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Abstract
Voltage-gated sodium (Na) channels contribute to the regulation of cellular excitability due to
their role in the generation and propagation of action potentials. They are composed of a pore-
forming α subunit and are modulated by at least two of four distinct β subunits (β1–4). Recent
studies have implicated a role for the intracellular domain of β subunits in modulating Na channel
gating and trafficking. In β3, the intracellular domain contains a serine residue at position 161 that
is replaced by an alanine in β1. In this study, we have probed the functional importance of β3S161
for modulating Na channel gating. Wild-type β3 and point mutations β3S161A or β3S161E were
individually co-expressed in HEK 293 cells stably expressing human Nav1.2. WTβ3 expression
increased Na current density, shifted steady-state inactivation in a depolarized direction, and
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accelerated the kinetics of recovery from inactivation of the Na current. Analogous effects were
observed with β3S161E co-expression. In contrast, β3S161A abolished the shifts in steady-state
inactivation and recovery from inactivation of the Na current, but did increase Na current density.
Immunocytochemistry and Western blot experiments demonstrate membrane expression of WTβ3,
β3S161E, and β3S161A, suggesting that the differences in Na channel gating were not due to
disruptions in β subunit trafficking. These studies suggest that modification of β3S161 may be
important in modulating Na-channel gating.
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Introduction
Voltage-gated sodium (Na) channels are responsible for the generation and conduction of
action potentials and, thus, are important regulators of cellular excitability [39]. They consist
of a pore-forming α subunit of approximately 220–260 kDa of which ten distinct isoforms
have been cloned (Nav1.1–Nav1.9, Nax), with varying tissue distribution [1]. While the α
subunit is sufficient to induce Na currents in heterologous expression systems, in vivo, it is
associated with at least two of four different auxiliary β subunit isoforms, β1–β4
[11,12,25,40]. β subunits are approximately 30–40 kDa in size and are comprised of a large
immunoglobin-like extracellular domain at the N-terminus, a single transmembrane alpha
helix and a short intracellular segment at the C-terminus [10].

β1 and β3 are structurally similar with 57% sequence identity. They interact with the α
subunit in a noncovalent manner and modulate activation, inactivation, and recovery from
inactivation gating parameters of Na channels [20,38]. Structure/function studies have
identified the P loop of domain IV of the Na channel α subunit as a likely interaction point
for the extracellular domain of β1, accounting for the fine tuning of Na channel activation
and inactivation gating [28]. Disruptions in this interaction, as a result of mutations in either
the α subunit or the β subunits, are known to result in changes in cellular excitability and the
development of cardiac arrhythmias or epileptic seizures [18,36,37]. For example, mutations
in the extracellular region of β1 have been linked to GEFS+, an inherited form of epilepsy
[23] while mutations in the extracellular domain of β3 and β4 have both been linked to
cardiac arrhythmias, idiopathic ventricular fibrillation, and Long-QT syndrome, respectively
[24,33].

More recently, an important modulatory interaction between the intracellular domain of the
β subunit and the Na channel has been suggested. Yeast-two hybrid experiments have
demonstrated an interaction between the C terminus of β1 and β3 and the C terminus of the
Nav1.1 α subunit isoform [31]. Disruption of this association, as a result of a mutation in the
cytoplasmic domain of Nav1.1, leads to generalized epilepsy [31]. The intracellular
segments of the β1 and β3 subunits also have proven important for trafficking of both α and
β subunits to the membrane. Complete deletion of the intracellular domain of β3 leads to the
retention of the β subunit within the endoplasmic reticulum (ER) [38]. Physical interaction
between β3 and the Nav1.8 α subunit has been shown to mask an ER retention signal on the
α subunit, leading to an increase in Na channel density [41]. Additionally, a sequence
conserved in the intracellular domain of both β1 and β3, YLAI, is a site for ankyrin G
recruitment [19,22]. This sequence fits the consensus for an internalization site potentially
recognized by clathrin-coated pit adaptors [25]. Phosphorylation of the tyrosine residue
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increases Na channel cell surface density by preventing ankyrin G recruitment and
subsequent channel internalization [19,21].

