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Abstract. In voltage-dependent sodium channels
there is some functional specialization of the four
different S4 voltage sensors with regard to the gating
process. Whereas the voltage sensors of domains 1 to
3 control activation gating, the movement of the
voltage sensor of domain 4 (S4D4) is known to be
tightly coupled to sodium channel inactivation, and
there is some experimental evidence that S4D4 also
participates in activation gating. To further explore
its putative multifunctional role in the gating process,
we changed the central part of S4D4 in rat brain 1A
(rBITA) sodium channels by the simultaneous re-
placement of the third (R1632), fourth (R1635) and
fifth (R1638) arginine by histidine (mutation R3/4/
5H). As a result, the time course of current decay
observed in R3/4/5H was about three times slower, if
compared to wild type (WT). On the other hand, the
recovery, as well as the voltage dependence of fast
inactivation, remained largely unaffected by the mu-
tation. This suggests that at physiological pH (7.5)
the effective charge of the voltage sensor was not
significantly changed by the amino-acid substitutions.
The well-known impact of site-3 toxin (ATX-II) on
the inactivation was drastically reduced in R3/4/5H,
without changing the toxin affinity of the channel.
The activation kinetics of WT and R3/4/5H studied
at low temperature (8°C) were indistinguishable,
while the inactivation time course of R3/4/5H was
then clearly more slowed than in WT. These data
suggest that the replacement of arginines by histidines
in the central part of S4D4 clearly affects the move-
ment of S4D4 without changing the activation
kinetics.
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Introduction

Voltage-dependent sodium channels are character-
ized by four distinct positively charged transmem-
brane segments that serve as sensors for changes of
the membrane potential (Catterall, 1986; Noda et al.,
1986, Stiihmer et al., 1989; Yang and Horn, 1995).
Besides, there are two kinetically defined types of
gates for the control of channel activation and fast
inactivation, respectively (Sigworth, 1993; Yellen,
1998). However, the choreography of interactions
between voltage sensors and gates necessary for the
opening and closure of the channel pore until now is
poorly understood. The systematic analysis of sodi-
um channels containing point mutations in either of
the four S4 segments reveals that in particular the
voltage sensor of domain 4 (S4D4) is involved in fast
inactivation gating, whereas the S4-segments of do-
mains 1-3 are mainly coupled to the activation pro-
cess (Chahine et al., 1994; Chen et al., 1996; Kontis &
Goldin, 1997; Kontis, Rounaghi & Goldin, 1997; Cha
et al., 1999; Kiihn & Greeff, 1999). In a previous
study we proposed a model where S4D4 moves in two
separate steps with an initial step or delay perhaps
involved in activation and a second step that controls
fast inactivation (Kithn & Greeff, 1999). In line with
this hypothesis are the recent findings of Horn,
Shinghua and Gruber (2000), which indicate that the
movement of S4D4 is a two-step process, each step
coupled to a different gate. On the other hand, the
data of Sheets and Hanck (1995), Sheets et al. (1999)
and Sheets, Kyle and Hanck (2000) suggest that the
movement of S4D4 is selectively inhibited in the
presence of site-3 toxins. As a result, the available
gating charge was reduced by about one third and
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sodium channel fast inactivation Kinetics was drasti-
cally changed. However, corresponding effects on
activation gating were not noticed by these authors.

To further elucidate the putative role of S4D4 in
sodium channel gating, we continued our earlier
strategy to disturb the mobility of this voltage sensor
by the replacement of arginines by histidines. In ad-
dition to the substitutions used so far, R1635H and
R1638H and the double mutation R1635H/R1638H
(see Kiihn & Greeff, 1999), we added R1632H and
could successfully express the triple mutation.
Thereby, we extended the histidine modification fur-
ther towards the narrow pore that is regarded to
represent that part of the channel protein where the
actual voltage drop and voltage sensing occur (Yang,
George & Horn, 1996). In this way, we wanted to
inhibit further or freeze the movement of S4D4. Of
special interest was also to inquire whether in addi-
tion to the slowing of inactivation we would now
observe a slowing or stop of activation, i.e., to search
for evidence of an involvement of S4D4 in activation.
Experiments were carried out also at low temperature
for better temporal resolution and furthermore, we
analyzed the impact of the known modifier of S4D4
mobility, the site-3 toxin ATX-II, on channel gating.
The results strongly support earlier findings that the
mobility of S4D4 determines the fast inactivation
kinetics while we still found no convincing evidence
for an involvement of this voltage sensor in activation
gating.

Materials and Methods

MUTAGENESIS AND EXPRESSION OF CHANNELS

The cDNAs of both the wild-type rat brain HHA (rBIIA) sodium
channel o subunit and the B, subunit used in this study were de-
rived from plasmid pVA2580 and pBluescript SK', respectively,
and transferred into high-expression vector pBSTA. The resulting
plasmids pBSTA(a) and pBSTA(p) contain a T7 RNA polymerase
promotor and Xenopus-B-globin 5* and 3’ untranslated sequences
that greatly increase the expression of exogenous proteins in
oocytes (Shih et al., 1998). Site-directed mutagenesis was performed
as previously described (Kithn & Greeff, 1999). The presence of
inadvertent mutations in other regions of the channel could be
excluded because several mutant clones tested Yiplgeq the same
results. In addition, the mutations were verified by DNA sequenc-
ing. Capped, full-length transcripts were generated from Sacll
linearized plasmid DNA using T7 RNA polymerase (mMessage
mMachine In Vitro Transcription Kit from Ambion, Austin, TX).
Large oocytes (stage V-VI; 1.2 mm diameter on average) from
Xenopus laevis INASCO, Ft. Atkinson, WI) were used. For surgical
removal of the oocytes, female frogs were anaesthetized with 0.15%
tricaine (3-aminobenzoic acid ethyl ester; Sigma, St. Louis, MO)
and placed on ice. Frogs were allowed to recover at least 6 months
following surgery. All animal handling was carried out in accord-
ance with methods approved by Swiss Government authorities.
One day before injection of complementary RNA (¢cRNA), the
oocytes were defolliculated in a Ca®”-free solution containing 2
mg/ml collagenase (Boehringer, Mannheim, Germany), for ~2 h at

