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Abstract. Macroscopic currents of wild-type rat brain
ITA (RBIIA) and mutant Na channels were recorded in
excised patches from Xenopus oocytes. A charge de-
letion (K859Q) and an adjacent conservative mutation
(L860F) in the second domain S4 membrane-spanning
region differentially altered voltage sensitivity and kin-
etics. Analysis of voltage dependence was confined to
Na currents with fast inactivation Kkinetics, although
RBIIA and K859Q (but not L860F) also showed pro-
portional shifts between at least two gating modes, ren-
dering currents with fast or slow inactivation kinetics,
respectively. Compared to RBIIA, the midpoint of the
activation curve was shifted in both K859Q and L860F
by 22 mV to more positive potentials, yet this shift was
not associated with a corresponding change in the volt-
age dependence of time constants for activation (z,) or
inactivation (7, Tp). L860F showed faster activation
time constants 7, than RBIA, while K859Q was slower
for both the activation (z,) and the inactivation compo-
nents (7,,). Similarly, the steady-state inactivation curve
of L860F but not K859Q shifted by 9 mV in the hyper-
polarizing direction. Thus, the fourth charge in the 1IS4
transmembrane segment exerts control over voltage sen-
sitivity and kinetics of activation and may interact with
structure that influence other aspects of channel gating.
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Introduction

Na channels are principally responsible for the rising
phase of electrogenic action potentials in nerve and
muscle. The tetrameric structure of the membrane-span-
ning protein has been deduced [4, 10, 14] and properties
of activation and inactivation gating [20, 22, 23] and
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selectivity [8] have been attributed to various regions of
the protein. The fourth membrane-spanning segment in
each domain contains a high proportion of positively
charged residues with, typically, a lysine or arginine in
every third position. The S4 segment in the first domain
(IS4) has been shown to be associated with activation
gating by site-directed mutagenesis [20]; charge deletion
or reversal altered the voltage sensitivity of channel acti-
vation as measured by changes in the slope and midpoint
of conductance versus voltage [g(V)] curves. On the
other hand, that study [20] reported little effect on chan-
nel gating by single charge deletions of 1I1S4, whereas
double mutations that included both 1IS4 charge de-
letions and IS4 deletions paired with IS4 deletions did
shift the voltage sensitivity of channel activation to a
greater extent than the IS4 deletion alone. By contrast,
a neutral mutation (L860F) in the IIS4 segment at a po-
sition adjacent to the fourth charge affected the voltage
sensitivity of channel gating by producing a +20 mV
shift in the peak of the current versus voltage [I(V)]
curve without a detectable change in valence [5].

We have attempted to resolve these findings by di-
rectly comparing cell-free macroscopic recordings of a
single mutation involving the fourth charge in the IIS4
segment with a mutation of the adjacent leucine residue.
Thus, we have compared the voltage sensitivity as well
as the kinetics of wild-type rat brain IIA (RBIIA) Na
channels with a mutation of the fourth charge in IIS4
(K859Q) and an apparently conservative mutation of the
adjacent position (L860F). Here we report that these mu-
tations similarly alter activation voltage sensitivity while
differentially affecting kinetics of Na channel activation
as well as the voltage sensitivity of steady-state inacti-
vation. Our findings suggest a multiplicity of effects that
include direct as well as indirect involvement of the 11S4
segment with channel gating.

Materials and methods

Construction of Na channel mutations. The pVA2580 plasmid con-
tains the wild-type rat ITA Na channel « subunit following a T7



