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ABSTRACT A leucine heptad repeat is well conserved in
voltage-dependent ion channels. Herein we examine the role of
the repeat region in Shaker K* channels through substitution
of the leucines in the repeat and through coexpression of
normal and truncated products. In contrast to leucine-zipper
DNA-binding proteins, we find that the subunit assembly of
Shaker does not depend on the leucine heptad repeat. Instead,
we report that substitutions of the leucines in the repeat
produce large effects on the observed voltage dependence of
conductance voltage and prepulse inactivation curves. Our
results suggest that the leucines mediate interactions that play
an important role in the transduction of charge movement into
channel opening and closing.

The Shaker gene family (S4) encodes proteins that produce
voltage-dependent K*-selective currents (1-3). Like other
voltage-dependent ion channels, Sh channels open and close
an aqueous pore by undergoing conformational transitions in
response to changes in membrane potential. This gating
behavior includes the movement of a charged component or
voltage sensor (4, 5). Interestingly, mutagenesis of charged
residues in the S4 domain (a proposed transmembrane seg-
ment that contains four to eight basic residues and is found
in virtually all voltage-dependent ion channels including Sh)
of the rat II Na* channel showed that it exhibits some of the
properties expected for a voltage sensor (6). However, the
voltage-dependent gating mechanism remains unclear; in
particular, it is not known how movement of the voltage
sensor(s) is transduced into the conformational transitions
that result in opening and closing of the channel pore.

Functional Sh channels are likely to be tetramers since Na™*
and Ca?* channels are composed of four homology domains,
each roughly equivalent to a single K* channel subunit (7).
Although recent work has shown that Sh channels are
multimeric (8), the sites of subunit interaction are unknown.
Sh channels contain a conserved leucine heptad repeat (five
leucines long) that overlaps two proposed transmembrane
segments (S4 and S5); similar motifs are found in Na* and
Ca?* channels (9) (Fig. 1). Ion-channel leucine heptad repeats
are preceded by, and partially overlap, the basic S4 domain
(Fig. 1). DNA-binding leucine-zipper proteins also contain a
basic (DNA binding) domain preceding a leucine heptad
repeat. Mutational analyses of the DNA-binding proteins
have shown that leucines within the heptad repeat play a
primary role in the dimerization of subunits and juxtaposition
of the basic DNA-binding domains (13, 14). The functional
significance of similar sequences reported in other proteins is
unknown (9, 15, 16).
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Fic. 1. Deduced amino acid alignments of the leucine-heptad-

repeat region. Basic residues in S4 (stars) and leucine residues in the
heptad repeat (boxed) were aligned. Amino acids identical to Sh are
indicated by dashes. Proposed transmembrane segments S4 and S5
are indicated. Sh (10) is the Drosophila Shaker channel. Other K*
channel sequences are a rat Sh homolog (RCK1) (2), two human Sh
homologs (HukI and HukII) (11), and Shab, Shaw, and Shal, which
represent other Drosophila K* channel genes (3). Na and Ca
sequences are from the second homology domains of the rat Ila Na*

channel and the skeletal muscle dihydropyridine receptor (12),

respectively.

Since Sh K* channels are multimeric it suggests that the
leucine heptad repeat might act as a site for subunit assembly.
In addition, the close proximity of the repeat to.the S4 domain
suggests that the voltage sensor may introduce a voltage
dependence to the interactions mediated by residues in the
leucine-heptad-repeat region; gating may be a process in-
volving the dynamics of these interactions (9). With this in
mind we attempted to determine the role of the conserved
leucine residues in (i) channel assembly and (ii) voltage-
dependent gating.

MATERIALS AND METHODS

Mutants. The S4x and 102 truncations were full-length 29-4
cDNAs (10, 17) with stop codons at positions Ile-360 and
Trp-422, respectively. E1 contains a stop codon at position
Lys-320 and no downstream coding sequence (10). V1n-3 is
a valine substitution at position Ile-360. Other substitutions
are at Leu-363, -370, -377, -384, and -391, corresponding to
L1-L5, respectively. All constructs were sequenced to verify
the appropriate changes.