room temperature. Qocytes were microinjected with 50 ng cRNA
of WT or mutant a-subunit and-——if coexpression was needed—100
ng of B-subunit in a 1:1 volume of 50 to 100 nl, and maintained at
18 £ 1°C in Modified Barth’s Solution (MBS, in mm) 88 NaCl, 2.4
NaHCO;, 1 KC1, 0.82 MgS0,4, 0.41 CaCl, 0.33 Ca(NOs3),, 10
HEPES-CsOH, pH 7.5, supplemented with 25 U penicillin, 25 pg/
ml streptomycin-sulfate and 50 pg/ml gentamycin-sulfate. For the
partial reduction of the large WT ionic current, TTX (RBI-Re-
search Biochemicals International, Natick, MA) was added to the
recording chamber. Sea anemone toxin (ATX-II) from Anemonia
sulcata (Sigma)was used in concentrations between 0.13 pmand 2 pm.
Allowance for distribution of ATX-II in the bath and towards
the oocyte membrane of 5 minutes was found sufficient, since no
further increase of the effect was observed after 10 and 15 minutes.

ELECTROPHYSIOLOGY AND DATA ACQUISITION

Two-electrode voltage-clamp recordings were performed 2 to 6
days after cRNA-injection with a TEC-05 (npi-electronic, Tamm,
Germany) that had been modified for improved compensation of
the series resistance (R,) and for fast charging of the membrane
capacitance (Greeff & Polder, 1998; Greeff & Kiihn, 2000). In-
tracellular agarose cushion electrodes (Schreibmayer, Lester &
Dascal, 1994) were filled with 3 M KCl and had a resistance be-
tween 50 and 150 k2. Macroscopic In, and /, signals were recorded
using a PDP-11/73 computer (Digital Equipment, Maynard, MA)
controlling a 16-bit A/D and 12-bit D/A interface (CED, Cam-
bridge, UK). The oocytes were clamped at a holding potential of
—100 mV for at least 5 minutes to ensure recovery from slow in-
activation before recording started. The experiments were done at
temperatures of + 15 or +8 + 1°C controlled by a Peltier element.
R, compensation was adjusted critically to accelerate the settling
time of the capacitance transients within 200 us (without low pass
filtering, see below). No analog subtraction was used, since the 16-
bit ADC had a sufficiently fine resolution for digital subtraction of
the linear transient and leak currents by scaled averages from
pulses between —120 mV and —150 mV. Reduction of the re-
maining asymmetry was achieved by finding a compromise between
clamping speed and asymmetry, ie., by low-pass-filtering the
command signal at 5 kHz (8-pole Bessel). Signals were low-pass
filtered at 5 kHz (—3 dB) and sampled at 10 or 20 kHz. The actual
clamp speed at the oocyte membrane was determined from the
integrated capacitance transient to have a time constant between
150 to 200 ps. R, errors were <5 mV unless the currents exceeded
~20-30 pA. Data analysis was performed on the PDP-11 and ad-
ditionally with the Windows-compatible programs UN-SCAN-
IT™ (Silk Scientific, Orem, UT) and PRISM™ (GraphPad
Software, San Diego, CA).

Results
EXPRESSION AND VOLTAGE-DEPENDENT GATING

Figure 14 shows the macroscopic sodium currents of
WT and triple mutant R1632H/R1635H/R1638H
(subsequently denoted as R3/4/5H, since third to fifth
arginines of voltage sensor S4D4 were changed to
histidines). Despite of using a high-expression system,
(see Methods) that usually produces sodium currents
of 50-100 pA and gating currents of 5-10 pA for WT
and other S4D4 mutants in our lab (Kiihn & Greeff,
1999), the mutant R3/4/5H consistently showed a
decreased expression level (maximum Iy, of 3-4 uA)
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Fig. 1. Expression level and macroscopic Na™ currents. (4) Na*
currents from WT- and R3/4/5H- injected Xenopus oocytes were
elicited by step-depolarizations of —80 mV to +80 mV, from a
holding potential of —100 mV. In order to minimize possible Rs-
distortions, the large WT sodium currents were reduced to 5-10 pA
by application of TTX. The mutant R3/4/5H produces only sodi-
um currents smaller than 4 A and hence currents were not sig-
nificantly disturbed by R;. (B) Corresponding current-voltage
relationship of peak Na™ currents, normalized to the largest in-
ward current. The data (mean + sem of n = 3 cells) were fitted to
the equation Y =G - (X — Vna)/(1 +exp((Vm — X)/ky))® where
Vna is the reversal potential of Na™, ¥y is the half-activation
potential and kv, a slope factor. For WT, V', = 50.6 = 1.2 mV,
Ym = =369 £ 0.7mV and ky = 7.04 £ 0.7 mV and for R3/4/
SH, Vnag = 55.6 £ 0.8mV, Py = -29.6 £ 0.6 mVandky = 9.6
0.6 mV.

