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Abstract

Fast and slow inactivation (FI, SI) of the voltage-gated Na1 channel are two kinetically distinct and structurally disso-
ciated processes. The voltage sensor IV/S4 and the intracellular IV/S4-S5 loop have been shown to play an important role
in FI mediating the coupling between activation and inactivation. Two mutations in IV/S4-S5 of the human muscle Na1

channel, L1482C/A, disrupt FI by inducing a persistent Na1 current, shifting steady-state inactivation in the depolarizing
direction and accelerating its recovery. These effects were more pronounced for L1482A. In contrast, SI of L1482C/A
channels was enhanced showing a more complete SI and a 3-fold slowing of its recovery. Effects on SI were more
pronounced for L1482C. The results indicate an important role of the IV/S4-S5 loop not only in FI but also in SI of the Na1

channel. q 2001 Elsevier Science Ireland Ltd. All rights reserved.
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Voltage-gated Na1 channels are responsible for the initia-

tion and conduction of action potentials in nerve and muscle

cells. Their gating is characterized by a fast activation upon

depolarization followed by `fast inactivation' (FI) within a

few milliseconds. `Slow inactivation' (SI) acts on a time

scale of seconds. Whereas FI is required to guarantee a

rapid repolarization of the cell membrane after an action

potential, the physiological role of SI is not entirely

known. However, both processes can be disrupted by muta-

tions causing rare hereditary diseases, such as myotonia,

hyperkalemic periodic paralysis, long QT syndrome or a

form of epilepsy [1,9].

The Na1 channel a-subunit contains four domains (I-IV)

of six transmembrane segments each (S1-S6). S5-S6 loops

form the ion conducting pore, S4 segments the voltage

sensor and the III-IV cytoplasmic loop contains the

proposed `inactivation particle' (IFM) for FI which may

occlude the channel pore [4]. Several sites on the cytoplas-

mic surface of the protein, which may directly or indirectly

contribute to a receptor for the IFM, affect FI [4,9].

The mechanism of SI is less well understood. Channel

parts that have been shown to be involved in SI are the pore

[2], the II/S4-S5 loop [5,8], the voltage sensors IV/S4 [1,13]

and II/S4 (unpublished results from our group[15]),

segments IV/S5 [3] and IV/S6 [8]. FI and SI seem to be

rather independent processes. Although SI is accelerated

in some mutants lacking FI [6,14], it is not in others [5,8],

and the accessibility of the IFM-motif is independent of SI

[16].

The IV/S4-S5 intracellular loop and the connected

voltage sensor IV/S4 play an important role in FI. Outward

movement of IV/S4 should initiate a conformational change

of IV/S4-S5 and other regions leading to the formation of a

receptor site for the inactivation particle thereby coupling FI

to activation [7,10,11,12]. The aim of this study was to

evaluate effects on SI of IV/S4-S5 mutations which have

not been reported so far.

Site-directed mutagenesis to introduce the mutations

L1482A/C has been described elsewhere [10,12]. Wild

type (WT) and mutant plasmids were transfected transiently

in the mammalian cell line tsA201 [10]. Standard whole-cell

recording was performed using an EPC-7 ampli®er (List).

Pipette solution (in mM): 105 CsF, 35 NaCl, 10 EGTA, 10
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Hepes, (pH 7.4). Bathing solution: 150 NaCl, 2 KCl, 1.5

CaCl2, 1 MgCl2, 10 Hepes, (pH 7.4), 21±238C. Na1 currents

in transfected cells for all clones ranged 2.5±15 nA. The

maximal voltage error was , 5 mV. Leakage and capacita-

tive currents were subtracted (-P/4 protocol). Currents were

®ltered at three and digitized at 20 kHz using pCLAMP

(Axon Instruments). Data were analyzed using a combina-

tion of pCLAMP, EXCEL (Microsoft) and ORIGIN soft-

ware (MicroCal). For statistic evaluation, Student's t-test

was applied. Data are shown as means ^ SEM.

Whole cell Na1 currents for mutant and WT channels

were elicited by voltage steps from a holding potential of

285 mV using 300 ms-prepulses to 2120 mV. Representa-

tive raw current traces for all three clones are shown in Fig.

1A. The time course of FI was ®t to a second order expo-

nential function plus a constant term. The faster time

constant, th, accounted for . 95% of the current amplitude.