RNA Synthesis and Expression. In vitro RNA transcripts
were prepared from cDNA templates and injected into Xe-
nopus oocytes, and macroscopic currents were recorded
using a standard two-microelectrode voltage clamp as de-

Abbreviations: 4-AP, 4-aminopyridine; Vm,,;, voltage of half-

maximal conductance; Vhy,, voltage of half steady-state inactiva-

tion.
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scribed by Iverson et al. (1). Currents were low-pass filtered
at 3 kHz. Voltage and current records were digitized and
analyzed using the pPCLAMP system. A 1 M 4-aminopyridine
(4-AP; Sigma) stock solution was made fresh and dilutions to
the appropriate concentrations were adjusted to pH 7.5 prior
to use. Tetrodotoxin was kept frozen at 500 uM and diluted
prior to use.

RESULTS

Role of the Leucine-Heptad-Repeat Region in Subunit As-
sembly. To determine if the leucine repeat region acts as a
primary site for the association of subunits, we coinjected
normal Drosophila Shaker (Sh) RNA, 29-4 (17), with several
RNAs encoding truncated 29-4 proteins (Fig. 2) into Xenopus
oocytes. A truncated nonfunctional Sh product (Sh%?) ap-
pears to associate with normal subunits and inhibit their
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Fi1G. 2. (A) Schematic diagram of a Sh subunit. S1-S6 denote
potential membrane-spanning segments; the leucine heptad repeat
overlaps S4 and SS. The locations of E1, S4x, and Sh!? (102)
C-terminal truncations are indicated. (B) Normalized currents of 29-4
(I/Ip) at the indicated concentrations of RNA (ng per oocyte).
Expression of currents is linear over the concentration ranges
examined; the ability of the oocytes to translate and assemble Sh 29-4
products is apparently not limiting at these concentrations. (C)
Qocytes were injected with 29-4 RNA (0.2 ng) alone or coinjected
with 29-4 (0.2 ng) and the indicated truncated (0.4 ng) RNA (S4x or
102). The truncated RNAs eliminated about 70% of the expressed
29-4 current. The S4x and 102 truncations inhibited 29-4 currents
equally well; similar results were seen with coinjections of E1 (data
not shown). No alterations were seen in voltage-dependent or kinetic
behavior for the currents expressed in coinjected oocytes. In D and
E, we demonstrate that the inhibitory effects of the truncations are
specific to the 29-4 currents; Na* channel expression is unaffected.
(D) Coinjection of 29-4 (0.25 ng) plus rat Ila Na* channel (1.0 ng)
RNAs or 29-4 (0.25 ng), rat Ila Na* channel (1.0 ng), plus the
indicated truncated (0.50 ng) RNA (S4x or 102). Recordings were
made in the presence of 500 nM tetrodotoxin to block Na* currents.
Truncated RNA inhibited the tetrodotoxin-insensitive current by
about 75%. (E) Similar experiment to D but the oocytes were
recorded from in the presence of 4 mM 4-AP to block Sh currents.
These data suggest that the truncated products specifically associate
with Sh subunits. All currents were leak-subtracted (17) and nor-
malized to currents obtained when no truncations were injected. All
experiments were done on the same batch of oocytes 3 days after
injection and within an 8-hr period. Oocytes were held at —90 and
stepped to +70 mV for 29-4 and —10 mV for rat 11a (M860) currents.
All data are mean + SD.
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functional expression (18, 19). The Sh!®? truncation occurs
downstream of the leucine heptad repeat: our truncated
constructs contained stop codons at sites before (E1 or S4x)
or after (Sh!2) the leucine heptad repeat (Fig. 2). As shown,
Sh products truncated before and after the zipper region
inhibit 29-4 expression equally well. This suggests that the
assembly of Sh subunits is not dependent on the leucine
heptad motif, in contrast to the role seen for similar sequence
motifs in DNA-binding proteins. Furthermore, our results
suggest that a primary site for subunit assembly lies in a
region prior to the S4 segment.

Role of the Leucines in the Heptad Repeat in Voltage-
Dependent Gating. Leucines in the heptad repeat (L1, L2, L3,
L4, and LS5) were switched individually to valine (the V1, V2,
V3, V4, and V5 mutants), alanine (A3), or both valine and
alanine (V2A3). As a control, an isoleucine in S4, three
residues upstream of L1, was switched to valine (V1n-3) (see
Fig. 1). All of the mutants examined expressed well and
showed similar ion selectivity (data not shown) and general
kinetic behavior (see below), indicating that none of the
substitutions caused gross alteration of the native channel
structure.