that was at least one order of magnitude below the
corresponding WT level. Likewise, the gating cur-
rents of R3/4/5H were too small (0.5 pA) to be
unequivocally separated from asymmetry artifacts
and baseline distortions, respectively. Nevertheless,
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Fig. 2. Voltage independence of fast inactivation. (4) Semiloga-
rithmic plot of the voltage dependence of the inactivation time
constants, Thysy and Theow). The data (mean + sem of n = 4
cells) were obtained from current traces elicited between —30 and
+40 mV from a holding potential of —100 mV (as shown in Fig.
14) and fitted to a double exponential of the form Y = (1 —exp
(=t/tm))* - [A] - exp(—=1/Th1) + A2 - exp(—t/1in) + A3]. (B) Steady-
state inactivation at 0 mV induced by a 100 ms prepulse at voltages
between —120 mV and 0 mV in increments of 10 mV at a holding
potential of —100 mV. The curves are fitted to a standard Boltz-
mann distribution of the form I/I,.x = 1/(1 + exp[(V — Vos)/kv]).
The half-maximal inactivation (¥ s) was —62 + 0.4 mV for WT
and —60.2 + 0.6 mV for R3/4/SH. The slope factor (k,) of the
curve was —8.70 £ 0.4 mV for WT and —11.3 + 0.5 mV for R3/4/
SH. Values are mean + sgm of n = 5 cells.

the corresponding sodium current was large enough
for the characterization of the gating kinetics of R3/
4/5H.

In order to minimize possible R,-distortions, the
large WT currents were reduced by application of
about 100 nm TTX to below 10 uA, as shown in Fig.
14. The scaled current-voltage plots of peak currents
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Fig. 3. Bimodal gating and effects of the accessory B, subunit on
the inactivation kinetics. Typical current traces of WT and R3/4/
5H elicited at 0 mV from a holding potential of —100 mV with or
without B; coexpression; test pulse duration 80 ms. Traces were
normalized to peak. Note the pronounced bimodal gating behavior
of WT with the drastic shift to the fast gating mode induced by B,

+p

20 ms

that is not observed in R3/4/5H. The corresponding inactivation
time constants are given for 3 similar experiments each for WT and
mutant in the text. Functional differences due to limiting amounts
of B, subunits in the cells could be excluded because an excess of B,
cRNA was coinjected.

Table 1. Time constants of In,-decay of WT and R3/4/5H at different bath temperatures

VO]tage WT (T = ISOC) Th (fast/slow) WT (T = 8OC) Th {fast/slow)

R3/4/5H (T = ISOC) Th (fast/slow) R3/4/5H (T = 8OC) Th (fast/slow)

—20mV 194 &+ 0.8/14.2 £ 2.3
OmV 089 + 0.3/10.6 + 1.2
20mV  0.69 £ 0.2/6.83 + 1.4

3.09 £ 0.9/19.5 £ 0.3
1.92 £ 0.01/153 + 1.8
1.39 +£ 0.1/11 £ 0.6

405 + 04/19.3 £ 2.0
317 £ 0.2/16.7 + 0.7
232 £ 0.7/11.8 + 3.2

143 + 0.9/212 + 77
104 + 1.1/59 £ 7.6
8.6 +£ 0.4/54.1 + 12.4

The data (mean = sp of # = 3 cells) were obtained as described in the legend of Fig. 2.

obtained from WT or R3/4/5H and fitted as de-
scribed in the figure legend suggest a slight depolar-
izing shift of ~7 mV for the mutant (Fig. 1B). This
shift might be due to some still uncompensated Rg-
distortion, which would shift the 7/V-curve of WT to
more hyperpolarizing potentials. As discussed in
context of Fig. 8, a distortion of peak currents and
hence the I/V-curve, is also likely due to changes in
inactivation kinetics.

TiME CoOURSE OF FAST INACTIVATION

The kinetics of current decay was analyzed by per-
forming double-exponential fits from normalized
current traces elicited between —30 mV and +40 mV
(Fig. 24). In the absence of the (;-subunit, rat brain
ITA (rBIIA) sodium channels show a pronounced
bimodal gating if expressed in Xenopus oocytes, as
already recognized for neuronal and skeletal muscle
sodium channels (e.g., [som et al., 1992; Patton et al.,
1994). As described in the context of Fig. 3, we noted
that coexpression of the B;-subunit exerts different
effects on the inactivation gating of WT and R3/4/5H
and, therefore, we compared the inactivation time
courses without PB; coexpression. The fast gating
channels of WT inactivated approximately ten times
faster than the corresponding slow-mode channels,
which result is in agreement with data obtained from
other groups (Moorman et al., 1990; Zhou et al.,
1991; Ji et al., 1994; Moran et al., 1998). If compared
to WT, the current decay of R3/4/5H also showed a
slow and a fast inactivating phase (see Fig. 14), as
verified by the double-exponential fit (Fig. 24). The

fast-mode kinetics determined at 15 °C bath tem-
perature was about three times slower in R3/4/5H
than observed in WT, whereas the corresponding
time constants of the slow mode were only about 1.5-
fold slower in the mutant (Fig. 24 and Table 1). For
the most significant voltage range between —20 mV
and +40 mV, the voltage dependence of fast inacti-
vation of both kinetic populations was determined as
an e-fold decrease within 74 mV for WT and 79 mV
for R3/4/5H (Fig. 24). Likewise, the voltage depen-
dence of steady-state inactivation was slightly de-
creased in the mutant, but the midpoint of the curve
was almost identical in WT and R3/4/5H (Fig. 2B).
Therefore, similar to the previously described muta-
tions R4H, R5H and R4/5H (Kiihn & Greeff, 1999),
the triple mutation R3/4/5H slowed the fast in-
activation kinetics and, in addition, moderately
decreased the voltage dependence of channel in-
activation.

