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Interaction Between the Sodium Channel Inactivation Linker and Domain

Il S4-S5

Marianne R. Smith and Alan L. Goldin
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ABSTRACT The llI-IV linker (L) of the rat brain sodium channel is critical for fast inactivation, possibly forming a fast
inactivation particle. Inactivation can be disrupted by mutation of a conserved alanine at position 1329 in the S4-S5 loop of
domain lll. Combination of a charged mutation at 1329 with a compensatory (opposite) charge mutation at position 1489 in
L,.v partially restores inactivation of the channel. The compensatory charge mutant channel has a single-channel mean open
time that is similar to that of the wild-type channel and is ~50 times shorter than that of the L,,,_,, mutant channel. The results
of thermodynamic cycle analysis indicate that the mutations in domain il S4-S5 and L,,_,, have a coupling energy of 2.8
kcal/mol, indicating that the two mutations act interdependently. These data suggest that L,,,_,,, interacts directly with A1329,
which may form part of the docking site if L,,_,, is a fast inactivation particle.

INTRODUCTION

Voltage-gated sodium channels initiate the rising phase of
action potentials that are responsible for signaling through-
out the nervous system (Catterall, 1992). Sodium channels
open in response to membrane depolarization and then
inactivate within 1-2 ms to prevent further flow of sodium
ions into the cell. Inactivated channels cannot reopen until
the membrane is repolarized and the channels enter the
closed state. Abnormalities in fast inactivation can cause
defects in electrical excitation, as demonstrated by the mu-
tations in the human skeletal muscle sodium channel gene
that cause hyperkalemic periodic paralysis and paramyoto-
nia congenita (McClatchey et al., 1992; Ptacek et al., 1994),
and mutations in the cardiac sodium channel gene that cause
long QT syndrome (Wang et al., 1995, 1996).

Armstrong and Bezanilla originally proposed a ball-and-
chain model to describe sodium channel fast inactivation
(Armstrong and Bezanilla, 1977). This type of mechanism
has been shown to be true for the Shaker potassium channel
(Hoshi et al.,, 1990; Zagotta et al., 1990), in which the
cytoplasmic amino terminus functions as an inactivation
particle and occludes the pore of the channel. The sodium
channel is structurally homologous to the Shaker potassium
channel. In the sodium channel, the cytoplasmic linker
between domains III and IV (Ly; ) is critical for fast
inactivation and may form an inactivation particle similar to
the Shaker amino terminus (Stiihmer et al., 1989; Vassilev
et al., 1989; Patton et al., 1992; West et al., 1992; Kellen-
berger et al., 1997a,b). In fact, the sodium channel Ly v
region can function as an inactivation particle when substi-
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tuted for the amino terminus of the Kv1.1 potassium chan-
nel (Patton et al., 1993). Unlike the Shaker inactivation
particle (Murrell-Lagnado and Aldrich, 1993a,b), the func-
tion of the putative sodium channel inactivation particle is
not greatly influenced by neutralization of charged amino
acids (Moorman et al., 1990; Patton et al., 1992). Rather,
three hydrophobic amino acids (IFM) are critical, because
replacement of these with polar residues results in channels
that do not inactivate (West et al., 1992; Kellenberger et al.,
1997b). The essential residue is F1489, which appears to be
accessible from the cytoplasmic side at negative membrane
potentials, but is inaccessible when the channel is inacti-
vated (Kellenberger et al., 1996). The definitive experiment
required to validate the ball-and-chain model for the sodium
channel, in which a synthetic peptide inactivates the chan-
nel, has been inconclusive. A peptide consisting of KIFMK
can function to occlude the channel when applied to the
cytoplasmic side of the channel (Eaholtz et al., 1994), but
the properties of that process are not identical to those
observed during normal channel inactivation (Tang et al.,
1996).

If the sodium channel inactivates by a ball-and-chain
mechanism, then a region of the channel must function as a
docking site for the inactivation particle. In the Shaker
channel, mutations that neutralize polar and charged resi-
dues in the S4-S5 linker disrupt inactivation, suggesting that
this region may act as a docking site for the Shaker particle
(Isacoff et al., 1991). In the sodium channel, hydrophobic
residues in the S4-S5 linker of domain III (Yang et al.,,
1994) or IV (Tang et al., 1996) and the S6 transmembrane
segment of domain IV (McPhee et al., 1994, 1995) have
been shown to be important for inactivation. However, a
direct interaction between L} ;, and any proposed docking
site has not been demonstrated. In this study, we identify a
residue in domain III S4-S5 of the rat brain type IIA sodium
channel that interacts with Ly 1y, consistent with a model in
which it forms part of a docking site.
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MATERIALS AND METHODS
Site-directed mutagenesis

The plasmid pVA2580 contains the rat brain IIA (RIIA) sodium channel
coding region downstream from a T7 RNA polymerase promoter (Auld et
al., 1990). The domain II and IIT S4-S5 regions of RIIA, as defined by the
unique restriction sites Xmal and Bg/II for domain II, and Bg/lI and Bs¢EIl
for domain III, were subcloned into M13 mp18A, a version of M13 mp18
with a polylinker region that was modified to contain unique restriction
sites in the RIIA coding region. M13 single-strand mutagenesis was used
to create the mutations, as previously described (Smith and Goldin, 1996).
Uracil-containing, single-stranded DNA was isolated from phage grown in
the dut™ ung™ Escherichia coli strain RZ1032 in YT media supplemented
with 250 pg/ml uridine. Each mutagenic oligonucleotide primer (shown
below) was kinased with T4 polynucleotide kinase and annealed to the
template at a 10:1 molar ratio. The primer was extended with T7 DNA
polymerase (2.5 units) in the presence of T4 DNA ligase (6 Weiss units) in
a 100-ul reaction containing 10 mM MgCl,, 0.5 mM deoxynucleotide
triphosphates, 1 mM ATP, 2 mM dithiothreitol, and 20 mM Tris-HCl, pH
7.5. The reaction mixture was incubated first on ice for 5 min, then at room
temperature for 5 min, and finally at 37°C for 2 h. XL-1 bacteria were
transformed with the heteroduplex DNA by electroporation and plated with
XL-1 lawn cells. Individual plaques were picked and plaque purified before
phage was grown, to isolate single-stranded DNA, which was used to
screen for the mutation by dideoxynucleotide sequencing. Double-stranded
replicative form DNA was isolated and used to ligate the sodium channel
region containing the mutation back into the plasmid containing the full-
length coding region.