Typical currents observed in Xenopus oocytes injected
with 29-4 and mutant RNA are illustrated in Fig. 3. The 29-4
currents display properties similar to those reported previ-
ously (17). The V2 and V4 mutants also produce currents with
transient A-type kinetics. However, V2 currents are ob-
served only at potentials much more positive than those
necessary to activate 29-4 currents whereas the V4 mutation
has the opposite effect: V4 currents are observed at poten-
tials more negative than those seen for 29-4. Normalized
conductance-voltage relations (Fig. 3D) show that the volt-
ages at which conductance reaches half-maximal value
(Vmy,) is shifted about +70 mV for V2 and —25 mV for V4.
The V1 mutation produces a depolarizing shift like that of V2
but of larger magnitude, whereas the conductance-voltage
curves of V3 and VS are shifted in the same direction as V4
(Table 1). Shifts in voltage dependence for substitutions of L3
appear to be due to the degree of hydrophobicity, or the chain
length, rather than steric constraints since an alanine substi-
tution (A3) causes a larger voltage shift than V3. The ob-
served shifts in the conductance-voltage curves suggest that
the leucines play an important role in determining the relative
stabilities of open and closed states of the channel. In
addition, all of the leucine substitutions have parallel shifts in
the prepulse inactivation curves (Fig. 3E and Table 1),
supporting the hypothesis that inactivation is coupled to
channel opening (20).

To test the possibility of alterations in the closed states of
mutant channels, we examined the sensitivity of two of the
mutants to the state-dependent K* channel blocker/4-AP,
which appears to bind preferentially to channels in the closed
state (21, 22). V2 currents are more sensitive whereas V4
currents are more than two orders of magnitude less sensitive
than the wild-type currents (Fig. 2F). Although it is possible
that these differences may be due to modifications in the
binding site for 4-AP, they are consistent with increased and
reduced lifetimes for closed states in the V2 and V4 mutants,
respectively. In particular, the large decrease in 4-AP sensi-
tivity in V4 channels may indicate that a closed state(s) that
preferentially binds 4-AP is very short lived in these chan-
nels.

Both the V1 and V2 currents show dramatic decreases in
the slopes of the conductance-voltage and prepulse inacti-
vation curves. Mutations of the other heptad leucines (V3,
A3, V4, and V5) cause little apparent change in slope (Fig. 3
and Table 1). Since the slope of the steady-state inactivation
curve has been suggested to be a better indicator for the
number of charges moved during the activation process in Sh
currents (20), the apparent number of ‘‘gating charges’’ is
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FiG.3. Macroscopic currents from a Xenopus oocyte injected with 29-4 (A), V2 (B), or V4 (C) RNA. Oocytes were held at —90 mV, stepped
to a —120-mV prepulse for 1 s, and then depolarized from —60 to 100 mV in 20-mV increments. The time between episodes was 10 s. Only the
currents during the depolarizing pulses are shown. For D-H, the following symbols are used for 29-4 (open squares), V4 (open triangles), V2
(open circles), and V1 (solid circles) currents. (D) A similar protocol (above) but in 10-mV increments was used to plot conductance-voltage
relations. Conductance was determined by g = I,/(V — Vy) where I, is the peak current at voltage V, and Vj, the K* equilibrium potential,
is taken as —90 mV. Conductances were normalized (g/gmax) by dividing the conductance at the indicated potential by the maximum observed
conductance. Currents (/;) were obtained after leak subtraction (17). Data are mean *+ SD, where n = 15, 7, and 5 for 29-4, V2, and V4,
respectively. (E) Normalized prepulse inactivation. Oocytes were held at —100 mV, stepped for 500 ms to the indicated prepulse voltages, and
then depolarized to a test pulse of 30 (29-4 and V4) or 80 mV (V2). The time between episodes was 10 s. Peak currents obtained during the test
pulse after a prepulse to the indicated voltage were divided by the peak currents obtained during a test pulse after a prepulse to —80 mV. Data
are mean * SD, where n = 9, 4, and 4 for 29-4, V2, and V4, respectively. (F) 4-AP sensitivities of 29-4, V2, and V4. 4-AP was continuously
circulated through the recording chamber. The effect of 4-AP was monitored with a series of voltage steps (1/min) until no further change was
observed (usually 5-10 min). The peak currents at 20 mV (29-4 and V4) or 70 mV (V2) at the indicated concentrations of 4-AP were divided
by the peak currents at the same voltage in the absence of 4-AP. Data are mean + SD, where n = 4, 4, and 5 for 29-4, V2, and V4, respectively.
(G) The logarithm of the normalized conductance (cf. D) of the indicated Sh constructs. To facilitate comparisons of slope, relative voltages
are used, with Vm;, for each construct taken as 0 mV. All values are the mean, where n = 15, 5, 7, and 5 for 294, V1, V2, and V4, respectively.
(H) Steady-state inactivation relationships for the indicated constructs (cf. Fig. 2E). To facilitate comparisons of slope, the voltage of half steady-
state inactivation (Vh;,,), is defined as 0 mV for each of the constructs. All values are the mean where n = 9, 4, 4, and 4 for 29-4, V1, V2, and

