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α-β1 allosteric modulation. We further characterized the 
electrophysiological effects of the double alanine substitu-
tion of these residues demonstrating that it decelerates inac-
tivation and recovery from inactivation, abolishes the mod-
ulation of steady-state inactivation and induces a current 
rundown upon repetitive stimulation, thus causing a general 
loss of function. Our results contribute to delineating the 
process of the mammalian Na+ channel inactivation. These 
findings may be relevant to the design of pharmacological 
strategies, targeting β subunits to treat pathologies associ-
ated to Na+ current dysfunction.
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Introduction

The fast and efficient transmission of information among 
excitable cells through action potentials is initiated by the 
transient activation of voltage-gated Na+ channels (Navs) 
upon membrane depolarization. The rapid inactivation 
(1–2  ms) of these channels is essential to preserve the 
transmembrane Na+ gradient and to ensure the availabil-
ity of channels for reactivation and high frequency action 
potential firing (Catterall 2012). Na+ channel accessory 
β subunits are absent in invertebrates but are orthologs 
in teleost fish, amphibians, birds and mammals. They are 
believed to have originated before the divergence of tele-
osts and tetrapods and may have played a role in the elec-
tric signal specialization and diversification of the first ver-
tebrates (Chopra et al. 2007). The β1 subunit modulates the 
Na+ current by accelerating the inactivation and recovery 
from inactivation and modifying the voltage dependence of 
gating in mammalian Navs, including the skeletal muscle 
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voltage-gated Na+ channels involves transient interac-
tions between intracellular domains resulting in direct pore 
occlusion by the IFM motif and concomitant extracellular 
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tute single-pass transmembrane proteins that form pro-
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allosterically modulate the Na+ influx into the cell during 
the action potential of every excitable cell in vertebrates. 
Here, we explored the role of the intracellular IFM motif 
of rNav1.4 (skeletal muscle isoform of the rat Na+ chan-
nel) on the α-β1 functional interaction and showed for the 
first time that the modulation of β1 is independent of the 
IFM motif. We found that: (1) Nav1.4 channels that lack the 
IFM inactivation particle can undergo a “C-type-like inac-
tivation” albeit in an ultraslow gating mode; (2) β1 can sig-
nificantly accelerate the inactivation of Nav1.4 channels in 
the absence of the IFM motif. Previously, we identified two 
residues (T109 and N110) on the β1 subunit that disrupt the 
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isoform Nav1.4 (Patton et  al. 1994; Wallner et  al. 1993). 
This modulation occurs through an extracellular non-
covalent interaction between the α and β1 subunits (Chen 
and Cannon 1995; McCormick et al. 1999; Qu et al. 1999; 
Zimmer et al. 2002). In vertebrates, an intracellular hydro-
phobic cluster of residues in between domains III and IV 
of the α subunit is highly implicated in fast inactivation; 
three key amino acids, IFM (isoleucine, phenylalanine and 
methionine), known as the inactivation particle, occlude 
the pore intracellularly, arresting the inward Na+ current 
within milliseconds after depolarization (Armstrong and 
Bezanilla 1973; Catterall 2012; Eaholtz et al. 1994). Here, 
we studied Na+ channel inactivation with a two-fold objec-
tive: (1) to describe the behavior of Nav1.4 in the absence 
of the IFM inactivation particle (via a triple deletion) and to 
determine the role of β1 on these channels; (2) to validate 
previous theoretical work by detailing the electrophysi-
ological effects of double mutant β1-T109A/N110A, oth-
erwise known as β1-TANA (Scior et  al. 2015). We found 
that Nav1.4 channels can undergo inactivation despite the 
absence of the IFM motif (albeit in an ultraslow gating 
mode), previously thought to be essential for inactivation 
(West et al. 1992), displaying an independent but coopera-
tive mechanism. In addition, we show that wild-type (WT) 
β1 can also significantly accelerate the time constant of 
inactivation of IFM-deleted Nav1.4 channels. With the use 
of molecular biology and electrophysiology methods, we 
describe the general loss of effect produced by β1-TANA, 
contributing to delineation of the molecular determinants 
of a drug-targetable interface between Nav1.4 α and β1 
subunits.