Mutations were constructed using the following oligonucleotide
primers:

LNM867-69Q3:
CGATGATCTTAATGAGCTGCTGCTGTGTGGGCCAGGACTTTGC

LIK870-72Q3:
CGAGTTGCCGATGATCTGCTGCTGCATGTTCAGTGTGGG

11G873-75Q3: CCCACCGAGTTCTGCTGCTGCTTAATGAGC

NSV876-78Q3:
GTTGCCCAGTGCACCCTGCTGCTGGCCGATGATCTTAATGAGC

GALS879-81Q3:
GGTCAGGTTGCCCTGTTGCTGCACCGAGTTGCC

GN882-83Q2: GCACCAGGGTCAGCTGCTGCAGTGCACCC

VVV1325-27Q3:
CGCCTAAGAGAGCGTTGTGCTGCTGCCTGATTCCTTC

N1328Q: GCCTAAGAGAGCCTGTACAACAACCCTC

ALL1329-31Q3:
GGAGGGGATGGCGCCGTGCTGCTGGTTTACAACAACCCT

1PS1334-36Q3:
AAGTACGTTCATTATCTGCTGCTGGGCGCCTAAGAGAGC

V1327K: GCCTAAGAGAGCGTTTTTAACAACCCTCATTCC

A1329Q: GCCTAAGAGCTGGTTTACAACAACC

A1329K: GCCTAAGAGTTTGTTTACAACAACC

A1329D: GCCTAAGAGGTCGTTTACAACAACC

A1329R: GCCTAAGAGACGGTTTACAACAACC

A1329E: GCCTAAGAGCTCGTTTACAACAACC

L1330Q: GGCGCCTAACTGAGCGTTTAC

L1331Q: GATGGCGCCCTGGAGAGCG

L1331K: GGGGATGGCGCCTTTGAGAGCGTTTAC

F1489D: GTTCTTCTGTCATGTCGATGTCTTGACC

F1489K: CTGTTCTTCTGTCATCTTGATGTCTTGACC

F1489E: GTTCTTCTGTCATCTCGATGTCTTGACC

F1489R: CTGTTCTTCTGTCATCCTGATGTCTTGAAC

Oocyte expression and
electrophysiological analysis

RNA transcripts were synthesized from Notl linearized DNA templates
using the T7 mMESSAGE mMACHINE kit (Ambion, Austin, TX). Stage
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V oocytes were removed from adult female Xenopus laevis frogs, prepared
as previously described (Goldin, 1991) and incubated in ND-96 media (96
mM NaCl, 2 mM KCl, 1.8 mM CaCl,, 1 mM MgCl,, and 5 mM HEPES,
pH 7.5), supplemented with 0.1 mg/ml gentamicin, 0.55 mg/ml pyruvate,
and 0.5 mM theophyliline. Sodium channel a-subunit RNA and sodium
channel B,-subunit RNA were coinjected into oocytes at an approximate
molar ratio of 1a:108, to attain current levels of 1-4 pA, 1-3 days after
injection. After incubation at 20°C in ND-96 for 1-3 days, sodium currents
were recorded at room temperature with a two-electrode voltage clamp as
previously described (Patton and Goldin, 1991). The bath recording solu-
tion consisted of ND-96. Currents were measured and analyzed with
pCLAMP software (version 6.0.3; Axon Instruments, Burlingame, CA).
All analyses, except for recovery from inactivation, were performed after
subtraction of currents recorded in the presence of 400 nM tetrodotoxin.

Currents were recorded at a depolarization of —10 mV to measure
inactivation time constants and maintained currents. Time constants were
determined by using the Chebyshev method to fit the current traces with a
single exponential equation, Al * exp[—(¢+ — K)/71] + C, or a double-
exponential equation, Al * exp[—(r — K)/71] + A2 * exp[—(t — K)/72] +
C, where Al and A2 represent the proportion of channels inactivating with
time constants 71 and 72, K is the time shift, and C is the steady-state
asymptote. The time shift was manually selected by fitting the traces at the
time when the currents were just starting to decrease exponentially. Main-
tained current was calculated by dividing the current amplitude either 14
ms (Table 1) or 200 ms (Table 2) after the initiation of the depolarization
by the maximum current amplitude. K, and K ¢ were calculated using the
equations K, = (1 — I )7 and K ¢ = I /7, where I is the ratio of
steady-state to peak current, and 7 is the time constant for the fast
component of inactivation. The free energy of inactivation (AG) was
calculated by using the equation AG = —RT In(K,,), where R is the
universal gas constant, 7T is temperature, and K., = K,./K g

Oocytes were clamped at a holding potential of —100 mV and currents
were elicited by 18-ms depolarizations ranging from —90 mV to +55 mV
in 5-mV increments to determine the voltage dependence of conductance.
Conductance values were calculated using the formula G = IV — V)),
where G is conductance, / is current amplitude, V is the depolarized
membrane potential, and V; is the reversal potential for sodium. Reversal
potentials were individually estimated for each data set by fitting the /-V
data as previously described (Kontis and Goldin, 1993). Conductance
values were fit with a two-state Boltzmann equation, G = 1/(1 +
exp[—0.03937 * z * (V — V,,,)]), where z is the apparent gating charge, V
is the command potential, and V,, is the voltage required for half-
maximum activation.

The voltage dependence of steady-state inactivation was determined by
using 1-s conditioning prepulses from —100 mV to 15 mV in 5-mV
increments, followed by a test pulse to —5 mV for 24.8 ms. Long prepulses
(1 s) were necessary to obtain significant inactivation of the mutant
channels that inactivated very slowly. Peak current amplitudes measured
during the test depolarization were normalized to the maximum current
amplitude and are plotted as a function of the conditioning prepulse
potential. The data were fit with a two-state Boltzmann equation, / = 1/
(1 + exp[0.03937 * z * (V — V,,,)]), where [ is current, z is the apparent
gating charge, V is the prepulse depolarization potential, and V,,, is the
voltage depolarization required for half-maximum inactivation.

