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Abstract Na channel subunits oeSNS (PN3) and cqj.l(SkMl) 
produce slowly inactivating/TTX-resistant and rapidly inactivat-
ing/TTX-sensitive currents, respectively. otSNS (PN3) current 
recovers from inactivation (reprimes) rapidly. Sequence align-
ment identified the tetrapeptide SLEN, in the S3-S4 linker of 
D4, as aSNS-specific. To determine whether SLEN endows Na 
channels with slow kinetics and/or rapid reprinting, we analyzed 
the transient Na current produced by a chimera μ18ίΕΝ in 
HEK293 cells. Neither kinetics nor voltage dependence of 
activation and inactivation was affected. However, repriming 
was twice as fast as in the wild type at —100 mV. This suggests 
that SLEN may contribute to the rapid repriming of TTX-
resistant Na current. 
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1. Introduction 

Voltage-gated sodium channels consist of a large, 260 kDa, 
pore-forming, oc-subunit and one or more auxiliary ß-subunits 
[1,2]. The oc-subunit polypeptide chain consists of four homol-
ogous domains (Dl^l), each with six predicted transmem-
brane segments (SI—6) joined by cytoplasmic and extracellular 
loops [1]. Except for the loop joining domains III and IV 
(D3^1 linker), which contains the conserved inactivation par-
ticle [3,4], the amino acid sequences of these loops and the N-
and C-termini are less conserved than those of the transmem-
brane segments [5,6]. The amphipathic S4 segment of each 
domain with its positively charged residues is thought to be 
the voltage sensor [1,7,8]. Two types of Na currents are pro-
duced by these α-subunits: slow inactivating, TTX-resistant 
(slow/TTX-R) and fast inactivating, TTX-sensitive (fast/TTX-
S) [1]. The α-subunits from human and rat skeletal muscle, 
SkMl and μΐ, respectively, produce fast/TTX-S Na currents 
[9-12]. Recently, two groups have cloned an α-subunit SNS 
(PN3) which produces a slow/TTX-R Na current when ex-
pressed in Xenopus oocytes [13,14]. Studies on dorsal root 
ganglion (DRG) neurons have provided strong evidence that 
SNS produces the slow/TTX-R current in these cells [15,16]. 

A number of cDNAs encoding oc-subunits have been cloned 
[6]. Amino acid residues that are proposed to play specific 
roles such as voltage sensors, inactivation particle, ion selec-
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tivity Alters and toxin binding sites are conserved in these 
subunits [5,6,17]. In К channels, activation involves the move-
ment of the N-terminal portion of S4 into the extracellular 
space from a position inside the membrane at rest [7]. The 
TTX-R current in C-type DRG neurons, which appears to be 
encoded by SNS [13,18], is characterized by slow activation 
and inactivation kinetics [19-21] and by rapid recovery from 
inactivation (repriming) [16,21]. We reasoned that sequence 
variation in or around the voltage sensor, S4, may contribute 
to the slow kinetics and rapid repriming of the SNS/PN3 
current. Alignment of the amino acid sequence of the linker 
joining S3 and S4 of domain 4 (D4S3-S4) and D4S4 of SNS 
shows a non-conservative substitution of an invariant amino 
acid residue followed by a tripeptide insertion compared to 
the rest of the mammalian oc-subunits. This difference is in-
triguing because this region appears to be crucial for coupling 
activation to fast inactivation [22,23], slowing down inactiva-
tion and accelerating repriming of SkMl [24,25]. Therefore we 
constructed a chimera μΐ construct carrying the SNS-specific 
tetrapeptide at the analogous position in the D4S3-S4 linker 
and analyzed the Na current produced by this chimera in 
HEK293 cells. 

2. Materials and methods 

2.1. Plasmid construction 
The plasmid μ1-ΚΒΰ4 [10] was used to generate a chimera con-

struct for this study. One wild type primer pair (Fl and Rl) and one 
mutagenic pair (Ml and M2) were used to introduce the insertion into 
the S3-S4 linker. Wild type forward primer Fl (5'-CGGTGGTCAA-
CAACAAGTCCG-3') and reverse primer Rl (5'-ATGCCGAA-
GATCGAGTAGATG-3') correspond to nucleotides 4030-4050 and 
4910-4930, respectively. Mutagenic primers Ml (5'-CACAAAGTTT-
TCCAGTGATTTCTGTATCAAGTCAGAGAG-3') and M2 (5'-C-
AGAAATCACTGGAAAACTTTGTGTCACCCACGCTGTTC-3') 
correspond to nucleotides 4725^1754 and 4740-4770, respectively, 
plus the extra 12 nucleotides (underlined). PCR was performed in 
60 μΐ volume using 3 μΜ of each primer and 1.75 units of Expand 
Long Template DNA polymerase enzyme mixture in buffer 3 (Boeh-
ringer Mannheim). Amplification was carried out in two stages for a 
total of 30 cycles, as previously described [26], using a programmable 
thermal cycler (PTC-100, MJ Research, Cambridge, MA). 

