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Abstract The e¡ects on slow inactivation (SI) of charge sub-
stitutions, neutralizations, and reversals were studied for the
negatively charged residues D1309 and EE1314,15 surrounding
the IFM motif in the DIII^DIV cytoplasmic linker ^ the puta-
tive fast inactivation particle ^ of human skeletal muscle vol-
tage-gated sodium channel (hNaV1.4). Changing aspartate (D)
at position 1309 to glutamate (E) (substitution) did not strongly
a¡ect SI, whereas charge neutralization to glutamine (Q) and
charge reversal to arginine (R) right-shifted the midpoint of the
steady-state SI curve. Charge neutralization (DCCQ) at position
1309 also reduced the apparent valence associated with SI. Glu-
tamates (E) at positions 1314 and 1315 were similarly mutated.
Charge reversal (EECCRR) right-shifted the steady-state SI
curve and both reversal and substitution (EECCDD) reduced
its apparent valence. Charge neutralization (EECCQQ) and re-
versal decreased the maximum probability of SI. These muta-
tions also had di¡erential e¡ects on the rate of SI onset and
recovery. These results suggest that charged residues in the
DIII^DIV linker may interact with structures that control SI.
4 2003 Published by Elsevier B.V. on behalf of the Federation
of European Biochemical Societies.
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1. Introduction

Voltage-gated sodium channels (NaV) are the proteins re-
sponsible for the rising phase of action potentials and for their
propagation in excitable membranes. The availability of so-
dium channels is the primary determinant of membrane excit-
ability. Availability is controlled by the fraction of sodium
channels distributed between closed, slow-inactivated, and
fast-inactivated states. Whereas the molecular bases of closed
and fast-inactivated states are relatively well understood [1], a
well-established concept for the molecular basis of slow inac-
tivation (SI) has been thwarted by di¡erences in de¢nition and
di⁄culties in obtaining adequate data. The data that have
been obtained suggest a molecularly distributed basis for SI
that includes (but is not limited to) the pore regions (p-re-
gion), the S4 voltage sensors, and the domain III^IV linker
[2^5].

Fast inactivation (FI) and SI are functionally distinct.
Whereas FI is important for action potential termination,
spike frequency, and regulation of resting excitability, SI con-
tributes to the activity of voltage-gated sodium channels by
regulating membrane excitability, ¢ring properties, and spike
frequency adaptation [6^8]. It has also been proposed that
slow processes in sodium channel inactivation might be a
molecular memory mechanism that preserves traces of pre-
vious activity [9]. Whereas SI is produced either by prolonged
depolarizations lasting tens of seconds or by the cumulative
e¡ect of many brief depolarizations [10], FI in sodium vol-
tage-gated channels occurs within the time frame of a single
action potential. SI and FI also have di¡erent pharmacolog-
ical sensitivities. Intracellular proteolytic treatment with pro-
nase [11] trypsin [12], K-chymotrypsin [13] or N-bromoaceta-
mide [14] destroys FI but leaves SI intact. In addition,
removal of FI through molecular ablation (IFMCQQQ)
does not result in the removal of SI [15,16].
SI involves conformational rearrangements within the p-re-

gion [5,17] and possibly long-distance interactions with other
channel structures. Based on site-directed mutagenesis studies,
these other structures include S4 voltage sensors [18], which
confer an apparent voltage dependence to SI [19], as well as
the auxiliary L1 subunit [2], which may alter movements of the
pore itself. One theory for the mechanism underlying SI that
emerges from these studies is that one or more S4 voltage
sensors may undergo a slow, secondary translocation subse-
quent to the movement associated with activation. Such a
secondary movement could lead to a collapse of the perme-
ation pathway, perhaps involving the outer mouth of the
pore. This idea is consistent with descriptions of slow
(C- and P-type) forms of inactivation in voltage-gated potas-
sium channels [20^22].
Despite the distinctions between FI and SI, these states

appear to be coupled to some degree. Removal of FI by
mutation of IFM to QQQ (IFM1303QQQ) in the DIII^DIV
linker increases the probability of SI [15], which leads to the
idea that FI may structurally limit SI, perhaps through an
interaction between the FI particle and structures that under-
lie SI, including the p-region or the S4 voltage sensors. We
hypothesized that this could be caused by electrostatic inter-
actions between charged residues in the DIII^DIV linker and
charged residues in the S4s, or by allosteric interaction be-
tween the blocking particle and the p-region. To test these
hypotheses, we chose sites with negatively charged EE and
D residues £anking the essential IFM motif and, using charge
substituting, neutralizing and reversing mutations, attempted
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to clarify the mechanism underlying interactions between FI
and SI. We found that D1309 exerts an apparent electrostatic
e¡ect on the rate of SI, whereas EE1314,15 appears to indi-
rectly in£uence kinetic and steady-state properties of SI
through a combination of electrostatic and allosteric e¡ects.
An abstract of these results has been presented [23].