RNA polymerase promoter [5]. The pVA200 plasmid contains the
L860F mutation, which is the Na channel a subunit cDNA clone
orginally isolated by Auld et al. [4] following an SP6 promoter.
The pVA2580 Xmal/Sphl fragment containing the wild-type Na
channel domain IT S4 segment was subcloned into an m13 phage
with a custom polylinker. Uracil-containing single-stranded DNA
was synthesized by growth in the dut-, ung- E. coli strain RZ1032
[11]. To mutate the lysine at position 859 in domain II S4, a kin-
ased oligonucleotide primer (GGACTTTGCCAACT/ CGGAA-
GACTCTAAG) was annealed to the template at a 10:1 molar
ratio. The primer was extended with T4 DNA polymerase (2.5
units) in the presence of T4 DNA ligase (6 Weiss units) in a 100 pl
reaction containing 100 mM tris(hydroxymethyl)aminomethane
(Tris)HC1 (pH 7.5), 50 mM MgCl,, 2.5 mM 2’-deoxyadenosine
5’-triphosphate (dATP), 2.5 mM 2-deoxycytidine 5’-triphosphate
(dCTP), 2.5 mM 2-deoxyguanosine 5’-triphosphate (dGTP)
2.5 mM thymidine 5'-triphosphate (TTP), 2.5 mM adenosine 5'-
triphosphate (ATP), and 1 mM dithiothreitol (DTT). The reaction
was incubated on ice for 5 min, at 22—26°C for 5 min, then at
37°C for 2 h. Reaction products were ethanol precipitated and re-
suspended in 20 pl H,O. E. coli strain XL-1 (ung+) was electropo-
rated using 1 pl of the synthesis reaction, and plaques were picked
and used to generate single-stranded DNA which was then
screened by dideoxynucleotide sequencing to confirm the mutation
of lysine to glutamine. The Xmal to Sphl fragment containing the
mutation was then ligated into the full-length ¢cDNA clone
pVA2580, which was confirmed by sequencing.

Expression of mRNA in Xenopus oocytes. Na channel cDNA from
RBIIA and the mutants K859Q and L860F served as a template
for standard in vitro transcription to yield mRNA. Oocytes for
mRNA injection were obtained from laboratory-reared female
Xenopus laevis (Nasco Biologicals) and enzymatically isolated by
bathing them for 1—2h in Ca®*-free oocyte-Ringer (OR-2) con-
taining (in mM): NaCl 82.5, KC1 2, MgCl, 1, 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) 5, pH 7.5, with 2 mg/ml
collagenase (Boehringer-Mannheim) added. An automatic nanoin-
jector (Drummond Scientific) was used to inject individual oocytes
with mRNA.

Electrophysiological measurements. Expression testing of oocytes
was performed with the two-electrode voltage clamp (TEV, Dagan)
after 4—7 days of incubation at 16°C. Na channel expression
proved sufficient for macropatch recording between days 4 and 7
after microinjection of mRNA. Oocytes which had at least a 2-pA
whole-cell current were chosen for patch-clamp recording follow-
ing removal of their vitelline membrane after exposure to a hy-
perosmotic solution containing (in mM): K-glutamate 200, KCl
20, MgCl, 1, ethylenebis(oxonitrilo)tetraacetate (EGTA) 10,
HEPES 10, pH 7.4. Patch electrodes (aluminosilicate, Sutter In-
struments) were pulled in five stages, fire-polished and coated with
Sylgard. The pipette solution (ND96) contained (in mM): NaCl
96, KC1 4, CaCl, 1.8, MgCl, 1, HEPES 5, pH 7.4. The bath solu-
tion (ISOP) contained (in mM): NaCl 9.6, KC1 88, CaCl, 1, MgCl,
1, EGTA 11, HEPES 5, pH 7.4.

Experimental methods and analysis. All experiments were per-
formed at room temperature (20—24°C). Data aquisition and
analysis was made with an EPC-9 patch-clamp amplifier con-
trolied by an ITC-16 interface (Instrutech) and a Macintosh Quadra
750 computer running Pulse and PulseFit software (HEKA). IGOR
software (WaveMetrics) was used for kinetic analysis and graph-
ing.

