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ABSTRACT Recent reports suggest that four S6 C-termini may jointly close the voltage-gated cation channel at the
cytoplasmic side, probably as an inverted teepee structure. In this study we substituted individually a total of 18 residues at
D1S6 and D4S6 C-terminal ends of the rNav1.4 Na™ channel a-subunit with tryptophan (W) and examined their corresponding
gating properties when expressed in Hek293t cells along with 81 subunit. Several W-mutants displayed significant changes in
activation, fast inactivation, and/or slow inactivation gating. In particular, five S6 W-mutants showed incomplete fast inactivation
with noninactivating maintained currents present. Cysteine (C) substitutions of these five residues resulted in two mutants with
slightly more maintained currents. Multiple substitutions at these five positions yielded two mutants (L437C/A438W, L435W/
L437C/A438W) that exhibited phenotypes with minimal fast inactivation. Unexpectedly, such inactivation-deficient mutants
expressed Na*t currents as well as did the wild-type. Furthermore, all mutants with impaired fast inactivation exhibited an
enhanced slow inactivation phenotype. Implications of these results will be discussed in terms of indirect allosteric modulations

via amino acid substitutions and/or a direct involvement of S6 C-termini in Na™ channel gating.

INTRODUCTION

Voltage-gated Na™ channels are pore-forming membrane
proteins responsible for the generation of action potentials in
excitable membranes. These ion channels consist of one
large a-subunit and one or two smaller 8-subunits (31, 82,
and B3) (Catterall, 2000). The Na™ channel a-subunit iso-
forms contain four homologous repeated domains (D1-D4),
each with six transmembrane segments (S1-S6). The a-sub-
unit protein alone forms a functional channel when ex-
pressed in mammalian expression systems (Ukomadu et al.,
1992). The four repeated domains probably assemble as
a peudotetrameric structure with the permeation pathway
situated at the center.

Several pieces of evidence suggest that S6 segments are
important for Na* channel gating. First, a number of receptors
for various therapeutic drugs and neurotoxins such as local
anesthetics, antiarrhythmics, anticonvulsants, antidepres-
sants, pyrethroid insecticides, batrachotoxin (BTX), and
veratridine are situated at the middle of multiple S6 segments
(Fig. 1) (Wang and Wang, 2003). Upon binding, these ligands
exert their pharmacological actions on the Na* channel,
presumably in part via their corresponding S6 receptor. In
particular, BTX modifies Na® channel activation, fast
inactivation, and slow inactivation drastically, suggesting
that its receptor is linked to these gating processes. Second, S6
segments may be structurally geared for channel activation
since alanine substitutions at their C-termini cause significant
changes in Na* channel activation (Yarov-Yarovoy et al.,
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2002). Consistent with this view, activation of voltage-gated
K™ channels also requires lateral/rotational movements of S6
segments at their constricted C-termini. One possible
mechanism for the lateral/rotational movement is via a flexible
gating hinge, a glycine residue located at the middle of the
inner transmembrane segments of KcsA channels (M2) (Jiang
et al., 2002). Such a glycine residue is also present in Na™
channel S6 segments of D1, D2, and D3 (Fig. 1, dashed box).
This gating hinge could have two different conformations.
One is in its relaxed straight a-helical form, which closes the
channel at the S6 C-terminal end, and the other is the bendable
a-helical form, which may bend outward at a 30° angle and
thus splay open the channel at the S6 constricted C-terminus.
Third, after channel activation, S6 segments may then form
the docking site for the fast-inactivation gate. A putative Na ™
channel inactivation gate has been delineated at the in-
tracellular linker between D3 and D4 (West et al., 1992). This
linker region contains an IFM motif, which is shown critical
for the fast inactivation. The precise location of the docking
site for this inactivation gate is unknown, but it could be
situated at the C-termini of S6 segments (McPhee et al., 1995;
Yarov-Yarovoy et al., 2002), where the inactivation gate may
plug the open channel while binding to its docking site. This
plugging mechanism has recently been demonstrated in
voltage-gated K* channels (Zhou et al., 2001). Finally,
several residues at S6 segments have been shown critical for
the slow inactivation of Na™ channels. One such substitution
(V—M atposition 23 in D1S6) enhances the slow inactivation
(Takahashi and Cannon, 1999); this mutation also causes
painful myotonic stiffness in humans (Rosenfeld, et al.,
1997). The exact mechanism of the S6 involvement in slow
inactivation gating remains unclear (Vilin and Ruben, 2001).