To measure recovery from inactivation, oocytes were held at —100 mV.
One-second prepulses to —10 mV were followed by variable recovery
periods from 200 ms to 2 ms or from 1500 ms to 10 ms at ~100 mV,
followed by 15-ms test pulses to —10 mV. Long prepulses (1 s) were
necessary to obtain significant inactivation of the mutant channels that
inactivated very slowly. Peak current amplitudes during the test pulse were
normalized to the current amplitude of a 70-ms pulse to —10 mV elicited
before the recovery protocol, and plotted as a function of the duration of the
recovery interval. The data for A1329D and A1329D/F1489K were fit to
a double exponential equation, 1 — [(a * exp(—/T1) + b * exp(—1/12)],
and the data for all of the other channels were fit to a triple exponential
equation, 1 — [(a * exp(—#/71) + b * exp(—t/12) + ¢ * exp(—t/73)], where
a, b, and ¢ represent the proportion of recovery with time constants 71, 72,
and 73, respectively, and ¢ is the recovery interval. The slowest time
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TABLE 1 Inactivation kinetics for mutations identifying regions that disrupt fast inactivation
Inactivation time constants
Fast component Slow component Maintained current

Channel (ms) Percentage of fast component (ms) Percentage of slow component (14 ms) n
Wild type 1.1+02 94 *+ 2% 140 * 0.4 6*+2% 4=*1% 5
LNM867-69Q3 1404 ND ND ND 3+1% 6
LIK870-72Q3 1.0+ 03 96 * 2% 15.6 = 0.6 4*2% 2.1 £04% 5
11G873-75Q3 1.5 £04 95 = 2% 140 * 0.8 5%2% 4*2% 5
NSV876-78Q3 1.1 +0.1 88 + 2% 148 + 0.5 12+ 2% 4+ 1% 6
GAL879-81Q3 1.6 202 82+ 1% 15203 18 1% 10 £ 1% 6
GN882-83Q2 1.2%0.1 88 * 2% 129+ 05 12+ 1% 5*1% 5
VVV1325-27Q3 1.2x0.1 ND ND ND 5+3% 5
N1328Q 0.8 0.1 95 + 1% 118 14 5*1% 3£1% 5
14=0.1 84 2% 73+8 16 = 2% 16 = 2% 5
GA1332-33Q2 1.2 201 96 * 2% 55*5 4+2% 6*3% 5
IPS1334-36Q3 09 *0.1 96 * 2% 159 0.9 4 2% 2*1% 5
14 0.1 88x1% 432 12+1% 18 + 3% 5
L1330Q 05+0.2 ND ND ND 1.3+ 03% 5
L1331Q 1.1 = 0.02 ND ND ND 1.6 +0.1% 5

ND, Not determined because current traces for these channels were best fit with a single exponential equation.
The mutant channels indicated in bold type in boxes are the focus of the experiments presented in this study.

constant was greater than 2.5 s, and could not be accurately quantified
because the longest recovery interval that was used was 1.5 s. This time
constant most likely reflected recovery from slow inactivation, and it is not
shown in Table 3.

Single-channel recordings were acquired from inside-out patches in an
internal bath solution consisting of 88 mM KCl, 9.6 mM NaCl, | mM
MgCl,, 1 mM CaCl,, 11 mM EGTA, 5 mM HEPES, pH 7.5. Normal frog
Ringer’s solution (115 mM NaCl, 2.5 mM KCl, 1.8 mM CaCl,, 10 mM
HEPES, pH 7.5) was used as the external pipette solution. Currents were
recorded with a sampling frequency of 20 kHz and a filter frequency of 2
kHz. Single-channel data were analyzed with pCLAMP 6.0.2 software.
The mean open time was determined by fitting dwell-time histograms with
the probability density function f(f) = (1/7)exp(—#/7), using the simplex
least-squares method, where ¢ is equal to time and 7 is the mean open time.
The transition rate constant is the reciprocal of the mean open time. Five
oocytes were used for each determination.

RESULTS
Mutations in 11l S4-S5 affect fast inactivation

Site-specific mutagenesis was used to scan cytoplasmic
regions of the rat brain type IIA (RIIA) sodium channel to
identify residues that might be involved in sodium channel
fast inactivation. Amino acids in the S4-S5 linkers of do-
mains II and III were substituted with glutamines (Q) in an
attempt to disrupt hydrophobic interactions between the
putative IFM inactivation particle in Ly;; ;v and the potential
docking site for the fast inactivation particle (Fig. 1 A).
Mutant channels were coexpressed with the sodium channel
B,-subunit (Isom et al., 1992) in Xenopus oocytes, and the

TABLE 2 Inactivation kinetics for compensatory charge mutations
Inactivation time constants
Fast Percentage Slow Percentage Transition rate
component of fast component of slow Maintained K. Ko Mean open constant
Channel (ms) component (ms) component current (ms™") (ms™") time (ms) (ms™')

Wild type 1.1x02 94x2% 14+ 04 6*2% 1.0 = 0.9% 091 £0.17 0.009 = 0.008 0.3 3
A1329K 1.6 0.2 88 * 2% 4310 12%2% 10 = 2% 0.56 = 0.07 0.06 = 0.01 0.2 S
F1489D 20=x03 25+ 5% 262 %22 75 = 5% 72+ 4% 0.14 = 0.03 0.36 = 0.06 9.6 0.1
A1329K/F1489D 1.4 £ 0.1 76 * 4% 973 24 + 4% 21 + 4% 0.58 £ 0.08 0.15 *0.02 0.2 5
A1329D 1.7+02 90 * 2% 22*x06 10*2% 1.4 = 0.5% 0.60 = 0.08 0.008 + 0.002 ND* ND*
F1489K 45+ 1.0 9+2% 241 *10 91 * 2% 70 = 2% 0.07 =002 0.16 = 0.03 ND* ND*
A1329D/F1489K ND* ND* 190 = 11 ND* 48 * 2% ND* ND* ND* ND*
V1327K/F1489D 10+2 16 £ 3% 58 +7 84 = 3% 13+4% 0.09 £0.02 0.013 +0.003 ND* ND*
L1331K/F1489D 4.0 0.7 11 +3% 86 = 10 89+ 3% 17 * 1% 021 £0.04 0.04 +0.01 ND* ND*
A1329R 09 x 0.1 95+ 2% 22*2 5+2% 1.7 * 0.9% 1.1 £0.1 0.018 + 0.009 ND* ND*
F1489E ND* ND* 176 = 13 ND* 48 * 2% ND* ND* ND* ND*
A1329R/FI1489E 7.1 =20 8+ 1% 65 * 12 92+ 1% 11 *3% 0.13 £ 0.03 0.02 = 0.01 ND* ND*
Al329E 14+02 84 * 5% 90 =8 16 = 5% 10 = 4% 0.63 x0.10 0.07 £0.01 ND* ND*
F1489R 48 0.7 9+ 1% 190 * 15 91 £ 1% 55 *3% 009 £0.02 0.12*0.02 ND* ND*
Al329E/F1489R 3.1 £ 0.8 21£5% 1237 79 + 5% 29 £ 2% 024 £0.06 0.10 £ 0.02 ND* ND*

*Not determined.

