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Abstract

Na channels inactivate quickly after opening, and the very highly positively charged cytoplasmic linking region between
homologous domains IIT and IV of the channel molecule acts as the inactivation gate. To test the hypothesis that the charged
residues in the domain III to domain IV linker have a role in channel function, we measured currents through wild-type and
two mutant skeletal muscle Na channels expressed in Xenopus oocytes, each lacking two or three charged residues in the
inactivation gate. Microscopic current measures showed that removing charges hastened activation and inactivation.
Macroscopic current measures showed that removing charges altered the voltage dependence of inactivation, suggesting less
coupling of the inactivation and activation processes. Reduced intracellular ionic strength shifted the midpoint of equilibrium
activation gating to a greater extent, and shifted the midpoint of equilibrium inactivation gating to a lesser extent in the
mutant channels. The results allow the possibility that an electrostatic mechanism contributes to the role of charged residues

in Na channel inactivation gating. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

After opening, Na channels quickly close during
depolarizing stimuli. Hodgkin and Huxley observed
that the rates at which Na channels activate and
inactivate both depend on membrane voltage [9,10].
They envisioned activation and inactivation as sepa-
rate and independent voltage-dependent conforma-
tional changes each following first order kinetics. In
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this regard, the Hodgkin-Huxley model fails to ac-
count for later findings that inactivation is delayed
relative to activation, that no inactivation gating cur-
rents could be recorded, and that once activation has
occurred inactivation is uniformly fast and voltage-
independent in single channel recordings for most
isoforms (reviewed in [29]). These observations led
to the current picture of an inactivation process
that is not voltage-dependent intrinsically, but rather
acquires its voltage dependence by interactive cou-
pling with the activation process, which is highly
voltage-dependent.

Fig. 1 represents a current view of channel topol-
ogy, emphasizing the structures responsible for acti-
vation and inactivation gating. Movement of the
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positively charged S4 segments opens the activation
gates [4,16,33,41]. The inactivation gate envisioned
by Hodgkin and Huxley is the cytoplasmic linker
region between domains III and IV, and this region
is thought to swing into a position to occlude the
channel pore [34]. This mechanism is roughly homol-
ogous to the ‘ball and chain’ mechanism proposed
for N-type inactivation of K channels such as Shaker
[11].

Although the Na channel III-IV linker and the
Shaker amino terminal region share little sequence
homology, they do share the structural motif of a
hydrophobic region lying adjacent to a region with
multiple positive charges. In the Na channel III-IV
linker the hydrophobic region consists of a cluster of
three residues (isoleucine, phenylalanine, and methio-
nine), which are mandatory for fast inactivation [40].
This hydrophobic tripeptide is flanked by a number
of highly conserved positive charges. In fact, 12 of
the 53 amino acids in the III-IV linker are positively
charged and the III-IV linker sequence is highly con-
served in multiple species. In Shaker K channels both
the hydrophobic region and the charged region play
important roles, and deletions in both regions disrupt
or slow inactivation [11]. Experiments using synthetic
ball peptides to reproduce inactivation in inactiva-
tion-deficient channels demonstrate that long range
electrostatic interactions increase the association rate
of the positively charged Shaker inactivation ball
[22].

Results from mutations of the Na channel III-IV
linker suggest an important difference between K
channel and Na channel inactivation. Moorman
and co-workers replaced small groups of nearby
charged amino acids in type III brain Na channels
with neutral asparagines, and noted mixed effects
[19]. Macroscopic current decay in RNA-injected oo-
cytes was either unchanged or, surprisingly, faster for
the mutant channels. Single channel records showed
changes in parameters both of activation and inacti-
vation. Catterall and co-workers examined macro-
scopic currents through similar mutants of type IIA
brain Na channel, and saw no effects at all [30].
Currently, electrostatic interactions involving the
Na channel inactivation gate are considered unim-
portant [27], and recent investigations have concen-
trated on the role of hydrophobic interactions in Na
channel inactivation gating [15].

We have reexamined the possible role of positively
charged residues in the III-IV linker in Na channel
gating. We used site-directed mutagenesis to reduce
charge in the III-IV linker, and we measured micro-
scopic and macroscopic currents through oocyte-ex-
pressed channels using patch clamp and cut-open
oocyte voltage clamp techniques. We have used an
approach described by O’Leary and co-workers to
diagnose reduced coupling of the activation and in-
activation processes [27]. That is, we determined the
effect of a channel mutation on the voltage depen-
dence of the inactivation t, using Hodgkin-Huxley
analysis, and we allow the possibility that the mu-
tated residue is involved in the physical coupling of
the two processes if the voltage dependence of Ty is
altered. Despite the acknowledged shortcomings of
the Hodgkin-Huxley model, we have found this ap-
proach useful in comparing the gating of wild-type
and mutant channels.

2. Materials and methods
2.1. Molecular clones

We used the rat skeletal muscle ul Na channel,
and mutations were made as previously described
[21]. To construct the KK 1317/1318 NN mutation,
we employed a 55-mer with three base changes using
a technique described by Kunkel [17]. The nucleotide
mutation resulting in the amino acid changes was
AAG AAG 4398-4403 AAC AAC. To select mu-
tants, we simultaneously disabled a HindIIl site at
bp 44014406 with the nucleotide mutation G 4403
C. To construct the KKK 1322/23/26 NNN muta-
tion, we employed a 60-mer with four base changes.
The nucleotide mutations resulting in the amino acid
changes were AAG AAG 4413-4418 AAT AAT and
AAG 44254427 AAC. To select mutations, we em-
ployed a fourth base change to introduce a new silent
BamHI site by the mutation C 4409 A. All mutations
were confirmed by DNA sequencing.