Data shown are from three to seven oocytes out of at least two
separate injection batches. Each oocyte yielded two to five patches
that could be analyzed. All data records were acquired by averag-
ing four sweeps and low-pass filtered at a cutoff frequency of
11.3 kHz. The number » refers to patches unless indicated other-
wise. Student’s #-test or paired r-test was used for statistical evalu-
ation. I(V) relationships were approximated by the product of a
linear term and a Boltzmann function according to the equation:
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where g, is the maximal conductance, V,, the test potential, Ey,
the reversal potential, z the valence, V,,, the voltage at half-maxi-
mal activation, k the Boltzmann constant, and 7" the absolute tem-
perature. Steady-state activation and inactivation data were fitted
by a Boltzmann function according to the equation:

171 + exp=Vm= VT |

The sum of three exponential functions describing the rising
phase and the biphasic current decline were fitted to current traces
to determine time constants (z) and the intercepts of the functions
at + = O for activation (A,) and inactivation (A, A,,) according
to the function:

(Aa-exp™™) + (A - exp™" ) + (Apz * €Xp™"™) + Acgroes

where ¢ is time, and A« the baseline. Depending on the relative
amplitude A,, and peak current (I,..,), we refer to Na currents with
amplitude ratios A/l ... of <0.4 as showing fast kinetic behavior.

Results
Na currents in excised macropatches

Figure 1 depicts typical examples of Na currents re-
corded from inside-out macropatches excised from Xen-
opus oocytes expressing the a subunit of RBIIA (A),
K859Q (B) and L860F (C). Current families of RBITA
and K859Q evoked by depolarizing voltage steps could
have either fast (traces in left column) or rather slow
inactivation kinetics (traces in right column). The pro-
portion of patches exhibiting slow Na currents was 70%
for RBHA and 27% for K859Q. L860F displayed only
fast inactivation kinetics in this study. The overall ap-
pearance of inactivation kinetics in current traces is
based on the equilibrium between at least two dis-
tinguishable gating modes [12], as observed previously
In macroscopic currents from excised macropatches
from Xenopus oocytes [6]. Only currents which could be
categorized as showing fast kinetic behavior (see Mate-
rials and methods) were considered for further analysis
here, so as to segregate voltage shifts induced by
changes in gating mode from those induced by the mu-
tations.

Mutations in 1184 affect voltage sensitivity

Figure 2 illustrates the (V) relationship (Fig. 2A) and
the voltage dependence of activation (Fig. 2B) from Na
currents of RBIIA (@) and mutants K859Q (M) and
L860F (L1). A 200-ms prepulse to —150 mV preceded
each test pulse and proved sufficient to remove any re-
sidual steady-state inactivation occurring at the holding
potential (—100 mV). Channel activation and peak am-
plitude of both K859Q and L860F is shifted to more
positive potentials by 20 mV as compared to RBITA
(Fig. 2A, P <€0.001, Student’s t-test), whereas reversal
potentials do not change (RBIIA: +45*=3.3mV,
K859Q: +48+1.8mV and L860F: +47.6*12;
means £SD, n = 5, 14 and 14, respectively). Figure
2B shows the steady-state activation characteristics of
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Fig. 1 A—C. Macroscopic Na currents in oocyte excised macro-
patches. Current families recorded in excised macropatches from
oocytes injected with unitary mRNA as encoded by RBIIA,
K859Q and L860F. Inactivation kinetics of RBIIA (A) and K859Q
(B) could predominated by fast or slow kinetics (left and right
columns respectively) whereas L860F (C) displayed only fast kin-
etics in this study. The mean amplitude ratios A,.//,... for the ana-
lyzed patches showing fast inactivation kinetics were 0.18 = 0.1
for RBIIA and 0.25 = 0.1 for K859Q (see Materials and methods ;
n = 35 and 14, respectively). Holding potential was —100 mV. A
conditioning prepulse to —150 mV for 200 ms preceded a 10-
ms test pulse to remove slow inactivation. Test potentials ranged
between —60 mV to +60 mV (A, B) and —80 mV to +60 mV
(C). Test pulse frequency was 0.5Hz. A P/4 procedure was applied
to substract linear leak and capacitive transient currents from the
raw data

RBITA and mutant Na currents. The peak currents have
been normalized for maximal conductance and ex-
pressed as a fraction of open channels F(V). The mid-
point V,, of the F(V) curve is indicative of the prob-
ability that 50% of channels will open at the test poten-
tial. The slope of the F(V) curve suggests the effective
valence of channel activation. When compared to RBIIA
Na currents, half-maximal activation of both K859Q and
L860F is shifted to the right along the voltage axis by
20 mV (same # as in Fig. 2A, P <0.001). Only L860F
resulted in a statistically significant reduction in the
slope valence as compared to RBIIA (Zmgua
3.220.27, Zxesoo = 2.9+0.3 and Zgeor = 2.3 £0.2;
mean = SD P <0.001 for L860F). Comparing the mu-
tants with each other shows that the valence for acti-
vation differs at a probability level of P <0.001.

