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We investigated effects of paramyotonia congenita mutations
F1473S and F17051 on gating of skeletal muscle Na* channels.
We used on-cell recordings from Xenopus oocytes to compare fast
inactivation and deactivation in wild-type and mutant channels.
Then, we used gating current recordings to determine how these
actions of PC mutants might be reflected in their effects on charge
movement and its immobilization. F1473S, but not F1705I, accel-
erated deactivation from the inactivated state and enhanced the
remobilization of gating charge. F1473S and F1705I decreased the
completion of closed-state fast inactivation, and decreased charge
movement over the voltage range at which channels did not acti-
vate. An unexpected result was that F1705] increased the extent
of charge immobilization in response to strong depolarization.
Our results suggest that the DIV §4-S5 linker mutation F1473S
promotes the hyperpolarized position of DIVS4 to accelerate
recovery. Inhibition of charge movement by F1473S and F17051
in the absence of channel opening is discussed with respect to their
effects on closed-state fast inactivation.

Introduction

Voltage-gated sodium channels regulate electrical signals that
characterize the function of excitable cells such as neurons and
muscle fibers.12 Sodium channels in nervous or muscle tissues
share a common structure of four domains, each comprised of six
transmembrane segments.® Conserved sequences in these chan-
nels promote specific functions. For example, voltage sensitivity is
ascribed to the complement of positively charged amino acids in S4
segments4’9 that allow voltage-gated channels to open (activate) or
close (deactivate) in response to changes in membrane polarization.

Several determinants of fast inactivation in voltage-gated sodium
channels have been identified. The inactivation particle per se has
been localized to a conserved IFMT motif in the DIII-DIV linker.10-12
Other regions of the channel that regulate fast inactivation include
the DIVS4 voltage sensor, 1315 residues in the S4-S5 linkers of
domains IT1'¢ and IV,17-20 S6 segments?!2? and the C terminus.24-20
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Channels opened by strong depolarization subsequently inactivate
with kinetics and voltage dependence driven in large part by their
coupling to the activation process.®!31427-28 Channels subjected
to weaker depolarization directly enter the fast-inactivated state
without opening.?*-3" The kinetics of closed-state fast inactivation
are relatively slow, as they are not coupled to the rapid kinetics of
channel opening.

Channelopathies of skeletal muscle include several forms of
non-dystrophic myotonia.?!3% These include the hyperkalemic
and hypokalemic periodic paralyses (PP), potassium-aggravated
myotonia (PAM, acetazolamide-responsive, myotonia fluctuans and
myotonia permeans) and paramyotonia congenita (PC). Genetic
screens of families with PP, PAM, PC or overlap syndromes have
revealed numerous point mutations of the SCN4A gene encoding
the human skeletal muscle sodium channel. Subsequent studies
using heterologous expression systems to identify determinants of
myotonia or periodic paralysis have linked mutations in SCN4A
to a spectrum of defects, with some general and noteworthy effects
on channel function. Mutant channels in PC were first reported
to promote hyperexcitability by slowing entry of channels into the
fast-inactivated state, accelerating recovery, and uncoupling fast
inactivation from activation.?> PC mutations that disrupt fast inacti-
vation are found in DIVS4,35-37 the DIII-DIV linker,*3-3 the S4-S5
linkers of DIIL40 and DIV,294! a5 well as the C terminus.42

Other studies have shown that certain PC mutants produce
defects in channel deactivation.3?-40:43-45> Sodium channels exhibit
voltage-dependent deactivation from open and inactivated states.4¢
Inactivated-state deactivation, observed as the delay in the onset
to recovery, exhibits kinetics that are approximately one order
of magnitude slower than those for tail currents observed in
open-state deactivation. The relatively slow kinetics of inactivat-
ed-state deactivation might be a consequence of gating charge
immobilization. Since voltage sensors in DIII and DIV contain
the immobilizable fraction of gating charge,47 PC mutations in
this region of the channel offer a means to study allosteric regula-
tion of voltage sensor movements underlying deactivation. In the
present study we compared sodium channel gating parameters in
PC mutants F1473S in the DIV S4-S5 linker and F17051 in the C
terminus. Whereas open-state deactivation is not affected by these
mutations, F1473S accelerates inactivated-state deactivation and
recovery from fast inactivation by promoting a rapid remobilization
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Figure 1. Families of sodium currents in wild-type hNa, 1.4 and PC channels
at 12°C. Currents were elicited from -150 mV using 20 ms step commands to
voltages ranging from -90 mV to +60 mV. Calibration: 3 ms; hNa, 1.4 and
F17051 300 pA, F1473S 500 pA. Locations of mutations employed in this

study are shown in the cartoon depicting the structure of hNay1.4.