In this study we aimed to explore the functional role of the
S6 C-terminal end with the tryptophan-scanning approach.
The reason for this approach is relied on the concept that



912

1 5 ‘ 15 20 25
D1-S6 YMIFF VVIIF IiG! SFY LIN[LI LAVVA MAY]
D2-S6 CLTVF LMVMV IGi NLV VLN LF LALLL SSF
D3-S6 MYLYF VIFII EGi SFF TLN LF IGVII DNF
D4-S6 GICFF CSYTT TS FLT VVN([MY TATTL ENF
1 5 10 15 20 25

FIGURE 1 Sequences of S6 segments in D1-D4 of rtNav1.4 Na™ channel.
Residues that influence binding of local anesthetics and/or BTX are in bold;
most are clustered within ~3 helical turns. The dashed box at position 12
indicates the putative activation hinge, glycine/serine. The solid boxes
indicate C-termini that were substituted with W.

substituted tryptophan (W), which contains a bulky hydro-
phobic side chain, may disrupt or alter channel function
because of its large size. Such disruption or alteration may
occur if tryptophan is substituted for an amino acid that
contacts or directly interacts with other parts of the channel
protein. Previously, using alanine-scanning mutagenesis,
McPhee et al. (1995) and Yarov-Yarovoy et al. (2002)
identified one residue (position 21) at D1S6 and two residues
(position 13, 23) at D4S6 in Nav1.2 that are critical for fast
inactivation. With W substitutions, we sought to confirm
their alanine-scanning findings that the C-terminus of the
S6 segment is important for gating functions. In addition,
we sought to address whether the effects of several residues
on the fast inactivation gating are additive after multiple
tryptophan/cysteine substitutions and whether the slow in-
activation and the fast inactivation have an apparent in-
verse relationship.

MATERIALS AND METHODS
Site-directed mutagenesis

We used the QuikChange XL Site-Directed Mutagenesis Kit (Stratagene,
LaJolla, CA) to create rat skeletal muscle Nav 1.4 mutant clones as described
(Wang and Malcolm, 1999).

DNA sequencing near the mutated site confirmed these mutations. To
minimize the possibility that unique phenotypes are due to unwanted
mutations, we also created independent clones of rNav1.4-L435W/L437C/
A438W and rNav1.4-L437C/A438W as well as additional homologous
L435W/L437C/A438W clones from human isoforms (hNavl.4 and
hNav1.5). Preliminary results showed that all of these independent and
homologous clones displayed comparable phenotypes as those of rNavl.4
counterparts.

Transient transfection

Human embryonic kidney (Hek293t) cells were grown to ~50% confluence
in Dulbecco’s modified Eagle’s medium (Life Technologies, Rockville,
MD) containing 10% fetal bovine serum (HyClone, Logan, UT), 1%
penicillin and streptomycin solution (Sigma, St. Louis, MO), 3 mM taurine,
and 25 mM HEPES (Gibco) and then transfected by a calcium phosphate
precipitation method in a Ti25 flask (Cannon and Strittmatter, 1993).
Transfection of wild-type rNav1.4-pcDNA1/Amp or mutant clones (5-10
ng) along with B1-pcDNA1/Amp (10-20 ug) and reporter CD8-pih3m
(1 ng) was adequate for later current recording. Cells were replated 15 h
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after transfection in 35-mm dishes, maintained at 37°C in a 5% CO,
incubator, and used after 1-4 days. Transfection-positive cells were
identified with immunobeads (CD8-Dynabeads, Lake Success, NY).

Whole-cell voltage clamp

Whole-cell configuration was used to record Na™ currents (Hamill et al.,
1981). Borosilicate micropipettes (Drummond Scientific Company, Broo-
mall, PA) were pulled with a puller (P-87, Sutter Instrument Company,
Novato, CA) and heat polished. Pipette electrodes contained 100 mM NaF,
30 mM NaCl, 10 mM EGTA, and 10 mM HEPES adjusted to pH 7.2 with
CsOH. The pipette electrodes had a tip resistance of 0.5 to 1.0 M(Q). Access
resistance was 1-2 M() and was further reduced by series resistance
compensation. All experiments were performed at room temperature (22—
24°C) under a Na+-containing bath solution with 65 mM NaCl, 85 mM
choline Cl, 2 mM CaCl,, and 10 mM HEPES adjusted to pH 7.4 with
tetramethyl-ammonium hydroxide. Residual outward currents were evident
in some cells at voltages = +30 mV (Wang and Wang, 1998); these currents
were present in untransfected cells and were insensitive to tetradotoxin. We
might overestimate the maintained currents slightly since these residual
currents were not subtracted from our measurements. Whole-cell currents
were measured by an Axopatch 200B (Axon Instruments, Foster City, CA)
or an EPC-7 (List Electronics, Darmstadt/Eberstadt, Germany), filtered at 3
kHz, collected, and analyzed with pClamp8 software (Axon Instruments).
Leak and capacitance were subtracted by the patch clamp device and further
by the leak subtraction protocol (P/—4). Cells were held at —140 mV for
functional characterizations. Voltage error was <4 mV after series resistance
compensation. An unpaired Student’s #-test was used to evaluate estimated
parameters (mean *= SE or fitted value = SE of the fit); p-values of <0.05
were considered statistically significant.

