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ABSTRACT A pair of tyrosine residues, located on the cytoplasmic linker be-
tween the third and fourth domains of human heart sodium channels, plays a crit-
ical role in the kinetics and voltage dependence of inactivation. Substitution of
these residues by glutamine (Y!#4Y4%/QQ), but not phenylalanine, nearly elimi-
nates the voltage dependence of the inactivation time constant measured from
the decay of macroscopic current after a depolarization. The voltage dependence
of steady state inactivation and recovery from inactivation is also decreased in YY/
QQ channels. A characteristic feature of the coupling between activation and in-
activation in sodium channels is a delay in development of inactivation after a de-
polarization. Such a delay is seen in wild-type but is abbreviated in YY/QQ chan-
nels at —30 mV. The macroscopic kinetics of activation are faster and less voltage
dependent in the mutant at voltages more negative than —20 mV. Deactivation ki-
netics, by contrast, are not significantly different between mutant and wild-type
channels at voltages more negative than —70 mV. Single-channel measurements
show that the latencies for a channel to open after a depolarization are shorter
and less voltage dependent in YY/QQ than in wild-type channels; however the
peak open probability is not significantly affected in YY/QQ channels. These data
demonstrate that rate constants involved in both activation and inactivation are
altered in YY/QQ channels. These tyrosines are required for a normal coupling
between activation voltage sensors and the inactivation gate. This coupling in-
sures that the macroscopic inactivation rate is slow at negative voltages and accel-
erated at more positive voltages. Disruption of the coupling in YY/QQ alters the
microscopic rates of both activation and inactivation.

INTRODUCTION

Voltage-dependent sodium channels are responsible for the rising phase of the ac-
tion potential in nerve and muscle cells. Depolarization causes an increase in the
rate of activation, leading to the opening of channels, and an increase in the rate of
inactivation, which subsequently closes the channels (for reviews see Armstrong,
1981; Bezanilla, 1985; Patlak, 1991; Sigworth, 1993; Keynes, 1994). The coordina-
tion between activation and inactivation insures that the action potential can be
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triggered reliably and will be brief, and also that sodium channels will recover ap-
propriately from inactivation after an action potential. Activation derives its voltage
dependence from the movement of charges within the membrane electric field.
Early studies of the sodium current in squid axon modeled inactivation as a sepa-
rate voltage-dependent process, independent of activation (Hodgkin and Huxley,
1952). However it is generally believed now that inactivation derives most of its volt-
age dependence from being coupled to activation. According to this idea, depolar-
ization causes voltage-dependent activation gates to open, and the rate of inactiva-
tion increases as a consequence of these conformational changes in the channel
protein.

The abolition of inactivation by cytoplasmic endopeptidases (Rojas and Arm-
strong, 1971) has spawned the idea that the inactivation gate is a cytoplasmic re-
gion of the sodium channel protein that blocks the pore when it is in its binding
site. Mutagenesis studies (Stithmer, Conti, Suzuki, Wang, Noda, Yahagi, Kubo, and
Numa, 1989; Moorman, Kirsch, Brown, and Joho, 1990; Patton, West, Catterall,
and Goldin, 1992) suggest that this gate is located within a 53~amino acid loop be-
tween the third and fourth homologous domains, the D3-D4 linker (Fig. 1 A). A
three amino acid motif in this linker, IFM (isoleucine-phenylalanine-methionine),
is conserved in all cloned sodium channels and is critical for normal inactivation
(West, Patton, Scheuer, Wang, Goldin, and Catterall, 1992; Hartmann, Tiedeman,
Chen, Brown, and Kirsch, 1994). Substitution of these amino acids by glutamine
abolishes rapid inactivation. The most important member of this hydrophobic trio
is the aromatic residue phenylalanine. By contrast, glutamine substitution for the
11 lysines in the D3-D4 linker has less effect (Moorman et al., 1990; West et al.,
1992), indicating that these positively charged residues do not play a critical role in
the inactivation of sodium channels. There are six other aromatic residues, either
phenylalanines or tyrosines, in the D3-D4 linker of cardiac sodium channels (Ro-
gart, Cribbs, Muglia, Kephart, and Kaiser, 1989; Gellens, George, Chen, Chahine,
Horn, Barchi, and Kallen, 1992). We have mutated the two adjacent tyrosines in
close proximity to IFM (Fig. 1 A), in the human heart sodium channel (hH1; Gellens
et al.,, 1992), to determine whether these aromatic residues contribute to inactiva-
tion. Mutations of these tyrosines affect the kinetics of both activation and inactiva-
tion, suggesting that they play an important role in the coupling between activation
and inactivation.