of the gating charge. F1705I, which lacks the typical PC phenotype
of accelerated recovery from fast inactivation, slows the remobili-
zation of gating charge. Both mutants inhibit charge movement
in unopened channels, an effect that might contribute to their
common action to inhibit closed-state fast inactivation. Some of
these results have been reported in abstract form.48

Results

Activation. The voltage dependence of activation was measured
in the on-cell macropatch configuration by comparing peak current
amplitudes for hNay 1.4 and PC mutants F1473S and F1705I in
response to 20 ms depolarizing commands from a holding potential
of -150 mV. Families of sodium currents are shown in Figure 1 for
step commands to voltages ranging from -90 mV to 60 mV at 12°C.
Equilibrium parameters were obtained by fitting the normalized
conductance curves (g/V) to Boltzmann distributions. Activation
parameters were not dramatically affected by PC mutations. Neither
F1473S nor F17051 affected the midpoint of activation, although
each significantly increased the slope factor (Table 1). F1473S
and F17051 activation kinetics, taken as 10% to 90% of rise time
towards peak inward current, were similar to hNa, 1.4 at most volt-
ages tested.

Fast inactivation. Steady-state fast inactivation (h,) parameters
were obtained from experiments in which channels were subjected
to 500 ms, variable-voltage pre-pulses prior to test pulses to -20 mV
to assess channel availability. The normalized h, curves were fit
to Boltzmann distributions and parameters are listed in Table 1.
F1473S and F17051 produced significant shifts of 17.2 mV and
12.7 mV respectively on the midpoint of the h_ curve, without
affecting slope factor.

We tested the effects of F1473S and F17051 on open-state fast
inactivation kinetics by measuring time constants of current decays
in experiments as shown in Figure 1. Compared to hNay1.4, fast
inactivation was slowed in F1473S and F1705I at voltages more posi-
tive than -50 mV or -40 mV respectively (Table 1). T;; in F1473S
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Table 1 Parameters for hNay 1.4 and PC channels:

On-cell recording configuration

Gating parameter hNay 1.4 F1473S F1705I
Vi/2 (mV) 32.6£2.3 342+ 1.6 37617
(20) (17) (15)
Slope factor 3.45 +£0.07 4.03£0.18 3.81 £ 0.06
(20) (17)** (15)***
h°°1/2 (mV) -86.1 +£2.2 68.9+2.4 73.4+23
(20) (]7)*** (]5)***
Slope factor 411 +0.12 3.76 £ 0.18 4.27 = 0.31
(20) (17) (15)
Rise time, 0.33 £0.03 0.40 = 0.04 0.33 £ 0.02
0 mV (ms) (20) (17) (15)
T, 0.92 = 0.08 2.55+0.23 1.62 + 0.30
0 mV (ms) (20) (17)**=* (15)*
T 298 2.6 32.5+11.0 116.2 = 14.1
-80 mV (ms) (10) (12) (13)***
Teec) 6.42+085  2.13:028 4.84+0.54
2120 mV (ms) (18) (17)%** (14)
Recovery delay, 098x0.10  0.37=0.03 0.87 = 0.06
120 mV (ms) (18) (17)%** (14)

*p < 0.05; **p < 0.01; ***p < 0.001; On-cell recording configuration.

was voltage-independent at voltages more positive than -30 mV,
resulting in significantly greater values for t;; compared to F17051.
These effects on fast inactivation for F1473S and F1705] are similar
to those reported for these mutations expressed in mammalian
CCllS.20’41_42

Closed-state fast inactivation parameters in hNay1.4 and
mutant channels were determined from a double pulse protocol.
Depolarizations from -90 mV to -50 mV for durations up to 300 ms
were delivered to the patch. Immediately following each condi-
tioning pulse, test pulses to -20 mV were used to assess availability
of channels (Fig. 2). Decreased responses to -20 mV test pulses
during the initial 5 ms (left) and terminal 60 ms (right) of a -70 mV
conditioning pre-pulse are shown for hNay,1.4 and mutant channels
in Figure 2A-C. Decreases in normalized current amplitudes over
the course of 300 ms pre-pulse duration are shown in Figure 2D.
Completion of closed-state fast inactivation was determined from
the asymptote, and kinetics determined as the time constant towards
completion, from the normalized curves.