Materials and methods

Site‑directed mutagenesis, deletion and heterologous 
expression

The alanine substitutions of T109 and N110 were intro-
duced in the rNavβ1 construct (NCBI accession no. 
M26643), cloned in a pGEMHEnew vector with a sin-
gle pair of mutagenic primers. Similarly, the deletion of 
the IFM motif on the rNav1.4 cDNA sequence (Uniprot 
accession no. P15390) cloned into the pGW1H vector 
was achieved through a single PCR hybridization using 
the QuikChange® II XL site-directed mutagenesis kit 
(Stratagene, La Jolla, CA, USA). The PCR product was 
transformed by heat shock into ultracompetent One Shot® 
bacteria for amplification and nick repair (see Supplemen-
tary Materials and methods). After antibiotic selection 
and culture, the mutated plasmids were obtained using the 
HiSpeed® Plasmid Purification Kit (Qiagen, Mexico City, 
Mexico). Successful mutagenesis was confirmed by DNA 

sequencing with the Applied Biosystems 3730 DNA Ana-
lyzer (UNAM, Cuernavaca, Mexico). Adult Xenopus laevis 
female frogs (Xenopus 1, Dexter, MI, USA) were anes-
thetized by immersion in 0.2% tricaine (Sigma Chemical, 
St Louis, MO, USA). Oocytes were surgically removed 
and placed in OR-2 buffer containing (in mM) 82.5 NaCl, 
2.5 KCl, 1 MgCl2 and 5 4-2-hydroxyethylpi-97 perazine-
1-ethanesulfonic acid (HEPES), pH 7.6. To remove the 
follicular membrane the cells were treated with 1.3  mg/
ml collagenase. The nuclei of stage V and VI oocytes 
were injected using a nanoliter automatic injector (model 
A203XVY, WPI, Sarasota, FL, USA) with 25–30  ng of 
wild-type rNav1.4 or IFM-deleted rNav1.4 cDNA in a 1:5 
ratio of WT or mutant β1. Eggs were then maintained for 
up to 3 days at 18 °C in ND-96 solution (in mM), 96 NaCl, 
2 KCl, 1 MgCl2, 5 HEPES and 1 CaCl2, supplemented 
with 0.5 mM theophylline, 0.5 mM pyruvate and 50 μg/ml 
gentamicin. The pH was adjusted to 7.6 with 1 M NaOH. 
Oocytes in recording chambers were continuously super-
fused at a flow rate of 500 μl/min with ND-96 solution 
with 1 mM BaCl2 without CaCl2.

All surgical procedures were performed in accordance 
with the Guide for the Care and Use of Laboratory Animals 
from the Mexican Council for Animal Care (Norma Oficial 
Mexicana NOM-062-ZOO-1999) and the National Insti-
tutes of Health Guide for the Care and Use of Laboratory 
Animals. This study was approved by the internal ethics 
committee of the Instituto de Fisiología of the Universidad 
Autónoma de Puebla. All efforts were made to reduce the 
number of animals used and minimize animal suffering.