2.2. Oocyte injection
Our methods for oocyte isolation, RNA injection,

incubation, and preparation for electrophysiological
experiments have been described previously [6,21].
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2.3. Patch clamp

Patch clamp electrodes were pulled from capillary
glass (Corning 7052) in two stages (Sutter) and heat-
polished. The extracellular solution consisted of
NaCl 150 mM, KCl 5.4 mM, CaCl, 1.8 mM, MgCl,
2 mM, glucose 10 mM, HEPES 10 mM (pH 7.4).
The bath solutions, which served as the intracellular
solution once the patches were excised, contained K-
aspartate 150 (normal ionic strength) or 15 mM (re-
duced ionic strength), EGTA 10 mM, and HEPES
10 mM (pH 7.4, KOH). A second solution with re-
duced ionic strength used Cl as the anion. Mannitol
was added to the reduced ionic strength solutions to
an osmolarity matching the 150 mM K-aspartate so-
lution (300-310 mOsm). Solutions were perfused at a
rate of 2-3 ml/min through the 0.5 ml chamber, and
were switched using a solenoid device near the cham-
ber. The analog signal was low-pass filtered at 2 kHz
(—3 dB) by an Axopatch 200 amplifier (Axon Instru-
ments), then digitized at 20 kHz at 12 bit resolution
in pPCLAMP.

Cell-attached and excised inside-out patches of
mRNA-injected oocytes were obtained at room tem-
perature using conventional means. Capacitance and
leak currents were corrected by subtracting the mean
of traces without channel activity. Openings were
detected using a d//dr algorithm [37]. The number
of channels was taken to be the maximum number
of overlapping events at strong depolarization.

2.4. Cut-open clamp

The cut-open oocyte clamp method has been pre-
viously described [31,35]. Briefly, defolliculated oo-
cytes were placed in a hole in the floor of a lower
perspex chamber, and a Vaseline rim was placed be-
tween the oocyte membrane and the edge of the hole.
An upper chamber was then positioned so that a
second hole corresponded to the upper pole of the
oocyte with a second vaseline rim along the edge of
the hole. This established three electrically independ-
ent compartments with different functions: (a) top
pool, which isolated a portion (approx. 25%) of the
oocyte membrane; (b) middle pool, for connection to
an electronic guard shield; and (c) lower pool, for
current injection and access to the oocyte interior.
Membrane potential was monitored with a 3 M

KCI microelectrode. The lower oocyte membrane
was permeabilized by superfusing the intracellular
solution with saponin 0.1-0.5%. During saponin
superfusion, a square wave potential was applied
across the oocyte membrane and the I, signal ca-
pacitative transient was monitored. The lower pool
solution was switched to saponin-free intracellular
solution when a slow component of the capacitance
current appeared. The solution of the middle and
lower pools consisted of KCI 120 mM, EGTA
10 mM, HEPES 10 mM (pH 7.4). The solution of
the upper pool consisted of NaCl 100 mM, KCI
5 mM, MgCl, 1 mM, CaCl, 2 mM, dextrose
10 mM, HEPES 10 mM (pH 7.4). All experiments
were performed at room temperature. The current
signal was amplified (1 mV/nA, CA-1 oocyte clamp,
Dagan Corporation), filtered at 1 kHz (—3 dB,
4-pole low-pass Bessel filter, Dagan), and sampled
at 33 kHz (pCLAMP, Axon Instruments). Current
records were analyzed using commercial programs
(Origin, Microcal; Clampfit, Axon; Excel, Micro-
soft).

2.4.1. Voltage protocols: equilibrium inactivation and
activation

Na currents were elicited by step depolarizations
from a holding potential of —120 to test potentials of
—50 to 40 mV in 5 mV increments for 30 ms. Cur-
rents were corrected for passive components of ca-
pacitance and leak currents using a P/n scheme. Each
family of corrected current traces was normalized so
that the largest current amplitude was 1.0. Normal-
ized currents from multiple experiments were aver-
aged, and the averages were used to construct the
current-voltage relationship, the equilibrium activa-
tion relationship, and to estimate the time course
of current decay.

Equilibrium inactivation was determined using a
two-pulse protocol. From a holding potential of
—120 mV, a first pulse of varying potential between
—110 and 45 mV was delivered for 0.2-1 s. This
resulted in inactivation of some proportion of Na
channels. The second pulse, to a test potential at
or beyond the peak of the IV relationship for
40 ms, was delivered immediately thereafter, and as-
sayed the number of Na channels that did not inac-
tivate. For each oocyte, currents during the second
pulse were normalized so that the largest was 1.0,
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and results from multiple experiments were aver-
aged.

2.4.2. Voltage protocols: recovery from inactivation

Recovery from inactivation was determined using
a two-pulse protocol. The first pulse was from a
holding potential of —120 mV to a test potential of
10 mV for 100 ms. This depolarization activated and
then inactivated most or all Na channels. After a
varying time, a 20 ms pulse to 10 mV was used to
assay the proportion of Na channels that had recov-
ered from inactivation. Currents were corrected for
passive components of capacitance and leak by sub-
tracting the trace generated at the shortest recovery
time, which elicited little or no active Na current.
For each oocyte, current amplitudes during this test
pulse were normalized so that the largest current
when the conditioning potential was —120 was 1.0.
The experiment was repeated at conditioning poten-
tials from —120 mV to —80 mV, and results from
multiple experiments at the same conditioning poten-
tial were averaged.

2.4.3. Voltage protocols: development of inactivation

This was also determined by a two-pulse protocol.
The holding potential was —120 mV. The first pulse
was of varying duration, and of varying potential
from —70 mV to —30 mV. To reset the activation
gates without affecting inactivation gating, the mem-
brane potential was returned to —100 mV for 1 ms
before the second pulse. The second pulse was to 10
mV for 20 ms. Currents were corrected for passive
components of capacitance and leak by subtracting
the trace generated with the longest conditioning po-
tential of —70 mV, which generated little or no active
Na current. The amplitude of the current during the
second pulse was normalized so that the largest was
1.0. Results from multiple experiments at the same
first pulse potential were averaged.

2.5. Analysis of single channel dwell times

Frequency histograms of open times and closed
times were described with single or sum of two ex-
ponentials functions optimized by a maximum like-
lihood procedure [37]. The sum of two exponentials
model was used if the difference in log likelihood
compared with the single exponential function ex-

ceeded 5. Since channels exhibited bursting behavior,
closed time histograms displayed two populations
with average dwell times of 1-2 ms and 10-20 ms.
We interpreted the short closed times to be closures
within bursts and the long closed times to be closures
between bursts. We assigned a critical cut-off closed
time using the method of Colquhoun and Sakmann
[5] that results in equal proportions of errors in as-
signing closures to within or in-between bursts. The
estimated proportion of mis-assignments was 5-20%.
Frequencies of histograms of the resulting burst du-
rations were described by single or sum of two ex-
ponentials functions, allowing estimation of the pro-
portion of short bursts (usually single openings) and
long bursts.

