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The Position of the Fourth Segment of Domain 4 Determines
Status of the Inactivation Gate in Na⫹ Channels
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1

The fourth segment of domain 4 (S4/D4) in Na ⫹ channels is a voltage sensor especially implicated in channel inactivation. Although there
has been evidence that S4/D4 moves externally during membrane depolarization, whether (and if so, how) the movement leads to
conformational changes of the inactivation gate remains unknown. We added a positive charge just external to the outermost charged
residue in S4/D4 by point mutations of residue F1625 (i.e., F1625R and F1625K). The inactivation curves as well as the kinetics of recovery
from inactivation in these mutant channels are split into two components, one happening with and the other without channel activation/
deactivation. This is as if the “extra” positive charge induces new intermediate positions of S4/D4 and consequently new intermediate
inactivation states uncoupled from channel activation/deactivation. The qualitatively similar but quantitatively very different findings
between the F1625R and F1625K mutants further suggest a significantly different effect on the inactivation gate by a slight difference in
the localization of the positive charge. On the other hand, neutral mutations of residue F1625 do not induce new inactivation states but
shift the voltage dependence of different inactivation parameters in the voltage axis, as if only the relative tendency of S4/D4 to stay in its
original outermost and innermost positions is altered. We conclude that S4/D4 movement not only decisively but also delicately controls
the inactivation gate. Electrostatic interaction between the top charges of S4/D4 and the corresponding countercharges may play an
essential role in the determination of S4/D4 position and therefore the inactivation status of the Na ⫹ channel.
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Introduction

⫹

In response to membrane potential changes, voltage-gated Na
channels undergo a series of gating conformational changes, including activation and inactivation that concert to ensure
voltage- and time-limited access to the pore and therefore appropriate shape and frequency of cellular discharges. For voltagedependent control of the gating machinery, a voltage-sensing
device must be present in the channel protein. The fourth transmembrane segment (S4) in each of the four domains of the Na ⫹
channel contains regularly spaced, positively charged amino acids and has been considered to be the primary voltage sensor of
the channel (Catterall, 1986; Stühmer et al., 1989; Auld et al.,
1990; Fleig et al., 1994; Kontis et al., 1997). The S4 segment in
domain 4 (S4/D4) seems to be especially related to Na ⫹ channel
inactivation, chiefly because neutralization of the positive
charges in S4/D4 rather than in the other S4 segments would
reduce gating charges coupled to the inactivation process (Stühmer et al., 1989; Chahine et al., 1994; Chen et al., 1996; Kühn and
Greeff, 1999; Sheets et al., 1999).
S4/D4 has been shown to move outward in response to membrane depolarization (Chahine et al., 1994; Yang and Horn, 1995;
Yang et al., 1996, 1997). Although the voltage-dependent movement of S4/D4 is consistent with what one would imagine for a
voltage sensor, the functional significance of such a movement
has never been established (Horn, 2000). It remains unclear
whether (and if so, how) the movement of S4/D4 is coupled to the
conformational changes in the inactivation gate. Could S4/D4
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movement (S4/D4 position) control the extent of inactivation? If
so, how much S4/D4 movement is significant enough to “induce”
inactivation? Also, because inactivation is strongly coupled to
activation in Na ⫹ channels, are the other conformational
changes (such as those related to channel activation) prerequisites for S4/D4 movement and channel inactivation? Answers to
these questions should provide not only more conclusive evidence that S4/D4 is the voltage sensor responsible for Na ⫹ channel inactivation but also more insight into the causal relation
between charge movements and gating conformational changes
in the voltage-gated channels.
We made positively charged and other substitutions for F1625
(phenylalanine 1625), a residue located just external to the outermost charged residue (R1626 or “R1”) of S4/D4 in the rat brain
type IIA (rBIIA) Na ⫹ channel. R1 has been reported to emerge
outside the membrane during depolarization and reach a negatively charged hydrophilic crevice (Chahine et al., 1994; Yang and
Horn, 1995; Yang et al., 1997). This is similar to the case of the
shaker K ⫹ channel, in which the outermost charged residue of S4
moves close to a “countercharge” during activation (Elinder and
Århem, 1999; Larsson and Elinder, 2000; Elinder et al., 2001a,b).
Our results indicate that the added positive charge (at residue
1625) external to R1 may also have a chance to bind to the putative countercharges and consequently secure S4/D4 in an intermediate position to induce correlative gating changes. Moreover,
a small S4/D4 movement itself seems to induce significant
changes in the inactivation gate, regardless of channel activation
or deactivation.

Materials and Methods

Molecular biology and expression of Na⫹ channels. The plasmid pNa200
contains cDNA encoding the rBIIA Na ⫹ channel ␣ subunit and the
Xenopus-␤-globin untranslated sequence (a kind gift from Dr. Alan L.
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Goldin, Department of Microbiology and Molecular Genetics, University of California, Irvine, CA). The whole coding region of pNa200 may
be divided into two subfragments: XhoI–BglII and BglII–NotI fragments,
each ⬃3– 4 kb in size. To obtain the parent construct suitable for mutagenesis, we subcloned the BglII–NotI subfragment into another small
and easily growing vector pBSTA (also kindly provided by Dr. Alan L.
Goldin). Using this construct as a template, site-directed mutagenesis
(with the QuikChange mutagenesis system, Stratagene, La Jolla, CA) was
performed to obtain the F1625 mutations. The mutation-containing BglII–NotI fragment was then excised and transferred back into the pNa200
expression vector. Mutations were verified by DNA sequencing, and two
independent clones for each mutant were examined to ensure the lack of
any inadvertent mutations. The full-length cRNA transcript was then
synthesized from pNa200 using T7 polymerase (the T7 mMESSAGE
mMACHINE transcription kit, Ambion, Austin, TX) and injected into
isolated follicle-free Xenopus oocytes (stages V–VI), which were maintained at 18°C for 1–7 d before electrophysiological recordings.