Fast inactivation and slow inactivation have been
shown to be two independent processes, which can be
pharmacologically separated [7, 15, 17], and are differ-
entially selected for depending on the prepulse length
[16]. To assess fast inactivation (%.) on channel avail-
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Fig.2 A,B. Voltage dependence of activation and fraction of open
channels. A Normalized mean peak current amplitudes (//1,..,) are
plotted against test potential (mV) with corresponding mean cur-
rent vs. voltage [[(V)] fits of RBIIA (@), K859Q (O) and L860OF
(O) (n = 5, 14 and 14, respectively). The channels activate half-
maximally at Vipgpna, = —33.8 3.3 mV, Vipkesoq = —142 %9
mV and Vipaaer = —14.3 £ 3.1 mV (means = SD, respectively).
B The peak currents have been normalized for maximal conduc-
tance (gm..), expressed as a fraction of open channels for RBIIA
(@), K859Q (O) and L860F (1) and plotted as a function of vari-
able test pulses preceded by a constant conditioning prepulse of
—150 mV (duration: 200 ms) (see Materials and methods). Half-
maximal open probabilities of channels are Viogemay =
—354+7mV, Vipgeno, = —13.3*+11 mV and Vipgseom =
—134=3 mV (n = as in Fig. 2A). Valences, z, are Zgpma =
32£0.27, zxkgsoq = 2.9%£0.26 and zigeor = 2.3 +0.2. Data were
acquired at room temperature (20—24°C)

ability, short prepulses of few milliseconds duration (2—
10 ms) precede the test pulse. To reach equilibrium of
slow inactivation (s..), the prepulses have to be substan-
tially longer (>50 ms). Increasing prepulse durations
from a few milliseconds to several hundred milliseconds
can shift the midpoint of the inactivation curve to more
negative potentials (e.g. [18]).

We looked at fast inactivation (h..) and steady-state
inactivation (s,,) from Na currents of RBITA and mutants
K859Q and L860F using pulse protocols with variable
prepulse potentials of 5 ms and 200 ms in length, re-
spectively. In all cases, the prepulse was preceded by a
200-ms conditioning pulse to —150 mV and followed
by a 10-ms test pulse to 0 mV. For RBIIA Na channels
expressed in Xenopus oocytes, longer prepulse lengths
than 200 ms did not affect midpoint values of the s..
curve. Figure 3 illustrates the s, curves for all three
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Fig.3. Steady-state inactivation curves of RBIIA, K859Q and
L860F. Data show the normalized mean peak amplitudes of RBIIA
(@), K859Q (O) and 1.860F (L), as indicated in the graph. s.. data
were determined from a constant test pulse to 0 mV and plotted
as a function of variable conditioning prepulses (duration: 200
ms). Half-maximal availabilities, as determined by Boltzmann fits
to individual data sets, are Viamena, = —102 25 mV, Vipkesooy =
—103£9.2 mV and V,,q 8605y = —111 =9 mV (means £ SD, n =
5, 8 and 12, respectively). Valences are zgpps = 2.5 £0.9, Zxgs0q =
2.5+0.43 and 7y 6r = 2.8 £ 0.47. These parameters were used to
compute the superimposed fits in the graph. Data were acquired
at room temperature (20—24°C)

