dependence of recovery
from SI of AF/F, for the four channels on log-log plots. Param-
cters are listed in Table 3; changes in DIII are notable.

is, the amplitude of 7 is greater after 160 s rather than
after 40- or 5-s pulses (Fig. 7 and Table 3). This hall-
mark of recovery from SI is most prominent in DIII.
Thus, 90% of DIII sensor recovery occurs with Tg, after
a 5-sinduction. After a 40-s induction, recovery is spread
evenly across the three time scales. With 160-s induc-
tions, 93% of recovery occurs with Tiyermediae A0d Tsjoy-
In contrast, the sensors in DI, DII, and DIV recover more
rapidly than DIII and show less induction time—depen-
dent shift to Tryermediae a0d Tsoy. Of note, the change in
fluorescence with SI induced by steps to +45 mV (Fig. 4)
is restored by recovery at —100 mV (Fig. 7), and this
demonstrates that a potential confounding variable in
these studies, bleaching of the reporter fluorophore
(TMRM), did not prove to be a problem.

Modeling voltage-sensor inactivation

To formalize correlations of voltage-sensor movements
and SI quantitatively, we parameterized discrete-state
Markov models to fit VCF recordings (Fig. 8). A model
adequate to recapitulate SI across observed voltages and
time scales has five sequential states: one closed, one
active, and three inactive (C>A-I112-13). Accord-
ingly, the fluorescence signal in the experiments corre-
lates with the C to A transition in the model. As sensors
move into the inactive states, the activating transition
becomes unavailable and the magnitude of the fluores-
cence signal decreases. The presence of three inactivat-
ing transitions is expected given the success of fitting
the experimental data with three independent expo-
nentials (Tables 1 and 2).

The first model transition (C<>A) is orders of magni-
tude faster (<1 ms) than the rest of the transitions that
occur over seconds and is assumed to be in equilibrium
so that the steady-state probability that a sensor is in
the activated conformation can be used for calculations;
steady-state values are derived by fitting F-V curves
(Fig. 1) with two saturating Boltzmann functions. In
each case, only one Boltzmann function accounted for
voltage dependence of a sensor greater than —100 mV,
and the second reflected movement at hyperpolarized
potentials (Table 4). Rate constants for inactivating tran-
sitions are independent of voltage with the exception of
recovery for DI and DII, suggesting that voltage acts pri-
marily on the closed to active transition (Table 5).

DISCUSSION

This work shows that the voltage sensors in all four Nay
channel domains slowly immobilize with the develop-
ment of SI. All four sensors are also restored to mobility
with recovery from SI. The sensors do not, however,
track these transitions equally well over the times stud-
ied (1-160 s). Immobilization of the voltage sensors
tracks the onset of SI with a rank order of DI, DII > DIII
>> DIV. Consistent with a causal link, TTX significantly
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reduces both Sl in the intermediate (10-s) time domain
and slow immobilization of the sensors in DI and DII.
Recovery from SI takes longer when induction pulses
are extended, and remobilization of voltage sensors
tracks this prolonged recovery time course. DIII is no-
table for resisting remobilization compared with the
other sensors and manifests a time course that corre-
lates with recovery, suggesting that it has a role in the
transition to restored mobility. A model is where sen-
sors are trapped in an inactive state after activation reca-
pitulates SI and suggests that the voltage dependence of
slow sensor immobilization arises from the closed to ac-
tive transition.

Our findings show that sensor immobilization with SI
is different than gating charge immobilization that de-
velops much more rapidly with fast inactivation. In the
latter state, Nay sensor immobilization follows occlusion
of the inner pore by residues on the DIII-DIV linker,
and mobility is restored by repolarization in <20 ms.
This does not preclude direct transition between the
two immobilized states; indeed, mutations in the inner

A

pore can modify the onset of both (McNulty et al.,
2006). However, mutating the “lid” to eliminate fast
inactivation allows SI to develop more quickly and
completely (Featherstone etal., 1996), and this suggests
that SI does not require prior entry in the fast inactive
state. Although the inner portion of the Nay channel
pore has been implicated in SI by mutations that
cause hyperkalemic periodic paralysis (Cummins et al.,
1993; Hayward et al., 1999; Bendahhou et al., 2002;
Webb and Cannon, 2008), this may be an allosteric
effect on sensor movement, as shown here for TTX in
the outer pore.

Our demonstration that increasing the concentration
of TTX progressively inhibits SI supports the notion
that conformational changes in the Nay channel pore
cause SI and are suppressed by the toxin. Studies of mu-
tations (Balser et al., 1996; Vilin et al., 1999; Vilin and
Ruben, 2001; Xiong et al., 2003, 2006) and alkali ions
that stabilize the open state (Townsend and Horn,
1997) have previously argued for a link between the
outer pore and SI. Although Nay channel SI has been