METHODS

Mutagenesis and Transfection

For preparation of mutants a 399-bp KpnlI-BstEII fragment (4228-4627 nt) from hH1 was sub-
cloned into pSelect-1 (pS1/399). Site-directed mutagenesis was performed with a Promega kit ac-
cording to the directions of the manufacturer (Promega Corp., Madison, WI). The following
phosphorylated antisense mutagenic oligonucleotides (altered sites are in bold underlining) were
used (1.25 pmol each):

YY1494/1495FF:5"-TTCTTCATGGCATTGAAGAACTTCTTCTGCTCCT-3’
Y1494F:5"-ATGGCATTGTAGAACTTCTTCTGCT-3’
Y1495F:5-TTCATGGCATTGAAGTACTTCTTCT-3'
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YY1494/1495QQ; 5'-CTTCTTCATGGCATTCTGCTGCTTCTTCTGCTCCTC-3’
Y1494Q; 5'-CTTCATGGCATTGTACTGCTTCTTCTGCTCCTC-3’
Y1495Q: 5-CTTCTTCATGGCATTCTGGTACTTCTTCTGCTC-3'.

The candidate clones were screened by nucleotide sequencing. The 399-bp KpnI-BstEII frag-
ment carrying the mutation was isolated from pS1/399 and substituted for the wild-type Kpnl and
BstEII segment of hH1 contained in the pCDNA-1 vector (Invitrogen Corp., San Diego, CA). All
final recombinant DNA constructs were confirmed by nucleic acid sequencing.

Standard methods of transient calcium phosphate transfection of tsA201 cells were used (Mar-
golskee, McHendry-Rinde, and Horn, 1993). Approximately 50% of cells expressed large Na cur-

rents (>500 pA at —10 mV) in typical experiments. Recordings were obtained 1-3 d after trans-
fection.

Electrophysiology and Data Analysis

Standard whole-cell recording methods, including 80% compensation for series resistance, were
used (O’Leary and Horn, 1994). Series resistance errors were <3 mV, and the expected charging
time constant for the cells was <10 ps. Patch electrodes contained (in millimolar): 150 GCsF, 10
EGTA, 10 Cs-HEPES, pH 7.3. The bath contained 150 NaCl, 2 KCl, 1.5 CaCl,, 1 MgCl,, 10 Na-
HEPES, pH 7.3. The recording amplifier was an Axopatch 200A (Axon Instruments, Inc., Burlin-
game, CA); data were filtered at 5-10 kHz and acquired using pCLAMP (Axon Instruments Inc.).
Temperature was changed with Peltier units using a TC-10 controller (Dagan Corp, Minneapolis,
MN). Except where indicated, experiments were performed at 21-23°C. Whole-cell data were ana-
lyzed by a combination of pCLAMP programs, SigmaPlot (Jandel Scientific, San Rafael, CA), and
our own FORTRAN programs. Data are presented as mean = SEM.

Cell-attached experiments at room temperature, 21-23°C, used a bath solution (in millimolar):
100 K methylsulfate, 50 KCl, 1.5 CaCl,, 1 MgCl,, 10 K-HEPES, pH 7.4. The pipette solution was
150 NaCl, 10 tetraethylammonium Cl, 0.0001 tetrodotoxin, 2 KCl, 1.5 CaCl,, 1 MgCls, 10 Na-
HEPES, pH 7.3. Data were filtered at 5 kHz, sampled at 25 kHz, digitally filtered again at 3 kHz,
idealized using TRANSIT (Dr. A. VanDongen, Duke University, Durham, NC), and further ana-
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lyzed using our own FORTRAN programs (Chahine, George, Zhou, Ji, Sun, Barchi, and Horn,
1994). The effective dead time for a detectable transition was ~70 ps,

RESULTS

Loss of Voltage Dependence of Inactivation in Tyrosine Mutants

Fig. 1 B shows families of whole-cell sodium currents from wild-type (WT) hH1 and
from a mutant in which two tyrosines, Y1494 and Y1495, are substituted by
glutamine (YY/QQ). The mutant and WT channels were expressed transiently in
the tsA201 cell line. Both clones show a typical pattern of rapid voltage-dependent
activation followed by a slower inactivation. However, the YY/QQ mutant inacti-
vates more rapidly than WT at voltages more negative than —30 mV and more
slowly than WT at positive voltages. In both WT and mutant channels the decay of
the current after a depolarization is wellfit by a single exponential function at all
voltages, with time constants (1,) plotted in Fig. 2 A. The WT 7, is strongly voltage
dependent, especially over the voltage range where sodium channels open (Fig. 5).
By contrast, 7, of the YY/QQ mutant is almost completely insensitive to voltage be-
tween —50 and +70 mV. YY/QQ mutations also decrease the voltage dependence
of steady state inactivation (Fig. 2 B) by an equivalent loss of 1.8 electronic (g)
charges. In addition, this double mutation speeds the recovery from inactivation
and decreases its voltage dependence (Fig. 2, Cand D), showing that these residues
are important for both entry into and exit from inactivated states. The data suggest
that these two tyrosines contribute to the coupling between activation and inactiva-
tion, and that glutamines in these positions disrupt the coupling mechanism.

The aromatic side chains of tyrosines may be necessary for the normal function
of this coupling mechanism, because phenylalanine substitutions for tyrosine (YY/
FF) have little effect on T, steady state inactivation, or recovery from inactivation
(Fig. 2). Single substitutions, Y1494Q or Y1495Q), have less effect on 7, than the
double mutation (Fig. 2 A), suggesting that the two tyrosines work in concert to
promote a normal voltage dependence of inactivation.