Plots of the cumulative probability of the first
opening were described with single or sum of two
exponentials functions optimized by a maximum
likelihood procedure. The exponential factors were
used to calculate the time to half of traces with ac-
tivity having the first opening. Both this value and
the probability of traces with no channel activity
were corrected for the number of channels apparent
during depolarizations to 0 mV using the method of
Horn and co-workers [3]. The average number of
wild-type or mutant channels was 2.1-2.5.

2.6. Statistical analysis

2.6.1. Expected values of dwell time and first latency
histograms
We represented open time, burst duration and first
latency as expected values of exponential functions.
Observed frequency histograms of open time and
burst duration were described by single or sums of
two exponentials functions. Expected values for open
time and burst duration were calculated by integrat-
ing the fits. First latency distributions were corrected
for the number of channels in the patch, which we
estimated from the maximum number of overlapping
levels at strong depolarizations. We fit the observed
first latency distribution to a sum of two exponen-
tials function. Let

t t
ﬂ(t) =Aie Ti+ Ae T2
be the probability distribution function for the first
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latency among N channels and let
t t

t I
FL(t):/ﬂ(x)dx:I— Aitie T+ Aympe ©2
0

be its cumulative probability function. Let p(¢) and
P(r) denote respectively the probability density func-
tion and cumulative probability for a single channel.
The probability that none of them will have been
activated by a time 7 is (1—P(¢))", so the probability
that at least one of them has been activated is
1—(1—P(t))N =FL(f). To calculate the expected
time of activation for a single channel we need p(z).
Since

1

P(t) = 1—(1—FL(z))N
it follows that
_d(P(r)) _ 11(2)

—1
2= 1-FL()N

Thus the expected time of activation for a single
channel is given by

t t

e} 1 e} [ JE—
/ tp(t)zﬁ/ t| Aie T1 + Aye T2
0 0

t t 1
I—| Ai1t1e Tt + ArTre T2 N dr

2.6.2. Non-parametric multivariate analysis

To test the hypothesis that these mutations altered
channel gating, we measured multiple single channel
kinetic parameters in three channel types at three test
potentials. Usually, differences between channel ki-
netic parameters are tested individually for statistical
significance. If we considered just two kinetic param-
eters of activation gating, for example, we might thus
employ (2)(3)(3) or 18 statistical tests. A potential
problem with multiple comparisons is an increased
likelihood of type I error, rejecting the null hypoth-
esis when it is in fact true. For example, if a signifi-
cant difference is concluded for P <<0.05, then the
probability that 18 independent comparisons will

yield at least one falsely significant difference is 1-
0.95'%, or 0.60. The probability of two or more
falsely significant differences (from the binomial dis-
tribution) is 0.27. One corrective approach is to ad-
just the critical value of o from 0.05 to 0.05/n where
n is the number of tests performed or parameters
compared. Loss of power is a major disadvantage
of this approach.

We sought a single statistical test that would de-
termine the significance of the differences in gating as
measured by multiple parameters among the channel
types and voltages. We used a non-parametric multi-
variate analysis [26]. This is of particular use when
the number of measured parameters is large relative
to the number of samples, the data are not normally
distributed, and prior knowledge allows interpreta-
tion of directional trends in the parameter values.
The procedure is to assign ranks, adjusted for ties,
to a measured parameter for all channel types at a
single voltage. For example, rank the mean open
times for the three channels for each patch experi-
ment at —40 mV. Repeat the ranking procedure for
open times at the other voltages, and for other single
channel parameters of interest. Now sum the ranks
for each patch. The sum represents the combined
information on gating from multiple kinds of mea-
surements. These data can be tested by one-way
ANOVA if the question is whether the channels dif-
fer at any one voltage. Since we had data from three
voltages, we extended the technique to two-way
ANOVA to yield an approximation of the P-value.

2.6.3. Limitations

Measurements from the same patch at different
voltages are included. This is advisable only if the
measurements are not influenced by the history of
the experiment. We do not know whether gating at
one voltage is influenced by prior depolarizations to
other voltages, and allowing replication may limit
these particular results. For this work, we operation-
ally defined fast activation as short first latency and
few traces without openings, and we defined fast in-
activation as short open time and short burst dura-
tion. This selection is arbitrary, but the general meth-
od should be applicable to evaluation of models of
single channel gating in which unambiguous predic-
tion of the behavior of groups of kinetic parameters
is possible.
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Fig. 1. Na channel topology and molecular clones used in the study. Four heterologous domains, each consisting of six transmem-
brane segments, are connected by cytoplasmic linkers. A proposed folding scheme is shown on the left, and the result is a transmem-
brane structure surrounding an aqueous pore through which sodium ions permeate. The focus of this work is the cytoplasmic linker
region between domains III and IV. The three amino acid sequences on the right are from the 53 highly conserved amino acids of the
linker. The first set is the wild-type sequence; the second is the KK 1317/18 NN mutant sequence; the third is the KKK 1322/23/26
NNN mutant sequence. Ks are positively charged lysine residues and Ns are the uncharged but otherwise conservative substitute as-
paragines.

A B

wild-type plus B-subunit

Fig. 2. Macroscopic current decay is faster through mutant Na channels. (A-D) Families of Na currents in RNA-injected oocytes elic-
ited from a holding potential of —100 mV to test potentials from —50 to 50 mV in 5 mV increments using the excised inside-out
patch clamp technique. Data are from one oocyte in each panel. Current amplitudes have been normalized. Note that current decay is
faster for the mutant channels.
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Fig. 3. Representative single Na channel currents in cell-attached patches at —20 mV. Shown are five consecutive single channel re-
cordings produced by 100 ms depolarizations from a holding potential of —100 mV to a test potential of —20 mV in cell-attached
patches from oocytes expressing wild-type, KK 1317/18 NN, and KKK 1322/23/26 NNN channels. The scale bars are 5 ms and 2 pA.
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Fig. 4. Effect of K to N substitutions on channel dwell times and first latencies. Representative open time histograms (A), burst dura-
tion histograms (B), and first latency distributions (C) are shown for wild-type pul, KK 1317/18 NN, and KKK 1322/23/26 NNN
channels at a test potential of 0 mV. Both mutant channels have fewer long openings or long bursts (A,B). KKK1322/23/26 NNN
channels also had shorter first latencies (C).
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3. Results