2. Materials and methods

2.1. Molecular biology
Mutations at D1309 and EE1314,15 in the human skeletal muscle

sodium channel (hNaV1.4) DIII^DIV linker were prepared by site-
directed mutagenesis using a PCR overlap extension method [24], as
previously described [25]. Fig. 1 depicts the location of mutations
relative to the IFM motif.

2.2. Oocyte preparation and RNA injections
Stage V^VI oocytes were surgically removed from female Xenopus

laevis (Nasco, Modesto, CA, USA), enzymatically isolated and main-
tained in culture for up to 14 days at 19‡C as described [2]. Approx-
imately 24 h after enzymatic treatment, oocytes were individually in-
jected with 27.6 nl or 50.6 nl of mRNA using an automatic injector
(Nanoject, Drummond, PA, USA). Expression did not signi¢cantly
di¡er between oocytes injected with the di¡erent amounts of mRNA.
Both K- (1 Wg/Wl) and L1- (3 Wg/Wl) subunits were injected at a volume
ratio of 1:1. Before macropatch recording, the vitelline membrane was
manually removed from oocytes after a short (2^3 min) exposure to a
hyperosmotic solution containing (in mM): 96 NaCl, 2 KCl, 20
MgCl2, 5 HEPES, 400 mannitol, pH 7.4.

2.3. Electrophysiology
All macropatch recording was done in a chamber containing (in

mM): 9.6 NaCl, 88 KCl, 11 EGTA, 5 HEPES, pH 7.4. This solution
was intended to zero the oocyte membrane potential. Aluminosilicate
patch electrodes were fabricated (P-87, Sutter Instruments, CA, USA),
dipped in melted dental wax to reduce capacitance, thermally pol-
ished, and ¢lled with (in mM): 96 NaCl, 4 KCl, 1 MgCl2, 1.8 CaCl2,
5 HEPES, pH 7.4. Electrophysiological recordings were made using a
patch-clamp ampli¢er (EPC-9, HEKA, Lambrecht, Germany), and
digitized at 200 kHz via an interface (ITC-16, Instrutech, Great
Neck, NY, USA). Voltage clamping and data acquisition were con-
trolled via software (Pulse/Pulse¢t, HEKA, Lambrecht, Germany)
running on a G4 Power Macintosh. All data were software-low-
pass-¢ltered at 5 kHz during acquisition. Experimental bath temper-
ature was maintained at 22Q0.2‡C for all experiments using a peltier
device controlled by a temperature controller (HCC-100A, Dagan,
Minneapolis, MN, USA). After seal formation, patches were left
on-cell for all recordings. The holding potential between protocols
was 3100 mV. Prior to each protocol, the membrane potential was
hyperpolarized to 3150 mV for 30 s to recover all channels from both
FI and SI. Leak subtraction was performed automatically by the
software using a p/4 procedure before each protocol. Leak pulses
alternated in direction from a holding potential of 3120 mV.
SI was kinetically separated from FI by allowing recovery of chan-

nels from FI using a brief, hyperpolarizing pulse interposed between
inactivating prepulses and test pulses. The duration and voltage re-
quired for this FI recovery pulse was determined for each mutant by
analyzing the time and voltage dependence of FI recovery.

2.4. Data analysis
Analysis and graphing were done using PulseFit (Heka) and Igor

Pro (Wavemetrics, Lake Oswego, OR, USA), both run on a G4 Power
Macintosh. Time constants (d) for onset and recovery of FI and SI
were derived from single exponential ¢tting to peak current amplitude
versus prepulse (or interpulse) duration using the equation:

I ¼ ISS þ a1 expð3t=d Þ ð1Þ
where I is current amplitude, ISS is the steady-state current or asymp-
tote (plateau amplitude), a1 is the amplitude at time t=0 (time of
peak current), and d is the time constant [2].
Where I, ISS are the same as in Eq. 1 and a1, a2 are the amplitudes

for the d1 and d2 time constants.