There was a small but signi®cant increase of th for L1482A

but not for L1482C channels in the range 0±52.5 mV (th at 0

mV for WT, L1482C and L1482A, respectively:

0.42 ^ 0.03 ms, 0.50 ^ 0.03 ms and 0.79 ^ 0.06 ms,

n � 14, 13 and 8, P , 0:000001). The most obvious differ-

ence between both mutants and the WT was a considerable

increase in persistent current, determined as the constant

term of a second order exponential ®t to 100 ms-test pulses,

to 1.5 ^ 0.3% (L1482C, n � 13) and 5.1 ^ 0.9% (L1482A,

n � 8) of peak current, compared to 0.2 ^ 0.2% (n � 14)

for the WT (P , 0:001). Using a pipette solution containing

CsCl instead of CsF [10], the persistent current was

3.0 ^ 0.5% (L1482C, n � 7) and 5.4 ^ 0.6% (L1482A,

n � 10) compared to 0.7 ^ 0.3% (WT, n � 7) of peak

current. Fluoride solutions were necessary to have long-last-

ing stable recordings for SI. Steady-state FI was slightly

shifted in the depolarizing direction for L1482C but not

L1482A channels and recovery from FI was accelerated

for both clones (Fig. 1B,C). Thus, L1482A more than

L1482C disrupt FI signi®cantly. The shift in steady-state

activation was not signi®cant (Fig. 1B).

The data on FI for L1482A are in contrast to those

previously reported by our group, where we could not ®nd

a signi®cant difference between L1482A and WT channels

[12]. The only plausible explanation we have for this discre-

pancy is a confusion of the mutant L1482A with another

mutant or with WT in our previous study. We resequenced

the two clones used now and did not ®nd errors. We regret

this mistake causing a con¯ict with data from McPhee and

colleagues [11]. Now, our data are in line with their results,

showing a signi®cant persistent current for L1482A.

To determine the parameters of SI we ®rst compared a

conventional with a cumulative pulse protocol for steady-

state SI (Fig. 2). Recovery from fast and slow inactivation

after a 3-s conditioning pulse to 0 mV revealed that a 100-

ms period at 2100 mV is suf®cient to let the channels

recover from FI without occurrence of signi®cant recovery

from SI (Fig. 2A). Thus, all protocols to record SI contain a

100-ms recovery pulse to 2100 mV before each test pulse.

Cumulative protocols reduce measuring time considerably,

since the long pulses for full recovery from SI are not used

(Fig. 2B). Since there was almost no difference using the
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Fig. 1. Effects of mutations L1482C/A on FI. (A) Representative
whole cell currents from cells transfected with cDNA of WT,
L1482C or L1482A channels. (B) Voltage dependence of steady-
state activation (right) and inactivation (left) for WT and mutant
Na1 channels. The conductance-voltage relationship for activa-
tion was obtained by 25 ms-depolarizing test pulses to the indi-
cated potentials from a holding potential of 285 mV using 300
ms-prepulses to 2120 mV. Lines are ®ts to a standard Boltzmann
function: G/Gmax� 1/(1 1 exp[(V-V0.5)/kV]), with V0.5 being the
voltage of half-maximal activation and kV a slope factor. Values
for WT vs. L1482C and L1482A: V0.5: 233.2 ^ 1.7 vs. 231.4 ^ 1.3
and 228.7 ^ 1.6 mV; kV: 26.7 ^ 0.2 vs. 27.6 ^ 0.3 and 27.3 ^ 0.2
mV; n � 10, 13, 10, P . 0:05. Steady-state fast inactivation was
determined using 300 ms-prepulses to the potentials indicated,
followed by a short test pulse to 210 mV. Lines are ®ts to the
Boltzmann function I/Imax� 1/(1 1 exp[(V-V0.5)/kV]) 1 C. Values for
WT vs. L1482C and L1482A: V0.5: 279.7 ^ 1.2 vs. 272 ^ 2
(P , 0:05) and 277.7 ^ 1.8 mV; kV: 5.8 ^ 0.2 vs. 7.2 ^ 0.5
(P , 0:001) and 8.3 ^ 0.3 mV (P , 0:00001); n � 13, 13, 10. (C)
Recovery from FI at 280 mV after a 100-ms conditioning pulse
to 0 mV. Lines are ®ts to a ®rst order exponential function with
time constants trec�23 ^ 4 vs. 7.3 ^ 0.5 (P , 0:005) and 9.3 ^ 0.6
ms (P , 0:01); n � 4, 5, 5 for WT vs. L1482C and L1482A.



cumulative or conventional protocol (Fig. 2C), we used the

cumulative protocol for comparison of mutant and WT

channels.