Electrophysiological recordings and data analysis. During recording, oocytes were put in a chamber continuously perfused with ND-96 solution
containing (in mM): 96 NaCl, 2 KCl, 1 MgCl2, 1.8 CaCl2, 5 HEPES, pH ⫽
7.6. Macroscopic Na ⫹ currents were recorded at room temperature
(⬃25 °C) by a standard two-microelectrode voltage-clamp amplifier
with a virtual ground circuit (model OC-725C, Warner Instrument,
Hamden, CT). Both voltage-sensing and current-passing electrodes were
filled with 3M KCl and had series resistance of 0.1– 0.3 M⍀. Immediately
after the establishment of the two-electrode voltage-clamp configuration, the oocyte was clamped at ⫺140 mV for at least 3 min to ensure
recovery of Na ⫹ channels from inactivation. Data were acquired using
the Digidata-1200 analog/digital interface with pCLAMP software (Axon
Instruments, Foster City, CA). The sampling rates were 10 –50 kHz, and
all statistics in this study are given as mean ⫾ SE of mean.
To plot the inactivation curves, we measured the current at ⫹5 mV
after a 9 sec prepulse at different voltages from a holding potential of
⫺140 mV. The available fraction is defined as the normalized peak current relative to the maximal current evoked and is plotted against the
prepulse voltage. The relatively long inactivating pulses were made to
ensure steady-state inactivation. This is because in some mutants part of
the inactivation happens at very negative membrane potentials at which
inactivation could proceed with only very slow kinetics. For example,
comparison of the inactivation curves with prepulse durations of 500
msec and 9 sec reveals that the positive-charge mutants (F1625K and
F1625R) require a relatively long time to achieve steady-state inactivation
(although the two-component nature of the inactivation curve remains
clear with either prepulse duration) (Fig. 1). On the other hand, there is
unlikely a significant contamination of the inactivation curve by additional slow inactivation with the 9-sec-long prepulse because of the close
resemblance between the 500-msec-prepulse and the 9-sec-prepulse inactivation curves in either the wild-type or neutral mutant channels (only
negligible shift within 5 mV) (Fig. 1). The inactivation curves can be
reasonably fitted with a Boltzmann function 1/(1 ⫹ exp((V ⫺ Vh)/k)) for
the wild-type and neutral mutant channels, whereas summation of two
Boltzmann functions f1/(1 ⫹ exp((V ⫺ Vh1)/k1)) ⫹ f2/(1 ⫹ exp((V ⫺
Vh2)/k2)) is required for fitting the data from the positive-charge mutants, where f1 and f2 are the fractions of the first and second components
of inactivation, respectively (see Results) ( f1 ⫹ f2 ⫽ 1). V denotes the
prepulse potential in millivolts. Vh and k have their usual meanings. For
the normalized conductance–voltage relationship, the oocyte was first
held at ⫺140 mV and stepped to different test voltages to elicit Na ⫹
currents. Because the maximal current usually appears at a test voltage
around ⫺20 mV, we make a regression line of the data points between
⫹10 and ⫹40 mV in the current–voltage plot. The reversal potential
(Vrev) is estimated by extrapolating the regression line to the zero current
level (the transverse axis), and the maximal peak conductance (Gmax) is
given by the slope of the line. The normalized conductance is defined as
Ipeak/((V ⫺ Vrev) ⫻ Gmax), where Ipeak and V denote the peak current and
the test voltage during the step depolarization, respectively. The normalized conductance is plotted against the test voltage and then fitted with a
Boltzmann function 1/(1 ⫹ exp((Vh ⫺ V )/k)).
For the measurement of the kinetics of recovery from inactivation, the
oocyte was held at ⫺140 mV and pulsed twice to ⫺10 mV (each for 100
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Figure 1. Comparison of the sample inactivation curves with prepulse durations of 500 msec
(E) and 9 sec (F) in the same oocyte for each mutant or wild-type Na ⫹ channels. The inactivation curves (500 msec prepulse vs 9 sec prepulse) are fitted with single Boltzmann functions,
with Vh values (in millivolts) of ⫺54.0 (500 msec prepulse) versus ⫺58.8 (9 sec prepulse) and
⫺107.9 (500 msec) versus ⫺112.7 (9 sec), and k values of 5.6 (500 msec) versus 4.5 (9 sec) and
7.4 (500 msec) versus 6.0 (9 sec) for the wild-type and the F1625Q mutant, respectively. For the
other two mutants, the inactivation curves are fitted with the summation of two Boltzmann
functions, with Vh1 values (in millivolts) of ⫺102.6 (500 msec) versus ⫺104.1 (9 sec) and
⫺119.0 (500 msec) versus ⫺123.3(9 sec), Vh2 values (in millivolts) of ⫺60.4 (500 msec) versus
⫺49.4 (9 sec) and ⫺47.1 (500 msec) versus ⫺71.8 (9 sec), k1 values of 4.8 (500 msec) versus
6.2 (9 sec) and 10.9 (500 msec) versus 7.7(9 sec), k2 values of 12.6 (500 msec) versus 7.2 (9 sec)
and 12.7 (500 msec) versus 14.5 (9 sec), and f1 values of 0.40 (500 msec) versus 0.90 (9 sec) and
0.61 (500 msec) versus 0.64 (9 sec) for the F1625K and F1625R mutants, respectively.
msec). Between the two pulses there was an intervening gap lengthened
by 0.1 msec (or longer time) at a given recovery potential. The extent of
recovery, which is represented by the ratio between the peak currents in
the second and first pulses, is plotted against the length of the gap to show
the recovery time course of the channel. For the wild-type and neutral
mutant channels, there is an initial delay followed by an exponential
phase in the recovery courses. To exclude influences from the initial delay
and any ultra-slow phase of recovery, we fitted the data points between 10
and 85% recovery with monoexponential function, which is extrapolated
to the zero recovery level (the time axis) to define the length of the initial
delay. Because the recovery courses immediately after the initial delay are
approximately linear (see Fig. 5 A, B), in the experiments examining the
voltage dependence of the recovery rates (see Figs. 5C, 7A), the recovery
rates are determined by fitting the three data points (between the first two
of which is the greatest increase in the extent of recovery right after the
delay) with a linear regression function of the form: fraction recovered ⫽
recovery rate ⫻ recovery duration (the length of the recovery gap). This
simplified approach is to facilitate the measurement, especially at relatively positive recovery potentials where the recovery may be very slow
and take a long time to reach 85% recovery. We have verified the validity
of this simplified approach at more negative potentials, at which the
result of the simplified measurement is very much consistent with the
recovery rate given by the inverse of the time constant from the exponential fit to the recovery course (data not shown). In the cases of the
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positive-charge mutants in which there is no
evident initial delay but a slow initial phase of
recovery, we leave out the initial phase (roughly
the initial ⬃25%) of recovery and fit the other
data points with a monoexponential curve,
which is extrapolated to the zero recovery level
to define the “delay” of the second phase of
recovery. The recovery rates of the second
phase of recovery are then estimated with a linear regression function by the same way as
those in the wild-type and neutral mutants.

