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Recombinant brain, skeletal muscle, and heart voltage-gated
Na1 channel a subunits differ in their functional responses to an
accessory b1 subunit when coexpressed in Xenopus oocytes.
We exploited the distinct b1 subunit responses observed for the
human heart (hH1) and human skeletal muscle (hSkM1) iso-
forms to identify determinants of this response. Chimeric a
subunits were constructed by exchanging the S5–S6 interheli-
cal loops of each domain between hH1 and hSkM1 and then
examined for effects on inactivation induced by coexpressed b1
subunit in oocytes. Substitution of single S5–S6 loops in either
domain 1 (D1/S5–S6) or domain 4 (D4/S5–S6) of hSkM1 by the
corresponding segments of hH1 produced channels that ex-
hibited an attenuated response to coexpressed b1 subunit.
Substitutions of both D1/S5–S6 and D4/S5–S6 in hSkM1 by the
corresponding loops from hH1 completely abolished the effects
of the b1 subunit on inactivation. The reciprocal chimera in

which both D1/S5–S6 and D4/S5–S6 from hSkM1 were trans-
planted into hH1 exhibited significant b1 responsiveness (ac-
celerated inactivation). The region within D4/S5–S6 that con-
ferred b1 responsiveness was determined to reside primarily
within an extracellular loop between the putative pore-forming
segment SS2 and D4/S6. Gating modulation was also demon-
strated using a chimeric b subunit consisting of the extracellular
domains of b1 and the transmembrane and C-terminal domains
of the rat brain b2 subunit. These results suggest that the
D1/S5–S6 and D4/S5–S6 loops in the a subunit and the extra-
cellular domain of the b1 subunit are important determinants of
the b1 subunit-induced gating modulation in Na1 channels.
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Voltage-gated Na1 channels are heteromultimeric complexes of a
large, heavily glycosylated a subunit and one or two smaller b
subunits (Catterall, 1992). For heterologous expression of recom-
binant Na1 channels in Xenopus oocytes, an a subunit alone is
usually sufficient to form functional channels (Goldin et al., 1986;
Trimmer et al., 1989; Cribbs et al., 1990; Klugbauer et al., 1995),
whereas one or more b subunits may be required for normal
gating (Messner et al., 1986; Isom et al., 1992, 1995a). Brain Na1

channel a subunits associate noncovalently with a b1 subunit and
are disulfide-linked to a b2 subunit in vivo (Messner and Catterall,
1985; Gordon et al., 1988), whereas skeletal muscle Na1 channels
are heterodimeric, consisting of only a and b1 subunits (Roberts
and Barchi, 1987). The subunit composition of native cardiac Na1

channels is less clear (Lombet and Luzdunski, 1984; Cohen and
Levitt, 1993).
Heterologous expression of recombinant rat or human b1 sub-

units in Xenopus oocytes greatly accelerates the inactivation of
brain (Isom et al., 1992; Patton et al., 1994) and skeletal muscle
(Bennett et al., 1993; Cannon et al., 1993; Makita et al., 1994;

Patton et al., 1994) Na1 channels. In some studies, the b1 subunit
has been shown to increase the expression of functional brain Na1

channels on the cell surface as inferred by an increase in peak
current amplitude or an increase in specific [3H]saxitoxin binding
(Isom et al., 1995b). Additional effects of the b1 subunit on brain
and skeletal muscle channels include acceleration of activation,
speeding of recovery from inactivation, and changes in the steady-
state voltage dependence of inactivation. In contrast to its dra-
matic effects on brain and skeletal muscle Na1 channel function,
the b1 subunit has little or no effect on the gating of cloned cardiac
Na1 channels (Kyle et al., 1993; Makita et al., 1994; Nuss et al.,
1995; Qu et al., 1995), although peak current amplitude is
increased.
The precise structural basis for a–b1 subunit interactions in

voltage-gated Na1 channels is unknown. Because b1 modulates
inactivation, one plausible hypothesis is that it interacts with a
subunit structures that constitute the inactivation gate. Fast inactiva-
tion of Na1 channels is postulated to occur via a mechanism in which
the cytoplasmic interdomain 3–4 (ID3-4) region occludes the pore
from the cytoplasmic side (Stühmer et al., 1989; West et al., 1992). In
a previous study, we investigated the structural basis for the distinct
b1 subunit effects on heart and skeletal muscle Na

1 channels by
using chimeras formed between the two a subunits. We demon-
strated that none of the three predicted cytoplasmic interdomain
regions nor the C terminus of the Na1 channel a subunit are
responsible for isoform differences in the response to the b1 subunit,
and that this functional difference was not confined to any single
domain of the a subunit (Makita et al., 1996). It appears likely that
Na1 channels require multiple regions of the a subunit for modula-
tion of channel function by the b1 subunit.
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In this study, human skeletal muscle isoform (hSkM1)/human
cardiac isoform (hH1) chimeras were used to demonstrate that
the b1 subunit response requires the combination of two short
interhelical loops located between segments S5 and S6 (S5–S6) in
a subunit domains 1 and 4. We also demonstrated by using a b1/b2
subunit chimera that the extracellular domain and the outermost
residues in the transmembrane segment of the b1 subunit are
sufficient to modulate the gating of hSkM1. These studies identify
critical molecular determinants of the a–b1 functional interaction
that localize to the extracellular surface of the channel.