Steady state inactivation depends on the rate constants for entry into and exit
from inactivated states. The time constant of recovery from inactivation (T..) pro-
vides information on the rate of leaving inactivated states at negative voltages. Ty, is
significantly smaller in YY/QQ than in WT (Fig. 2, Cand D). Because the midpoint
of steady state inactivation is comparable for WT and YY/QQ (Fig. 2 B), the rate of
entering an inactivated state must be greater in YY/QQ than in WT at voltages over
which steady state inactivation changes. We tested this prediction by measuring the
reduction in peak current after a variable-duration conditioning pulse to voltages
from —90 to —30 mV (Fig. 3 B, inset). Fig. 3, A and B, show that depolarizing
prepulses cause a voltage-dependent inactivation in both WT and YY/QQ. The data
were reasonably fit by single exponential decays, as shown, and the time constants
(7.) are plotted in Fig. 3 C (filled symbols), along with the 1, values from Fig. 2 A
(open symbols). Fig. 3 C shows that the rate of entry into inactivated states is voltage
dependent, for both WT and YY/QQ), between —30 and —90 mV, with the absolute
rates being greater for YY/QQ than for WT channels, in accordance with the above
prediction. The WT time constant is more voltage dependent, increasing 57-fold
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Ficure 2. Effect of mutations of Y1494 and Y1495 on inactivation. (A) 7, vs voltage for WT and
mutant channels. (B) Steady state inactivation induced by a 500-ms prepulse to the indicated volt-
age. Holding potential, —120 mV. The bestfit Boltzmann curves have slopes of 5.7 = 0.1 mV (WT7),
8.9 + 0.2 mV (YY/QQ), and 5.6 = 0.1 mV (YY/FF). The midpoints are —92.1 + 0.1 mV (WT), —95.0
*0.2mV (YY/Q0Q), and —91.5 * 0.1 mV (YY/FF). (C) Recovery from inactivation at =110 mV. Inac-
tivation induced by a 15-ms prepulse to —20 mV, followed by a variable duration recovery at —110
mYV, and tested by a depolarization to —20 mV. The time course of recovery was fit by a single expo-
nential for each clone. (D) Time constants for recovery from inactivation. Recovery time course at
the indicated voltage was fit with a time constant, T,.. The smooth curves plot the exponential volt-
age dependence of 1...: e-fold/13.2 mV (WT), e-fold/27.3 mV (YY/QQ), e-fold/12.3 mV (YY/FF).

over this range, compared to only 13-fold for YY/QQ. This reduction in voltage de-
pendence of the rate of inactivation for YY/QQ should contribute to the decreased
slope of the steady state inactivation curve (Fig. 2 B).

A comparison of the time constant of inactivation induced by a prepulse (7.) and
the current decay during a single pulse (ty,) yields a surprising result. In WT chan-
nels these time constants are comparable in the voltage range where our measure-
ments overlap (Fig. 3 (). YY/QQ inactivation time constants, however, differ mark-
edly for one- and two-pulse protocols. The two-pulse time constant of YY/QQ is
smaller and more voltage dependent than m, showing a fundamental difference
between these two indicators of inactivation rate. The two-pulse time constant 7.
represents the time required for inactivation of sodium channels during the
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FiGure 3. Time course of two-pulse inactivation. Voltage protocol in inset above B. Peak current
amplitude at a test pulse to 0 mV is measured as a function of the duration of a conditioning pulse.
A 1-ms prepulse to —100 mV resets activation gates without significantly allowing channels to re-
cover from inactivation (Gillespie and Meves, 1980; Goldman and Kenyon, 1982). (4) WT and (B)
YY/QQ normalized amplitude of peak current in the test pulse is plotted against the duration of
conditioning pulses betwen —90 mV (filled circles) and —30 mV (filled triangles) in 10-mV increments.
The data are fit by single exponential relaxations with time constants .. (C) 7. from A and Bare plot-
ted vs conditioning pulse voltage as filled symbols. For comparison the 7, values from Fig. 2 A are
also plotted as open symbols. (D) Two-pulse inactivation for a —30 mV conditioning pulse, plotted
on an expanded time base. The smooth curves are fits to a single exponential relaxation raised to a
power. The best fit time constants are 481 * 46 ms (WT) and 323 = 17 ms (YY/QQ), and the powers
are 2.10 = 0.10 (WT) and 1.31 * 0.06 (YY/QQ). Data for five WT and six YY/QQ cells are shown.

prepulse, whereas the single-pulse 7, reflects the inactivation only of the subset of
channels that are opened by the depolarization. The voltage dependence of 7. in
YY/QQ, therefore, primarily derives from channels that never reach an open state,
i.e., that inactivate from closed states. Because 7. is smaller than 1, in YY/QQ, and
because the mutant 7. is smaller than WT 7, our data suggest that the microscopic
rate constants for inactivating from closed states are enhanced by the YY/QQ muta-
tions.