COEXPRESSION OF THE [3;-SUBUNIT

Hitherto, the effect of the accessory B; subunit on the
gating kinetics of o subunits expressed in Xenopus
oocytes were primarily studied in WT sodium chan-
nels (for review see Isom, De Jongh & Catterall, 1994)
and in sodium channels containing mutations that are
located outside of the S4 voltage sensors (e.g., Balser
et al., 1996; Moran et al., 1998; Kihn & Greeff,
2002). As shown in Fig. 3, the slow gating mode was
very prominent in recordings obtained from the WT
rBIIA o subunit where B, coexpression largely shifts
the time course of inactivation to the fast gating
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Fig. 4. Recovery from fast inactivation. (4) Original recordings of
Ing during recovery from fast inactivation of WT and R3/4/5H.
The inactivating conditioning pulse to 0 mV from a holding po-
tential of —100 mV had a duration of 100 ms. Interpulse intervals
were increased logarithmically from 1 ms to 256 ms at a recovery
potential of —100 mV and were followed by a 13-ms test pulse to 0
mV. Responses are superimposed for all recovery periods. Control
traces obtained without inactivating prepulse are also included
(arrows). Note the predominance of the fast or the slow gating
mode in WT at different points in the course of the current decay
(as indicated). (B) Time course of recovery from fast inactivation of
WT and R3/4/5H obtained from peak In, at three different re-

mode (previously described by Bennett, Makita &
George, 1993; Patton et al., 1994). Furthermore, the
kinetics of both gating modes was slightly accelerated
with corresponding time constants (Thast) / Th(siow) il
ms; mean + SEM, n = 3), as derived from similar re-
cordings as shown in Fig. 3, for WT—§: (0.69+0.13 /
14.8 + 4.6) and for WT+f: (0.69+0.11 /9.1+£1.7)

In contrast, the inactivation time course of R3/4/
SH showed visually only little change due to the co-
expression of the B; subunit, and the slow component
was anyway small and hardly changed in magnitude
due to the ; subunit (Fig. 3). The corresponding time
constants (Tpast) / Thsiow) I MS; mean + SEM, n=3, as
dervied from recordings as shown in Fig. 3 were for
R3/4/5SH—f: (3.8 £ 0.6 /18.8 + 1.6) and R3/4/5H +
B: (2.24 £ 0.5/ 16.6 £ 6.5). Thus, the impact of the
B; subunit on the time course of inactivation was
significantly less pronounced in R3/4/SH compared
to WT.

R3/4/5H

04 A =120 mV

© -100 mV

024 v -80 mV

0.0 T T T L
0 100 200 300

dt-Rec. [ms]

covery potentials, pulse protocol as described in 4. For the cal-
culation of the recovery kinetics, the current traces with prepulse
were routinely normalized to the current traces without prepulse in
order to compensate for the possible decrease due to rundown of
the current amplitude in the course of the experiment. For the same
reason, the first and the last recovery time interval of the pulse
protocol were of identical duration (256 ms). The data (mean *
SEM) were obtained from three (WT) and four (R3/4/5H) single-cell
experiments and fitted to a double exponential curve of the form:
Y=A1- (1 —exp(—t/tr1))+ 42 (1 — exp(—t/7r2)) + P with cor-
responding recovery time constants given in the text.

RECOVERY FROM FAST INACTIVATION

In the absence of B, coexpression, the recovery time
course of WT was clearly bimodal, with a slow
channel population showing incomplete recovery still
after an interpulse interval of 256 ms at —100 mV,
when the fast mode channels had completely recov-
ered (Fig. 44). In contrast, R3/4/5H did not show
such clearly separable recovery kinetics (Fig. 4A4).
This result agrees with the more monophasic inacti-
vation kinetics of R3/4/5H due to the relatively small
slowly inactivating population, as described in the
context of Figs. 2 and 3. However, the double-expo-
nential fits of the recovery time courses recorded at
recovery potentials of —80 mV, —100 mV and —120
mV demonstrate that the recoveries of WT and R3/4/
SH were rather similar (Fig. 4B), and trials to fit the
recovery of the mutant with one exponential only
were markedly worse. The corresponding recovery
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time constants (Trast) / Treslow) I Ms) were for WT:
155 £22.1/60.6 £ 91.8(-80mV);7.3 &£ 2.2/42.4
+ 68.7 (=100 mV); 3.1 £ 0.9 /26.5 £ 48.3 (—120
mV) and for R3/4/5H: 7.6 + 4.8 /55.3 + 25.2 (-80
mV); 6.7 £22/41.0 £ 26.8(—100mV); 3.8 +£ 1.1/
27.0 £ 21.4 (—120 mV). Thus, only at —80 mV the
recovery kinetics of WT was moderately delayed and
less complete compared to R3/4/5H, which was most
probably caused by the predominating slow-mode
channels of WT. In comparison to our previously
studied mutation R1635H (R4H), which drastically
slows the recovery from fast inactivation (examples
shown in Fig. 54), the triple mutation R3/4/5H re-
covers similarly to WT, as also observed for the
double mutation R4/5H (Kiihn & Greeff, 1999).

