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Recombinant sodium channel a subunits expressed in Xenopus oocytes display an anomalously slow rate of inactivation that arises from channels 
that predominantly exist in a slow gating mode [1,2]. Co-expression of Na+ channel/?, subunit with the human skeletal muscle Na’ channel a subunit 
increases the Na’ current and induces normal gating behavior in Xenopus laevis oocytes. The effects of the B, subunit can be explained by an 
allosterically induced conformational switch of the a subunit protein that occurs upon binding the B, subunit. This binding alters the free energy 
barriers separating distinct conformational states of the channel. The results illustrate a fundamental modulation of ion channel gating at the 

molecular level, and specifically demonstrate the importance of the p, subunit for gating mode changes of Na’ channels. 

Na’ channel; I,,: Inactivation; Gating; Subunit 

1. INTRODUCTION 

Co-expression of brain or muscle recombinant Na+ 
channel a subunit with low molecular weight mRNA in 
Xenopus oocytes induces a fast (normal) gating mode 
and increases the macroscopic Na’ current without 
changing the single channel conductance [1,2]. It has 
been speculated that a modulatory factor encoded in the 
low molecular weight mRNA may be an enzyme or an 
accessory peptide such as a p subunit [3]. A recent re- 
port indicated that a recombinant /3] subunit from rat 
brain increased Na+ current and induced fast inactiva- 
tion of rat brain II Na’ channel a: subunits expressed in 
oocytes [4]. The observed changes in rat brain sodium 
current upon co-expression with a /?, subunit may have 
arisen from an increase in the number of expressed 
channels or possibly by a change in channel gating, 
however, the precise mechanism has not been deter- 
mined. It is not known whetherB, subunits interact with 
other Na’ channel isoforms in general or specifically 
with the skeletal muscle Na’ channel. In order to ex- 
plore the properties and gating mechanisms of human 
Na’ channels that may be relevant to human disease 
states, we have utilized the recently cloned human skel- 
etal muscle Na’ channel [5] (hSkM1) a subunit and a 
recombinant B, cDNA. 

2. MATERIALS AND METHODS 

2.1. PCR cloning of p, cDNA 
A rat heart B, subunit cDNA was isolated using reverse transcrip- 

tion-PCR cloning. Ohgonucleotide PCR primers were designed to 
amplify a 696 bp cDNA corresponding to nucleotides 220-915 (entire 
open reading frame) of the rat brainb, subunit [4]. First strand cDNA 
synthesized from total rat heart RNA using MMLV reverse transcrip- 
tase and random primers was used as the template for PCR experi- 
ments. Amplified cDNAs were subcloned directionally into 
pBluescript and sequenced. The sequence of one subclone (pRH/?-M6) 
was identical to the published sequence of rat brain ,5, [4]. Sense 
P,-subunit cRNA was transcribed from EcoRI linearized pRw-M6 
using T7 RNA polymerase in the presence of the 5’-cap analog 
m’GpppG. Capped a-subunit sense cRNA was transcribed from 
EcoRI linearized pSP64T-hSkM1 using SP6 RNA polymerase. 

2.2. Two-electrode voltuge clamp 
Defolliculated oocytes were injected with 40 nl (420 ng) of 5’ 

capped cRNA and were voltage clamped 1648 h after injection using 
standard two microelectrode voltage clamp techniques as previously 
described [6]. The ND-96 bath solution contained (mM): 96 NaCI, 2 
KCI, 1.8 Car&, 1 MgCl?, 5 HEPES (pH 7.50). Currents were filtered 
at 5 kHz (-3 dB; 4 pole Bessel filter) and sampled at 50 kHz. Elec- 
trodes were filled with 3 M KCI. Electrode resistances were 24 Ma 
for voltage recording electrodes and 0.15-0.3 MQ for current passing 
electrodes. Membrane capacitance was measured by integrating the 
current induced by small voltage jumps from -100 to - 110 mV. Linear 
leak was subtracted by using a linear least squares regression to leak 
currents generated between -100 and -60 mV. Membrane capaci- 
tance transients were subtracted using a subthreshold scaled signal 
averaged tracing or a tracing in which channels had been inactivated. 

2.3. Patch clamp recordings 
Outside-out patches were obtained by standard methods [7]. Mem- 

brane currents were filtered at 5 kHr (-3 dB) by a four-pole Bessel 
filter before sampling at 20 kHz. Capacitative and linear leak currents 
were subtracted by averaging the traces without activity. The patches 
were superfused with ND-96 solution. The patch electrodes contained 
(mM): NaF 10, CsF 110, CsCl 20, MgCI, 2.0, EGTA 2 and HEPES 
10; pH 7.35. 

Correspondence address: P.B. Bennett, CC-2209 Medical Center 
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2.4. Data analysis and model& 
Inactivation curves were fitted with a Boltzmann equation in which 
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V,,? represents the half maximal voltage: y(V) = (1 + e’“~“r~~“‘}~‘. 
The time courses of the falling phase of the macroscopic Na’ cur- 
rent ‘apparent inactivation’, as well as onset and recovery from in- 
activation were fitted with exponential functions: 
y(t) = A, + C{ B, exp (-t/ r,)}. 