Steady-state SI data were ¢tted with a modi¢ed Boltzmann func-
tion:

I=Imax ¼ ðI13I2Þ=½1þ expð3ze0 ðVm3V1=2Þ=kTÞ� þ I2 ð2Þ
where Imax is the maximum peak current measured, I1 and I2 are the
maximum and minimum values in the ¢t, Vm is the prepulse potential,
V1=2 is the midpoint voltage of the steady-state SI curve, e0 is an
elementary charge, z is apparent valence (slope factor), k is the Boltz-
mann constant, and T is absolute temperature. The maximum prob-
ability of SI was measured as I/Imax at the most depolarized voltage of
the steady-state curve. For brevity, we refer to the maximum proba-
bility of steady-state SI as simply ‘probability of SI’.
All statistical values, both in the text and in the ¢gures, are given as

meanQ standard error of the mean (S.E.M.). Exponential or Boltz-
mann ¢ts were performed for individual data sets in order to obtain
means for time constants, V1=2 and z. Statistical di¡erences were de-
rived from Student’s t-test or, where indicated by signi¢cant di¡er-
ences between standard deviations, Welch’s alternate t-test, with two-
tailed P values using a statistical software package (Instat, GraphPad
Software, Inc., San Diego, CA, USA). Signi¢cant di¡erence was ac-
cepted at P6 0.05.

3. Results

Mutations of charged residues that surround the putative
FI particle in the DIII^DIV linker have been shown to alter
the steady-state availability and kinetics of FI [25,26]. We
have also demonstrated that there appears to be an inverse
relationship between the probability of FI and the probability
of SI, such that removal of FI with the IFMCQQQ mutation
resulted in complete SI when, in wild-type skeletal muscle
(hNaV1.4) and cardiac (hNaV1.5) sodium channels, the max-
imum probability of SI was approximately 80% and 40%,
respectively [15,16]. Could this interplay between FI and SI
be due to interactions between charged residues in the III^IV
linker and other residues that, at least in part, control the
probability of SI? We addressed this question by testing the
e¡ects of mutations of the charged residues surrounding the
IFM motif on the kinetic and equilibrium parameters of SI in
hNaV1.4.

3.1. Kinetics of SI
We characterized the e¡ects of mutations on voltage-depen-

dent kinetics of development (onset) and recovery of SI. Onset
of SI was studied with the pulse protocol shown by the right-
hand diagram at the bottom of Fig. 1. Brie£y, (1) sodium
channels were hyperpolarized to 3150 mV for 30 s to elimi-
nate both FI and SI; (2) prepulses of 0^60 s (variable incre-
ments) at 370, 350, 330 and 0 mV were applied to induce
SI; (3) a 20 ms pulse to 3150 mV was used to selectively
recover fast-inactivated channels before the test pulse; (4) the
amplitudes of sodium currents elicited in response to a 0 mV
test pulse were plotted as normalized current amplitude versus
prepulse duration, for each interpulse voltage, and used to
measure the onset of SI; (5) an additional 30 s pulse at
3150 mV was used to avoid any possible accumulation of
SI. Recovery from SI was studied with the pulse protocol as
shown by the left-hand protocol in Figs. 1 and 2. Brie£y,
(1) channels were slow-inactivated by applying a 60 s prepulse
to 0 mV; (2) interpulse durations of 0^60 s (variable incre-
ments) at 390, 3110, and 3130 mV were used to recover
channels from SI; (3) a 20 ms pulse to 3150 mV was used
to selectively recover fast-inactivated channels before the test
pulse; (4) the peak current amplitudes that were elicited by a
0 mV test pulse were plotted as normalized current amplitude
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versus duration for each recovery voltage. Time constants (d)
for onset (and recovery) of SI were derived from monoexpo-
nential ¢ts (see Eq. 1) of peak current amplitudes versus pre-
pulse (or interpulse) duration, as shown in Fig. 1. The use of
multi-exponential functions did not improve the ¢t or give
time constants that were statistically di¡erent. Fig. 1A,C
shows the decay of normalized peak current amplitude during
inactivating 0 mV prepulses of various durations. Fig. 1B,D
shows the growth of current during recovery interpulses to
3130 mV for the durations shown on the X-axis. Time con-
stants from the ¢ts in Fig. 1 were subsequently plotted as a
function of the prepulse or interpulse voltage, as shown in
Fig. 2. Fig. 2A^C shows the voltage dependence of SI time
constants in EE1314,15DD (solid circles), EE1314,15QQ (sol-
id squares) and EE1314,15RR (solid triangles), respectively.

