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ABSTRACT Shaker channel mutants, in which the first (R362), second (R365), and fourth (R371) basic residues
in the S4 segment have been neutralized, are found to pass potassium currents with voltage-insensitive kinetics
when expressed in Xenopus oocytes. Single channel recordings clarify that these channels continue to open and
close from —160 to +80 mV with a constant opening probability (F,). Although P, is low (~0.15) in these mu-
tants, mean open time is voltage independent and similar to that of control Shaker channels. Additionally, these
mutant channels retain characteristic Shaker channel selectivity, sensitivity to block by 4-aminopyridine, and are
partially blocked by external Ca®* jons at very negative potentials. Furthermore, mean open time is approximately
doubled, in both mutant channels and control Skaker channels, when Rb* is substituted for K* as the permeant
ion species. Such strong similarities between mutant channels and control Shaker channels suggests that the pore
region has not been substantially altered by the S4 charge neutralizations. We conclude that single channel kinet-
ics in these mutants may indicate how Shaker channels would behave in the absence of voltage sensor input. Thus,
mean open times appear primarily determined by voltage-insensitive transitions close to the open state rather
than by voltage sensor movement, even in control, voltage-sensitive Shaker channels. By contrast, the low and volt-
age-insensitive P, seen in these mutant channels suggests that important determinants of normal channel opening

derive from electrostatic coupling between S4 charges and the pore domain.

KEY WORDS:

INTRODUCTION

Voltage-gated ion channels are responsible for the elec-
trical excitability of cells in heart, muscle, and through-
out the nervous system. In the early 1950’s, Hodgkin
and Huxley (1952) first demonstrated the ionic mecha-
nism of the transmembrane action potential in the
squid giant axon and proposed that such voltage de-
pendence of the K* and Na* conductance is due to
charged particles within the membrane that move in
response to changes in the transmembrane electric
field (Hodgkin and Huxley, 1952; Hille, 1992). More
recently, the activation process has been modeled as
voltage-dependent conformation changes in each of
four subunits, followed by cooperative opening transitions
with lower voltage sensitivity (Hoshi et al., 1994; Zagotta
et al., 1994a,b; Schoppa and Sigworth, 1998a,b,c). The
voltage dependence of the activation process results from
charge movements within the channel protein, associ-
ated with early conformational transitions. These in-
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tramolecular charge movements can be directly mea-
sured as gating currents (Armstrong, 1981; Hoshi, 1994).

Structural studies in voltage-dependent Na*, K*, and
Ca?* channels have revealed an apparent membrane
spanning region, the S4 segment, in which every third
amino acid carries positive charge (Noda et al., 1984;
Tanabe et al., 1987; Tempel et al., 1987), suggesting
that the S4 serves as the primary voltage sensor in these
channel types (Greenblatt et al., 1985; Caterall, 1986;
Guy and Seetharamulu, 1986; Noda et al., 1986). This
hypothesis has been evaluated in potassium channels
using a variety of charge neutralizing mutations in seg-
ments S2, S3, and S4 (Liman et al., 1991; Lopez et al.,
1991; Papazian et al., 1991, 1995; Logothetis et al.,
1992, 1993; Tytgat and Hess, 1992; Aggarwal and
MacKinnon, 1996; Seoh et al., 1996). Similarly, gating
charge measurements from S4 mutations have been
widely used to confirm the role of the S4 segment as a
voltage sensor in voltage-dependent activation (Beza-
nilla and Stefani, 1994; Perozo et al., 1994; Seoh et al.,
1996). In addition, cooperative transitions leading to
potassium channel activation have been identified in
Shaker and heteromultimeric mammalian potassium
channels (Hurst et al., 1992; Tytgat and Hess, 1992; Be-
zanilla et al., 1994; Sigworth, 1994; Zagotta et al., 1994b;
Smith-Maxwell et al., 1998a). Furthermore, direct evi-
dence for S4 movement during channel activation has
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TABLE I