Steady-state SI was signi®cantly different for both muta-

tions (Fig. 3A). The most obvious differences were a

complete SI for the mutants, compared to 9 ^ 3% (at 0

mV) of WT channels that did not enter the slow inactivated

state, and a difference in slope of the availability curve. The

midpoints of steady-state SI were shifted to the left for
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Fig. 3. Parameters of slow inactivation. (A) Steady state slow
inactivation curve for WT, L1482C and L1482A channels,
measured with the cumulative protocol. Data were ®t to a Boltz-
mann function with values for WT vs. L1482C and L1482A: V0.5:
264 ^ 3 vs. 267 ^ 3 and 253 ^ 1 mV (P , 0:01); k0.5: 12.2 ^ 0.5
vs. 6.5 ^ 0.4 (P , 0:000001) and 8.1 ^ 0.3 mV (P , 0:0001); n � 6,
9, 7. (B) Entry into slow inactivation at 0 mV (cumulative proto-
col). Cells were held at 2100 mV, depolarized to 0 mV for increas-
ing duration as indicated on the abscissa, repolarized for 100 ms
to 2100 mV to let the channels recover from fast inactivation,
and then depolarized again to 210 mV to determine the fraction
of slow inactivated channels. The lines represent ®ts to a ®rst
order exponential function with the following time constants for
WT vs. L1482C and L1482A: 2.8 ^ 0.2 vs. 1.8 ^ 0.5 and 4.4 ^ 0.6 s
(P , 0:05), n � 8, 4, 6 for WT vs. L1482C and L1482A. (C) Recov-
ery from slow inactivation measured at 2100 mV after a 30 s-
conditioning pulse to 0 mV (cumulative protocol). Curves were
best ®t to a second order exponential function with the following
time constants: tsrec1�1.5 ^ 0.2 vs. 4.7 ^ 0.7 (P , 0:005) and
4.7 ^ 0.8 s (P , 0:05); tsrec2�22.9 ^ 5.7 vs. 79 ^ 36 and 54 ^ 11 s;
relative amplitude of tsrec1� 57 ^ 6 vs. 70 ^ 2 and 66 ^ 2%, n � 5,
7, 9 for WT vs. L1482C and L1482A.

Fig. 2. Cumulative vs. conventional protocols for steady-state
slow inactivation: (A) Time course of recovery from fast and
slow inactivation after a 3 s-conditioning pulse to 0 mV. Lines
are ®ts to a second order exponential function for fast and slow
inactivation, respectively. (B) The two different pulse protocols
used to measure steady-state slow inactivation. (C) Comparison
between the alternative protocols reveals almost identical
results. Lines are ®ts to a standard Boltzmann function with
V0.5: 262 ^ 2 vs. 264 ^ 3 mV; kV: 13 ^ 1 vs. 12 ^ 1 mV; n � 7, 6
for the conventional and cumulative protocols, respectively.



L1482C and to the right for L1482A channels. Entry into

and recovery from the slow inactivated state were also

determined with cumulative protocols. The time course of

entry was signi®cantly accelerated for L1482C but not for

L1482A (Fig. 3B and Fig. 4), whereas recovery from SI was

signi®cantly slowed for both mutations (Fig. 3C and Fig. 4).

The voltage dependence of entry into and recovery from SI

could be well ®t using a two-state Eyring model with expo-

nential functions of voltage for entry and recovery (Fig. 4).

The discrepancy of the ®t with the experimental data at

potentials more negative than 2100 mV can be explained

by the second order exponential function required to

describe the time course of recovery from SI.

Our results show a signi®cant role of the C-terminal end

of the IV/S4-S5 loop for SI of the voltage-gated Na1 chan-

nel. Whereas a conclusive hypothesis can be formulated as

to how this structure is involved in FI (see beginning and

Refs. [7,10±12]) it is dif®cult even to speculate upon a

mechanism as to how the IV/S4-S5 loop contributes to SI.

Most problematic is the absence of a valuated model detail-

ing how SI functions in general. Several regions like the

pore [2], the voltage sensors [1,13,15], S4-S5 loops [5,8],

S5 [3] and S6 [8] segments are important for regular func-

tion of SI. Complementary to these previous results, our

data suggest that upon depolarization a slow structural rear-

rangement occurs in the region involving S4, S4-S5 and S5

segments in domain IV contributing signi®cantly to the

formation of the slow inactivated state. Whereas L1482A

had stronger effects on disruption of FI, L1482C enhanced

SI more extensively. Hence in summary, there seem to be

fast and slow conformational changes in this protein region

in¯uencing the different states of inactivation in distinct

ways.
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Fig. 4. Voltage dependence of time constants for entry (260 to
140 mV) and recovery (2140 to 280 mV) of SI. The data are ®t to
a simple two-state kinetic model (slow inactivated, non-slow
inactivated) with rate constants being exponential functions of
voltage: on rate b� b0/(1 1 exp(-(V-V1/2)/kb)), off rate a�
a0exp(2V/ka). We obtained the following parameters: WT:
a0� 2.6 £ 1026s21, ka� 8.0 mV, b0� 0.44 s21, V1/2�229 mV,
kb� 16.8 mV; L1482C: a0� 4.8 £ 1028s21, ka� 6.7 mV, b0� 0.46
s21, V1/2�236.9 mV, kb� 8.4 mV; L1482A: a0� 7.7 £ 1026s21,
ka� 9.7 mV, b0� 0.26s21, V1/2�227.0 mV, kb� 8.9 mV.


