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ABSTRACT During inactivation of Na* channels, the intracellular loop connecting domains III and IV is thought
to fold into the channel protein and occlude the pore through interaction of the hydrophobic motif isoleucine-
phenylalanine-methionine (IFM) with a receptor site. We have searched for amino acid residues flanking the IFM
motif which may contribute to formation of molecular hinges that allow this motion of the inactivation gate. Site-
directed mutagenesis of proline and glycine residues, which often are components of molecular hinges in pro-
teins, revealed that G1484, G1485, P1512, P1514, and P1516 are required for normal fast inactivation. Mutations
of these residues slow the time course of macroscopic inactivation. Single channel analysis of mutations G1484A,
G1485A, and P1512A showed that the slowing of macroscopic inactivation is produced by increases in open dura-
tion and latency to first opening. These mutant channels also show a higher probability of entering a slow gating
mode in which their inactivation is further impaired. The effects on gating transitions in the pathway to open Na*
channels indicate conformational coupling of activation to transitions in the inactivation gate. The results are con-
sistent with the hypothesis that these glycine and proline residues contribute to hinge regions which allow move-

ment of the inactivation gate during the inactivation process of Na* channels.
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INTRODUCTION

Voltage-gated Na* channels are responsible for initia-
tion of action potentials in neurons and other excitable
cells. They are activated by depolarization and are inac-
tivated within ~1 ms by closure of their inactivation
gate. Previous results (reviewed in Kellenberger et al.,
1997 in this issue) are consistent with the hypothesis
that the inactivation gate is formed by the intracellular
loop connecting domains III and IV (Lyyy) of the Na*
channel a subunit and that a hydrophobic motif (IFM,
isoleucine-phenylalanine-methionine)! serves as a puta-
tive inactivation particle which binds to the intracellu-
lar mouth of the pore via hydrophobic interactions and
blocks it (West et al., 1992). Based on these studies it
was proposed that Ly functions as a “hinged-lid”
which closes over the intracellular mouth of the pore
(Catterall, 1992; West et al., 1992; Eaholtz et al., 1994).
By analogy with the structure and function of the
hinged lids of allosteric enzymes (Joseph et al., 1990;
Wierenga et al.,, 1991; Derewenda et al., 1992), this
model implies that flexible regions on both sides of the
IFM motif act as hinges to allow IFM to fold into the
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channel structure and bind to a putative inactivation
gate receptor in order to latch the inactivation gate in
the closed position. Consistent with this hypothesis,
previous experiments have provided evidence for
movement of the inactivation gate during inactivation.
Modification of the inactivation gate by binding of a
site-directed antibody (Vassilev et al., 1988; Vassilev et
al., 1989) or by reaction of methanethiosulfonate deriv-
atives with a cys in the position of the essential F1489 in
the IFM motif (Kellenberger et al., 1996) is rapid when
the channel is in the resting state but not in the inacti-
vated state, suggesting that the Ly moves toward the
body of the channel upon inactivation and becomes in-
accessible to both macromolecular and small cysteine-
modifying reagents.

Lyv contains several pro and gly residues, amino ac-
ids that are components of molecular hinges in other
proteins. Gly residues confer flexibility to polypeptides,
whereas pro residues induce bends (Creighton, 1993).
Thus, gly and pro residues could be components of the
hinges in the hinged lid. In these experiments, we
tested this idea by analysis of the functional effects of
mutations of the pro and gly residues in the inactiva-
tion gate. Some of these mutations impaired inactiva-
tion by slowing the kinetics of the transition into the in-
activated state from closed and open states. In addition,
these mutations affected steps in channel gating that
occur before channel opening and inactivation, consis-
tent with a firm linkage between conformational
changes in Ly and those involved in the voltage-
dependent channel activation process.
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MATERIALS AND METHODS

The experimental procedures used in this study are described in
Kellenberger et al. (1997) in this issue.

RESULTS

Effects of Mutations of Glycine Residues in
the Inactivation Gate

To examine the functional role of gly residues in the in-
activation gate, we mutated each gly in Ly (SCHEME 1)
individually to ala and, in some cases, to val or pro. In
addition the double mutation GG1484/5AA was made.