The intracellular domain of β3 has a serine residue at position 161 that is surrounded by a
series of basic residues, suggestive of a potential site for phosphorylation. In contrast, β1 has
a non-phosphorylatable alanine at this position. In the present study, we have investigated
the role of this residue in modulating the gating of Nav1.2, a neuronal Na channel isoform,
by generating a phosphorylation mimic (S161E) and a non-phosphorylatable residue
(S161A). Our findings suggest that β3S161 is important for the modulation of Nav1.2
inactivation-gating parameters and recovery from inactivation. Our studies suggest that
modulation of Na channel gating by β3 may be unique in comparison to β1 due to the
functional importance of the S161 residue.

Materials and methods
Cell culture

Human embryonic kidney (HEK) cells stably expressing human Nav1.2 were a kind gift
from H.A. Hartmann (University of Maryland) and were grown in Dulbecco's Modified
Eagle Medium/F12 medium (Invitrogen, Corp, CA, USA) supplemented with 10% fetal
bovine serum (FBS), penicillin (100 U/ml), streptomycin (100 μg/ml), and G418 (500 μg/
ml; Sigma, MO, USA). Cells were grown in a humidified atmosphere with 5% CO2 at 37°C.

Transient transfection
Rat β3 was engineered into the vector pEGFP N1 (Clontech) as previously described [38].
The mutations β3S161A and β3S161E were constructed using the QuikChange XL site-
directed mutagenesis kit (Stragene), and cells were transiently transfected (10 μg DNA)
using Lipofectamine 2000 (Invitrogen) according to manufacturer's protocol. HEK293 cells
were incubated in the transfection mixture for 4–6 h after which the medium was changed to
DMEM/F12 containing 20% FBS for a further 15 h. Cells were returned to medium
containing 10% FBS for an additional 24 h prior to electrophysiology and
immunocytochemistry.

Immunocytochemistry
Cells were fixed in 4% paraformaldehyde for 10 min, washed with PBS, permeabilized for
60 min in PBS blocking solution (PBS-B; 5% fish skin gelatin, 5% serum of the secondary
antibody host animal, 0.25% Triton X-100, and 0.65% w/v bovine serum albumin (BSA)),
and incubated in PBS-B with primary antibody overnight at 4°C. Cells were then washed
with PBS, incubated with PBS-B for 60 min, and incubated in secondary antibody in PBS-B
for 45 min. Cells were then washed with PBS, treated with 4′,6-diamidino-2-phenylindole
(DAPI; Invitrogen) nuclei stain for 5 min, and washed for a final time with PBS. They were
then viewed on a Zeiss LSM 510 confocal microscope using a 40×1.3 NA oil immersion
objective. The primary antibody used was mouse anti-Nav1.2 (NeuroMab, K69/3). The
secondary antibody used was goat anti-mouse Alexa 594 (Invitrogen).