One of the expected consequences of a coupling between activation and inactiva-
tion is that inactivation cannot occur instantaneously after a step depolarization,
but only after a lag (Goldman and Schauf, 1972; Bezanilla and Armstrong, 1977).
Fig. 3 Dshows that such a lag is present in WT channels at —30 mV, but is markedly
reduced in YY/QQ. A sigmoidal lag in the time course of inactivation in the WT is
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reminiscent of the lag in opening of sodium channels after a step depolarization,
suggesting that inactivation occurs after one or more conformational transitions
among closed states of the activation pathway. The abbreviated delay of YY/QQ
channels is evidence that they inactivate more readily from closed states near the
beginning of the activation pathway. An alternative possibility, which we discuss be-
low, is that YY/QQ mutations, although on the putative inactivation gate, speed the
rate of activation at negative voltages.

The relationship between the macroscopic rates and steady state values of inacti-
vation is remarkably simple for WT channels, as shown in Fig. 4 A. If the entry and
exit from inactivation behaves like a two-state first-order reaction, as envisaged by
Hodgkin and Huxley (1952), steady state inactivation can be predicted uniquely
from the kinetics. If o; and f; represent the voltage-dependent rate constants for
leaving and entering an inactivated state, respectively, the time constants for recov-
ery from inactivation (7..) and two-pulse inactivation (7.) should be equivalent at any
voltage, and will equal (a;+ B;) ~!. Furthermore, steady state inactivation (e.g., Fig. 2
B) is the steady state probability of not being inactivated, which equals o/ (ay+ By) at
any voltage. Plots of 7., 7., and steady state inactivation are superimposed in Fig. 4.
The rate constants «; and ; were assumed to have an exponential dependence on
membrane potential. The WT time constants are well-fit by this simple, two-state
model (the bell-shaped curve in Fig. 4 A), and the estimated values of a; and B, at
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Ficure 4. Rates and equilibrium of inactivation. Steady state probability of not being inactivated
(closed squares), 1. (closed circles), and T... (open triangles) plotted against membrane potential. (4) WT
channels. 7. and 7 were simultaneously fit (bell-shaped curve) with a two-state model described in the
text. The rate constants a; and B; for the model each have an exponential voltage dependence. The
best fit values for these rates (1/ms) are:

o, = 1.67 X 10 °exp (—2.25 V/25), and (1)

B, = 26.2exp (2.15 V/25), (2)

where V is membrane potential in mV. These rates were used to predict steady state inactivation
(dashed line, see text), which agrees well with the data (closed squares). (B) YY/QQ channels. 7. and

Tec do not agree with the theory used for WT channels. Steady state inactivation is superimposed
with its best-fit Boltzmann curve (see Fig. 2 B).
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each voltage were used to predict the steady state inactivation (dashed line). The ac-
curacy of this prediction for WT channels shows that the kinetics of inactivation are
reasonably well represented by a first order process. The ascending and descending
slopes of the bell-shaped curve are the expectations of a model in which inactiva-
tion is rate limited by the movement, across the membrane field, of a gate with a
charge of 4.40 ¢. Because the microscopic rate constant for inactivating, for exam-
ple from an open state of a sodium channel, is much faster than macroscopic rates
of inactivation (Aldrich, Corey, and Stevens, 1983; Vandenberg and Horn, 1984),
the slow time constant 7. shown in Fig. 4 A may represent a slow conformational
change that precedes a rapid entry into an inactivated state.

Similar plots for YY/QQ fail to show this simple relationship between time con-
stants and steady state inactivation (Fig. 4 B), especially because 1, < 7, in the voltage
range where our measurements overlap. This suggests that a single conformational
transition is not the ratelimiting factor underlying inactivation in these mutant
channels. Indeed the time constants T, and 7. are both much smaller in YY/QQ
than in WT channels. If WT inactivation is coupled to a slow conformational transi-
tion (e.g., a closed—closed transition in the activation pathway), this transition is ei-
ther faster in YY/QQ and no longer rate-limiting, or else the link between this slow
transition and inactivation is broken in YY/QQ.

Effect of Tyrosine Mutations on Activation

Our data show a reduced voltage dependence of inactivation in the mutant YY/
QQ. Since it is believed that inactivation derives most of its voltage dependence
from being coupled to activation voltage sensors (Armstrong, 1981; Bezanilla,
1985; Patlak, 1991; Keynes, 1994), mutations that uncouple inactivation from acti-
vation might also be expected to alter activation rates. We examined the effects of
YY/QQ on activation, using both whole-cell and single-channel sodium currents.

Fig. 5 A shows that the peak current-voltage relationship for whole-cell sodium
current is shifted in the depolarizing direction for the YY/QQ mutant. A normal-
ized conductance-voltage (G-V) plot (Fig. 5 B) shows a 5.1-mV depolarizing shift
for YY/QQ), as well as a decrease in the slope of a Boltzmann fit to these data. The
decrease in slope is equivalent to a difference of 0.8 ¢. The depolarizing shift in
YY/QQ could be due to a decreased rate of activation at negative voltages. Alterna-
tively it could be a consequence of increased rate constants for inactivation, which
could reduce the peak conductance. To study the rapid kinetics of activation, we
obtained whole-cell currents at a decreased temperature (15°C). Fig. 6 A shows that
YY/QQ channels open more rapidly at —40 mV than WT channels. We quantified
this observation by plotting the half times for activation over a 100-mV voltage
range. Fig. 6 B shows that the macroscopic kinetics of activation are slower and
more voltage dependent for WT than for YY/QQ channels at voltages more nega-
tive than —20 mV.