MATERIALS AND METHODS
Construction of Na1 channel a subunit chimeras. Single S5–S6 loop
chimeras were constructed using recombinant PCR (Higuchi, 1989),
starting with modified expression constructs in which silent HindIII sites
were inserted within D1/S6 of hSkM1 [nucleotide (nt) 1302] and hH1 (nt
1200) and changes made in the terminal 39 untranslated regions of both
cDNAs (XbaI site added to pSP64T–hSkM1 and a 0.9 kb SpeI fragment
removed from hH1). Amino acid substitutions made in hSkM1 were as
follows: hSkM1–P1, amino acids 278–422 of hSkM1 were replaced by
hH1 residues 278–388; hSkM1–P2, residues 725–784 were replaced by
hH1 804–921; hSkM1–P3, amino acids 1187–1273 were replaced by hH1
1361–1448; and hSkM1–P4, residues 1512–1573 were replaced by hH1
1678–1747. Amino acid substitutions in hH1 chimeras were as follows:
hH1–P1, residues 278–388 were replaced by hSkM1 278–422 and hH1–
P4, residues 1678–1747 were replaced by hSkM1 1512–1573.
Double hSkM1 S5–S6 loop chimeras were assembled by ligating pairs

of the following cDNA fragments derived from the single S5–S6 loop
chimeras; pSP64T–hSkM1–P1: 2.2 kb NotI–SphI (59 cloning site to nt
2153); pSP64T–hSkM1–P2: 0.6 kb SphI–XhoI (nt 2153–2719); pSP64T–
hSkM1–P3: 1.7 kb XhoI–SacII (nt 2719–4386); pSP64T–hSkM1–P4: 1.8
kb SacII/XbaI (nt 4386–39 cloning site) (nt numbers correspond to the
hSkM1 cDNA sequence). Chimera hH1–P14 was assembled by combin-
ing a 3.2 kb KpnI/XbaI pSP64T–hH1–P4 fragment with 7.5 kb KpnI/XbaI
pSP64T–hH1–P1 fragment
Partial reversions of hH1–P14 were done by recombinant PCR and

facilitated by the presence of a conserved EagI restriction site in the
D4/SS2 region in both hSkM1 and hH1. Chimera hH1–P14N contains the
hSkM1 D1/S5–S6 region in addition to hSkM1 residues 1521–1537 (N-
terminal portion of D4/S5–S6). Chimera hH1–P14C contains the hSkM1
D1/S5–S6 region in addition to hSkM1 residues 1537–1573 (C-terminal
portion of D4/S5–S6).
Correct assembly of each chimera was verified by restriction analysis

and dideoxynucleotide sequencing of the junctional regions. Chimeric
regions generated by PCR were sequenced completely to identify clones
without polymerase errors. Functional expression studies were performed
on multiple independent recombinants of each construct.
Construction of a b1/b2 chimera. Rat brain b2 subunit (rb2) cDNA was

isolated by a reverse-transcription PCR (RT-PCR) strategy using published
sequence data (Isom et al., 1995a). Total RNA was extracted from rat brain,
primed with random hexamers, and reverse-transcribed using Superscript II
reverse transcriptase (BRL, Bethesda, MD). A 714 bp cDNA containing the
complete rb2 coding region was amplified using oligonucleotide primers
rb2-F (59-GCCTAACATAGTCTCTGAA-39) and rb2-R (59-GAGGAGA-
CAGGACACAGGAA-39). A chimeric b subunit (b1–2) was constructed by
recombinant PCR. A 185 bp cDNA was amplified using hb1 as a template
with primers 59-TCACCAATGTCACCTACAACCACTC-39 and 59-
CACCACAGCTAGCACATACATCAT-39, digested with AvaI/NheI, and
gel purified. Similarly, a 200 bp cDNA fragment was amplified from rb2 using
primers 59-GGTTTGCTAGCTGTGGTCATCTTG-39 and 59-GCCGGA-
ATTCGAGGAGACAGGACACAGGAA-39, digested with NheI/EcoRI,
and gel purified. These two fragments were subcloned back into the AvaI/
EcoRI sites of plasmid pSP64T–hb1. The resulting chimera b1–2 has the
complete N terminus of hb1 extending five amino acids into the transmem-
brane domain (Met1 through Val164) joined to the transmembrane domain
and C terminus of rb2 (Leu161 through stop216). Both rb2 and b1–2 were
directionally subcloned into the pSP64T vector (Krieg and Melton, 1987) for
in vitro transcription. All sequences were verified by dideoxynucleotide
sequencing in the final constructs.
Expression in Xenopus oocytes and electrophysiology. All the cDNAs

encoding wild-type and chimeric a and b subunits were transcribed in
vitro from pSP64T constructs using SP6 RNA polymerase, and the result-
ant cRNAs were microinjected into Xenopus oocytes. Whole-cell currents

were recorded from oocytes using the two-microelectrode voltage-clamp
as described previously (Bennett et al., 1993; Makita et al., 1994, 1996).
To analyze the effect of the b1 subunit on Na