Results

Positive-charge substitutions for F1625
facilitate inactivation with split of the
steady-state inactivation curve into two
Figure 2. Steady-state inactivation and activation curves of F1625K and F1625R mutants. A, Steady-state inactivation
components
Substitutions for F1625 with positively curves (n ⫽ 4 –7) are obtained by the protocol described in Materials and Methods. The lines are fits with a single
charged amino acids lysine (F1625K) and Boltzmann function for the wild type (dotted line) or the summation of two Boltzmann functions for the F1625K and
F1625R mutants (solid lines). The Vh and k values from the fits are ⫺64.2 mV and 5.0, respectively, for the wild-type
arginine (F1625R) dramatically shift the
channel. For the F1625K and F1625R mutant channels, the f1 , Vh1 , Vh2 , k1 , and k2 values are 0.92, ⫺107.5 mV, ⫺69.2 mV,
inactivation curves in the hyperpolarized 6.0 and 15.9, and 0.68, ⫺122.7 mV, ⫺73.0 mV, 6.6 and 14.3,
respectively. In the inset, all three inactivation curves from
direction, suggesting stabilization of the the wild-type and the two mutant channels are shifted in the voltage axis and superimposed to demonstrate the existence
channel in the inactivated state at more of the second component of inactivation in the mutants. B, Normalized conductance–voltage curves (activation curves,
hyperpolarized potentials (Fig. 2 A). How- n ⫽ 8 –22) are obtained by the protocol described in Materials and Methods. The curves are fits with a single Boltzmann
ever, the overall voltage dependence of function with Vh values of ⫺21.4, ⫺23.0, and ⫺22.9 mV, and k values of 5.2, 6.5, and 8.1 for the wild-type (dotted line),
steady-state inactivation cannot be de- F1625K, and F1625R channels (solid lines), respectively.
scribed satisfactorily by a single Boltzcurve. In other words, the differences in length (⬃1.3 Å longer in
mann function. Instead, the curves are reasonably described by
arginine than in lysine) and other physicochemical properties
the summation of two Boltzmann functions. The “two(e.g., a plane resonating H2N ⫺ C ⫽ N⫹ ⫺ H2 structure in argicomponent” inactivation curve implies the existence of at least
nine but not in lysine) of the substituting side chains may account
two different processes of inactivation in these F1625 positivefor the more significant interaction of F1625R (than F1625K)
charge mutants. One of the inactivation processes (the first comwith the countercharge(s) of S4/D4 in the presence of less depoponent of the inactivation curve) seems to reduce the available
larized potentials and less external translocation of S4/D4. In
(resting) Na ⫹ channels at very hyperpolarized potentials. Howcontrast, the voltage range necessary to trigger the second distriever, this process itself can only partly but not fully inactivate the
bution of S4/D4 to the normal inactivation position is similar in
channel, and the other process that becomes manifest at more
both mutants (Vh2 ⫺73.0 mV vs ⫺69.2 mV) (Fig. 2 A), suggesting
depolarized potentials is required to achieve complete steadya mutation-independent determinant for this second inactivastate inactivation (the second component of the inactivation
tion process.
curve). It is plausible that the mutants with an added positive
charge just external to the R1 residue may facilitate the movement of S4/D4 to an “intermediate” position by interacting with
The F1625 positive-charge mutants do not change the
some of the putative countercharge(s) of S4/D4. Because S4/D4 is
activation curve
presumably a voltage sensor, its distribution from the resting to
Because inactivation is coupled to activation in Na ⫹ channels
the intermediate position is likely a voltage-dependent process,
(Goldman and Schauf, 1972; Armstrong and Bezanilla, 1977;
accounting for the first component of the inactivation curve.
Bezanilla and Armstrong, 1977; Goldman and Kenyon, 1982), it
Inactivation apparently cannot be complete even if S4/D4 is alis possible that the apparent effect of the mutations on inactivaready in the intermediate (rather than in the “normal”) inactivation actually results from alteration of channel activation. We
tion position. In other words, the intermediate position seems to
therefore examined the activation curve in the mutant channels
correspond to an unstable inactivated state in which the Na ⫹
(Fig. 2 B). In sharp contrast to the cases of the inactivation curve,
channel would still have a significant chance of being available.
no significant changes in either the midpoint or the shape of the
More depolarized potentials are necessary to initiate another
conductance–voltage curve are found with the positive-charge
voltage-dependent (Boltzmann) distribution, namely distribumutations of F1625. The lack of effect on channel activation
tion of S4/D4 between the intermediate and a more external (the
strongly suggests that the inactivation process itself is altered by
normal inactivation) position, which makes a stable inactivated
the mutations. In addition, if inactivation is affected but activastate of the Na ⫹ channel with a negligible chance of being available.