Membrane isolation and western blotting
WTβ3, β3S161A, and β3S161E transfected and nontransfected cells, all stably expressing
Nav1.2, were harvested and prepared for membrane biotinylation using the EZ-link NHS-
SS-biotin cell surface isolation kit according to the manufacturer's instructions (Pierce) using
an EDTA-free protease inhibitor cocktail (Roche Applied Sciences). After biotinylation, the
surface proteins were selectively precipitated by incubation with avidin beads. SDS-PAGE
4–20% Tris–HCl readymade gels (Biorad) were loaded with 20 μl of sample per well and
run at a constant current of 20 mA for ~1.5 h at room temperature. Proteins were transferred
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to a PVDF membrane (Biorad) at a constant current of 350 mA for 2 h at 4°C. Nonspecific
binding was blocked with 5% nonfat dry milk in PBS-Tween 20 overnight at 4°C. Standard
western blotting conditions were used to probe for target proteins using the following
antibodies and concentrations. An affinity-purified polyclonal rabbit antiserum was raised
against the peptide sequence SENKENSVVPVEE, corresponding to residues 178–191 of rat
β3[25] (BioGenes GmbH, Berlin), and was used at 1:1,000 for western blotting. Rabbit anti-
Pan Nav (Alomone) antibody was used at 1:200 to detect Nav1.2 in HEK 293 cells. Mouse
anti-human transferrin receptor (Invitrogen) was used at a concentration of 1:500 as a
loading control. Rabbit anti-phosphoserine (Abcam) was used at 1:500. Horseradish
peroxidase-conjugated goat anti-rabbit and goat anti-mouse (Sigma) (1:2,000 for pan Nav
and 1:5,000 for all other antibodies) were used for visualization. Antibody binding was
detected with the ECL western blotting detection system (Pierce) and exposed using Kodak
Biomax MS film (Kodak). Exposure was varied to avoid overdevelopment. In some
experiments, blots were stripped using Re-Blot Plus solution (Millipore) for 15 min and then
blocked in either 5% nonfat dry milk in PBS-Tween 20 for β3 antibody or 5% BSA/0.015%
gelatin in PBS-Tween for phosphoserine antibody overnight at 4°C.

Electrophysiology studies
Transfected cells were identified using a fluorescent microscope (Olympus XI70). Na
currents were recorded using the whole-cell configuration of the patch clamp recording
technique with an Axopatch 200 amplifier (Molecular Devices). All voltage protocols were
applied using pCLAMP 9 software (Molecular Devices) and a Digidata 1322A (Molecular
Devices). Currents were amplified, low pass filtered (2 kHz), and sampled at 33 kHz.
Borosilicate glass pipettes were pulled using a Brown-Flaming puller (model P97, Sutter
Instruments) and heat polished to produce electrode resistances of 1.5–2.0 MΩ when filled
with the following electrode solution (in mM): CsCl 130, MgCl2 1, MgATP 5, BAPTA 10,
HEPES 5 (pH adjusted to 7.2 with CsOH). Cells were plated on glass coverslips and
superfused with a solution containing (in mM): NaCl 130, KCl 4, CaCl2 1, MgCl2 5, HEPES
5, and glucose 5 (pH adjusted to 7.4 with NaOH). All Na channel current experiments were
performed at room temperature (20–22°C). After establishing whole-cell patch, a minimum
series resistance compensation of 75% was applied, and cells were held at –100 mV for 2–3
min to account for any equilibrium-gating shifts. Capacitive and leak currents were
corrected for using standard P/4 protocols except during steady-state inactivation and use-
dependent block protocols.

Conductance as a function of voltage was derived from the current–voltage relationship
using the equation:

where V is the test potential and ENa is the reversal potential. The voltage dependence of
activation and steady state inactivation at 1,000 ms, and 10-s prepulse data were fit by a
single Boltzmann equation:

where y is the normalized conductance (g/gmax) or the normalized current for activation and
inactivation, respectively, V1/2 is voltage of half-maximal activation or inactivation, and k is
the slope factor. Time constants for recovery from inactivation were obtained using a triple
exponential function:
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where A1, A2, and A3 are the coefficients for the phases of exponential growth, t is time
(ms), and τ1, τ2, τ3 are the time constants. The percentage of the current represented by the
fast time constant was calculated from the equation:

Time constants for decay of the macroscopic current were obtained using a single-
exponential function:

where A1 is the coefficient for the exponential, t is time (ms), and τ1 is the time constant.

Data analysis
Electrophysiology data analysis was performed using Clampfit software (v9, Molecular
Devices) and Origin (v6, OriginLab Corp). Statistical analyses were performed using the
standard one-way ANOVA followed by Tukey's or Dunn's post hoc test (SigmaStat, SPSS
Inc.). Averaged data are presented as means ± standard error of the mean (SEM). Statistical
significance was set at P<0.05.