G1484A G1484V

1480-KKKFGGODIFMTEEQKKYYNAMKKLG-
SKKPQKPIPRPANKFQGMVF-1525
(SCHEME 1)

The time course of inactivation of each mutant chan-
nel was analyzed using cell-attached macropatches and
compared to wild type (WT). Averaged current traces
from several experiments (n = 3-16) at four different
test potentials are displayed in Fig. 1. The values for the
time constant for macroscopic inactivation, T, at a
range of membrane potentials and the extent of steady-
state inactivation as a function of membrane potential
are plotted in Fig. 2 for selected mutants. The mem-
brane potentials at which half-maximal activation and

GG1484/5AA

G1483A

G1485V

G1505A G1505V
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FiGure 1. Average macropatch
current traces from Na' chan-
nels with mutated glycine resi-
dues. Current traces elicited by
depolarizations to the indicated
potentials from different experi-
ments were normalized and aver-
aged. WT (dotted lines, n = 13 ex-
periments) and mutants (solid
lines, n = 3-8).
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steady-state inactivation were observed are presented in
Table I, and mean and SEM values of 7, at +30 mV are
indicated in Table II

Among the gly residues studied, the largest effects
were observed for substitutions of G1484 and G1485 to-
ward the NHo-terminal end of L. Both G1484A and
(G1484V slowed macroscopic inactivation at potentials
positive to —30 mV (Figs. 1 and 2 A, Table II). G1485A
slowed macroscopic inactivation at all potentials tested
(Figs. 1 and 2 A, Table II), and inactivation was incom-
plete (Fig. 1, Table I). In the macropatches studied
here, the fraction of sustained current at the end of 11-
ms pulses was 8 = 3% for G1485A in comparison to 2 =
1% in WT. In contrast, mutation G1485V slowed mac-
roscopic inactivation only slightly, although signifi-
cantly (Fig. 1, Table II). The double mutant GG1484/
5AA slowed macroscopic inactivation to an extent simi-
lar to the single G1485A mutation (Fig. 1, Table II), but
there was no clear increase in effect for the double mu-
tation. Moreover, the non-inactivating current associ-
ated with the G1485A single mutation was absent in the
double mutant (3 * 1% noninactivating current, n =
5). Thus, the impairment of stability of the inactivated
state in the G1485A channel is compensated by the ad-
ditional G1484A mutation.

Macroscopic inactivation was not affected by muta-
tion G1505A, and was slightly slowed by G1505V (Fig. 1,
Table II). However, it was slowed dramatically in mutant
G1505P (Fig. 1, Table II). This mutation also caused
slowed macroscopic activation. Mutation G1522A at the

COOH-terminal end of Ly y did not have a significant
effect on the inactivation time course.

The mutations of gly residues caused little change in
the voltage dependence of activation (Table I). How-
ever, the midpoint of steady-state inactivation was shifted
positively by mutations G1484A, G1484V, and GG1484/
5AA by 7-14 mV (Fig. 2 B, Table I). Steady-state inacti-
vation is primarily a measure of inactivation from
closed states without prior channel opening (see DIs-
CUSSION), so these effects suggest that the closed-to-
inactivated transition is also impaired by these muta-
tions. Recovery from inactivation after repolarization to
negative membrane potentials was not significantly ac-
celerated for these mutants, except for a small effect of
G1522A (Table III).

Effects of Mutations of Proline Residues in the
Inactivation Gate

Each of the 4 pro residues in Ly y (SCHEME I) was mu-
tated, one at a time, to ala, and in addition the triple
mutation PPP1512/4/6AAA was made. Of the single
mutations the largest effect on current time course was
observed in mutant P1512A. This mutation slowed in-
activation markedly at all voltages (Figs. 3 and 4 A, Ta-
ble II). However, the effect was greatest at potentials
negative to 0 mV, in contrast to the gly mutations for
which effects became stronger with increasing depolar-
ization. Mutation P1512A had little effect on the fraction
of non-inactivating current (4 £ 1% in macropatches).
In addition to its effects on macroscopic inactivation,

TABLE I

Voltage-dependent Gating Parameters of Macroscopic Currents from Mutant and WI' Na* Channels

Peak conductance

Fast inactivation

V1,9 (mV) k (mV) Sustained current (%) n V9 (mV) k (mV) n
G1484A —-17 £ 2 =52 *0.2 2+1 4 —43 + 1* 53 0.2 4
G1484V —16 * 2% —6.1 = 0.5 3+2 5 —36 * 1* 48 £0.1 4
G1485A —15 * 2% —-6.7+0.2 8 *+ 3% 14 =50 £ 3 6.5 0.2 12
G1485V —21 4 —6.0 = 0.5 2+1 3 —47*0 6.1 £0.3 3
GG1484/5AA -19 %1 =5.0 0.2 3+1 7 —40 * 2% 5403 13
G1505A —-18 £ 3 =57+ 0.6 1*£0 4 —47 2 6.4 = 0.2 3
G1505V —22+3 —5.2*+0.9 2+1 3 —48 + 4 6.3 £0.1 3
P1509A —-17 £ 2 —-73*0.6 4=*3 4 —bb * 4% 6.7 £ 0.5 4
P1512A —22+3 -39*04 32 4 —40 + 2% 6.5 0.1 4
P1514A -19+1 —-5.9* 0.6 2+0 3 =50 =1 6.7 £ 0.1 3
P1516A —15 * 1* -73%x0.3 2+1 3 =50+ 1 6.3 0.3 3
PPP1512/4/6AAA -19*+1 -52=*0.2 3+0 7 —42 * 1* 6.3 £ 0.2 8
A1517G —24 *+ 1* —45*0.3 2+ 0 4 —52 %2 58 *0.3 3
G1522A -18+2 —-6.2 0.6 2+0 3 =51 *1 59 * 0.1 3
WwT —-20 £ 3 —5.5*+0.3 2+1 8 =50 * 4 6.2 = 0.2 7