Simulations were carried out in FORTRAN on a microcomputer. 
In this model, a global change in rate constants occurred upon binding 
of the ,LI, subunit such that the forward rate constants were increased 
and the backward rate constant from the open state was decreased by 
5 fold. Each state is separated by an energy barrier the height of which 
depends exponentially upon thermodynamic factors such as tempera- 
ture, electrodynamic and electrostatic interactions within the protein 
as well as the transmembrane electrical field: 

k,, = u exp(-dG,/kT) 

where AC,, is the energy barrier height separating states i and j. dG 
contains all factors that contribute to the barrier height including both 
voltage-dependent and non-voltage-dependent terms. dG can be parti- 
tioned into a voltage-independent term, AC,, that reflects the barrier 
height when the field strength is zero, and additional terms that ac- 
count for the electric field effects. The global change in barrier heights 
upon binding of the/I, subunit accounts for both the change in kinetics 
and the increase in current amplitude. The value of u is approximately 
6 x 10” se’ and it represents the attempt rate for crossing barriers; it 
is an upper limit for transition frequencies. At room temperature, RT 
is 0.582 kcal/mol, thus the activation energy barrier height (well to 
peak) for a rate constant of 1,000 s-i is 13 kcal/mol. Data are presented 
as means and standard errors. 
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3. RESULTS AND DISCUSSION 

The first important observation is illustrated in Fig. 
1 which demonstrates that the CI subunit alone spends 
a fraction of time in the normal fast gating mode. This 
was apparent from both the onset of inactivation (Fig. 
1A) and its recovery (Fig. 1 B). Fig. 1B shows that chan- 
nels produced by the 01 subunit alone recover from inac- 
tivation very slowly (38 + 1%; zsloW = 1.2 + 0.32 s, 
n = 4) although a fraction of the channels recover rap- 
idly. However when the c1 subunit is co-expressed with 
the /I, subunit, not only did the current inactivate faster 
(Fig. lC), the channels also recover from inactivation 
rapidly (88% k 1; z = 6.5 k 0.9 ms, n = 4). Injection of 
oocytes with /3, alone had no effect which demonstrates 
that /3, alone did not induce expression of an en- 
dogenous channel. Fig. 1D shows that /I, increases the 
level of Na’ current compared to the a subunit alone, 
but only small effects on the apparent voltage depend- 
ence of steady state inactivation were observed (CL V,,,: 
-51 ? 0.7 mV, n = 13; a: + p, V,,,: -55 k 0.65 mV, n = 

14) [41. 
To further assess the effects of the /I, subunit on the 

magnitude of the expressed Na’ current, oocytes ex- 
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Fig. 1. (A) Superposition of raw current tracings comparing the fast and slow components of inactivation in an oocyte expressing the a subunit 
alone. Channels were inactivated by a 500 ms pre-pulse and Na‘ current was monitored at 100 ms or 15 s after the pre-pulse. The two modes of 
kinetic behavior are evident. A brief recovery period revealed a small rapidly inactivating component (star). This component was scaled by a factor 
of 3.2 in order to compare its inactivation decay with the major slow component seen after a 15 s recovery. The small fast component decayed 
- 4-fold faster than the current in the dominant gating mode (r = 1.8 vs. z = 6.7 ms). The scaled tracing was digitally filtered at 3 kHz after scaling. 
(B) Time course of recovery from inactivation for a subunit alone or for the a subunit coexpressed withg,. Recovery by the a subunit alone required 
several seconds although there was always a fast component of recovery. Co-expression with p, greatly enhanced the fraction of channels that 
recovered rapidly. (C) Superposition of raw current tracings comparing the fast and slow components of inactivation (at -20 mV) in an oocyte 
expressing both the a and pi subunit or the a subunit alone. The decaying phase of current was fitted with a bi-exponential equation (a + /3,) or 
with a monoexponential (a subunit alone). The inactivating current decayed with a time constant of 8 ms (a alone). Co-expression with the/I, subunit 
shifted the gating kinetics such that the major (90%) fraction of channels inactivated rapidly (r = 1.2 ms). (D) Voltage dependence of channel 
availability for opening. A standard twin pulse protocol was used to inactivate channels and determine the fractional current following a pre-pulse 

to different membrane potentials (abscissa). 
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Fig. 2. Outside-out patches excised from an oocyte injected with 
hSkM1 a + /3, subunit cRNA. (A) Ensemble averaged current records 
demonstrating rapid macroscopic inactivation. The fast component 
was dominant and decayed with a time constant of 1.5 ms. (B) Non- 
stationary fluctuation analysis of hSKM-I c1 +/I, induced Na’ current. 
Ensemble variance < VAR > is plotted as a function of the averaged 
current, < I >. Data were fitted with the following equation 

< VAR > = I, -I’/N (solid curve through data) [15]. 