Sequence of the S4 Segment in Shaker Potassium Channels

Shaker No. 362 365 368 371 374 377 380 Net
S4 L AI L R V1 R L V R VF R I F K L S R H S K G L Q charge
ChargeNo. — — — — 1 — — 2 — — 3 — — 4 — — 5 — — 6 - — 7 — — — 7+
12Q - - -9 - -9 - — R — — R — — K — — R — — K — — — 5+
124Q - — - - Q9 - - 9Q — - R - = 9Q — — K —— R — — K — — — 4+
1247Q - - - — Q¢ - - 9 - - R - - Q - — K —-— — R —-— — Q — — — 3+
127Q - - - 9 - - 9 - - R - — R —— K — — R — — Q — — — 4+
147Q - - - Q9 - - R - - R — = Q — — K — — R — — Q — — — 4+
24Q - — - - R - - 9Q - - R - - Q - —-— K — — R — — K — — — 5+

The numbers below the sequence are charge position numbers for conserved basic amino acids in the S4 segment. Those above the sequence are residue

numbers within the Shaker B cDNA sequence. Mutations are noted below the charge numbers.

come from fluorescence and sulfhydryl-reagent bind-
ing studies in which specific residues were replaced
with cysteine to probe the environment near the S4 seg-
ment in Shaker channels. Such studies indicate that
change in membrane potential can alter the internal
and external accessibility of charged residues in the S4
segment, clarifying that changes in S4 exposure are in-
volved in the initiation of channel opening (Yang and
Horn, 1995; Larsson et al., 1996; Mannuzzu et al., 1996;
Yang et al., 1996; Yusaf et al., 1996).

Nevertheless, the transitions closest to the open state
appear relatively, or entirely, voltage insensitive even in
voltage-gated potassium channels. This understanding
has arisen from studies of single channel kinetics (e.g.,
Zagotta et al., 1989; Hoshi et al., 1994), as well as from
macroscopic potassium currents (Zagotta et al., 1994a,b)
and gating currents (Bezanilla and Stefani, 1994). Thus,
mean open times as well as the three closed times noted
from single channel recordings are all essentially volt-
age insensitive across the physiological range of mem-
brane potentials (Zagotta et al., 1989; Hoshi et al.,
1994; Schoppa and Sigworth, 1998a,b,c). The only pa-
rameters that have been unequivocally identified as
voltage sensitive at the single channel level are the first
latency distributions and P, (V) curves.

This paper explores the hypothesis that Shaker mu-
tants in which S4 charges were progressively neutral-
ized might lead to reduced or absent voltage sensitivity
in the first latency process. Would the resulting chan-
nels continue to open and close via the voltage-insensi-
tive kinetics noted above? Or would these channels be
permanently closed in the absence of normal interac-
tion from S4 charges? When expressed in Xenopus oo-
cytes, two of the mutants studied here yielded macro-
scopic K* currents that show no evidence of voltage-
sensitive gating across the voltage range from —160 to
+80 mV. However, single channel recordings show that
these mutant channels still open and close, albeit in a
voltage-insensitive manner, while retaining normal po-
tassium selectivity and normal mean open times. Using
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these mutations, it becomes possible to study channel
properties in the apparent absence of voltage-sensitive
input from the S4 segment.