Values for V9, the voltage of half activation or inactivation and the slope factor k were derived from Boltzmann fits to activation and inactivation curves
(see MATERIALS AND METHODS, Kellenberger et al., 1997, in this issue); n, number of cells studied. Prepulse duration in steady-state inactivation protocols

was 100 ms. All data are from two-electrode voltage-clamp experiments. ¥V, , or sustained current significantly different from WT (P < 0.05).
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FiGure 2. Voltage dependence of macroscopic inactivation prop-
erties of glycine mutants. (A) Voltage dependence of macroscopic
inactivation. 7, was determined from single exponential fits to the
current decay in macropatch experiments. Average values from 4
to 11 experiments are shown for WT (O), G1484A (@) and
G1485A (#). *The voltage for 7, values of mutant channels was
corrected for differences in the mean midpoints of activation
curves relative to WT, to normalize for effects of activation voltage
on Ty,. AV, relative to WT in macropatch experiments was —9 mV
(G1484A) and +6 mV (G1485A). (B) Steady-state inactivation
curves in response to 100-ms pulses. Data are averages of 4-7 two-
electrode voltage-clamp experiments (Table I) with WT, (O),
G1484A, (@), and G1484V, (). Solid lines are leastsquare fits of
the Boltzmann equation to the data.

P1512A also slowed the time course of macroscopic ac-
tivation (Fig. 3). This effect may be secondary to the
slowing of inactivation at negative membrane poten-
tials in this mutant.

Mutation P1516A slowed inactivation at all potentials
tested, but its effects were smaller than those of P1512A
(Fig. 3). Mutation P1514A slowed macroscopic inactiva-
tion slightly but significantly (Fig. 3, Table II). Macro-
scopic inactivation of the triple mutant PPP1512/4/
6AAA was not significantly different from the single
mutation P1512A. In the mutant P1509A, macroscopic
inactivation was faster than in WT at potentials negative
to 0 mV and not significantly different at more positive
potentials (Figs. 3 and 4 A). The different voltage de-

TABLE II
Inactivation Time Course in Cell-attached Macropatches at + 30 mV

Th(+30 mV) n Th(+30 mV) n
G1484A 0.34 = 0.04 5 P1509A 0.15 = 0.01 3
G1484V 0.43+0.04 4 PI1512A 0.30 £ 0.03 14
G1485A 0.50 = 0.03 4 PI1514A 0.19+0.01 10
G1485V 0.23 = 0.02 4  PI1516A 0.23 = 0.01 7
GG1484/5AA  0.50 = 0.03 5 PPP1512/4/6AAA 0.35 * 0.03 8
G1505A 0.18 £ 0.02 4 AlI517G 0.13 £ 0.01 3
G1505V 0.20 £0.01 10 GI1522A 0.18 £ 0.01 3
G1505P 0.39 £ 0.03 5 WT 0.16 £ 0.01 13

Th(+30 my) Was derived from single exponential fits to the inactivation time
course. Ty, 139 my) Was significantly different from WT (P < 0.05) for all mu-
tants tested except for G1505A, P1509A, A1517G, and G1522A.

pendence of macroscopic inactivation in these pro mu-
tants is considered in the DISCUSSION.

The mutations of pro residues caused little change in
the voltage dependence of activation (Table I). How-
ever, the midpoint of steady-state inactivation was
shifted 10 and 8 mV positively by the mutations P1512A
(Fig. 4 B, Table I) and PPP1512/4/6AAA (Table I), re-
spectively, suggesting impairment of transitions from
closed to inactivated states. Recovery from inactivation
was slowed for mutants P1514A, P1516A, and PPP1512/
4/6AAA, but not for the other pro mutants (Table III).
The slowing of inactivation for mutants P1514A and
P1516A occurred without effects on the voltage depen-
dence of activation or steady-state inactivation.