F1705I significantly slowed closed-state fast inactivation at all
voltages tested, compared to hNay1.4 (Fig. 3A). F1473S slowed
fast inactivation kinetics following pre-pulses to -60 mV or -50 mV,
voltages at which open-state fast inactivation might be expected
to contribute to a decrement of current amplitude. Both mutants
significantly inhibited the completion of fast inactivation at volt-
ages more negative than -50 mV (Fig. 3B). Since F17051 slowed
kinetics of closed-state fast inactivation, we compared completion
measurements for this mutation to those obtained in a separate
set of 6 measurements using pre-pulse durations up to 500 ms, as
used in measurements of steady-state fast inactivation. Asymptotes
for F17051 were similar following the 300 ms or 500 ms pre-pulse
duration. Taken together, these results indicate that similar actions of
F1473S and F17051 on closed-state fast inactivation (less complete)
explain their effect on the midpoint of the h,, curve (less likely).
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Figure 2. Closed-state fast inactivation in hNay, 1.4 and PC channels. (A-C) Currents obtained in response to -20 mV test pulses for wild-type and PC channels
following -70 mV pre-pulses from O to 300 ms. At left, currents during the initial 5 ms (every 10" sweep shown); at right, those observed during the terminal
60 ms. Calibration: 5 ms at left, 10 ms at right; hNay 1.4 and F1473S 500 pA, F17051 200 pA. (D) Time course of current decreases following -70 mV

pre-pulses. Values are mean = SEM in 10-12 experiments.

Recovery from fast inactivation was measured from a double pulse
protocol used to inactivate and then recover channels in experiments
as shown in Figure 4A. As reported for these mutations expressed in
mammalian cells,?%#! F1473$ significantly accelerated the recovery
of channels over the voltage range tested of -180 mV to -100 mV
(Fig. 4B). Acceleration of recovery in F1473S increased from 1.5-fold
compared to hNay,1.4 at -180 mV, to 3 fold at -120 and -100 mV.
Recovery was slightly faster in F17051 compared to hNay 1.4, but
this effect was significant only at -160 mV.

Deactivation. Interpulse intervals in the experiments shown in
Figure 4A were stepped in 50 or 100 us increments to permit an
accurate measurement of the delay in onset to recovery from fast
inactivation. Whereas F17051 did not significantly alter delay in
the onset to recovery, F1473S significantly abbreviated recovery
delay at all voltages tested (Fig. 4C). Recovery delay in F1473S was
consistently 2-fold shorter in duration than hNa,,1.4.

We then tested F1473S and F1705I for effects on deactivation
from the open state with tail current measurements. Channels were
opened with brief 50 mV pulses prior to commands from -180 mV
to -70 mV to elicit tail currents. PC mutations slightly prolonged tail
current decay at voltages more positive than -90 mV when 0.5 ms
pulses were used to open channels (Fig. 5A). To control for the possi-
bility that fast inactivation might influence tail currents, we repeated
these experiments with 0.2 ms or 0.1 ms pulse durations (Fig. 5B
and C). With shorter pulses used to open channels, deactivation time
constants were unaffected by either F1473S or F17051 compared to

www.landesbioscience.com

hNay.1.4, indicating that neither mutation altered open-state deacti-
vation. Thus, F1473S accelerates the deactivating transition only in
channels that have fast inactivated.

Gating charge movement. State transitions in voltage-gated
channels are promoted by charge movement with S4 translocation.
We compared Q/V relations, gating charge immobilization and its
remobilization in wild-type and PC channels to determine if gating
defects in F1473S and F1705I are the consequence of altered voltage
sensor movements. Immobilization of the gating charge occurs with
fast inactivation of the channel.?” We hypothesized that slowed fast
inactivation in these mutations would parallel a slowed onset of
gating charge immobilization, and decrease its extent. Recovery of
channels that have fast-inactivated is predicted by remobilization
of gating charge in DIVS4.5% F1473S, but not F1705I, accelerated
recovery from fast inactivation and shortened the delay in onset to
recovery. Therefore, we also hypothesized that remobilization of the
gating charge would be faster in F1473S, but not in F1705I.

Outward ionic currents in the cut-open configuration were
elicited from a -120 mV holding potential by step depolarizations
from -90 mV to +60 mV (Fig 6A). Ionic current was blocked with
2 uM tetrodotoxin (TTX, Fig. 6B). Gating charge movement
(Fig. 6C) was quantified by calculating the integrals from ON gating
currents (Igqy). Normalized measurements of ionic current (I/Ty;,+)
and gating charge (Q/Q, ) are shown in Figure 6D. Each of
these curves was fit to a Boltzmann distribution and parameters are
given in Table 2. F17051 produced a significant, 6.3 mV shift of the
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Figure 3. (A) Kinetics of closed-state fast inactivation for hNay 1.4, F1473S
and F1705! over the pre-pulse voltage range of -90 mV to -50 mV. (B)
Percent of initial current remaining in response to test pulses after 300 ms
pre-pulses to the voltage shown in these same experiments. Values are mean
+ SEM for 10-16 experiments.

midpoint of the I/V curve, without affecting slope factor. In contrast
to their modest effects on activation, PC mutants produced more
obvious effects on charge movement. The midpoint of the Q/V curve
was significantly shifted by F1473S (15.5 mV) and F1705I (25.9
mV), and F1473S also decreased the slope factor.