MATERIALS AND METHODS

Mutations and Channel Expression

The sequence of the S4 segment in the Shaker K* channel is
shown in Table I. The seven conserved basic amino acids are in-
dicated in Table I by both sequence numbers (above the se-
quence) and charge numbers (below the sequence). As noted in
Table I, the mutant in which the first and second conserved
arginines (R) in the S4 sequence were neutralized to glutamine
(Q) will be referred to here as 12Q). Similarly, 124Q means that
first, second, and fourth charges were neutralized to glutamines
(see Table I), etc. The control NH, terminus deleted Shaker 29-4
construct will be referred to as ShA. Since the amino acid se-
quence of ShA is identical to the Shaker B sequence from S1
through S6, standard Shaker B residue numbering is used
throughout. Glutamine-substituted charge-neutralizing muta-
tions within the S4 segment (12Q, 124Q, 1247Q, 127Q, and
147Q) were introduced in an NH, terminus deleted Shaker 29-4
construct (Iverson and Rudy, 1990; McCormack et al., 1994) by
Dr. K. McCormack and were generously made available for this
study by Dr. FJ. Sigworth (Yale University, New Haven, CT). An ad-
ditional mutant, 24Q), was constructed in this laboratory by the syn-
thesized oligomer method, also in NHgterminus—deleted Shaker
29-4, and assembled in pGEM-9zf(—) vector. Mutation was verified
by restriction enzyme digestion and subsequent sequencing.

Plasmids were linearized with Notl and mRNA was transcribed
in vitro using mMESSAGE and mMACHINE kits (Ambion, Inc.).
mRNA was microinjected into Xenopus oocytes in developmental
stage V or VI at a concentration ranging between 0.005 and 0.1
pg/ul (total volume per oocyte, 50 nl). The injected oocytes
were incubated in ND96-PGH broth containing (mM) 96 NaCl,
2 K(Cl, 1.8 CaCl,, 1 MgCly, and 5 HEPES, pH 7.2, plus 2.5 pyru-
vate, 50 mg/ml gentamicin, and 1% horse serum, at 18°C for 1-7 d
before electrophysiological recordings.

Electrophysiology
Channel expression levels in Xenopus oocytes were tested by two-

electrode voltage clamp (TEV),! using a CA-1 High Performance

LAbbreviations used in this paper: 4-AP, 4-aminopyridine; I-V, current—
voltage; TEV, two-electrode voltage clamp.
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Oocyte Clamp (Dagan Corp.). TEV electrodes were filled with
2 mM KCI and have 0.1-0.3 MQ) resistance. Patch-clamp record-
ings were obtained using EPC-9 patch clamp amplifier (HEKA
Elektronik). Patch pipettes were fabricated from aluminum sili-
cate (for macropatch pipettes) and coated with dental wax to re-
duce electrode capacitance, or from borosilicate glass (for single
channel recordings) and sylgard coated. Macropatch pipettes
yield resistances between 0.5 and 2 M() in standard solutions. Pi-
pettes for single-channel measurement had resistances between 6
and 20 M() in symmetric K* solutions (115 mM K*). All single-
channel currents were recorded from isolated patches in the in-
side-out configuration. Traces were recorded in steps from hold-
ing potential to different test potentials (from —160 to +80 mV)
using different pulse durations and sample intervals to address a
potentially wide range of channel kinetics. 1-s traces were re-
corded with a 200-ps sample interval using a 1.25-kHz Bessel fil-
ter. 100- and 50-ms traces were recorded at 10-us sample intervals
with a 4-kHz Bessel filter. The digit filter was set ~1-2 kHz. Data
acquisition was controlled using the Pulse+PulseFit software
package (HEKA Elektronik). Experiments were carried out at
room temperature (between 20° and 22°C).

All data reported here were obtained without P/zn subtractions,
except where specifically indicated. Such P/n subtractions are
commonly used to distinguish ionic current from both capaci-
tance and leak currents by subtraction of “leak pulses” obtained
in voltage steps, and from a leak holding potential, at which volt-
age-gated channels remain closed. This method is not appropri-
ate for channel types that show maintained currents across the
full range of experimentally accessible membrane potentials.

Data Analysis

Data analysis was performed using software from PulseFit, Pulse-
Tools (HEKA Elektronik), IgorPro (Wave Metrics), Mathematica
(Wolfram Research, Inc.), and MacTAC (Skalar Instruments). Sin-
gle channel openings were identified using the half-amplitude
threshold-crossing method (Colquhoun and Sigworth, 1983).
Analysis of single-channel fluctuations was carried out following
the methods described by Llano et al. (1988) and Perozo et al.
(1991).

