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Molecular Localization of an lon-Binding Site
Within the Pore of Mammalian Sodium Channels

Peter H. Backx, David T. Yue, John H. Lawrence,
Eduardo Marban, Gordon F. Tomaselli*

Sodium channels are the major proteins that underlie excitability in nerve, heart, and
skeletal muscle. Chemical reaction rate theory was used to analyze the blockage of single
wild-type and mutant sodium channels by cadmium ions. The affinity of cadmium for the
native tetrodotoxin (TTX)-resistant cardiac channel was much higher than its affinity for the
TTX-sensitive skeletal muscle isoform of the channel (p.l). Mutation of Tyr4°" to Cys, the
corresponding residue in the cardiac sequence, rendered p.| highly susceptible to cadmium
blockage but resistant to TTX. The binding site was localized approximately 20% of the
distance down the electrical field, thus defining the position of a critical residue within the

sodium channel pore.

Sodium channels support the flux of mil-
lions of Na* ions per second while selecting
against the many other ions that are present
inside and outside cells (I). To understand
how the pores of Na* channels function at
the molecular level, one must define which
residues line the permeation pathway and
how those residues interact with the ions
that cross the membrane. Analysis of the
protein sequences deduced from cDNAs led
to the prediction that Na* channels consist
of four major symmetrical domains that
assemble to form a central pore (2, 3). In
K* channels, which are encoded as mono-
mers homologous to each of the four Na*
channel domains (4), the loop linking the
fifth and sixth transmembrane segments
determines ionic selectivity (5) and con-
tains the sites that bind K* channel-specif-
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ic drugs and toxins that block the ionic
current (6). Neutralization of negatively
charged amino acids in the analogous seg-
ment of the mammalian brain Na* chan-
nel, known as the SS1-SS2 region, results
in decreased sensitivity to TTX and sax-
itoxin (STX), altered cation selectivity,
and decreased single-channel conductance
(7). Other experiments suggest the pres-
ence of overlapping TTX and STX and
divalent ion binding sites that are sensitive
to modification by sulthydryl alkylating
agents (8). To investigate whether the SS1-
SS2 region forms the Na* channel pore, we
first characterized ion permeation for the
cardiac and skeletal muscle isoforms of the
Na* channel. We then mutated a residue
in this region that is different in the two
isoforms and determined whether it con-
ferred phenotypic idiosyncracies in ion
transport and TTX sensitivity.

Both Cd?* and Zn** block cardiac Na*
channels much more potently than they
block Na* channels from nerve or skeletal

muscle (8, 9). Cd** blockage of the pl
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Fig. 1. Cd?* blockage of fenvalerate-modified ! skeletal muscle and
cardiac Na* channels and the effect of a point mutation. (A) Representative
single-channel records from oocytes injected with wl RNA in the absence
and presence of 2 mM Cd2* at test potentials of —30, —50, and —80 mV.
(B) (Top) Current-voltage relationships obtained in zero (open circles) and
2 mM (filled circles) Cd?*. The mean + SE unitary current amplitudes were
plotted and the slope conductances were determined by linear regression
to the data. (Bottom) A function containing the ratio of the unblocked and
blocked current amplitude was plotted against voltage to determine the
fractional electrical distance & (12). (C) Records from cardiac myocytes in
the absence and presence of 100 uM Cd?* at the same potentials shown

in (A). (D) (Top) The current-voltage relationships of the time-averaged
current through cardiac Na+ channels was plotted against voltage in the
presence of zero (open circles) or 25 wM (filled circles) Cd?*. Unitary
conductances in zero divalents equaled 52 pS (r = .997) for wl (n = 4) and
43 pS (r = .998) for heart (n = 5). (Bottom) A plot as described in (B),
bottom, was used to determine 8. (E) Single-channel current records from
expressed Y401C Na* channels exposed to 25 uM Cd?* at test potentials
of =80, =50, and —80 mV. (F) (Top) The current-voltage relationship of the
mutant Na* channel variant. Unitary conductance in the absence of Cd2*
was 43 pS (r = .998; n = 6). (Bottom) The fractional electrical distance was
determined as described in (B), bottom.