tion is not, then inactivation and activation is somewhat “uncouThe preceding proposal contains an idea of coupling between the
pled” in these mutant channels. In this regard, it is interesting
position of S4/D4 and the extent of inactivation. It is also notable that
that the voltage range of the second component of the inactivathe F1625R mutant shows a more negatively shifted but smaller first
tion curve in these positive-charge mutants (Vh2 values are ⫺69.2
component of the inactivation curve than the F1625K mutant. This
and ⫺73 mV for the F1625K and the F1625R mutants, respecfinding may suggest that in the F1625R mutant there is a more easily
tively) (Fig. 2 A) is similar to that of the inactivation curve in the
achieved but less external intermediate position of S4/D4. Arginine
wild-type channels (Vh is ⫺64.2 mV). This may suggest that the
might be more suitable than lysine to interact with the countersecond component of the inactivation curve in the mutants repcharge(s) originally responsible for stabilization of the outwardly
resents an inactivation process analogous to the inactivation in
translocated constitutive arginines in S4/D4 and therefore has a
the wild-type channel and thus is coupled to (and facilitated by)
the unchanged activation process. Under such circumstances,
larger binding energy and consequently more negative shift of the
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phase of the macroscopic Na ⫹ current has
both a fast and a slow component. The
biphasic current decay is typical for the
rBIIA Na ⫹ channel ␣ subunit expressed in
Xenopus oocytes without coexpression of
the ␤1 subunit (Patton et al., 1994). The
accelerated macroscopic inactivation in
the F1625 neutral mutants appears ascribable to a significant decrease of the slow
component of decay, and the order of acceleration of current decay could be
roughly correlated with the order of shift
of the inactivation curve in different mutants (Fig. 3 A, C). The F1625Q mutant
Figure 3. Inactivation and activation properties of F1625 neutral mutants. A, Steady-state inactivation curves of the neutral channels even show a macroscopic curmutants (n ⫽ 4 –5 for each mutant). The lines are fits with a Boltzmann function with Vh values (in millivolts) of ⫺64.2, ⫺63.8, rent decay well described by a monoexpo⫺66.3, ⫺70.9, ⫺89.4, ⫺93.3, and ⫺116.5 and k values of 5.0, 5.0, 5.1, 7.0, 8.5, 5.5, and 5.3 for the wild type and the mutants nential function (i.e., there is almost no
with A, I, C, N, H, and Q substitutions for F1625, respectively. The F1625A and F1625I mutants, in which the substituting side-chain
slow component of decay), reminiscent of
groups cannot form hydrogen bonds, are illustrated with the dotted fitting lines, and the others are illustrated with the solid lines.
B, Normalized conductance–voltage curves for several F1625 neutral mutants (n ⫽ 4 –9 for each mutant). The Vh values from the the macroscopic current of the wild-type
fits with a Boltzmann function are ⫺21.4, ⫺21.1, ⫺21.2, and ⫺22.5 mV, and the k values are 5.2, 5.9, 6.1, and 7.7 for the channel in native neurons or in oocytes
wild-type, F1625N, F1625H, and F1625Q mutant channels, respectively. C, The kinetics of macroscopic inactivation in the wild- coexpressed with the ␤1 subunit. These kitype and neutral mutant channels. Na ⫹ currents are elicited by depolarization to 0 mV from a holding potential of ⫺140 mV. The netic data are consistent with the view that
currents are normalized to the same peak amplitude and superimposed with one another. The dotted line indicates the zero neutral mutations at residue 1625 can stacurrent level.
bilize the (fast) inactivated state and may
also shed light on the mechanism of action
of the ␤1 subunit, the modulating effect of
the first component would possibly imply an inactivation process that happens without channel activation.
which on channel gating has been proposed to involve an extracellular loop in domain 4 (Qu et al., 1999).
Neutral substitutions for F1625 facilitate inactivation without
changes in the shape of the steady-state inactivation curve
The F1625 neutral mutants display slower kinetics of recovery
We have proposed that the effect of the positive-charge substitufrom inactivation
tions for F1625 on inactivation probably results from the interIn addition to the kinetics of development of macroscopic inacaction between the added positive charge and the putative countivation, we also compare the kinetics of recovery from inactivatercharge(s) of S4/D4. To explore the necessity of a positive
tion among different neutral mutants. If the shift of the inactivacharge, we made neutral substitutions for F1625. Figure 3A demtion curves in the F1625 neutral mutants indeed results from
onstrates that some neutral substitutions also shift the inactivastabilization of the inactivated conformation, these mutants
tion curve in the hyperpolarized direction. However, each set of
probably should display slower kinetics in the recovery from indata could be well described with a standard Boltzmann curve
similar in shape to the inactivation curve of the wild-type chanactivation at a given recovery potential. Figure 4 A shows the
nel. Under no circumstances could the neutral mutants produce
recovery course at a recovery potential of ⫺140 mV in the wildthe two-component inactivation curves like those found in the
type channel, where there is an initial delay followed by an expopositive-charge mutants. In the neutral mutants, shift of the innential phase (Kuo and Bean, 1994; Kuo and Yang, 2001). Qualactivation curve seems to happen only if the side-chain groups of
itatively similar patterns of recovery courses are also noted in the
the substituting amino acids are capable of forming hydrogen
F1625 neutral mutants (Fig. 4 B). The initial delay in the recovery
bonds. Moreover, the extent of the shift may be roughly correcourse presumably results from silent deactivation of the inactilated with the length of the side chain. For example, the glutamine
vated Na ⫹ channel, which must first deactivate before it can
substitution (F1625Q), which has the longest side chain among
recover from inactivation (Kuo and Bean, 1994). The initial delay
the neutral mutants, shows the most prominent shift of the inacthus could be viewed as the time it takes to deactivate the inactitivation curve. (Because of the qualitative similarity among the
vated channel (i.e., the time required for a “quasi steady-state”
neutral mutants in the following experiments, we chose to show
distribution among different deactivated–inactivated states), and
only the data from the three mutants F1625N, F1625H, and
the subsequent exponential phase of recovery probably signals
F1625Q.) On the other hand, the conductance–voltage curve is
unbinding of the bound “hinged lid” from the deactivated–inacnot significantly shifted by the neutral mutations (Fig. 3B), again
tivated channels (i.e., reflecting a weighted average of the lid unindicating a direct effect of the mutations on inactivation. The
binding rates from different deactivated–inactivated states) (Kuo
F1625 neutral mutants thus seem to stabilize S4/D4 simply in the
and
Bean, 1994). The more stabilized inactivated state therefore
normal inactivation position (and thus stabilize exactly the same
would lead to longer initial delay and slower exponential recovery
inactivation conformation as that in the wild-type channel)
rate. For the neutral mutants examined, both the initial delay and
rather than create an additional intermediate position of S4/D4.
the time constant of the subsequent exponential recovery phase
increase with the larger shift of the inactivation curve (Fig. 4C,D).
