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ABSTRACT Substitution of the S4 of Shaw into Shaker alters cooperativity in channel activation by slowing a co-
operative transition late in the activation pathway. To determine the amino acids responsible for the functional
changes in Shaw S4, we created several mutants by substituting amino acids from Shaw S4 into Shaker. The S4
amino acid sequences of Shaker and Shaw S4 differ at 11 positions. Simultaneous substitution of just three non-
charged residues from Shaw S4 into Shaker (V3691, I372L, S376T; ILT) reproduces the kinetic and voltage-depen-
dent properties of Shaw S4 channel activation. These substitutions cause very small changes in the structural and
chemical properties of the amino acid side chains. In contrast, substituting the positively charged basic residues in
the S4 of Shaker with neutral or negative residues from the S4 of Shaw S4 does not reproduce the shallow voltage
dependence or other properties of Shaw S4 opening. Macroscopic ionic currents for ILT could be fit by modifying
a single set of transitions in a model for Shaker channel gating (Zagotta, W.N., T. Hoshi, and R.W. Aldrich. 1994.
J- Gen. Physiol. 103:321-362). Changing the rate and voltage dependence of a final cooperative step in activation
successfully reproduces the kinetic, steady state, and voltage-dependent properties of ILT ionic currents. Consis-
tent with the model, ILT gating currents activate at negative voltages where the channel does not open and, at
more positive voltages, they precede the ionic currents, confirming the existence of voltage-dependent transitions
between closed states in the activation pathway. Of the three substitutions in ILT, the I372L substitution is prima-
rily responsible for the changes in cooperativity and voltage dependence. These results suggest that noncharged
residues in the S4 play a crucial role in Shaker potassium channel gating and that small steric changes in these res-

idues can lead to large changes in cooperativity within the channel protein.
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INTRODUCTION

The S4 segment of voltage-gated ion channels partici-
pates in sensing the membrane voltage and in the con-
formational changes leading to channel opening (Yang
and Horn, 1995; Aggarwal and MacKinnon, 1996; Man-
nuzzu et al., 1996; Larsson et al., 1996; Seoh et al.,
1996; Yusaf et al., 1996; Yang et al., 1996). In the pre-
ceding paper, we examined the properties of Shaker
channels with S4 segments substituted from other re-
lated channels (Smith-Maxwell et al., 1998). We found
that the slopes and positions of the conductance—volt-
age curves in the several S4 chimeras do not correlate
with the nominal charge content of the S4. Instead, we
found that cooperative interactions between subunits
play a major role in determining the voltage depen-
dence of channel activation. A closer examination of
the Shaw S4 chimera and of heterodimers with Shaker
and Shaw S4 subunits revealed that a highly coopera-
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tive step in the activation pathway is rate limiting.
These findings are consistent with a role for the S4 in
channel activation that involves not only sensing volt-
age, but also somehow mediating cooperative interac-
tions between channel subunits.

In this paper, we investigate the molecular basis for
the changes in activation gating observed in the Shaw
S4 substitution. We constructed mutants in Shaker with
combinations of amino acids substituted from Shaw S4
to determine the amino acids in Shaw S4 responsible
for the altered gating behavior. We use the information
from changes in the position and slope of the conduc-
tance—voltage curve and also changes in kinetics and in
sigmoidicity of the activation time course to interpret
the effects introduced by amino acid substitutions.
Changes in sigmoidicity are diagnostic of changes in
the kinetic mechanism of activation, providing infor-
mation about changes in the relative contributions of
the many conformational changes in the activation
pathway (Zagotta et al., 1994a; Smith-Maxwell et al.,
1998). We interpret the changes in gating of mutant
channels in terms of a kinetic scheme developed previ-
ously for Shaker that closely fits macroscopic ionic, sin-
gle channel, and gating currents (Zagotta et al., 1994aq).
We identify a set of transitions that are altered by the
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substitutions and show that a single, conservative amino
acid substitution is primarily responsible for the change
in cooperativity. Our study shows that steric interactions
of noncharged residues are likely to play an important
role in the activation process and mediate cooperative
interactions between subunits. Preliminary reports of
these findings have been presented in abstract form
(Smith-Maxwell et al., 1993, 1994; Ledwell et al., 1997).

MATERIALS AND METHODS

Molecular Biology

All constructs in the Shaker background were made in a form of
Shaker mutant, ShBA6-46, in which fast N-type inactivation was
removed and silent restriction enzyme sites were added (Smith-
Maxwell et al., 1998). Construction of the Shaw S4 chimera was
described in the preceding paper (Smith-Maxwell et al., 1998).
All other mutations made in the Shaker background were gener-
ated by PCR-mediated cassette mutagenesis. DNA fragments with
mutations generated by PCR were inserted between naturally oc-
curring unique restriction enzyme sites in the channel construct,
Styl and Nsil. All mutations were verified by dideoxy termination
sequencing (Sanger et al., 1977). Single amino acid substitutions
are identified by their residue number. Identification of the sub-
stitutions in each multiple mutant is as follows: ESS-R362E,
R365S, K380S; EFFSII-R362E, V363F, 1364F, R365S, 13661, V3671,
FIIT-I364F, L3661, V3691, S376T; ILT-V369I1, 1372L, S376T; IL-
V3691, I372L; LT-1372L, S376T; IT-V369I, S376T (Fig. 1). We were
unable to detect currents from two other multiple point mutants
we constructed: FIML-V363F, L3661, F370M, 1372L and IMLTS-
V3671, F370M, I372L, S376T, K380S. Numbering of amino acids
is from Schwarz et al. (1988) for the ShB1 potassium channel.

A highly expressing ILT construct was made by substituting the
mutant ILT sequence into a high expression Shaker (W434F) vec-
tor obtained from Ligia Toro (Perozo et al., 1993). DNA from the
original ILT mutant was cut between the BsiWI and Spel restric-
tion enzyme sites, generating a fragment that includes the ILT S4
and the Shaker wild-type tryptophan residue at position 434. This
piece of DNA was substituted into the W434F Shaker construct,
creating a conducting form of ILT that expressed at high levels.

The VIS/Shaw triple point mutant, constructed in the Shaw
background, was made by annealing sense and antisense oligonu-
cleotides spanning two naturally occurring restriction enzyme
sites in the Shaw sequence, Clal and Styl. Substitutions for the
point mutations were made in Shaw at the following sites, using
numbering from Butler et al. (1989): VIS/Shaw-1302V, L3051,
T309S (see Fig. 1).

Expression System and Electrophysiology

Xenopus oocytes were used for functional expression of mutant
DNA channel constructs, as described in the previous paper
(Smith-Maxwell et al., 1998). For Shaker and all mutants in the
Shaker background, cRNA was made from Kpnl-linearized DNA
with T7 RNA polymerase. For Shaw and VIS/Shaw, cRNA was
made from Sacl- or Sall-linearized DNA with T3 RNA poly-
merase.

Macroscopic ionic currents were measured from inside-out
membrane patches as previously described (Smith-Maxwell et al.,
1998; Hamill et al., 1981), using Mg™ *-free intracellular solutions
for constructs requiring large positive voltage steps to activate.
Ionic currents were digitized at 5-50 kHz and low pass filtered
with an eight-pole Bessel filter at 2-9 kHz, depending on the
channel kinetics. Details are stated in the figure legends.
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channels. The standard single letter code is used to designate
amino acids at each position. Basic residues are identified by num-
ber above the sequences from the amino terminal to the carboxy
terminal end of the S4. Letters or dashes located at positions con-
taining basic residues in Shaker are in bold for all sequences. (top)
D a s h

1 o w  termi-
nus and are taken from Tempel et al. (1987). (bottom) Dashes indi-
cate amino acids identical to Shaw. The numbers below identify
the amino acids in the sequence based on the numbering scheme
of Butler et al. (1989).

Gating currents were measured using a high performance cut-
open oocyte voltage clamp (CA-1; Dagan Corp., Minneapolis,
MN) (Taglialatela et al., 1992). The oocytes were permeabilized
with 0.3% saponin. Agar bridges with platinum iridium wire were
filled with 1 M NaMES (sodium methanesulfonic acid). Micro-
clectrodes were filled with 3 M KCI and had tip resistances of <1
M(). The following solutions were used for measurement of gat-
ing currents. The internal solution included (mM): 110 KOH, 2
MgCl,, 1 CaCly, 10 EGTA, 5 HEPES, pH 7.1 with MES. The exter-
nal solution included (mM): 110 NaOH, 2 KOH, 2 MgCl,, 5
HEPES, pH 7.2 with MES. Nonlinear capacitive currents of com-
parable amplitude and decay rate were never observed in unin-
jected oocytes.