skeletal muscle channels expressed in oocytes
(10) differs significantly from its blockage of
native cardiac Na* channels (11) (Fig. 1, A
and C). Single-channel recordings enabled us
to distinguish permeation unambiguously
from gating during long openings induced by
fenvalerate (10). With equal concentrations
of Na* across the membrane and in the
absence of divalent cations (Fig. 1, A and C),
the two channel types appeared to be very
similar, with the I variant having a slightly
larger unitary conductance (Fig. 1, B and D).
Nevertheless, the addition of Cd?** to the
external solution revealed discrepancies in
behavior. Millimolar concentrations of Cd?*
reduced unitary current amplitude in the pl
channel (Fig. 1A); the reduction in current
became more pronounced at increasingly neg-
ative potentials. Such behavior is typical of a
fast blocker that binds within the pore, with
the binding being facilitated by voltage (1).
The affinity of the blocker for the pore is
weak, and the blocking ion occupies the pore
so briefly that individual blocking events can-
not be resolved; thus, only a reduction in the
average current was apparent. The voltage
dependence of blockage of the pl channel
(Fig. 1B) provides evidence that Cd?>* binds
somewhere within the electrical field. The
fractional electrical distance & for Cd** block-
age, derived from the ratios of the blocked
and unblocked current over a broad voltage
range (Fig. 1B), equaled 21%. This value

implies that a Cd?* ion entering the channel
from the extracellular medium traverses 21%
of the full transmembrane field to reach its
binding site (12).

Comparison of Cd** blockage of the car-
diac channel (Fig. 1C) to its blockage of the
pl channel revealed marked differences. First,
much less Cd** (100 uM) was required for
blockage of the cardiac channel than for
blockage of the pl channel. Secondly, dis-
crete blocking events were evident as brief but
complete occlusions of Na* flux through the
channel. Observation of discrete occlusions of
the pore indicates that a Cd?* ion resides
longer within the channel and that Cd®* has
a higher affinity for its binding site within the
cardiac channel relative to the wl channel (1,
13). Comparison of records (Fig. 1C) ob-
tained at different voltages revealed that the
channel remains most often in the blocked
state at the more negative test potentials. In
order to compare directly the potency and
voltage dependence of blockage in the two
channel types, we calculated the average cur-
rent through the cardiac channels at each
potential (Fig. 1D). The fractional electrical
distance 8 for Cd?>* binding in this case was
22% (12) (Fig. 1D). Thus, despite a differ-
ence of two orders of magnitude in affinity for
Cd** (14), the two channel isoforms bind
Cd** at a virtually identical location within
the electrical field (15).

The potency of blockage by Cd** differs so
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much in the two channel isoforms that it
serves as a sensitive marker for subtype-specif-
ic pore structure. Nevertheless, the fact that
the electrical distance of the Cd?* blockage
site is identical in the two isoforms suggests
that the distinct binding affinities could arise
from a local difference in the structure of the
two isoforms. The aligned sequences of the I
and cardiac channels in the SS2 region of the
first domain differ at position 401, with Tyr in
plI but Cys in the heart clone (10, 16) (Fig.
2A). Cysteine residues have a very high affin-
ity for Cd?* and Zn?* in solution (17) as well
as in metal-binding proteins such as the Zn?*
finger transcription. factors (18). Sulthydryl
alkylating agents alter the potency of Na*
channel blockage by Zn**, which suggests
that a Cys side chain contributes to the metal
binding site (8).