Electrophysiological recording and data analysis

Two electrode voltage-clamp recordings were performed at 
room temperature (20–22 °C) using an OC-725C amplifier 
(Warner, New Haven, CT). The electrodes were pulled on 
a horizontal P-97 puller (Sutter Instruments, Novato, CA) 
and filled with 3 M KCl with a resistance of 0.6–1.2 MΩ. 
The Na+ current signals were filtered at 2 kHz, digitized at 
a sampling rate of 10 kHz by a Digidata 1200 analog-to-
digital converter (Axon Instruments, Foster City, CA) and 
stored on a computer for analysis with pClamp software, 
version 8.02 (Axon Instruments, Foster City, CA). Chan-
nel overexpression on oocytes can generate large currents 
of ~100 μA, and currents larger than 20 μA generate con-
siderable voltage errors due to potential drop in the series 
resistance (Rs) in the extracellular solution, which equals 
the sum of the pipette resistance and the access resistance 
resulting from the pieces of membrane and debris (Baum-
gartner et al. 1999). An Rs value of 40 MΩ will introduce a 
steady-state error of 10% when clamping a cell of a mem-
brane resistance (Rm) of 400  MΩ. To control for quality 
and minimize voltage-clamping errors we: (1) only record 
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oocytes displaying currents of ≤7 μA; (2) achieve a good 
Rs:Rm theoretical ratio by keeping the pipette resistance to 
a maximum of 1.2 MΩ. Given that X. laevis oocytes have 
a Rm of 0.1–2  MΩ (Sobczak et  al. 2010), our maximum 
steady-state error would be 0.8%, considering only the 
pipette resistance. (3) The access resistance is manually 
compensated using positive feedback circuits in the ampli-
fier before each recording, and (4) only oocytes with min-
imal leak ≤0.1 μA (a maximum leak of less than 1.4%) 
are included in the study. Na+ currents (INa) were gener-
ated by step depolarizations of 10-mV increments (30-ms 
durations) from a holding potential of −100 to +50  mV. 
Because of the abruptness of the I–V relationship at a short 
range of membrane potentials during channel activation 
and to confirm that the voltage was efficiently clamped, 
we applied the same protocol with 5-mV increments and 
observed a smoother Na+ channel activation (Supplemen-
tary Figure S4). Na+ conductances (gNa) were obtained 
from the peak currents generated by step depolarizations 
of 10-mV increments (30-ms durations) from a holding 
potential of −100 to 0 mV and calculated with the equa-
tion: gNa  =  INa/(Em–Eq), where Em was the membrane 
potential, INa was the current amplitude, and Eq was the 
equilibrium potential calculated for each cell. Steady-state 
inactivation data were obtained using a two-pulse protocol. 
First, a variable voltage conditioning pulse (from −120 to 
0 mV, 1000-ms duration) was given from a holding poten-
tial of −100 mV and a gap of 2 ms. Then, a test pulse (25-
ms duration) at −20 mV was given. The peak current from 
the second pulse was plotted as a function of the condition-
ing pulse potential. Activation and steady-state inactivation 
curves from every group were fitted using the Boltzmann 
distribution equation: Inorm = 1/(1 + exp[(V−V1/2)/dx] + A, 
where V was the potential of the voltage pre-pulse, V1/2 was 
the half voltage of inactivation, dx was the slope, and A was 
a residual linear component. The time course of inactiva-
tion data from the peak current at −20 mV was fitted to a 
single exponential equation: y = A1 exp(−x/τ) + y0, where 
A1 was the relative fraction of current inactivation, τ was 
the time constant, x was the time, and y0 was the amplitude 
of the steady-state component. The recovery from inactiva-
tion was examined using a 500-ms conditioning pulse at 
−20 mV from a holding potential of −100 mV followed by 
a variable recovery interval (Δt = 1–10,000 ms) and a test 
pulse at −20 mV. Recovery data from each cell were fitted 
to a double exponential equation: y = A1 exp[−x/τ1] + A2 
exp[−x/τ2] +  y0, where A1 and A2 were relative fractions 
of the recovery currents, τ1 and τ2 were time constants, 
and y0 was the amplitude of the steady-state component. 
The frequency-dependent inhibition was determined by 
applying trains of 30 ms pulses from a holding potential of 
−100 mV to a test potential of −20 mV at 1, 2 and 5 Hz. 
Current amplitudes were normalized with respect to the 

first pulse. All the currents were analyzed using the pClamp 
version 10.2 software (Axon Instruments, Foster City, CA). 
Values were shown as mean ±  SEM. Statistical compari-
sons between mutant and wild-type mean values were car-
ried out using unpaired Student’s t test. A one-way analysis 
of variance (ANOVA) was used for comparisons of more 
than two mean values, followed by a pairwise multiple 
comparisons using the Holm-Sidak method. The graphs 
were built and fitted using Sigmaplot 11.0 (SPSS, Inc., Chi-
cago, IL) and Origin 8.02 (OriginLab Corp., Northampton, 
MA, USA).