All experiments were carried out at 20 = 0.2°C.

Data Analysis

The voltage dependence of channel opening was estimated from
the normalized conductance calculated two different ways as out-
lined in Smith-Maxwell et al. (1998). Normalized chord conduc-
tance was used for ShBA6-46, R362E, ESS, EFFSII, F370M, V3691,
and S376T. Normalized conductance was calculated from iso-
chronal measurements of tail currents after the peak current for
FIIT, ILT, Shaw S4, IL, LT, IT, I1372L, VIS/Shaw, and Shaw. Con-
ductance-voltage curves were fit with first or fourth power Boltz-
mann functions as follows:
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with n equal to 1 or 4. For a first power Boltzmann function, V;
is the voltage at which channel opening is half maximal. For a
fourth power Boltzmann, V; , approximates the voltage at which
each subunit is activated half maximally. The slope factor is equal
to RT/ 2

Activation kinetics were quantified by fitting the activation
time course of macroscopic ionic currents with the following ex-
ponential function: I(¢) = A[1 — ¢+ /7],

1(¢) is the current at time ¢, A is the scale factor for the fit, T is
the time constant, and d is the delay or amount of time required
to shift the single exponential curve along the time axis to obtain
an adequate fit of the activation time course. The time course of
most currents could be fit with this function from a beginning
current level of 2-5% up to the maximum current level. Large
sigmoidal delays such as those seen with Shaker cause currents to
deviate significantly from single exponential behavior early in ac-
tivation, making it necessary for single exponential fits to begin
at 20-50% of the maximum current. Time constants for deactiva-
tion were obtained from fits of a single exponential to tail cur-
rents measured at negative membrane potentials. Tail currents
were generally well fit by a single exponential function.

Analysis of the sigmoidicity in activation kinetics was carried
out as described previously (Zagotta et al., 1994a, 1994b; Smith-
Maxwell et al., 1998). Briefly, currents are first scaled so that all
traces reach the same maximum value. Then the scaling of the
currents along the time axis is changed so that the slope at the
half maximal current level is the same for all traces. This method
of analysis allows comparison of the delay in the activation kinet-
ics relative to the overall time course of channel opening. When
channel opening follows a single exponential time course with
no delay, the relative time to half maximum current (thmx) is de-
fined as equal to one. Relative thmx values greater than one indi-
cate the presence of a delay in channel opening (see Fig. 4 C).

Simulations of macroscopic currents were carried out as de-
scribed previously (Zagotta et al., 19945; Smith-Maxwell et al.,
1998). Rate constants in the 15-state model used here to describe
ILT and I372L macroscopic currents are taken from a model de-
scribed previously for the Shaker potassium channel (see Fig. 7
and Table I in Zagotta et al., 1994a). Only transitions between
the last closed and open states are altered to simulate mutant
macroscopic currents.

RESULTS

Substitution of S4 segments in Shaker can decrease the
apparent voltage dependence of channel opening by
changing cooperative interactions between the sub-
units, separate from changes due to decreased gating
charge (Smith-Maxwell et al., 1998). The most pro-
nounced changes in channel activation were introduced
by substitution with the S4 of Shaw. Shaw S4 activation
is shifted ~+120 mV to more positive voltages and acti-
vates with 2.7-fold less apparent voltage dependence
than Shaker (Fig. 2, Table I). The rate of Shaw S4
opening is much slower than the rate of Shaker open-
ing and is shifted along the voltage axis in the same di-
rection as the probability of channel opening. Shaw 54
activation Kkinetics follow a single exponential time
course over a wide voltage range, unlike Shaker, which
activates at most voltages with a large sigmoidal delay.
All of these changes in macroscopic currents can be ac-
counted for qualitatively by making a single coopera-
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tive transition in the activation pathway rate limiting
(Smith-Maxwell et al., 1998).

In this paper, we determine which amino acids in the
S4 sequence of Shaw S4 are responsible for the func-
tional differences between Shaw S4 and Shaker. As
shown in Fig. 1, the S4 sequences of Shaw and Shaker
differ in 11 of 21 positions. We generated several mu-
tant Shaker potassium channels with single or multiple
point mutations, substituting residues from the S4 of
Shaw into Shaker in various combinations (Fig. 1).
Representative macroscopic current traces and normal-
ized conductance-voltage curves from several patches
for each mutant are illustrated in Fig. 2. Results ob-
tained from analysis of the conductance—voltage curves
for each channel species are summarized in Table I.

While the total gating charge per channel deter-
mines the slope of the conductance—voltage relation at
very low open probabilities (Almers, 1978; Schoppa et
al., 1992; Zagotta et al., 19944, 19945; Sigg and Beza-
nilla, 1997), it does not reflect the contributions to
channel gating from interactions between subunits
(Sigworth, 1993; Zagotta et al., 1994a). Since we are in-
terested in all effects of S4 substitutions on channel
opening, we focused our attention on the slope of the
conductance—voltage relation at moderate open proba-
bilities where contributions from both charge and co-
operativity are reflected in channel opening. We use
“slope” as distinguished from “limiting slope” to refer
to the steepness of the conductance—voltage relation in
the range of moderate open probabilities.

Substitution of S4 Basic Residues

Extensive evidence in the literature supports the hy-
pothesis that the S4 in voltage-gated cation channels is
part of the voltage sensor and that S4 basic residues
provide much of the gating charge (Yang and Horn,
1995; Aggarwal and MacKinnon, 1996; Seoh et al.,
1996; Larsson et al., 1996; Mannuzzu et al., 1996; Yusaf
et al., 1996; Yang et al., 1996). Because the basic resi-
dues play an important role in channel activation, we
focused first on three amino acid differences between
Shaker and Shaw S4 that occur at positions where
Shaker has basic residues and Shaw S4 does not. Two of
the substitutions exchange neutral serines for the basic
residues at positions 2 and 7 in the S4 of Shaker and
the other substitution exchanges, such as negatively
charged glutamate for the positively charged arginine
at position 1 (see Fig. 1). We studied several mutants in
which one or more of these three basic residues were
substituted, including R362E, ESS, and EFFSII (Fig. 2,
Table I). The ESS mutant has substitutions at all three
basic residues, which results in a decrease in nominal
net charge of the S4 from +7 in Shaker to +3 in ESS.
Such a large decrease in charge content of the S4
might be expected to alter profoundly the voltage de-
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FiGUrRe 2. Macroscopic cur-
rents and conductance-voltage
curves for channels with single
and multiple point mutations in
the S4 of Shaker. On the left are
examples of currents from each
channel construct recorded from
inside-out patches in the voltage
ranges indicated. All traces are
incremented by 10 mV. On the
right are conductance-voltage
curves normalized to the maxi-
mum conductance at more posi-
tive voltages. Each symbol repre-
sents a separate experiment. The
lines are fourth power Boltz-
mann functions, as outlined in
MATERIALS AND METHODS, gener-
ated from the mean values in Ta-
ble I for Shaker and Shaw S4 and
are included to ease comparison
between the mutants, Shaker,
and Shaw S4 (see Smith-Maxwell
et al., 1998). Currents from ILT
and Shaw S4 were digitized at 5
kHz and filtered at 2 kHz. All
other currents were digitized at
20 kHz and filtered at 2 kHz. The
number of patches represented
in each graph is as follows: eight
for Shaker, eight for F370M, four
for ESS, nine for EFFSII, eight
for FIIT, six for ILT, and six for
Shaw S4.