A PCR-based mutagenesis and cloning method [27] was used to 
produce μ18Ι.ΕΝ^Β04 plasmid. Two separate PCR reactions were 
performed using 10 ng μ1^Βϋ4 as template and Fl/Ml and M2/R1 
primer pairs, respectively. The two PCR products were band isolated 
and used as a mixed template for PCR using primer pair Fl/Rl. The 
resulting PCR product, exchanged Y1433 with the tetrapeptide SLEN 
in the S3-S4 linker, was cloned using pCR-Script vector (Stratagene) 
to produce plasmid pSLEN. The insert in pSLEN was sequenced to 
confirm the nucleotide changes. Plasmid μ18ίΕΝ^Βΰ4 was con-
structed by replacing the unique Accl/BspEI fragment, which corre-
sponds to nucleotides 4067-4836, from the wild type construct μΐ-
RBG4 with that of the mutant construct pSLEN. 
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2.2. Expression system 
The д1-ШЮ4 and μ18Ι,ΕΝ-ΙΙΒ04 constructs were cotransfected 

into HEK293 cells with a fluorescent reporter plasmid (pGreen Lan-
tern-1 Gibco) using the calcium-phosphate precipitation technique 
[10]. HEK293 cells were grown in high-glucose DMEM (Gibco) sup-
plemented with 10% fetal calf serum (FCS; Gibco). After 48 h, cells 
with green fluorescence were selected for recording. 

2.3. Whole-cell recordings 
Whole-cell patch-clamp recordings were conducted at room temper-

ature (21°C) using an EPC-9 amplifier. Data were acquired on a 
Macintosh Quadra 950 using the Pulse program (v. 7.52, HEKA, 
Germany). Fire-polished electrodes (0.8-1.5 ΜΩ) were fabricated 
from 1.65-mm capillary glass (WPI) using a Sutter P-87 puller. Cells 
were not considered for analysis if initial seal resistance was < 5 GQ, 
they had high leakage currents (holding current >0.1 nA at —80 
mV), membrane blebs, or an access resistance > 5 ΜΩ. Access resist-
ance (3 ± 1 mV, mean ± S.D., n = 42) was monitored throughout the 
experiment and data were not used if resistance changes occurred. 
Voltage errors were minimized using 80% series resistance compensa-
tion and the capacitance artifact was cancelled using the amplifier 
computer-controlled. For comparisons of the voltage dependence of 
activation and inactivation, only cells with a maximum voltage error 
of < 10 mV after compensation were used. The voltage error was 
4 ± 3 mV for цЬИЖМ (и = 16) and 5 ± 2 mV for μ18ΕΕΝ-ΚΒσ4 
(n= 14). Linear leak subtraction was used for all voltage clamp re-
cordings. Membrane currents were filtered at 5 kHz and sampled at 20 
kHz. The pipette solution contained: 140 mM CsF, 2 mM MgCl2, 
1 mM EGTA, and 10 mM Na-HEPES (pH 7.3). The standard bath-
ing solution was 140 mM NaCl, 3 mM KC1, 2 mM MgCl2, 1 mM 
CaCl2, 10 mM HEPES, and 10 mM glucose (pH 7.3). Data were not 
corrected for liquid junction potentials which were < 5 mV. The 
osmolarity of all solutions was adjusted to 310 mOsm. 

2.4. Data analysis 
Data were analyzed using Pulsefit (v. 7.52) or custom software 

developed by T.R. Cummins. Unpaired i-test analysis (using the Sy-
stat program) required P<0 .05 for significance. Analysis results are 