V4, respectively.

calculated from this slope in Table 1. The total apparent membrane potential, for V2; compared to 1.05 ms for 29-4
gating charge of a 29-4 channel is =7 whereas it is reduced (ref. 17)]: the observed decrease in mean open duration
=3-fold for V2 and 5-fold for V1. suggests that the stability of the open-channel state in V2 is

As in previous reports of Sh currents (17), 294 and the decreased. The experiment also shows that the mean number
mutant currents exhibit a rapidly inactivating and a noninac- of bursts per depolarizing pulse in V2 (2.28 at +20 mV, 1.8
tivating component. Although the substitutions have little at +40 mV, and 1.92 at +100 mV) is not significantly affected
effect on the rate of the rapidly inactivating component by voltage. This is similar to wild-type 29-4 currents (17).
(Table 1), V1 and V2 currents alter the relative magnitude of However, for V2 there is an increase in the mean number of
the noninactivating component. These changes are not due to bursts per depolarizing pulse with openings; the mean value
a shift in voltage dependence, since they are also present at for V2is 2.05 = 0.21 (n = 7) whereas the value for wild-type
high membrane potentials (see Fig. 3B). Single-channel anal- 29-4is 1.37 = 0.14 (n = 5). Thus, an increased probability of

ysis of V2 (Fig. 4) indicates that the differences in macro- channel reopening appears to account for the increase in the
scopic inactivation cannot be explained by an increase in noninactivating component, perhaps by decreasing the sta-
mean open duration [0.81 *+ 0.21 ms, n = 6, independent of bility of an inactivated state. One possibility is that amino
Table 1. Physiological properties of substitution mutants
Al/ Vhl/z, Vhslopea Charge
Mutant Vmy, mV Iss/Ipeak T1, ms T2, ms (A1+A2) n mV mV/e-fold number
Wild type 1*5 0.14 = 0.05 6.0x1.1 26 = 11 0.75 = 0.03 15 -34+1 3.7 £ 0.05 6.8
V1 100 = 6 0.46 = 0.07 53+18 172 + 185 0.65 = 0.26 5 48 + 4 174 = 1.9 1.5
V2 69 =7 0.26 = 0.01 5412 51+ 22 0.84 + 0.08 7 26 +3 11.0 = 0.9 2.3
V3 52 0.11 = 0.02 53+0.2 — 1 3 —41 =2 32+0.1 7.9
V4 -22+3 0.13 + 0.03 8415 — 1 5 —58 £ 6 3605 7.0
\'A) -7*7 0.12 + 0.05 69 *1.1 — 1 5 —45 + 4 4.0+0.2 6.3
A3 ~-19+3 0.08 = 0.02 52+0.6 — 1 5 -50 x4 3105 8.1
V2A3 325 0.16 = 0.02 9.1+19 — 1 6 -9+4 11.1 = 3.0 2.3
V1,3 3£5 0.14 + 0.05 7.0+ 1.1 31 9 0.76 = 0.04 4 =326 3.6 0.3 7.0

Vmy 1 is the voltage at half-maximal conductance (cf. Fig. 3D). The ratio of peak current (I,cax) and steady-state current (I, the current values
remaining at the end of a 50-ms test pulse) was determined for test potentials standardized for each mutant at 30 mV above Vm,; (cf. Fig. 34).
Time constants of inactivation (T1 and T2) were obtained by fitting the decay of currents to a steady-state value with the double exponential
function: I,/ = [Al exp~"/T! + A2 exp~"/T2] where I, is the current at time 1, o is the extrapolated valué of the peak current at ¢ = 0, and Al
+ A2 = 1. The data were obtained from currents during a 50-ms test pulse to 40 mV above Vm,, after a 1-s prepulse to —120 mV. Steady-
state inactivation curves were fitted to a Boltzman distribution, I/Imax = 1/[1 + eV = VA/2Vhsiope=1] 'where Vhy, is the midpoint of inactivation
and Vhgope is expressed as the number of mV to produce an e-fold change in I/I.x. Prepulse inactivation curves were obtained as in Fig. 3
using test potentials of 30 mV except for V1 (100 mV), V2 (80 mV), and V2A3 (60 mV). Charge number is the number of apparent gating charges
calculated as follows: charge = RT/FVhgope. The number of oocytes from which the data in the preceding columns was obtained is n. Data