channel species. Half-maximal availability of RBIIA
(@) and K859Q (O) channels coincide in midpoint va-
lues, whereas L860F ([]) is shifted by 9 mV to more
negative potentials as compared to RBIIA (P <0.003,
rn =5, 8 and 12, respectively). Valences of the s., curves
are not affected. Not illustrated are fast inactivation data
(h..) for RBIIA, K859Q and L860F, where the midpoint
voltages of RBIIA and L860F are not statistically differ-
ent, but K859Q is shifted to the right by 7mV (P <0.02,
Viersua = —78£9mV, Vi kssoo = —71 4 mV and
Vierssor = —82F5mV, n = 4, 5 and 10, respectively).
The valences for both mutations are reduced (P < 0.02,
IRBIA — 3+ 05, IK859Q — 2+0.2 and Z1.860F — 2+ 027)
These results are summarized in Table 1.

Table 1. Parameters of RBIIA, K859Q and 1.860F
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Fig.4. Voltage dependence of the activation time constants z,.
Time constants 7, for activation of RBIIA (@), K859Q (O) and
L860F () plotted as function of test potential. Each point rep-
resents values of mean time constants = SEM (10 current families
each). Recordings were made at room temperature (20—24°C)

Mutant differentially affect t,

Kinetic analysis of current traces from RBITA and mu-
tant channels was performed to assess whether the shifts
in voltage sensitivity were associated with correspond-
ing shifts in channel kinetics. Concurrent tri-exponential
analysis of individual traces rendered time constants for
the rising phase , and the two decaying phases t,,; and
Tns (see Materials and methods).

Figure 4 shows 7, values of RBITA (@), K859Q (O)
and L860F ([) as a function of test potential (n = 5, 8
and 10, respectively) recorded at room temperature (20—
24°C). K859Q activates more slowly than RBIIA,
whereas L860F is faster at more negative potentials (P
<0.006 and P <0.03, respectively; assessed by Stud-
ent’s paired #-test), At this point it cannot be evaluated
if L860F activates faster than RBIIA at higher potentials,
as the cutoff frequency used in this study limits the res-
olution of very fast time constant values. Comparing 7,
values of K859Q and L860F across voltage reveals that
they differ significantly (2 <0.03). Evaluating time con-

Parameters Na channel type
wild-type RBIIA K859Q L860F
Activation Vie —~ 35 * 7mV — 16 * 7 mV¥tex — 13 & 3 mVkak*
z 32+ 027 29+ 03 2.3+ Q.2%*kx
Ser Vie -102 * 5mV -103 = 9mV =111 * 5 mV*¥*
z 25% 036 25+ 04 2.8+ 047
h.. Vie =78 £ 9mV — 71 * 4 mV** —~ 82 * SmV
Z 30+ 05 23x 0.2%% 20 027
Time constant at —10 mV T, 100 *=20 ps 203 *66 pus** 107 =16 ps
Tht 168 *=48 us 270 +50 ps* 170 =30 pus
Tha 22+ 0.8 ms 32+ 1.8 ms 2 +0.7 ms

V.., Half-maximal voltage; z, valence; s., steady-state inactivation; k.., fast inactivation. The table lists the parameters (= SD) evaluated

for RBIIA, K859Q and L860F.

Frxk P <().001; **¥* P <0.003; ** P <0.02; * P <0.04 for data as compared to the wild-type RBIIA data
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h2 Fig. 5A,B. Voltage dependence of
inactivation time constants 7, and
Ty,. Time constants 7, and 1, for the
two inactivation components of
RBIIA (@), K859Q (O) and L360F
(08) are plotted as function of test
potential. Each point represents va-
lues of mean time constants = SEM
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stants at —10 mV, only 7, values of K859Q showed sig-
nificant differences as compared to RBIIA (P <0.02)
with T, geua, = 100 =20 s, T,ksseq = 203 £ 66 us and
Tassom, = 107216 pus (means =SD, n = 5, 8 and 10,
respectively). .