TABLE I
Boltzmann Relation Fits Comparing Mutants

Fourth power Boltzmann First power Boltzmann

Channel Vis SEM Slope SEM V;, SEM Slope SEM =n

mV mV mV mV
ShBA6-46 —56.9 =*0.7 9.2 *1.0 —40.0 *1.2 68 =08 8
R362E —494 =*18 148 =06 —24.0 *1.2 11.1 =*04 5
ESS —46.3 *28 124 *0.7 —-249 =*35 9.2 =*05 4
EFFSII —41.1 *2.0 155 =05 -14.7 =*1.7 114 =03 8
FOT -168 =*2.8 181 *0.8 +14.2 *35 13.1 =*=0.6 8
F370M -733 =*1.2 6.2 =*06 —-621 =15 45 *05 8
ILT +34.8 *51 223 =*15 +723 *53 154 =16 6
V3691 —-444 =*15 125 =*0.7 -222 =*15 97 =06 9
1372L —-19.1 *26 198 =*1.1 +145 *36 144 =*0.8 4
S376T —-51.5 *46 168 =*1.8 —22.0 *35 129 =*15 5
IL —-252 *56 114 =*39 -19 =23 86 =27 3
LT +19 *24 189 =*1.6 +344 *46 134 =11 4
1T —-20.0 *34 174 =*1.8 +10.6 *28 13.0 =13 4
Shaw S4 +32.6 *49 268 *2.0 +77.6 *45 187 =*14 7

Data from individual patches were fit with first and fourth power Boltz-
mann functions as outlined in MATERIALS AND METHODS. The values of V;
and slope are means computed from the indicated number of patches, n.

pendence of channel gating. Surprisingly, changes in
channel opening introduced by the ESS mutant are rel-
atively modest compared with the changes introduced
by the total S4 of Shaw. The voltage range of activation
is shifted only +10 mV and the slope of the conduc-
tance—voltage curve is only slightly decreased. In fact,
for all three of the mutants (R362E, ESS, EFFSII), the
slope is roughly the same, regardless of whether one,
two, or three basic residues are substituted. Thus, there
is no correlation between the nominal charge content
of the S4 and the position and slope of the conduc-
tance-voltage curve. All three mutant channels activate
quickly, like Shaker but unlike Shaw S4.

These results show that the substituted basic residues
in Shaw S4 are not responsible for the large changes
observed in the voltage-dependent behavior of the
macroscopic ionic currents. The results could be inter-
preted to mean that basic amino acids at positions 1, 2,
and 7 of the S4, lying at either end of the S4 segment,
contribute minimally to the activation process of Shaker
potassium channels compared with the four remaining
basic residues within the core of the segment. This does
not seem to be the case, however, because experiments
measuring the individual contribution to the gating
charge of each of the S4 basic residues in Shaker sug-
gest that basic residues at positions 1-5 contribute sub-
stantially to the gating charge (Aggarwal and MacKin-
non, 1996; Seoh et al., 1996). An alternative interpreta-
tion is suggested by the results and conclusions in our
preceding paper. The decrease in S4 charge in R362E,
ESS, and EFFSII may be masked because the shape and
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position of the conductance-voltage curve are domi-
nated by cooperativity between subunits.

Substitution of S4 Nonbasic Residues

We studied several mutants with substitutions of nonba-
sic residues from Shaw S4 into Shaker. One mutant,
EFFSII, in addition to substitution of the first two basic
residues in the S4, includes four hydrophobic substitu-
tions in the NHy-terminal half of the S4. The changes in
activation introduced by the substitutions in the EFFSII
mutant are small compared with those introduced in
the Shaw S4 chimera. This result suggests that the NH,-
terminal half of the S4 is not responsible for the major
differences between the functional properties of Shaw
S4 and Shaker.

There are five residues in the COOH-terminal half of
the S4 that differ between Shaw S4 and Shaker. Several
mutant channels were constructed with overlapping
combinations of amino acid substitutions in this re-
gion. Among these mutants, only FIIT, F370M, and ILT
expressed functional channels. The FIIT mutant opens
with a steady state voltage dependence intermediate be-
tween Shaker and Shaw S4 (Table I), but it activates rel-
atively rapidly and with a sigmoidal time course similar
to Shaker.

The F370M mutant was generated by the substitution
of methionine for a phenylalanine normally present in
the middle of the Shaker S4. As shown in Fig. 2, activa-
tion kinetics are fast and sigmoidal, like Shaker. This is
the only mutant we examined where the probability of
channel opening is shifted to more negative voltages.
All of the other mutations reported here, like most S4
mutations in the literature, shift the probability of
channel opening to more positive voltages. However, a
few S4 mutations that negatively shift activation have
been reported (Lopez et al., 1991; Papazian et al., 1991;
Liman et al., 1991; Logothetis et al., 1992, 1993). The
F370M mutant also differs from most other S4 mutants
in that C-type inactivation is dramatically affected. The
channel inactivates much more rapidly than Shaker
and recovers from inactivation very slowly (data not
shown). Also, tail currents measured during channel
closing are very slow compared with Shaker (data not
shown).

Of the subsets of Shaw S4 amino acid replacements,
only ILT had macroscopic ionic currents similar to
Shaw S4 (Fig. 2, Table I). Activation kinetics of ILT are
slow and single exponential over a wide range of volt-
ages, like Shaw S4. The voltage range and slope of the
conductance—voltage curve appear very similar to Shaw
S4 as well. Since none of these three substitutions
change the basic residues in the S4, the decrease in the
slope of the conductance-voltage curve cannot be the
result of decreasing the charge content of the S4. Our
results are consistent with the idea that the S4 substitu-



tions, V3691, I372L, and S376T, are responsible for the
change in cooperativity of the activation process seen
in Shaw S4.

Substitutions of Subsets of ILT

Individual substitution of any one of the amino acids in
the ILT mutant is not sufficient to cause Shaker to be-
have like ILT. Representative currents from the V369I,
1372L, and S376T mutants along with normalized con-
ductance-voltage curves from several patches are
shown in Fig. 3. Boltzmann fits to the conductance—
voltage curves are summarized in Table I. Considerable
changes in the voltage range of activation and the slope
of the conductance-voltage curve are seen with each of
the three point mutants, but all activate with relatively
fast kinetics compared with Shaw S4 and ILT. Notably,
records in Fig. 3 show that the V3691 and S376T mu-
tants both exhibit sigmoidal activation kinetics similar
to Shaker while the I372L mutant appears to activate
with much less sigmoidicity (see below).

Since none of the single point mutants activate like
ILT, we next tried to determine if any pairwise combi-
nation of the three substitutions, V3691, 1372L, and
S376T, was sufficient to produce ILT-like activation.
Representative currents and normalized conductance—
voltage curves for several patches with IL, LT, and IT
mutants are also shown in Fig. 3. Values from Boltz-
mann fits to the conductance-voltage curves are pre-
sented in Table I. As with the single amino acid substi-
tutions, there are considerable changes in the voltage
range of activation and the slope of the conductance-
voltage curve. The double mutants containing the
I372L substitution activate more slowly than the V3691,
S376T, and IT mutants, but not nearly as slowly as ILT,
nor do they operate in the same voltage range nor with
the same voltage dependence of opening (see Fig. 9).
As with the single I372L point mutant, the two double
mutants containing the I372L substitution appear to
activate with less sigmoidicity than Shaker and the IT
mutant. The conclusion from these experiments is that
all three amino acid substitutions, V3691, I1372L, and
S376T, are necessary to make Shaker channels activate
like Shaw S4 channels.

This result is particularly interesting since all three
substitutions (valine to isoleucine, isoleucine to leu-
cine, and serine to threonine) are very conservative.
Two of the three substitutions (V3691 and S376T) add
a methyl group to the end of an amino acid side chain,
making it larger and more hydrophobic. The third sub-
stitution, 1372L, simply translocates a methyl group by
one carbon, changing the branchpoint of the aliphatic
side chain. The I372L substitution results in little or no
change in hydrophobicity or size of the residue, though
it does result in a change in shape of the side chain.
The profound effects of the substitutions in ILT on
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channel opening suggest that steric interactions of hy-
drophobic and polar side chains in the COOH-termi-
nal portion of the S4 play an important role in the co-
operative transition in the activation pathway. The
large functional effects due to small physical and chem-
ical changes introduced by these three substitutions
suggest that residues in the COOH-terminal portion of
each S4 are in a closely packed region of the channel
protein.

These interactions do not seem to be as important in
the gating of the S4 donor channel Shaw. The converse
triple mutant VIS/Shaw (see Fig. 1; isoleucine to va-
line, leucine to isoleucine, threonine to serine in Shaw)
does not appreciably alter the rate, time course, or volt-
age dependence of Shaw activation (data not shown).
Perhaps the VIS substitutions in Shaw are better tolerated
because the packing of amino acid side chains in the vi-
cinity of the S4 is less constrained in Shaw. Alternatively,
these substitutions may affect analogous transitions in the
Shaw channel, but their effects are not evident due to
other transitions dominating Shaw activation.