The I/V curves in Figure 6 show that wild-type and mutant
channels activated with a threshold between -40 mV and -30 mV.
Whereas hNay, 1.4 exhibited, as expected, substantial charge (Q/
Quax) movement at activation threshold or at more negative volt-
ages, PC channels inhibited charge movement over this voltage
range. At -40 mV, 37.2 = 2.4% of the maximum charge movement
(Q/Qyax) Was reached in hNay, 1.4 (Table 2). In contrast, PC muta-
tions limited charge movement at sub-threshold voltages. At -40 mV,
Q/Qyax values in F1473S (22.1 = 2.0%) and in F1705I (13.1 =
3.0%) were significantly decreased compared to hNay,1.4.

Gating charge immobilization. To compare the extent of charge
immobilized in hNay,1.4 and PC channels, we measured total ON
and fast OFF integrals from gating currents in response to step
depolarizations as shown in Figure 7A. Charge immobilization was
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calculated as 1 - (Igopp past/I80on) and plotted against membrane
potential (Fig. 7B). Immobilization curves were fit to Boltzmann
distributions and parameters are given in Table 2. Similar to their
effect on the Q/V curve, F1473S and F1705I significantly shifted the
midpoint of the immobilization curve by 26.4 mV and 26.5 mV, and
F1473S also decreased slope factor. F1473S decreased charge immo-
bilization at voltages more negative than 20 mV. F1705I produced
a biphasic effect, significantly decreasing charge immobilization over
the voltage range from -60 mV to -20 mV, but increasing charge
immobilization at voltages more positive than -10 mV.

We determined the onset of charge immobilization by comparing
Igon and Igopp pagr I response to variable-voltage and duration
depolarizations, as shown in Figure 8. Percent charge immobilized
was determined for each time point. For hNaV1.4 and PC mutants,
the resulting curves were best fit with double exponential func-
tions at -40 mV, whereas curves from more depolarized pulses were
best fit with single exponential functions. Time constants for onset
of charge immobilization were then compared to the kinetics of
fast inactivation of unblocked channels in the cut-open recording
configuration (Fig. 9). Charge immobilized at a rate more rapid
than the entry of channels into the fast-inactivated state. F1473S
produced voltage-independent fast inactivation and gating charge
immobilization at more depolarized potentials.

Recovery from charge immobilization was studied with a double
pulse protocol. 0 mV depolarizations were used to promote the initial
Igone and recovering Igony following interpulse voltages ranging from
-100 mV to -70 mV (Fig. 10). In the fast phase of recovery, F1473S
significantly increased, and F17051 decreased, the extent of charge
remobilized compared to hNay1.4. Over this range of interpulse
intervals, the extent of charge remobilized in hNay,1.4 (43.1 = 1.0%),
F1473S (61.9 = 6.2%) and in F17051 (24.2 + 2.1%) was similar to the
magnitude of gating charge not immobilized at 0 mV, as determined
from experiments as shown in Figure 7B. These findings support the
notion that the initial rise in gating charge recovered is due to S4 trans-
location unimpeded by charge immobilization.

Gating charge recovery proceeded with a bi-exponential time
course (Fig. 10). F1705I did not alter the kinetics of either phase
of remobilization. F1473S slowed the kinetics of the initial phase at
-70 mV and -80 mV but significantly accelerated the second phase
of gating charge recovery (Table 2). Thus, F1473S enhanced the
return of the gating charge by increasing its extent (fast phase) and
accelerating the rate of remobilization (slow phase).

Discussion

Sodium channel dysfunction in non-dystrophic myotonia has
been studied using heterologous expression systems to elucidate
common gating defects that might explain muscle fiber hyperexcit-
ablity. Studies of PC mutations have also yielded valuable insight into
the structural determinants of sodium channel gating. In the present
study we investigated the effects of PC mutants F1473S and F1705I,
with a focus on deactivation, charge movement and its immobiliza-
tion. We found that F1473S and F1705I, expressed in oocytes,
produce effects on gating parameters similar to effects reported
in mammalian expression systems. Both mutants slow the entry
of channels into the fast-inactivated state, and inhibit closed-state
fast inactivation. Whereas neither mutation alters deactivation of
channels from the open state, F1473S accelerates inactivated-state
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Figure 4. Recovery from fast inactivation in hNay 1.4 and PC channels. A. Double pulse protocol used to
generate recovery currents shown at 1 ms intervals (every 10™ sweep shown) following variable-duration,
-120 mV interpulses. Calibration: 10 ms; hNay 1.4 200 pA, F1473S and F17051 500 pA. Values for
voltage dependence of recovery (B) and recovery delay (C) are mean = SEM for 14-18 experiments.

deactivation to promote faster recovery. These effects of F1473S are
predicted by its effect to enhance the remobilization of charge in fast
inactivated channels. At voltages negative to activation threshold, the
extent of charge and its immobilization were significantly decreased
in PC mutants. At more depolarized voltages, F1705I produced the
unexpected result of increasing the immobilizable fraction of the
gating charge compared to wild-type channels.