are shown as mean * SD for the Sh construct indicated.
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Fi1G. 4. Single channels in cell-attached patches (17) from an
oocyte injected with V2 RNA. Nine representative sweeps at depo-
larizations to +20 mV (A), +40 mV (B), or +100 mV (C), from a
holding potential of —100 mV, are shown. The depolarizing pulse (40
ms) is shown above each set of records. The minimum closed time
used to distinguish bursts from individual openings was 2 ms. Each
experiment consisted of 64 sweeps. The average of sweeps with no
openings was used to subtract leak and uncompensated capacitative
currents. Voltage steps were delivered every 5 s. The currents were
low-pass filtered through an 8-pole Bessel filter at 2 kHz. Data were
digitized at 50 us per point.

acid residues in the heptad-repeat region are closely associ-
ated with the receptor for a blocking particle as proposed in
some models of channel inactivation (5, 23). This receptor is
thought to reside on or near the internal mouth of the pore.
The alterations in both the probability of channel reopening
and the mean open duration suggest that the conserved
leucine-heptad-repeat region (thought to be located on the
internal side of the membrane) may itself form a portion of the
channel pore. , :

The effects of the mutations appear to define two func-
tional classes for the heptad leucines. Class I mutations (V1
and V2) appear to impair transitions from closed to open
states. They cause shifts of Vm,,, and Vh,, to more positive
potentials, decreases in the slopes of conductance-voltage
and prepulse inactivation curves, and decreases in the extent
of inactivation. Class II mutations (V3, A3, V4, and V5)
appear to facilitate transitionis from closed to open states,
thereby causing shifts in Vm,,, and Vh,,, to more negative
potentials with lesser effects on slope and the extent of
inactivation. To determine how mutations in the various
classes interact, we constructed the double mutant V2A3.
The double mutant has Vm;,,, Vh,,,, and steady-state cur-
rent values that are intermediate between those for the V2
and A3 single mutants (Table 1). In contrast, the slopes of the
conductance-voltage (data not shown) and prepulse inacti-
vation curves (Table 1) for the double mutant resemble those
of V2, indicating that this effect is dominant and that the
alterations in slope do not result indirectly from the voltages
at which the channel opens or inactivates or from changes in
steady-state current.

DISCUSSION

Hydrophobic Amino Acids Are Important in Stabilizing
Open and Closed Conformations. Although leucine substitu-
tions have little effect on other properties, some of the
alterations in the conductance-voltage and prepulse inacti-
vation curves are quite large. Our results show that conserv-
ative substitutions of hydrophobic amino acids in the S4
domain produce voltage shifts similar to, but of greater
magnitude than, substitutions of the positively charged res-
idues (6, 24-26). For example, the 100-mV shift in Vm,/, and
=5 times decrease in slope for the V1 mutant are striking.
Furthermore, since these alterations occur without any net
change in charge, the large decreases in slope (in V1 and V2)
are particularly interesting. These slope changes may reflect
large reductions in gating charge resulting from alterations in
either the positioning of S4 charges (or dipole) relative to the

Proc. Natl. Acad. Sci. USA 88 (1991)

electric field vector or in the ability of subunits to reach their
fully activated conformation. However, given the magnitude
of slope differences it is difficult to explain in either of these
terms how V1 and V2 channels could achieve open-channel
conformations at all. One alternative possibility is that these
slope changes may not reflect changes in charge movement
of the voltage sensor. Furthermore, gating may require
cooperative or other allosteric transitions; if residues in the
leucine-heptad-repeat region, particularly L1 and L2, are
critical in mediating the interactions underlying these allo-
steric transitions, then even conservative substitutions (V1
and V2) could alter activation and the apparent gating charge.