Fig. 2D^F shows voltage dependence of SI time constants in
D1309E (open circles), D1309Q (open squares) and D1309R
(open triangles), respectively. The dotted line in all panels of
Fig. 2 shows the SI time constants for onset and recovery
from hNaV1.4.
Substitution of the glutamate (E) residues at positions

1314,15 with aspartate (D) led to a decrease of SI time con-
stants compared to wild-type channels (Fig. 2A). The e¡ect
was most pronounced at 390, 370 and 350 mV, and was
accompanied by a shift of the d(V) curve towards more pos-
itive potentials. The recovery of SI in EE1314,15DD was ac-
celerated at 3110 and 390 mV. By contrast, neutralization of
the EE cluster with QQ (E1314,15QQ) did not a¡ect maxi-
mum SI time constants (Fig. 2B). Recovery rates were also
not signi¢cantly di¡erent. The rate of onset in EE1314,15QQ,

Fig. 1. Onset and recovery of SI are two-state transitions. Normalized peak current amplitudes during a 0 mV test pulse are graphed as a func-
tion of prepulse durations (panels A and C for onset ^ see text and left-hand pulse protocol) or interpulse durations (panels B and D for re-
covery ^ see text and right-hand pulse protocol) are shown for hNaV1.4 (solid diamonds in each panel) and the mutants of residues EE1314,15
(solid symbols in panels A and B) and D1309 (open symbols in panels C and D). Single exponential functions (curves in each panel) were ¢t
to the decay (onset) and growth (recovery) of peak current amplitude (see Eq. 1).
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however, di¡ered from that of wild-type channels at 350, 330
and 0 mV. Reversal of negative charge in the 1314,15 EE
cluster to positively charged arginines (EE1414,15RR, Fig.
2C) caused no signi¢cant changes in the voltage dependence
of SI time constants.
Charge substitution and charge reversal at the D1309 site

(D1309E, Fig. 2D, and D1309R, Fig. 2F, respectively) had no
signi¢cant e¡ect on SI time constants. However, neutraliza-
tion of negative charge (D1309Q, Fig. 2E) signi¢cantly de-
creased onset time constants at 390 and 370 mV. The rates
of recovery from SI were not altered by D1309Q.

3.2. Steady-state probability of SI
When channels enter the slow-inactivated state they become

unavailable for activation. In other words, the total number
of channels available to generate and propagate action poten-
tials decreases, which leads to a decrease of membrane excit-
ability. The relative number of channels that has been ‘slowly’
inactivated can be evaluated by assessing the steady-state dis-
tribution of SI. The diagram at the bottom of Fig. 3 shows the

pulse protocol used to measure steady-state SI. Brie£y, pre-
pulses were alternated to avoid time-related artifacts; ¢rst, the
voltage was stepped to all ‘even’ voltages (e.g. 3160, 0, 3140,
320 mV etc.) ; next the voltage was stepped to all ‘odd’ volt-
ages (e.g. 3150, +10, 3130, 310 mV etc.) to encompass the
full range of prepulse potentials from 3160 mV to +10 mV.
Before every SI prepulse, 30 s at 3150 mV was allowed to
insure complete recovery from all previous inactivation to
avoid accumulation of inactivation. The prepulse duration
for steady-state SI was 1 min. A 20 ms pulse at 3150 mV
was interposed between the prepulse and the test pulse (0 mV)
to allow full recovery of fast-inactivated channels. Data were
normalized to the peak current amplitude and plotted as a
function of prepulse voltage. All values for maximum proba-
bility (%), midpoint (V1=2) and apparent valence (z) are shown
in Table 1.
Fig. 3A shows the averaged steady-state distribution of SI

in hNaV1.4 (solid diamonds, n=10) plotted as current ampli-
tude versus 60 s prepulse voltage and normalized to the cur-
rent recorded from the most hyperpolarized prepulse voltage.