Within the K1 subfamily of Shaker homologs, the S4
is highly conserved across many species (Chandy and
Gutman, 1995). The wild-type amino acids at the ILT
positions (V369, 1372, and S376) in Shaker are con-
served among both Shaker and Shal homologs. Among
rat Shaw homologs, the S4 is also highly conserved, as
are the amino acids 1369, 1372, and T376 at the equiva-
lent Shaker positions. In contrast, the S4 of Drosophila
Shaw differs from its rat Shaw homologs in 11 of 21
amino acids. While the amino acids 1369 and T376 in
Drosophila Shaw are the same as in the rat Shaw ho-
mologs, the residue at the Shaker equivalent position
372 in Drosophila Shaw is a leucine rather than the iso-
leucine present in the rat homologs. The leucine in
Shaw at this position replaces a highly conserved isoleu-
cine that is present in most other channels. The fact
that residues at these three positions, and in particular
1372, are highly conserved within and across subfam-
ilies is consistent with the large functional conse-
quences to mutations at these sites in Shaker.

Comparison of ILT and Shaw S4 Activation

While macroscopic ionic currents from ILT are very
similar to currents from Shaw S4, there are differences
between them (Fig. 4). ILT channels open and close a
little faster than Shaw S4 channels (Fig. 4 B). However,
the voltage dependence of the kinetics and steady state
activation are very similar. The equivalent charge asso-
ciated with channel opening and closing was estimated
assuming that the opening and closing kinetics of ILT
and Shaw S4 are dominated by a single rate-limiting
transition (see legend, Fig. 4). This assumption is rea-
sonable since the opening and closing kinetics of both
Shaw S4 and ILT are well fit by single exponential func-
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FIGURE 3. Macroscopic currents
and conductance-voltage curves
for single and double point mu-
tants of ILT. On the left are rep-
resentative current traces at a se-
ries of voltages, incremented by
10 mV in the voltage ranges indi-
cated. On the right are normal-
ized conductance-voltage curves
summarizing data from several
experiments, each symbol repre-
senting data from a separate
patch. The solid line is a fourth
power Boltzmann function rep-
resenting a fit to the data for ILT,
created from the mean values in
Table I to ease comparison be-
tween the mutants and ILT. ILT
currents were digitized at 5 kHz
and filtered at 2 kHz. All other
currents were digitized at 20 kHz
and filtered at 8 kHz. The num-
ber of patches used for each mu-
tant is as follows: nine for V3691,
four for 13721, five for S376T,
four for IT, three for IL, four for
LT, and six for ILT.



tions over a wide range of voltages. The equivalent
charge associated with channel opening is 0.78 and
0.85 electronic charge for Shaw S4 and ILT, respec-
tively. These values are similar to each other and are
significantly larger than the value of 0.42 electronic

A

charge calculated for opening transitions late in the ac-

tivation pathway of Shaker (Zagotta et al.,

1994b). Val-

ues for equivalent charge associated with the closing

transitions are estimated to be
charge for Shaw S4 and ILT,

0.86 and 0.90 electronic
respectively. Again, the
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F1GUrRe 4. Comparison of functional properties of ILT and Shaw S4. (A) Normalized conductance plotted as a function of voltage for ILT
and Shaw S4. ILT and Shaw S4 currents were digitized at 5 kHz and filtered at 2 kHz or were digitized at 20 kHz and filtered at 8 kHz. Data
from six patches with ILT and six patches with Shaw S4 are compared. (B) Time constants for channel opening and closing were calcu-
lated from fits of single exponential functions to currents from ILT and Shaw S4 as outlined in MATERIALS AND METHODS. Data from 10
patches with ILT and 14 patches with Shaw S4 are shown. Estimates of equivalent charge for channel opening and closing kinetics were cal-
culated by fitting the time constants with the following: 7(V) = 1/ (a + B), a(V) = aetV/ED (V) = Bye~V/ED 1(V) is the time constant
from single exponential fits of currents during activation and deactivation at several voltages, V. a(V) and (V) are the forward and back-
ward rate constants at each voltage, respectively. o, and B are the forward and backward rate constants at 0 mV, respectively. z, and z; are
the values of the equivalent charge for opening and closing the channels, respectively. Equivalent charge estimates for the forward rates for
Shaw S4 and ILT are 0.78 and 0.84 electronic charges, respectively. Equivalent charge estimates for the backward rates for Shaw S4 and ILT
are 0.86 and 0.90 electronic charges, respectively. ILT currents were digitized at 20 kHz and filtered at 8 kHz. Shaw S4 currents were digi-
tized at 5 kHz and filtered at 2 kHz or were digitized at 20 kHz and filtered at 8 kHz. (C, top). Currents for ILT and Shaw S4 scaled for com-
parison of sigmoidicity. Currents were scaled as outlined in MATERIALS AND METHODS to compare the relative delay in the activation time
course. All values along the time axis are normalized so that when there is no delay, the relative time to half maximum current, thmx, is
equal to one. Values greater than one indicate an increase in sigmoidicity. Scaled currents for Shaw S4 superimpose over a wide range of
voltages, with a relative thmx of ~1, indicating little tendency toward sigmoidicity. Scaled currents for ILT are separated into two groups to
show that at voltages below +140 mV, the scaled currents superimpose with a relative thmx of ~1. However, above +140 mV, there is an in-
cremental increase in the delay with more positive voltage steps. (bottom) The relative thmx is plotted as a function of voltage, summarizing
analysis of sigmoidicity from six patches with ILT channels and six patches with Shaw S4 channels. Currents from ILT and Shaw S4 were
digitized at 20 kHz and filtered at 8 kHz. Little distortion in the waveform is expected or observed from delays introduced by the filter at
these frequencies, due to the relatively slow rate of channel kinetics.
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values for ILT and Shaw S4 are similar, though they are
slightly less than the 1.1 electronic charges calculated
for Shaker channel closing (Zagotta et al., 19945).

Like Shaw S4, ILT activation is well fit by a single ex-
ponential function over a wide range of voltages. How-
ever, unlike Shaw S4, ILT activation deviates from sin-
gle exponential kinetics at very positive voltages. We
compared deviations from single exponential behavior
in the two channel species by measuring the delay in
activation relative to the rate-limiting transitions in the
activation pathway. The scaling procedure outlined in
MATERIALS AND METHODS allows us to compare the de-
lay in activation at different voltages and between dif-
ferent channel species, under conditions where the
current magnitude and the rates of activation vary (see
also Smith-Maxwell et al., 1998; Zagotta et al., 1994a,
19946). A channel opening with no delay and after a
single exponential time course will have a relative time
to half maximum current, thmx, equal to one. A value
greater than one indicates the presence of delay in
channel opening due to multiple voltage-dependent
transitions between closed states in the activation path-
way, none of which is rate limiting. For Shaw S4 and
ILT, the scaled currents superimpose at voltages be-
tween +30 and +140 mV and the relative thmx of the
scaled currents is approximately one (Fig. 4 C), suggest-
ing that a single voltage-dependent transition is rate
limiting over this entire voltage range. Above +140
mV, there is a small but progressive increase in the rela-
tive delay in the activation time course of ILT that is
not nearly as pronounced in Shaw S4. This increase in
relative delay at more positive voltages indicates that
ILT activation includes multiple voltage-dependent
transitions between closed states before the cooperative
step that is rate limiting at more negative voltages. The
transitions between closed states emerge at more posi-
tive voltages because the voltage dependence of the
rate-limiting transition is steeper than that of many or
all of the transitions between closed states.

The different voltage-dependent patterns of sigmoid-
icity observed for ILT and Shaw S4 could have one of
several possible explanations. The rate-limiting transi-
tion of the Shaw S4 channel is a little slower than in
ILT and, therefore, more positive voltage steps may be
required to make the transition sufficiently fast to un-
mask delay due to closed-state transitions. Another pos-
sible explanation is that Shaw S4 activation involves
fewer or faster closed-state transitions or perhaps in-
volves just a single transition between one closed state
and the open state. In contrast, the voltage-dependent
pattern of delay in activation is much different for
Shaker. At low depolarizations there is little delay,
while at more depolarized voltages the amount of delay
increases progressively, and then saturates (see Fig. 8;
Zagotta et al. 19944, 1994b). This pattern of delay in
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Shaker can be explained by the large number of transi-
tions between closed states with similar voltage depen-
dences and by the nonindependent nature of the first
closing transition between the open state and the last
closed state (Zagotta et al., 19944, 19945).