1 inactivation, we fit the
time course of inactivation (t 5 0–30 msec, test voltage of 220 mV) with
a two-exponential function: I(t)/Imax 5 A` 1 A1 z exp(2t/tf) 1 A2 z
exp(2t/ts), where A` is a constant value, A1 and A2 are fractions of fast-
and slow-inactivating components, and tf and ts are the time constants of
fast- and slow-inactivating components, respectively. Recovery from in-
activation was assessed by a double-pulse protocol consisting of a 500
msec prepulse to 120 mV designed to fully inactivate all channels,
followed by a variable duration interpulse interval (Dt) at 2120 mV and
a test pulse to 220 mV. The time interval between protocols was 30 sec.
Recovery from inactivation was analyzed by fitting data using a nonlinear
least-squares minimization method with a two-exponential equation: I(t)/
Imax 5 A1 z exp(2t/tf) 1 A2 z exp(2t/ts) 1 A3, where t is the recovery time
interval, and tf and ts are time constants of fast- and slow-recovering
components, respectively.
Results were presented as means 6 SE, and the statistical comparisons

were made using the unpaired Student’s t test to evaluate the significance
of the difference between means. Statistical significance was assumed for
p , 0.05. Coefficients of variance were calculated by dividing the SD by
the mean and multiplying the quotient by 100.

RESULTS
The marked difference in b1 subunit modulation of skeletal mus-
cle compared with cardiac Na1 channels is shown in Figure 1A.
This experiment illustrates the effect of a recombinant human b1
subunit (hb1) on currents expressed in oocytes microinjected with
RNA encoding either the hSkM1 or hH1 Na1 channel a subunits.
Macroscopic current measurements at room temperature (Fig.
1A) demonstrate a significant decrease in the time constants for
inactivation (tf and ts) and a significant increase in the fraction of
the fast-inactivating component when b1 is coexpressed with
hSkM1 but not with hH1 (Table 1). Additional experiments at
138C revealed similar results. Cooling was used to slow inactiva-
tion and alleviate concern that an effect of hb1 on hH1 was missed
because of the slow response time of the two-electrode voltage-
clamp in oocytes (Fig. 1B). Coexpression of hb1 also accelerates
the time course of recovery from inactivation in oocytes express-
ing hSkM1 but not hH1 (Makita et al., 1994). These data suggest
that intrinsic structural differences between the two a subunit
isoforms are responsible for the distinct gating modulatory effects
of the b1 subunit.
Although coexpression of the b1 subunit does not modulate

hH1 gating, it does exert significant effects on peak current am-
plitude for both hSkM1 and hH1. Coexpression of hb1 signifi-
cantly increased the absolute peak current amplitude of both
hSkM1 and hH1 (hSkM1 alone: 1.66 0.3 mA; hSkM11 b1, 3.76
0.4 mA, p , 0.001, n 5 20; hH1 alone: 2.1 6 0.3 mA; hH1 1 b1:
4.6 6 0.3 mA, p , 0.001, n 5 20) and increased the peak current
normalized for cell capacitance (hSkM1 alone: 3.7 6 0.4 nA/nF;
hSkM1 1 b1: 14.8 6 1.7 nA/nF; hH1 alone: 8.4 6 0.9 nA/nF; hH1
1 b1: 17.3 6 1.1 nA/nF). However, the absolute values of peak
current amplitude measured at a test potential of 220 mV varied
widely from oocyte to oocyte regardless of the presence or ab-
sence of coexpressed hb1 (coefficient of variance, 50.7–69.5%).
This variation is significantly larger than that of the microinjection
volume calibrated by injecting [35S]methionine into control oo-
cytes (53.0 6 0.6 nl, n 5 20, coefficient of variance, 5.6%). These
observations indicate that a substantial degree of the peak current
amplitude variation is attributable to intrinsic oocyte differences.
Therefore, increased peak current amplitude in oocytes is not a
reliable index of the b1 subunit effect, and we primarily used
changes in gating as a measure of channel modulation.

7118 J. Neurosci., November 15, 1996, 16(22):7117–7127 Makita et al. • Determinants of Na1 Channel b1 Subunit Function



Determinants of b1 subunit-induced gating modulation
As part of a systematic analysis of a subunit domains that might
contribute to isoform-specific differences in b1 subunit-induced
gating modulation, we examined the role of the S5–S6 interhelical
regions. In current models of Na1 channels (Guy and Conti,
1990), these segments consist of two extracellular loops flanking
an intramembranous structure (SS1/SS2 region) that contains
residues critical for ion permeation and selectivity (Noda et al.,
1989; Pusch et al., 1991; Heinemann et al., 1992). We first con-
structed chimeras in which single S5–S6 loops from hH1 were
substituted for the corresponding regions in hSkM1 (Fig. 2) and
then tested whether the b1 response was abolished or diminished.
We used the following criteria to indicate a b1 response: (1) a
significant decrease in the time constants for onset of inactivation
and recovery from inactivation (tf and ts for fast and slow com-
ponents, respectively), and (2) a significant increase in the fraction
of current exhibiting rapid onset of inactivation and recovery from
inactivation. All single S5–S6 loop chimeras were functional when
expressed in oocytes and all exhibited significant b1 responses
(Fig. 2). However, the b1 response of hSkM1–P4, which contains

the D4/S5–S6 loop of hH1, was attenuated relative to wild-type
hSkM1 and the other single S5–S6 loop chimeras.
In view of our previous findings that the difference in b1 subunit

response between hSkM1 and hH1 were not attributable to a
single domain (Makita et al., 1996), we next assembled chimeras
in which pair-wise substitutions of hH1 S5–S6 loops were made in
single hSkM1 constructs. Five of the six double S5–S6 loop chi-
meras exhibited a significant b1 response (Fig. 2, Table 1), but
hSkM1–P14, which contains both D1/S5–S6 and D4/S5–S6 of
hH1, did not. The b1 response was absent completely in chimera
hSkM1–P14 with respect to its effects on the time constants for
both onset of inactivation and recovery from inactivation (Fig.
3A,C) and on the change in the fraction of current exhibiting rapid
recovery from inactivation (Table 2). These data indicate that the
b1 response phenotype of hH1 can be transferred to hSkM1 by the
combination of D1/S5–S6 and D4/S5–S6.