F1625 neutral mutants accelerate the kinetics of
Such a positive correlation strongly supports a common mechanism
macroscopic inactivation
underlying the changes in the inactivation curve, the initial delay,
In addition to stabilization of the inactivated state, the F1625
and the exponential phase of recovery in the F1625 neutral mutants,
neutral mutants also accelerate the kinetics of macroscopic inacnamely stabilization of the inactivated state of the channel.
tivation (Fig. 3C). The decay phase after the rapid activation
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Figure 4. Recovery from inactivation at ⫺140 mV in the wild-type and F1625 neutral mutant channels. A, The recovery time course in the wild-type channel. The line is a monoexponential function that is the best fit to the data points between 10 and 85% recovery. This
exponential fit is extrapolated to the zero recovery level to define the length of the initial delay.
B, The same experiments as in A in F1625 neutral mutant channels. Note the lengthened initial
delay as well as the correlative slowing of the subsequent exponential recovery course in the
mutant channels. C, D, The inverse of the time constant () of the exponential recovery course
and the inverse of the initial delay from the experiments in B (n ⫽ 4 –9) are plotted against the
shift of the inactivation curve (the difference of Vh values between each mutant and the wildtype channels in millivolts). Both the inverse of the recovery time constant and the inverse of the
initial delay are positively correlated with the shift of the inactivation curve.

The F1625Q mutant shifts the voltage dependence of recovery
kinetics roughly to the same extent as the shift of the
inactivation curve
We further examine the kinetics of recovery from inactivation
over a wide range of recovery potentials in the F1625Q mutant
(the neutral mutant with the greatest stabilization of inactivation). The F1625Q and the wild-type channels display very similar patterns of the voltage-dependent initial delay and the
voltage-dependent subsequent exponential phase, except that the
F1625Q mutant evidently requires more negative potentials to
achieve the same recovery kinetics (Fig. 5 A, B). Figure 5C plots
the recovery rates against the recovery potentials. The data can be
simplistically approximated by a Boltzmann distribution on the
basis of a quasi steady-state recovery model, in which the apparent recovery rate is dependent on the voltage-dependent distribution of the channel among the inactivated– deactivated states
(Kuo and Bean, 1994; Kuo and Yang, 2001). The voltage dependence of the recovery rates in the F1625Q mutant channel shows
a steepness similar to that in the wild-type channel (slope factor k
of ⬃21.8 and ⬃17.8, respectively) but is shifted in the hyperpolarized direction by ⬃43 mV (Fig. 5C). This is reminiscent of the
⬃52 mV midpoint difference of the inactivation curves between
them (Fig. 3A). Also, the voltage dependence of the initial delay is
very similar in steepness between the F1625Q and the wild-type
channels (e-fold shortening per ⬃70 and ⬃64 mV hyperpolarization, respectively) but is again shifted by ⬃50 mV in the hyperpolarized direction in the F1625Q mutant (Fig. 5D). All of
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Figure 5. Kinetics of recovery from inactivation of wild-type and F1625Q channels over a
wide range of recovery potentials. A, B, The kinetics of recovery from inactivation at different
recovery potentials in the wild-type and F1625Q mutant channels. The recovery (gap) potential
is given beside each curve. The lines are drawn by hand and have no theoretical meanings. C, The
voltage dependence of the recovery rates. The recovery rate is determined by the linear regression fitting method (see Materials and Methods for details; n ⫽ 7–11). The recovery rate is
plotted against the recovery potential and fitted by a standard Boltzmann function (solid lines)
of the form: recovery rate ⫽ Rsatu /(1 ⫹ exp((V ⫺ Vh )/k)). The Vh values (in millivolts) are
⫺121.4 and ⫺164.0, and the k (the slope factor) values are 17.8 and 21.8 for the wild-type and
F1625Q channels, respectively. The Rsatu denotes the saturating recovery rate at extremely
negative potentials, and the values are 1.6 and 1.5 (msec)⫺1 for the wild-type and F1625Q
channels, respectively. D, The natural logarithm of the mean value of the inverse of the initial
delay (in milliseconds) is plotted against the recovery potential (n ⫽ 3–7; the SE values are in
general ⬍15% of the mean and are not shown). The lines are linear regression fits of the forms:
ln(1/delay) ⫽ ⫺1.0 – 0.016 V, and ln(1/delay) ⫽ ⫺1.7– 0.014 V (V denotes the recovery
potentials in millivolts) for the wild-type and F1625Q mutant channels, respectively. The two
lines have almost identical slope but are shifted in the voltage axis by ⬃50 mV.

these quantitative data concerning different molecular events directly related to inactivation consistently indicate a similar steepness of voltage dependence but a ⬃50 mV shift in the voltage axis
between the F1625Q and wild-type channels. This correlative
shift in the voltage dependence of different inactivation parameters is also noted in the other neutral mutants, although the absolute value of the shift is different in different mutants (data not
shown). These findings further strengthen the proposal that the
inactivated conformation of the channel is stabilized to a different extent by different F1625 neutral mutations from a quantitative point of view.
The F1625 positive-charge mutants show no initial delay but a
very slow initial phase of recovery from inactivation
We have seen that the steady-state inactivation curves in the
positive-charge mutants are split into two components that are
distinct from those in the wild-type and neutral mutant channels.
The kinetics of recovery from inactivation in the positive-charge
mutants are also very characteristic. The initial delay is no longer
discernible in the F1625K and F1625R mutants (Fig. 6 A), and the
recovery course also is split into two components, i.e., an initial
slow phase followed by an accelerated phase of recovery, both of
which are voltage-dependent processes (Fig. 6 B, C). For all of the
recovery potentials that we tested (⫺80 to ⫺310 mV), there was
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vation. The inactivated wild-type and
neutral mutant Na ⫹ channels thus must
be deactivated before they could recover
from inactivation. In this regard, the “lack
of delay” of the positive-charge mutant
channels at all tested recovery potentials
would indicate that in these inactivated
mutant Na ⫹ channels deactivation is no
longer an absolute prerequisite for the recovery from inactivation. Analogous to
the two-component inactivation curve in
these positive-charge mutants, the initial
slow recovery phase or the lack of initial
delay may be ascribable to the existence of
an additional intermediate inactivated
state that is uncoupled from channel deactivation. Deactivation, however, probably
could still speed up the recovery process
(facilitate unbinding of the bound hinged
lid), as suggested by the following accelerated phase of recovery.