#Not determined because current traces for these channels were best fit with a single exponential equation so that there was no fast component.
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TABLE 3 Voltage dependence and recovery from inactivation for compensatory charge mutations

Voltage dependence of

Conductance inactivation Recovery from inactivation
Fast Slow
Vi z Vi z component Percentage of component  Percentage of

Channel (mV) (e,) n (mV) (e,) n (ms) fast component* (ms) slow component* n
Wild type -19%2 56=*06 7 —49*1 53=*0.1 S 52 57 * 4% 50 =13 34+ 4% 6
A1329K -10£3 43x06 6 —-40*1 48=*0S5 6 9+2 25+ 5% 152 *+ 30 61 + 7% 6
F1489D -21*x2 7208 7 ND* ND* ND* ND* ND* ND* ND* ND*
Al329K/F1489D —-14 =3 43 =*08 6 -32*x1 42x07 5 12+ 4 5*2% 148 + 10 82 * 5% 5
A1329Q -12%*2 43*05 8 -38+1 42*02 6 124 23 3% 198 = 28 63 * 4% 5
A1329D -17x2 47*06 7 -45+x2 51*02 6 41 54 * 2% 94 27 47 * 3% 6
F1489K —23x2 61 6 ND* ND* ND* ND# ND* ND* ND* ND*
A1329D/F1489K -26*+2 6.2 *=0.8 4 -33+x2 51*09 7 ND* ND# 130 = 15 66 * 2% 5

*Less than 100% of the total current recovered from inactivation for all of the channels except A1329D. The remaining current recovered with a time
constant that was greater than 2.5 s, and could not be accurately quantified because the longest recovery interval that was used was 1.5 s.

#Not determined because these channels could not be inactivated by a 1-s prepulse.

$Not determined because recovery for these channels was best fit with a double-exponential equation. The second time constant was greater than 2.5 s and
could not be accurately quantified because the longest recovery interval that was used was 1.5 s.

electrophysiological properties of the channels were exam-
ined by the two-electrode voltage-clamp technique. Inacti-
vation time constants and the percentage of maintained
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FIGURE 1 Mutations to identify regions that disrupt fast inactivation.

(A) Diagram of the rat brain IIA sodium channel (RIIA), showing single,
double, and triple amino acid mutations to glutamine in the S4-S5 linkers
of domains II and III and the location of the IFM inactivation particle in
Lywiv- (B) Representative current traces at a depolarization of —10 mV are
shown for wild type (WT), ALL1329-31Q3 (trace 1), A1329Q (trace 2),
L1331Q (trace 3), and L1330Q (trace 4).

current for the mutant channels are shown in Table 1. Most
of the mutant channels inactivated with kinetics similar to
those of the wild-type channel. However, the ALL1329-
31Q3 mutant in domain III S4-S5 inactivated significantly
slower than the wild-type channel, with a pedestal of current
maintained for more than 200 ms (Fig. 1 B and Table 1).
The mutant channel GAL879-81Q3 in domain II S4-S5 also
inactivated more slowly than the wild-type channel, in that
a greater percentage of current through that channel inacti-
vated with the slow time constant (Table 1). However, this
effect was much smaller than that seen for ALL1329-31Q3,
so in this study we have focused on analyzing the impor-
tance of the ALL1329-31 region for sodium channel fast
inactivation.

Three single amino acid substitutions were made at
ALL1329 to identify the specific residue that caused slower
inactivation. L1330Q inactivated with kinetics slightly
faster than those of the wild-type channel, and L1331Q
inactivated with Kinetics similar to those of the wild-type
channel (Fig. 1 B and Table 1). The A1329Q mutant showed
a slower inactivation time course similar to that of
ALL1329-31Q3 (Fig. 1 B and Table 1). The alanine at
position 1329 is invariant in voltage-gated sodium channels
from vertebrates and invertebrates, with the single excep-
tion of a sodium channel from jellyfish (Goldin, 1995). The
high level of conservation of this residue is consistent with
a critical role for some aspect of normal sodium channel
function, such as fast inactivation.

Mutations in lll S4-85 can compensate for a
mutation in Ly,

Inactivation of the sodium channel has been modeled as
occurring through hydrophobic interactions between the
putative IFM inactivation particle and a receptor. Previous
studies suggested that phenylalanine (F) at position 1489 in
Lyy_rv forms the nucleus of this particle (West et al., 1992).



Smith and Goldin

Inactivation can be disrupted by substituting a charged
residue at this position. If A1329 in domain III S4-S5
normally interacts with F1489 through a hydrophobic inter-
action, then a mutant channel containing both a charge at
1489 and a compensatory (opposite) charge at 1329 might
be able to partially inactivate through electrostatic interac-
tions between the two charges (Fig. 2). This hypothesis was
tested by constructing the mutant channels A1329K/
F1489D, A1329D/F1489K, A1329R/F1489E, and A1329E/
F1489R.