Although these results suggest that the voltage dependence and kinetics of activa-
tion are altered in YY/QQ, all of the data are influenced by inactivation from
closed states. To examine one of the activation steps with little contamination from
inactivation, we measured the rate and voltage dependence of tail current decay. At
voltages more negative than —70 mV, where channels are not expected to reopen
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after closing (Fig. 5 B), and where the deactivation rate constant is likely to be
faster than the inactivation rate constant from the open state (however, see Aldrich
and Stevens, 1987), the inverse of the deactivation time constant is an estimate of
the transition rate between the open state and its preceding closed state in the acti-
vation pathway. Fig. 6 Cshows superimposed current traces with indistinguishable
deactivation kinetics between WT and YY/QQ at —90 mV, and Fig. 6 D shows that
deactivation time constants have an exponential voltage dependence in both mu-
tant and WT. These time constants are marginally, but not significantly, larger in
the mutant (P = 0.09, Ftest), showing that the open-to-closed transition in the acti-
vation pathway is relatively insensitive to the YY/QQ mutations in this voltage
range. Although this double mutation does not strongly affect a deactivation rate
constant, our data cannot exclude the possibility that other transitions in the activa-
tion pathway are altered.
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Single-Channel Properties

One of the striking features of the currents of YY/QQ is that 7, is constant over a
voltage range (50 to 0 mV) where channel opening is steeply voltage dependent
(Figs. 1 Band 5 B). Aldrich et al. (1983) showed, over a similar voltage range, that
7 for sodium channels in neuroblastoma cells is largely determined by the latency
for a channel to open after a depolarization. Our macroscopic current data sug-
gest, therefore, that the first latency distribution is less voltage dependent in YY/
QQ than in WT channels. To explore this idea we obtained single-channel record-
ings from cell-attached patches of transfected cells at —~40 and —20 mV (Fig. 7).
The single-channel currents of WT and YY/QQ have, on the average, comparable
open times, number of openings per burst, probability of not opening during a de-
polarization (Py.n), and peak open probability (Table I). However there is a clear
difference between the first latency distributions of WT and YY/QQ channels. The
median first latencies are significantly shorter and less voltage dependent for mu-
tant channels (Fig. 8, A and B, Table I). In WT channels, the first latency increased
2.7fold between —20 and —40 mV, compared with 1.6-fold for YY/QQ (Table I).
The ensemble-averaged currents show, as in whole-cell recordings, that 1, is less
voltage dependent in the mutant (Fig. 8, Cand D, Table I). The fact that peak open
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FIGURE 7. Singlechannel currents. Selected examples of single-channel currents at —20 and —40
mV (arrows) from cell-attached patches; holding potential, —120 mV; low-pass filter, 3.1 kHz. WT
and YY/QQ patches had two and four channels, respectively.
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TABLE 1
Analysis of Single Channels in Cell-attached Patches

A\ WT YY/QQ Pvalue

mV
Mean open -20 303 £ 16 338 * 18 >0.1
time (ps) ~40 252 + 12 268 + 17 >0.2
Burst number ~20 1.38 £ 0.08 1.46 £ 0.09 >0.5

40 1.36 £ 0.06 1.33 * 0.06 >0.5
Peak -20 0.132 + 0.023 0.149 = 0.015 >0.5
Popen ~40 0.045 x 0.013 0.059 * 0.012 >0.2
Median first -20 0.71 = 0.03 0.57 + 0.03 <0.01*
latency (ms) -40 1.92 + 0.20 0.94 = 0.07 <(.001*
Potank -20 0.590 * 0.044 0.638 + 0.031 >0.2

~40 0.658 * 0.064 0.615 = 0.063 >0.2
Ty (ms) ~20 0.83 % 0.07 0.97 = 0.05 >0.1

~40 2.33 £ 0.25 1.18 + 0.14 <0.02*

Patches contained one to four channels. Values are mean * SEM for seven WT patches
and 10 YY/QQ patches. The means and variances were weighted according to the num-
ber of depolarizations and the number of channels (N) in each patch. Mean open time,
number of openings per burst, and first latencies corrected for N, were calculated as de-
scribed previously (Chahine et al., 1994). The probability that a channel will inactivate
without opening, Piuny, is estimated from the N** root of the fraction of blank records.
Peak open probability and 1, were obtained from ensemble-averaged currents. P values
were obtained by an unpaired, two-sided ¢ test.

probability is not significantly affected by YY/QQ mutations (Table I) does not con-
tradict the effects observed on G-V curves (Fig. 5 B). The G-V curves are arbitrarily
scaled and only indirectly provide information on the voltage dependence of open
probability.