RESULTS

Gating properties of W substitutions within
the C-terminus of D1S6 in Navi.4 Na* channels

We substituted individual D1S6 residues at the C-terminus
(Fig. 1; solid box) with tryptophan. To characterize the
effects of W substitutions, we measured Na* currents of
D1S6 W-substituted mutant channels at various voltages. As
an example, Fig. 2, A and B shows the superimposed current
families of Navl.4 wild-type and mutant Nav1.4-A438W
(position 22 at DIS6) cotransfected with B1 subunit,
respectively. Activation threshold was around —50 mV for
wild-type and around —60 mV for A438W mutant channels.
The peak conductance was calculated as described in the
figure legend, normalized, and plotted against the corre-
sponding voltage (Fig. 2 C). Voltage dependence of ac-
tivation was fitted by a standard Boltzmann equation, and
the W mutant showed an apparent leftward shift of —6.8
* 2.1 mV (n = 6). Fig. 3 lists all W mutants at the
C-terminus of the D1S6 region (Fig. 3; top left). Except for
L435W and 1436W, all other D1S6 mutants W displayed
a leftward shift. L437W shifted leftward by as much as
—22.1 = 2.0mV (n=>5). The slope factor for each W mutant
was either no significant change or became less steep. One
mutant, V439W, did not express sufficient Na™ currents
(<1 nA) in our experiments.
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FIGURE 2 Activation of wild-type and rNav1.4-A438W coexpressed with 81. Families of Na™ currents for wild-type (A) and Nav1.4-A438 mutant (B)
were evoked by 5-ms pulses from the holding potential (—140 mV) to voltages ranging from —120 to +50 mV in 10-mV increments. The current traces evoked
by a pulse to —50 mV and to +50 mV are labeled. Cells were cotransfected with 81 subunit. (C) Normalized membrane conductance (g,,,) was determined from
the equation g, = In./(Em—Ena.), Where Iy, is the peak current, £, is the amplitude of the pulse voltage, and Ey, is the reversal potential, and plotted against the
pulse voltage. Plots were fitted with a Boltzmann function, which yielded the midpoint voltage (V, s) and slope (k) for wild-type (open circles, n = 5) of —32.0
* 0.9 mV and 8.7 = 0.8 mV, respectively, and —38.8 £ 1.2 mV and 13.1 =1.1 mV for rNav1.5-A438W (closed circles, n = 6).

Another noticeable change in gating after A438W
substitution was the noninactivating currents maintained at
the end of the pulse (Fig. 2 B versus Fig. 2 A). To quantify
this difference between wild-type and mutant channels we
measured the amount of the noninactivating maintained
current near the end of 5-ms +50 mV pulse. The wild-type
current decayed rapidly and reached its steady-state level
within 2-3 ms and 2.9 = 0.8% (n = 5) of currents were
maintained under these experimental conditions (Fig. 2 A
and Fig. 4). In contrast, Nav1.4-A438W mutant showed
conspicuous maintained currents under identical conditions;
319 = 42% (n = 6) of currents were noninactivating as
measured near the 5-ms time. Thus, a substitution of W at
position 22 of DIS6 impairs the Na® channel fast
inactivation significantly (p < 0.001). This 22 position at
D1S6 was not studied previously using an alanine-scanning
approach because the native residue was an alanine amino
acid. The relative noninactivating components of all mutants
at D1S6 are listed in Fig. 4 (left section). The two other W
mutants with impaired fast inactivation are L435W (Fig.4;
the fraction of noninactivating current = 0.10 = 0.02, n =5,
p < 0.05; position 18) and L437W (0.055 = 0.017, n = 5,
p = 0.20; position 21).

Using various conditioning pulses from —160 mV to —15
mV, we further characterized the steady-state inactivation
of the mutant channels. Fig. 5, A and B, shows Na™ currents
of the wild-type and Nav1.4-A438W mutant, respectively,
under these pulse conditions. Peak currents were measured,
normalized with respect to the peak current at —160 mV, and
plotted against conditioning voltages (Fig. 5 C). Clearly,
a noninactivating component was again present in Nav1.4-
A438W mutant channels. The data were fitted with a standard
Boltzmann equation, and the shift in the AV 5 is shown in
Fig. 3 (top right) along with the shift in the slope factor, the
Ak value.

Gating properties of tryptophan substitutions
within the C-terminus of D4S6

We also substituted individual D4S6 residues from position
19 to 26 with tryptophan (Fig. 1; solid box). Fig. 6, A and B
shows the current voltage relationship and steady-state
inactivation measurement of mutant Nav1.4-11589W, re-
spectively. Fig. 6 C shows the normalized peak conductance
and h., measurements against voltage of this mutant channel.
Again there were significant noninactivating currents
maintained at the end of test pulse for [1589W. The relative
amounts of the maintained currents of all mutants at D4S6
are listed in Fig. 4 (middle section) along with D1S6
mutants. The activation of I1589W was shifted rightward by
13.0 = 1.9 mV (n = 6), and the steady-state inactivation was
shifted rightward by 6.8 = 0.3 mV (n = 5). These changes in
gating parameters of all D4S6 mutants are listed in Fig. 3
(middle section). Two W mutant channels (I1589W and
I11590W) appeared to have significantly impaired fast
inactivation. Two mutants, 11587W and A1588W, did not
express sufficient Na™ currents (<1 nA) in this expression
system.