Voltage dependence of 7, and 7, for RBIIA (@),
K859Q (O) and L860F () is shown in Fig. SA and B,
respectively. 7,, values of K859Q are slower than RBITA
with P <0.05 (n = 5, 8 and 10, respectively), whereas
the .z, value of L860F is not altered. Likewise, looking"
at the test potential of —10 mV, K859Q, but not L860F,
shows significant ditferences of the time constant t,,; as
compared to RBIIA (P <0.04, tymens, = 168 =48 ps,
Thxssog = 270250 us and 7uypse0m, = 170£30 ps;
means = SD, n = 5, § and 10, respectively). Comparing
the voltage dependence of 7,, values of K859Q with
L860F shows that L860F inactivates faster than K859Q
(P <0.03). No statistically significant differences could
be detected for the voltage dependence of t,, comparing
RBITA and mutants, or mutants with each other
(Fig. 5B; n = 5, 8 and 10, respectively). Equally, time
constants at —10mV are Tpmens, = 2.2+0.8 ms,
Thassoey = 3.2 1.8 ms and 7,,q860r, = 2 £ 0.7 ms with
no observed statistical difference (means = SD, same n
as for ;).

Overall, the right shifts in the F(V) curves of K859Q
and L.860F are not matched by equivalent shifts in the
voltage dependence of time constants (Table 1). Al-
though the slower activation of K859Q might be ex-
plained by a similar effect for both F(V) and 7, in that
mutant, no such shift is apparent in the L860F kinetics.

Discussion

We have seen that: (1) neutralization of the fourth
charge in IS4 at position 859 changes the F(V) curve
midpoint by +20mV and decreases the rates of both
activation and the 7,, component of fast inactivation;
(2) replacement of a leucine with an apparently neutral
phenylalanine at the 860 position shifts the #(V) curve
by +20 mV, decreases effective valence of -activation,
changes the s.. curve by —10 mV, and increases the rate
of activation, without affecting inactivation rates. Thus,
despite the similar effects on the F(V) curve of charge
neutralization and an adjacent  conservative: mutation,

(10 current families each). Re-
cordings were made at room tem-

voltage [mV] perature (20—24°C)

these mutations have opposite effects on the rates of acti-
vation, and differing effects on activation valence, ste-
ady-state inactivation and fast inactivation component
Thl'

A charge neutralization and an apparently conservative
mutation similarly ‘affect activation voltage sensitivity

Both K859Q and L860F mutations shift the activation
curve some 20 mV in the depolarizing direction. In ad-
dition, L860F decreases the effective valence of acti-
vation by as much as 0.9¢ in comparison to wild-type
RBIIA, whereas K859Q did not cause a significant
change in valence. The right-shift imposed on the acti-
vation voltage sensitivity by L860F has been previously
noted by Auld et al. [5]. However, the resolution of their
data, obtained with TEV clamp, did not distinguish the
decrease in activation valence. Using cell-attached mac-
ropatches, Stiihmer et al. [20] noted similar shifts in the
midpoint of the activation curve with the K859Q/K862Q
double mutation and with the K226Q/K859Q/K862Q tri-
ple mutation. The triple mutation gave the greatest effect
whereas K862Q alone did not produce a voltage shift in
the activation curve. Although the results presented by
Stiihmer et al. [20] did not include a study of K859Q
alone, their data in combination with the present study
indicate that [IS4 and, more specifically, K859 (but not
K862) are important determinants of activation voltage
sensitivity. '

Our results are similar to those of Tytgat et al. [21]
who reported that, in RCK1 channels, neutralization of
the fifth positive charge in the S4 putative membrane-
spanning region caused a positive shift in the activation
curve. The fifth charge in K channels is homologous to
the 859 position in IIS4 of the Na channel. Tytgat et al.
[21] did not observe a change in activation valence with
the RCK1 K5I mutation and therefore concluded that
the fifth charge is not an activation voltage sensor. If
homology in function as well as structure is assumed
to exist between K channels and Na channels, then by
extension it is possible that the lysine at position 859 in
RBIIA should not directly participate in activation gat-
ing. _
Similarly, it is not yet clear whether the 1IS4 compo-
. nents studied- here directly control activation :gating by



functioning as a voltage sensor, or indirectly exert con-
trol over gating through interactions with other compo-
nents of the channel protein. The marginal effect pro-
duced by neutralization of the 859 charge might indicate
a voltage sensing role if confirmed in a larger exper-
imental series. However, the coincident effects of the
L860F mutation suggests other possible interpretations.
Of these, interactions with other gating control compo-
nents seems the most parsimonious explanation.