Conferring b1 subunit responsiveness to hH1
To confirm the observation that S5–S6 loops in both D1 and D4
are needed for the b1 response, we constructed reciprocal chime-
ras in which the hSkM1 D1/S5–S6, D4/S5–S6, or both, was in-
serted into hH1 (Fig. 2) and tested for the occurrence of a gain of
b1 response. All hH1 chimeras expressed well in oocytes, and all
exhibited inactivation kinetics that were more similar to wild-type
hH1 than to hSkM1 (Tables 1, 2). Coexpression of hb1 with either
hH1–P1 or hH1–P4 caused a small but significant decrease in the
time constants of both inactivation and recovery from inactiva-
tion, although changes in the fractions of rapid-inactivating and
rapid-recovering current was significant in hH1–P4 (Fig. 2, Table
1). In the double S5–S6 loop chimera hH1–P14, a substantial b1
response was observed (Fig. 3B,D). In this chimera, hb1 caused a
significant change in tf, ts, and the fraction of the fast-inactivating
component to values indistinguishable from that observed with
the coexpression of wild-type hSkM1 with hb1 (Table 1). Chimera
hH1–P14 also exhibited significant decreases in the time constants
for recovery from inactivation and a significant increase in the
fraction of fast-recovering channels in response to the b1 subunit
(Table 2). These data demonstrate that two S5–S6 interhelical
loops of D1 and D4, which are separated by ;750 amino acid
residues in the primary sequence of the a subunit, are responsible
for the b1 response differences between hSkM1 and hH1.
Because D1/S5–S6 and D4/S5–S6 consist of intramembranous

and extracellular subsections, we attempted to localize the b1
response element further by examining additional chimeras in
which these segments were subdivided. To accomplish this goal,
we reverted small sections of D1/S5–S6 and D4/S5–S6 in hH1–P14
back to the wild-type hH1 sequence and then evaluated the b1
response. Chimeras in which subregions of the D1/S5–S6 loop
were reverted back to hH1 were not functional, but two hH1
chimeras (hH1–P14N, hH1–P14C) having partial D4/S5–S6 rever-
sions expressed well in oocytes (Fig. 4). The hH1–P14B chimera,
which contains the N-terminal portion of the hSkM1 D4/S5–S6
loop, exhibits a b1 subunit response similar to that of hH1–P1
except for a small decrease in the fast time constant of inactivation
and a significant increase in the fast fraction of recovery from
inactivation (Tables 1, 2, Fig. 4A,C). By contrast, hH1–P14C,
which has the C-terminal portion of the hSkM1 D4/S5–S6 seg-
ment, exhibits a significant response to b1 that is indistinguishable
from the response of the double S5–S6 loop chimera hH1–P14
(hH1–P14C alone: tf 5 1.2 6 0.1 msec, ts 5 7.3 6 0.9 msec, fast
fraction 5 0.54 6 0.03, n 5 10; hH1–P14C 1 h b1: tf 5 0.9 6 0.1
msec, ts 5 4.9 6 0.3 msec, fast fraction 5 0.81 6 0.03, n 5 14)

Figure 1. Effect of coexpressed hb1 on hSkM1 and hH1 gating. A,
Sodium currents were recorded in Xenopus oocytes expressing either
wild-type hSkM1 or hH1 in the presence or absence of hb1. Representa-
tive current traces obtained during 50 msec test depolarizations to 220
mV from a holding potential of2120 mV at room temperature (228C) are
shown. Current amplitudes are scaled to unity in all traces. Horizontal bar
indicates 5 msec. B, Same experiment except that the temperature
was 138C.
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(Fig. 4B,D). The effect of the b1 subunit on recovery from inac-
tivation of hH1–P14C closely resembles that observed for hH1–
P14 (Table 2, Fig. 4E,F). These results suggest that the major
portion of the domain 4 b1 response element resides in a D4/
S5–S6 extracellular loop. Differences in amino acid sequence
between hSkM1 and hH1 within this region are restricted to a 31
residue stretch located between the intramembranous portion of
the S5–S6 loop (SS1/SS2 region) and the D4/S6 segment (Fig. 5).
In this region, there is greater conservation of amino acid se-
quence between hSkM1 and the b1 responsive rat brain II Na

1

channel (77% identity, 87% similarity) than between hSkM1 and
hH1 (58% identity, 68% similarity).