A Kinetic Model for ILT

To understand further the changes in the ionic cur-
rents introduced by the substitutions in ILT, we modi-
fied an existing multi-state model developed for Shaker
(Zagotta et al., 1994a). The rationale for this is as fol-
lows. First, the multi-state model is quite successful at
accounting for the kinetic and steady state properties
of wild-type Shaker activation gating at the level of gat-
ing currents, macroscopic ionic currents, and single
channel currents (Zagotta et al., 19944). Second, since
the ILT mutant channel was constructed from three
very conservative amino acid substitutions, it seems rea-
sonable to assume that the mutant channel would acti-
vate in fundamentally the same way as Shaker, but with
changes in one or more of the existing transitions.
Third, the delay in ILT activation kinetics observed
above +140 mV reveals the existence of other transi-
tions in the activation pathway besides the rate-limiting
transition.

The 15-state model for Shaker activation, shown in
Fig. 5, is an extended representation of a kinetic
scheme wherein each subunit of a channel tetramer
must undergo two sequential transitions before the
channel can open (Zagotta et al., 19944). All horizontal
transitions in the 15-state model represent the first in-
dependent and identical transition undergone by each
of the four channel subunits. All vertical transitions
represent subsequent identical transitions in each sub-
unit, with the exception that the transition between the
last closed state and the open state has special proper-
ties. The first closing transition is slower than expected
for a purely independent process and is formally equiv-
alent to cooperative stabilization of the open state.

We were able to account successfully for the func-
tional properties of ILT ionic currents by changing the
rates and voltage dependences of a single set of transi-
tions between the last closed state and the open state.
We focused on this set of transitions for several reasons.
First, the single exponential time course of ILT chan-
nel opening implies that a single transition is rate limit-
ing. Since the single exponential time course of activa-
tion is the result of identical mutations in each of four
channel subunits, a single cooperative or concerted tran-
sition must be altered by the mutations (Smith-Maxwell
et al., 1998). If instead, the mutations slow the forward
rate of either set of independent transitions in the 15-
state model for Shaker, the activation time course would
be sigmoid and not single exponential. Second, ILT
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1994a). The 0-mV rate constants
and the associated equivalent
charge for the final step in activa-
tion of both Shaker and ILT are
given in Table IL. For the simpli-
fied two-state model, the rates

used to describe the opening and
closing transitions, k, and k, are
identical to those used for the fi-
nal step between the last closed
state and the open state in the
15-state model for ILT. (right)
Current simulations for ILT from
the 15- and 2-state models are su-
perimposed for direct compari-
son. Currents were simulated at
the voltages indicated, from a

0 to +200 mV by 20
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holding potential of —80 mV.
The traces on the bottom result
from scaling the simulated cur-
rents for each of the two models
for ILT as described in MATERIALS
AND METHODS to highlight the dif-
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channels are much slower to open and close than Shaker
channels. If the last transition in ILT activation is suffi-
ciently slower than the preceding transitions, the slow
transition would dominate the overall time course and
make a multi-step activation process, like the 15-state
Shaker model, appear to be a single exponential process.

Third, slowing the forward rates in either set of inde-
pendent transitions will not produce the large decrease
in slope observed for ILT. We showed in our previous
paper (Smith-Maxwell et al., 1998) that slowing the for-
ward rate of a set of independent transitions in a six-
state model shifts the conductance-voltage relation to
more positive voltages but does not decrease the slope
of the curve. However, in the 15-state model for
Shaker, there are two sets of independent transitions
that have different voltage dependences. While slowing
the rate of the forward transitions for either set of inde-
pendent transitions shifts the conductance-voltage re-
lation to more positive voltages, the slope of the curve
is differentially affected. Slowing all forward rates of the
first set of independent transitions has no effect on the
slope of the conductance-voltage relation because
these transitions dominate opening in the 15-state
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ference in sigmoidal behavior
predicted by the two models.

Shaker model over a wide range of voltages. Slowing all
forward rates in the second set of independent transi-
tions decreases the slope because this second set of
transitions now dominate activation and they move a
little less charge than the first set of transitions. How-
ever, this decrease in slope is very modest compared
with the dramatic decrease predicted by slowing a sin-
gle forward transition or compared with the large de-
crease in slope observed with ILT. Therefore, altering
either set of independent transitions in the 15-state
model cannot explain our results.

Values for the rate constants and charge associated
with the last set of transitions in the activation pathway
for the Shaker and ILT models are given in Table II.
Values for the earlier transitions in the multi-state ILT
model are identical to those used for Shaker (see Fig. 7
and Table I in Zagotta et al., 1994a). To approximate
the ILT ionic currents, the rate constant for the final
opening transition, k,(0), is made much smaller than
for Shaker, while the rate constant for the first closing
transition, k. (0), is larger than for Shaker. The net ef-
fect of these modifications is to shift the probability of
channel opening to more positive voltages and to slow



TABLE I1
Rate Constants for Final Step In Models For Shaker, ILT, and 1372L

k, k.
k,(0) Zo k.(0) z 0
st e charge s! e~ charge
Shaker 2800 0.32 9 1.10 9.4
ILT 1 1.00 70 0.80 1.2
1372L 27 1.00 48 0.80 1.8

Rate constants are given for transitions between the last closed state and the
open state in the multistate models for Shaker, ILT, and 1372L. The values
for ILT are also used in the two state model for ILT (see Fig. 5). Voltage-
dependent rate constants for the opening and closing transitions are
given by k, and k,, respectively. The model assumes that the rate constants
are exponentially dependent on voltage. The rate constants are described
by the following expressions: k, = k,(0) ¢~V and k, = Kk (0) ¢~=V/RT
k,(0) and k. (0) are the 0-mV rate constants for the opening and closing
transitions, respectively, while z, and z are the equivalent electronic
charges for the opening and closing transitions, respectively. V is the volt-
age. Assuming k. = 48/0, as in the Shaker model from Zagotta et al. (see
Table I, Fig. 7 in 1994a), 6 can be calculated for each model described
here.

activation kinetics substantially. The charge associated
with the final opening transition in ILT is 1 electronic
charge, three times larger than the 0.32 electronic
charge associated with the same transition in Shaker.
The charge associated with the first closing transition
in ILT of 0.80 electronic charge is slightly smaller than
the 1.10 electronic charges used for the same transition
in Shaker. The charge incorporated into these transi-
tions in the ILT model is comparable to the equivalent
charge calculated independently in the previous sec-
tion from the voltage dependence of the time constants
of activation and deactivation of ILT, where 0.85 elec-
tronic charge is associated with channel opening and
0.90 electronic charge with channel closing.

The modified Shaker model successfully reproduces
the voltage range and kinetics of activation and the
slope of the conductance—voltage curve observed for
the ILT mutant (Figs. 5 and 6). Although the predic-
tions more closely follow the more negative conduc-
tance—voltage results, this discrepancy represents only a
small energetic difference (0.4 kcal mol™!, calculated
from AAG = zAV, ,y, where z is the amount of charge
moved for the final transition and AV, is the differ-
ence in the half activation voltage between the model
and the ILT data). The time constants from single ex-
ponential fits to the simulated ionic currents are also
very similar to those from fits of currents from the mu-
tant ILT channel, as is the voltage-dependent pattern
of sigmoidicity (Fig. 6).