The rates of recovery from inactivation
saturate at the same level in all of the
mutant and wild-type channels
Figure 7A demonstrates that the rates of
the second phase of recovery are slower in
the positive-charge mutants than in the
neutral mutants (e.g., F1625Q) at each recovery potential, suggesting retardation of
recovery from inactivation by the positivecharge mutations (especially F1625R). It is
also evident that the voltage dependence of
recovery rates in the F1625R mutant is much
shallower than those in the wild-type and
neutral mutant channels (Fig. 7A). These intriguing features of recovery from inactivation in the positive-charge mutants are consistent with the existence of an additional
intermediate position of S4/D4 during its
backward movement (and therefore an additional intermediate inactivated state during recovery from inactivation). It is also
very interesting that the rates of recovery
from inactivation saturate at very negative
Figure 6. Lack of initial delay in the recovery courses of F1625K and F1625R mutant channels over a wide range of recovery
potentials and reach essentially the same
potentials. A, The recovery potential at the intervening gap is ⫺140 mV. The gap is lengthened by 0.1 msec, and the recovering
value in all of the mutant (such as F1625N,
currents in the first 18 –20 sweeps are shown. The growth of the currents in the wild-type and F1625Q mutant channels obviously
has an initial delay that is manifested as the lack of current increment in the first few sweeps. This is especially so in the F1625Q -H, -Q, -K, -R) and wild-type channels (Fig.
mutant, which has a much longer initial delay than the wild-type channel. In sharp contrast, there is no initial delay in the recovery 7A). This finding would strongly suggest
course of the F1625K and F1625R mutant channels, and the currents in the second pulse start to increase after the first sweep. The that the bound hinged lid does have the
vertical bar shows the current amplitude for 10% recovery in each individual oocyte. B, C, The time courses of recovery from same dissociation rate from the fully deactiinactivation at different recovery potentials in F1625K and F1625R mutant channels. The lack of initial delay is evident in both vated channel, no matter what changes or
mutants over a wide range of recovery potentials. The lines are drawn by hand and have no theoretical meanings. D, The recovery whether changes have been made to
time courses at a recovery potential of ⫺180 mV in the wild-type, F1625Q, F1625K, and F1625R mutant channels (the data of F1625. Residue 1625 thus does not seem to
F1625Q are taken from Fig. 5B). The dotted and solid lines are the monoexponential fits. E, A closer examination of the initial be located directly at the inactivation gate
recovery course at a less hyperpolarized recovery potential (⫺120 mV). The lines are drawn by hand and have no theoretical
(the hinged lid and its receptor) of the
meanings. In sharp contrast to the evident delay in the wild-type and the F1625Q mutant channels, there is no initial delay in the
Na ⫹ channel. Figure 7B shows that the
F1625K and F1625R mutant channels.
macroscopic current decay is also accelerated in the positive-charge mutant channels. We have noted that the acceleration
no evident initial delay observed in the F1625K and F1625R muof current decay in the neutral mutants could be correlated with
tants. This is in sharp contrast to the evident voltage-dependent
the shift of the inactivation curve as well as the length of the
initial delay in the wild-type as well as neutral mutant channels
substituting side chain (Fig. 3C); however, this trend is no longer
(Fig. 6 D, E). As we have noted, the initial delay is a manifestation
of the coupling between deactivation and recovery from inactikept in the positive-charge mutants. The F1625R mutant channel
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Figure 7. Kinetics of recovery from and development of inactivation in positive-charge mutants. A, Rates of recovery from inactivation at different recovery potentials in the wild-type and
F1625 mutant channels. The recovery rates of the F1625K and F1625R mutants (n ⫽ 4 –7) are
estimated from the second, accelerated phase of recovery. The data points of the wild-type and
F1625Q mutant channels are taken from Figure 5C (error bars are omitted here for simplicity).
The lines are the fits with a Boltzmann function, recovery rate ⫽ Rsatu /(1 ⫹ exp((V ⫺ Vh )/k)).
The Vh values (in millivolts) are ⫺121.4, ⫺164.0, ⫺201.7, and ⫺271.6, the k values are 17.8,
21.8, 20.3, and 36.4, and the Rsatu values [in (millisecond)⫺1] are 1.6, 1.5, 1.6, and 1.6 for the
wild-type, F1625Q, F1625K, and F1625R channels, respectively. Note the much shallower slope
as well as the large negative shift in the F1625R mutant channel but the essentially identical
saturating rates at very negative potentials for the wild-type and all mutant channels. B, The
kinetics of macroscopic inactivation in the positive-charge mutants. The experimental protocol
and the plot are the same as in Figure 3C. The sweeps of the wild-type and the F1625Q mutant
channels are taken from Figure 3C and are superimposed here for comparison (dotted lines).

has a longer side chain in the substituting amino acid than
F1625K and has a more pronounced shift in the first component
of the inactivation curve but shows less acceleration of current
decay. Despite their similar negative shift of the inactivation
curve (Vh1 or Vh of ⫺107.5, ⫺122.7, and ⫺116.5 mV for F1625K,
F1625R, and F1625Q mutants, respectively) (Fig. 2 A, 3A), the
kinetics of development of inactivation as well as the kinetics of
recovery from inactivation in the positive-charge mutants (especially F1625R) are evidently different from those in the F1625Q
mutant. These findings may indicate that the existence of the new
intermediate state caused by the added positive charge retards the
kinetics of both further outward movement of S4/D4 (for the
development of inactivation) and further inward movement of
S4/D4 (for the recovery from inactivation), and arginine probably is more effective than lysine in doing so.

Discussion

Na ⴙ channel inactivation is decisively controlled by the
movement of S4/D4
In this study, we replaced F1625 (the residue located just external
to S4/D4) with different neutral and positive-charge amino acids
and observed dramatic effects in channel inactivation. Because
the recovery rates in the mutant and wild-type channels are different only at more positive potentials but all reach the same
voltage-independent level at very negative potentials (Fig. 7A),
the mutations do not seem to alter the final voltage-independent
step in channel inactivation (e.g., the inactivation gate itself).