Results
β-subunit co-expression increases current density without modulating activation
parameters

To determine the effects of WTβ3, β3S161E, and β3S161A on current density, kinetics of
activation, and decay of the macroscopic current, Na currents were elicited by applying a
25-ms voltage step ranging from –80 to +105 mV in 5-mV steps from a holding potential of
–120 mV (Fig. 1). Both WTβ3 and β3S161E co-expression increased the current density
compared to nontransfected cells (Fig. 1a). Mean current density values were Nav1.2=–
235.3±22.5 pA/pF, (n=48); β3=–306.1±29.3 pA/pF (n=57), and β3S161E=–303.4±30.4 pA/
pF (n=39). Co-expression of β3S161A resulted in a significant increase in current density to
–389.9±34.5 pA/pF (n=51; P<0.05 vs Nav1.2). Representative families of currents are
shown in Fig. 1b. The increases in current density were not accompanied by shifts in
channel conductance (V1/2) or slopes of activation (k) (Fig. 1c and Table 1). Time constants
for the decay of the macroscopic currents also were not different among any of the subunits
(Fig. 1d).

β3S161A mutant abolishes the depolarizing shift in steady-state inactivation parameters
induced by WTβ3

β subunits are known to modulate the fraction of channels that are available to open by
influencing the voltage dependence of inactivation. We determined the effects of WTβ3,
β3S161A, and β3S161E on the kinetics of inactivation using two different depolarizing pre-
pulse durations, 1,000 ms and 10 s, to assess changes in intermediate and slow inactivation
parameters respectively (Fig. 2). Cells were initially held at –120 mV then subjected to a
pulse at voltages ranging from –135 to +20 mV. This was followed by a test pulse of +10
mV in order to establish the extent of channel inactivation. To evaluate slow inactivation,
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fast-inactivated channels were recovered using a 50-ms pulse at –100 mV prior to the test
pulse.

Inactivation kinetics using a 1,000-ms pre-pulse was best fit with a single Boltzmann
function (Table 2). Under these conditions, both WTβ3 and β3S161E significantly (P< 0.05)
shifted the V1/2 in the depolarized direction from Nav1.2 alone (Table 2). This shift was
abolished with co-expression of β3S161A and was no longer different from nontransfected
cells expressing Nav1.2 alone. Slope factors (k) were not affected. The shifts in inactivation
observed with WTβ3 and β3S161E compared with β3S161A and nontransfected cells were
abolished when using a longer 10-s pre-pulse, suggesting that β subunits do not modulate
slow inactivated Na channels (Table 2).

WTβ3 and β3S161E accelerate the rate of recovery from inactivation in comparison to
β3S161A

β subunits have been shown to modulate kinetics of recovery from inactivation [38]. To
evaluate the effects of WTβ3 and the importance of β3S161 on recovery from inactivation
kinetics, cells were held at –120 mV for 1,000 ms and depolarized to 0 mV for 1,000 ms to
inactivate the Na channels. Na channels were subsequently recovered at –90 mV for a
variable length of time (1 ms to 100 s) and subjected to a test pulse of +10 mV to determine
the extent of recovery (Fig. 3). Data were normalized to the peak current amplitude recorded
at 100 s and best fit using a triple exponential function (Table 3). Co-expression of WTβ3 or
β3S161E significantly decreased (P<0.05) the fast time constant (τ1), accelerating recovery
kinetics compared with β3S161A. In Fig. 3b, recovery from inactivation is shown on an
expanded time scale to further illustrate the faster recovery from inactivation of WTβ3 and
β3S161E compared with β3S161A and Nav1.2.

β3S161E and WTβ3 attenuate frequency-dependent inhibition of Nav1.2
In view of the fact that WTβ3 and β3S161E delayed the entry of Nav1.2 into the inactivated
state and also enhanced their recovery from inactivation, it is likely that during high-
frequency stimulation channel accumulation in the inactivated state would also be reduced.
To determine the effects of WTβ3 and the role of S161 in accumulating inactivated
channels, a series of depolarizing pulses from a holding potential of –120 mV to +10 mV at
a frequency of 20 Hz were applied (Fig. 4). In cells expressing Nav1.2 alone, stimulation at
20 Hz reduced the current amplitude by 11.1±1.2%, and this effect was not changed by co-
expression of β3S161A (10.9±1.8%). In contrast, both WTβ3 and β3S161E attenuated this
frequency-dependant inhibition by 8.7±1.2% and 5.4±1.4%, respectively. The differences,
however, were only significant at P=0.09 and were indicative of an overall trend of impaired
inactivation by WTβ3 and βS161E co-expression.