Single channel open probability was determined from the for-
mula A/ (A + B), where A is the total time spent in the open state
and B is the total time spent in the closed state. This formula is
usable only when a patch shows no evidence of a second channel
being present in any of the data traces at all test potentials. How-
ever, it is easier to obtain traces with two or three channels
present in the patch. We have used a method for estimating
channel P, in patch records where the total number of channels,
n, can be shown to be no more than three. Statistically, the prob-
ability of being either open or closed is equal to 1, thus P,eq =
1-P,

In multiple channel patch data, it is easy to sum the time spent
in closed states, and hence to calculate the probability of no
channel being open. Presuming each channel gates indepen-
dently, the mean probability of any one channel being open and
closed is P, and P4, respectively. In multiple channel patches,
the probability of all channels being closed is B, and the proba-
bility of at least one channel being open is B,, then we have:

B=1-8B,
B = (Pcloscd)" = (l _Pu)n~
Thus:
1-B,=B=(1-P)"

P, =1-(1-B)""
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This final equation was used to calculate the mean probability
of a single channel being open (P,) at different test potentials in
symmetric K* solutions. This equation was checked by analyzing
multiple channel data and comparing results with analysis of sin-
gle channel data from the same channel-type. Since similar re-
sults were obtained, some multiple channel traces from the 124Q
and 1247Q mutants were analyzed by this method, provided that
no more than three channels were detected in any one patch.

Averaged results are reported as mean * SD (n), where n is
the number of patches.

Solutions

For all patch clamp experiments, in addition to monovalent chlo-
ride salt, external solutions, referred to as Ringer solutions, al-
ways contained 1.8 mM CaCl, and 10 mM HEPES, pH 7.2. Inter-
nal solutions, named EGTA solutions, contained 1.8 mM EGTA
and 10 mM HEPES, pH 7.2. The solutions were named accord-
ing to the content of monovalent cations (mM): normal frog
Ringer, 115 NaCl, 2.5 KCIl; K-Ringer, 115 KCI; Tris-Ringer, 115
TrisCl; TMA-Ringer, 115 TMA; K-EGTA, 115 KCI; Tris-EGTA, 115
TrisCl. To test channel ion selectivity, K* was replaced com-
pletely by Rb*, NH4*, Cs*, Na*, respectively, in the internal and
external solutions.

RESULTS

The basic amino acids in the S4 segments of Shaker
channels are not functionally equivalent and may make
different contributions to the mechanism of channel
activation (Liman et al., 1991; Lopez et al., 1991; Papa-
zian et al., 1991; Tytgat and Hess, 1992; Logothetis et al.,
1993). Thus, single neutralizations of the even num-
bered charges (R2 or R4) shift the opening probability
[P,(V)] curve to the left along the voltage axis, whereas
single neutralizations of R1 or R3 (but not K7) shift the
P,(V) curve to the right (Papazian et al., 1991; Logoth-
etis et al., 1992). On the other hand, K5 and R6 play an
important role in the proper folding and maturation of
the channel protein (Perozo et al., 1994; Papazian et al.,
1995). Finally, although Aggarwal and MacKinnon
(1996) have shown that neutralization of K7 does not
alter charge per channel, an additional 7Q neutraliza-
tion might affect S4 stability in combination with other
charge neutralizations.

Miller and Aldrich (1996) showed that double mu-
tants involving neutralizations of the second and fourth
charges induce larger left shifts than would be pre-
dicted from additive effects of the two single mutations.
Furthermore, their macroscopic current traces from
the NH, terminus—deleted versions of these mutants
(see Fig 2 B, Miller and Aldrich, 1996) seemed to show
little evidence of activation and deactivation kinetics.
These findings were strongly supportive of our own
preliminary findings (Bao et al., 1996), and suggested
that a more extensive study of S4 charge neutraliza-
tions, using single channel methods, might help to elu-
cidate the role of the first four charges in Shaker chan-
nel gating.