Since ILT opening and closing kinetics are well fit by
a single exponential function at voltages between —90
and +140 mV, we also simulated currents using a sim-
ple two state scheme as in Fig. 5. Values for the rate
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Ficure 6. Comparison of 15-state ILT model predictions with
ILT mutant data. (A) Voltage protocols similar to those used for
the ILT mutant channels were used to simulate currents for analy-
sis. Isochronal values of currents simulated by the model were
measured at 0 mV after 300-ms positive voltage steps to activate the
channel. The values from the simulated currents are normalized
to the maximum value and plotted with data from the ILT mutant,
replotted from Fig. 4 A. (B) Time constants were determined from
the simulated currents with single exponential fits to activation
and deactivation kinetics as outlined in MATERIALS AND METHODS.
Time constants for the simulations are plotted as a function of volt-
age along with results from the ILT mutant, which are replotted
from Fig. 4 B. (C) Simulated currents were scaled for analysis of
sigmoidicity as outlined in MATERIALS AND METHODS. The relative
time to half maximum current, thmx, is plotted with the results of
analysis of the ILT mutant, replotted from Fig. 4 C.



constants and associated charge are the same as those
used for the final transition in the multi-state model for
ILT given in Table II. The simulated currents from the
two-state model are very similar to simulated currents
from the multi-state ILT model. The steady state proba-
bility of channel opening is the same for the two mod-
els and there is little difference in the time course of ac-
tivation. The two models differ only in their prediction
for whether or not there is a small delay in activation at
higher voltages. When the currents are scaled to mea-
sure the relative delay in activation, there is no delay in
the two-state model. The relative accuracy with which
the two state model approximates the steady state prop-
erties and gating kinetics of the larger ILT model illus-
trates the dominance of the final rate-limiting step.

The multi-state model successfully predicts the delay
in activation observed at voltages above +140 mV, seen
for the ILT mutant (Figs. 4 and 5). Delay emerges at
higher voltages because the final transition into the
open state is no longer rate limiting. In the model, this
occurs because the equivalent charge associated with
the transition into the open state, z, is four times
greater than the charge associated with the next slowest
rate constant, a. Because of the steeper voltage depen-
dence of the k, transition, the rates of the early and late
transitions approach each other at large positive volt-
ages, and the early transitions produce a delay in activa-
tion. As can be seen in Fig. 6 C, the relative delay and
the voltage dependence of the delay from the multi-
state—simulated ILT currents superimpose on results
from the ILT mutant channel. These results show that
even though macroscopic ionic currents from the ILT
mutant can be approximated by a simple two-state
model over a wide voltage range, a multi-state model is
required to simulate the functional properties of ILT
currents over a more extended voltage range. Thus, we
are able to reproduce successfully the essential features
of the macroscopic ionic currents of ILT by making a
very simple modification of an existing multi-state
model for Shaker channel activation.

ILT Gating Currents

Our conclusion that the activation pathway of the ILT
mutant resembles that of Shaker, except for the final
transition, makes certain predictions about the move-
ment of gating charge in ILT. The gating charge
should move in a voltage range more negative than the
voltages required to open the channel and, at voltages
where the channel opens, gating currents should be de-
tected well before the ionic currents. As shown in Fig.
7, ON gating currents from the ILT mutant follow both
of these predictions. At voltage steps to between —100
and +20 mV, large gating currents are observed with
no detectable ionic currents. At more positive voltages
where the channels open, between +40 and +200 mV,
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FIGURE 7. Gating currents from conducting ILT channels. Cur-
rents were recorded at the voltages indicated (millivolts) from a
holding potential of —40 mV after a 2= prepulse to —140 mV. At
voltages more positive than +30 mV, ionic currents begin to acti-
vate. Leak subtraction was done with a P/5 protocol from a leak
holding potential of 0 mV. ILT gating currents were digitized at 40
kHz and filtered at 10 kHz. Currents were recorded with the cut-
open oocyte voltage clamp.

the gating currents are quite rapid compared with the
time course of channel opening. These results are con-
sistent with the prediction from the altered Shaker
model that activation of ILT involves multiple voltage-
dependent transitions that precede a final rate-limiting
step. More detailed analysis of ILT gating currents dur-
ing activation and deactivation will be used to refine
the model for ILT (Ledwell, J.L., and R.W. Aldrich,
manuscript in preparation).

The Importance of the I372L Substitution

The I372L substitution changes the rate and voltage de-
pendence of channel opening and the amount of sig-
moidal delay in the activation time course. In fact, cur-
rents from all mutants containing the I1372L substitu-
tion activate with less sigmoidal delay than mutants
without the I372L substitution. The sigmoidicity of the
single and double point mutants of ILT is analyzed in



Fig. 8, where the relative time to half maximum, thmx,
of scaled currents is plotted as a function of voltage. All
mutants with the I372L substitution are represented by
filled symbols, while all other mutants are represented
by open symbols. The plot shows very clearly that all
mutants with the I372L substitution activate with much
less sigmoidal delay than Shaker and mutants without
the I372L substitution, including the mutants V369I,
S376T, and IT.

Time constants from all mutants with the 1372L sub-
stitution are generally slower than those without the
I372L substitution and are positively shifted along the
voltage axis, as are the conductance-voltage curves
(Fig. 9; see also Fig. 3). The slowest time constants for
mutants with the I372L substitution, between 15 and 20
ms, are still much faster than the slowest time constant
for ILT, ~44 ms at +50 mV. For mutants lacking the
13721 mutation, the slowest time constant is nearer 10
ms, similar to Shaker. The slower, positively shifted ki-
netics of the 1372L-containing mutants could explain
the decrease in sigmoidicity if the I372L mutation slows
the final step in activation while having little effect on
the relatively rapid preceding transitions. These chan-
nels would then require larger positive voltage steps to
open and there would be a large discrepancy between
the rate of the slower final step and the rates of the
faster preceding transitions. This would make the final
step rate limiting and decrease the sigmoidicity of
I372L channel activation, suggesting that the I372L
substitution may be the dominant mutation changing
cooperativity of the final transition in all I372L-contain-
ing mutants, including ILT.

The I372L mutation also alters the voltage depen-
dence of channel kinetics. Equivalent charge estimates

for activation and deactivation kinetics from Shaw S4,
Shaker, ILT, and all single and double point mutants of
ILT are compared in Table III. For the 13721 mutant,
0.90 electronic charges are associated with channel
opening and 1.17 electronic charges are associated
with channel closing. The charge associated with open-
ing of the I372L mutant is similar to charge estimates
for Shaw S4 and ILT and is more than twofold larger
than the charge estimated for late transitions in the ac-
tivation of Shaker (Zagotta et al., 19945). The equiva-
lent charge for closing is not significantly different
from wild type. For all mutants with the I372L substitu-
tion, the charge associated with channel opening is at
least twofold larger than for the other mutants and
Shaker, which all contain the conserved isoleucine at
position 372. This analysis suggests that the I372L mu-
tation changes a transition in the activation pathway in
each of the I372L-containing mutants, making the tran-
sition rate limiting and the voltage dependence steeper.

A Kinetic Model for [372L Activation

Activation of I372L mutant channels can be explained
by modifying the rate constants and charge associated
with the final transition in the multi-state model for
Shaker (Fig. 5). As with the ILT model, all transitions
between closed states were assigned values identical to
the original Shaker model (see Fig. 7 and Table I in
Zagotta et al., 19944). Results from analysis of simu-
lated currents using three different sets of parameters
for the final transition are superimposed on results
from analysis of I372L mutant ionic currents (Fig. 10).
All three sets of parameters have the same 0-mV rate
constants, but differ by the amount of charge assigned
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symbols. All other channels, including Shaker, are
represented by open symbols.



FIGURE 9. Activation kinetics for single and dou-

ble ILT mutants. Time constants were calculated
from fits of single exponential functions to activa-
tion and deactivation time courses, as outlined
in MATERIALS AND METHODS. The number of
patches for each mutant are as follows: 10 for ILT,
5 for Shaker, 5 for V3691, 4 for S376T, 4 for IT, 4
for 1372L, 7 for IL, and 3 for LT. The solid lines
represent fits of the time constant-voltage data
for Shaker and ILT with the function Tt =1/ (a +
B), where a = ayet!V/ED and B = Bye~wNV/ED; 1
is the time constant; « and B are the forward and

backward rate constants, respectively; o, and B,
are the 0 mV rate constants for the forward and
backward rate constants, respectively; z, and z; are
the charge associated with the forward and back-
ward rate constants, respectively; and V is the volt-
age. For Shaker, oy = 2,800 571, z, = 0.32, B, = 9
s7h,and zg = 1.1. For ILT, ap = 1571, 2, = 1.0, B
=70 57!, and z5 = 0.8. The lines are shown to aid
comparison of the mutants with Shaker and ILT.
Shaker currents were digitized at 50 kHz and fil-
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to the forward and backward transitions. Simulations
from all three sets of parameters fit the normalized
conductance-voltage curve for the I372L, mutant rea-
sonably well, but differ in how well they fit the time
constants for opening and closing.