Functional domains of the b1 subunit
We considered next which regions of the b1 subunit are required
for Na1 channel-gating modulation. The b1 subunit is predicted
to have a single hydrophobic, membrane-spanning segment
flanked by a predicted extracellular N terminus and cytoplasmic
C-terminal domain. Chen and Cannon (1995) have demonstrated
that deletion of the complete b1 subunit C terminus does not
disturb its ability to accelerate the inactivation rate of the rat
skeletal muscle Na1 channel. By contrast, small deletions in the
extracellular domain result in b1 subunits that have no effects on
channel gating. However, it is not possible to rule out that protein
misfolding or post-translational processing arrest is responsible
for the observed lack of function in these b1 subunit deletion
mutants and, thus, no solid conclusions can be made regarding the
functional importance of this domain.
We used an alternative approach to evaluate the functional role

of noncytoplasmic b1 subunit domains using a b subunit chimera
formed by transplanting the extracellular portion of hb1 onto the
transmembrane domain and C terminus of the rb2 subunit. The b2
subunit was selected to provide a surrogate transmembrane do-
main and C terminus because of its structural homology with the
b1 subunit (Isom et al., 1995a) but lack of a functional effect on
the gating of hSkM1 (see below). In these experiments, we tested
the hypothesis that the extracellular domain of b1 is sufficient to
modulate hSkM1 gating. If this is correct, then this functional
property should be transferable to the b2 subunit. The rb2 subunit

cDNA was isolated using RT-PCR based on the published se-
quence (Isom et al., 1995a), and its function was demonstrated by
coexpression with the rat brain IIA Na1 channel (RBIIA) a
subunit in oocytes. This recombinant rb2 subunit significantly
increased the peak current amplitude and accelerated the inacti-
vation kinetics of RBIIA, as described by Isom et al. (1995a) (data
not shown). When the rb2 subunit was coexpressed with hSkM1,
a significant increase in the peak current amplitude of both Na1

channel isoforms was observed. However, rb2 had no significant
effect on the inactivation kinetics of hSkM1 (hSkM1 alone, tf 5
2.2 6 0.3 msec, ts 513.2 6 1.4 msec, n 5 20; hSkM1 1 rb2, tf 5
1.8 6 0.7 msec, ts 5 10.0 6 0.6 msec, n 5 6, not significant) (Fig.
6A, Table 1).
We constructed a chimeric b1/b2 subunit (b1–2) in which the

transmembrane and C-terminal domains of hb1 were replaced by
the corresponding regions of rb2 to test the functional importance
of the extracellular domain in gating (Fig. 6B). The b1–2 chimera
significantly decreased both hSkM1 inactivation time constants
(tf: 2.2 6 0.3–0.6 to 0.1 msec, p , 0.05; ts: 13.2 6 0.3 to 7.7 6 0.2
msec, p , 0.05, n 5 16). The time constant of the fast-inactivating
component observed with hSkM1 1 b1–2 was comparable to that
seen with hSkM1 1 hb1, although the fraction of the fast-
inactivating component was smaller for hSkM1 1 b1–2 (0.66 6
0.03) than that of hSkM1 1 hb1 (0.84 6 0.01). These data
demonstrate that the extracellular domain and adjacent residues
within the transmembrane segment of the b1 subunit are sufficient
to induce a near-complete modulation of hSkM1 gating. These
findings are quite consistent with the results obtained from our a
subunit chimeric studies indicating that structures located largely
on the extracellular side of the membrane are responsible for the
effect of the b1 subunit.

DISCUSSION
Defining the structural elements required for specific ion channel
functions can be facilitated by studying chimeras constructed
between similar channel isoforms that exhibit distinct properties.
Such an approach depends on the existence of a clear quantitative
or qualitative functional difference between two parent channels

Table 1. Quantitative kinetic data for onset of inactivation in Na1 channel chimeras

Channel 1/2 hb1 tf (msec) pa ts (msec) p Fast fraction p (n)

hSkM1 2 2.2 6 0.3 13.2 6 1.4 0.30 6 0.03 (20)
hSkM1 1 1.1 6 0.1 * 8.4 6 0.8 * 0.84 6 0.01 * (28)
hSkM1–P14 2 1.0 6 0.3 8.1 6 0.8 0.20 6 0.04 (9)
hSkM1–P14 1 1.1 6 0.1 NS 9.0 6 0.8 NS 0.28 6 0.04 NS (10)
hH1 2 1.2 6 0.1 5.8 6 0.6 0.78 6 0.03 (11)
hH1 1 1.0 6 0.1 NS 5.8 6 0.6 NS 0.75 6 0.02 NS (11)
hH1–P1 2 1.3 6 0.2 5.5 6 0.1 0.43 6 0.02 (10)
hH1–P1 1 1.1 6 0.1 NS 5.7 6 0.1 NS 0.59 6 0.04 * (10)
hH1–P4 2 1.3 6 0.1 5.5 6 0.1 0.74 6 0.01 (4)
hH1–P4 1 1.3 6 0.1 NS 7.0 6 0.7 NS 0.90 6 0.02 * (4)
hH1–P14 2 1.4 6 0.1 6.4 6 0.3 0.57 6 0.02 (9)
hH1–P14 1 0.9 6 0.1 * 4.4 6 0.6 * 0.80 6 0.04 * (12)
hH1–P14N 2 1.6 6 0.1 8.3 6 0.4 0.49 6 0.03 (16)
hH1–P14N 1 1.3 6 0.1 * 7.3 6 0.4 NS 0.71 6 0.01 * (8)
hH1–P14C 2 1.2 6 0.1 7.3 6 0.9 0.54 6 0.03 (10)
hH1–P14C 1 0.9 6 0.1 * 4.9 6 0.3 * 0.81 6 0.03 * (14)