Effects of S4 Mutants 120, 127Q, 147Q, and 24Q on Shaker
K* Channel Voltage Sensitivity

The multiple charge-neutralizing mutations 12Q, 127Q),
and 147Q were tested using TEV and patch clamp mea-
surements (Fig. 1 A). These mutants all show voltage-
sensitive gating with similar thresholds for channel
opening of about —60 mV. Fig. 1 A shows macropatch
currents at two different voltages (—30 and +80 mV)
from mutants 12Q), 127Q, and 147Q), as well as from the
control ShA channel. These traces were recorded in
symmetric K* solutions (115 mM) from a holding po-
tential of —80 mV to different test potentials for 100
ms, and then back to a hyperpolarization potential
(=100 mV) for another 50 ms. On-line leak and zero
subtraction were carried out using a P/4 protocol with
the leak holding potential at —120 mV. The peak tail
currents (I;) obtained at different testing potentials
were normalized (as Ii/lug max) and plotted against
test potential to provide macroscopic P,(V) curves for
each mutant. None of these mutations shows any
marked shift in the voltage dependence of channel
opening in comparison with ShA (Fig. 1 C). The mid-
points of the P, (V) curves for 12Q, 127Q, and 147Q are
—35, —45, and —30 mV, respectively, as compared with
approximately —45 mV in ShA.

The mutant 24Q) was also found to show voltage-sen-
sitive gating as demonstrated by the fast tail currents in-

dicating channel closing on return to the holding po-
tential (Fig. 1 B). Threshold opening occurs about
—150 mV, and the midpoint of the macroscopic P,(V)
curve is close to —100 mV (Fig. 1 C). Thus 24Q
(R365Q:R371Q) shows strongly left-shifted voltage de-
pendence, although the shift seen here is considerably
smaller than the —180-mV midpoint found by Miller
and Aldrich (1996) for their 24 neutralization (R365N:
R3711). The traces shown in Fig. 1 B were obtained in
steps from a holding potential of —160 mV to the indi-
cated test potentials, with the leak holding potential ad-
justed to —160 mV, and with negative-going P/4 pulses.
No significant current was seen in the step to —140 mV.
Activation and deactivation kinetics are readily visible
in Fig. 1 B, although apparently at least 80 mV left-
shifted by comparison with control ShA channels.

Voltage-insensitive Gating in 124Q and 1247Q S4 Mutants

Recordings from 124Q- or 1247Q-injected oocytes, us-
ing the two-electrode voltage clamp system with normal
frog Ringer as the bathing solution (not shown) did not
demonstrate either inward tail currents indicative of
time-dependent gating, or voltage-sensitive activation ki-
netics at any test potential from —100 to +100 mV. Fur-
thermore, large holding currents (by comparison with
those seen in uninjected oocytes) were evident in sym-
metric K* solutions at =80 mV. Thus, TEV recordings

60mV ,
-20mvV___ FIGURE 1. Voltage sensitivity of
-100mVv i gating in mutants 12Q, 127Q,
~— L aomV 4 L 24Q, and 147Q, compared with

80mV B
A -30mvV.
-80mv v -100mV
— -150mv
[ ’ Sha [ 12Q
//———r .l—————r
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ShA. (A) Macroscopic currents
from inside-out patches in steps
from —80-mV holding potential
to —30 and +80 mV, respectively,
returning to —100 mV. Leak
holding potential was —120 mV.
Note, similar kinetics of activation
and deactivation for 12Q, 127Q,
147Q, and ShA. (B) Macroscopic
currents for the 24Q mutant. Due
to the marked left shift in P, (V)
curve for this mutant (C), hold-
ing potential was —160 mV for
this mutant and currents at four
test potentials are shown here
(see pulse protocol insert). At
—140 mV, no significant current
is seen. Inward currents occur at
—100 and —20 mV, with outward
current at +60 mV. Leak holding
potential was —160 mV. (C) Nor-
malized voltage dependence of
channel open probabilities for
12Q, 127Q, 24Q, and 147Q, as

well as for control ShA.
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showed no clear evidence of normal voltage-sensitive
gating, despite the presence of “leak” currents signifi-
cantly larger than those seen in uninjected oocytes.
However, it seemed possible that rapid voltage-sensitive
gating might have been overlooked due to the relatively
slow clamp speed (~0.5 ms) of the TEV system.