Gating properties of cysteine substitutions at
selected residues within D1S6 and D4S6

It is unclear why tryptophan substitutions caused several
residues with impaired fast inactivation. If the bulky W
residues interfered with lateral or rotational movement of S6
segments, a smaller residue such as cysteine should have
lesser effects. We found that there was no clear relationship
with the size of residues and the degree of the impairment in
fast inactivation. Fig. 7, A and B shows the current families
of A438C and I1589C, respectively. A438W and 11590W
exhibited significantly impaired fast inactivation but A438C
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FIGURE 3 Summary of effects of W- and selected C-mutations at C-termini of D1S6 and D4S6 on activation and inactivation gating. Left panel: Vertical
representation of amino acid sequence of D1S6 (top), D4S6 (middle), and double and triple mutants (bottom). All mutants and wild-type Na™ channels were
cotransfected with the 81 subunit. Activation shift: the bar graph shows the differences in voltage for the half-maximal activation (V} 5) of the wild-type and
mutant Na* channels. The V, 5 values (mean + SE) were obtained from the Boltzmann fits of normalized conductance versus voltage plots as described in the
legend of Fig. 2. The estimated reversal potential (Ey,) remained about the same in these mutants. Bars in gray indicate single C-substitution. Nonexpressing
mutants are noted with an X. Slope effect (activation, inactivation): the bar graph shows the differences in & values for the wild-type and mutant channels. The £
values (mean = SE) were obtained from Boltzmann fits of //V plots (activation) and from Boltzmann fits of steady-state inactivation plots (inactivation), as
described in the legend to Figs. 2 and 5, respectively. Inactivation shift: the bar graph shows the differences in voltage for the half-maximal inactivation (/g s) of
the wild-type and mutant Na™ channels. The / 5 values (mean = SE) were obtained as described in the legend to Fig. 5. All values were derived from n = 4-6,
except E1592W with n = 3. Asterisk indicates that the value is statistically different from that of the wild-type (p < 0.05).

and I1590C did not (Figs. 2 and 4). In contrast, 11589C
displayed similar impaired fast inactivation as I1589W did
(Fig. 4). This lack of direct correlation in volume sug-
gests that the volume increase by bulky W substitution in
some mutants is not the primary cause for their impaired
fast inactivation. Instead, our results suggest that either
allosteric effects occur after amino acid substitutions or
these residues may interact with other parts of channel
structure specifically and directly, such as the inactivation
gate.

Yarov-Yarovoy et al. (2002) reported the only mutant
within D1S6 that displayed maintained currents of about
10% control peak current was Nav1.2-L421C, which is
equivalent to Nav1.4-L437C. Nav1.2-L421A did not express
sufficient Na™ currents in their study. We found that Nav1.4-
L437C did display a slightly larger maintained current than
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the wild-type and L437W mutant but the difference was not
statistically significant.

Gating properties of double and triple
substitutions of selected residues
within D1S6 and D4S6

We tested whether the effects of selected residues (L435,
L437, A438, 11589, 11590) on the fast inactivation gating
were additive with multiple substitutions. Several multiple-
substituted mutants expressed a high level of Na™ currents
comparable to that of wild-type. We found two distinct types
of phenotypes on these mutants. One type showed supra-
additive effects on the fast inactivation, and the other showed
subadditive effects. Fig. 8, A—D shows the current families of
A438W/1589W, L437C/A438W, LA35W/L437C/A438W,
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FIGURE 4 Relative maintained currents in various W- and C-mutations at
C-termini of D1S6 and D4S6. Fraction of noninactivating current for D156
mutants (left), D4S6 (middle), and double and triple mutants (right). Cells
were cotransfected with 81 subunit; nonexpressing mutants are noted with
an X. The fraction of noninactivating current was determined as the
averaged current amplitude near 5 ms after the +50 mV pulse (e.g., Fig. 2)
divided by the peak current. Error bars indicate standard error. Asterisks
indicate significant differences from the wild-type channels as determined
by a t-test (p < 0.05, n = 4-6). Dotted line indicates the value of wild-type.
Bars in gray indicate single C-substitution.

and T1589W/I1590W, respectively. Clearly, I1589W/
I1590W is the one that displayed equal or lesser effects on
the fast inactivation than the single substitution (Fig. 8 D
versus Fig. 6 A), whereas the others showed the opposite.
The gating parameters of these mutants were listed in Fig. 3
(bottom) and Fig. 4 (right). One mutant (A438W/I1590W)
expressed insufficient Na™ currents for these measurements.

A.

2nA

1ms

wild-type+ B1

A438W+ B

915

Our results thus demonstrate that it is feasible to create fast-
inactivation deficient mutants that express rather well in
the mammalian expression system. These S6 mutants are
distinct from the IFM—QQQ mutant, which expresses
rather poorly in Hek293t cells but readily in Xenopus oocytes.

Inverse relationship between fast inactivation and
slow inactivation gating?