We investigated the importance of residue
401 in pl by constructing a mutant channel
in which Tyr was changed to Cys (Y401C) by
site-directed mutagenesis (19). This mutation
reduced the unitary Na* channel conduc-
tance in the absence of divalent cations from
53 to 43 pS, a value identical to that of the
cardiac isoform (Fig. 1E). The mutant chan-
nel also behaved like the cardiac isoform
when Cd?* was added (Fig. 1E): Cd** inter-
acted with the pore with high affinity, produc-
ing discrete voltage-dependent blockage. The
apparent dissociation constant (K) for block-
age of Y401C by Cd?* was in the micromolar
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range, close to the values for the cardiac
channel but two orders of magnitude smaller
than that for wild-type pl (Fig. 1F). The
fractional electrical distance for the site of
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Fig. 2. Effect of a point mutation on blockage by
Cd?* and sensitivity to TTX of the expressed pl
Na* channel. (A) The aligned single-letter ami-
no acid sequences of the SS2 region of domain
| from the rat ul skeletal muscle (top) (70) and
rat heart (bottom) (76) Na* channels, with the
numbering scheme based on the ul sequence.
The Cys residue in the pl sequence and the
corresponding Tyr in the cardiac sequence are
highlighted. Abbreviations for the amino acid
residues are: C, Cys; D, Asp; E, Glu; L, Leu; M,
Met; N, Asn; Q, Gin; R, Arg; T, Thr; W, Trp; and
Y, Tyr. (B) Normalized whole-cell current mea-
sured from a holding voltage of ~120 mV to a
test potential of —10 mV plotted against TTX
concentration for wild-type ul and Y401C (20).
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Fig. 3. Model of the transmembrane topology
for domain | of the mammalian Na* channel
based on previous predictions (3) and our
data. Residue 401 (X) is predicted to lie in the
COOH-terminal B sheet at a fractional electrical
distance of approximately 0.22 from the extra-
cellular side of the membrane. The shaded
region represents the full extent of the trans-
membrane electrical field.

Cd** blockage was 24% (Fig. 1F). The fact
that the mutant pore conducted Na* normal-
ly in the absence of divalent cations, coupled
with the observation that the location of the
Cd** binding site within the membrane field
remained essentially unchanged, indicates
that the overall structure of the channel was
not radically altered by the Y401C mutation.

The susceptibility of various isoforms of
Na* channels to blockage by Cd?** and
Zn?* varies inversely with sensitivity to
blockage by TTX or STX (9); indeed, it has
been proposed that the toxins and divalents
interact with the same binding site (8). The
cardiac channel is resistant to TTX [median
inhibition concentration (IC5)) ~3 pM]
(20); in contrast, the Na* current through
wild-type pl channels was blocked by na-
nomolar concentrations of TTX (IC,, = 16
+ 2 nM) (Fig. 2B). If TTX and Cd?* share
a binding site, the Y401C mutant should
exhibit markedly altered TTX affinity. This
is indeed the case: micromolar concentra-
tions of TTX are required to inhibit Na*
current through the mutant channels (IC,
> 50 pM) (Fig. 2B) (21). Thus, the con-
version of a single residue in skeletal muscle
pl Na* channels alters the sensitivities to
blockage by either Cd?** or TTX, producing
a phenotype similar to that of the cardiac
isoform (22). Because TTX is large com-
pared to a Cd?* ion (1), it may interact
with more than one site when it binds to
the channel (7). Nevertheless, the fact that
TTX can interact so tightly with a residue
that is well within the electrical field pro-
vides good reason to reexamine the contro-
versial finding that TTX blockage is volt-
age-dependent (20).

The importance of the Cys residue in
SS2 is supported by evidence that the re-
verse mutant, Cys to Tyr in the rat heart
Na* channel, alters sensitivity to Cd?* and
TTX (23). These researchers and others
have speculated that the site lies outside the
field because of evidence that TTX and
STX (23) or Cd?* (24) block in a voltage-
independent manner. The voltage depen-
dence of Cd** blockage in all the channel
types we examined places the SS2 segment
within the membrane field and further lo-
cates the position of a critical residue with-
in the permeation pathway. We propose
that the topology of the first domain of the
Na* channel is similar to that of SS2 in K*
channels (3, 5, 6) (Fig. 3). Although oth-
ers have suggested that the SS1-SS2 loop is
extracellular (2), our proposed orientation
is similar to that based on space-filling
models of the primary sequence (3).
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Block of Ca2™ Wave and Ca2™ Oscillation by
Antibody to the Inositol 1,4,5-Trisphosphate
Receptor in Fertilized Hamster Eggs

Shun-ichi Miyazaki,* Michisuke Yuzaki, Ken Nakada,
Hideki Shirakawa, Setsuko Nakanishi, Shinji Nakade,
Katsuhiko Mikoshiba