Effects of mutations on steady-state
and fast inactivation voltage sensitivity

Fast and low inactivation may be readily distinguished
by their characteristically different pharmacological sen-
sitivities. The enzymatic agents that selectively remove
fast inactivation [7, 15, 17] can alter the voltage sensi-
tivity of slow inactivation; yet in the presence of these
agents, slow inactivation remains intact. Thus, it should
be re-emphasized that fast and slow inactivation are sep-
arate processes [1, 13, 16] mediated by pharmacologi-
cally distinct mechanisms [17]. However, the steady-
state inactivation measured by s.. curve protocols is, pre-
sumably, a mixture of fast and slow inactivation, whose
relative contributions are dependent on prepulse du-
ration. For purely practical reasons, we have here used
a prepulse durations of 5 ms to study fast inactivation
and 200 ms to approximate the true steady-state of these
inactivation processes. Although 200 ms is the maxi-
mum time that we dared expose excised macropatches
to extreme prepulse voltages, 200 ms may not be long
enough to reach a fully equilibrated distribution (as rep-
resented by the F(V,) curve; see [16]).

The L860F mutation moves the 200-ms s.. curve
by —10 mV relative to RBITA. This is particularly re-
markable given the observation that the L860F mutation
shifts the activation curve by +20mV. We have pre-
viously hypothesized that slow inactivation is a parallel
process coupled to activation [16, 19]. The present re-
sults support this interpretation so far as slow inacti-
vation contributes to the s.. curve. If slow inactivation
was a direct consequence of channel activation (like fast
inactivation, see [2, 3]), then we would expect that both
activation and steady-state inactivation curves should be
shifted in the same direction and should be affected to
about the same extent by mutations that influence either
one or the other process. By contrast, the results pre-
sented here independently support the concepts of paral-
lel voltage sensitivity for steady-state inactivation and
some form of coupling between activation and steady-
state inactivation, since L86OF differentially affects both
activation and steady-state inactivation parameters. The
s. curve for K859Q approximately superimposes with
that of RBITA. By the same argument, this observation
suggests that the K859Q mutation may also alter the
coupling between activation and steady-state inacti-
vation (with a —80 mV change in midpoint from the
F(V) curve to the s.. curve, as compared to a —60 mV
midpoint shift for RBI[A), but to a lesser extent than
L860F (with a —90 mV change in midpoint).
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Since neither of the mutations studied here appreci-
ably alters the valence of steady-state inactivation, it
seems unlikely that IIS4 could be the voltage sensor for
steady-state inactivation. Thus, our results suggest that
interactions between the voltage sensor for activation
and that for steady-state inactivation might be linked
through 1IS4, and that this link has been altered by the
L860F mutation and to a lesser extent by K859Q.

The h.. curves (following a 5-ms prepulse) for RBIIA
and L860F approximately superimpose with midpoints
at about —80 mV. This may be coincidental, however,
since inactivation midpoints are dependent upon pre-
pulse duration [16]. Whereas the midpoint of voltage
sensitivity for RBITA shifts between the F(V) extreme
of approximately —35 mV and the steady-state extreme
of approximately —102 mV, the L860F midpoints shift
between approximately —13 mV and —111 mV (see
Table 1 and below). Therefore, the midpoints of the
RBIIA and L860F curves must necessarily coincide at
some prepulse duration. Thus, our preliminary data (not
shown) indicates that the /., curve for L860F lies to the
right of that for RBIIA with prepulse durations shorter
than 5 ms, and to the left with prepulse durations longer
than 5 ms. By contrast, the midpoint of the 4. curve
for K859Q is at about —70 mV. Although significantly
different from the RBIIA and L860F /.. midpoints, the
+10 mV shift is not unexpected. As discussed above,
K859Q voltage sensitivity undergoes a —80 mV shift
from the F(V) position to the steady-state, compared to
the —90 mV shift for L86OF.