Homology molecular modeling

Several three-dimensional models of the α subunit of the 
rat Nav1.4 (Uniprot accession no. P15390) were generated 
with the SCWRL server (Canutescu et  al. 2003) domain 
per domain excluding the interdomain loop regions and 
energy minimized under the CHARMM27 force field with 
MOE 2008.10 (Maier and Labute 2014) in every step. The 
template used was the 2.7 Å crystal structure of the bacte-
rial sodium channel NavAb (PDB code: 3RVY). The ste-
reochemical and energetic quality was assessed with MOE 
2008.10. The 2.5 Å crystal structure of the Na+ channel 
hβ3 subunit (PDB code 4L1D) was used as a template to 
build rβ1 models using MODELER 9.12 (Webb and Sali 
2014). The lead candidates were energy-minimized, and 
the stereochemical soundness was assessed with MOE 
2008.10. The model’s ensemble orientation was modeled 
with VEGA ZZ 2.3.2 (Pedretti et al. 2004). The prediction 
of local protein flexibility was performed with PredyFlexy 
(de Brevern et  al. 2012). For more details on the mutant 
prediction and modeling, see (Scior et al. 2015).

Results

Nav1.4 channels lacking the IFM motif can undergo 
a “C‑type‑like” ultraslow inactivation, and this 
inactivation is significantly accelerated by the presence 
of the β1 subunit

In Fig.  1, we show the mutated residues on the β1 subu-
nit and the location of the IFM motif that was deleted. Co-
expression of the Na+ channel α and β1 subunits on frog 
oocytes is sufficient to reconstitute cation channels that 
display typical fast-inactivating Na+ currents in native cells 
(Isom et  al. 1992). The inactivation of Nav1.4 channels 
lacking the IFM motif (hereinafter called Nav1.4-DelIFM) 
was evidenced by applying depolarizations on the scale of 
seconds. The co-expression of WT β1 on these channels 
accelerated the ultraslow inactivation but failed to restore 
wild-type-like rapid inactivation within the millisecond 
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time scale (Fig.  2). The values of the time constants of 
inactivation upon 1- and 5-s duration peak voltage depolar-
izations were significantly decreased when β1 was present 
(Table 1).

Figure  3a and b illustrates how the currents recorded 
from oocytes transfected only with the α subunit of Nav1.4 

inactivate significantly slower than the currents obtained 
from the co-transfection of both subunits WT Nav1.4 + β1 
(control group). The deletion of the IFM motif in the α sub-
unit co-transfected with β1 produces currents that do not 
inactivate upon short-duration depolarizations (Fig. 3c). To 
investigate whether β1 modulation of the inactivation pro-
cess is unique or cooperative, we decided to focus on the 
mutant β1-TANA (a double alanine substitution of residues 
T109 and N110) that we previously identified as a strong 
candidate to disrupt Na+ inactivation. In Fig. 3d we show 
that the co-expression of WT α with β1-TANA critically 
reduced the typical acceleration of fast inactivation that 
this protein exerts on the Na+ current. Note that this double 
mutant also induced a significant increase of the sustained 
current component (arrows in Fig. 2) compared to the con-
trol group, measured as the remaining current at the end 
of the pulse, normalized with respect to the peak current 
(Table 2).

Double mutant Navβ1‑TANA causes loss of function 
on Nav1.4 kinetics

The time constant of inactivation was markedly increased 
over a range of voltages when Nav1.4 channels were co-
expressed with β1-TANA compared to WT channels 
Nav1.4 + β1 (Fig.  4a), and a delay in the recovery from 
inactivation was also observed (Fig.  4b). Efficient action 
potential conduction requires fast Na+ channel recovery 
from inactivation and channel availability upon high fre-
quency stimulation. Under control conditions, ~50% of 

Fig. 1   Cartoon illustrating the 
topology of the sodium channel 
subunits α and β1, showing 
the location of the sites that 
we mutated or deleted. A 3D 
homology model of β1 is shown 
in yellow, and the 3D structure 
of inactivation particle IFM 
motif is shown in blue (PDB 
code: 1BYY)