Inside-out patch clamp recordings from 124Q and
1247Q channels in symmetric K* solutions (115 mM
K™) were used to assess this possibility (Fig. 2 A). In this
figure, which shows records obtained from the 124Q
mutant from a holding potential of 0 mV without P/n
subtraction, no activation or deactivation kinetics were
observed for steps to potentials from +80 to approxi-
mately —80 mV. However, the current-voltage (I-V)
curve shows progressive reduction of inward current in
steps to potentials more negative than —80 mV (Fig. 2
B), as if channels deactivate rapidly at negative poten-
tials in the range —80 to —160 mV.

A possible explanation for this finding would be that
significant Ca?* block was occurring in these channels
at very negative potentials. This possibility was explored
(see Fig. 2 B) by comparing I-V curves obtained with
and without Ca%* in the external solution. When the
normal 1.8 mM external Ca?* was substituted by 1.8 mM
EGTA, the I-V curve is effectively linearized. A Wood-
hull model for channel block (Woodhull, 1973) was
used to fit these data, suggesting a Ca?" block position
~40% of the distance from the extracellular end of
the channel, with an apparent kD of ~50 mM Ca?* (at
0mV).

Thus, the apparent deactivation kinetics of macro-
scopic currents in the 124Q) mutant, as well as equiva-
lent findings for 1247Q (not shown), can be fully ex-
plained by calcium block occurring at very negative po-
tentials. This finding suggests that these channels may
be essentially voltage-insensitive from —160 to +100 mV.
Nevertheless, we chose to complete this study using

A 80mV B

omvV

-150mvV o 200
g

e 0
g

5 -200
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100pA

10ms

143 BAO ET AL.

Ca?*-containing external solutions rather than Ca2*-
free external solutions. We note (Fig. 2 B) that Ca%*
block is minimal at potentials greater than —80 mV.
Furthermore, as will be seen from single channel re-
cordings (Fig. 3), the Ca?* block at negative potentials
is a fast “flickering block” that has little effect on the ap-
parent kinetics of idealized records obtained using the
half-crossing method. However, we report here de-
tailed kinetic analysis of closed time distributions only
from potentials greater than —80 mV (see Fig. 5),
where fast closings are unlikely to have been contrib-
uted by Ca?* block.

Single Channel Analysis of the 124Q and 12470 Mutants

Since macroscopic currents had shown that P, appears
constant across voltage, single channel recordings were
needed to assess whether these mutant channels were
locked in a permanently open state, or whether they
might be opening and closing but with voltage-insensi-
tive kinetics. In the latter case, single channel measure-
ments could be used to evaluate the rate-limiting steps
for channel gating as well as the potential voltage de-
pendence of transitions between kinetic states. Impor-
tant conclusions can be drawn from analysis of single-
channel behavior even in the absence of a complete ki-
netic model (Zagotta et al., 1989).