Comparison of F1473S and F1705I; open-state fast inactivation.
The PC mutation F1473S is located in the DIV S4-S5 linker.?!
Fast inactivation is slowed by F1473S,204! (and see Table 1) by
the homologous mutation F1661S in severe myoclonic epilepsy
of infancy®! and by analogous mutations at this residue.!®19:52-53
Cysteine scanning mutagenesis of residues in the DIV S§4-S5
linker in Nay1.4 suggests an a helical structure.!®52 F1473 and
other residues in the proximal region of the linker are accessible
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unlike F1473S. In addition, only F1705I
increased charge immobilization at volt-
ages for which channels open and then
inactivate. To our knowledge this is the first
report of a sodium channel mutation that
increases charge immobilization compared
to the wild-type channel. Differential effects of F1473S and F1705I
on gating charge movement in response to strong depolarization
suggest to us that these two PC mutants are unlikely to promote their
overtly similar actions to slow open-state fast inactivation by identical
mechanisms. A previous report*? suggests the possibility that F17051
might disrupt fast inactivation in a manner like that of the nearby
GEFS* type II mutation D1866Y in Nay1.1 by inhibiting interac-
tion of the C termini of o and B subunits.’” Additional studies are
needed to identify the molecular mechanisms by which C terminal
mutations disrupt fast inactivation and to determine the role of this
region of the channel in charge immobilization.

Charge movement and closed-state fast inactivation. We found
that F17051 slows fast inactivation at voltages for which channels do
not open, unlike F1473S. In contrast to these disparate effects on
kinetics, both mutations decrease the completion of closed-state fast

Channels 43



Differential gating defects in PC

A
350 e hNa,l4 (}
300+ o F1473S8
—— o F1705] D
250- —
m — , ¢
=200- ———— %
K150 - +
100 ® ¢
06 ® ot ®
T T T T T T
2180 -160  -140  -120  -100  -80
Voltage (mV)
B 350 j e hNayl4
| o F1473S8
00 —— o F17051 %1
250~ —
3 —
2200 E— g
[m]
P 150 &
100 ® ®
@ =
0@ mm e ®®
I | | 1 I I
2180 -160  -140  -120  -100  -80
Voltage (mV)
C 3504 s hNayl4
o F1473S
300+ I o F17051
50| | Y/ $
w
=200
K150 ¢
100+ ® ® ®
048 ® LN
I I 1 T I I
-180 -160 -140 -120 -100 -80
Voltage (mV)

Figure 5. Open-state deactivation determined from tail currents. Channels
were briefly opened to 50 mV for durations ranging from 0.5 ms (A), 0.2 ms
(B) or 0.1 ms (C) prior to hyperpolarizing commands to the voltages shown.
Values are mean = SEM in 12-20 experiments.

inactivation. Therefore, incomplete closed-state fast inactivation,
rather than slowed kinetics, explains the similar depolarizing
shift produced by F1473S and F1705I on the steady-state fast
inactivation curve.

An examination of the normalized Q/V and 1/V curves from
experiments utilizing the cut-open oocyte clamp reveals that signifi-
cant charge moves in wild-type channels at voltages more negative
than the threshold of activation. Thus, a “window potential” is
observed for which charge movement occurs in the absence of
channel activation. Both F1473S and F17051 produced a significant
depolarizing shift of the Q/V curve and decrease this window of
potential between gating and ionic current. The decrease in gating
charge movement at sub-threshold potentials was paralleled by a
decrease in the extent of immobilized charge and of inactivation,
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suggesting a possible common link. Interestingly, gating charge
immobilization and closed-state fast inactivation are causally related
in K4.2 channels.>®

It has been postulated that for weak depolarizations that do not
open the activation gate, DIIIS4 and DIVS4 voltage sensors promote
inactivation from the closed state.’® While our results do not yet
present a molecular mechanism for closed-state fast inactivation, our
results set the stage for future studies examining the relative contribu-
tions of DIIIS4 and DIVS4 voltage sensor movements to inactivate
closed channels.

Charge immobilization and deactivation. Our results suggest
that the most significant effect of F1473S on sodium channel
recovery is to enhance the remobilization of the gating charge in
inactivated channels. This mutation abbreviated inactivated-state
deactivation without altering deactivation of channels from the
open state. F1473S significantly reduced the extent of gating charge
immobilized at 0 mV, the potential used in recovery protocols in
the on-cell and cut-open recording configurations. We propose that
decreased charge immobilization in F1473S dictates the more rapid
return of channels to an available state, and accelerates recovery.
Nevertheless, we found that F1473S produced effects on recovery
rate not perfectly correlated with effects on recovery delay over the
range of interpulse voltages tested. In addition, whereas F17051 did
not affect recovery or its delay, charge immobilization was increased.
Therefore, effects of these mutants of the recovery of channels from
fast inactivation may only be fully explained with an examination of
putative effects downstream of the deactivation transition, such as
unbinding of the IFMT motif.