Fig. 1. Parsimonious alignment of select domain 4 sequences of 
mammalian a-subunits: S3 (terminal octatapeptide), S3-S4 linker 
and S4. Sequences of known mammalian α-subunit sequences were 
aligned to minimize number of gaps. The asterisk denotes L1433 of 
huSkMl whose mutation induces changes in inactivation and recov-
ery from inactivation of the skeletal Na channel [24,25]. The termi-
nal octatapeptide of D4S3 and all of D4S4 are delineated by thick 
lines. The invariant Y residue at position 3 of the linker of τμΐ is 
changed to S followed by an insertion of the tripeptide LEN. Only 
one (rat) sequence is shown when the respective cognates from other 
species are identical or when the same subunit was reported by mul-
tiple groups. Accession numbers are: SNS: X92184 (rat); PN3: 
U53833 (rat, identical to SNS); mSNS:Y09108 (mouse); rHl : 
M27902 (rat); hSkM2: M77235 (human, rHl cognate); τμΐ: 
M26643 (rat); huSkMl: M26643 (human, τμΐ cognate); hoSkMl: 
U25990 (horse, τμΐ cognate); rod: X03638 (rat); r a i l : X03639 
(rat); hual l : 476881 (human, ra i l cognate); r a l l l : Y00766 (rat); 
raVI: L39018 (rat); maVI: U26707 (mouse, raVI); rPNl: U79568 
(rat); hNE-Na: X82835 (human, rPNl cognate); NaS: U35238 
(rabbit, rPNl cognate); hNav2.1: M91556 (human); mNav2.3: 
L36179 (mouse); NaG: M965778 (rat); and SCL-11:Y09164 (rat, 
full length NaG-like). 
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Fig. 2. Comparison of μΐ and μ Ι δ ί Ε Ν currents in HEK293 cells. 
А, В : Family of traces from representative HEK293 cells expressing 
either μΐ (A) or μ Ι β ί Ε Ν (Β) channels. The currents were elicited 
by 40 ms test pulses to various potentials from —65 to 10 mV. Cells 
were held at —100 mV. C: The activation (circles) and steady-state 
fast inactivation (squares) curves for μΐ (filled symbols; « = 16) and 
μ18ίΕΝ (open symbols; n= 14) channels. Steady-state fast inactiva-
tion was measured with 500 ms inactivating prepulses. Cells were 
held at prepulse potentials over the range of —130 to +10 mV prior 
to a test pulse to —10 mV for 20 ms. Current is plotted as a frac-
tion of peak current. D: Representative traces from cells expressing 
μΐ and μ18ίΕΝ channels. Cells were held at —100 mV and stepped 
to —35 mV for 20 ms. No difference was observed in the rate of ac-
tivation, but the μ Ι β ί Ε Ν current inactivated slightly faster than μΐ 
current. 

expressed as mean ± standard deviation. The curves in the figures are 
drawn to guide the eye unless otherwise noted. 

3. Results and discussion 

All mammalian channels of subfamily 1 [28] including SNS 
(PN3) share a nearly identical D4S4 segment (Fig. 1), consist-
ent with the role this segment plays as a voltage sensor [7,8]. 
The exceptions are the three atypical sodium channels of sub-
family 2 [28] whose current properties are not known since 
none has been successfully studied in an expression system 
[28-30]. The remarkable conservation of the S4 sequence, in-
cluding all the charged residues (Fig. 1), suggests that this 
segment does not confer slow activation and inactivation 
and rapid repriming on the Na current produced by SNS. 

The D4S3-S4 linker of SNS/PN3 is remarkably divergent 
from other subfamily 1 channels (Fig. 1). The linker is longer 
(13 amino acid residues instead of 10) and contains significant 
amino acid changes. Compared to channels other than muscle 
(cardiac and skeletal) and the atypical channels, a non-con-
servative change, glutamic acid (E) to leucine (L), occurs at 
position 1 ; the muscle and atypical channels have glutamine 
(Q) and glycine (G) residues, respectively. An invariant tyro-
sine (Y) residue at position 3 is replaced with serine (S) and 
the tripeptide leucine-glutamic acid-asparagine/serine (LEN/S) 
insertion follows. Other more conservative changes, phenyl-
alanine (F) to tyrosine (Y) and valine (V) to phenylalanine 
(F), occur at positions 4 and 5, respectively. The V to F 
substitution is also present in the cardiac channel (Fig. 1). 
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Fig. 3. Recovery from fast inactivation is quicker for μΙβίΕΝ cur-
rents than μΐ currents. A, B: Family of traces from cells expressing 
μΐ (A) and μΙβίΕΝ (Β) currents showing the rate of recovery from 
inactivation. The cells were prepulsed to —10 mV for 20 ms to inac-
tivate all of the current, then brought back to —120 mV for increas-
ing recovery durations prior to the test pulse to 0 mV. The recovery 
time at —120 mV ranged from 0.5 ms to 6 ms in increments of 0.5 
ms. C: Recovery from inactivation time course for the μΐ (filled 
circles) and μΙβίΕΝ (open circles) currents shown in (A,B). The 
μ18ίΕΝ current recovers about twice as fast as the μΐ current. D: 
Comparison of μΐ (η = 6) and μΙβίΕΝ (η = Ί) inactivation kinetics 
as a function of voltage. Time constants were measured from the 
rate of decay (test potentials between —50 and 20 mV) or from the 
time course for the recovery from fast inactivation (test potentials 
between —150 and —50 mV). 

We reasoned that this dramatic sequence difference in this 
linker may impact the kinetics of D4S4 and/or D4S3 confor-
mational transitions, hence the current properties. We tested 
the possibility that this difference may contribute to the slow 
kinetics and/or rapid repriming of the SNS/PN3 current by 
characterizing the current properties of the μ18ίΕΝ chimera 
in HEK293 cells. 