Trafficking of β3S161A and β3S161E is not different from WTβ3
To determine if the lack of any effect of β3S161A, compared with β3 and β3S161E, were
due to a complete absence of β3S161A from within the plasma membrane,
immunocytochemistry and Western blot experiments were performed. Since all of the
constructs were tagged with a short C-terminal EGFP, we were able to follow the cellular
localization of the β subunits. WTβ3, β3S161A, and β3S161E (green) were individually
colocalized with Nav1.2 (red) (Fig. 5a). Although some intracellular staining was observed,
as a result of normal trafficking through the secretory pathway, overall membrane
expression of β3S161A was not different from that observed for WTβ3 or β3S161E.

Merrick et al. Page 6

Pflugers Arch. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Western blot analysis using an anti-phosphoserine antibody
Western blot analysis confirmed robust expression of β3S161A as well as WTβ3 and
β3S161E in the membrane (Fig. 5b). Membrane expression levels of Nav1.2 were similar for
all experimental conditions. The predicted molecular weight for Nav1.2 was 220–260 kDa;
EGFP-labeled WTβ3 and mutants, 55–70 kDa; and the standard, transferrin receptor, 100
kDa. In another experiment, WTβ3 and β3S161A were first probed with anti-β3 antibody
and then stripped and re-probed with anti-phosphoserine antibody (Fig. 5c). Membrane
expression of both the WTβ3 and the β3S161A subunits were detected by the β3 antibody
(Fig. 5c). In contrast, when stripped and re-probed with anti-phosphoserine antibody, only
the WTβ3 subunit signal was apparent, with no detectable signal with the β3S161A subunit.
The same effect was observed when first probing with the phosphoserine antibody,
stripping, and re-probing with the β3 antibody. These findings suggest that membrane
expressed WTβ3 is phosphorylated, while the β3S161A mutant is not phosphorylated.

Scansite 2.0 analysis of S161 as a phosphorylation site
Using the Scansite 2.0 algorithm (www.scansite.mit.edu), the probability for
phosphorylation of the β3S161 residue was calculated. Scansite ranks the likelihood that a
specific residue is phosphorylated against the probability of other iterations of the residue in
the molecule. Lower scores correspond to a greater probability of phosphorylation of the
relevant residue as has been previously shown for known phosphorylation sites within Na
channels [2]. For example, S687 of the Nav1.2, a confirmed protein kinase A
phosphorylation site [29], was calculated to have a score of 2.92%. In comparison, the score
of β3S161 phosphorylation by protein kinase A (1.15%) was lower than that of S687,
suggesting that β3S161 is more likely than Nav1.2 S687 to be phosphorylated. The
positioning and surrounding residues of β3S161 make this residue favorable for
phosphorylation that could provide an additional method of regulation for β3.

Secondary structure prediction for the β3 intracellular domain
We used four separate well-established secondary structure prediction algorithms to
examine the structural context within which the S161 residue is likely to lie. These programs
were the methods of Garnier [7], Deléage and Roux [6], Chou and Fasman [4], and Levitt
[17]. We note that all four programs predict similar secondary structure for the intracellular
domain of β3 (Fig. 6a, b). The transmembrane domain alpha-helix extends between residues
136 and 157 [25] with residues R158 and K159 representing the stop transfer sequence [16].
There is a significant reduction in alpha helical potential for these amino acids immediately
abutting the transmembrane domain, but this is followed by a second, strong alpha helical
potential from approximately S161 to Y174 (Fig. 6). Interestingly, this putative alpha helix
is amphipathic. One face is predominantly hydrophobic; the other face is charged and
dominated by a stripe of acidic residues, with S161 lying at the start of the polar face (Fig.
6c and d). This suggests that S161 occupies a strategic location within the intracellular
domain sequence where it could influence secondary structure elements within the
intracellular domain. Furthermore, this striking structural feature has been conserved during
vertebrate evolution suggesting functional importance [3]. The remaining C-terminal region
of the β3 intracellular domain mostly has a low alpha helical potential (Fig. 6a and b),
possibly due to the presence of prolines within the sequence [25].