Fig. 2. E¡ects of DIII^DIV mutations on SI time constants. In each panel, hNaV1.4 data is shown as a dashed line. A^C: The averaged time
constants for SI in EE1314,15DD (solid circles), EE1314,15QQ (solid squares), and EE1314-14RR (solid triangles). D^F: The averaged time
constants for SI in D1309E (open circles), D1309Q (open squares), and D1309R (open triangles). All data derived from single exponential ¢ts
to SI recovery and SI onset. Time constants are plotted versus the prepulse or interpulse voltage. Pulse protocols were as shown in Fig. 1. All
values represent meanQS.E.M.
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All panels in Fig. 3 include the average steady-state SI data
from hNaV1.4 channels for comparison, shown as the dia-
monds in Fig. 3B^G. Fig. 3B demonstrates that the
EE1314,15DD mutation does not signi¢cantly a¡ect the prob-
ability of SI relative to wild-type hNaV1.4 channels (Ps 0.2).
However, the steady-state curve in EE1314,15DD has a sig-
ni¢cantly lower slope than hNaV1.4 channels (P6 0.001). In
addition, the EE1314,15DD steady-state inactivation mid-
point was signi¢cantly shifted to more depolarized potentials

relative to hNaV1.4 (P6 0.05). Neutralizing the negative
charges in EE1314,15QQ (solid squares, Fig. 3C) decreases
the probability of SI (P6 0.05). The midpoint and slope are
not signi¢cantly altered in EE1314,15QQ (Ps 0.5 and 0.5,
respectively). The charge reversal mutation, EE1314,15RR,
(solid triangles, Fig. 3D) also has variable e¡ects on steady-
state SI. The maximum probability of SI in EE1314,15RR
was signi¢cantly decreased (P6 0.03 Also, EECRR signi¢-
cantly lowers the apparent valence of steady-state inactivation

Fig. 3. Charge neutralization and charge reversal in EE cluster alters steady-state probability of SI. A: The steady-state SI in hNaV1.4 (solid di-
amonds). B^D: The steady-state SI in EE1314,15DD (solid circles), EE1314,15QQ (solid squares) and EE1314,15RR (solid triangles), respec-
tively. E^G: The steady-state SI for D1309E (open circles), D1309Q (open squares) and D1309R (open triangles), respectively. In all graphs
steady-state inactivation is plotted as average normalized current amplitude versus 60 s prepulse voltage. Solid diamonds represent averaged
steady-state SI in hNaV1.4 in all panels of this ¢gure. The inset represents steady-state protocols for these data. Numerical values for midpoint,
apparent valence and maximum probability are summarized in Table 1.
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(P6 0.02). By contrast, the midpoint of steady-state inactiva-
tion was not signi¢cantly shifted by EE1314,15RR (Ps 0.1).
A similar series of experiments with D1309E (charge sub-

stitution), D1309Q (charge neutralization), and D1309R
(charge reversal) demonstrated no signi¢cant e¡ect of these
mutations on the probability of SI relative to hNaV1.4
(Ps 0.2, 0.1 and 0.8, respectively). The midpoint and appar-
ent valence in D1309E are also not signi¢cantly di¡erent from
those of hNaV1.4 channels (Ps 0.9 and 0.8, respectively).
Although D1309R (Fig. 3G, open triangles) has no e¡ect on
the probability of SI or the slope factor (Ps 0.9 and 0.3), the
midpoint voltage of SI was signi¢cantly depolarized
(P6 0.001). The charge neutralization D1309Q also signi¢-
cantly depolarized the midpoint voltage (P6 0.03) and de-
creased the apparent valence relative to hNaV1.4
(P6 0.004). These results suggest that D1309 may interact
with the structures that control the voltage dependence of SI.

4. Discussion

Does the III^IV linker interact with structures that control
SI? Our earlier experiments suggest that this might be the
case, since removal of FI with the IFMCQQQ mutation
stabilizes the slow inactivated state in skeletal muscle and
cardiac sodium channels [15,16]. This study sought to clarify
the molecular mechanisms by which the DIII^DIV linker
might a¡ect SI. We focused on the charges surrounding the
IFM putative inactivation particle (D1309 and EE1314,15)
because mutations of the charged residues surrounding the
IFM motif have been shown to a¡ect the voltage-dependent
rates of inactivation and deactivation [25]. Our results show
that mutations at 1309 and1314,1315 have di¡erential e¡ects
on properties of SI. Charge reversal (EECRR) and charge
neutralization (EECQQ) at positions 1314 and 1315 de-
creased the probability of SI. Since this decrease was not
observed with charge replacement (EECDD), the e¡ects of
charge reversal and neutralization suggest that the probability
of SI is dependent, at least in part, on the interactions between
charges adjacent to the IFM motif and the structures that
regulate the probability of SI. This result supports our earlier
observation that molecular ablation of FI by the IFMCQQQ
mutation increases the probability of SI due to a reciprocal
interaction between FI and SI [15,16]. Groome et al. [25]
demonstrated that EECRR signi¢cantly stabilized steady-
state FI and EECQQ produced a similar but lesser e¡ect.
The destabilization of SI (shown by the present data) in the
same mutants that stabilize FI (in [25]) is again consistent