What is altered is probably the upstream voltage-dependent step,
namely the movement of related voltage sensors. Because F1625
is located just next to S4/D4, the externally located mutations
very likely influence the movement of S4/D4, the transmembrane
voltage sensor most implicated in inactivation (Stühmer et al.,
1989; Chahine et al., 1994; Chen et al., 1996; Kühn and Greeff,
1999; Sheets et al., 1999). S4/D4 then faithfully transmits the
allosteric effect from the mutation site to the internally located
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inactivation gate. In this regard, it is interesting that some mutant
channels are inactivated at very negative potentials where there is
hardly any channel activation (Fig. 2 A). This finding would indicate that the altered S4/D4 movement itself could induce Na ⫹
channel inactivation. In other words, the inactivation gate may be
under the decisive control of S4/D4. We have also seen that neutral mutants of F1625 show a shift in the voltage axis with insignificant change in the steepness of the voltage dependence of
different inactivation parameters (Figs. 3, 5). The neutral mutations thus probably stabilize the inactivated state without changing the basic voltage-dependent gating strategies of the channel.
Moreover, the inactivation-stabilizing effect of the neutral mutations appears to be closely dependent on the physicochemical
properties of the substituting side-chain group, especially its
length and ability to form hydrogen bonds (Figs. 3, 4). As a first
approximation, the additional stabilization energies on the inactivated state are roughly estimated by the product of the shift and
the apparent equivalent gating charges in the inactivation curve
and are ⬃0.6, ⬃1.7, ⬃3.0, and ⬃5.7 kcal/mol for the F1625C, -N,
-H, and -Q mutants, respectively (Fig. 3A). These values are also
consistent with the usual energy range of a hydrogen bond (1⬃5
kcal/mol) (Zimmerman and Feldman, 1989). We therefore propose that the neutral mutations may cause new intramolecular
interactions (most likely new hydrogen bonds) and thus stabilize
S4/D4 in the “inactivation position.” Altogether our data indicate
that the outward movement of S4/D4 during depolarization is
not a bystander phenomenon but has a decisive causal relation to
Na ⫹ channel inactivation. When S4/D4 moves outward during
depolarization (Chahine et al., 1994; Yang and Horn, 1995; Yang
et al., 1996, 1997), its top is probably driven into an area with
strong hydrogen bond-forming ability. The strength of hydrogen
bonding may profoundly influence the tendency of S4/D4 to stay
in this outward position and consequently profoundly influence
channel inactivation.
Electrostatic interactions are important in the determination
of S4/D4 position
The inactivation curves of positive-charge mutants of F1625 are
split into two components (Fig. 2 A). The first component suggests that a voltage-dependent inactivation process is manifest
even at very negative potentials, but channel inactivation is not
stable with this process and complete or stable inactivation would
require the other process (the second component of the inactivation curve), which most likely happens after channel activation
and is very much analogous to the inactivation in the wild-type
and neutral mutant channels. Because the less stable inactivation
state appears only in the positive-charge mutants but not in the
wild-type or neutral mutant channels, some electrostatic force
might be involved in the production of this state. The positive
charge at 1625, which is located slightly external to the constitutive positive charges in S4/D4, may have a chance to interact with
the putative countercharges of S4/D4 (see below), leading to
slight outward translocation of S4/D4. Because S4/D4 movement
decisively controls the inactivation gate, the slight outward translocation of S4/D4 may result in an increased (but not stable)
binding of the hinged lid to its receptor (i.e., new intermediate
inactivation state in which the binding is not tight enough and
significant unbinding happens in the steady-state condition). By
the same token, the lack of initial delay in the course of recovery
from inactivation is observed only in the positive-charge mutants. The positive charge at 1625 may have a chance to replace a
constitutive S4/D4 positive charge in binding to the countercharges of S4/D4. This would enable a slight inward movement of
the fully externally translocated S4/D4 and thus incomplete but
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significant recovery from inactivation in the absence of channel
deactivation (Fig. 6). These unique features of the positive-charge
mutants strongly indicate that the regularly spaced positive charges
in S4/D4 are “voltage sensors” not only for a long-range electric force
(the membrane electric field), but also for a very localized shortrange electric force (the electric field of each specific counter negative
charges). Functionally speaking, the latter (the specific electrostatic
or charge– charge interaction) is also a decisive factor controlling the
S4/D4 position and therefore the inactivation status of the Na ⫹
channel. The important role of the short-range electric force may
also provide functional insight into the electrostatic interaction
between the outermost S4 charges and residue E418 in the activated K ⫹ channels (Elinder et al., 2001b).
Na ⴙ channel inactivation is delicately controlled by the
position of S4/D4
It is interesting that the effects on channel inactivation of F1625K
and F1625R are qualitatively similar but quantitatively very different (Figs. 2, 6, 7). The side chains of both K and R should point
to the same space, but their positive charges are slightly different
in shape (arginine has a larger and more plane space of charge
distribution) and location (arginine has a longer side chain by
⬃1.3 Å, the length of a resonating C ⫽ N bond). If the slight
geometrical and 1.3 Å differences in charge distribution really
matter, then the positive charge at 1625 probably interacts with
one discrete countercharge at a time (i.e., a very specific shortrange force) rather than simultaneously with multiple surrounding negative charges. We therefore propose a model to explain
our findings with discrete charge– charge interactions (Fig. 8).