When the fast inactivation is hampered by pronase or by site-
directed mutagensis, slow inactivation gating not only
remained functional but also was accelerated considerably.
This inverse relationship suggested that the fast inactivation
and slow inactivation gating have distinct identities, and yet
these two gating processes are somehow coupled. To
determine whether such inverse relationship holds true in
S6 mutants with severely impaired fast inactivation, we
therefore measured the slow inactivation gating with a 10-s
conditioning prepulse at various voltages. With a gap of 100
ms at —140 mV, which allowed channels recovered from
their fast inactivation but not from their slow inactivation, we
observed that 57.1 + 3.6% (n = 5) of wild-type Na™ currents
were slow inactivated at 0 mV for 10 s (Fig. 9 A; open
circles). In contrast, almost all L435W/L437C/A438W
mutant channels were slow-inactivated (Fig. 9 A, closed
circles) at 0 mV under these experimental conditions. It
appeared that this enhanced slow inactivation is in part due to
the enhanced forward rate constant as shown in Fig. 9 B.
Multiple-substituted mutants with enhanced slow inactiva-
tion were inactivated with a rather rapid rate, with a time
constant of < 1 s at +30 mV (vs. 4.8 s for wild-type). It is
noteworthy that slow inactivation in wild-type channels does
not reach its steady state with a 10-s conditioning pulse even
at +30 mV (Fig. 9 B). Nonetheless, this pulse protocol
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FIGURE 5 Steady-state inactivation of wild-type and rNav1.4-A438W coexpressed with 1. Superimposed Na™ currents of wild-type (4) and rNav1.4-
A438W mutant (B) were evoked by a 5-ms test pulse to +30 mV. Test pulses were preceded by 100-ms conditioning pulses ranging from —160 mV and
—15mV in 5-mV increments. Notice that small noninactivating inward currents appeared at conditioning voltages = —60 mV. Cells were cotransfected with
B1 subunit. (C) Normalized Na™ current availability (h.,) of wild-type (open circle, n = 5) and tNav1.4-A438W (closed circle, n = 5) were plotted as a function
of the 100-ms conditioning pulse voltage. Plots were fitted with the Boltzmann function. The fitted midpoint (% 5) and slope factor (k) for wild-type were
—73.4 £ 0.1 mV and 5.0 = 0.1 mV, respectively, and —89.0 = 0.3 mV and 6.0 = 0.2 mV for Nav1.4-A438W, respectively.
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FIGURE 6 Gating properties of rNav1.4-I11589W coexpressed with 1. (A) Superimposed Na™ current traces were evoked by 5-ms pulses from the holding
potential (—140 mV) to voltages ranging from —120 to +50 mV in 10-mV increments. (B) Superimposed currents were evoked by a 5-ms test pulse to +30
mV preceded by 100-ms conditioning pulses ranging from —160 mV to —15mV in 5-mV increments. (C) Normalized Na™ conductance (g,,,) was derived from
(A) as described in the Fig. 2 legend, plotted against voltage, and fitted with a Boltzmann function. The fitted midpoint voltage (V,s) and slope (k) of the
function for wild-type (open circles, n = 5) were —32.0 = 0.9 and 8.7 = 0.8, respectively, and —19.0 = 1.0 and 12.6 * 0.9, respectively for rNav1.4-11589W
(closed circles, n = 6). Normalized Na™ current availability (%) of wild-type (open down triangle, n = 5) and Nav1.4-11589W (closed down triangle, n = 5)
were derived from (B) as described in the Fig. 5 legend, and plotted as a function of conditioning voltage. Plots were fitted with the Boltzmann function. The
midpoint (% 5) and slope factor (k) for wild-type were —73.4 = 0.1 and 5.0 = 0.1, respectively, and —66.5 = 0.2 and 5.7 = 0.2, respectively, for the Nav1.4-
11589W. Cells were cotransfected with 81 subunit.

allowed us to determine which mutants exhibit altered slow
inactivation significantly. Fig. 10 A lists the degree of slow
inactivation, which varies in different mutants at —10 mV.
1436 and E1592 are the only two mutants that appeared
significantly less slow inactivated than the wild-type
counterpart. In general, we observed that mutants with the
most impaired fast inactivation (L435, L437, A438, 11589,
11590) were indeed also with enhanced slow inactivation. In
particular, the multiple-substituted mutants, such as L437C/