a Significance level for comparisons between expression with (1) and without (2) hb1. NS, Not significant; *p, 0.05; tf, time constant for fast component of Na1 channel onset
of inactivation; ts, time constant for slow component of Na1 channel onset of inactivation.
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Figure 2. Responses of wild-type and chimeric Na1 channels to coexpressed b1 subunit. Representative current tracings were recorded in the presence
(asterisks) or absence (open circles) of coexpressed hb1 during a voltage step to 220 mV from a holding potential of 2120 mV. Current amplitudes are
scaled and superimposed on the same time axis to illustrate the response of each channel to coexpressed b1 subunit. The composition of the a subunit
chimeras constructed from hSkM1 and hH1 is illustrated next to each tracing. Filled boxes and thick lines represent structures from hH1, and open boxes
and thin lines indicate hSkM1 segments. In the hH1 chimeras, vertical arrows point to the transferred hSkM1 sequences. Current decays of all the hSkM1
background chimeras except for hSkM1–P14 were significantly accelerated by coexpressed hb1, subunit, and the hb1 subunit accelerated the inactivation
kinetics of chimera hH1–P14.
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and the ability to transfer this functional difference by transplant-
ing simple structures from one channel to another.
Using such an approach, we have defined the regions within the

Na1 channel a subunit required for gating modulation by the b1
subunit. These results indicate that the b1 subunit effects on the
kinetics of inactivation and recovery from inactivation requires
two widely spaced regions (S5–S6 loops of D1 and D4) in the
primary sequence of the a subunit molecule, along with the
extracellular domain and a portion of the membrane spanning
segment of the b1 subunit. There are two possible interpretations
of these data: (1) extracellular domains of the b1 subunit interact
with a discontinuous epitope formed by D1/S5–S6 and D4/S5–S6
of the a subunit and (2) the b1 subunit interacts elsewhere on the
a subunit, but the D1/S5–S6 and D4/S5–S6 loops are required for
changes in gating behavior. At this point, without additional
biochemical mapping of the a–b1 subunit contact regions, we can
only speculate about the mechanism of subunit-induced gating
modulation. However, knowledge of the structural requirements

for the a–b1 functional effects does contribute greatly to localizing
candidate interaction domains.
A direct interaction between b1 and the D1/S5–S6 and D4/

S5–S6 loops, rather than an allosteric interaction, has been sug-
gested by previous biochemical studies of brain Na1 channels.
Photoreactive derivatives of a-scorpion toxin V from Leiurus
quinquestriatus have been shown to covalently label both a and b1
Na1 channel polypeptides in rat brain synaptosomal membranes
(Beneski and Catterall, 1980), suggesting that the toxin binds near
the subunit contact region (Catterall, 1988). The binding site of
a-scorpion toxin has been further localized by demonstrating that
its effects on brain Na1 channels can be blocked by site-specific
antibodies directed against epitopes within D1/S5–S6 and D4/
S5–S6 (Tejedor and Catterall, 1988; Thomsen and Catterall,
1989). These two observations support the hypothesis that the b1
subunit associates with the a subunit in a region that either
overlaps or is adjacent to the a-scorpion toxin binding site in
D1/S5–S6 and D4/S5–S6. In view of the fact that a-scorpion toxin

Figure 3. Effect of coexpressed hb1 on hSkM1–P14 or hH1–P14 Na
1 channel chimeras. A, Representative current tracings illustrating failure of hb1 to

modulate inactivation in chimera hSkM1–P14. The response of hSkM1 to hb1 in the same experiment is also shown. B, Representative current tracings
illustrating accelerated time course of inactivation caused by coexpression of hb1 with chimera hH1–P14. C, Plot of fractional recovery versus interpulse
interval duration for hSkM1 (filled circles), hSkM1 1 hb1 (open circles), hSkM1–P14 (filled diamonds), and hSkM1–P141hb1 (open diamonds). D, Plot
of fractional recovery versus interpulse interval duration (D t) for hH1 (filled triangles), hH1–P14 (filled squares), and hH1–P14 1 hb1 (open squares).
Recovery from inactivation in hH11hb1 is not shown but is identical to hH1 alone. (Results are represented for at least four cells; error bars are smaller
than some data symbols.) Peak current amplitudes in A and B are scaled to unity. Recovery data in C and D are normalized to the current amplitude
recorded after a recovery interval of 10 sec.
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and other site 3 neurotoxins can affect Na1 channel inactivation
from the extracellular side of the membrane (Catterall, 1988), it is
conceivable that their mechanism of action involves disturbing
this a–b1 subunit interaction.

Topology of a–b1 subunit interaction
On which side of the membrane does the Na1 channel a–b1
subunit interaction occur? In studies of other voltage-gated ion
channels, accessory subunits have been found to modulate
gating kinetics through cytoplasmic interactions. In voltage-
gated potassium and calcium channels, small hydrophilic b
subunits interact with the principal channel subunit from the
cytoplasmic side of the membrane and accelerate inactivation
(Pragnell et al., 1994; Rettig et al., 1994). We have determined
previously that cytoplasmic structures in hSkM1 and hH1 do
not participate in b1 subunit-induced gating modulation (Ma-
kita et al., 1996). Similarly, the predicted cytoplasmic domain
of hb1 is not necessary for its function in modulating the
inactivation kinetics or current amplitude increase of hSkM1
(Chen and Cannon, 1995)

We now present positive evidence of a functional role for the
extracellular b1 subunit domain in modulating Na

1 channel
gating using b1/b2 subunit chimeras. These results indicate an
essential role of the extracellular domain and the outermost
residues making up the transmembrane segment of the b1
subunit in gating modulation. Other a subunit domains may
contribute to the apparent enhancement in cell surface expres-
sion induced by the b1 subunit. This idea is supported by the
observed dissociation of b1 subunit effects on gating modula-
tion and expression in hH1. It is not clear at this time whether
enhanced expression and accelerated inactivation are the result
of a single a–b1 interaction or whether multiple contact regions
are responsible for these effects.