Single Channel Gating of the G1484A, G1485A, and
PI1512A Mutants

Mutations of G1484, G1485, and P1512 had the most
pronounced effects on macroscopic inactivation dur-
ing depolarizing pulses. Single channel current traces
and ensemble averages of mutants to ala of these chan-
nels at —20 mV are shown in Fig. 5. The ensemble aver-
ages (final sweep for each mutant, solid traces) were de-
rived from all single channel traces analyzed for each
channel type. Their time course corresponds well with
the macropatch current traces recorded from the cor-
responding mutants (Figs. 1 and 3). Thus, the behavior
of these single channels is representative of the overall
behavior of the channels conducting the macroscopic
currents we have measured.

In response to the majority of depolarizations these
mutant channels opened once or twice early in the de-
polarization and then inactivated (Fig. 5), similarly to
WT channels (see Kellenberger et al., 1997, in this is-
sue). Sometimes, however, inactivation was delayed or
absent, and the single channels had a much higher
probability of being open (P,) late in the pulse. The ex-
act pattern of this high P, activity varied among mu-

610 Na* Channel Inactivation Gate Hinge Residues



TABLE III

Recovery from Inactivation in Two-electrode Voltage-clamp Experiments

T_gomy (MS) n T_gomy(ms) n T_ 190my(MS) n
G1484A 12.72 + 1.16 3 1.87 = 0.24 3 0.51 = 0.04* 3
G1484V 0.51 = 0.03* 3
G1485A 14.28 + 0.67 4 2.70 * 0.21 4 0.82 = 0.05 4
G1485V 18.20 + 0.67 2 3.57 £ 1.14 2 0.84 = 0.10 2
GG1484/5AA 15.08 = 0.86 4 2.31 = 0.08 4 0.72 £ 0.04 4
G1505A 10.79 + 1.29% 2 2.14 = 0.39 2 0.54 = 0.03* 2
G1505V 14.63 = 1.40 2 1.90 £ 0.26 2 0.55 = 0.03* 2
P1509A 14.48 = 1.10 3 3.12 = 0.08 3 0.96 = 0.07* 3
P1512A 19.07 = 0.93 3 2.83 + 0.11 3 0.78 = 0.01 3
P1514A 21.47 = 0.25 3 3.42 £ 0.03* 3 1.19 £ 0.13* 3
P1516A 22.11 = 1.27 3 3.68 £ 0.08* 3 0.99 * 0.05* 3
PPP1512/4/6AAA 21.91 £ 0.43 3 3.41 £ 0.11* 4 0.92 £ 0.03* 4
Al1517G 24.00 £ 1.61 2 3.561 £0.41 3 1.09 * 0.02* 2
G1522A 24.36 = 1.08* 3 3.95 £ 0.21* 3 0.95 £ 0.10 3
wT 17.66 * 1.42 4 2.51 = 0.22 4 0.72 = 0.03 4

The time course of recovery from inactivation at the potentials indicated was measured after a 15-ms depolarization to 0 mV and fitted with an equation

including a single exponential component and a delay (see MATERIALS AND METHODS, Kellenberger et al., 1997, this issue). *Significantly different from

WT (P < 0.05).

tants (see trace 3 for each mutant in Fig. 5). Because of
the unusually high P, during these depolarizations, rel-
atively few sweeps of this type can potentially have pro-
nounced effects on the macroscopic current. There-

P1509A

P1516A

FIGURE 3. Average macropatch current traces of mutants of pro-
line residues. Average current traces are from cell-attached macro-
patches, elicited by depolarizations to the potentials indicated.
Current traces from different experiments were normalized and
averaged. WT (dotted lines, n = 13); mutants (solid lines, n = 4-16).
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fore, to understand the single channel basis for macro-
scopic current, it was important to consider such high
P, sweeps separately and assess their contribution to
the overall behavior (e.g., Patlak and Ortiz, 1985; 1986;
Bennett et al., 1995; Dumaine et al., 1996).

Sweeps were separated into two data sets depending
on whether they contained high P, behavior as indi-
cated by bursts of activity after 8 ms of depolarization.
The last traces in each panel of Fig. 5 compare ensem-
ble averages of all the current traces analyzed (solid
traces) to ensemble averages from which high P, traces
have been omitted, which therefore represent the pre-
dominant gating behavior (dashed traces). The dotted
traces are ensemble averages from WT channels for
comparison. For each of the mutants macroscopic inac-
tivation due to the predominant gating behavior
(dashed traces) was slower than in WT (dotted traces). The
most notable effect of including high P, sweeps was
seen for mutant G1485A, where they produced a non-
inactivating component that was also present in the
macroscopic currents for this mutant (Fig. 1). For
G1484A and P1512A, the main effects of the mutations
on the macroscopic current were observed in the traces
with the predominant gating behavior but were in-
creased in magnitude by inclusion of sweeps displaying
high P, gating.

