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Dietary polyunsaturated fatty acids (PUFASs) pre-
vent ischemia-induced fatal cardiac arrhythmias in
animals and probably in humans. This action results
from inhibition of ion currents for Na*, Ca**, and pos-
sibly other ions. To extend understanding of this pro-
tection we are seeking a possible binding site for the
PUFAs on the a-subunit of the human cardiac Na*
channel, hH1,, transiently expressed in HEK293t cells.
Three mutated single amino acid substitutions with
lysine were made in the «-subunit at Domain
4-Segment 6 (D4-S6) for F1760, Y1767 and at D1-S6 for
N406. These are in the putative sites of binding of local
anesthetics and batrachotoxin, respectively. The mu-
tants F1760K, Y1767K, and N406K, separately and to
different extents, affected the current density, the
steady-state inactivation potential, accelerated inacti-
vation, delayed recovery from inactivation, and af-
fected voltage-dependent block, but did not affect ac-
tivation of the hH1,. It is essential to learn that single
point mutations in D1-S6 and D4-S6 alone significantly
modify the kinetics of human cardiac hH1, Na* cur-
rents. The effects of PUFAs on these mutant channels
will be the subject of subsequent reports. © 2001 Academic
Press

Key Words: human cardiac Na* channel; a-subunit;
point mutation; activation; inactivation.

Dietary long chain polyunsaturated fatty acids (PU-
FAs), especially of the n-3 class, have been shown to
prevent ischemia-induced fatal cardiac ventricular ar-
rhythmias in animals and probably also in humans (1).
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This protective action has been shown to result from
modulation of ion currents for Na*, Ca®", K*, and other
ions (1), of which the Na™ and Ca®" currents seem now
to us most important. These effects on ion channels
appear to be direct, fast effects, which do not require
covalent binding of the PUFAs with any constituent of
the plasma membranes and have been demonstrated
on single isolated cardiac myocytes in the absence of
neural or humoral influences (1-3).

In seeking further the mechanism(s) by which these
PUFAs prevent malignant arrhythmias, we have been
searching for the primary site of their interaction with
the cardiac myocytes. A primary action on the general
physical state (packing) of phospholipid cardiac sarco-
lemma, which might allosterically alter the ion channel
conductance has been excluded, though an action on
micro-domains of phospholipids through which ion
channels penetrate, has not been excluded (4). Another
site of possible primary action on sarcolemma is an
interaction or binding directly to the protein of trans-
membrane ion channels. Suggestive evidence for such
effects have been shown for the voltage-dependent Na*
channel, by the ability of the antiarrhythmic PUFAs to
specifically displace bound °*H-batrachotoxin (BTX)
from its binding site in domain 1, transmembrane seg-
ment 6 (D1-S6) of the a-subunit of the Na* channel (5).
But this effect resulted from noncompetitive inhibition,
indicating that the site of binding differed from that of
the BTX but could allosterically displace the bound
BTX. Similarly it had been shown that the PUFAs
displaced the dihydropyridine L-type Ca*" channel
blocker, nitrendipine, from its specific binding site in
the vestibule of the Ca®" channel. But again this effect
resulted from noncompetitive inhibition of the nitren-
dipine binding to the Ca®" channel (6). So again we
were left with a suggestive binding of the PUFASs to the
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ion channel proteins, but not definitive evidence. This
study takes a different approach to this problem by
testing whether point amino acid mutations in the
1800- to 2000-amino-acid sequence of the human Na”*
channel a-subunit (7) could affect the ion channel con-
ductance. A definite effect of inhibition of current by a
specific agonist or antagonist of the wildtype ion chan-
nel conductance has constituted evidence that the
agent was interacting or binding to the ion channel at
the site of the altered amino acid. To conduct such a
test of binding to the ion channel protein we chose sites
for mutated point amino acid substitutions which have
now been shown to prevent the characteristic effects of
local anesthetics to inhibit the Na* channel «-sub-
units, namely amino acid residues in the putative bind-
ing site Domain 4-Segment 6 for local anesthetics and
in D1-S6, the putative binding site for BTX. The deci-
sion to begin with these local anesthetic sites was
based on what seems like a remarkable concurrence of
the effects of local anesthetics and of PUFAs on func-
tions of the heart, which will be discussed later. The
present paper deals with the quite considerable effects
on the Na' conductance of the human wildtype
a-subunit (hH1,) from the effects of the three mutated
amino acids alone on the Na* currents of the hH1,
transiently expressed in HEK293t cells. The effects of
the PUFAs and the further possible interactions of
PUFAs in comparison with local anesthetics are the
subjects of subsequent publications.