Figure 8. Models of voltage-sensor slow immobi-
lization. Experimental data are shown with sym-
bols, and models are represented by solid blue
lines. The effect of the protocol was removed for
model fitting by subtracting the minimal changes

in voltage-sensor activation observed with pulses
to —100 mV. For fitting, experimental recovery
is scaled so that it begins recovering from exactly
the same fraction where onset terminated. Ionic
current recovery is simulated using the same pa-
rameters and models used to simulate ionic onset
(Table 5). These simplified models are qualita-
tively similar to the inactivation of the voltage
sensors. (A) Model voltage-sensor slow immobi-
lization for all four domains. (B) Model voltage-

1 10
Time (s)
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sensor recovery from slow immobilization for all
four domains.



compared with C-type inactivation of voltage-gated po-
tassium (Ky) channels, a process dependent on outer
pore collapse, the latter is well described by a single-
exponential process and does not change its kinetics of
recovery with inducing pulse duration (Toib et al.,
1998). These differences may be caused by the coupling
of SI and processes in the voltage sensors unique to Nay
channels. For example, voltage sensors in Nay channels
are sensitive to movement of adjacent sensors (Chanda
et al., 2004) and, unlike those in Ky channels formed
of homotetramers, individual Nay sensors move over
different time scales (Gagnon and Bezanilla, 2010).
Thus, it may be different kinetic profiles for individual
voltage sensors and their interaction that endow a sen-
sor-linked process like SI with greater kinetic complex-
ity in Nay channels.

Unlike the sensors in DI, DII, and DIII, we observe im-
mobilization and restored mobility of the DIV sensor to
be poorly correlated with the kinetics of both SI develop-
ment and recovery in the 1-160-s time range. Nonethe-
less, a role for DIV in SI at times faster than 1 s seems
plausible given its demonstrated function in both activa-
tion and fast inactivation (Horn et al., 2000). Although
2 pM TTX shows a nonsignificant trend toward imped-
ing slower components of DIV immobilization (Table 2),
this may result from a conformational change in DI with
SI that is reflected in DIV as a result of strong cooperativ-
ity between the two domains (Chanda et al., 2004).

Recent work by others supports our conclusion that
there is conformational coupling of the pore and volt-
age sensors in Nayl.4 (Capes et al., 2012). They find that
neutralizing three charges in the S4 span of DIV creates
anew pathway that allows omega currents to pass through
the sensor domain, and that TTX in the ion conduction
pore alters both omega currents and off-gating currents

carried by the remaining DIV charges; these effects were
not observed in domains I, II, or III. Although apparently
discrepant with our findings, Capes etal. (2012) did not
monitor the kinetic development of TTX effects, sug-
gesting that the results can be reconciled if the events
they monitor occur on a time scale <1 s.

The structural basis for slow immobilization is not
known. Supporting the notion that voltage sensors in
Ky channels can reside stably in an inactive conforma-
tion, the crystal structure of the Ky1.2 Ky channel (Long
et al., 2007) appears to show inactivated sensors (Lewis
etal., 2008; Villalba-Galea et al., 2008). The dependence
of Nayl.4 SI on time and voltage suggests that slow im-
mobilization of the four nonidentical sensors involves
many conformations. For our simulations >1-160 s, linear
five-state, four-transition models have proven adequate.
However, continuous-time semi-Markovian modeling has
also been used, rather than multi-exponential fits, to ele-
gantly describe SI (Marom, 2009; Soudry and Meir, 2010),
and a power law with a continuum shift of the time con-
stant value may represent more accurately both the ex-
perimental observations and the structural basis for slow
voltage-sensor transitions.

Here, we demonstrate correlation of voltage-sensor
immobilization and SI, highlighting the close relation-
ship of DI and DII with development of SI and DIII with
recovery from SI. DIII appears to reflect the onset of SI
but tracks it with less fidelity than DI and DII. We hy-
pothesize that these associations are causal. In our com-
panion paper (Silva and Goldstein 2013), we present
further evidence for direct linkage of slow changes in
the mobility of these voltage sensors and the onset of
SI and the recovery from SI through study of a point
mutation in Nayl.4 that is linked to hyperkalemic peri-
odic paralysis and impedes SI.

TABLE 5
Model parameters
Channel domain Transition Forward rate Reverse rate Reverse rate
a a b
DI Aol 1.74E-04 2.99E-04 5.17E+02
1112 1.55E-05 1.55E-05 4.34F+01
12613 1.12E-06 9.57E-03 2.04E+01
DII Aol 1.42E-04 1.78E-04 3.14E+02
112 9.30E-06 9.10E-06 2.23E+01
12613 9.31E-04 2.48E-04 1.08E+02
DIII Aoll 1.78E-04 3.34E-04 not req.
112 5.35E-05 3.08E-05 not req.
12613 1.81E-07 3.64E-03 not req.
DIV Aol 2.31E-04 5.04E-04 not req.
1112 4.29E-04 6.38E-03 not req.
12613 6.52E-04 3.57E-05 not req.

The discrete-state Markov models used to reproduce experimental data shown in Fig. 8 are parameterized with standard rate transitions: a*exp (—V,,/b).

The second parameter, b, which confers voltage dependence to the rate, is only required for DI and DII sensor immobilization. Parameters for the forward

and reverse rate transitions between states A and I, states I; and Iy, and states I, and I5 for each of the voltage-sensor domains.
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