MobiFicATION BY SITE-3 Toxins (ATX-1I)

Site-3 toxins have been shown to selectively impair
the movement of voltage sensor S4D4 (Sheets &
Hanck, 1995). Moreover, Sheets et al. (1999) de-
monstrated that the replacement of each of the three
outermost arginines of voltage sensor S4D4 does not
change the strong impact of these toxins on the in-
activation time course as observed in WT, suggesting
that the toxin effect surpasses the impact of the in-
dividual mutations. This result supports the conclu-
sions of Sheets et al. (2000) that the movement of
voltage sensor S4D4 is actually inhibited by site-3
toxins, at least during the early phase of inactivation.
In line with these data is our finding that in the pre-
sence of 2 pm ATX-II, the very slow recovery kinetics

]2pMATX

R4H Fig. 5. Recovery kinetics of WT and mutant

R1635H in the presence of 2 pm ATX-I1. (A4)

Comparison of the recovery time course from fast
WT inactivation of WT and R1635H (R4H) in the
absence of ATX-1I (see also Kiithn & Greeff, 1999).
Same pulse protocol as described in the legend of
Fig. 4, but with regard to the different recovery
kinetics of WT and R4H, separate interpulse-in-
tervals were used. The data (mean + semofn = 2
cells) were obtained from single-cell experiments at
the indicated recovery potentials and fitted as de-
scribed in the legend of Fig. 4B with dominant
recovery time constants in ms, WT-o: 38 + 3.9
(—-80mV), 10.7 £ 4.6 (—100 mV),4.6 + 1.1 (-120
mV); R1635H-o: 320 £ 39 (—80 mV), 199 £ 26
(=100 mV), 71 + 11 (—120 mV). (B) Recovery of
WT and R4H in the presence of 2 pm ATX-11
obtained at a recovery potential of —100 mV.
Pulse protocol and fitting of the data as described
in the legend of Fig. 4 with dominant recovery
time constants in ms (mean + sem of n = 3 cells
for WT and n = 5 cells for R4H) WT: 1.27 +
0.64; R4H: 0.96 + 0.24.

of R4H (Fig. 54, see also Kithn & Greeff, 1999) be-
came as fast as the corresponding WT recovery (Fig.
5B). Thus, the impact of site-3 toxins seems to be
independent from the previously changed kinetics of
the mutated voltage sensor S4D4.

However, the comparison of the macroscopic
current decay of Iy, recorded from WT and R3/4/SH
in the presence of 2 um ATX-II (Fig. 64) reveals that
for R3/4/5H the toxin exerted only minor effects on
the fast inactivation kinetics, whereas WT displays
the characteristically slowed inactivation time course
and a substantial plateau current as already described
by others (e.g., Benzinger, Tonkovich & Hanck,
1999). The corresponding time constants given in
Table 2 demonstrate that both gating modes of WT
were profoundly slowed by ATX-II, whereas in R3/4/
SH, both time constants were even slightly decreased
in the presence of the toxin. Also included in Table 2
are the corresponding activation time constants (t,,)
that were determined as described in the legends of
Figs. 24 and 8C. The data show that in particular for
WT, the activation time constants were markedly
reduced in the presence of ATX-II. In contrast, the 7.,
- values of R3/4/5H were only minimally affected by
the toxin.

On the other hand, the comparison of Figs. 44
and 68 demonstrates that the recovery kinetics of R3/
4/5H was accelerated by ATX-1I but to a significantly
smaller extent than observed in WT or R1635H
(Fig. 5).

The reduced impact of ATX-II on the time
course of fast inactivation and recovery of R3/4/5H
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Fig. 6. Effect of ATX-II on the inactivation kinetics of WT and
R3/4/5H. (A) Typical sodium current families recorded in the
presence of 2 um ATX-II (for comparison see Fig. 14). Currents
were elicited by depolarizing pulses from —80 mV to + 80 mV from
a holding potential of —100 mV; test pulse duration 80 ms. For the
comparison of the effects on the time constants of activation and

R3/4/5H

5ms

inactivation induced by the toxin, see Table 2. (B) Recovery from
fast inactivation of WT and R3/4/5H performed at a recovery
potential of —100 mV, as described in the legend of Fig. 4 (for
comparison, see also Fig. 44). Note the different impact of the
toxin on the fast inactivation kinetics as well as on the recovery
kinetics of WT and R3/4/5H.

Table 2. Time constants of Iy, decay of WT and R3/4/5H obtained at 0 mV in the absence or in the presence of ATX

WT (MBS) WT (ATX) R3/4/SH (MBS) R3/4/5H (ATX)
Tm 0.89 + 0.3 0.29 + 0.04 0.71 + 0.2 0.51 % 0.1
Thtast) 0.86 + 0.4 8.55 £ 1.6 3.70 + 0.7 262 + 0.4
Theslow) 118 + 48 55.1 + 24.7 19.1 % 1.1 16.0 £ 2.0

The data (meaninms £ sp of n = 3-6 cells) were obtained as described in the legends of Figs. 2 and 8. ATX was used at a concentration of

2 pM. Recordings were performed at 15°C.

could also reflect a decreased toxin affinity of the
mutant although the putative binding site of site-3
toxins was localized in the S3-84 extracellular loop of
domain 4 (Rogers et al., 1996). Therefore, we exam-
ined the toxin binding in concentration experiments
of ATX-II; the inactivation kinetics was studied in
WT and in R3/4/5H at five different toxin concen-
trations, and further in the absence (Fig. 74) or in the
presence (Fig. 7B) of the B, subunit. The results ob-
tained and fitted to a single-ligand-to-receptor curve
show that the affinity of rat brain IIA sodium chan-
nels to ATX-1I was largely unaffected by the muta-
tion R3/4/5H (Fig. 7C) with an ECs, of between 0.2
to 0.4 um ATX-II. Likewise, the coexpression of the
B: subunit did not significantly change the effect of
ATX-II on sodium channel gating. Thus, only the

intrinsic effect of the toxin (the size of the plateau
current relative to the peak) was markedly reduced in
R3/4/5H, most probably due to a changed mobility
of S4D4, which is in agreement with our other data of
this mutant (see below).