3.1. Do mutant KK 1317/18 NN and KKK 1322/23/26
NNN channels have altered activation and
inactivation kinetics?: macroscopic currents in
cell-attached patches

Fig. 1 shows the wild-type sequence (top) and the
two mutant sequences KK 1317/18 NN (middle) and
KKK 1322/23/26 NNN (bottom). The effect of each
is to reduce positive charge near the conserved serine
that is a PKC phosphorylation site (circled) [23,39].
Fig. 2 shows currents through wild-type and mutant
Na channels in exemplary excised inside-out patches.
An obvious difference is the more rapid decay of
currents through mutant KK 1317/18 NN and
KKK 1322/23/26 NNN channels. Fig. 2A shows
the anomalously slow decay of currents through

Table 1
Single channel gating analysis

channels comprised of o-subunits alone, and Fig.
2B shows the effect of co-expressed B-subunit to
speed decay. Both kinds of mutant channels showed
faster decay kinetics (Fig. 2C,D), similar to the mu-
tations of the type III rat brain Na channel [19] and
the deletion of the nearby KPQ sequence of cardiac
Na channels in one variant of the long QT syndrome

[1].

3.2. Do mutant KK 1317/18 NN and KKK 1322/23/26
NNN channels have altered activation and
inactivation kinetics?: microscopic currents in
cell-attached patches

Single channel analysis of the type III rat brain
mutant channels showed alterations in both activa-
tion and inactivation gating [19]. Fig. 3 shows repre-
sentative current recordings during depolarizations

Open time (ms)

—40 mV —20 mV 0 mV
Wild-type 0.57%£0.09 0.88%+0.1 1.02+0.2
KK 1317/18 NN 0.77+0.1 0.84£0.08 0.66 £ 0.04
KKK 1322/23/26 NNN 0.75+0.1 0.40£0.05 0.49£0.08

Burst duration (ms)

—40 mV —20 mV 0 mV
Wild-type 0.89%0.1 1.99+0.2 3.23%£0.7
KK 1317/18 NN 1.40+0.2 1.65+£0.2 1.16+0.1
KKK 1322/23/26 NNN 0.87+£0.3 1.69+£04 1.82%0.6

Expected first latency (ms)

—40 mV —20 mV 0 mV
Wild-type 414x1.6 28.1%1.1 37.6£1.8
KK 1317/18 NN 50.3+1.7 322+1.2 38.1+1.3
KKK 1322/23/26 NNN 33.2+23 29.6%1.0 13.4%1.6

Proportion of null traces

—40 mV —20 mV 0 mV
Wild-type 0.78 £0.01 0.47+0.01 0.39+0.01
KK 1317/18 NN 0.59+0.01 0.32£0.008 0.37£0.01
KKK 1322/23/26 NNN 0.48 £0.04 0.32£0.009 0.23+£0.01

Parameters were derived from multiple patches as described in the text. For wild-type channels, 16 patches were studied at —40 mV,
19 patches at —20 mV and 14 patches at 0 mV. For KK 1317/18 NN channels respectively 21, 25 and 17 patches were studied at
each potential and for KKK 1322/23/26 NNN channels respectively 14, 15 and 14 patches were studied at each potential. 100 sweeps
were analyzed for each patch. The numbers of wild-type channels (mean, S.E.) per patch were 2.2, 0.3 (0 mV), 2.2, 0.3 (—20 mV) and
2.2, 0.3 (—40 mV). The numbers of KK 1317/18 NN channels per patch were 2.4, 0.4 (0 mV), 2.4, 0.4 (=20 mV) and 2.60, 0.3 (—40
mV). The numbers of KKK 1322/23/26 NNN channels per patch were 2.2, 0.2 (0 mV), 2.2, 0.2 (=20 mV) and 2.2, 0.2 (=40 mV).
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to a test potential of —20 mV for wild-type pul, KK
1317/18 NN, and KKK 1322/23/26 NNN channels.
Qualitatively, the mutations produced mixed single
channel effects. Records from mutant channels had
fewer null traces and fewer late openings, and these
findings were more apparent in the KKK 1322/23/26
NNN mutant channels.

For quantitative analysis, we measured multiple
single channel kinetic parameters in the three channel
types at three test potentials. Fig. 4 shows represen-
tative dwell time histograms and first latency distri-
butions for the channels at a test potential of 0 mV.
The histograms were fit to a sum of two exponentials
function. We used the exponential fits to calculate
expected values for open time, burst duration, and
first latency. Values were corrected for the estimated
number of channels in each patch. Table 1 lists the
expected values for open time, burst duration, and
first latency as well as the proportion of null traces.
The mutations had effects on both activation and
inactivation parameters. First, both open time and

Activation Gating

omVv

KKK1322/23/26NNN
KK1317/18NN |
wT

-20 mvV
KKK1322/23/26NNN
KK1317/18NN
WT

-40 mV
KKK1322/23/26NNN
KK1317/18NN
WT

T T T T
300 200 100 0
<—— Slower Faster —=

Sum of Ranks (first latency and proportion of null traces)
Fig. 5. Box plots of multivariate rank sum analysis of activa-
tion gating. The data symbols are the sum of ranks for first la-
tency and proportion of nulls. In the box plot symbol, the en-
closed vertical line is the median, the box encloses 50% and the
hatches enclose 80% of the data points. Boxes to the right re-
flect faster channel activation gating. Data represent measure-
ments from 13-25 patches, 100 sweeps/patch. The major finding
is that KKK 1322/23/26 NNN channels have faster activation
gating than wild-type or KK 1317/18 NN channels at 0 mV.