Fig. 3, A and B, show representative current traces for
channels containing single-charge lysine (K) or aspartate
(D) substitutions or compensatory combinations of the two
charges. Current traces for F1489D and F1489K show that
inactivation was almost completely removed when a charge
was placed at this position in Ly, v. In contrast, A1329K/
F1489D demonstrated a fast component of inactivation that
was similar to that of the wild-type channel (Fig. 3 A and
Table 2). F1489D inactivated more slowly and demon-
strated more than twice the maintained current compared to
A1329K/F1489D (Table 2). A calculated “on” rate for the
putative inactivation particle binding to its receptor was
increased for A1329K/F1489D compared to F1489D,
whereas the “off” rate was decreased (Table 2, K, and
K. s). When the charges at the two positions were reversed,
A1329D/F1489K inactivated faster than F1489K, as shown
by the decrease in the slow component of inactivation and
the decrease in maintained current for A1329D/F1489K
compared to F1489K alone (Fig. 3 B and Table 2). These
data demonstrate that combining opposite charge mutations
at positions 1329 and 1489 partially restored channel inac-
tivation. This effect occurred with either charge orientation,
although the kinetics of inactivation were different, depend-
ing on the orientation.

To determine if a specific amino acid combination was
necessary for restoration of inactivation in the compensa-
tory charge mutant channels, we also constructed mutants
containing arginine (R) and glutamate (E) substitutions. Fig.
3, C and D, shows representative current traces for the
channels containing the compensatory charge mutations
A1329R/F1489E and A1329E/F1489R and single charge

RVWN/:LLGAIPSIMN KKFGGQDII;MTEEQKKY

@ ©

FIGURE 2 Strategy for the compensatory charge mutations. Diagram of
the RIIA sodium channel, showing a negative charge mutation at the
phenylalanine at position 1489 in Ly, |, and a positive charge mutation at
the alanine at position 1329 in the S4-S5 linker of domain III.
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substitutions. A1329R/F1489E inactivated significantly
faster than F1489E, as demonstrated by a decrease in the
time constant for the slow component of inactivation and
the appearance of a fast component of inactivation (Fig. 3 C
and Table 2). There was also a dramatic decrease in the
percentage of maintained current for A1329R/F1489E to
less than one-fourth the maintained current of F1489E alone
(Table 2). A similar effect was observed when the arginine/
glutamate charge substitutions at the two positions were
reversed. A1329E/F1489R inactivated more rapidly than
F1489R, as shown by a decrease in the slow component of
inactivation and a smaller percentage of maintained current
(Fig. 3 D and Table 2). These data show that combining
opposite charges at position 1489 in Ly, and position
1329 in III S4-S5 was sufficient to restore inactivation, and
that this effect did not depend on the specific amino acid
combination.

Mutations in lll $S4-S5 affect the voltage
dependence of activation and inactivation

The S4-S5 linkers are adjacent to the S4 regions that are
involved in voltage-dependent channel gating. Therefore it
was possible that the mutations could be affecting the volt-
age dependence of channel gating, and differences in volt-
age dependence might be reflected by changes in inactiva-
tion kinetics. To evaluate this possibility, we examined the
voltage dependence of conductance for the various mutants.
The V,,, for conductance was shifted in the positive direc-
tion for A1329K, A1329Q, and A1329K/F1489D, without
any significant change in slope compared to the wild-type
channel (Fig. 4, A and B, and Table 3). In contrast, the
conductance curves for F1489K and A1329D/F1489K were
shifted in the negative direction compared to that of the
wild-type channel. All of these shifts were less than 10 mV.
These data show that mutations in the S4-S5 linker of
domain III and in Ly, can have small effects on the
voltage dependence of channel activation. However, the
shifts in activation could not account for the differences in
inactivation kinetics between channels with the compensa-
tory charge mutations and channels with a charge in only
the putative inactivation particle.

Because activation and inactivation are coupled in so-
dium channels, we examined whether the various mutations
affected the voltage dependence of steady-state inactivation.
The mutant channels F1489D and F1489K were not in-
cluded because they could not be completely inactivated
with a 1-s depolarizing pulse. All of the mutant channels
that inactivated more slowly than the wild-type channel had
inactivation curves that were shifted in the positive direction
relative to that of the wild-type channel (Fig. 4 C and Table
3). Al1329K and A1329Q inactivated somewhat more
slowly than the wild-type channel, and these two mutants
had inactivation curves that were shifted by ~10 mV in the
depolarizing direction. A1329D/F1489K and A1329K/
F1489D inactivated significantly more slowly than the wild-
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FIGURE 3 Representative current traces at a depolarization of —10 mV for the wild-type (WT) and mutant channels. (4) Current traces for A1329K,
F1489D, and A1329K/F1489D. (B) Current traces for A1329D, F1489K, and A1329D/F1489K. (C) Current traces for A1329R, F1489E, and A1329R/

F1489E. (D) Current traces for A1329E, F1489R, and A1329E/F1489R.

type channel, and these two mutants showed an even larger
positive shift of ~16 mV. Therefore, mutations in domain
III S4-S5 do affect the voltage dependence of inactivation
by shifting the V,,, in the positive direction, and the degree
of shift appears to correlate with the extent of slowing of
inactivation.

Recovery from inactivation is slower for the
compensatory mutants

The stability of the inactivated state can be studied by
examining the kinetics of recovery from fast inactivation.
Fig. 5 shows recovery from inactivation for the inactivating
mutants and wild-type channels. As with the voltage depen-
dence of inactivation, F1489D and F1489K were not in-
cluded because they could not be completely inactivated
with a 1-s depolarization. The data were fit with a double-
or triple-exponential equation, as described in Materials and
Methods. The third time constant was greater than 2.5 s and
most likely reflected recovery from slow inactivation be-
cause of the long depolarizing prepulse. The magnitude of
this time constant could not be accurately determined be-
cause the longest recovery interval was 1.5 s, so the values
for this parameter were not included in Table 3. A1329D
recovered from inactivation as rapidly as the wild-type
channel (Fig. 5 A and Table 3), but A1329Q, A1329K,
A1329K/F1489D, and A1329D/F1489K all recovered from
inactivation significantly more slowly than the wild-type
channel (Fig. 5 B and Table 3). In particular, A1329D/

F1489K demonstrated the slowest recovery from inactiva-
tion. These results indicate that the various mutations have
decreased the rate of recovery from inactivation, despite the
fact that the calculated “off” rate for a putative inactivation
particle is faster for these mutants than it is for the wild-type
channel (Table 1).