MATERIALS AND METHODS

Mutagenesis and transient transfection of Na® channels.
Oligonucleotide-directed point mutations of hH1, were performed by
using the Transformer Site-Directed Mutagenesis Kit (Clontech
Lab., Palo Alto, CA), with some modifications to increase the yield of
in vitro DNA synthesis. Mutations were identified by restriction
mapping and further confirmed by DNA sequencing of regions con-
taining the mutation. The detailed method has been described in a
previous report (8). The methods for the culture of HEK293t cells and
the transfection of the wildtype and its mutants of hH1, Na* chan-
nels, as well as for the cotransfection with the rat brain 8, subunit
were described in detail previously (2, 8).

Electrophysiological recordings. During an experiment HEK293t
cells cultured in a culture dish for 2 to 5 days after transfection were
continuously superfused (1-2 ml/min) with the Tyrode's solution,
which contained (in mM): NaCl 137, KCI 5, MgCl, 1, CaCl, 1.8,
Hepes 10, glucose 10, pH 7.4. Recording glass electrodes with a
resistance of 1-3 MQ were filled with the pipette solution which
contained (in mM): NaF 100, NaCl 30, EGTA 10, and Hepes 10
(titrated with cesium hydroxide to pH 7.3). The recording method of
Na* currents was as described (2, 9). The average membrane capac-
itance of the HEK293t cells patched during experiments was 32 +
0.8 pF (n = 69). The bath solution during voltage-clamp measure-
ments contained (in mM): NaCl 65, choline chloride 85, CaCl, 2, and
Hepes 10, was rapidly exchanged (10). The 65 mM Na* concentration
in the bathing solution was to reduce peak Na™ currents to manage-
able amplitudes. Experiments were conducted at 22—-23°C.

Statistics. Data are presented as means = SEM. Whole-cell activa-
tion conductance (g,,) at a given voltage step was calculated from the
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FIG. 1. Current densities of voltage-activated human cardiac
Na® channels. (A) Current traces were evoked by depolarizing test
pulses from a holding potential of —150 to 30 mV (see the protocol of
inset) for the wildtype (wildtype) and the mutants (Y1767K, F1760K,
and N406K) of hH1, Na* channels expressed in HEK293t cells. (B)
Peak current densities evoked by test pulses were averaged for the
wildtype (n = 69), Y1767K (n = 43), F1760K (n = 44), and N406K
(n = 32). *P < 0.05; **P < 0.01; vs wildtype.

equation g, = lw/(E, — Ewa), Where I, is the current, E,, is the
amplitude of voltage step, and E,, is the reversal potential of the Na*
current. Activation conductance, inactivation, and voltage-block data
were fit by the Boltzmann equation, {1/[1 + exp(Vy, — V)/K]}, where V,;,
is the midpoint voltage of the function and k is the slope factor (in
mV/e-fold change in current). The results of development of inactivation
were fit by the least-squares fitting (y = A, + Aexp .. .Origin 6.0,
Microcal Software, Inc., Northampton, MA) with a single exponential
function. The recovery from inactivation was fit with a logistical equa-
tion, Y = {(A, — A)/[1 + (x/x0)’] + A.}; where y, is center, p is power, A,
is initial Y value, and A; is final Y value. The unpaired Student’s t-test
was used to determine statistical differences between two experimental
groups. Data derived from three or more experimental groups were
examined by variance analysis (ANOVA). The level of P < 0.05 was
considered as statistical significance.