Because most aspects of macroscopic currents were
reproduced by channels displaying the predominant,
low P, gating behavior, the properties of single chan-
nels during depolarizations to —20 mV were analyzed
with high P, sweeps omitted (Fig. 6). The time con-
stants of single exponential fits to open time histo-
grams (compared to 0.39 ms for WT, see Kellenberger
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FiGure 4. Voltage dependence of macroscopic inactivation prop-
erties of proline mutants. (A) Voltage dependence of macroscopic
inactivation. 7, was determined from single exponential fits to the
current decay in macropatch experiments. Averages from 4 to 16
experiments are shown for WT (O), P1509A (A), and P1512A
(V). *The voltage for T, values of mutant channels was corrected
for differences in the mean midpoints of the activation curves rela-
tive to WT. AV , relative to WT in macropatch experiments was
+4 mV (P1509A) and +7 mV (P1512A). (B) Steady-state inactiva-
tion curves in response to 100-ms pulses. Data are averages of 4—7
two-electrode voltage-clamp experiments (Table I) with WT (O),
P1509A (A), and P1512A (V). Solid lines are leastsquare fits of
the Boltzmann equation to the data.

et al., 1997, in this issue) were 0.39 ms for G1484A and
0.59 ms for G1485A. A second component with a slower
time constant represented <10% of openings in these
two mutants (Fig. 6 A). The open time distribution of
P1512A channels was best fitted with the sum of two ex-
ponentials with time constants 0.30 and 1.40 and ap-
proximately equal amplitudes (Fig. 6 A). Multiple open
times would reflect multiple open states (Correa and
Bezanilla, 1994) or the presence of undetected high P,
behavior in our sample with a longer open time. The
increased open times in G1485A and P1512A are likely
to contribute to the slowed macroscopic inactivation in
these mutants whereas the slowed macroscopic inacti-
vation in G1484A must be primarily due to other ef-
fects.

First latency distributions measure the probability of
entering the open state after a depolarization and
therefore reflect the rate of channel activation. Cumu-
lative first latency distributions, corrected for the num-
ber of channels in the patch (Patlak and Horn, 1982;
Fig. 6 B) were well-it by a delay followed by a single ex-
ponential time course. Fit parameters for maximal
open probability, time constant T, and delay were 0.57,
0.45, and 0.30 ms for G1484A, 0.65, 0.67, and 0.26 ms
for G1485A, and 0.64, 0.30, and 0.21 ms for P1512A,
compared to 0.54, 0.29, and 0.27 ms for WT. Thus, in
the G1484A, G1485A, and P1512A mutants, the total
probability of opening was slightly higher than in WT.
The time course of the first latency distribution was
faster than WT for the pro mutation, due to a decrease
in the lag before the exponential increase in channel
opening. In contrast, channel opening was clearly
slower in gly mutations, due to an increase in the time
constant for first opening. This shows that the mutation
of P1512 makes the channel open more easily but mu-
tations of G1484 and G1485 make opening more diffi-
cult. The slowing of the first latency is responsible for
much of the slowed macroscopic inactivation time
course observed in G1484A and adds to the effect of in-
creased open times in G1485A channels causing fur-
ther slowing of macroscopic inactivation.

Pro and Gly Mutations Increase the Probability
of High P, Gating

As described above, activity in patches containing mu-
tant channels was characterized by many sweeps with
prolonged bursts which were ended by inactivation or
by the end of the pulse. Depolarizing pulses with such
high activity were also observed for WT channels, but
far less frequently. To characterize the frequency of
such behavior quantitatively, we measured the proba-
bility that a channel was open between the 5th and
40th ms of each depolarization (P, s.40y). Diaries of
this probability from representative WT (2 channels/
patch) and PI1512A (3 channels/patch) patches are
shown in Fig. 7, A-C. WT channels opened only rarely
after 5 ms, and, when they did, the openings were short
(Fig. 7 A). For P1512A, the frequency of high P, activity
did vary with time during an experiment. High P,
openings were either rare, similar to WT (Fig. 7 B) or
occurred every few sweeps (Fig. 7 C). Once or twice
during each experiment of 200-2,000 depolarizing
pulses, channels switched between having rare high P,
depolarizations (Fig. 7 B) and having them occur more
frequently (Fig. 7 C). Diaries of G1484A and G1485A
channel activity were qualitatively similar to those
shown for P1512A. The high P, behavior occurred
most often in isolated sweeps which were preceded by
and followed by sweeps without bursts of activity.
Therefore, if high P, behavior represents a different
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FiGure 5.  Single-channel rec-
ords and ensemble averages of
G1484A, G1485A, and P1512A
mutants. Traces of single-chan-
nel activity and ensemble aver-
ages (last trace in each column)
from cell-attached patches. The
arrows indicate the beginning
of 40-ms depolarizations to
—20 mV from a holding poten-
tial of —140 mV. The vertical
calibration bar is 1 pA for sin-
gle-channel traces and 0.5 pA
for ensemble averages. The
numbers of channels in the