Single-channel analysis of compensatory mutants

To better understand the inactivation kinetics of the mutant
channels, single-channel currents were recorded from in-
side-out patches for the wild-type, A1329K, F1489D, and
A1329K/F1489D channels at a membrane depolarization of
—10 mV (Fig. 6). The majority of the wild-type channel
openings occurred at the beginning of the depolarization,
with very few reopenings during the remainder of the de-
polarization and a short mean open time of 0.3 ms (Table 2).
A1329K also opened at the beginning of the depolarization
and closed quickly, with a mean open time of 0.2 ms, but
this channel frequently reopened two or three times during
the remainder of the depolarization. There is no significant
difference between an open time of 0.2 or 0.3 ms with the
conditions we used for recording, because the briefest open-
ing that can be quantified with a 2-kHz filter is 0.16 ms.
F1489D had very long open times, with a mean open time
of 9.6 ms, and continuously reopened throughout the depo-
larization. The ensemble average for F1489D shows that the
open probability is nearly at maximum throughout the de-
polarization. In contrast, A1329K/F1489D opened at the



Smith and Goldin

T 10
3 Moo
A S @ Wild Type
Eo.s. A A1329K
s O A1329Q
£ 064  F1489D
-]
2 0. O A1329K/F1489D
8
S 024
2
S 00 _nARARARRRN:
100 80 60 40  -20 0 20 40
Voltage (mV)
'§ 1.0
N @ Wild Type
go.s. v A1328D
- A F1489K
£ 061 o A1329D/F1489K
[ 1]
2 044
2
: 0.2-
2
S 00 |_20000dah: . .
100 80 60 40 20 (] 20 40
Voltage (mV)
1.0 4
)
808,
Eos. ® Wild Type
s 10 A1329Q
£ 04l & A1325K
€ O A1329K/F1489D
go.z. v A1329D
O 40] O At329DF1489K

100 80 60 40 20 0 20
Prepulse Voltage (mV)

FIGURE 4 Voltage dependence of activation and inactivation. Conduc-
tance values for mutant and wild-type channels were determined and
plotted as a function of depolarizing voltage, and the data were fit with a
two-state Boltzmann equation, as described in Materials and Methods.
Values for half-maximum activation (V) and effective gating charge (z) of
the conductance curves are shown in Table 3. Symbols represent the
means, and bars indicate standard deviations from n oocytes. The value for
n is shown in Table 3 for each channel. (A) Voltage dependence of
conductance for wild type (@), A1329K (A), A1329Q (O), F1489D (V),
and A1329K/F1489D ([J). (B) Voltage dependence of conductance for
wild type (@), A1329D (V), F1489K (A), and A1329D/F1489K (). (C)
The voltage dependence of inactivation was determined by using a 1-s
prepulse, as described in Materials and Methods. Peak current amplitudes
for mutant and wild-type channels were measured during the test depolar-
ization, normalized to the maximum amplitude, and plotted as a function of
the prepulse potential. The data were fit with a two-state Boltzmann
equation as described in Materials and Methods. Values for half-maximum
inactivation (V») and effective gating charge (z) of the inactivation curve
are shown in Table 3 for mutant and wild-type channels. Symbols represent
the means, and bars indicate the standard deviations from n oocytes. The
value for n is shown in Table 3 for each channel.

beginning of the depolarization, with a mean open time of
0.2 ms that is similar to that of the wild-type channel.
A1329K/F1489D demonstrated several reopenings during
the remainder of the depolarization that occurred more
frequently than those of the A1329K mutant channel, and
are reflected in the slight maintained current seen in the
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FIGURE 5 Recovery from inactivation. (A) Recovery from inactivation
at a recovery potential of —100 mV for wild type (@) and A1329D (V).
The recovery period varied from 200 to 2 ms. The data were fit with either
a double (1 — [(a * exp(—#/71) + b * exp(—#/72)]) or triple (1 — [(a *
exp(—t/t1) + b * exp(—#/72) + ¢ * exp(—1/73)]) exponential equation, as
described in Materials and Methods. Symbols represent the means, and
bars indicate the standard deviations from n oocytes. The value for » is
shown for each channel in Table 3. (B) Recovery from inactivation with a
variable recovery period from 1500 to 10 ms is shown for wild type (@),
A1329Q (O), A1329K (A), A1329K/F1489D ([J), and A1329D/F1489K
(<¢). The data were fit as described in A.

ensemble average. However, A1329K/F1489D has a tran-
sient peak open probability similar to that of the wild-type
channel, with a maintained open probability that is signifi-
cantly less than that of F1489D. These data indicate that the
compensatory charges partially restored inactivation of the
channel.

The rate constant for transitions out of the open state is
equal to the inverse of the mean open time. The channel can
leave the open state either by inactivating or by returning to
the closed state. If we assume that the majority of channels
inactivate rather than deactivate at —10 mV, as is the case
during a strong depolarization in mammalian cells (Aldrich
et al., 1983), then the transition rate constant reflects the
transition from the open to the inactivated state. This tran-
sition for A1329K/F1489D is 50 times faster than that for



1892 Biophysical Journal

Wild Type A1329K

¥
W W

Ensemble Average Ensemble Average
' Y
F1489D A1 329K/F1489D

c— WMW

WW
e

Ensemble Average Ensemble Average

1 T

10ms
~a|—

FIGURE 6 Representative single-channel currents for the wild-type,
A1329K, F1489D, and A1329K/F1489D channels. Single-channel currents
were recorded from inside-out patches of oocytes expressing the various
mutant and wild-type sodium channels, as described in Materials and
Methods. An arrow indicates the start of the depolarization to —10 mV
from a holding potential of —100 mV. The closed and open states are
indicated by a C and O, respectively. Ensemble averages are shown below
the current traces for each channel. The number of traces used to calculate
the ensemble average were as follows: wild type, 164; A1329K, 95;
F1489D, 200; A1329K/F1489D, 337.

the F1489D mutant channel, and is not significantly differ-
ent from that of the wild-type channel (Table 2). These data
suggest that electrostatic interactions might be able to sim-
ulate hydrophobic interactions that could normally be oc-
curring between A1329 and F1489 during inactivation.