The best fits to the 13721 mutant data set the equiva-
lent charge associated with the final opening transition
to the value of 1.00 electronic charge taken from the
ILT model, while the worst fits use the value of 0.32
electronic charge from the Shaker model. Our analysis
of I372L mutant activation kinetics estimates an equiva-
lent charge of 0.95 electronic charge associated with
channel opening, which is similar to that obtained for
ILT (Table III). For the first closing transition, there is
less difference between the equivalent charge used for
the Shaker model of 1.1 electronic charges and for the
ILT model of 0.8 electronic charge. This small differ-
ence makes it more difficult to determine whether or
not the I372L substitution is responsible for the de-

434 Uncharged S4 Residues

voltage (mV)

tered at 10 kHz. All other currents were digitized
at 20 kHz and filtered at 8 kHz. Each mutant has
the same symbol as in Fig. 8.

crease in charge in the ILT mutant. Also, there is very
little difference in how well the 13721 mutant data are
fit using charge values for the first closing transition
from the models for Shaker or ILT.

Our analysis suggests that the I372L mutation
changes the rates and voltage dependence of a cooper-
ative transition late in the activation pathway, that we
identify in our model as the transition between the last
closed state and the open state. When other mutations
accompany the I372L substitution, as in the ILT and
Shaw S4 mutants, gating is modified further.

DISCUSSION

Substituting the S4 of Shaw into Shaker changes coop-
erativity in the activation pathway, decreasing the volt-
age dependence of channel opening and making a sin-
gle cooperative transition rate limiting (Smith-Maxwell
et al., 1998). In this paper, we show that simultaneous



TABLE III

Equivalent Charge from Activation and Deactivation Time Constants

Activation Deactivation n
e~ charge e~ charge

V3691 0.54 1.05 5
S376T 0.48 0.69 4
IT 0.43 0.83 4
Shaker 0.42 1.10 3
1372L 0.90 1.17 4
1L 1.09 1.24 7
LT 0.95 1.06 3
ILT 0.84 0.90 10
Shaw S4 0.78 0.86 14

Equivalent charge associated with activation and deactivation time con-
stants was calculated from the time constant-voltage curves in Fig. 9. Data
from all patches with a given channel species were included for each ex-
ponential fit used to calculate equivalent charge. For the I372L-contain-
ing mutants, equivalent charge was calculated by simultaneous fitting of
activation and deactivation time constants, as was done for the ILT mutant
in Fig. 4 B. As noted previously, this approach assumes that a single set of
transitions is rate limiting. This assumption is reasonable for the I372L-
containing mutants because there is relatively little delay in the activation
time course and the kinetics are well fit by a single exponential function.
The time constant-voltage curves of the 1372L.-containing mutants are
reasonably well fit by this double exponential function. Similar values
were obtained from single exponential fits to activation and deactivation
time constants separately. Equivalent charge calculations for mutants
without the I1372L substitution come from separate fits of a single expo-
nential to activation and deactivation time constants plotted as a function
of voltage. This approach was taken since activation in these channels
clearly involves multiple transitions without a single transition dominating
channel opening, much like Shaker. The values for Shaker are taken from
Zagotta et al. (see Figs. 7 and 11 in 1994b).

substitution of only three noncharged residues within
the S4 of Shaker (V369I, I372L, S376T), creating the
ILT mutant, is sufficient to reproduce this change in
cooperativity. Ionic currents from ILT are very similar
to currents from Shaw S4, while currents from the
other substitution mutants that we tested are more sim-
ilar to Shaker. Of particular interest is the fact that si-
multaneous substitution of three charged residues in
the S4 of Shaker with residues from Shaw S4 (ESS) fails
to reproduce the large decrease in voltage sensitivity of
Shaw S4 opening. Instead, the ILT substitutions that
mimic Shaw S4 activation are very conservative. While
there is no change in the electrostatic charge or chemi-
cal reactivity of the residues, there are changes in hy-
drophobicity, size, and shape of the substituted side
chains. Closely packed regions of proteins are espe-
cially sensitive to small changes in size and shape of the
amino acid side chains (Eriksson et al.,, 1992, 1993;
Creighton, 1993). Therefore, the changes in gating are
likely to be mediated by differences in steric interactions.
Previous work has also shown that substitution of hydro-
phobic residues in or near the S4 can greatly affect chan-
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nel activation (Lopez et al.,, 1991; McCormack et al.,
1991, 1993; Hurst et al., 1992; Schoppa et al., 1992; Ag-
garwal and MacKinnon, 1996; Tang and Papazian, 1997).

The substitution of leucine for isoleucine is responsi-
ble for the single exponential activation kinetics and
the increase in the charge movement associated with
the final opening transition. Yet, it is seemingly the
most conservative of the three substitutions in the ILT
mutant. The only structural difference between isoleu-
cine and leucine is the point of attachment of a single
methyl group along an otherwise identical aliphatic
side chain. Leucine and isoleucine are both hydropho-
bic and have the same molecular weight and van der
Waals volume. They are, however, slightly different in de-
gree of hydrophilicity, the extent to which they tend to be
found buried within proteins or on the protein surface,
and the extent to which they stabilize protein secondary
structures (Creighton, 1993). In spite of the small differ-
ences between the amino acids, the 13721 substitution
seems to be critically important for changing the proper-
ties of the final transition in the activation pathway.

The opposite substitution of isoleucine for leucine at
other positions in or near the S4 has been reported
previously to have large effects on steady state activa-
tion in Shaker (Hurst et al., 1992; McCormack et al.,
1993). Substitution of isoleucine for leucine has been
reported to have significant effects on the energetics of
other proteins as well. In a study of T4 lysozyme, a leu-
cine within the core of the protein was replaced in turn
with isoleucine, valine, methionine, and phenylalanine
(Eriksson et al., 1992, 1993). The isoleucine and valine
substitutions decrease the stability of the folded protein
by 1.4 and 2.3 kcal mol™!, respectively, much more
than expected from consideration of hydrophobicity
and cavity formation alone. The large decrease in sta-
bility is due to steric strain introduced by replacing the
leucine with a residue of a different shape. The seem-
ingly less conservative substitutions of leucine with me-
thionine and phenylalanine are less destabilizing than
the isoleucine and valine substitutions.

Our analysis shows that the I372L substitution is re-
sponsible for the increase in equivalent charge move-
ment associated with the final opening transition. One
question that arises from this result is how substituting
one uncharged amino acid for another could increase
the charge movement associated with a voltage-depen-
dent transition. The substitution could alter the move-
ment of the voltage sensor by increasing the fraction of
the electric field through which the charged residues
move to open the channel or by increasing the number
of charged residues that interact with the electric field.
Alternatively, the final opening transition in Shaker
could have the same voltage dependence as in the
I372L mutant but be so fast as to be indistinguishable
as a separate component in the kinetic measurements.
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Ficure 10. Models for I372L mutant are compared. Three different models are presented. Like the ILT model, the I372L models modify
only the final step in the activation pathway of the 15-state Shaker model (see Fig. 7 and Table Iin Zagotta et al., 19944), with the values for
all preceding transitions held identical to those used for Shaker. Values for the forward (k,(0)) and backward (k,(0)) 0-mV rate constants for
the final step are given at the top of the figure and in Table II, and are the same for all three models. The models differ only by whether the
charge associated with the last set of transitions is like that of Shaker or ILT. Charge associated with the forward (z,) and backward (z.) rate
constants for each model is given (right). For Shaker, z, equals 0.32 and z equals 1.1 while, for ILT, z, equals 1.00 and z. equals 0.80.
Whether the equivalent charge used for the simulations is taken from Shaker or ILT is shown at the right. Normalized conductance—volt-
age curves were constructed from isochronal tail currents from the I1372L mutant and from simulated currents, as outlined in MATERIALS
AND METHODS. Time constants were calculated from 1372L mutant currents and from currents simulated by each model, as outlined in ma-
TERIALS AND METHODS. Data from four patches with the 13721 mutant are shown. Analysis of the simulated currents is superimposed on
analysis from the I372L mutant. Currents from the I1372L mutant were digitized at 20 kHz and filtered at 8 kHz.