We observe increased macroscopic rates of inactivation from closed states at neg-
ative voltages. This could be a consequence of either or both of two effects of the
double mutation. One possibility is that inactivation rate constants from closed
states are increased in mutant channels. This would predict a reduction of the peak
open probability, a result inconsistent with our data (Table I). The second possibil-
ity is that activation rate constants are increased. The shortened first latencies in
the mutant could be due to such an effect. Accelerated movement along the activa-
tion pathway could cause a more rapid inactivation at very negative voltages, due to
the coupling between activation and inactivation. This second possibility predicts
an increase in the peak open probability in mutant channels, a result also inconsis-
tent with our data. Therefore, both activation and inactivation rate constants must
be affected in mutant channels. Our data indicate that, at voltages negative to —20
mV, rate constants both from closed-to-open states, and from closed-to-inactivated
states, are increased in YY/QQ mutants.
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Ficure 8. Analysis of single~chan-
nel data of patches in Fig. 7. (A)
First latency distributions for the WT
patch, corrected for the number of
channels. In this patch the median
first latency was 0.68 ms (—20 mV)
and 1.8 ms (—40 mV). (B) Cor-
rected first latency distributions for
the YY/QQ patch. In this patch the
median first latency was 0.56 ms
(=20 mV) and 0.84 ms (—40 mV).
(C) Ensemble average open proba-
bility for the WT patch, using 589
(—20 mV) and 585 (~40 mV) depo-
y larizations. (D) Ensemble average
' open probability for the YY/QQ
patch, using 300 (—20 mV) and 597
(—40 mV) depolarizations.

Latency {ms)

lime (ms) time (ms)

DISCUSSION

We have examined the role of a pair of adjacent tyrosine residues on the cytoplas-
mic D3-D4 linker of human cardiac sodium channels. These residues are located
seven residues downstream from a trio of hydrophobic residues (IFM) known to be
important for the rapid inactivation of sodium channels of brain and heart (West
et al., 1992; Hartmann et al., 1994). Substitution of glutamines for these two adja-
cent tyrosines accelerates the decay of sodium currents after depolarizations to volt-
ages more negative than —30 mV. In contrast to WT channels, where the time con-
stant T, of inactivation decreases strongly with depolarization, 7, in YY/QQ channels
increases slightly with depolarization (Fig. 2 A). The kinetics of recovery from inac-
tivation are faster in mutant than WT channels and have a decreased voltage de-
pendence (Fig. 2 D). Despite these marked differences in the voltage dependence
and kinetics of macroscopic inactivation between WT and mutant channels, the
midpoints of steady state inactivation are not significantly different (Fig. 2 B).

The YY/QQ mutations, which are located on the putative inactivation gate of so-
dium channels, also alter activation. Effects on activation have also been observed
for other mutations in the D3-D4 linker (Moorman et al.,, 1990; Patton et al.,
1992). The YY/QQ mutations shift the G-V relationship toward more depolarized
voltages and reduce its voltage dependence (Fig. 5 B). Shifts in G-V curves are usu-
ally attributed to changes in the voltage dependence of activation, although
changes in rates of inactivation may also play a role. The kinetics of whole-cell cur-
rent activation are also affected by YY/QQ mutations, being faster at voltages more
negative than —20 mV (Fig. 6, A and B). Consistent with this observation, the me-
dian first latencies for single-channel openings at —40 mV are twofold larger in WT
than mutant channels (Table I). These data support the idea that YY/QQ muta-
tions affect rate constants underlying both activation and inactivation. Direct ef-
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fects on activation rate constants could explain our result that the delay preceding
the inactivation of the channels at —30 mV is significantly reduced by the YY/QQ
mutations (Fig. 3 D). This delay is believed to reflect the movement of sodium
channels through closed conformations that precede both opening and inactiva-
tion (Goldman and Schauf, 1972; Bezanilla and Armstrong, 1977). Mutant channels
evidently traverse this pathway more rapidly than WT channels at negative voltages.

Although the aforementioned data suggest that activation rate constants are al-
tered in YY/QQ channels, changes of rate constants leading to inactivated states
can also alter the apparent voltage dependence and kinetics of activation. Because
we observe increased macroscopic rates of inactivation at negative voltages without
a significant change in peak open probability, YY/Q() mutations must affect rate
constants of the activation pathway as well as those between closed and inactivated
states. This conclusion is strengthened by maximum likelihood estimates of rate
constants from single-channel data at —40 mV, using several different gating mod-
els (O’Leary and Horn, unpublished observations).

Our macroscopic and single-channel data suggest an explanation for the lack of
voltage dependence of T, in YY/QQ channels. After a depolarization, a mutant
channel can bail out of the activation pathway by inactivating more readily from a
closed state, due both to an increase in the rate of closed-channel inactivation and
an increase in activation rate constants. As a consequence, the first latencies will de-
crease in the mutant. This is explained in part by the fact that the only channels
that will open, and therefore contribute to the first latency distribution, must do so
rapidly before inactivating from closed states. A larger rate of inactivation from a
closed state will result in first latencies with a decreased voltage dependence, com-
pared to WT (unpublished simulations). The decrease in magnitude and voltage
dependence of the first latencies in YY/QQ channels causes T, to be faster and less
voltage dependent at voltages more negative than —20 mV.