Specificity of the interaction between F1489D and
11l S4-S5

Although glutamine substitutions at positions other than
A1329 in domain III S4-S5 did not significantly affect the
kinetics of inactivation, it was possible that the restoration
of inactivation resulting from the compensatory charges
might not be as specific. To examine the specificity of the
interaction between the amino acids at positions 1489 and
1329, lysines were individually substituted for the hydro-
phobic residues two amino acids upstream (1327) or down-
stream (1331) from A1329. These mutations were then
combined with F1489D to make the mutant channels
V1327K/F1489D and L1331K/F1489D. Fig. 7 shows that
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FIGURE 7 Specificity of the interaction between F1489D and I1I $4-S5.
Representative current traces at a depolarization to —10 mV are shown for
wild type (WT), F1489D, L1331K/F1489D, V1327K/F1489D, and
A1329K/F1489D.

both V1327K/F1489D and L1331K/F1489D inactivated
significantly faster than F1489D alone. However, both of
these combination mutants inactivated more slowly than the
A1329K/F1489D channel. The calculated “on” rate for the
putative inactivation particle in A1329K/F1489D was faster
than that for either V1327K/F1489D or L1331K/F1489D
(Table 2). Interestingly, the “off” rate was also faster for
A1329K/F1489D than for either V1327K/F1489D or
L1331K/F1489D. This may result from a decrease in steric
hindrance from the residues at positions 1327 and 1331,
because in the wild-type channel larger residues occupy
these positions (valine and leucine) compared to the alanine
at position 1329. A decrease in steric hindrance may allow
for increased stabilization of the lysine/aspartate interaction
between F1489D and 1327K or 1331K, resulting in a slower
“off” rate. These results demonstrate that positive charge
replacements at multiple residues in III S4-S5 could par-
tially restore inactivation to F1489D, but that a positive
charge at position 1329 was more effective.

DISCUSSION

This study examines the importance of the S4-S5 linkers in
domains II and III for inactivation of the rat brain type IIA
sodium channel. Our results show that a highly conserved
alanine at position 1329 in the S4-S5 linker of domain III is
important for normal inactivation. Replacement of this ala-
nine with a glutamine or a charged residue resulted in a
channel with slower inactivation kinetics compared with
those of the wild-type channel. The lack of any significant
effects with the other mutations in domain II or III cannot be
assumed to imply that no other residues in these regions are
important for fast inactivation. We can only conclude that
the substitution of glutamine residues at other positions in
domains II and III did not significantly impair fast inactivation.

Previous studies have demonstrated that Ly 1y is essen-
tial for fast sodium channel inactivation, suggesting that the
hydrophobic IFM residues in the linker form the nucleus of
an inactivating particle (Patton et al., 1992; West et al.,
1992; Kellenberger et al., 1997b). However, it has been
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difficult to show that this putative inactivation particle in-
teracts with another region of the channel to cause inacti-
vation. Eaholtz et al. (1994) demonstrated that a peptide
(KIFMK) can block sodium channels, but the sequence of
this peptide is not contained within Ly; v, because the
flanking lysine residues are not present in the channel.
Moreover, the properties of KIFMK block differ from those
of fast inactivation (Tang et al., 1996). McPhee et al. (1994)
have shown that mutations in domain IV S6 dramatically
affect fast inactivation, but they concluded that this region
does not function as a docking site because the KIFMK
peptide could still inactivate the mutant channels (McPhee
et al,, 1995). In this report we have demonstrated that
mutations in III S4-S5 can partially compensate for the
inactivation defects of a mutation in L;; |y, suggesting that

" these two regions of the channel interact with each other.
The compensatory charge mutants A1329K/F1489D,
A1329D/F1489K, A1329R/F1489E, and A1329E/F1489R
Inactivated significantly faster and more completely than
F1489D, F1489K, F1489E, and F1489R. Furthermore,
A1329K/F1489D had a single-channel mean open time that
was similar to that of the wild-type channel and was ~50
times shorter than the mean open time for the mutant
channel F1489D. These results suggest that a direct inter-
action between A1329 and F1489 is essential for complete
sodium channel fast inactivation.

The interaction between Ly;;.v and III S4-S5 is not de-
pendent on the specific amino acid combination, but rather
on the combination of opposite charged residues, as dem-
onstrated by restoration of inactivation with both lysine/
aspartate and arginine/glutamate combinations. However,
the orientation of the charges did appear to have a signifi-
cant effect on the extent of restoration of inactivation. By
combining a positive charge in III S4-S5 with a negative
charge in Ly vy, we were able to restore inactivation more
completely than when the charges were reversed. A1329R/
F1489E inactivated most completely of all the compensa-
tory charge mutant channels. A possible explanation for the
more complete 4nactivation of this channel is that the
A1329R mutation alone has a very minor effect on inacti-
vation. Therefore, when A1329R is combined with F1489E,
there may be less steric disturbance that would otherwise
destabilize the charge interaction. The result that A1329R/
F1489E had a much smaller K g value than the other
compensatory charge mutant channels is consistent with this
hypothesis.

The interaction between F1489D and III S4-S5 does not
require that the positive charge be specifically positioned at
1329. A positive charge at position 1327 or 1331 could also
partially restore inactivation when combined with F1489D,
as shown by the effects of the V1327K/F1489D and
L1331K/F1489D double mutants. However, these double-
mutant channels did not inactivate as rapidly as A1329K/
F1489D. In addition, substitution of glutamine for either
V1327 or L1331 had no effect on fast inactivation, suggest-
ing that the hydrophobic interaction between F1489 and
A1329 may be more specific in the wild-type channel than
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the electrostatic interaction between the charges in the dou-
ble-mutant channels. The difference in specificity is consis-
tent with the fact that hydrophobic interactions result from
close-range interactions, whereas electrostatic interactions
can have effects over a longer distance.