Inactivation Gating

omVv
KKK1322/23/26NNN

KK1317/18NN
WT

20 mVv
KKK1322/23/26NNN
KK1317/18NN
WT

-40 mV
KKK1322/23/26NNN
KK1317/18NN
WT

T T T T T
500 400 300 200 100 0

< Slower Faster —=

Sum of Ranks (first latency and proportion of null traces)
Fig. 6. Box plots of multivariate rank sum analysis of inactiva-
tion gating. The data symbols are the sum of ranks for open
time and burst duration. Boxes to the right reflect faster chan-
nel inactivation gating. Data represent measurements from 13-
25 patches, 100 sweeps/patch. The major findings are (1) KKK
1322/23/26 NNN channels have faster inactivation gating than
wild-type or KK 1317/18 NN channels at test potentials of —20
and 0 mV and (2) KK 1317/18 NN channels have faster inacti-
vation gating than wild-type at test potential 0 mV.

burst duration were shorter for the mutants at strong
depolarizations, especially for KKK 1322/23/26
NNN. Second, first latency of the KKK 1322/23/26
NNN mutant at a test potential of 0 mV was dra-
matically shorter than for the other channels. Third,
the proportion of null traces was reduced for the
mutant channels.

Box plots of the sums of ranks for each channel at
the three test potentials are shown in Fig. 5 for the
activation parameters and in Fig. 6 for the inactiva-
tion parameters. To maximize the statistical power of
multiple measurements and at the same time avoid
type 1 error, we employed a non-parametric multi-
variate analysis that minimized the number of statis-
tical comparisons [26]. At a test potential of 0 mV,
the KKK 1322/23/26 NNN mutation accelerated
both activation and inactivation gating, and the
KK 1317/18 NN mutation accelerated inactivation
gating. At test potentials of —20 and —40 mV, the
differences were progressively less marked. Overall,
two way ANOVA indicated significantly faster acti-
vation and inactivation gating for the KKK 1322/23/
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26 NNN mutant compared to the other two channels
(P<0.001 for activation gating and P=0.003 for
inactivation gating). The effects were voltage-depen-
dent with least difference at —40 mV and increasing
effect at the stronger depolarizations.

3.3. Do mutant KK 1317/18 NN and KKK 1322/23/26
NNN channels have altered activation and
inactivation kinetics?: macroscopic currents in
cut-open oocytes

Fig. 7A-C show families of Na currents during
depolarizing steps in cut-open oocytes expressing
wild-type and mutant Na channels. Fig. 7D shows
the initiation of superimposed currents at a test po-
tential of —10 mV. The current amplitudes have been

J.R. Miller et al.| Biochimica et Biophysica Acta 1509 (2000) 275-291

normalized to emphasize the large difference in decay
kinetics, which were quantified using sums of two
exponentials functions. The current through mutant
KK 1317/18 NN channels had a fast T of 1.5 ms
accounting for 87% of the initial amplitude com-
pared with 2.6 ms and 72% for the current through
wild-type channels. The current through mutant
KKK 1322/23/26 NNN channels decayed faster still,
with a time constant of 0.90 ms accounting for 96%
of the initial amplitude. Since activation is rapid (es-
pecially in the KKK 1322/23/26 NNN channels) and
complete or nearly complete at this test potential,
these faster time constants can be interpreted as es-
timates of the rate of fast inactivation. These fast
decay ts are shown as a function of voltage in Fig.
7E. Currents through mutant channels decayed more

D
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Fig. 7. Families of Na currents in RNA-injected Xenopus oocytes elicited from a holding potential of —100 mV to test potentials
from —50 to 50 mV in 5 mV increments using cut-open oocyte voltage clamp technique. Averages of 15-25 recordings; current ampli-
tudes have been normalized. (D) Superimposition of initial normalized currents on an expanded time scale at a test potential of
—10 mV. (E) The decay phases of macroscopic currents were fit with a sum of two exponentials model:

I, =Ay+ Alexp(—l/ﬁ) + AzeXp(—l‘/Tz)
The fast decay T as a function of voltage is shown as panel E.
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quickly and, whereas currents through wild-type
channels decayed more quickly with larger depolari-
zations, the decay kinetics for the mutant channels
were independent of voltage.

The finding of more rapid decay of Na channels
with K to N mutations in the inactivation gate are in
agreement with earlier findings for the type III rat
brain Na channel analog of the KKK 1322/23/26
NNN mutation [19]. In that study, no currents could
be measured in oocytes injected with the analog of
the KK 1317/18 NN mutant channel RNA. These
large differences in decay kinetics suggest that
charged residues play a role in Na channel inactiva-
tion gating, and we proceeded to measure equilibri-
um gating properties and inactivation time constants
across a wider voltage range.

3.4. Equilibrium properties were different for mutant
channels

Fig. 8A shows the current-voltage relationships,
and Fig. 8B shows the equilibrium activation and
inactivation relationships. In the latter, the smooth
lines are the fits to Boltzmann functions. The param-
eters are given in Table 2. The slope factors for all
three kinds of channels are very similar, suggesting
that the voltage sensitivity of equilibrium gating
properties is not changed by the charge-reducing mu-
tations. The midpoints, however, are different. The
midpoint of the equilibrium inactivation relationship
for the KKK 1322/23/26 NNN channels was shifted
about 10 mV in the hyperpolarizing direction while
that of the KK 1317/18 NN channels was shifted
about 2.5 mV in the depolarizing direction. By
two-way ANOVA of the available peak currents be-
tween conditioning potentials of —90 and —50 mV,

A | (normalized)

—O— wild-type
—A— KK 1317/18 NN
—w— KKK 1322/23/26 NNN

1.004

0.75+

max

0.50+

GIG

0.25

4100 -80

Voltage (mV)
Fig. 8. Equilibrium properties of activation and inactivation.
(A) Peak current-voltage relationships. (B) Equilibrium inactiva-
tion and activation relationships. The smooth lines are Boltz-
mann functions of the form

G 1

Gmax V—=Vos

1+ 2
where Vs is the voltage at which half the channels are acti-
vated or inactivated at equilibrium, and k is a slope factor
equal to RT/zF where z is the number of charges that move
during the conformational transition. Data points are the aver-
age of 15-25 recordings; bars are S.E.M.

Table 2
Equilibrium parameters of Na channel gating in cut-open oocytes

Inactivation Activation

V0_5 (mV) k n V()45 (mV) k n
Wild-type —61.59+1.32 —7.50%+0.68 9 —23.65+0.32 6.1£0.08 17
KK 1317/18 NN —5897+1.14 —6.91+0.42 6 —19.20+0.312 6.42+0.07 15
KKK 1322/23/26 NNN —70.39+0.39* —6.9%0.21 14 —16.60+0.14* 5.65%0.03 25

Values of G/Gpax from individual determinations were fit to Boltzmann functions.