Fig. 2   Wild-type β1 accelerates the slow inactivation of IFM-deleted 
Nav1.4 channels upon long-duration depolarizations. Representa-
tive traces evoked by peak voltage depolarizations of 5-s duration of 
wild-type Nav1.4 channels co-expressed with β1 (in black), Nav1.4 
with the deletion of the inactivation gate, the IFM motif in the pres-
ence (purple) and absence of the β1 subunit (gray). The inset shows 
the difference in the inactivation of DelIFM mutant channels (pur-
ple), wild-type channels in the presence (black) and absence of β1 (in 
green) on a shorter time scale
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Table 1   Kinetic parameters upon long-duration depolarizations

The time constants of inactivation were obtained by fitting with single exponential equation. Each cell was fitted individually; statistically sig-
nificant differences were determined with a one-way ANOVA test followed by a Holm-Sidak test for multiple comparisons or with a t test 
(n = 4–6, * P < 0.05, ** P < 0.01, *** P < 0.001)

Channel type 1-s Depolarization inactiva-
tion rate τinac (s)

1-s Depolarization sustained 
component (%)

5-s Depolarization inactiva-
tion rate τinac (s)

5-s Depolarization sustained 
component (%)

Nav1.4-DelIFM 0.95 ± 0.06 66.7 ± 2 19 ± 0.8 26 ± 2

Nav1.4-DelIFM + β1 0.4 ± 0.01*** 52 ± 2* 11 ± 0.6*** 23 ± 1.2

Fig. 3   Co-expression of β1 speeds the inactivation of Nav1.4 cur-
rents. Mutant β1-TANA disrupts this effect, and the deletion of the 
IFM on Nav1.4 channels abolishes short-pulse inactivation. Rep-
resentative Na+ inward currents of oocytes transfected with a wild-
type Nav1.4 and β1, b Nav1.4, c DelIFM Nav1.4 and β1 wild-type, 
and d wild-type Nav1.4 co-expressed with mutant T109A/N110A β1. 
The cell membrane was stepped by a standard two-electrode voltage 

clamp (TVC). Currents were elicited by depolarizing pulses of 30-ms 
duration, from a holding potential of −100 mV to +50 mV in 10-mV 
increments. Note that the remaining current components (or sustained 
components) before the capacitive discharge in b and d are similar 
(arrows) while the sustained component upon this short depolariza-
tions of wild type a and DelIFM Nav1.4 + β1 c is practically 0 and 
100%, respectively

Table 2   Kinetic parameters of inactivation and recovery from inactivation

The time constants of the inactivation were obtained by fitting with single exponential equations, and the time constants of recovery were 
obtained from fitting with double exponential equations. Each cell was fitted individually, and the mean time constants from each group were 
compared with the Nav1.4 + β1 wild type; statistically significant differences were determined with a one-way ANOVA test followed by a 
Holm-Sidak test for multiple comparisons or with a t test (n = 4–6, * P < 0.05, ** P < 0.01, *** P < 0.001)

Channel type Sustained component (%) Fast inactivation rate τinac (ms) Fast recovery τfast (ms) Slow recovery τslow (ms)

Nav1.4 + β1 3.5 ± 0.5 1.8 ± 0.2 1.7 ± 0.3 236 ± 88

Nav1.4 17.7 ± 0.8*** 12 ± 0.5*** 4.7 ± 0.4*** 10,931 ± 2704***

Nav1.4 + β1-TANA 12.1 ± 0.5** 9.6 ± 1.6*** 3.4 ± 0.04** 747 ± 56
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Nav1.4 channels co-expressed with wild-type β1 recovered 
from peak voltage depolarization within the first millisec-
ond, while Nav1.4  +  β1-TANA channels took ~4 times 
longer, severely impairing fast inactivation. The mean time 
constants of peak voltage inactivation and recovery from 
fast inactivation (τfast) of Nav1.4  +  β1-TANA channels 
were significantly different from those of the control group 
Nav1.4 + β1 (Table 2).