Many of the mutant channels differed in their voltage
dependence of activation and steady-state inactivation when
compared to the wild-type channel. Because activation and
inactivation are coupled in the voltage-gated sodium chan-
nel, mutations that affect inactivation are likely to have
effects on activation. The small changes in activation for
channels with mutations in the III S4-S5 linker are not
surprising, because the S4-S5 linkers are in close proximity
to the S4 transmembrane segments that are involved in
channel gating (Stiihmer et al., 1989; Chen et al., 1996).
However, the small shifts in the voltage dependence of
conductance that were observed for the mutant channels
cannot account for the large differences in inactivation
kinetics between the channels with the compensatory charge
mutations and the channels with a charge in only Ly v-

Many of the mutant channels recovered from fast inacti-
vation more slowly than the wild-type channel. The slower
recovery of the mutant channels can be explained by two
possible mechanisms. First, in the context of the ball-and-
chain model, the slower kinetics could suggest that these
mutant channels have an inactivation particle that is binding
more stably to its docking site compared to that of the
wild-type channel. This could slow the transition from the
inactivated to the closed state, reducing channel availability
with successive depolarizations. This hypothesis is unlikely,
because the K 4 values for these channels were increased
compared to those of the wild-type channels. Furthermore,
the single-channel kinetics of A1329K and A1329K/
F1489D showed that these channels have multiple openings
during a depolarization, unlike the wild-type channel. Both
of these results suggest that the putative inactivation particle
is destabilized in its receptor site compared to the wild-type
channel. A second hypothesis that may explain the slower
recovery from inactivation is that the channels enter one of
possibly many closed states after leaving the inactivated
state at a hyperpolarized potential. It has previously been
shown that the sodium channel must deactivate to a closed
state to recover from fast inactivation (Kuo and Bean,
1994). The mutant channels may enter a more stable closed
state, which would then delay entry back into the open state
compared to the wild-type channel. This slower transition
between closed states would result in a longer time before
the channel could open, resulting in a longer recovery from
inactivation.

The A1329K/F1489D channels demonstrated an ensem-
ble average that is similar to that of the wild-type channel in
the sense that there is an initial brief peak of current, but
differs in the sense that there is also a maintained current
(Fig. 6). In addition, the current appeared to decrease to the
baseline after the initial peak, and then it increased again to
a relatively stable maintained level. These characteristics
were not observed in the macroscopic records (Fig. 3),
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possibly because of the more limited time resolution of the
two-electrode voltage clamp. We have carried out a prelim-
inary comparison of the characteristics of the early openings
that comprise the initial peak (within the first 10 ms) and the
late openings that comprise the maintained current (after 10
ms). Neither the mean open times nor the amplitudes were
significantly different in the two populations. One interpre-
tation of these results is that the majority of channels open
quickly and close relatively synchronously after the depo-
larization begins, after which they cannot reopen for a
period of time. The synchronous opening and rapid closing
would result in a peak of current that returns to baseline.
Eventually, the channels would begin to reopen at a rela-
tively constant rate, resulting in the maintained current.
Consistent with this interpretation, ~70% of the channels
opened within 2 ms after the depolarization started, and the
mean closed time was 11.8 ms.

The transition rate from the open state to the inactivated
state for A1329K/F1489D was shown to be ~50 times
faster than that of F1489D and similar to the transition rate
for the wild-type channel. However, single-channel record-
ings showed that A1329K/F1489D reopened several times
during the duration of the depolarization, unlike the wild-
type channel. The reopenings seen for A1329K/F1489D
may be due to decreased stability of the inactivated state
compared to its stability in the wild-type channel. These
results are consistent with the faster “off” rate for A1329K/
F1489D that was determined from whole-cell recordings. In
the context of a ball-and-chain model, it is likely that a
receptor site for the inactivation particle is multifaceted in
sodium channels because there are four divergent domains.
The A1329K mutant may eliminate one of several hydro-
phobic receptor sites for the inactivation particle, whereas a
charge placed at F1489 likely disrupts interactions with all
of the receptor sites. The A1329K/F1489D mutant may
create one new charged receptor site that is able to interact
electrostatically with the charged inactivation particle.
Therefore, the transition rate from the open to the inacti-
vated state for A1329K/F1489D is similar to that of the
wild-type channel, but the transition rate from the inacti-
vated state back to the open state is increased because of the
instability caused by the remaining hydrophobic receptor
sites.

Thermodynamic cycle analysis can be used to determine
if two mutations are acting independently or interdepen-
dently (Carter et al., 1984; McPhee et al., 1995). The free
energy of inactivation (AG) is a state function that depends
only on the initial and final energies of the system and not
on the path that is taken between the states. In this case, the
four states of the system are wild type (WT), A1329K (K),
F1489D (D), and A1329K/F1489D (KD) (Fig. 8). The sum
of A(AG) in either direction around the cycle must be the
same, so that A(AG) from WT—K + K—KD must equal
the sum of A(AG) from WT—D + D—KD. If A1329K and
F1489D are acting independently, then the sum of A(AG)
from WT—K + WT—D should also equal the sum of
A(AG) from WT—K + K—KD. The values for AG were
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FIGURE 8 Thermodynamic analysis. Thermodynamic cycle analysis,
showing the differences in AG of inactivation among the wild-type and
mutant channels. For each channel, AG was calculated as described in
Materials and Methods by using the K, and K values in Table 2. The
sum of A(AG) from WT—K + K—KD equals the sum of the A(AG) from
WT—D + D—KD, as required for a thermodynamic cycle. The sum of
A(AG) from WT—K + WT—D does not equal the sum of A(AG) from
WT—K + K—KD, indicating that the effects of the mutations on AG of
inactivation are not independent.

calculated for wild-type and mutant channels, as described
in Materials and Methods, using the K, and K4 rates in
Table 2. Similar results were obtained for analyses using
rates calculated for depolarization to both —10 mV and
+100 mV (data not shown). The sum of A(AG) from
WT—K + WT—D is equal to 4.7 = 0.6 kcal/mol, whereas
the sum of A(AG) from WT—K + K—KD is equal to
1.9 = 0.6 kcal/mol. The difference between the two values,
which is 2.8 kcal/mol, is considered the coupling energy
between the two mutations (Carter et al., 1984). Therefore,
these two pathways result in significantly different changes
in free energy from the initial to the final states. A coupling
energy of similar magnitude (2.0 kcal/mol) was observed
for the combination of A1329E and F1489R mutations (data
not shown). These results indicate that the A1329K and
F1489D mutations are not independent. Rather, the AG of
inactivation for the F1489D channels varies, depending on
the presence of the A1329K mutation, demonstrating an
interaction between A1329K and F1489D to result in a
channel that inactivates faster than for F1489D alone.

In conclusion, these data show that the alanine at position
1329 in the S4-S5 linker of domain III interacts with posi-
tion 1489 in Ly v. Considered in the context of the ball-
and-chain model, the results are consistent with the hypoth-
esis that A1329 forms part of the docking site for the Ly v
fast inactivation particle. Future studies are necessary to
identify other regions that may form the docking site for the
fast inactivation particle, and to test the validity of the
ball-and-chain model for sodium channel inactivation.
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