We found that gating defects of F1473S and F1705I, expressed
in oocytes, are similar to those described for these mutations
expressed in mammalian cells. Our use of oocytes to study these
channels allowed us to measure gating charge movement and its
immobilization with the cut-open oocyte recording configuration.
F1473S and F17051 each decrease the completion of closed-state fast
inactivation, and reduce charge immobilization at voltages for which
channels do not open. In addition, F1473S and F1705I produce
effects on recovery from fast inactivation generally paralleled by their
effects on the remobilization of charge. However, it should be noted
that a causal link of altered charge movement or its immobilization in
F1473S and F1705I to the cellular phenotype of myotonia remains
to be determined.

Materials and Methods

Site-directed mutagenesis. Mutations F1473S and F17051 were
made from template SCN4A in SP64T vector with PCR-directed
mutagenesis using Quik-Change II XL Site Directed Mutagenesis
Kits™ (Stratagene, La Jolla, CA). All constructs were confirmed by
sequencing. Plasmids were linearized with No#/ and transcribed with
T7 RNA polymerase for injection into oocytes.

Oocyte preparation. Xenopus laevis oocyte lobes were surgically
removed after anesthetizing the animals with 0.17% tricaine
(3-aminobenzoic acid ethyl ester, Sigma, St. Louis, MO) according
to guidelines approved by Animal Use and Care Committees at ISU.
Oocytes were isolated by defolliculation after 10 min exposure to
2 mg/mL collagenase in a solution containing (in mM): NaCl 96,
KCI 2, MgCl, 20, HEPES 5, pH 7.4. Culture of oocytes was done
at 18°C in medium containing (in mM): NaCl 96, KClI 2, MgCl, 1,
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Table 2 Parameters for hNay 1.4 and PC channels: Cut-open oocyte recording configuration

Gating parameter hNay 1.4
Vs 5 (mV) 12.4 1.7 (15)
Slope factor 1.65 = 0.08 (15)
Q/V, , (mV) 33.6+15(13)
Slope factor 1.80 = 0.07 (13)
Q/Quuy, 40 mV 0.37 = 0.02 (13)
% Charge immobilized V, ,, -53.3+3.0(13)

390.5 = 42.0 (13)
1.74+0.18 (15)
1.26 0.11 (11)
111012 (11)
290.9 =47 (11)

Slope factor

Ty, inactivation at O mV (ms)
Ton, immobilization at O mV (ms)
Trec FasT, -80 mV (ms)

Trec stows -80 mV (ms)

0.22 + 0.02 (12)***

269 7.6 (12)**

F14735 F17051
11.2+0.9(13) 6.2 2.0 (13)*
1.53 = 0.05 (13) 1.70 = 0.07 (13)
18.1 + 3.7 (12)** 7.7 %67 (8)**
1.13 £ 0.11 (12)*** 1.94 + 0.28 (8)

0.13 + 0.05 (8)***
26.8 = 4.5 (8)***

233.0 = 59.8 (12)* 364.7 = 61.5 (8)
4.81 =0.32 (13)*** 3.29 +0.23 (13)**
1.61 = 0. 30 (10) 1.78 = 0.31 (13)
2.67 = 0.58 (12)* 0.80 = 0.18 (13)
15.0 = 4.4 (12)* 20.2+5.2 (13)

*p < 0.05; **p < 0.01; ***p < 0.001; Cut-open recording configuration.

A Tonic Currents B  Tetrodotoxin

_ _

r—

(  Gating Currents

for better resolution, and preliminary experiments
indicated that gating parameters exhibited sensitivity
to decreased temperature for which 12°C was not
4' saturating. Oocyte holding potential was -120 mV
between trials and changed to -150 mV immediately
prior to each protocol. Leak (p/4) and capacitance

D Q/V,1/V Relations

subtractions were done following patch formation
and corrected before each voltage clamp experiment.

101+ o hNayl.4 104 o Qv F1473S 101 = Qv F17051 Analyses and graphing were done using PulseFit
: . U4 e Ky - / - .
5 o IV ‘N"_.*’ >< o IV ' - o W a (HEKA) and Igor Pro 6.0 (WaveMetrics, Lake
2 08+ LA Z 08 ' Z 084 0
x § & = i swego, OR).
— 06+ i ¢ = 06+ = 064 Equilibrium parameters were obtained from
% 04 ‘ ¥ % 04 % 04 responses to variable-voltage, 20 ms test pulses from
S i ‘ ¥ S o ’, k. o ia -150 mV (activation), or in response to -20 mV test
& =] R _f o - ;6 @ o pulses following variable-voltage, 500 ms pre-pulses
00-j08c00s® oo-gesee® Lty === (inactivation).  Conductance/voltage  (g(V))
80 40 0 40 80 40 0 40 80 40 0 40 : : : : : .
Voltage (mV) Voliage (mV) Voliage (mV) relationships were derived using Equation 1:
Figure 6. lonic and gating currents in the cutopen configuration. Outward ionic currents in 8Na = Ima,x/(VM - ENa) Eqn. 1

response to step commands from -120 mV are shown in (A). lonic currents were blocked by
2 uM TTX (B), resulting in gating currents shown in (C). Calibration: 5 ms; (A) 1.5 uA, (B)  where gy, is sodium conductance, I is calculated
a gl