4Significantly different from wild-type by ANOVA.
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the KKK 1322/23/26 NNN channels were signifi-
cantly different from the other two.

Both kinds of mutant channels showed a depola-
rizing shift of the midpoint of the equilibrium acti-
vation relationship, by about 4.5 mV for KK 1317/18
NN channels and by about 7 mV for KKK 1322/23/
26 NNN channels. By two-way ANOVA of the peak
currents between test potentials of —40 and —5 mV,
each channel was significantly different from the oth-
er two. One interpretation of these findings is that
the voltage sensor of each channel detects a different
electrical field strength. Specifically, the rightward
shift of the equilibrium activation relationship is
compatible with the idea that the voltage sensors of
the mutant channels sense less positive charge.
Stuhmer and co-workers [33] suggested that the mid-
point of the equilibrium activation relationship is a
gauge of the electrical field sensed by the voltage-
sensing S4 segments. In their work, a finding of a
shift to depolarized potentials reflects a reduction
in the positive charge near the intracellular face of
the voltage sensor. Our results might be similarly
explained if this charged region of the III-IV linker
is within the electrical field of the voltage-sensing S4
segments. This is re-addressed below in the descrip-
tion of experiments where the ionic strength of the
intracellular solution was varied.

3.5. The voltage dependence of inactivation was
altered in the mutant channels

To determine the voltage dependence of inactiva-
tion across a wide range of potentials, we measured
the time courses of recovery from and development
of inactivation in cut-open oocytes and fit the aver-
aged data to sums of exponentials function. We
called the fast time constants T, and 1., respectively,
and refer to them together as t,. Fig. 9 shows inac-
tivation kinetics (T, open and T, crossed symbols)
and equilibrium values (filled symbols) as a function
of voltage for wild-type (Fig. 9A), KK 1317/18 NN
(Fig. 9B) and KKK 1322/23/26 NNN (Fig. 9C) chan-
nels. Inactivation kinetics were consistently faster at
all voltages in the mutant channels. We examined
these relationships for evidence of uncoupling of
the processes of activation and inactivation. The tests
we applied were (1) measuring the dynamic range of
Th, Where reduced range signifies reduced voltage de-

A 10.0 1.00
i 0.75
7.5 G/Gmax
~40.50
T, 50
2.54 40.25
-1 '20 -1 '00 -éO -éO -4;0 -2|0 0
B ... KK 1317/18 NN 1.00
754 0.75
GIG,,
504 {0.50
Th
2.5 40.25
AN
1|20 100 80 -éO -40 20 0
C oo KKK 1322/23/26 NNN 1.00
754 0.75
GlG,
5.0 0.50
Th
2.5 0.25
AvA

420 100 -80 60 40 20 0
Voltage (mV)

Fig. 9. Equilibrium and kinetic properties of inactivation. Each
plot shows the averaged /. data from Fig. 8 (filled symbols),
Tree (Open symbols), and 1. (crossed symbols) for wild-type (A),
KK 1317/18 NN (B), and KKK 1322/23/26 NNN (C) Na chan-
nels. Inactivation 1, was faster at all potentials for both mu-
tants. The smooth lines are fits to:

O(h(V)

steady — state inactivation = ————————
Y an(V) + Br(V)

1

T (V) + Ba(V)

on (V) = adexp—(z—8z)FV/RT

Bu(V) = Brexp(8z)FV /RT

where 8 is a factor of asymmetry that gives the fractional influ-
ence of V on the gating particle, z is the equivalent charge of
the gating particle, and F/RT =0.04 mV. Values of o, B, 8, and
z were determined by minimization of squared errors (Excel,
Microsoft).
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pendence, and (2) estimating the goodness of fit of
Hodgkin-Huxley theory to the results, where a poor
fit signifies a departure from the assumption that a
single conformational transition underlies the inacti-
vation process [27].

First, we observed reduced voltage dependence of
1, for the mutant channels. T, varied within a smaller
dynamic range for KK 1317/18 NN (about 18-fold)
and KKK 1322/23/26 NNN (about 16-fold) channels
compared with wild-type (about 30-fold).

Second, we fit the data to the Hodgkin-Huxley
model. A central assumption in using this model to
interpret these kinds of data is that the rate-limiting
step in Na channel inactivation is a single conforma-
tional transition that follows first order kinetics. If
that assumption does not hold, then plots of inacti-
vation kinetics at equilibrium as a function of volt-
age will not be fit by Hodgkin-Huxley equations [27].

The results are shown as smooth lines in Fig. 9. To
determine the goodness of fits to theory, we calcu-

A
wild-type
1.0
g
Q
O
0.5
® reduced Cl
0.0
-120 -80 -40 0 40
C
KK 1317/18 NN
1.0
g
9
)
0.5
0.04
420 80 -40 0 40

® full ionic strength
O reduced Asp

lated > for ten values of T, in each plot. The values
were 0.22 (wild-type), 3.45 (KK 1317/18 NN) and
2.44 (KKK 1322/23/26 NNN). For 8 degrees of free-
dom, the two-tailed probabilities that the fits are due
to chance are <0.0005, 0.10 and <0.05, respec-
tively. Hence the wild-type data were substantially
better fit by theory than either of the mutants, and
KK 1317/18 NN channels were not fit at all.