patches for single-channel traces shown were four for G1484A, two for G1485A, and three for P1512A. Ensemble averages are from all sin-
gle channel traces analyzed (solid lines) or from traces displaying the predominant, low P, gating behavior only (dashed lines). The dotted

traces are WT for comparison.

mode of channel gating, the rate of leaving that mode
was similar to the depolarization rate of 1/s.

Most high P, sweeps contained single prolonged
bursts of openings that were terminated by inactiva-
tion, after which the channel remained inactive (e.g.,
Fig. 5, trace 3 for each mutant). Thus, the relative mag-
nitude of P,y 5.40) largely reflects the duration of activ-
ity before such a final inactivation event. P, 549, Was
measured from more than 1,500 depolarizing pulses
for WT and for each of the three mutants. The fre-
quencies of sweeps with Py 5.40) > 0.02 and P, 5 5.40) >
0.2 were calculated for WT and for each of the three
mutants and normalized to 1 channel/patch. P(P, u5.40) >
0.02) (Fig. 7D) was more than seven times that of WT
for G1484A, G1485A and P1512A. P (P, (s 5.40) > 0.2) was
62 times greater than WT for G1484A, 184 times for
G1485A, and 116 times for P1512A (Fig. 7 E). Thus, the
probability of sustained activity is dramatically in-
creased over WT in all mutants tested.

Comparison of the frequencies between the different
mutants supports the qualitative observation that high
P, burst duration in G1485A > P1512A = G1484A. The
bursts in G1484A and P1512A generally terminated
with inactivation before the end of the pulse and led to
an additional slowing of the macroscopic inactivation
time course in ensemble averages (Fig. 5). Many of the
bursts in G1485A continued for the duration of the 40-
ms long depolarization, producing sustained current in
addition to slowed macroscopic inactivation.

DISCUSSION

Five Gly and Pro Residues May Contribute to Movement
of the Inactivation Gate

The hinged-lid model of Na* channel inactivation pre-
dicts the presence of molecular hinges in the inactiva-
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tion gate which allow it to close rapidly over the intra-
cellular mouth of the open pore during the inactivation
process. Mutation of five of the eight gly and pro resi-
dues in Ly significantly slowed macroscopic inactiva-
tion during strong depolarizations: G1484, G1485,
P1512, P1514, and P1516. Single channel analysis of
G1484A, G1485A, and P1512A showed that these mu-
tant channels have increased open times (G148bA,
P1512A) and latency to first opening (G1484A, G1485A).
In addition, these mutant channels had a higher fre-
quency than WT of depolarizations with a sustained
high P, The high P, behavior in each of these mutants
is most likely due to a further dramatic decrease in the
O - I transition rate. High P, gating was reproduced
by reducing the O - I transition rate in simulations of
scHEME I of Kellenberger et al. (1997) for multi-chan-
nel patches.

Gly and pro residues in Ly 1y are important in inher-
ited diseases of human cardiac and skeletal muscle.
Naturally occurring mutations of the gly analogous to
G1484 in the skeletal muscle Nat channel cause Na™'
channel myotonia, a disorder characterized by an im-
pairment of muscle relaxation (Lerche et al., 1993;
Mitrovi’c et al., 1995; for review see Barchi, 1995; Hoff-
man et al., 1995; Cannon, 1996). In the cardiac Na*
channel, deletion of a pro-containing triplet of amino
acids in Ly 1y (analogous to KPQ1508-10) causes a form
of long Q-T syndrome, a disorder which increases the
duration of ventricular action potentials and can cause
sudden death due to ventricular arrhythmias (Bennett
et al., 1995; Wang et al.,, 19954, §; Dumaine et al.,
1996). These mutant channels show slowed macro-
scopic inactivation and have a more frequent occur-
rence of depolarizations with high P, activity.