Our data are consistent with the proposal that the S4
domain (V1 and V2) is important in determining the observed
voltage dependence of channel opening; however, mutations
of leucines in S5, the next membrane-spanning domain (V4
and V5), and in the linker region between S4 and S5 (A3 and
V3) also produce voltage shifts. In contrast, substitution of a
valine for an isoleucine residue in S4, three residues upstream
of L1 (V1n-3) and outside the defined leucine heptad repeat
(see Fig. 1), results in no apparent changes in any of these
properties (Table 1). Thus, not all hydrophobic amino acids
in or near the S4 domain play a similar role to those in the
leucine heptad repeat. Thus these data suggest that interac-
tions mediated by heptad leucines are important in stabilizing
conformational states of the channel and that these interac-
tions may strongly inflience the transduction of charge
movement into channel opening and closing. Leucines in the
heptad repeats of Na* and Ca®* channels may play similar
roles. For example, in the rat Ila Na* channel, substitution
of L1 (in the second homology domain) by a phenylalanine
results in a voltage shift of +25 mV whereas substitution of
six other residues, including charged or transmembrane
residues, had no effect (24).

Significance of the Heptad Repeat. The asymmetry of
effects in the two classes of mutations may indicate that the
first two and the last two or three leucines in the motif
stabilize different conformational states of the channel. This
is consistent with the proposal that the leucines are located
in two separate (possibly transmembrane) domains. Given
the fact that the V1 and V2 mutations have similar effects and
the frequent occurrence of helical transmembrane segments,
our results suggest that L1 and L2 may be aligned along one
face of a helix to interact with other channel structures that
stabilize conformational states of S4. The similar effects of
the V4 and V5 mutants also suggest the possibility of helical
structure in this portion of the S5 domain. In the Sh’
mutation, substitution of a phenylalanine located between L4
and LS by isoleucine produces a voltage shift in the opposite
direction of V4 and V5 (19, 27); this residue would be located
on the opposite face of an a-helix from that of L4 and LS. It
will be interesting to correlate the mutagenic effects of other
residues in and around the heptad-repeat region as a function
of the helical face on which they may lie.

Two issues that remain unclear are: (i) why L3 and the
7-residue periodicity in the cytoplasmic linker between the S4
and S5 segments are highly conserved in voltage-gated ion
channels and (ii)) why conservative hydrophobic substitu-
tions in a putative transmembrane domain (V1 and V2) have
such large effects on the conductance-voltage and prepulse
inactivation curves. In the DNA-binding leucine-zipper pro-
teins, dimerization mediated by the heptad-repeat region
appears to be a contiguous coiled coil association of two
a-helices (28); dimerization takes place largely through the
buried leucine (hydrophobic) residues along one face of the
respective helices. Helical projections of the heptad-repeat
region of Drosophila Shaker (Sh), Sh family members, and
Na™* channels (Fig. 5) demonstrate that the arms of one face
of the helix, including the leucine arm, are conserved
whereas the arms of the opposite face are not. Although a
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FiG. 5. Helical projections of the indicated sequences (aligned in Fig. 1). Residues of the heptad repeat are boxed and residues that are
conserved among all of the K* channel sequences and the indicated sequence are circled. Arms a, d, and g are well conserved among all published
K* channel sequences. Adjacent arms a and d, which could potentially mediate coiled-coil interactions, are well conserved even in Na* channel

sequences.

contiguous helix containing the five leucines of the repeat is
inconsistent with the positioning of both the S4 and SS
domains perpendicular to the membrane, it is striking that a
specific type of structural organization, with an approximate
3.5-residue periodicity, has been conserved in this region in
many species and many types of voltage-dependent ion
channels. One possibility is that the portion of the S4 domain
that contains L1 and L2 may not be located in the membrane
in all channel conformational states; residues located be-
tween the charged residues in this portion of S4 are less
hydrophobic than those in the remaining portion of S4
supporting this possibility. In addition, the large voltage
shifts and slope alterations observed in V1 and V2 also
suggest that this portion of the S4 domain may be in an
aqueous environment since the energetics of leucine-
mediated hydrophobic interactions might be relatively large
in such an environment in comparison to the membrane
interior. It is possible that they lie in or near the aqueous
environment of the channel pore.

Substitution of heptad leucines resulted in alterations in the
“‘effective’’ voltage dependence of channel opening. This is
consistent with the proposal that voltage-dependent confor-
mational changes of gating-charge movement may be trans-
duced through subunit interactions mediated by the leucine-
heptad-repeat region into opening of the channel pore (9). In
addition, alterations in activation and in the stability of the
channel pore were observed, suggesting that the conserved
heptad-repeat region, itself, may be involved in determining
a portion of the channel pore.
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