Discussion
Auxiliary β subunits modulate not only the electrophysiological gating parameters of voltage
gated sodium channels [9,13–15], but also membrane expression levels [21]. Structure/
function studies have implicated the extracellular domain of β1 subunits in mediating the
changes in channel gating through an interaction with the P loop of the Na channel [28].
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More recently, studies have suggested an important interaction between the intracellular
domain of β subunits and the Na channel α subunit that affects both channel gating and
trafficking [22,38]. In this study, we propose that phosphorylation of S161, located within
the intracellular region of β3, is required for the β subunit to shift the voltage dependence of
channel inactivation gating and to accelerate recovery from inactivation.

β3 co-expression increases current density
When compared with Nav1.2 alone, a trend of increased Na channel current density was
observed with co-expression of WTβ3 or β3S161E with Nav1.2. A greater increase in Na
channel current density occurred with co-expression of the non-phosphorylatable residue
β3S161A. These data suggest that β3S161 may not play a major role in the β subunit
associated trafficking of the α subunit to the membrane. The increases in current density
could arise from either increases in single channel conductance or open channel probability
or increases in the membrane expression of the channel. Since β subunits do not affect
single-channel parameters [27], i.e., they do not increase single-channel conductance or
open channel probability, a possible explanation for the observed increase in whole-cell
currents is an increase in the membrane expression of Nav1.2. In agreement, β subunits have
been reported to increase Na channel expression in membrane [22]. The precise mechanisms
for the increase are not known, but it may involve a direct interaction between the α and β
subunits and/or combination with cell-adhesion molecules and cytoskeletal components,
including contactin and ankyrin [5,21]. Evidence supports the interaction of β subunits and
Na channel α subunits in the ER, enabling trafficking of both subunits to the membrane
together [42]. A recent study with Nav1.8 revealed a mechanism in which β3 increases
membrane expression of the α subunit. Mutational analysis suggests that β3 interacts with
Nav1.8 in such a way that the RRR ER retention signal of the α subunit is physically
covered, allowing the α and β subunits to be inserted into the membrane in tandem [41]. A
decrease in the surface expression of the Na channel Nav1.1 has been implicated in
generalized epilepsy with febrile seizures plus (GEFS+). This decrease in channel surface
expression can be rescued by co-expression of any of the four β subunits, providing support
for a role of β subunits in controlling membrane expression levels [30]. Regulation of ion
channel expression levels by auxiliary subunits has been proposed for the calcium channel
isoform Cav2.1 [34]. Modulation of the auxiliary β2a encouraged Cav2.1 channel interaction
with cellular trafficking proteins, facilitating insertion in the plasma membrane.

Modulation of inactivation gating parameters
A major finding of our studies is the importance of S161 in modulating channel availability,
shifting the voltage at which the Na channels inactivate in a depolarized direction and
accelerating the rates of recovery from inactivation. Since the shifts in inactivation gating
and recovery kinetics were abolished by co-expression of β3S161A, these findings suggest
that post-translational modification of β3S161 could allow for an additional mechanism by
which sodium channel gating can be modulated. The depolarized shifts in sodium channel
inactivation and faster recovery rates observed with WTβ3 and β3S161E would allow more
Na channels to be available at a given voltage, reducing the threshold for action potential
firing and potentially, increasing neuronal excitability. It is tempting to speculate that
dephosphorylation of β3 would be a means to then reduce neuronal excitability.