Mutations of gly and pro residues in Ly, primarily
cause slowing of transitions which lead to inactivation
of Na* channels. These results are in striking contrast
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FiGure 6. Single-channel properties of G1484A, G1485A and
P1512A mutants at —20 mV. Data are from two patches for
G1484A and from three patches for G1485A and P1512A. Patches
containing 1-4 channels were used for the analysis. (A) Histo-
grams of single-channel open time at —20 mV. The solid lines are
fits of single exponentials (G1484A, G1485A) and of the sum of
two exponentials (P1512A) to the log binned data. The time con-
stants derived from the fits are 0.39 ms for G1484A (1,916 events
analyzed), 0.59 ms for G1485A (3,374), and 0.30 and 1.40 ms with
approximately equal relative amplitudes for P1512A (2,983). The
dotted lines are single exponentials with the WT time constant.
Mean open times for individual patches were 0.50 and 0.47 ms
(G1484A), 1.66, 0.61, and 0.69 ms (G1485A) and 1.00, 0.47, and
0.78 ms (P1512A). (B) Cumulative first latency distributions at
—20 mV. Distributions were corrected for the channel number
(Patlak and Horn, 1982). The number of binned events was 2,316
(WT), 1,374 (G1484A), 2,257 (G1485A), and 3,422 (P1512A).

to the effects of mutations in the putative inactivation
particle, including the hydrophobic IFM motif and
T1491, which primarily destabilize the inactivated state
and accelerate the return from the inactivated state
(Kellenberger et al., 1997). Thus, these data argue for
distinct roles of these two sets of amino acid residues in
the inactivation process. We propose that G1484, G1485,
P1512, P1514, and P1516 participate in the hinge mo-
tion that accompanies closure of the inactivation gate.
No single one of these amino acid residues is absolutely
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FIGURE 7. Nature and frequency of high P, behavior in mutants
G1484A, G1485A, and P1512A at —20 mV. (A-C) Diaries of activity
during repetitive stimulation. P, was measured between 5 and 40
ms of each depolarization (P, 5.49)) and plotted. (A) WT. (B) Be-
havior of P1512A when P, was low. (C) Data obtained at a later
time from the same P1512A patch when at least one channel had a
higher frequency of depolarizations with high P,. The overall fre-
quency and pattern of depolarizations with high P, for mutants
G1484A and GI1485A were similar to P1512A. (D-E) The fre-
quency of sweeps with P, 5.49) > 0.02 (D) and > 0.2 (E), is plot-
ted for WT, G1484A, G1485A, and P1512A. Data have been nor-
malized to 1 channel/patch and were derived from 2,907 depolar-
izing sweeps from 2 patches (WT), 1,751 sweeps/2 patches
(G1484A), 3,343 sweeps/3 patches (G1485A), and 4,003 sweeps/3
patches (P1512A).

essential for this closing motion because mutations of
these single residues cause only up to threefold in-
creases in T, for macroscopic inactivation at depolar-
ized potentials and up to 14-mV positive shifts in steady
state inactivation at negative membrane potentials. Evi-
dently, multiple amino acid residues participate in the
molecular rearrangements which allow closure of the
inactivation gate and can compensate for single muta-
tions of these gly and pro residues. Nevertheless, our
results support the concept that amino acid residues on
both sides of the inactivation particle participate in the
motion required for closure of the inactivation gate
and are consistent with a hinge motion for this process.
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Voltage Dependence of Effects of Gly and Pro Mutations

Although the simple model of SCHEME I in the preced-
ing paper (Kellenberger et al., 1997) is adequate for
description of Na* channel behavior during strong de-
polarizations, it is not adequate for the negative poten-
tial range because it does not contain closed inacti-
vated states. A more realistic model (SCHEME 11, Stimers
et al., 1985) incorporates the possibility of inactivation
from all closed states. We will use this model to discuss
some of the effects of the mutations on channel gating

Cl &— 2 +—(C3 «&—(C4 +—Ch «&— 0

[ .

Cld &— C2I+—=C3]—=C4-1+—=CH1 — O-1
(SCHEME 11)

A feature of most mutations which slow macroscopic
inactivation is that their effects are greater at more pos-
itive potentials. This behavior is expected for mutants
which affect the open to inactivated transition (O — O-]
in SCHEME 11), which is thought to be voltage-independent
(Armstrong and Bezanilla, 1977; Armstrong, 1981; Ald-
rich et al., 1983). In WT neuronal Na* channels, the
rate of activation is slower than the rate of entry into
the inactivated state for small depolarizations and
strongly influences the time course of macroscopic in-
activation. The inactivation rate becomes rate limiting
at more positive potentials, where activation is faster
(Aldrich et al., 1983; Aldrich and Stevens, 1987). Inacti-
vation of the mutant channels cannot be accelerated by
stronger depolarizations, because the rate-limiting
transition is voltage-independent. In contrast, the ef-
fects of the P1512A and P1509A mutations were stron-
gest at small depolarizations (Fig. 4 A). This behavior
suggests that mutations P1509A and P1512A affect volt-
age-dependent transitions required for inactivation. Ev-
idence for a voltage-dependent step in inactivation also
comes from studies of a mutation in the third trans-
membrane segment of domain IV of the human skele-
tal muscle Na* channel a subunit (Ji et al., 1996),
which slowed macroscopic inactivation with a similar
voltage dependence as P1512A, and from the observa-
tion that a-scorpion toxins and sea anemone toxins im-
mobilize a component of gating charge and cause slowed
inactivation without pronounced effects on channel acti-
vation (Nonner, 1979; Neumcke et al., 1985; Hanck and
Sheets, 1995; Sheets and Hanck, 1995).