The concentration of cytoplasmic free calcium (Ca2*) increases in various stimulated cells
in a wave (Ca®* wave) and in periodic transients (Ca* oscillations). These phenomena
are explained by inositol 1,4,5-trisphosphate (IP,;)-induced Ca?* release (IICR) and Ca?*-
induced Ca2* release (CICR) from separate intracellular stores, but decisive evidence is
lacking. A monoclonal antibody to the IP, receptor inhibited both IICR and CICR upon
injection of IP; and Ca?* into hamster eggs, respectively. The antibody completely blocked
sperm-induced Ca2* waves and Ca?* oscillations. The results indicate that Ca? release
in fertilized hamster eggs is mediated solely by the IP, receptor, and Ca2*-sensitized IICR,
but not CICR, generates Ca®* waves and Ca?* oscillations.

A dramatic, transient increase in the
intracellular calcium (Ca’*) concentra-
tion ([Ca%*],) occurs at fertilization in all
eggs investigated so far, observed as a
“Ca’* wave” across the egg (1). In many
species the Ca?* transient is due to release
of intracellular Ca?* (1) and is required
for exocytosis of cortical granules to pre-
vent polyspermy (1) and for cell cycle
progression (2). Fertilized hamster eggs
exhibit repetitive Ca?* transients as well
as the Ca®* wave in each response (3).
Ca?* waves and Ca?* oscillations com-

monly occur in various somatic cells in
response to neurotransmitters, hormones,
and growth factors (4, 5). These agents
stimulate polyphosphoinositide turnover,
which leads to IICR (4). IICR is suggested
to occur in fertilized eggs of the sea urchin
(2), frog (6), and hamster (7). On the
other hand, IP;-independent Ca?* re-
lease, such as CICR, has also been detect-
ed in sea urchin eggs (8, 9) and other cells
(4). However, it has been diffcult to
obtain direct evidence for operation of
IICR, or of CICR after eliminating IICR,
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in functioning cells under physiological
conditions, because no specific blockers of
IICR were available.

IICR and CICR are mediated by the IP;
receptor (10, 11) and ryanodine receptor
(12), respectively. The IP; receptor has
been purified from rat (10) and mouse (11)
cerebella, and its primary structure was
determined by ¢cDNA cloning (13, 14).
Three monoclonal antibodies (MAbs) to
the mouse IP, receptor have been obtained
(11, 13). The 18A10 MADb, which recog-
nizes an epitope close to the proposed Ca?*
channel region in the COOH-terminus of
the receptor protein (13), inhibits IICR in
mouse cerebellar microsomes (15), whereas
4C11 and 10A6, which recognize the NH,-
terminal and middle regions, respectively
(13), block neither IP; binding nor Ca*
release in microsomes (15). We investigat-
ed whether 18A10 could block Ca?* re-
lease induced by injection of IP; or by
sperm in hamster eggs.

In hamster eggs, 18A10 stained the
cortical area and inner cytoplasm in a
roughly reticular pattern (Fig. 1A) (11),
consistent with the distribution of smooth
endoplasmic reticula (16). Eggs were also
stained by 4C11 but not by 10A6. We
ascertained the specificity of the MAbs by
immunostaining of blotted proteins from
hamster eggs (Fig. 1B) (11). Both 18A10
and 4C11 stained a single 250-kD protein
corresponding to the mouse IP; receptor
(11). The 10A6 MAD stained the 250-kD
band from eggs faintly, although it reacted
strongly with a 250-kD protein from cere-
bella and ovaries after ovulation of mature
eggs. In this report, 4C11 and 10A6
served as controls.

Each MAb was injected into eggs
through micropipettes by air pressure, to-
gether with the Ca?*-sensitive dye fura 2.
Measurement of fluorescence of fura 2 en-
abled estimation of the injected volume of
MADb and measurement of [Ca?*], with an
image processor (17). IP; was injected at
the margin of the egg 1 to 2 hours later with
negative current pulses (Fig. 2), which
allowed repeated application of IP; in the
same egg. The relative amount of IP; ad-
ministered is represented by the magnitude
(nA X s) of the square current pulse. The
spatial distribution of increases in [Ca®*],
was analyzed at three areas (Fig. 2).
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