RESULTS

Current Densities in HEK293t Cells Expressing
the Wildtype and Three hH1, Mutants

Voltage-activated Na* currents with fast activation
and fast inactivation kinetics were evoked by depolar-
izing pulses in HEK?293t cells 2 to 5 days in culture
after transient transfection with either the wildtype
(Fig. 1A, Wildtype) or one of three mutants (Fig. 1A,
Y1767K, F1760K and N406K) of hH1,. Substitution of
phenylalanine at the site of 1760 with lysine signifi-
cantly enhanced the peak -current densities in
HEK?293t cells transfected with the mutant F1760K.
The average current density (elicited by voltage pulses
from —150 to 30 mV) was 132 = 14 pA/pF for the
wildtype (n = 69) and 177 = 22 pA/pF for F1760K (n =
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FIG. 2. Effects of single point mutations on the activation and
inactivation of the Na* current in HEK293t cells. (A) The experimental
protocol is shown. Na* currents were elicited by 10-ms test pulses from
—90 to 50 mV with 10-mV increments every 5 s. The membrane poten-
tial was held at —150 mV. (B) Relative whole-cell activation conduc-
tances for the wildtype (O, n = 32), Y1767K (@, n = 28), F1760K (A, n =
29), and N406K (m, n = 22) of hH1, Na* channels. (C) The voltage
protocol for recording current traces of the steady-state inactivation is
shown. Currents were elicited by 10-ms test pulses to 30 mV following
500 ms conditional prepulses varying from —150 to —20 mV with
10-mV increments. The membrane potential was held at —150 mV and
the pulse rate was 0.1 Hz. (D) Normalized steady-state inactivation was
averaged for the wildtype (O, n = 32), Y1767K (@, n = 28), F1760K (A,
n = 29), and N406K (m, n = 22) of hH1, Na" channels. The data were
fit with a Boltzmann equation.

44, P < 0.05; Fig. 1B), respectively. In contrast, sub-
stitution of asparagine at the site of 406 with lysine
significantly reduced the peak current densities in
HEK?293t cells transfected with the mutant N406K.
The average current density was 73 = 9 pA/pF for
N406K (n = 32, P < 0.001, vs the wildtype; Fig. 1B).
Compared to the wildtype, the current density in
HEK?293t cells expressing the mutant Y1767K (substi-
tution of tyrosine at the site of 1767 with lysine) was
not significantly changed (101 + 12 pA/pF, n = 43, P >
0.05, vs the wildtype; Fig. 1B).

Hyperpolarizing Shift of Inactivation
of the Mutant Y1767K

Na" currents were elicited by various voltage pulses
(see the protocol, Fig. 2A). The normalized whole-cell
activation conductances of the wildtype and three mu-
tants of hH1, were calculated from peak Na* currents
(Fig. 2B) with an equation (see Materials and Meth-
ods). Na™ currents were activated at around —70 mV
and reached a maximal conductance at —20 mV for the
wildtype and the mutants (Fig. 2B). Compared to the
wildtype, the values of the V,, and k (slope) of activa-
tion were not significantly altered after point muta-
tions at D1-S6 (N406K) and D4-S6 (F1760K and
Y1767K). The average V,, and k values fitted with a
Boltzmann equation were —53.8 = 1.64 mV and 13.9 =
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1.26 mV, respectively, for the wildtype (n 32);
—50.1 = 0.81 mV and 8.2 + 0.47 mV, respectively, for
Y1767K (n = 28); —55.3 = 2.20 mV and 16.0 + 1.30
mV, respectively, for F1760K (n = 29); and —51.5 =
1.62 mV and 10.4 = 1.37 mV, respectively, for N406K
(n = 22). These results indicate that the point muta-
tions at the regions of D1-S6 and D4-S6 did not modify
the activation process of hH1, Na" channels.