ANALYSIS OF THE GATING KINETICS AT Low
TEMPERATURE

The slowed inactivation time course as well as the
reduced impact of ATX-II on R3/4/5H suggest that
the mobility of voltage sensor S4D4 is markedly
changed in the mutant. Correspondingly, in case of
an involvement of S4D4 in channel activation, R3/4/
5H should also display different activation kinetics, if
compared to WT. In order to get some information
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Fig. 7. Concentration-dependent effect of ATX-II on ratio of
plateau to peak sodium currents. (4-C) Effect of ATX-II at bath
concentrations of 0, 0.13, 0.25, 0.5, 1.0, and 2.0 uM on macroscopic
sodium currents of WT and R3/4/5H obtained from single-cell
experiments without (4) or with (B) B, coexpression. Depolarizing
pulses were to 0 mV from a holding potential of —100 mV, test
pulse duration 80 ms. Traces were normalized to peak. (C) Ratios
of plateau currents to peak currents obtained from 4 and B were
plotted against toxin concentration. Note that the maximal effect of

about the very fast activation kinetics of WT and
mutant rBIIA sodium channels, we recorded at a
bath temperature of 8°C where the channel kinetics is
relatively slow compared to the capacitance transient,
which reflects the speed of voltage control. Figure 8
shows normalized current traces of WT and R3/4/5H
superimposed and recorded at 15°C (A4) and 8°C (B),
respectively. The currents were elicited by step
depolarization of 80 ms duration to the indicated
voltages ranging between —20 mV and +20 mV from
a holding potential of —100 mV. First of all, the
comparison demonstrates that the inactivation ki-
netics of R3/4/5H was twice more sensitive to low
temperature than observed in WT (see corresponding
time constants included in Table 1). These data sug-
gest that, especially in R3/4/5H, the mobility of S4D4
was affected by low temperature.

05 1.0 15 2.0
ATX [uM]

ATX-II was reached at concentrations of about 2 pm both in WT
and R3/4/5H. The single-ligand binding was checked graphically in
a Lineweaver-Burke-plot where the data points are close to a
straight line (compare Denac et al., 2002). Accordingly, the data
were fitted to a single-ligand-to-receptor binding curve:
¥ = Ymax - X/(ECss + x). ECspatx 1n pm was for WT 0.4 (—B,) and
0.4 (+Py), and for R3/4/5H 0.2 (—P.) and 0.4 (+ B1); Vmax in % was
for WT 45 (—B;) and 36 (+B,), and for R3/4/5H 22 (—B,;) and
16(+ B1).

Next, we determined both the half times to acti-
vation (f;2) and the activation time constants (z,,) of
WT and R3/4/5H from single current traces recorded
at 8°C under optimized clamping conditions in a 20
ms time window and with a resolution of 20 ps per
data point (see sample traces in inset of Figure 8B).
The activation time constant (t,,) and two inactiva-
tion time constants (Thast)/ Th(siow)> See legend) were
derived. It is clearly seen that the activation kinetics
of R3/4/5H was not significantly different from WT if
one takes further into account that the two inde-
pendent characteristic parameters of activation, 7,
and ), yielded slightly opposing but close to WT
data and, in addition, that the about 5-fold slowed
inactivation time course of the mutant certainly af-
fects the measurement of the corresponding activa-
tion kinetics (Fig. 8C; see also Discussion).
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Fig. 8. Activation and inactivation kinetics of WT and R3/4/5H at
low temperature. (4-B) Comparison of typical single-current traces
of WT and R3/4/5H recorded at 15°C (4) or 8°C (B). Currents
were elicited by depolarizing pulses of 80 ms duration to the indi-
cated voltages from a holding potential of —100 mV. Traces were
normalized to peak. The data were fitted to a triple-exponential
curve Y = (1 — exp(—t/tm))” - [A1] - exp(—t/th ) +A42 - exp(—t/72)
+A43] with activation time constant (t;) and inactivation time
constants (Thgast)/ Thislow) a8 also shown in Table 1). An example of
data and fit is demonstrated in the inset for 0 mV at 8°C with 1, in
ms for WT/R3/4/5H equal to 1.01/1.07 and (45 in ms equal to

Discussion

In continuation of our former approach to inhibit the
movement of S4D4 by the systematic replacement of
central arginines to histidines in this voltage sensor
(Kiihn & Greeff, 1999), we introduced the triple
mutation R1632H + R1635H + R1638H (=R3/4/5H)
and analyzed the effects on the gating kinetics of rat
brain I1A sodium channel. First of all, the mutant
showed a considerably reduced expression compared
to WT. This was reflected both on the level of the
ionic current as well as of the gating current, the
latter being too small to be separated from baseline
noise and asymmetry artifacts, respectively. The
presence of inadvertent mutations in other regions of
the channel could be excluded because several clones
were tested yielding the same results. Likewise, a
specific reduction of the available gating charge of
R3/4/5H due to the inhibition of the mobility of
S4D4, as observed by Sheets et al. (1995; 1999; 2000)
in the presence of site-3 toxins, is rather unlikely be-
cause the well-resolved sodium current of R3/4/5H
displayed quite normal activation and inactivation
properties. Instead, it is conceivable that the triple
mutation in some way interferes with the proper
folding of the protein because the substituted argi-
nines possibly participate in a network of charged
residues that stabilizes the channel structure. Similar
results were described for some mutants of S4 seg-
ments of voltage-dependent sodium channels (Stiih-
mer et al., 1989) or potassium channels (Papazian
et al., 1995), but these mutations caused the loss of

+20 mV 1804 l s
Tm
[ (tast)
— 12.5 4
T * Wild-type
10.0 4 l
E A
s 7.5
E
B
5.0 4
254 * *
* * H *
i sainl
*
20 ms 0.0 4 II_EE 1 -
-20 o 20
Voltage [mV]