Cooperative Interactions in Activation

Subunit cooperativity seems to be a central feature in
potassium channel activation. Among several kinetic
models that have been proposed, there is general
agreement that potassium channel activation involves
transitions between multiple voltage-dependent closed
states and that one or more transitions in the activation
pathway involve cooperative interactions (Schoppa et
al., 1992; Tytgat and Hess, 1992; Sigworth, 1993; Za-
gotta et al., 1994¢; Bezanilla et al., 1994; McCormack et
al., 1994; Hurst et al., 1995; Starkus et al., 1995). How-
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ever, many details of the models differ, including the
number of states, the number of independent transi-
tions, the connectivity of the states, and the way in
which the cooperativity is implemented. Cooperative
interactions within proteins can come about in a num-
ber of different ways. Further analysis will be required
of wild-type and mutant channels to determine the
physical mechanisms underlying cooperativity in chan-
nel gating. However, simple modifications of a reason-
ably successful model for Shaker gating explain the ef-
fects of the ILT mutation on channel gating quite well.



Of the many transitions in the kinetic model for wild-
type Shaker, it is necessary to modify only a single coop-
erative step to fit the ILT ionic currents, making the
transition rate limiting. To model ILT, we must de-
crease the forward rate constant, increase the backward
rate constant, increase the equivalent charge for the
forward (opening) transition and decrease the charge
for the backward (closing) transition. These changes
are sufficient to explain the slowing of channel open-
ing kinetics, the lack of sigmoidicity in the activation ki-
netics, and the changes in the voltage dependence of
opening and closing kinetics compared with Shaker.
These changes can also explain the large decrease in
apparent voltage dependence of ILT channel opening
that occurs even though there is little change in the to-
tal charge associated with channel opening. The model
for wild-type Shaker channels has a total of 13.08 elec-
tronic charges, while the model for ILT has 13.46 elec-
tronic charges.

The ability of the 15-state Shaker model to explain
the large differences in ILT gating with only small
changes further supports the validity of the model for
Shaker. A mutant such as ILT, in which a single transi-
tion is rate limiting, is useful for study of the transition
in relative isolation. Since most of the transitions un-
derlying wild-type channel activation have similar rates
and voltage dependences, it is difficult to study individ-
ual transitions independently of one another (Zagotta
etal., 1994q).

Results of other studies with S4 mutations in Shaker
and related potassium channels can also be interpreted
in terms of changes in cooperativity. Mutations at posi-
tions equivalent to 372-376 in Shaker made in eag po-
tassium channels have been reported to cause changes
in channel function similar to those observed with ILT,
including a large positive shift in the voltage range of
channel activation and a decrease in the slope of the
conductance-voltage curve (Tang and Papazian, 1997).
These results can be interpreted as a change in the co-
operativity of a transition in the activation pathway and
suggest that the COOH-terminal half of the S4 may serve
a similar function in eag and Shaker potassium chan-
nels, mediating cooperative interactions between chan-
nel subunits. And in another Shaker homolog, K/1.1, us-
ing concatenated heterotetramer constructs, Hurst et
al. (1992) showed that an isoleucine substituted for a
wild-type leucine present in the COOH-terminal half of
the S4 alters cooperative interactions between subunits
during activation.

Comparison of ILT with the hydrophobic substitu-
tion mutant, V2, located at the border between the S4
and the S4-S5 linker, provides insights into how muta-
tions of hydrophobic residues in the S4 can alter chan-
nel activation (McCormack et al., 1991). In the V2 mu-
tant, substitution of valine for leucine shifts the probabil-
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ity of channel opening to much more positive voltages
and decreases the apparent voltage sensitivity of channel
opening, changes similar to those observed with ILT.
However, V2 and ILT have very different effects on acti-
vation kinetics. ILT activates much more slowly than
Shaker and activates with a single exponential time
course, whereas the time course of V2 activation is rela-
tively rapid and sigmoid, like the time course of Shaker
activation. In all, three different classes of Shaker model
have been modified to explain the functional behavior
of V2 (Schoppa et al., 1992; Sigworth, 1993; McCormack
etal,, 1994). All include several independent transitions
and at least one cooperative transition late in the activa-
tion pathway. For all three models, it is necessary to al-
ter the properties of a cooperative transition to simu-
late the V2 mutation. The specific details of the models
may, therefore, be less important than the fact that it is
necessary to change cooperativity to simulate the effect
of the mutation.

Even though the apparent voltage dependence of
channel opening is decreased, the total amount of
charge moved to open the V2 channel is not changed.
Gating currents from the V2 mutant show that while
most of the gating charge moves in a voltage range sim-
ilar to the wild-type channel, there is a small compo-
nent of gating charge, between 18 and 19% of the total
(as calculated from the model), that moves at more
positive voltages (Schoppa et al., 1992). This small, pos-
itively shifted component of gating charge corresponds
to the charge movement associated with the final volt-
age-dependent transitions. The apparent decrease in
the voltage dependence of the probability of channel
opening reflects the isolation of the final rate-limiting
step in the activation pathway.

A similar small, positively shifted component of gat-
ing charge, comprising 13-14% of the total charge, is
predicted for the ILT mutant as well. ILT gating cur-
rent measurements confirm that gating charge moves
in a negative voltage range where the channel does not
open. Since the kinetics of the rate-limiting step in ILT
activation are voltage dependent, there must be an-
other component of gating current in the voltage
range of channel opening (Ledwell et al., 1997).

Separation of charge components along the voltage
axis has been observed with other S4 mutations as well.
The mutant ShA10, studied by Aggarwal and MacKin-
non (1996), substitutes the nonbasic and mostly hydro-
phobic residues from the S4 of K2.1 (drkl) into
Shaker. The charge separation this generates is even
greater than that found with V2. Mutations causing sep-
aration of gating charge are not confined to hydropho-
bic substitution mutations but also have been observed
with neutralization of positive charges in the S4, includ-
ing glutamine substitutions of the second and third ba-
sic residues (Perozo et al., 1994; Aggarwal and MacKin-



non, 1996; Seoh et al., 1996). However, substitution of
the third basic residue with asparagine does not cause
separation of gating charge components.

Channel Structure and Conformational Changes

The folded structure of proteins is maintained by multiple
interactions, including hydrogen bonds, van der Waals
interactions, and hydrophobic interactions (Creighton,
1993). Since the S4 has a mix of hydrophobic, polar,
and basic residues, many different types of interactions
may contribute to stabilizing the S4 segment within dif-
ferent conformational states of the channel protein.
Several lines of evidence suggest that upon activation
many residues in the S4 experience a change in their
relative exposure to hydrophobic and aqueous environ-
ments and, therefore, may encounter different types of
interactions along the activation pathway (McCormack
et al., 1993; Starkus et al., 1995; Yang and Horn 1995;
Yang et al., 1996; Larsson et al., 1996; Mannuzzu et al.,
1996; Yusaf et al., 1996).

While the secondary structure of the S4 segment is
not yet known, there is evidence that the secondary
structure of the COOH-terminal half of the S4 is impor-
tant in channel activation. In the rat Shaker homolog,
K,1.1, substitution of hydrophobic residues at two dif-
ferent sites within the COOH-terminal half of the S4

with proline, an amino acid known to destabilize both
alpha helices and beta sheets (Richardson and Richard-
son, 1989), alters the ability of channels to activate
(Hurst et al., 1995). These results support findings by
McCormack et al. (1993) from hydrophobic substitu-
tions in the S4-S5 that secondary structure in this re-
gion, which includes the overlapping structural motifs
of periodic charged residues throughout the S4 and a
leucine heptad repeat in the COOH-terminal portion
of the S4, plays an important role in channel activation.
The valine to isoleucine and isoleucine to leucine sub-
stitutions, as found in the ILT mutant, promote stabili-
zation of alpha helical conformations, whereas the
serine to threonine substitution does not (Creighton,
1993). If the COOH-terminal half of the S4 is alpha he-
lical, all three substitutions would lie on the same face
of the alpha helix, along a 1011 A stretch of the heli-
cal axis. The three residues could comprise a surface
that interacts with other regions of the channel. If the
S4 is alpha helical and the charged residues of the S4
interact with the charged residues of the S2 and S3, as
has been suggested (Papazian et al., 1995; Seoh et al.,,
1996; Planells-Cases et al., 1995; Tiwari-Woodruff et al.,
1997), the helical face of the S4 with the ILT substitu-
tions would be directed away from the S2 and S3 seg-
ments.
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