The effects of the point mutations on the steady-state
inactivation were examined by measuring the ampli-
tude of peak currents evoked by a two-pulse protocol.
From a holding potential of —150 mV, we delivered
500-ms prepulses ranging from —150 mV to —20 mV
(in 10 mV increments) and then measured the avail-
able current elicited by a 10-ms test pulse to 30 mV
(Fig. 2C). The average V., of the steady-state inactiva-
tion curve for the wildtype was —94.3 = 0.43 mV with
a k value of 85 = 0.11 mV (n = 33). The mutants,
F1760K and N406K, of hH1, had no effect (P > 0.05, vs
the wildtype) on the steady-state inactivation of I,
with the V,, and k values of —95.9 = 0.19 mV and
7.8 £ 0.17 mV, respectively, for F1760K (n = 25) and of
—94.0 £ 0.27 mV and 7.4 = 0.24 mV, respectively, for
N406K (n = 18). In contrast, the point mutation
Y1767K of hH1, significantly shifted the V., of inacti-
vation to hyperpolarizing direction with a value of
—100 + 0.17 mV (n = 26, P < 0.05, vs the wildtype) and
with a k value of 8.0 = 0.15 mV (Fig. 2D). These results
show that the mutants, F1760K and N406K, of hH1,
do not significantly alter the steady-state inactivation
of .., but a point mutation (Y1767K) does.

Alteration of Voltage-Dependent Inhibits
the Mutant Y1767K

Depolarization of the cell membrane causes an inacti-
vation of voltage-activated Na“ channels. To assess
whether single point mutations of hH1, Na* channels
affected the characteristic of voltage-dependent inactiva-
tion, an experimental protocol was applied to patched
HEK?293t cells. The voltage protocol consisted of a 10-s
conditioning pulse ranging from —180 mV to —50 mV
with 10-mV increments followed by a 100 ms (Fig. 3A) or
5 ms (Fig. 3C) interval at the holding potential of —150
mV and a subsequent test pulse to 30 mV. Figure 3 shows
that with the 100 ms recovery interval, I, of the mutant
Y1767K, was significantly reduced when voltages of con-
ditioning pulses were depolarized above —120 mV,
whereas I, of the wildtype, F1760K, and N406K of hH1,
was not affected by the voltages of conditioning pulses
(Fig. 3B). With the 5 ms recovery interval, the reduction
of Iy, of the mutant Y1767K was even more profound
when the voltages of conditioning pulses were depolar-
ized above —120 mV (Fig. 3D). With the 5 ms recovery
interval, the normalized amplitude of 1, for the wildtype,
F1760K, and N406K also showed a 10-15% reduction
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FIG. 3. Voltage-dependent block of I, in HEK293t cells expressing the wildtype or three mutants of hH1, Na® channels. (A) The
experimental protocol is shown. Currents were elicited by 10-ms test pulses to 30 mV following a 10-s conditioning pulse varying from —180
to —50 mV with 10-mV increments. A 100-ms interval was inserted between the conditioning pulse and the test pulse. The membrane
potential was held at —150 mV and the pulse rate was 0.1 Hz. (B) Whole-cell currents were normalized by I, recorded with the conditioning
voltage of —180 mV for the wildtype (O, n = 11), Y1767K (@, n = 10), F1760K (A, n = 7), and N406K (m, n = 19). (C) The voltage protocol
is similar to that in A with a recovery interval of 5 ms. (D) Normalized currents were shown for the wildtype (O, n = 21), Y1767K (@, n =
15), F1760K (A, n = 15), and N406K (m, n = 12). The data were fit with a Boltzmann equation.

after the conditioning pulses depolarized above —100
mV. These results indicate that the single point mutation
Y1767K in the D4-S6 region of hH1, enhances the char-
acteristics of voltage-dependent inactivation of hH1, Na*
channels

Development of Inactivation and Recovery
from the Inactivated State of the Wildtype
and the Three Mutants