Comparison with Previous Results

The effects of these tyrosine mutations contrast strongly with previously described
mutations of the neighboring aromatic residue phenylalanine in the IFM cluster
(West et al., 1992; Hartmann et al., 1994). In particular, phenylalanine F1486 of
hH1 plays a dominant role in inactivation at negative voltages, because the muta-
tion F1486Q) drastically reduces inactivation from closed states, and also causes a
large depolarizing shift in steady state inactivation (Hartmann et al., 1994). The re-
petitive openings observed with F1486(Q) indicate that inactivation is destabilized by
this mutation. Although the YY/QQ mutant has altered rates of inactivation, the
“burstiness” of channels is not increased and the midpoint of steady state inactiva-
tion is only moderately affected (Fig. 2 B), pointing out the different roles played
by these aromatic residues in the D3-D4 linker. The equilibrium between closed
and inactivated states depends on F1486, whereas Y1494 and Y1495 play a signifi-
cant role in the rates of inactivation with little contribution to the relative free ener-
gies of closed and inactivated states. Because these tyrosines reside on the putative
cytoplasmic inactivation gate, it is tempting to explain the effects of the double mu-
tation by a conformational change of the inactivation gate that decreases the activa-
tion energy barrier for its interaction with its receptor. This would increase the
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rates of both inactivation and recovery from inactivation in the mutant. However
this interpretation cannot easily explain the decreased rate of inactivation of YY/
QQ channels at more positive voltages or the significant loss of voltage dependence
of Ty, T, and T,... Furthermore, this hypothesis does not yield a simple explanation
for the effects of YY/QQ on activation rate constants. We explore a model below
that can account for the numerous consequences of YY/QQ mutations.

Balls and Chains and Hinged Lids

The “ball-and-chain” model was originally proposed to explain the inactivation of
sodium channels in squid axons (Armstrong and Bezanilla, 1977). This model as-
sumes that depolarization causes activation gates to move, which creates a favorable
binding site for a tethered cytoplasmic inactivation particle that can act as an open
channel blocker. This mechanism may account entirely for the coupling between
membrane potential and so-called Mtype inactivation in potassium channels
(Hoshi, Zagotta, and Aldrich, 1990; Zagotta, Hoshi, and Aldrich, 1990; Demo and
Yellen, 1991; Murrell-Lagnado and Aldrich, 19934; Murrell-Lagnado and Aldrich,
1993%). Because the cytoplasmic D3-D4 linker of sodium channels is tethered at
both ends, a latching hinged-lid mechanism of inactivation has been proposed in
analogy with the ball-and-chain model (West et al., 1992). However, there is little
evidence for this type of mechanism in sodium channels, except that mutations of
the D3-D4 linker affect inactivation. In potassium channels, for example, cytoplas-
mic open channel blockers interfere with Mtype inactivation (Choi, Aldrich, and
Yellen, 1991). Similar results are not obtained for sodium channels (O’Leary and
Horn, 1994). Furthermore, the inactivation of potassium channels lacking a teth-
ered inactivation particle may be restored with soluble ball peptides (Zagotta et al.,
1990; Demo and Yellen, 1991; Murrell-Lagnado and Aldrich, 19934,4). Comparable
experiments with sodium channels (Eaholtz, Scheuer, and Catterall, 1994; Eaholtz,
Zagotta, and Catterall, 1995) produce, at best, a voltage-dependent open-channel
block distinctly different from normal inactivation, which is thought to have little
inherent voltage dependence. Another clear difference between Mtype inactiva-
tion in potassium channels and inactivation of sodium channels is that electrostatic
interactions are important for the reaction between the inactivation particles of po-
tassium channels and their binding site (Murrell-Lagnado and Aldrich, 19935).
This is apparently not the case for sodium channels (Moorman et al., 1990; West et
al., 1992).

N-type inactivation in potassium channels behaves as if the tethered inactivation
particles, which number four in homotetrameric channels (MacKinnon, Aldrich,
and Lee, 1993), are fully dissociated from the core of the channel until the channel
inactivates. The binding of one of the four inactivation particles, or of an exoge-
nous ball peptide molecule, causes inactivation. Removing the amino-terminal in-
activation particles by deletion has no effect on activation gating during a depolar-
ization (Hoshi et al., 1990), consistent with the idea that the inactivation particles
are not associated with the channel core except when the channel is inactivated.
Furthermore, the rate of recovery from NMNtype inactivation does not depend on the
number of inactivation particles in heteromeric potassium channels (MacKinnon
et al., 1993; Gomez-Lagunas and Armstrong, 1995), again showing that the only in-
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activation particle that interacts with gating mechanisms is the one bound in its
site. However the activation gating charge is “immobilized” in an inactivated potas-
sium channel (Perozo, Papazian, Stefani, and Bezanilla, 1992), which is evidence
that an inactivation particle, when bound in its site, is in contact with the channel
core where it can interact with activation gates.

By analogy with potassium channels, the phenylalanine in the IFM triplet of so-
dium channels may bind to a site on the core of the channel protein, causing inac-
tivation (West et al., 1992). Depolarization could induce the formation of a high
affinity docking site for this phenylalanine. We believe that this change of affinity
accompanies rapid, voltage-dependent transitions near the beginning of the activa-
tion pathway, and that mutations of phenylalanine F1486 alter this voltage-depen-
dent affinity. In stark contrast with potassium channels, YY/QQ mutations in the
putative inactivation gate of sodium channels alter rate constants for activation, in-
dicating an association between activation and inactivation gates, even when the
channel is not inactivated. This association affects both the activation gating in WT
channels and the voltage dependence and kinetics of inactivation.