1 uA, (C) 200 nA, (D) I/V and Q/V relations for hNay 1.4 and PC channels. Values are mean

+ SEM in 8-15 experiments.
CaCl, 1.8, HEPES 5, sodium pyruvate 2.5, pH 7.4, with 100 mg/I

gentamicin and 3% horse serum (Hyclone Laboratories, Logan,
UT). Oocytes were co-injected with mRNA for sodium channel o
and B, subunits (1:1 volume, o subunit at 1 ug/ul, B, subunit at
3 ug/wl) in a volume of 50 nl/oocyte.

Macropatch recordings. On-cell macropatch recordings were
used to obtain data shown in Figures 1 to 5. The bath solution
contained (in mM): NaCl 9.6, KCI 88, EGTA 11, HEPES 5, pH
7.4 and recording pipette solution contained (in mM): NaCl 96,
KCI 4, MgCl, 1, CaCl, 1.8, HEPES 5, pH 7.4. Recordings were
done using EPC-9 or EPC-10 patch-clamp amplifiers (HEKA,
Lambrecht, Germany) controlled via Pulse or PatchMaster™ soft-
ware (HEKA) run by Macintosh G4 or G5 computers. Bath solution
was maintained at 12°C with a Peltier device and HCC-100A
temperature controller (Dagan Corporation, Minneapolis, MN).
We performed experiments at 12°C to slow deactivation kinetics

max
as peak current in response to the test pulse, Vy; is

test pulse voltage, and E, is the measured Na* equi-
librium potential. Steady-state activation and fast inactivation (h,)
curves were fit to Boltzmann distributions according to Equation 2:

(/1,0 = V(1 + exp(-ze,(Vy - V,,,)/£T)) Eqn. 2

max
where the normalized current amplitude I/ is measured from the
response to the test pulse potential Vy, z is the apparent valence, ¢
is elementary charge, V,,, is midpoint voltage, # is the Boltzmann
constant, and T is temperature in K.

We measured activation kinetics as the time for 10% to 90%
of peak inward current in experiments as shown in Figure 1. We
measured kinetics of fast inactivation from the open and closed
states, and for recovery. Time constants of open-state fast inactivation
were determined by fitting current decays to Equation 3:

I(t) = offset + a; exp(-t/tyy) Eqn. 3
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Figure 7. Charge immobilization in hNay 1.4 and PC channels. (A) Traces
are Igon and Igagp in response to step commands to the voltages shown.
Calibration: 5 ms; hNay1.4 and F17051 200 nA, F1473S 100 nA. (B)
Voltage dependence of % charge immobilized. Values are mean = SEM in
8-13 experiments.

where offset is plateau amplitude, a, is current amplitude at t = 0, and
Ty is the time constant. Kinetics and completion of closed-state fast
inactivation were determined from experiments utilizing a double
pulse protocol. First, channels were subjected to pre-pulses at volt-
ages ranging from -90 mV to -50 mV for durations up to 300 ms.
Pre-pulses were applied in three contiguous segments in which dura-
tions ranged from 0 to 5 ms, 5 to 50 ms and 50 to 300 ms. During
the second (test) pulse, channels were subjected to 20 ms, -20 mV
test pulses to assess channel availability. Decreases in peak current
amplitude were normalized to the response to the initial test pulse,
and the normalized curve over 300 ms was fit with Equation 3 to
determine ;. Completion of fast inactivation from the closed state
was assessed from the asymptote (offset) of the normalized curve and
expressed as % normalized current.