The functional interaction between α and β1 subunits 
also allows Nav1.4 channels to recover after short repeti-
tive depolarizations, abolishing the frequency-dependent 
inhibition that is observed when Nav1.4 channels are 
expressed in the absence of β1. A rundown of 60, 66 and 
79% was observed after repetitive peak voltage stimulation 
at 1, 2 and 5 Hz, respectively, in recordings from oocytes 
expressing the α subunit alone. Unlike the control group 
(Nav1.4-β1), Nav1.4 channels co-expressed with mutant 
β1-TANA exhibited frequency-dependent inhibition; at 
these three escalating frequencies the rundowns induced 
by the mutant were 34, 37 and 41%, respectively (Fig. 5). 
Note that the rundown is not as significant as when β1 is 

absent, suggesting that other residues in this auxiliary subu-
nit may interact with the α subunit.

Double mutant Na+ channel β1‑TANA causes loss 
of function on Nav1.4 voltage dependence

Loss-of-function effects caused by this β1 double mutant 
were observed on the modulation of voltage dependence that 
β1 exerts on Nav1.4 channels. The presence of β1 typically 
shifts the conductance and steady-state inactivation curve to 
more hyperpolarizing potentials. The β1-TANA mutant sig-
nificantly impaired both these features (Fig. 6, Table 3). Inter-
estingly, the half voltage of activation significantly increased 
when these channels were co-expressed with the β1-TANA 
mutant in a manner comparable to the disruption caused by 
the deletion of the inactivation particle IFM on Nav1.4 chan-
nels. While the half voltages of activation and inactivation of 
Nav1.4 + β1-TANA and Nav1.4-DelIFM + β1 were signifi-
cantly different from wild-type Nav1.4 + β1, the slope factors 
were not (Table 3), which indicates that the channels’ sensitiv-
ity to voltage has been altered but the ratio of change has not.

Fig. 4   Mutant β1-TANA sig-
nificantly reduces the allosteric 
effect of β1 on Nav1.4 channel 
kinetics. a Time constants 
of inactivation (peak decay) 
from short-duration depo-
larizations, as a function of 
the membrane voltage step. 
Statistically significant differ-
ences between Nav1.4 + β1 
and Nav1.4 + β1-TANA 
are shown. b Time course 
of recovery from inactiva-
tion obtained by a two-pulse 
protocol (inset). The relative 
fraction of channels recovered 
is plotted as a function of the 
time elapsed between the first 
and second pulses and reflects 
the availability of channels to 
open, inactivate and re-open at 
peak voltage (−20 mV). Data 
were expressed as mean ± SE 
(n = 4–6, **P < 0.01, 
***P < 0.001). Data from 
each cell were individually 
fitted to a double exponential 
equation, and statistically 
significant differences were 
found between Nav1.4 + β1 and 
Nav1.4 + β1-TANA (Table 2)
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On the other hand, the IFM deletion caused a prominent 
shift to the depolarizing potentials beyond the behavior of 
Nav1.4 channels alone and reduced the channel unavail-
ability (~50%) at any prepulse within the activation voltage 
(diamonds in Fig. 5), which indicates that the deletion pre-
vents channel inactivation during this stimulation protocol.