It is not surprising that inactivation parameters were not changed when using a long 10-s
inactivating pre-pulse since these channels were likely to have entered the slow inactivation
state, a state that involves movement of the S6 transmembrane segments within the channel
pore and not the III to IV linker [32]. Since a shift in the steady-state inactivation curve was
observed only when using a short 1,000-ms inactivating pre-pulse, and not when using a
longer 10-s pre-pulse, we propose that β3 interacts with the regions of the Na channel
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involved in the modulation of fast inactivation. The III to IV linker of the pore forming α
subunit is known to physically block the pore allowing for fast inactivation of the Na
channel [8]. The C-terminus of the Na channel interacts with the III to IV linker and also
with the C-terminus of the β1 and β3 subunits providing a potential mechanistic link
between β subunits and their modulation of inactivation gating [26,31].

β3 subunit modulation is likely regulated by a phosphorylation site in its intracellular
domain

The similarity of the modulatory properties of WTβ3 and of our phosphomimic mutant
β3S161E suggests that β3 may be in a phosphorylated state in the membrane. In support of
this, western blot analysis of membrane proteins using an anti-phosphoserine antibody
detected an appropriate sized band in cells expressing WTβ3. The intracellular domain of β3
contains two serine residues; however, the basic residues surrounding S161 make that
residue a favored site for protein kinase A. The Scansite 2.0 program analysis predicts that
S161 is more likely to be phosphorylated by PKA than 98.85% of the other serine/threonine
residues in the subunit. This percentage was favorably comparable to the propensity for
phosphorylation of the confirmed phosphorylation site Y181 in β1 [19].

Currently, there is nothing known about the secondary structure of the intracellular domains
of any Nav β subunits. But we note the potential for a well-conserved amphipathic alpha
helix in the membrane-proximal region of the β3 intracellular domain directly downstream
from S161. Interestingly, short polar amino acids such as serine are known to stabilize alpha
helices when located at the helix N terminus, and indeed, sequences of the form SXXE are
particularly favorable [35]. An amphipathic helix would make a good candidate for a
specific binding site, and it is tempting to propose that phosphorylation of the S161 residue
modulates the interaction of β3 with the Na channel C-terminus, perhaps by altering the
stability of this amphipathic helix or by changing the charge distribution around it. It will
now be important to examine the secondary structure of the intracellular domain in this light.