Voltage-gated Na" channels can directly enter into
an inactivated state from the resting state. This pro-
cess occurs without opening of the channel and is re-
ferred as resting inactivation (11-15). To assess the
effects of single point mutations on the development of
resting inactivation of hH1, Na" channels, a condition-
ing pulse to —70 mV with variable durations was fol-
lowed by a 10-ms test pulse to 30 mV (Fig. 4A). We
selected —70 mV as the conditioning voltage to reduce
the chance of channel activation. Fig. 4B shows that
the amplitudes of I, dramatically decreased as the
duration (At) of conditioning pulses was prolonged, in-
dicating that an increasing proportion of channels en-
tered the inactivated state. The decay time constant of
inactivation development was 45.4 = 4.4 ms (open
circle, n 8) for the wildtype, 52.5 = 4.8 ms for
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Y1767K (solid circle, n = 9), 30.4 + 2.6 ms for F1760K
(solid triangle, n = 7, P < 0.05, vs wildtype), and 22.1 =
3.6 ms for N406K (solid square, n = 8, P < 0.01, vs
wildtype), respectively (Fig. 4B). Our results indicate
that a single point mutation at the 1767 site (Y1767K)
of hH1, does not significantly alter the development of
inactivation, but the mutants, F1760K and N406K, do.

To determine whether the mutants of hH1, affected
recovery from inactivation, a double-pulse protocol was
used to test recovery from resting inactivation at —70
mV. A 10-s depolarizing conditioning pulse to —70 mV
was followed by a variable recovery interval at —150 mV
and then a subsequent test pulse to 30 mV (Fig. 5A). The
10-s conditional pulse to —70 mV was to ensure all Na*
channels entered the inactivated state without opening
channels. The time course of recovery from inactivation of
both 1., was fit by a logistical equation (see the Meth-
ods). The time for 50% recovery from inactivation was
3.4 = 0.45 ms for the wild type (n = 8), 8.3 = 1.80 ms for
Y1767K (n = 11, P < 0.05, vs the wildtype), 1.0 = 0.04 ms
for F1760K (n = 7, P < 0.01, vs the wildtype), 3.0 = 0.46
ms for N406K (n = 7, P > 0.05, vs the wildtype), respec-
tively (Fig 5B). These results show that the mutant
Y1767K of hH1, delayed the recovery from inactivation
and, that in contrast, the mutant F1760K accelerated the
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FIG. 4. Effects of point mutations on development of resting
inactivation of hH1, Na™ channels. (A) The pulse protocol was com-
posed of a depolarizing pulse from a holding potential of —150 to —70
mV with various duration followed by a 10-ms test pulse to 30 mV.
The pulse rate was 0.1 Hz. (B) Prolonging the duration of prepulse
reduced the amplitude of normalized currents for the wildtype (O,
n = 8), Y1767K (®, n = 9), F1760K (A, n = 7), and N406K (m, n = 8)
of hH1, Na* channels. Data were fit with a single exponential
function.

process of recovery from inactivation. This is consistent
with a recently reported finding with the isoform Y1586K
of a rat skeletal muscle sodium channel (ul) (16).

Effects of Coexpression of the B;-Subunit
on the Kinetics of Na® Currents

Our previous data showed that coexpression of the
Bi-subunit with hH1, significantly modified the kinet-
ics of the Na" current (2). To examine the effects of the
B.-subunit on the kinetics of Na" currents, we coex-
pressed the B;-subunits with hH1, or with its N406K
mutant in HEK293t cells. The reason for using N406K
in this experiment is that we have found that the single
point mutation N406K of hH1, significantly reduced
the inhibitory effect of the polyunsaturated fatty acids
on Na' currents (Xiao et al., unpublished data). In
HEK?293t cells cotransfected with B;-subunits, the den-
sities of I, were significantly increased, 33% for the
wildtype plus the B;-subunit (n = 7) and 68% for
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N406K plus the B;-subunit (n
(Fig. 6).