with our previous results in which mutagenic removal of FI
stabilized SI [15,16]. Other mutations destabilized FI (right-
shifted hr curves in D1309R and D1309E) or had no e¡ect on
the steady-state distribution of fast-inactivated channels [25].
These minor e¡ects on FI are consistent with the statistically
insigni¢cant e¡ects of the mutations at position 1309 on the
probability of SI in the present study.
We have previously demonstrated that the probability of SI

is controlled, at least in part, by the pore structure [2,5]. By
contrast, the S4 voltage sensors do not profoundly a¡ect the
probability of SI. Instead, the voltage sensors have a greater
e¡ect on the rate of entry into and recovery from the slow-
inactivated state [18,27]. The strongest e¡ects of the DIII^
DIV linker mutations that were studied here were on the
rate of SI. Taken together, the results from the present results
are consistent with previous studies [25,28] in which mutations
in the DIVS4 and the III^IV linker a¡ect voltage-dependent
gating transitions. Charged residues in the III^IV linker thus
appear to in£uence the rate and, to a lesser extent, the steady-
state probability of SI. This idea does not run counter to the
conclusion that FI and SI are not mutually exclusive states
[29]. Rather, they reinforce, and suggest a physical basis for,
the hypothesis that fast- and slow-inactivated states are recip-
rocally interactive: an decrease in the stability of SI is con-
comitant with an increase in the stability of FI.
A physical model of the interactions between FI and SI that

evolves from these studies is that docking of the IFM particle
during FI impedes the subsequent pore transitions that result
in SI [22]. Thus, the probability of SI is increased in the
absence of FI (produced by ablation of the IFM triad). Con-
versely, the probability of SI is decreased by the mutations
studied here, which were previously shown to stabilize FI [25].
The present study suggests that the rate at which the IFM
particle reaches its ¢nal, FI-favored position is controlled in
part by the charges in the III^IV linker, perhaps through a
combination of electrostatic and allosteric interactions with
the S4 voltage sensors or the S4^S5 linkers which, in DIII
and DIV, have been proposed to act as docking sites for as
yet unidenti¢ed residues in the DIII^DIV linker [30,31]. These
interactions, in turn, appear to limit the rate of SI. The idea
that residues in the DIII^IV linker interact with the putative
DIII and DIV S4^S5 docking sites has been previously sug-
gested vis-a'-vis ultra-SI [32]. FI and ultra-SI also appear to be
reciprocally interactive. Double mutations, in which both the
residues studied here and those in the putative docking sites or
in the voltage sensors themselves, will help to further clarify
the nature and location of these interactions.

Table 1
Inactivation parameters for hNaV1.4, and mutants

Channel SI FIa

Probability (%) V1=2 (mV) Slope factor (z) V1=2 (mV) Slope factor (z)

hNaV1.4 TKDIFMTEEQT 80Q 5 (10) 383Q 4 (10) 31.45Q 0.09 (10) 394.6Q 1.8 4.34Q 0.11
D1309R TKRIFMTEEQT 81Q 2 (4) 364Q 2 (4)b 31.31Q 0.09 (4) 382.0Q 1.0b 4.37Q 0.15
D1309Q TKQIFMTEEQT 68Q 5 (4) 367Q 3 (4)b 30.91Q 0.05 (4)b 393.8Q 1.3 3.90Q 0.13b

D1309E TKEIFMTEEQT 70Q 4 (4) 380Q 3 (4) 31.42Q 0.3 (4) 388.7Q 1.3b 5.11Q 0.11b

EE1314RR TKDIFMTRRQT 59Q 5 (4)b 374Q 3 (4) 31.00Q 0.12 (4)b 3101.9Q 1.7b 3.98Q 0.07b

EE1314QQ TKDIFMTQQQT 60Q 4 (4)b 380Q 3 (4) 31.27Q 0.25 (4) 397.7Q 0.9 4.42Q 0.06
EE1314DD TKDIFMTDDQT 71Q 5 (5) 370Q 2 (5)b 31.01Q 0.04 (5)b 398.3Q 1.2 4.33Q 0.08

Values are Q S.E.M (n).
aData from [25].
bDenotes mutant statistically di¡erent than hNaV1.4.
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