Implications for Na1 channel tertiary structure
Several lines of evidence point toward a three-dimensional model
of the Na1 channel in which D1 and D4 are adjacent. Support for
this model comes from observations made on the interaction of
a-scorpion toxin and brevetoxin with rat brain Na1 channels. As
discussed above, binding of a-scorpion toxin can be blocked by

Table 2. Quantitative kinetic data for recovery from inactivation in expressed Na1 channel chimeras

Channel 1/2 hb1 tf (msec) ts (msec) Fast fraction (n) pa

hSkM1 Chimeras
hSkM1 2 5.0 6 2.2 18006 727 0.376 0.07 (6)
hSkM1 1 4.5 6 0.8 1626 22 0.776 0.02 (7) *
hSkM1–P1 2 3.9 6 0.5 3806 26 0.426 0.05 (8)
hSkM1–P1 1 2.3 6 0.3 1506 20 0.836 0.03 (3) *
hSkM1–P2 2 3.2 6 0.3 13006 240 0.146 0.07 (7)
hSkM1–P2 1 1.4 6 0.1 2506 140 0.966 0.02 (4) *
hSkM1–P3 2 3.4 6 0.8 7306 160 0.266 0.09 (3)
hSkM1–P3 1 2.3 6 0.8 1306 40 0.906 0.02 (4) *
hSkM1–P4 2 205 6 61 1500 6 170 0.266 0.05 (12)
hSkM1–P4 1 3.5 6 0.7 7206 80 0.656 0.06 (5) *
hSkM1–P12 2 2.4 6 0.5 4306 44 0.486 0.04 (8)
hSkM1–P12 1 2.5 6 0.1 1106 31 0.826 0.01 (7) *
hSkM1–P13 2 3.9 6 0.3 7406 120 0.516 0.04 (6)
hSkM1–P13 1 3.0 6 0.7 1206 46 0.776 0.03 (4) *
hSkM1–P23 2 3.7 6 0.6 11006 79 0.156 0.02 (9)
hSkM1–P23 1 2.8 6 0.1 2706 50 0.816 0.03 (7) *
hSkM1–P24 2 6.8 6 1.1 13006 200 0.186 0.02 (8)
hSkM1–P24 1 1.5 6 0.2 5806 57 0.756 0.03 (4) *
hSkM1–P34 2 5.3 6 0.8 17006 130 0.136 0.02 (7)
hSkM1–P34 1 2.6 6 0.2 6006 37 0.656 0.03 (11) *
hSkM1–P14 2 3.9 6 0.5 3006 42 0.376 0.05 (6)
hSkM1–P14 1 3.3 6 0.2 2906 33 0.296 0.04 (10) NS

hH1 chimeras
hH1 2 6.5 6 0.6 1606 45 0.816 0.02 (5)
hH1 1 3.7 6 0.4 1106 15 0.826 0.02 (8) NS
hH1–P1 2 5.6 6 0.4 5506 43 0.656 0.02 (6)
hH1–P1 1 2.8 6 0.4 3106 26 0.686 0.03 (9) NS
hH1–P4 2 6.4 6 0.3 1406 8 0.746 0.01 (5)
hH1–P4 1 3.5 6 0.6 486 10 0.806 0.01 (4) *
hH1–P14 2 5.7 6 0.6 6006 78 0.666 0.03 (8)
hH1–P14 1 3.1 6 0.3 626 7 0.926 0.01 (12) *
hH1–P14C 2 7.4 6 0.5 9506 103 0.746 0.02 (10)
hH1–P14C 1 3.4 6 0.3 1396 28 0.956 0.01 (14) *
hH1–P14N 2 10.2 6 0.7 14196 149 0.696 0.02 (16)
hH1–P14N 1 7.1 6 0.8 6526 84 0.836 0.01 (8) *

a Significance level for comparisons between fast fraction in the presence (1) or absence (2) of hb1. NS, Not significant; *p , 0.05; tf, time constant for fast component of
Na1 channel recovery; ts, time constant for slow component of Na1 channel recovery.
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antibodies directed against regions of the D1/S5–S6 and D4/S5–S6
(Tejedor and Catterall, 1988; Thomsen and Catterall, 1989). Spe-
cifically, these antibodies recognize epitopes located in the pre-
dicted extracellular loops immediately flanking the intramembra-
nous portion of D1/S5–S6 and the S5–SS1 region of D4/S5–S6.
These results were taken as evidence that D1/S6 and D1/S5 are
adjacent in the tertiary structure of the channel. Similar conclu-
sions were derived from studies using photoreactive brevetoxin,
which was found to bind at the intramembranous interface be-
tween D1/S6 and D4/S5 (Trainer et al., 1994). This pattern of a
subunit folding is also suggested by apparent interactions between

the N terminus and C terminus of the rat skeletal muscle Na1

channel (Sun et al., 1995). Taking these data together with our
findings, it is possible to propose a tertiary structural model for
a–b1 subunit interaction in which b1 resides in close proximity to
D1/S6 and D4/S5, which are adjacent to one another in the folded
structure of the Na1 channel. In this position, both extracellular
and intramembranous portions of b1 can interact with both D1/
S5–S6 and D4/S5–S6. The interaction of b1 with the short extra-
cellular loop adjacent to the S6 segment in D4 suggests a possible
mechanism of action of the b1 subunit. Interaction of the b1
subunit with this region may have a direct influence on the