Implications of kinetic changes imposed by mutations

We have previously reported a time-dependent transition
from a predominantly slow inactivation mode to a pre-
dominantly fast inactivation mode in wild-type Na chan-
nels [6, 9, 12, 24]. Here we extend those observations
to the present study only in so far as to note that K859Q
shows similar time-dependent changes in the relative
contribution of fast and slow inactivation rates as
RBIIA. In contrast, L860F channels have thus far only
been observed to have primarily fast inactivation kin-
etics. However, it is important to note that inactivation
of L860F channels does indeed show two well-separated
kinetic components the rates of which are comparable to
those seen in wild-type channels. Thus, both 7, and ;>
are readily apparent in L860F, the vast majority of
L860F channels inactivate via the fast pathway. We have
not observed any time-dependent transitions in the acti-
vation gating mode of L860F channels.

Only fast mode channels have been compared for the
purposes of the present study. Although the sample rate
used. to collect data did not allow very high resolution
of activation rates, the difference between 7, for K859Q
and 7, for RBITIA and L860F is substantial over a wide
range of test potentials. One interpretation of the rela-
tively 'slow kinetics of K859Q channels is that IIS4 par-
ticipates directly in channel gating and that the neutrali-
zation of a charge results in a less responsive voltage
sensor, both in terms of time and voltage dependence.
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By contrast, L860F channels activate slightly faster
than RBIIA. We only observe these differences over a
limited range of test potentials, but our resolution of acti-
vation kinetics was limited by sample rate. A higher
sample rates and/or slower kinetics (e. g. at low tempera-
tures) we might find that L860F is faster than RBIIA
and K859Q over a wider range of test potentials.

This difference between the activation kinetic effects
of K859Q as opposed to L860F could suggest that the
two mutations might influence activation gating in dif-
ferent ways: K859Q through direct alteration of IIS4
voltage sensitivity and L860F through indirect interac-
tions with other gating segments (e.g. IS4). The rela-
tively small increase in activation rate by L860F, and
the limited test potential range over which its affect was
visible does not provide a particularly strong case for
this argument. However, additional data at higher sample
rates should clarify this hypothesis.

All the channel types studied here show two well-
separated and distinguishable rates of inactivation. The
apparent slowing of both 7, and 7,,, in K859Q relative
to RBITA and L860F can be largely accounted for by the
corresponding decrease in its activation rate. Thus, both
Ty, and 7y, seem to represent different forms of fast inac-
tivation whose voltage dependence and kinetics may be
expected to follow that of activation.

Conclusions

How can an apparently neutral mutation shift the F(V)
curve 20 mV in the depolarizing direction, the s., curve
in the hyperpolarizing direction, and increase the rates
of activation and fast inactivation ? How can another mu-
tation similarly shift the F(V) curve 20 mV in the depol-
arizing direction, yet not affect the s.. curve and actually
decrease activation and inactivation rates ? The dual and
disparate effects of L86OF and K859Q on the voltage
sensitivities of activation and inactivation suggest that
I1S4 might be both a voltage sensor for activation and
be linked to the voltage sensitive components that con-
trol slow inactivation. This is a profound set of effects
and could explain previous observations that L860F ex-
pression is typically lower than RBIIA [5], since those
studies assessed L86OF from a holding potential of
—100 mV, at which well over half the channels would
be slow inactivated and thus unavailable for opening.
The range of effects we see on kinetics and voltage
sensitivity points to independent control of the param-
eters at the structural level. In a system of first order
reactions, the midpoint is determined by relative well-
depth, valence is determined by particle charge, and re-
action rate is determined by barrier height. Our present
findings suggest that these reaction parameters may be
manipulated in complex ways via mutations of a single
residue. It seems unlikely that different S4 segments are
voltage sensors for single, identifiable, physiological
parameters. Rather the S4 segments represent a com-
plexly coupled system of voltage sensitive elements (see
also [5, 16, 21]). Thus we speculate that physiologically
identifiable parameters derive from the interactive

properties of many structural components in the Na
channel protein.
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