Discussion

Given the role of β1 in accelerating the inactivation kinetics 
of most isoforms of Na+ channels, we wondered whether 
the presence of this integral protein would still be able to 
accelerate the kinetics of channels lacking the IFM motif, 
which is necessary to maintain the closure of the fast inac-
tivation gate (West et  al. 1992), and this seemed to be 
the case. β1 was able to speed the process of inactivation 
whether or not the inactivation particle was present (Fig. 2, 
Table  1). Balser et  al. observed that upon long-duration 
depolarizations, Nav1.4 channels in which the IFM motif 
had been substituted by glutamines underwent slow inacti-
vation upon a 5-s peak depolarization (Balser et al. 1996). 
However, this substitution (QQQ) may generate an electro-
static interaction at the internal mouth of the channel with 
the polar amide side chain of glutamines. Hence, the issue 
of whether this glutamine triad could still occlude the intra-
cellular channel pore remains. On the one hand, the slower 
inactivation of homotetrameric prokaryotic Navs (that 
inherently lack the IFM motif) is proposed to involve con-
formational rearrangements of the pore and the pore vesti-
bule on the extracellular side, i.e., C-type inactivation (Irie 
et al. 2010; Pavlov et al. 2005). On the other hand, it is well 
established that β1 binds eukaryotic heterotetrameric chan-
nels on the extracellular side exerting an allosteric effect 
on N-type fast inactivation that involves intracellular pore 
occlusion. Hence, it is plausible that β1 may also play a role 
in a hypothetical IFM-independent “C-like-type” inactiva-
tion in eukaryotic channels, as the results of Balser et al. and 
our group suggest. Here, the deletion of the IFM motif on 
this α subunit isoform produced a comparably slow inacti-
vation upon depolarizations of 1- and 5-s duration and the 
co-expression of β1 accelerated this IFM-independent ultra-
slow inactivation (see Fig.  2, Table 1). To our knowledge, 
this is the first study that demonstrates that Nav1.4 channels 
lacking the IFM motif still undergo inactivation.

Previously, we elaborated on the usefulness of distin-
guishing analogical structural features in protein–pro-
tein interfaces by predicting two functional hotspots (i.e., 
key residues) in the Nav1.4-β1 functional association. We 
provided evidence that the designed mutant β1-TANA 
expressed in a mammalian cell line disrupted β1-like typi-
cal channel electrophysiological modulation (Scior et  al. 
2015). Here we detailed its effects on a different heterolo-
gous expression system (haploid amphibian cells) because 
it is known that some mammalian cells can express endog-
enous β1 subunits (Islas et al. 2013; Moran et al. 2000).

A great deal of progress has been made in demonstrat-
ing the many roles of Navβ1 subunits in health and disease 
(Patino and Isom 2010). By regulating Na+ channel gating, 
voltage dependence and kinetics, these subunits decisively 
contribute to the excitability of cells in vivo (Brackenbury 

Fig. 5   Mutant β1-TANA induces a rundown upon repetitive depo-
larizations on Nav1.4 channels. Frequency-dependent inhibition 
was determined by applying repetitive peak depolarizing pulses 
(−20 mV, 30-ms duration) from a holding potential of −100 mV at 
a frequency of 1 Hz (a), 2 Hz (b) and 5 Hz (c). Peak currents were 
normalized to the first pulse, and data were expressed as mean ± SE 
(n = 4–6). Data from Nav1.4 + β1-TANA were statistically different 
from Nav1.4 + β1 at 1 Hz (P = 0.001), 2 Hz (P = 0.005) and 5 Hz 
(P ≤ 0.001)
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and Isom 2011). This argues in favor of the design of agents 
that specifically target the α-β1 physical interaction, but in 
order to do so it is essential to locate the underlying criti-
cal structural elements and characterize their biophysical 
role in channel modulation. This study provides experimen-
tal quantitative confirmation of general loss-of-function 
effects upon mutation of T109 and N110 (β1-TANA) and 
the deletion of the IFM inactivation particle, dissecting its 
electrophysiology characteristics and thereby contributing 
to delineating the functional Nav α-β1 interface (for a dis-
cussion of a putative extracellular interface at the α subunit, 
see Supplementary Figure S1).

β1-TANA was able to significantly disrupt the accel-
eration of inactivation and recovery from inactivation that 
the β1 wild type induces on Nav1.4 (Fig.  2b, c) without 
modifying the activation, peak current membrane poten-
tial (−20  mV) or equilibrium potential (~40  mV) (Sup-
plementary Figure S4; Supplementary Table  1). These 
effects along with the rundown generated upon repetitive 
stimulations constitute state-dependent reductions in Na+ 
permeability. State-dependent inhibition is a hallmark of 
local anesthetics that accounts for their therapeutic efficacy 
(Starmer et al. 1984); unfortunately, these drugs often pro-
duce cardiac side effects (Wolfe and Butterworth 2011). 
Their binding site is located at a transmembrane cavity 