Effects on Gating Transitions in Closed Channels

The mutations G1484A, G1484V, and P1512A shifted
the voltage dependence of steady-state inactivation pos-
itively without affecting the rate of recovery from inacti-
vation. Steady-state inactivation depends on rate con-
stants for entry into and exit from inactivated states
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(transitions Cn - Cn-I and Cn-I - Cn in SCHEME II).
The behavior of these mutant channels is consistent
with a reduction in the Cn - Cn-l transition rates,
while leaving the reverse transition rates unchanged.

The mutations P1512A, G1484A, and G1485A affect
the fast component of first latencies, which represents
the time between depolarization and opening of the
channel. Thus, these mutations affect transitions C1
C2 « ... & C5 - O in scHEME 11 which occur before
the inactivation gate closes and binds to its receptor.
The simplest interpretation of the effects on transitions
in the activation pathway is that these mutations affect
conformational changes in Ly y which are required for
fast inactivation and also are coupled to movements of
the voltage sensors and therefore are rate limiting for
channel activation.

In the mutant YY1497/8QQ (Kellenberger et al.,
1997), steady-state inactivation was shifted positively by
6 mV, indicating a change in the equilibrium between
closed (Cn) and closed inactivated states (Cn-I). Recov-
ery from inactivation was accelerated, indicating an in-
crease in the rate for leaving inactivated states at nega-
tive potentials. The faster recovery of YY1497/8QQ mu-
tant channels from inactivation indicates destabilization
of the closed/inactivated states (C-I in SCHEME 11) or an
increase in the transition rates from the open/inacti-
vated state back to closed/inactivated states (O-I — Cs-1
— ... — Gg) in response to repolarization. The muta-
tion analogous to YY1497/8QQ in the human heart
Na* channel causes complete loss of the voltage depen-
dence of the time constant for macroscopic inactiva-
tion and strong acceleration of recovery from inactiva-
tion (O’Leary et al., 1995), consistent with the conclu-
sion that Y1497 and Y1498 are important for normal
coupling of activation to inactivation in both cardiac
and brain Na* channels.

A Model for Na* Channel Inactivation

Current models of Na* channel inactivation are based
on the model of Armstrong and Bezanilla (1977) which
proposed that depolarization causes activation gates to
move, ultimately creating a favorable binding site for a
tethered cytoplasmic inactivation particle that acts as
an open channel blocker. We propose the following
updated version of this model. Immediately after onset
of a depolarizing pulse, the channel protein including
the inactivation gate Ly undergoes conformational
transitions. Activation and inactivation are coupled
during transitions which precede channel opening, as
indicated by the effect of mutations of G1484, G1485,
F1489, T1491, and P1512 on first latency distributions.
These transitions lead progressively to opening of the
pore and creation of a favorable inactivation gate re-
ceptor site. Conformational changes in the inactivation
gate allow its rapid movement into a closed position



and binding to the inactivation gate receptor. Two
steps can be distinguished which are required for chan-
nel inactivation but not for channel opening. The first
is a voltage-dependent transition made evident by mu-
tations P1509A and P1512A in our study, by mutations
in IVS3 which show a similar behavior (Ji et al., 1996),
and by charge immobilization by a-scorpion and sea
anemone toxins (Sheets and Hanck, 1995). The sec-
ond step is the final voltage-independent closure and
binding of the inactivation gate to its receptor. This
voltage-independent step is affected by mutations of gly

and pro residues which contribute to the hinge-like
motion of the gate. Once inactivated, the inactivation
gate is bound firmly to its receptor via hydrophobic in-
teractions with F1489 in the IFM motif and additional
interactions with T1491 (West et al., 1992; Kellen-
berger et al., 1997). Although this “hinged-lid” model
for inactivation is fully consistent with extensive electro-
physiological and molecular biological results, definitive
proof of this mechanism of inactivation will require struc-
tural analysis of resting and inactivated Na* channels.
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