Figure 4. Sublocalization of the b1
subunit response element in D4/S5–S6.
Chimeras used to sublocalize the b1
response structure in D4/S5–S6 (hH1–
P14N, hH1–P14C) are illustrated by
the drawings at the top of the figure.
Drawings were simplified by showing
only the S5–S6 region of D1 and D4 for
each chimera. Structures from hSkM1
are indicated by thin lines, and seg-
ments from hH1 are indicated by thick
lines or filled rectangles. A–D, Repre-
sentative current recordings from oo-
cytes expressing hH1–P1 (A), hH1–
P14N (B), hH1–P14C (C), or hH1–P14
(D) in the presence (1) or absence (2)
of hb1. Current sweeps of wild-type
hH1 (WT–hH1, dashed lines) are pro-
vided as a reference. There were no
statistical differences between time
constants for hH1–P1 1 b1 versus
hH1–P14N 1 b1 and between hH1–
P14C 1 b1 versus hH1–P14 1 b1. Cur-
rents were recorded using the pulse
protocol described in the legend for
Figure 1, and their peak currents were
scaled to unity. A representative trac-
ing from oocytes expressing wild-type
hH1 in the absence of hb1 is shown in
each figure part for comparison. E, F,
Recovery from inactivation was deter-
mined as described in the legend for
Figure 3 and plotted against a loga-
rithmic time scale. E, Recovery curves
for hH1–P14N in the presence (open
squares) or absence (closed squares)
of hb1 are shown with data obtained
from the hH1–P1 chimera in the
presence (open triangles) or absence
(closed triangles) of hb1. F, Recovery
curves for hH1–P14C in the presence
(open squares) or absence (closed
squares) of hb1 are shown with data
obtained from the hH1–P14 chimera
in the presence (open circles) and ab-
sence (closed circles) of hb1.

7124 J. Neurosci., November 15, 1996, 16(22):7117–7127 Makita et al. • Determinants of Na1 Channel b1 Subunit Function



Figure 5. Amino acid sequence alignment of the D4/S5–S6 region. Alignment of amino acid sequences within the D4/S5–S6 region from hSkM1
(George et al., 1992), rat skeletal muscle Na1 channel mI (Trimmer et al., 1989), rat brain II Na1 channel (Auld et al., 1988), and hH1 (Gellens
et al., 1992). Numbers indicate amino acid position at the beginning of each line. Residues identical to hSkM1 are shown as dashes in the aligned
sequences, and the location of SS2 and D4/S6 segments is indicated by the thin lines. The b1 subunit response element is indicated by a thick line.
Residues within the hH1 sequence that differ from those in a consensus sequence of hSkM1, mI, and rat brain II Na1 channels are indicated by
asterisks.

Figure 6. Effect of a b subunit chimera on hSkM1 gating. A, Scaled current recordings obtained from oocytes expressing hSkM1 alone or in the presence
of wild-type hb1 (1b1), wild-type rb2 (1b2), or a chimeric b1/b2 subunit (1b1–2). Recording conditions were the same as in Figure 1A. The figure in the
inset depicts the proposed membrane topology of wild-type and chimeric b subunits. Thin lines and open boxes indicate structures from hb1, whereas thick
black lines and filled boxes represent structures from rb2. B, Alignment of partial amino acid sequences of hb1, rb2, and chimeric b1–2. The location of
putative transmembrane domains of hb1 and rb2 is depicted by thick lines.
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conformation or position of the D4/S6 segment, which may form
part of the inactivation gate receptor (McPhee et al., 1994). A
similar mechanism may be operating in D1 and affect movement
or conformation of D1/S6, which may also contain residues im-
portant for Na1 channel inactivation (Zhang et al., 1995). Our
data defining the dependence of Na1 channel subunit interaction
on a composite structure formed by regions that are widely spaced
in the primary sequence of the a subunit molecule are strong
evidence that Na1 channel a–b1 subunit interaction depends on a
three-dimensional conformation of the channel. These results also
support the notion that D1 and D4 are contiguous in the folded
structure of the Na1 channel.
Our data reveal an additional functional property of the Na1

channel S5–S6 loop. This region has been implicated in several
diverse functional properties of mammalian Na1 channels including
ion selectivity (Heinemann et al., 1992), permeation (Pusch et al.,
1991), block by divalent cations (Backx et al., 1992), and interaction
with two distinct families of neurotoxins (Noda et al., 1989; Thomsen
and Catterall, 1989; Terlau et al., 1991; Satin et al., 1992; Dudley et
al., 1995). Localization of a b1 subunit interaction domain to D1/
S5–S6 and D4/S5–S6 indicates specialization among the four S5–S6
loops and distinguishes Na1 channels from the perfect fourfold
symmetry in homotetrameric potassium channels.
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