A Model for Sodium Channel Inactivation

We postulate that a depolarization has two effects on the process of inactivation.
The first, as discussed above, is the rapid creation of a favorable binding site for the
cytoplasmic inactivation gate. The second is a slower conformational change in the
D3-D4 linker, due to its association with a voltage sensor in the core of the channel
protein. We believe that this molecular link contributes to the voltage dependence
of the kinetics of both inactivation and recovery from inactivation, and that the YY/
QQ mutations disrupt this link. The most compelling evidence for this disruption is
that the voltage dependence of inactivation, however it is measured (Figs. 2, 3, and
8; Table I), is reduced in YY/QQ channels. Because the relative free energy of
closed and inactivated states is not altered markedly by YY/QQ mutations, it is
likely that the affinity of IFM for its putative binding site is unaltered. However, the
rates of association and dissociation of IFM are increased in YY/QQ channels at
voltages more negative than —20 mV, as if these mutations disrupt the normal cou-
pling between a slow conformational transition in the activation pathway and the
inactivation process. In WT channels this slow transition is rate limiting, and can ac-
count for the rates and voltage dependence of inactivation (Fig. 4 A). One effect of
the disruption of coupling is that the activation rates are greater in YY/QQ than in
WT channels at voltages more negative than —20 mV (Fig. 6), perhaps because ac-
tivation gating transitions are no longer encumbered by the inactivation gate. The
increase in rate of activation in YY/QQ is partly responsible for the decrease in the
lag for development of inactivation after a depolarization (Fig. 3).

We have restricted most of our discussion to voltages more negative than —30
mV, in part because of the more dramatic differences between mutant and WT
channels for these voltages. This is also the range where the voltage dependence of
both activation and inactivation is most pronounced. At potentials more depolar-
ized than —30 mV the macroscopic inactivation rate of YY/QQ is slower than in WT
channels, presumably because the residue F1486 of the mutant is not delivered ef-
fectively to its site, even after the activation gates are fully open. The hampered
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ability of the “ball” of YY/QQ to bind to its site at positive voltages could explain
the gradual increase in 7y, with depolarization (Fig. 2 A), because mutant channels
tend to get trapped in the open state, due to the voltage dependence of the rate
constant leading from the open state to a closed state in the activation pathway.
This conceptual model provides a plausible explanation for the difference in recov-
ery from inactivation between WT and YY/QQ channels. First, the molecular asso-
ciation between the inactivation gate and a voltage sensor in the core of the chan-
nel protein promotes a more stable binding of the inactivation gate, leading to
slower recovery from inactivation in the WT. Furthermore, because of the associa-
tion with a voltage sensor, recovery should be more voltage dependent in WT than
in YY/QQ channels, consistent with our observations.

Although our data give strong evidence for an association between the D3-D4
linker and an activation voltage sensor, our interpretation of the effects of YY/QQ
mutations, i.e., a disruption of this link, is only one possibility. Our data cannot dis-
tinguish this hypothesis from those in which the link is maintained, but is function-
ally altered. Any mechanistic interpretation, however, must be able to account for
the alterations in both activation and inactivation gating. To simplify such an inter-
pretation, we are currently exploring the effects of YY/QQ mutations on channels
that cannot inactivate, due to IFM/QQQ mutations.

Our data suggest a fundamental difference between potassium and sodium chan-
nels in the coupling mechanisms between activation and inactivation. Although we
believe that a rapid, voltage-dependent change in affinity for a cytoplasmic inactiva-
tion particle occurs in both types of channels, the inactivation gate of sodium channels
is also linked with activation voltage sensors when the channel is not inactivated.
Because the conformational transitions, both entering and leaving an inactivated
state, are rate limiting in WT channels, our data are suggestive of a gating model
containing parallel fast and slow pathways. The more rapid transitions involve acti-
vation and deactivation; inactivation is slower in both onset and recovery. The YY/
QQ mutations specifically disrupt the association between slow conformational
transitions and inactivation. This type of parallel model (Keynes, 1990; Patlak,
1991; Keynes, 1994; Kuo and Bean, 1994; Schoppa and Sigworth, 1994; Zagotta,
Hoshi, and Aldrich, 1994) is in accord with the presence of the four S4 segments in
both potassium channels and sodium channels. The mechanism by which voltage-
dependent conformational changes of the channel core are transmitted to the in-
activation gate of sodium channels remains a mystery and includes the possibility
that the tyrosines directly contribute to the molecular link. The absence of voltage
dependence of T, for YY/QQ at negative potentials is reminiscent of a similar be-
havior seen in naturally occurring mutants associated with the disease paramyoto-
nia congenita (Chahine et al,, 1994). These natural mutations, which affect both
activation and inactivation, are found in the S4 segment of D4. In fact this pheno-
type, a voltage-independent T, at negative membrane potentials, is only observed
for S4 mutations of D4, and not for equivalent mutations in other domains (Chen,
Santarelli, Zhang, Horn, and Kallen, 1995), suggesting that this highly charged
transmembrane segment is the voltage sensor in this coupling mechanism.
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