A. B.

+50mV +50mV

Nav1.4-A438C + 31 Nav1.4-11589C + p1

A438W and L435W/L437C/A438W, with the most im-
paired fast inactivation also had the most enhanced slow
inactivation (Fig. 10 B). Our results therefore support that
fast and slow inactivation processes have distinct entities, but
these gating processes display an inverse relationship as if
they are also somehow coupled in their structure. One
interesting exception is the mutant 11589W/I1590W, which
showed enhanced slow inactivation but with minimal
impaired fast inactivation. This mutant is also unique since
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FIGURE 7 Activation of rNav1.4-A438C and rNav1.4-11589C coexpressed with B1. Superimposed Na* current families of Nav1.4-A438C (A) and
Nav1.4-11589C (B) were evoked by 5-ms pulses from holding potential of —140 mV to voltages ranging from —120 to +50 mV in 10-mV increments. (C)
Normalized membrane conductance (g,,) plotted versus the amplitude of the 5-ms voltage step. G,,, was determined as described in the Fig. 2 legend, plotted
against the membrane voltage, and fitted with a Boltzmann function. The fitted midpoint voltage (V 5) and slope (k) of the function for wild-type (open circles,
n=>5)were —32.0 £ 0.9 and 8.7 £ 0.8, respectively, —25.9 = 0.7 and 8.3 = 0.6 for Nav1.4-A438C (closed squares, n =5), and —39.9 = 1.1 and 10.9 * 0.9
for Nav1.4-11589C (closed triangles, n = 6). Cells were cotransfected with 81 subunit.
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FIGURE 8 Activation gating of double and triple mutants. Superimposed Na™ current families were evoked by 5-ms pulses from holding potential of —140
mV to voltages ranging from —120 to +50 mV in 10-mV increments for mutants A438W/I1589W (A), L437C/A438W (B), L435W/L437C/A438W (C), and

T1589W/I1590W (D). All mutants were cotransfected with the 81 subunit.

each single substitution in I1589W and I1590W shows
impaired fast inactivation but far less in the double mutations
(Fig. 4).

DISCUSSION

In this study we demonstrate that most mutants with a single
W substitution at the C-terminus of D1S6 and D4S6 express
sufficient Na™ currents in Hek293t cells. Substitutions with

W at this region may alter Na™ channel activation, fast
inactivation, and/or slow inactivation gating in variable
degrees, dependent on the position of the substitution. In
addition, we have identified five positions (1435, 1437,
A438, 11589, and 11590) critical for the fast inactivation
gating. With multiple W or C substitutions, we have created
two mutants (L437C/A438W and L435W/L437C/A438W)
with minimal fast inactivation. Overall we obtain three major
findings. First, five residues at positions 19, 21-22 at D1S6
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FIGURE 9 Slow inactivation gating of double and triple mutants. To induce slow inactivation, we applied conditioning prepulses ranging from —180 mV to
0 mV with a duration of 10 s. After a 100-ms interval at —140 mV, Na™ currents were evoked by the delivery of a +30 mV test pulse. (A) Peak Na™ currents
were normalized to the corresponding current obtained with a prepulse to —180 mV and plotted against conditioning prepulse potential. Data were fitted with
a Boltzmann function. The fitted V, 5 values and k (slope factor) values from the Boltzmann functions were (in mV) —51.1 = 0.5 and 9.7 * 0.4, respectively,
for wild-type (open circles, n = 5); —49.9 = 0.1 and 5.0 = 0.1, respectively, for L4A35W/L437C/A438W (closed circles,n =5); —45.2 = 0.3 and 5.8 * 0.2,
respectively, for L437C/A438W (closed up triangles, n = 5); —45.2 * 0.3 and 6. 8 = 0.3, respectively, for A438W/I1589W (closed down triangles, n = 6);
and —50.0 = 0.9 and 9.5 = 0.8, respectively, for I1589W/I1590W (closed diamonds, n = 5). The final steady-state noninactivated values (in %) were 57.5 =
0.4 (wild-type), 3.3 £ 0.4 (L435W/L437C/A438W), 12.3 = 0.6 (L437C/A438W), 11.6 = 0.8 (A438W/I1589W), and 3.4 £ 1.7 (I1589W/I1590W). All
mutants are cotransfected with the 81 subunit. (B) Development of slow inactivation. For the development of slow inactivation, the prepulse duration at +30
mV was varied ranging from O to 10s. The peak current at the test pulse of +30 was measured and normalized to the initial peak amplitude without a prepulse,
and then plotted against the prepulse duration. The data were fitted by a single-exponential function. The 7 values (and final steady-state Y, values) for wild-
type, L435W/L437C/A438W, L437C/A438W, A438W/I11589W, and I1589W/I1590W are 4.8 = 0.3 5 (51.6%), 0.72 = 0.01 s (3.0%), 0.50 = 0.01 s (16.6%),
0.64 = 0.02 s (10.5%), and 0.81 = 0.02 s (16.6%), respectively.
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FIGURE 10 A coarse correlation between fast and slow inactivation
gating. (A) The relative level of slow inactivation for D1S6 mutants (left),
D4S6 (middle), and double and triple mutants (right). Nonexpressing
mutants are noted with an X. Values represent mean * SE of peak current
elicited by a 5-ms test pulse to +30 mV preceded by a 10-s conditioning
pulse to 0 mV and a 100-ms interval at —140 mV as described in Fig. 9 A.
Asterisks indicate significant differences from the wild-type channels as
determined by a t-test (p < 0.05). Dotted line indicates the value of wild-
type. Bars in gray indicate single C-substitution. (B) The fraction of slow-
inactivated current versus the fraction of noninactivating current of the
individual mutant. Data for wild-type and mutants were taken from Fig. 4 for
the x axis and from Fig. 10 A for the y axis. The mutants are labeled. The
solid line is the linear fit of the complete data set with a correlation
coefficient () of 0.61. Mutants with impaired fast inactivation (fraction of
noninactivating current >5%) are shown at the right-hand side of the dashed
line; all of them show enhanced slow inactivation.

and positions 23-24 at D4S6 are critical for the fast
inactivation gating in Nav1.4 Na® channels. Two of the
D1S6 residues have not been implicated before. Second,
inactivation-deficient mutants with multiple substitutions
express surprisingly well in Hek293t cells, unlike other
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mutants derived from the inactivation gate with the IFM
motif at the D3-D4 cytoplasmic linker. Third, all mutants
with impaired fast inactivation display an enhanced slow
inactivation phenotype. We now discuss the significance of
these results.