1.99/9.55. (C) Effects of mutation R3/4/SH on time constants of
half activation (fy,,), activation (z,,) and fast inactivation (thasr)
obtained at 8°C (compare inset in B), with minimal Rg-distortion
and at constant clamping speed. The corresponding WT values are
indicated by asterisks. The values for #;,, in ms (mean + SD ob-
tained at =20 mV /0 mV / +20 mV for n = 3 cells) were WT: 1.16
+0.2/049 £ 0.1/0.31 + 0.1 and R3/4/5H: 1.41 £+ 0.2/0.83 +
0.1 /0.48 £ 0.1) and for 7, in ms (mean + sSp obtained at —20
mV/0 mV/+20 mV for n = 2 cells) were WT: 2.16 + 0.1/1.13 %
0.1/0.89 + 0.01 and R3/4/5H: 1.78 + 0.1/0.99 % 0.1/0.63 =
0.05).

functional expression altogether. In other studies
performed in our own lab we noticed that some
sodium channel mutants also showed decreased ex-
pression levels, if compared to WT (e.g., Paramyo-
tonia congenita equivalent mutation R1626C or
IFM1488-1490QQQ; unpublished data). There, we
have some experimental data that these channels,
which show strongly reduced or completely abolished
fast inactivation properties, were leaky for sodium
during expression in Xenopus oocytes and, therefore,
indirectly reduce the expression level (Greeff & Kiihn,
2000).

In a previous study we have demonstrated that
the replacements of arginines by histidines in the
central part of voltage sensor S4D4 (mutation R4H,
R4/5H and R5H) predominantly induce steric effects
rather than changing the voltage dependence of the
channel (Kithn & Greeff, 1999). Accordingly, the
slight decrease of the voltage dependence for entry
and exit from the inactivated state observed in R3/4/
5H suggests that the substitution of the third arginine
is responsible for this additional effect. This conclu-
sion is supported by the data of other groups (Chen
et al., 1996; Yang et al., 1996; Sheets et al., 1999). As
to the charge, Histidine has, depending on the local
protein environment, a pK of 5.6-7.0 and therefore,
the charge of this amino acid could change under
varying pH conditions (Sancho et al., 1992). Despite
the fact, that there was no control of the intracellular
solution using the two-electrode voltage-clamp tech-
nique, we varied the extracellular pH between 5 and 9
without seeing any effects (data not shown).
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As established by the authors (Kithn & Greeff,
1999), the mutation R1635H (R4H) in the central
part of S4D4 dramatically increased (~20-fold) the
recovery time constants of both fast inactivation and
voltage-sensor immobilization (visible in the gating
current) and therefore, exerted one of the strongest
effects on the kinetics of S4D4 compared to previ-
ously described mutations of this voltage sensor
(Chahine et al., 1994; Chen et al., 1996; Kontis &
Goldin, 1997). In contrast to recovery, R4H showed
only a small deceleration of the kinetics of current
decay compared to WT. On the other hand, the
double mutation R1635H + R1638H (R4/5H) ana-
lyzed in the same study, moderately (~2-fold) slowed
the recovery kinetics but increased the time constants
of fast inactivation to a larger extent than observed in
R4H. Similarly, the mutation R3/4/5H significantly
slowed the time course of fast inactivation, whereas
the recovery Kkinetics was almost identical to WT.
These results suggest that a single histidine-for-argi-
nine substitution in the central part of S4D4 is less
tolerable for the recovery from fast inactivation, and
vice versa less critical for the development of fast
Inactivation, than the corresponding double or triple
substitution. In line with this observation are the data
of Groome et al. (2002) who found that different al-
terations of the structure of the arginine moiety at
either R4 or RS impedes or facilitates the movement
of voltage sensor S4D4 during deactivation.

The bimodal gating behavior characteristic for
WT rBIIA sodium channels, if expressed in Xenopus
oocytes without the accessory B; subunit, is less
pronounced in R3/4/5H, which is reflected by the
monophasic recovery time course of the mutant.
Accordingly, the pronounced shift to the fast gating
mode induced by B; coexpression is not observed in
R3/4/5H. This result suggests a putative role of S4D4
for the determination of the gating mode during ex-
pression of rat brain sodium channels in Xenopus
oocytes. Accordingly, recent findings of Mantegazza
et al. (2001) had demonstrated the principal role of
the C-terminal domain of brain and cardiac sodium
channels for the kinetics and voltage dependence of
inactivation.

Apart from single or multiple arginine substitu-
tions also site-3 toxins selectively change the mobility
of voltage sensor S4D4 (Sheets et al., 1995; 1999;
2000; Benzinger et al., 1999). Furthermore, Sheets
et al. (1999) demonstrated that the replacement of the
three outermost arginines of S4D4 did not change the
effect of site-3 toxin on the fast inactivation kinetics
although each of these mutations alone markedly
slowed the inactivation time course of the channel. In
line with this observation is our finding that the 20-
fold slowed recovery time courses of mutant R4H
became as fast as the corresponding WT recovery in
the presence of ATX-II. Hence, the impact induced
by the toxin was independent of the corresponding

effect of the mutations. These data support the hy-
pothesis of Sheets et al. (2000) that site-3 toxins se-
lectively inhibit the movement of voltage sensor
S4D4. However, a remaining question is the extent of
this inhibition. If site-3 toxins actually arrest the
movement of S4D4, this should abolish fast inacti-
vation because a series of experimental data have
clearly demonstrated the principal role of this voltage
sensor in sodium channel fast inactivation (Chahine
et al., 1994; Yang & Horn, 1995; Chen et al., 1996;
Yang et al., 1996; Kontis & Goldin, 1997; Kiihn &
Greeff, 1999). Moreover, if the movement of S4D4 is
in some way coupled to the activation process, which
is suggested by the data of Horn et al. (2000), then
channel activation should be prevented or at least
severely impaired by the toxin, which is obviously not
the case.