In summary, our results show that S161 in the β3 subunit is important for modulating
channel inactivation gating parameters and rates of recovery from inactivation. Since in β1
this residue is replaced by a non-phosphorylatable alanine, S161 may allow for specific
modulation of β3 versus β1, particularly in cells that are known to express both β subunits.
Since β subunits fine-tune the electrophysiological gating properties of Na channels,
phosphorylation of β3 may be yet another mechanism for precision control of cellular
excitability.
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Fig. 1.
β3 co-expression increases current density without modulation of activation parameters. a
Current density, assessed as the peak of the current voltage relationship for each cell divided
by cell capacitance, was amplified by β-subunit co-expression. Currents were elicited by
depolarizing steps of 25 ms from a holding potential of –120 mV to test pulses in the range
of –80 to +105 mV in 5-mV increments. Co-expression of β3(β3–306.1±29.3 pA/pF, n=57)
or β3S161E (–303.4±30.4 pA/pF, n=39) increased the median current density as compared
to non-transfected cells (Nav1.2=–235.3±22.5 pA/pF, n=48). Co-expression of β3S161A
resulted in a significantly greater median current density than non-transfected cells (–
389.9±34.5 pA/pF, n=44, Dunn's test p<0.05). b Representative traces of whole-cell Na
currents evoked in nontransfected HEK293 cells stably expressing Nav1.2 and cells co-
transfected with WTβ3, β3S161A, and β3S161E. c Conductance plot shows no effects on
activation gating parameters with any of the β-subunit constructs. Smooth lines correspond
to the least squares fit when average conductance data were fit with a single Boltzmann
equation. d Decay of macroscopic currents was fit to double exponential function and was
not significantly different across the three expression systems. Data shown are means ±
SEM
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Fig. 2.
Steady-state inactivation. Steady-state inactivation parameters were determined from a
holding potential of –120 mV using conditioning pulses of either 1,000 ms (a) or 10 s (b) at
voltages ranging from –135 to +20 mV. A test pulse of +10 mV was then used to assess
channel availability. To evaluate slow inactivation, fast-inactivated channels were recovered
using a 50-ms pulse at –100 mV prior to the test pulse. Smooth lines correspond to the
average of least squares fits when data were fitted with a single Boltzmann equation. c
Representative steady state inactivation traces for 1,000 ms pre-pulse. The bold trace
representing steady state inactivation at a voltage step of –50 mV is shown for comparison
purposes
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Fig. 3.
Recovery from inactivation at –90 mV. Recovery from inactivation was assessed at –90 mV
using a two-pulse protocol. A pre-pulse from –120 to 0 mV was applied for 1,000 ms. Cells
were then held at –90 mV for variable lengths of time (1 ms–100 s) to allow for channels to
recover (a). WTβ3 and β3S161E both showed significantly faster rates of recovery of the
first phase than did β3S161A. In b, an expanded time course further demonstrates the faster
recovery trend for cells co-expressing WTβ3 and β3S161E when compared with Nav1.2
alone and β3S161A. Data points represent means ± SEM
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Fig. 4.
WTβ3 and β3S161E attenuates frequency dependent inhibition compared to β3S161A and
Nav1.2 alone. Frequency-dependent inhibition was determined using a depolarizing pulse to
+10 mV from a holding potential of –120 mV for 12 ms at a frequency of 20 Hz. Peak
current was normalized to the first pulse in each experiment. Data represent mean ± SEM
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Fig. 5.
Immunocytochemistry and Western blot analysis. HEK293 cells stably expressing Nav1.2
were transfected with GFP-tagged WTβ3, β3S161A, or β3S161E. Staining of Nav1.2 (red)
was co-localized with WTβ3, β3S161A, and β3S161E (green) within the plasma membrane
(a). Blue staining represents DAPI staining of nuclei. Scale bar represents 10 μm. Western
blot analysis (b and c) of membrane proteins isolated through biotinylation and neutravidin
purification. WTβ3, β3S161A, and β3S161E were all detected in the plasma membrane of
HEK293 cells. Membrane expression of Nav1.2 was also detected in the membrane for all
experimental conditions. In c, blots of WTβ3 and β3S161A were initially probed for β3,
stripped, and then reprobed for phosphoserine. Probing with phosphoserine revealed a band
for WTβ3, but not β3S161A. Identical results were observed when first probing with anti-
phosphoserine, stripping, and reprobing with anti-β3
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Fig. 6.
Secondary structure prediction of β3 transmembrane and intracellular domains. a The
propensity of the putative transmembrane and intracellular domains of human β3 (residues
I136 to E191 of the mature protein) to fold into an α-helix were predicted using a window
size of nine residues and the algorithms of Deléage and Roux [6], Chou and Fasman [4], and
Levitt [17]. b Secondary structure prediction using the method of Garnier et al. [7]. Residues
K163 to D174 are strongly predicted to fold into an α-helix comprising hydrophobic
residues with changed residues at every third or fourth position. c Helical wheel projection
of the putative intracellular domain helix (amino acids 161–173) showing its amphipathic
nature and the position of the potentially phosphorylated S161. d Structural model of the
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transmembrane domain and the intracellular domain of the β3 emphasizing short disordered
sequence separating helices. The model was built using pyMol
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Table 1

Steady-state activation parameters

V1/2(mV) k(mV) Parameter (n)

Nav1.2 –14.0±0.6 –6.3±0.2 49

β3 –12.9±0.6 –6.2±0.1 53

β3S161A –13.7±0.6 –5.8±0.2 53

β3S161E –13.7±0.6 –6.0±0.2 39
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