We also compared the effects of coexpression of the
B:-subunit with the wildtype or N40O6K mutant on the
fast steady state inactivation. Currents were evoked by
a two-pulse protocol. The average V,, of the fast
steady-state inactivation curve of I, for the wildtype
was —95 = 0.4 mV with a k value of 8.5 + 0.2 mV (n =
33). The wildtype plus Bl-subunit was —76 = 1.5 mV
with a k value of 5.8 = 0.3 mV (n = 9, P<0.01, a shift
of V,, by 19 = 0.7 mV. On the other hand, the average
V., of the fast steady-state inactivation curve of I, for
the mutant N406K was -94 = 1.0 mV with a k value of
6.5 * 0.5 mV (n = 18). Coexpression of N406 and the
B:-subunit shifted the V,, of the I, to —82 = 1.4 mV
with ak value of 6.9 = 0.7 mV (n = 11, P < 0.01), a shift
of 12 = 0.8 mV. These results suggest that functional
association of the B;-subunit with hH1, or its mutant
N406K causes a significant shift of the fast steady-
state inactivation to the depolarizing direction and the
shift for the wildtype of hH1, is even greater.

To test whether coexpression of the B;-subunit with
hH1, or with its mutant N406K affected voltage-
dependent inactivation, we depolarized patched HEK
293t cells to various voltages. With a 100 ms recovery
interval, the inactivation process of I, for N406K and
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FIG. 5. Effects of point mutations on recovery from inactivation.
(A) The pulse protocol was composed of a 10-s depolarizing pulse
from —150 mV to —70 mV followed by a hyperpolarizing pulse to
—150 mV with progressively longer durations and then a 10-ms test
pulse to 30 mV. The membrane holding potential was —150 mV and
the rate of pulses was 0.1 Hz. (B) The time course of recovery of peak
Inae from inactivation is shown for different isoforms of hH1, Na*
channels. Data were fit with a logistical function.
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FIG. 6. Current densities of voltage-activated human cardiac
Na* channels coexpressing just a- or both a- and B,-subunits. (A)
Current traces were evoked by depolarizing test pulses from a hold-
ing potential of —150 to 30 mV (see the protocol of inset). (B) Peak
current densities evoked by test pulses were averaged for the wild-
type 132 = 14 pA/pF (n = 69), wildtype + B;-subunit 176 = 14 pA/pF
(n = 7), N4O6K 73 = 9 pA/pF (n = 32, and N406K + B, 113 = 11
pA/pF (n = 19). It is evident that coexpression with the B1-subunit
increases the current density of N406K by the same amount as for
the wildtype, 44 and 40 pA/pF, respectively.

for N406K plus the B;-subunit was similar to that of
the wildtype. In contrast, coexpression of the p;-
subunit and hH1, enhanced the process of inactivation
when the conditioning voltage was more positive than
—90 mV. The portion of inactivated channels for hH1,
plus B; was significantly different than that for hH1,
alone when the conditioning voltages were at —60 and
—50 mV. These results indicate that coexpression of
hH1, and the B,-subunit accelerates the slow voltage-
dependent inactivation, but not for the mutant N406K.