Recovery from fast inactivation was measured using a double
pulse protocol in which 0 mV, 50 ms depolarizing pulses to inacti-
vate channels were followed by interpulses at voltages from -180 mV
to -100 mV, at durations ranging from 0 to 10 ms. Channel avail-
ability was assessed after each interpulse interval with a second
depolarization to 0 mV. Peak amplitudes of recovery currents were
normalized to the initial depolarization for that sweep, and recovery

46 Channels

time constants were calculated from single exponential fits to
recovery curves according to Equation 3 with the parameters:

I(t) = offset + a; exp(-t/Tppe)

where offset is plateau amplitude, a, is current amplitude at t = 0,
and Tppe is the time constant. From these same experiments we
calculated the kinetics of inactivated-state deactivation. To do this
we extrapolated peak amplitudes of normalized recovery currents to
the time for zero current, from the above equation. That time, the
delay in the onset to recovery from fast inactivation, was taken for
kinetics for inactivated-state deactivation.*#4¢ Open-state deactiva-
tion kinetics, given as time constants (tp), were derived from the
decay of tail currents. Channels were briefly opened with a depolar-
ization to 50 mV prior to command hyperpolarizations at voltages
from -180 mV to -70 mV, and T, was determined using equation 3
with the following parameters:

I(t)= offset + a; exp(-t/Tp)

where I(t) is current amplitude as a function of time, offset is plateau
amplitude, a, is current amplitude at t = 0, and T, is the deactivation
time constant.

Cut-open oocyte recordings. Sodium channel gating currents
were recorded using the cut-open oocyte clamp as described earlier.*”
Briefly, top and middle (guard) chambers were filled with external
gating solution (in mM): NMG-MES (N-methyl D-glucamine,
methanesulfonic acid) 120, HEPES 10, Ca(OH), 2, pH 7.4. The
bottom chamber was filled with internal gating solution (in mM):
NMG-MES 120, HEPES 10, EGTA 2, pH 7.4. Glass electrodes
containing platinum wires and filled with 3% agar in 500 mM
NMG-MES connected each pool to a CA-1B amplifier (Dagan)
via salt bridges with 1 M NaCl. Electrical access to the interior of
the oocyte was obtained by rinsing the bottom chamber with 0.5%
saponin in internal solution. The animal pole was impaled with a
borosilicate electrode filled with 3 M KCl, and membrane potential
clamped to -100 mV.

Ionic currents were elicited with commands from a holding
potential of -120 mV (Fig. 6A). Gating currents (Fig. 6C) were
isolated by adding 2 uM tetrodotoxin (TTX, Sigma) to the upper
chamber, followed by a train of 20 ms step depolarizations to 0 mV.
I/V relations were determined from peak amplitudes of outward
current in response to commands to voltages from -90 mV to 60
mV. Q/V relations were determined by integrating total outward
gating currents (Ig5y) to quantify charge movement over that
voltage range. Normalized curves for I/Iy;,y and Q/Q,,y were fit
to Boltzmann distributions according to equation 2 to obtain equi-
librium parameters.

Immobilization of the gating charge was measured by integrating
the fast component of the inward gating current (Igpp pasy) at the
end of each step depolarization, and comparing to Igon according
to Equation 4:

% charge immobilized = 1 - (Igqpp past/I80N) Eqn. 4
Percent of charge immobilized was plotted against command
voltage and the resulting curves were fit to Boltzmann distributions
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Figure 9. Comparison of kinetics of open-state fast inactivation (open symbols) to onset of charge immobilization (closed symbols). Kinetics of fast inactivation
were derived from single exponential fits to decays of ionic current. Kinetics of charge immobilization were calculated from the curves shown in Figure 8 as
the slow component of a double exponential (-40 mV) and from single exponential fits at all other voltages. Values are mean + SEM for 8-15 experiments.

according to equation 2 to obtain equilibrium parameters for charge
immobilization.

Onset kinetics of gating charge immobilization were determined
from experiments using variable-duration (0 to 15 ms) pulses at
voltages from -40 mV to 40 mV, using equation 4. We determined
kinetics at each voltage by fitting the % charge immobilized curve
to a single exponential function, using equation 3. Kinetics at
-40 mV fit more closely with a double exponential function (see

Eqn. 5).

www.landesbioscience.com

Recovery, or remobilization of gating charge, was determined
in experiments using a double pulse protocol. The membrane was
depolarized to 0 mV for 30 ms to inactivate channels and immobilize
the gating charge. Interpulses at voltages ranging from -100 mV to
-70 mV for durations up to 50 ms were followed by a second depo-
larization to 0 mV to assess recovery of the gating charge. Integrals
for Igyy following interpulse commands were normalized to the
initial Ig;, and remobilization parameters determined by fitting the
recovery curve with Equation 5:
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values are mean = SEM for 10-13 experiments.

Ig(t) = offset + a; exp(-t/T, ) + a, exp(-t/T . ) Eqn. 5
where Ig(t) is the normalized Igny as a function of time, offset is
plateau amplitude, a; and a, are asymptotes for the fast (F) and slow
(S) phases of recovery, and T, and T, g are time constants.
Statistical significance was assessed with Instat 2.0 (GraphPad,

San Diego, CA) using Student’s unpaired “t” tests or, where there 10
was a statistically significant difference between standard deviations, .
Welch’s alternative “t” tests. Statistical significance of difference
between hNay, 1.4 and mutations was accepted at p < 0.05.
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