Sodium currents were recorded from cells expressing either 
the μΐ (Fig. 2A) or the μ18ίΕΝ channels (Fig. 2B). The peak 
current density was slightly larger in cells expressing μΙδΕΕΝ 
channels (728 ±616 pA/pF, и = 20) than in cells expressing μΐ 
channels (515 ±517 pA/pF, и = 23). 

In DRG neurons, the TTX-R current activates at potentials 
that are 10-15 mV more depolarized than the TTX-S current 
[16,19,21,31]. Activation kinetics are also much slower for 
TTX-R currents than for TTX-S neuronal or skeletal muscle 
sodium currents. Kostyuk et al. [19] estimated that the time 
constant of activation is about 5-10 times slower for the TTX-
R current than for TTX-S currents. The SLEN mutation, 
however, did not alter activation of μΐ channels. We found 
no difference in the voltage dependence of activation (Fig. 2C) 
or in the rate of activation (Fig. 2D). At —35 mV, the time 
constant for activation was 0.46 ± 0.05 ms (n = 11) for μΐ and 
0.43 ±0.07 ms (n= 15) for μ ^ ί Ε Ν currents. 

TTX-R currents in DRG neurons also exhibit very different 
inactivation properties from TTX-S currents. The midpoint 
for steady-state inactivation (V^) is near —35 mV, which is 
about 30 mV more depolarized than what is typically ob-
served for most TTX-S currents, including μΐ. The Vh for 
recombinant SNS channels expressed in oocytes, which are 
TTX-R, is near —30 mV [13]. However, no difference was 
observed in the voltage dependence of steady-state inactiva-
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tion of μ18ΕΕΝ and μΐ currents (Fig. 2C). The rate for the 
development of inactivation was, if anything, slightly faster 
for μ Ι δ ί Ε Ν than for μΐ currents (Fig. 2D). At - 3 5 mV the 
time constant for fast inactivation was 3.5 ± 1.0 ms (и = 11) for 
μΐ and 2.7±0.8 ms (n= 15) for μ ^ ί Ε Ν currents. 

Repriming is much quicker for TTX-R currents in DRG 
neurons than for TTX-S currents [16,21]. At —120 mV, 
μ18ΕΕΝ currents reprimed faster than did μΐ currents (Fig. 
3A,B,C). The time constant for repriming was about twice as 
fast for μ Ι δ ί Ε Ν currents (τ = 0.9 ± 0.2 ms, n = 11) than for μΐ 
currents (τ = 2.0 ± 0.8 ms, n = 9), and this difference was highly 
significant (P< 0.001). The rate of repriming was faster for 
μΙδΕΕΝ currents at all voltages tested (Fig. 3D). 

These data indicate that the D4S3-S4 linker is an important 
determinant of repriming in sodium channels. The accelerated 
rate of repriming may indicate a SLEN-induced destabiliza-
tion of the closed-inactivated state of the channel, perhaps by 
affecting the conformational transition of D4S3 and/or D4S4. 
This is consistent with an earlier study [25] which concluded 
that D4S3 was an important determinant for repriming and 
suggested that repriming may be influenced by interaction 
between D4S3 and D4S4, such as sliding past each other. 
Notably, the SLEN insertion did not slow the onset of inac-
tivation or shift steady-state inactivation to more depolarized 
potentials. Thus the alteration of an otherwise highly con-
served D4S3-S4 linker appears to focally effect repriming. 
This observation may indicate a lower tolerance for substitu-
tion of residues within the membrane [25] compared to those 
within loop sequences. 

Except for recovery from inactivation, the SLEN substitu-
tion did not seem to alter the properties of μΐ channels in 
HEK293 cells. A recent study suggested that the S3-S4 linker 
might be a determinant of activation kinetics of the potassium 
channel oc-subunit [32]. Our data indicate that the D4S3-S4 
linker does not play the same role in sodium channels. It 
remains unclear what causes the markedly slower kinetics in 
the TTX-R current and SNS recombinant channels. Because 
of the high degree of conservation of D4S1-S6 sequences, it is 
unlikely that these regions are responsible for the difference. 
The D3^1 linker, which has been implicated as the inactiva-
tion particle, is also highly conserved between SNS and other 
sodium channel isoforms. It is possible that the SLEN se-
quence in the SNS subunit interacts with other sequences in 
the native channel to slow down the movement of S4 in the 
membrane, thus impacting the kinetic properties of the cur-
rent. Although the SLEN substitution is not sufficient to in-
duce the dramatic changes in gating kinetics or voltage de-
pendence that are observed with SNS channels, it appears to 
contribute to rapid repriming in these channels. 
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