3.6. Could electrostatic changes contribute to the
gating effects?: macroscopic currents in excised
inside-out patches

The findings above demonstrated that neutraliza-
tion of positively charged residues altered activation
and inactivation gating, and the coupling of inacti-
vation to activation. The shift of the equilibrium ac-
tivation relationship for the mutant channels allowed
the possibility of an electrostatic mechanism. We fur-
ther tested the possibility of an electrostatic interac-

B
wild-type + B-subunit

max

G/IG

1.0

X

G/G

0.5

0.0

-120 -80 40 0 40

Voltage (mV)
Fig. 10. Reducing ionic strength alters equilibrium properties of activation and inactivation. Equilibrium inactivation and activation
relationships in full ionic strength (closed symbols) and reduced ionic strength (open symbols) solutions for wild-type (A), KK 1317/
18 NN (B), and KKK 1322/23/26 NNN (C) channels. The smooth lines are Boltzmann functions. Data points are the mean of 5-15
patches with macroscopic current; bars are S.E.M. The changes were readily reversible and could be demonstrated repeatedly in the
same patch. Full ionic strength solutions contained 150 mM aspartate. Low ionic strength solutions contained 15 mM aspartate or 15

mM CI.
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Table 3
Equilibrium gating parameters in excised patches

Full ionic strength

Reduced ionic strength (Asp)

Reduced ionic strength (Cl)

Vos (mV) k n Vos (mV) k n Vo5 (mV) k n
Inactivation
Wild-type —58.2%2.1 —9.0%£03 13 —46.7%£2.5%* —8.7£0.3 6 —452%2.6 9.310.3 8
Wild-type plus B-subunit —89.2+22* —57+04 6 —77.1x£32%** —-53+0.3 6
KK 1317/18 NN —59.2+3.1 —7.7£03 14 —46.5%£3.0%* —8.3%0.5 8 —50.3%£3.5 8.4+0.3 7
KKK 1322/23/26 NNN  —74.6+£1.9* —9.1£024 12 —633%x38%** —10.6+0.8 6 —679%19 103+12 6
Activation
Wild-type —20.0+2.0 5.6%0.3 12 —14.2%£0.8*%* 52104 6 —1.7£28** 59+07 5
Wild-type plus B-subunit —21.5+1.4 7.6£0.2 13 —11.2%1.1%* 6.610.4 8
KK 1317/18 NN —16.1+x1.7* 57102 13 —54£3.0%** 53+0.2 6 0.1£2.5%* 54+0.7 5
KKK 1322/23/26 NNN  —13.7+1.2* 6.0£0.2 15 6.5+ 1.7%%** 47104 9 —2.1x3.7**  63%0.7 5

Values of G/Gpax from individual determinations were fit to Boltzmann functions. Full ionic strength solutions contained 150 mM as-
partate; reduced ionic strength solutions contained 15 mM aspartate (Asp) or 15 mM CI.

*P < 0.05 for the comparison with wild-type channels by ANOVA.

**P < 0.05 for the comparison of solutions of full and reduced ionic strength by ¢-test.

tion of the III-IV linker and the voltage-sensing S4
segments by measuring equilibrium gating properties
in an intracellular solution with reduced ionic
strength. This condition reduces the number of coun-
terions available to shield the charge of amino acids
and membrane lipids. All equilibrium properties will
shift in the depolarizing direction, consistent with a
more pronounced electrical field of the now un-
shielded negatively charged regions of the channel
protein that contribute to the membrane surface po-
tential. If the charged residues involved in the muta-
tions reside within the electrical field of the voltage
sensor, then reducing ionic strength should have a
disproportionately large effect on the voltage depen-
dence of gating properties for the mutant channels.

Fig. 10 shows the equilibrium activation and inac-
tivation relationships for the wild-type and mutant
channels. In addition, we performed these experi-
ments on oocytes co-expressing wild-type o-subunits
and the brain B-subunit. The smooth lines are the fits
to Boltzmann functions, and the parameters are giv-
en in Table 3. These experiments confirmed the sig-
nificant rightward shifts of equilibrium activation for
the mutant channels noted in the cut-open oocyte
experiments (P < 0.05, two-way ANOVA). The sub-
stantial leftward shift of equilibrium inactivation for
KKK 1322/23/26 NNN was affirmed in these experi-
ments. As previously reported, co-expression of [-
subunit led to a hyperpolarizing shift of equilibrium
inactivation [12].

Fig. 10 also shows the results in intracellular solu-
tions with reduced ionic strength. The coupling be-
tween activation and inactivation leads to the ex-
pected finding of parallel shifts in equilibrium
gating, but the degree of shift differs for activation
and inactivation. For example, in wild-type channels
we found a shift in the midpoint of activation gating
from —20.0 mV to —14.2 mV, and a shift in the
midpoint of inactivation gating from —58.2 mV to
—46.7 mV under conditions of reduced ionic strength
in which Asp was the anion. The ratio of the shifts in
activation gating to inactivation gating is (—20.0-
(—14.2)) mV/(—58.2—(—46.7)) mV, or 0.5 mV/mV.
This is similar to the reported 0.7 mV/mV shift
for the cardiac hH1 Na channel isoform compared
with the skeletal muscle pl isoform [24,25,38],
and underscores the importance of the coupling
process. The important finding is that the mutant
channels showed larger changes in activation gating
relative to inactivation gating than wild-type. The
ratios were 0.8 +0.06 mV/mV for KK 1317/18 NN
channels and 1.1+ 0.06 mV/mV for KKK 1322/23/26
NNN channels. The latter was significantly different
from wild-type (P < 0.05, ANOVA). When a reduced
ionic strength solution in which CI was the anion was
used, a similar trend was observed (1.4+0.1 mV/mV
in wild-type channels, 1.8 0.2 mV/mV in KK 1317/
18 NN channels, and 1.7£0.03 mV/mV in KKK
1322/23/26 NNN channels). The difference in the re-
sults in the Asp solution compared with the CI solu-
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tion is not explained, but might relate to the differ-
ence in sizes of the anions.

4. Discussion

We have studied the effect on Na channel gating of
positively charged residues in the inactivation gate.
Our approach was to characterize gating in two mu-
tant channels with charge neutralization by aspara-
gine substitution for lysines. The major findings for
the mutant channels were (1) the time constants of
fast inactivation were faster at all potentials, (2) in-
activation was less well coupled to activation, (3) the
midpoints of equilibrium inactivation and activation
gating were shifted, and (4) reducing intracellular
ionic strength had different effects than for wild-
type channels. Overall, the findings suggest a role
for positively charged residues in the III-IV linker
in Na channel gating.

Recent studies have identified naturally occurring
and site-directed Na channel mutations that alter
activation-inactivation coupling [3,4,14,27,32,36].
These mutagenesis studies all suggest that charge dis-
placement during activation may translate through
some physical, molecular link into conformational
changes in the inactivation gating mechanism. De-
tails of the mechanism of this linkage remain unclear,
and as yet there is no compelling model that synthe-
sizes all the data. We propose a qualitative model in
which this coupling is due, at least in part, to repul-
sion of the positively charged III-IV linker and the
like-charged S4 segments.