Mutations at C-terminal ends of D1S6 and D4S6
segments could affect Na* channel gating

Periodic changes in activation gating were reported in S6
segments using an alanine-scanning approach along with the
Xenopus oocyte expression system (Yarov-Yarovoy et al.,
2001, 2002). Mutations in the N-terminus and the middle
part of the S6 segments caused small or little effects on the
activation gating whereas mutations in the C-terminus had
stronger effects on the voltage dependence of activation
gating. With the W-scanning approach in the S6 C-terminal
end we found that a few mutants indeed showed significant
changes in their voltage dependence of activation gating. For
example, mutants at D1S6 such as L437W, V440W, and
A443W showed a negative shift of —22.1, —17.9, and —11.1
mV, respectively, whereas mutants at D4S6 such as
E1592W, M1585W, 11589W, and 11590W had a positive
shift of 18.6, 15.6, 13.0, and 10.2 mV, respectively. Thus,
W-substitutions at D1S6 favor channel opening but do the
opposite at D456 despite that slope factors for all these
mutants became less steep (Fig. 3). These opposite effects of
W-substitutions may be somehow due to the G/S conversion
at the gating hinge, position 12 of D1S6 and D4S6 (Fig. 1).
Yarov-Yarovoy, et al. (2002) suggested that the G/S
conversion at D4S6 renders this segment less mobile. We
also found that a smaller residue, cysteine, often displayed
a small and opposite shift in activation gating. The shifts for
W/C mutants at position L437, A438, 11589, and 11590 were
—-22.1/+13.5 mV, —-6.8/+6.1 mV, +12.9/—7.9 mV, and
+10.2/+2.6 mV, respectively. Therefore, at least for these
four positions, activation properties are both position- and
residue-specific. Our results nonetheless indicate that several
residues at the C-terminus of D156 and D4S6 are critical for
channel opening, in agreement with the alanine-scanning
results (Yarov-Yarovoy et al., 2002).

McPhee et al (1994, 1995) and Yarov-Yarovoy (2001,
2002) reported the important roles of several residues at
D1S6 and D4S6 on the fast inactivation gating process in
brain Nav1.2 channels. One critical residue (Nav1.2-A422,
which is Nav1.4-A438 equivalent) was not studied in their
reports because it contains an alanine. Interestingly, the
A438C mutant, unlike A438W, fails to affect the fast in-
activation. Another W mutant with maintained current that
was not identified by the alanine substitution in D1S6 is
L435 (equivalent Nav1.2-L419A; Yarov-Yarovoy et al.,
2002). The order of the level of the maintained current in
D1S6/D4S6 residues is as follows: A438W (31.9%) >
11590W (20.0%) > 11589C (18.6%) > 11589W (14.5%) >
L435W (9.5%) > LA37C (6.7%) > L437TW (5.5%) > wild-
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type (2.9%). In contrast, only two mutants, M442W (0.9%)
and MI1585W (0.7%), displayed significantly less main-
tained currents than that of the wild-type. The amount of
maintained current of L437W and L437C is higher than that
of the wild-type, but it did not reach the level of statistic
significance. In comparison, Nav1.2-L421C (equivalent to
Nav1.4-L437C) has a maintained current of ~10% of the
peak current, significantly higher than its wild-type (2%).
Evidently, differences in the amount of maintained currents
exist between mutants derived from different isoforms.

Probable cause for fast-inactivation
deficiency in S6 mutants

We identify two clusters of adjacent residues, L437/A438
(position 21-22) and 11589/11590 (position 23-24), which
affect the fast inactivation severely. However, the 1437/
A438 effects on fast inactivation are supraadditive, whereas
the 11589/11590 effects are subadditive. In fact, the L437C
showed only marginal effect on fast inactivation but when
combined with A438W, it became an inactivation-deficient
mutant (Figs. 4 and 8). One possible explanation is that
substitutions at these positions cause allosteric changes in
channel structures distant from these S6 C-terminal residues.
The second possibility is that L.437/A438 each interacts with
a different amino acid or a different channel part so that the
effect of each residue is supraadditive. This is possible
because the adjacent residues are close enough within the
a-helical structure, but their side chains are separated by
~110° in space. According to this reasoning, A438 and
11589 also interact with two separate amino acids since
A438/11589 effects are supraadditive. This interpretation is
consistent with that of McPhee et al (1994, 1995) and Yarov-
Yarovoy et al (2001, 2002), who suggested that the S6
C-termini may form the docking site for the fast inactivation
gate. Alternatively, structural changes in S6 C-termini occur
more extensively by the double mutations in L437C/A438W
and A438W/I1589W than those by the single mutation.
Unfortunately, mutant A438W/I1590W did not express and
therefore yielded no useful information.