pressing a alone or a + p, were voltage clamped alter- 
natively within a 6 h period. The normalized current 
density (at -20 mV) was significantly (P < 0.01) in- 
creased during co-expression of the a and p, subunits: 
a subunit 21.1 ? 1.3 &!,uF, rl = 14; a +/3, 35.4? 2.3 
,uA/,uF, n = 13. In additional experiments using differ- 
ent batches (2) of oocytes and different membrane po- 
tentials, the normalized membrane conductance was in- 
creased from 0.58 + 0.12 mS/pF to 1.3 & 0.26 mS/,F 
(n = 12, P < 0.05). We could not account for these in- 
creases in macroscopic Na’ current by an increase in the 
single channel conductance. Excised patch clamp exper- 
iments were performed on oocytes expressing the a + p, 
subunits in order to determine the single-channel con- 
ductance. Fig. 2A shows an ensemble averaged current 
recorded from an outside-out membrane patch. These 
channels exhibited fast gating behavior and the single 
channel conductance was 21 pS (Fig. 2B) which is iden- 

tical to the single-channel conductance of the a subunit 
alone [2,8]. 

Our results demonstrate that human skeletal muscle 
sodium channels do not have an absolute requirement 
for the p, subunit in order to exhibit normal gating 
behavior (Fig. 1A). Our data show that co-expression 
of the /I1 and the a subunit produce the same effects as 
the unknown factor in the low molecular weight mRNA 
[2]. When the p, subunit is co-expressed with the a 
subunit, the equilibrium between gating modes appears 
shifted such that the faster gating mode dominates. 
These two types of macroscopic inactivation arise from 
gating mode shifts and not from multiple populations 
of ion channels being expressed since they are seen in 
patches with a single channel [2]. 

We considered whether the observed changes in gat- 
ing kinetics could also account for the increase in peak 
Na’ current. Many voltage-gated ion channels from 
excitable membranes display heterogeneous patterns of 
behavior referred to as gating modes [9,10]. Gating 
mode changes play an important role to modify cellular 
electrical activity in both normal and diseased states of 
excitable cells [ 1 O-1 3,17,18]. Brain, cardiac and skeletal 
muscle sodium channels display at least two distinct 
gating modes [1,10,12,13,16,18] but the fast gating 
mode is dominant in situ. Simulations using Eyring the- 
ory energy barrier models for the gating transition rate 
constants indicated that the effects ofp, on both kinetics 
and current amplitude could be explained entirely by a 
change in the probability of channel opening upon bind- 
ing of thep, subunit. In the Eyring reaction rate theory, 
the gating transition rate constants describe the energy 
barrier heights for a transition from one kinetic state to 
another. Lowering these barrier heights results in a 
faster transition. Since gating of the channel involves a 
rearrangement of atoms in the protein, the structure(s) 
responsible must achieve sufficient energy from thermal 
motion or other sources to traverse the energy barrier 
that separates different states. We estimated the height 
of these barriers from reaction rate theory by: 

dG = -RT ln(kljlu) 

where u = IC kT/h, k, is a rate constant, R is the gas 
constant, k is Boltzmann’s constant, T is temperature, 
K is a transmission coefficient (assumed to be 1) and h 
is Planck’s constant. We assume that binding of the /I, 
subunit induces a global effect on the structure of the 
a subunit. This is supported by experiments where neu- 
rotoxin binding and action at three distinct sites on the 
channel are modified by/?, association [3]. During chan- 
nel activation, if we lower the barrier heights for all 
forward transition rates by 1.6 kT and increase the tran- 
sition barrier height for the rate constant leaving the 
open state by 1.6 kT (- 0.93 kcal/mol) when the p, 
subunit binds, we can account for changes in gating and 
current magnitude (Fig. 3). These profound changes in 
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Fig. 3. Simulation of channel gating and the effects of theB, subunit based on Eyring rate theory. Channel gating occurs according to a Markov 
chain model with at least 7 major kinetic states. (A) Ensemble behavior of channel open probability before and after binding of the/J, subunit. 
(B) State diagram of an Eryring energy barrier profile for channel gating. Binding of the p, subunit lowers the energy barriers for all forward 
transitions. The backward transition rates were decreased by the same amount (not shown). Upon recovery from inactivation, the rate limiting 
barrier height was decreased by 2.68 kcal/mol to quantitatively match the data. (C) Single channel behavior in the absence of the br subunit for 

a patch with three active channels. (D) Single channel behavior in the presence of the /3, subunit for a patch with three active channels. 

channel behavior upon binding the /?I, subunit suggest 
that relatively small energetic changes are required to 
extensively modulate gating. The energetic requirement 
for the changes are less than many reactions that occur 
readily at room temperature: e.g. carbon<arbon bond 
rotation (3 kcal/mol), hydrogen bonds (5 kcal/mol) or 
protonation reactions (2-13 kcal/mol). This result also 
explains the ability of the CI subunit alone to exhibit the 
fast gating mode albeit less frequently than when the p, 
subunit is present. 

Changes in Na’ channel gating may underlay the 
aberrant sodium channel behavior seen in human dis- 
ease states [l l] and Na’ channel mutations are known 
to occur in patients with these disorders [14,19]. Our 
results suggest that an additional focus on subunit inter- 
actions must also be considered while exploring the 
mechanisms of ion channel based diseases. 
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