The model is predicated on (1) the presence of S4
positive charges near the cytoplasmic face of the
channel molecule when it is closed, and (2) a reduc-
tion in this charge density after the S4 segments
move during channel opening. We speculate that
this charge density of the closed channel might serve
to repel the positively charged III-IV linker. When
the S4 segments move away during channel opening,
the charged linker is allowed to relax toward the
channel pore. This may be driven by the hydropho-
bic interactions of the IFM segment with its receptor
that lead to the inactivated state.

Several predictions follow from this model. First,
if removing positive charges from the inactivation
gate reduces electrostatic repulsion, inactivation of

the mutants should be faster at all voltages. Second,
removing charges should weaken the coupling of ac-
tivation and inactivation, and the mutant channels
should fail to be described by the Hodgkin-Huxley
model [27]. Both predictions are met, as demon-
strated in Fig. 9. Third, the inactivation gate must
lie within the electrical field of the voltage sensor,
and thus reduction of charge in the inactivation
gate should shift the midpoint of the equilibrium
activation relationship to depolarized potentials. In
both the cut-open oocyte preparation and in excised
inside-out patches with cytoplasmic solution of full
ionic strength, both mutant channels showed such
shifts. Fourth, channel gating should be sensitive to
changes in ionic strength. Accordingly, we measured
equilibrium properties of activation and inactivation
in conditions of reduced ionic strength. If the mu-
tated residues are within the electrical field of the
voltage sensor, then the effect of the reduced ionic
strength solution will differ from that of the wild-
type channels. The main finding was that reduced
ionic strength solution shifted the midpoint of equi-
librium activation more for mutant than for wild-
type channels.

Another finding was that the midpoint of the equi-
librium inactivation relationship, which should pas-
sively follow the equilibrium activation relationship,
shifted less than expected in the mutant channels.
This was demonstrated in the increased ratio of the
shift in midpoint of activation gating to the shift in
midpoint of inactivation gating, from 0.5 mV/mV in
wild-type channels to 0.8 and 1.1 mV/mV in the KK
1317/18 NN and KKK 1322/23/26 NNN channels,
respectively. If the change in ionic strength affects
only the surface potential, then equilibrium activa-
tion and inactivation parameters should shift equally
[8]. One possible interpretation of the different
amount of the shifts is that the charge-reducing mu-
tations altered an interaction of channel structures
that contributed to the coupling.

The model would also predict that substitution of
negatively charged residues into positions 1317, 1318,
1322, 1323 and/or 1326 should speed inactivation
and reduce the apparent coupling of activation and
inactivation even more than the neutral residues
that we have chosen. The model would predict
that increasing intracellular ionic strength would
undo the effect of these charge reduction mutations.
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These predictions should serve as future tests of these
ideas.

4.1. Relationship to past work

Like reduction of charge in the inactivation gate,
reduction of charge in the S4 segments near the in-
tracellular face of Na [33] and K [18,28] channels
also shifts the midpoint of equilibrium activation to
depolarized potentials. This was first demonstrated
for charges in S4 segments of domains I and II of
the rat brain type II Na channel. An extreme exam-
ple was the KKK 226/859/862 QQQ mutant, which
showed a 43 mV shift. Interestingly, that mutant also
displayed a 22 mV hyperpolarizing shift of equilibri-
um inactivation. Both findings are similar to those in
the mutant channels reported here. Since a reduction
in charge in either the intracellular aspects of the S4
segments or in the III-IV linker led to the same
changes, it is attractive to speculate that the charges
reside in the same electrical field.

4.2. Limitations and alternative explanations

The Na channel B-subunit, which increases the
proportion of channels in the fast gating mode
[2,12], was not used in all of the experiments. The
goal, however, was to isolate the effect of changing
the charge of the o-subunit inactivation gate. We
have focused on the fastest time constants of inacti-
vation, which are not changed by B-subunit co-ex-
pression. One of the most important findings — al-
tered shifts of equilibrium gating parameters when
intracellular ionic strength was reduced — was not
affected by the presence of the B-subunit (Fig. 10).
A related uncertainty is the effect of the mutations
on the voltage-dependent fast and slow modes of Na
channel gating [13,20,42]. Further studies of single
channel kinetics are required to address this issue.

We combined single channel kinetic parameters to
compare activation and inactivation processes. While
this approach achieved the statistical goal of mini-
mizing the number of comparisons and thus increas-
ing the power of the analysis, it came at the cost of
assumptions about channel gating. For example, we
view the first latency as a measure of activation but it
might also reflect channel inactivation. For example,
the proportion of null traces or the elimination of a

slow component from the first latency histogram
might indicate an acceleration of closed channel in-
activation rather than an acceleration of activation.
This kind of uncertainty is present in interpreting
single channel gating kinetic data, and the new sta-
tistical approach is also prey to it.

We modified intracellular ionic strength by using
low K-aspartate and low KCI solutions made iso-
osmotic with mannitol. Another approach would
have been to use divalent or trivalent ions. Since
the electrostatic potential of an ion in solution is
an exponential function of the valence, this would
have given us greater impact on surface potential.
Their use, however, is complicated by the possibility
of binding or other interaction with channel proteins.

There are alternative explanations of these results.
One is that the effect is not due at all to electrostatic
changes, but to changes in the local conformation of
the inactivation gate. It may be possible to distin-
guish this hypothesis from the electrostatic one by
measuring the effect of more mutant channels with
varying degrees of charge in the inactivation gate.
The electrostatic hypothesis would be favored over
the conformational hypothesis if decreasing charge
always speeds inactivation and uncouples it from ac-
tivation, and increasing charge has the opposite ef-
fect. Increasing intracellular ionic strength could
undo the effect of charge reduction mutants. Finally,
Goldman has recently suggested that the voltage de-
pendence of inactivation might be derived solely
from coupling with activation, and that the degree
of coupling is determined by the relative rates of
inactivation from closed and open states. Thus the
changes in inactivation gating we observed in the
mutant channels need not imply a physical interac-
tion of the activation and inactivation gates, but
might arise simply by changes in the transition rate
constants between open, closed and inactivation
states [7].
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