DISCUSSION

Dietary long chain polyunsaturated fatty acids, es-
pecially from fish oils, prevent ischemia-induced fatal
cardiac arrhythmias in animals and probably in hu-
mans (reviewed in 1). This protective action has been
shown to result from inhibition of ion currents for Na ™,
Ca*"and K™, of which the Na* and Ca®" currents now
seem most important (1). The present study seeks to
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extend our understanding of the protective action by
seeking the primary site of interaction of the antiar-
rhythmic PUFAs with the cardiac myocytes, perhaps a
possible binding or interactive site for the PUFAs on
the affected ion channel protein. We chose the
a-subunit of the human cardiac Na“ channel, hH1,,
which is the large component of the channel protein
through which Na™ ions enter the cardiac cell to initi-
ate an action potential. Three mutated single amino
acid substitutions were made in the a-subunit at D4-S6
of F1760, Y1767 and at D1-S6 of N406 and transiently
expressed in HEK?293t cells. At each of these sites a
lysine (K) was substituted for the phenylalanine (F),
tyrosine (Y) and asparagine (N), respectively, tran-
siently expressed in HEK293t cells. Our choice of these
mutants was based on noted similarities between the
actions of local anesthetics and those of the anti ar-
rhythmic fatty acids we have been studying. These
similarities include: (a) LAs have a long clinical usage
as antiarrhythmic agents and n-3 PUFAs are also car-
diac antiarrhythmic agents (1); (b) both inhibit the
cardiac voltage-dependent fast Na* current (1, 17); (c)
both cause this inhibition by shifting the steady state
inactivation of the Na™ channel to more negative, hy-
perpolarized potentials (12, 18, 19); (d) both prolong
the inactivated state of the Na* channel (2, 20); (e) both
displace bound batrachotoxin from its binding site in
the activated, open state of the Na*® channel by non-
competitive inhibition (5, 21, 22); (f) both reversibly
reduce the spontaneous beating rate of cultured neo-
natal rat cardiomyocytes (1-Fig. 2).

With so many similar functional effects of local an-
esthetics and anti-arrhythmic fatty acids, it seemed
possible that they might both be sharing similar mech-
anisms of action. Since the site of binding or interac-
tion of local anesthetics has been localized to be near
the middle of D4-S6 of the a-subunit of the voltage-
dependent Na* channel of rat brain RBIIA isoforms
(23, 24), we have studied the homologous residues
hH1-F1760 and hH1-Y1767 of human heart Na* chan-
nels involved in LA binding (8). Point mutations at
these sites have inhibited the action of the local anes-
thetics on the Na" channel (23, 24). We have studied
point mutations at these sites to learn if the same point
amino acid mutations will likewise inhibit the action of
the PUFAs on that channel. If a point amino acid
mutation in an ion channel protein can significantly
inhibit the expected effect of an agent on the conduc-
tion through that ion channel, it is interpreted as sug-
gesting that the amino acid which has been replaced
constitutes a site for the binding of that agent to the
channel protein. That explains the choice of F1760 and
Y1767 of D4-S6.

The reason for also testing N406 is that D1-S6 has
been shown to contain the putative binding site for
batrachotoxin (21) an alkaloid neurotoxin, which
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causes the Na* channel to be persistently in the open
state. It has also been shown that batrachotoxin can be
displaced from its binding site by local anesthetics (22,
25, 26). Wang and Wang (26) reported that three lysine
point mutations in this region make the rat skeletal
muscle Na* channel a-subunit completely resistant to
BTX. They concluded that the putative BTX receptor is
probably located near the middle of the DI-S6 segment,
which include the residues of u1-1433, N434, and L437
of the rat skeletal muscle Na™ channel a-subunit. In
this study we have used the N406 residue in the hu-
man cardiac Na" channel a-subunit, which is homolo-
gous to the N434 residue in the rat ul skeletal muscle
Na* channel a-subunit.

With the a-subunit in its folded channel configura-
tion, however, these D1-S6 and D4-S6 sites are appar-
ently juxtaposed and thought to be within the pore
lining region of the internal vestibule of Na™ channels.
The close functional association, as well as the close
positional association, has further been demonstrated
by the findings that point mutations in D4-S6, which
inhibit the action of local anesthetics on conductance of
Na’ channels, also block the binding of BTX to the Na”
channel (27, 28). Likewise, mutations in D1-S6, which
block the binding of BTX to the Na* channel, also block
the inhibiting action of local anesthetics on the Na*
channel (29).

Prior to testing the action of the anti-arrhythmic
fatty acids on the mutated human Na® channel
a-subunit, however, it was important to learn how
much the mutations themselves were affecting the con-
ductance of the Na® channels. This is what is docu-
mented and reported in this communication.
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