Inverse relationship between fast inactivation
and slow inactivation

The magnitude of the slow inactivation and the fast
inactivation appears to have an apparent inverse relationship.
We found that the fraction of slow-inactivated channels
followed the order I1590W (85.9%) > 11589W (80.6%) >
A438W (76.6%) > L435W (75.5%) > L4A3TW (58.7%) >
wild-type (43.0%) as shown in Fig. 10 B at 0 mV; these
mutants happened to be five residues with impaired fast
inactivation. Furthermore, L435W/L437C/A438W, 1L.437C/
A438W, and A438W/I1589W mutants with multiple sub-
stitutions have minimal fast inactivation and they show
significantly enhanced slow inactivation (96.8%, 93.2%, and
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88.3%, respectively; Fig. 10 B). This inverse relationship is
also common to other fast inactivation-deficient mutants,
such as IFM—QQQ rNavl.4 mutant (e.g., Hilber et al.,
2002), and inactivation-deficient Na™’ channels in pronase-
treated squid axons (Rudy, 1978) or in chloramine-T treated
tNav1.4 Na* channels (Wang and Wang, 1997).

One interpretation for this inverse relationship is that the
S6 C-termini become wider during slow inactivation without
the fast inactivation gate situated at its S6 docking site. This
notion was recently proposed by Hilber et al. (2002).
According to their model, the outward movement of S6
segments during slow inactivation causes the external
P-loops to pinch inward which may constrict the permeation
pathway (Ong et al., 2000; Vilin and Ruben, 2001).
However, this external constriction site does not appear
narrow enough to stop ion flow in voltage-gated Na™
channels as the accessibility of residues located almost as
deep as the selectivity filter remains the same for the external
charged cysteine-modified reagent (Struyk and Cannon,
2002). Consequently, the slow inactivation gate in this
model must be located right at the selectivity filter or its
vicinity as suggested for the K™ channel (Yellen, 1998).

Another interpretation for this inverse relationship is
a narrowing of the C-termini of S6 segments during slow
inactivation when the fast inactivation gate is no longer
present at its docking site. This model is consistent with the
facts that BTX binds preferentially to open Na™ channels
probably via the cytoplasmic side of permeation pathway (Li
et al., 2002) but poorly to slow-inactivated Na™ channels in
normal as well as in pronase-treated squid axons by ~500-
fold (Tanguy and Yeh, 1991). Such state-dependent binding
of BTX could be due to the narrowing of S6 C-termini in
inactivation-deficient Na™ channels since the BTX binding
site is likely adjacent to S6 C-termini (Wang and Wang,
2003). In contrast, widening of the S6 C-terminal region
(Hilber et al., 2002) in the absence of the fast inactivation
gate should, in theory, allow an easy access of BTX to its
receptor (Li et al., 2002). This alternative model, however,
does not imply that the S6 C-terminal region is sufficiently
narrow to stop the ion flow during slow inactivation, as the
size of BTX is far larger than that of the Na™ ion. In any case,
slow inactivation gating may require conformational
changes that occur far apart both at the P-loop and S6
C-termini. Further studies are needed to delimit the location
of the constricted site during slow inactivation.

High-level expression of mutants with minimal
fast inactivation in Hek293t cells

We were surprised to find that the mutants with minimal fast
inactivation express as well as the wild-type in Hek293t
cells. Previous reports and our own attempts indicated that,
unlike wild-type Na® channels, various fast-inactivation
deficient mutants at the IFM motif expressed poorly in the
Hek293t expression system under the same conditions. Grant
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et al. (2000) suggested that the poor expression of
IFM—QQQ mutant is due to loading of Na' ions in
Hek293t cells because of the continuing opening of these
mutant Na™ channels. Several other factors could also affect
the expression of inactivation-deficient mutants. For exam-
ple, differences in activation and slow inactivation gating
properties of these mutant channels; differences in post-
translational modifications; and differences in protein
folding, protein assembly, and subunit-subunit interactions
may also influence the level of the channel expression. It is
possible that S6 inactivation-deficient mutants express well
in Hek293t cells with 81 subunit because no spontaneous
opening of these mutants occurs at the resting membrane
potential of these cells. This could be due to a rightward shift
in activation gating; +9.4, +7.5, and +5.2 mV for A438W/
1589W, L437C/A438W, LA35W/L437C/A438W, respec-
tively. This could be also in part due to the significantly
enhanced slow inactivation at the resting membrane
potential. Further biochemical and biophysical comparisons
of S6 inactivation-deficient mutants and IFM mutants may
provide a direct answer to this question. In any event, these
new inactivation-deficient S6 mutants will be useful tools for
future studies, including the establishment of permanent cell
lines, the screening for potent open-channel blockers that
block persistent opening, the ion permeation in the persistent
open channel, and the detailed studies on direct interactions
between drugs and the open channel.
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