We have noted that F1625R has a smaller yet more negatively
shifted first component of the inactivation curve than F1625K
(Fig. 2) and thus a less externally translocated S4/D4 in F1625R in
4

Figure 8. Schematic model describing the effect of S4/D4 position on Na ⫹ channels inactivation. S4/D4 is shown as a shaded bar with the three outermost positive charges (R1, R2, and
R3) near its top. The other part of the channel (presumably the gating canal of S4/D4) contains
three discrete negative countercharges (CR1, CR2, and CR3, designating the countercharges for
R1, R2, and R3 in the fully inactivated channel, respectively) and a hydrogen bonding area
(symbolized by H). The horizontal thin gray bars mark the external boundary of the cell membrane. The filled circles with the white H and the white positive charge above the S4/D4 denote
neutral and positive-charge substitutions of the F1625 residue, respectively. In, Ex, and MIn-Ex or
MEx-In mean that S4/D4 is at the most internal, most external, and intermediate (when translocating from internal to external or from external to internal sides) positions, respectively. The
one-side toothed square labeled with I and the opposite toothed surface comprise the inactivation gate (the hinged lid and its receptor). More external position of S4/D4 would allow larger
contact area between the two toothed surfaces and consequently a more tightly bound hinged
lid and a more stable inactivated state. For the sake of simplicity we illustrate the movement

of S4/D4 as translational, but it can be easily modified to incorporate concomitant rotational
movement with similar rationales. A, Left panel, In the resting wild-type channel, S4/D4 is
restricted or stabilized at the resting (In) position by coupling to the deactivated conformation
of the channel. The activation–inactivation coupling mechanism is represented by the (paired)
black elliptical rectangles, larger contact area between which signals larger coupling energy to
stabilize the particular protein conformation. Middle panel, Translocation of S4/D4 is triggered
by channel activation, which makes significant conformational changes in one of the paired
coupling rectangles (drawn in dashed lines and in white). S4/D4 is thus released from the In
position and relocated to the normal inactivated (Ex) position via the electrostatic interactions
at its top. Right panel, Channel deactivation resumes the favorable interaction between the
coupling rectangles. Because sufficient energy is provided to compensate for the disrupted
electrostatic interactions, S4/D4 is moved back to the In position. B, Neutral mutations of F1625
introduce new hydrogen bonds at the top of S4/D4 to further stabilize S4/D4 at the Ex position.
The other basic gating strategies remain the same as those in the wild-type channel. C, Left
panel, The resting state of the positive-charge mutant channels (F1625K and F1625R) is similar
to that of the wild-type channel. Middle panel, The added positive charge on the top of S4/D4
could interact with the closest negative charge in the S4/D4 gating canal (presumably CR2 or
CR3 rather than CR1) and induce a slight outward movement of S4/D4. This slight movement of
S4/D4 is possible even in the absence of activation because the new electrostatic interaction
could compensate for the distorted coupling between the black elliptical rectangles. However,
the slightly outward intermediate S4/D4 position (MIn-Ex) does not make a stable inactivated
conformation, and the channel would still have a significant chance of being available (i.e., with
an unbound hinged lid). Only when the channel is activated can S4/D4 move to the Ex position
to make the same fully inactivated conformation as that in the wild-type and neutral mutant
channels. Right panel, During repolarization, S4/D4 may move slightly inward from position Ex
to MEx-In , even before channel deactivation, and thus no initial delay is found in the recovery
courses of the channels from inactivation. This movement is possible in the positive-charge
mutants because of the new electrostatic interaction between the added positive charge and
the closest negative charge (presumably CR1). Na ⫹ channel deactivation resumes favorable
interaction between the rectangles and therefore a further inward movement of S4/D4 back to
the In position, which is responsible for the second (the more accelerated and more complete)
recovery phase from inactivation.
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the intermediate inactivated state originating from the resting
channel (Fig. 8C, MIn-Ex). This is as if F1625K requires a small
(presumably ⬃1.3 Å) movement of the main peptide chain to
compensate for the difference in side chain (lengths and other
physicochemical properties) to attain a similar interaction with
the negative countercharge. The ⬃1.3 Å movement does not
seem to be trivial in the absence of channel activation and would
require ⬃15 mV (the difference between Vh1 of F1625R and
F1625K mutants) (Fig. 2 A) additional change in the membrane
potential to accomplish. The faster initial recovery phase in
F1625K than in F1625R (Fig. 6) can also be envisaged in the same
way. There may be slightly different movements of S4/D4 between F1625K and F1625R for the MEx-In position (Fig. 8C), leading to a less stabilized inactivation gate and a faster initial recovery rate in F1625K. The control of the inactivation gate by S4/D4
position thus might be so delicate that a small (⬃1.3 Å) S4/D4
movement could significantly alter the inactivation status.
Implications regarding the functional design and gating
conformational changes of the Na ⴙ channel
It has been shown that R1626, R1629, and R1632 (R1, R2, and R3)
residues in S4/D4 move outside the membrane during depolarization (Chahine et al., 1994; Yang and Horn, 1995; Yang et al.,
1996). As a first approximation, there may be three corresponding negative charges, namely CR1, CR2, and CR3 (the countercharges responsible for binding to R1, R2, and R3 in the fully
inactivated channel, respectively) (Fig. 8) along the path of S4/D4
movement or the “S4/D4 gating canal.” If the top part of S4/D4
(including residues 1625–1632) has an ␣-helical structure in the
resting channels, then our findings would indicate that S4/D4
must have a translational movement along the axis of the ␣-helix
during channel activation–inactivation, no matter with which
countercharge residue 1625R interacts. Even if 1625R interacts
with CR1 to make the intermediate inactivated state in Figure 2 A
(MIn-Ex in Fig. 8C), the S4/D4 helix should have an additional
translational displacement of 1.5 Å during channel activation–
inactivation so that R1 or R1626 is moved to CR1 in the fully
inactivated channel. If 1625R interacts with CR2 or CR3 instead
of CR1 to make the intermediate position MIn-Ex, then the
additional axial translation would be 6 or 10.5 Å. The gating
conformational change of S4/D4 thus cannot be purely rotational
but at least like a “helical screw” (Catterall, 1986; Guy and
Seetharamulu, 1986; Lecar and Larsson, 1997). On the other
hand, the decisive and delicate control of the inactivation gate by
S4/D4 suggests that the activation–inactivation coupling very
likely involves S4/D4 (Fig. 8, black elliptical rectangles). However, because there is no corresponding change in the voltage
dependence of activation in the F1625 mutants (Figs. 2 B, 3B), the
movement of S4/D4 probably happens well after the major events
leading to channel activation. S4/D4 thus could be a key apparatus in the activation–inactivation coupling but should be located
very close to the inactivation end of the whole coupling mechanism. In view of its decisive and delicate controlling effect, S4/D4
may be located so close to the inactivation end that it has a direct
physical connection with the inactivation gate. Because the four
peptide domains (with their respective S4 segments) in the Na ⫹
channel are homologous structures and similar motifs are also
found in the K ⫹ and Ca 2⫹ channels, it would be interesting to
determine whether the direct connection between the voltage
sensor and the corresponding gate is a more general design applicable to the S4(-like) voltage sensors in the other domains of
the Na ⫹ channel and in the other voltage-gated ion channels.
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