at the Nav α subunit, thereby affecting cardiac isoform 
Nav1.5. This isoform is the least sensitive to β1 (Fozzard 
and Hanck 1996; Qu et  al. 1999), and thus the design of 
compounds targeting β1 instead of α subunits, which pro-
duce use-dependent Na+ current reduction, may circum-
vent the problem of heart iatrogenesis that local anesthetics 
possess, given that the presence of β1 affects the potency 
of Na+ channel inhibitors such as phenytoin (Lucas et  al. 
2005), carbamazepine (Uebachs et  al. 2010) and meflo-
quine (Paiz-Candia et al. 2016).

Furthermore, β1-TANA completely prevented the effect 
of β1 voltage-modulation of steady-state inactivation 
(Fig.  6) and increased the sustained current component, 
resembling the behavior of Nav1.4 alone. Taken together, 
these results support the idea that T109 and N110 constitute 
critical allosteric residues involved in the conformational 
and dynamical transitions of the Nav1.4 channels. This is 
in keeping with our prior computational and experimental 
work on β1 (Islas et al. 2013) (Supplementary figure S3); 
see the supplementary discussion for structural details and 
further theoretical discussion in relation to previous studies.

Site-directed mutational studies have advanced the 
concept of intramolecular communication between the 
extracellular and intracellular domains, highlighting the 
importance of residues on the DIV domain of the Nav α 

Fig. 6   Mutant β1-TANA sig-
nificantly reduces the allosteric 
effect of β1 on Nav1.4 voltage 
dependence of activation and 
steady-state inactivation. The 
activation curves show the 
normalized conductance in 
the right axis as a function of 
the voltage potential and the 
steady-state inactivation curves 
of the same groups in the left 
axis. Mean ± SEM data were 
fitted with a Boltzman equation, 
and the parameters are reported 
in Table 3

Table 3   Parameters of activation and steady-state inactivation

Channel type V1/2 of activation (mV) P value Slope (k) P value V1/2 of steady-state inactivation P value Slope (k) P value

Nav1.4 + β1 −33 ± 0.3 2.6 ± 0.1 −62 ± 0.1 4.7 ± 0.1

Nav1.4 −25 ± 0.5 <0.001 3.4 ± 0.2 0.077 −54 ± 0.4 <0.001 5 ± 0.3 0.605

Nav1.4 + β1-TANA −30 ± 0.8 0.003 2.2 ± 0.3 0.387 −53 ± 0.5 <0.001 6 ± 0.4 0.163

Nav1.4-DelIFM + β1 −30 ± 0.5 0.006 3.3 ± 0.3 0.171 −39 ± 1.9 <0.001 3.7 ± 0.9 0.25
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subunits that modulate inactivation kinetics on Na+ chan-
nels (Vedantham and Cannon 2000; Zarrabi et al. 2010). In 
the former study, the authors identified two conformational 
changes near the V1583 residue at transmembrane seg-
ment S6 of the DIV domain in Nav1.4; accordingly, they 
proposed an IFM-dependent and an IFM-independent inac-
tivation mode (Vedantham and Cannon 2000). Our results 
upon short- and long-duration pulses may reflect the allos-
teric participation of β1 in both inactivation processes.

Recent crystallographic and in vitro assay studies have 
boosted the interest in the structure of Na+ channel β subu-
nits (Gilchrist et al. 2013; Namadurai et al. 2014; Kubota 
et al. 2014; Yereddi et al. 2013), in contrast to the former 
apparent stagnation in regard to the structural elements 
underlying the electrophysiological role of β1 (Islas et  al. 
2013; McCormick et  al. 1999). The present results illus-
trate distinct and critical structure-activity determinants 
that contribute to the ongoing study of Na+ channels and 
may be particularly relevant in light of the evidence of β1 
as a modifier of the response of some antiepileptic and 
anesthetic drugs (Uebachs et al. 2010; Wright et al. 1997) 
as well as for the future prospects of this subunit as a drug 
target (Brackenbury and Isom 2011).
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