In fact, we found that the impact of ATX-II on
the fast inactivation kinetics of R3/4/5H was con-
siderably reduced compared to WT. To our knowl-
edge, this is the first mutation in a region other than
the putative binding site that reduces the efficacy of
ATX-II without changing significantly the affinity of
the channel for the toxin. According to our hypoth-
esis, the effect of ATX-IT can be explained by elec-
trostatic interactions of the positively charged toxin
with the outermost arginines of S4D4. As a result, the
outward movement of S4D4 is delayed leading to
slowed inactivation kinetics and vice versa the return
of the voltage sensor is favored, implicating an ac-
celerated recovery from fast inactivation. Therefore,
the data of the current study demonstrate that the
mobility of S4D4 was considerably changed by the
mutation R3/4/5H, which was reflected by the slowed
inactivation kinetics and the reduced impact of ATX-
II.

While this study has clearly confirmed the well-
established hypothesis that the voltage sensor S4D4 is
involved in fast inactivation, it shall now be discussed
what bearing our data have for a role of this segment
for activation. Recalling the finding that R3 moves
through the “gating pore”, as shown by cysteine
mutagenesis and MTSET accessibility experiments
(Yang et al., 1996), it would appear that a replace-
ment by the bulky histidine would hinder the outward
movement of S4D4 through the “gating pore” at an
earlier stage than R4H or RSH. According to our
previous study, R4H and R5H have only an impact
on fast inactivation but not on activation (Kiihn &
Greeff, 1999). We then concluded that at least one
voltage-dependent conformational step controls the
inactivation gate. However, this did not exclude a
first step of outward movement of S4D4 that might
control an activation gate or might delay inactiva-
tion. For the extended mutation R3/4/5H it appears
plausible that it would block the outward movement
at an earlier stage and would more likely indicate a
putative involvement of S4D4 in activation.
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To analyze a putative impact on activation, the
experiments obtained at the lower temperature of 8°C
were used where the fast sodium channel currents
are slow in comparison to the speed of the clamp.
Furthermore, we used an optimized two-electrode
voltage clamp that allowed us to establish fast voltage
steps at the whole oocyte (Greeff & Polder, 1998).
This clamp design had already proved its worth for
the recording of the very fast sodium channel gating
currents (Kihn & Greeff, 1999; Greeff & Kiihn,
2000). Special care was taken to adjust the R, com-
pensation such that the speed-limiting capacitance
transient was fast and of equal speed in WT and
mutant channel-expressing oocytes. R, errors were
further reduced by choosing oocytes with small so-
dium currents, especially WT. For the analysis, cur-
rents were recorded in 100 and 20 ms time windows
to allow fitting of both, the inactivation and the ac-
tivation phase (Fig. 88 and 8C). While tyag 15 In-
creased by a factor of 4 to 5, activation is hardly
changed in R3/4/5H compared to WT. The data also
show that the fast inactivation kinetics of R3/4/5H at
8 °C was slowed to a clearly larger extent than ob-
served in WT, which might suggest that the move-
ment of the mutated S4D4 segment was reduced by
sterical obstruction. As a regular feature it is ob-
served that the time to half activation t,,, is about
20% larger in the mutant, while the fitted 7, is about
20% smaller than in WT. The fitted equation is of the
Hodgkin-Huxley type with parallel activation and
inactivation, i.e., a product of a rising and a declining
exponential. For such systems it is easily shown that
the apparent #, > becomes larger for a constant t,, but
increasing Ty, (rasr)- It 1 further easily seen that the
open-probability P° at peak ionic current gets larger
for slower inactivation and constant 7.,; slow inacti-
vation allows more channels to be open before they
inactivate. In our data, the WT P° is between 0.3 and
0.5 while it is about 0.8 for the mutant, as obtained by
the fitting. This has two consequences for the inter-
pretation of our data: (i) The I/V curves (Fig. 1B),
which usually show peak ionic currents and not the
fraction of activated channels, should be corrected
for inactivation. Then, the small difference, being
anyway partly due to some R error for WT would
become even less significant; however, a correction
for inactivation can only properly be done if the
coupling mode of activation to inactivation is known,
which is presently not the case. (ii) The other conse-
quence is that the time course of the sodium current
traces should not be compared with peaks normal-
ized, but the peak for the mutant should be larger
according to the larger P° and then the initial time
course becomes as fast as in WT or even faster, de-
pending on the model one uses to correct for inacti-
vation.

In summary, we conclude that activation is not
slowed in R3/4/5H and, therefore, the data of this

study still give no support for an involvement of
S4D4 as voltage sensor for an activation gate. How-
ever, this question is still not fully settled and our
data have to be seen as experimental evidence to be
compared with other data that support a first acti-
vation step (Horn et al., 2000) or do not support it
(Sheets et al., 2000); also data about S4D4 obtained
by a new experimental approach conform with both
(Chanda & Bezanilla, 2002). Finally, it has to be
mentioned that our study has dealt with the clear-cut
effects on fast inactivation. Other studies suggest an
additional role of the S4D4 mid-region arginines
(Mitrovic, George and Horn, 2000) or the P-loop
region of domain 4 (Hilber et al., 2002) for the so-
called slow inactivation. Such slow inactivation was
not addressed in the study reported here, and there-
fore, we exclusively used pulse protocols where slow
inactivation effects were negligible.
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