Single 124Q and 12470 channels open and close in a volt-
age-insensitive manner. Single channel currents were re-
corded from excised patches in an inside-out configu-
ration in symmetric potassium solutions. Preliminary
studies of these patches indicated that P, was not af-
fected by changes in either holding or test potentials
(from —160 to +80 mV). The apparent absence of any
effect of holding potential on P, suggests that these
channels do not enter or recover from C-type inactiva-
tion at any of the test potentials assessed here. Thus, it

FiIGurRe 2. Inside-out patch
clamp recordings from 124Q) in
symmetric (115 mM) K* solu-
tions. (A) Macroscopic currents
at test potentials of —150, —120,
—80, —40, 0, +40, and +80 mV,
respectively. Holding potential
was 0 mV. Capacity currents were
subtracted off line. Note the ab-
sence of activation or deactiva-

OO0, ! tion kinetics in these records.
e I (B) I-V curve for 124Q) in stan-

aAd \ dard symmetric (115 mM) K* so-

4 T T } T T lutions containing 1.8 mM Ca**
-100 0 100 (O) is compared with an equiva-

lent curve obtained using 115
mM K* EGTA solution in the
patch pipette (A), as well as in
the bath.
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FiGure 3. Typical single channel current traces for 124Q (left)
and 1247Q) (right) in symmetric 115 mM K™ solutions at various
test potentials. Both mutant channels open across the voltage
range from —160 to +80 mV. Holding potential was 0 mV for both
mutants.

should be possible to obtain long continuous record-
ings by holding at the required “test” potential. Never-
theless, subtle effects might occur from changes in
C-type inactivation, and we chose to use repetitive pulse
recordings with 5-s intervals between successive traces
to maximize the independence between data traces.
However, tests with pulses of different durations (50,
100, 200, and 500 ms) all indicated substantial numbers
of long openings that outlasted the pulse duration.
Hence, 1-s pulses were used to characterize these long-
est openings, while shorter pulses were used to address
brief opening and closing events (see below). Patches
were routinely held at reversal potential (0 mV in sym-
metric K* solutions) to minimize holding currents and
prolong patch lifetime.

Typical single-channel currents in symmetric K* solu-
tions for 124Q and 1247Q) at various test potentials are
shown in Fig. 3. These mutant channels clearly open
and close, and with apparently similar probabilities, at
all test potentials from —160 to +80 mV. Also, the in-
creased “noise” seen only in the open state at the most
negative test potentials is consistent with the Ca?* block
noted in macroscopic currents (Fig. 2). Nevertheless,
this flickering block had little effect on current records
idealized using the half-amplitude crossing method
(Colquhoun and Sigworth, 1983) and all single chan-
nel data reported here were obtained using Ca%*-con-
taining external solutions.

Single channel P,(V) curves (see MATERIALS AND
METHODS) obtained from these traces are plotted in

Fig. 4. Within experimental error, the mean P, for
124Q) is the same as that for 1247Q. Both are quite low,
P, is ~0.1-0.15 with little apparent voltage sensitivity.
Noting that P, for these channels increases no more
than twofold for a 240-mV change of potential, the ap-
parent valence for these channels is <0.le,. As a con-
trol, P, (V) of wild-type Shaker K* channel was also plot-
ted in Fig. 4 (derived from Fig. 1 A control ShA data,
scaled to our observed P, . for ShA channels). In wild-
type ShA, P, increases with test potential from 0 to
~(.85 across the voltage —60 to +80 mV. These results
confirm that 124Q and 1247Q are effectively voltage in-
sensitive, although they open and close spontaneously
at all test potentials tested here.

Alow average P, might arise in 1-s test pulses from an
initially higher P, decaying during these long pulses, as
a result of C-type inactivation. However, no change in
current magnitude was seen in TEV experiments where
5-s pulses were used to look specifically for C-type inac-
tivation. These recordings were made using first nor-
mal frog Ringer (2.5 mM [K*],), and then Tris Ringer
(0 mM [K*],) since reduction of external K* increases
the rate of C-type inactivation in ShA (Lépez-Barneo
et al., 1993). No change in current magnitude was ap-
parent in these 5-s pulses using either solution (data
not shown), and we conclude that the low P, for 124Q
and 1247Q does not arise from channels entering an
absorbing C-type inactivated state during the test
pulses.

On the other hand, unusually long closed intervals
must be present in these channels if P, is low, and yet
mean open time is similar to control ShA values (see
below). This finding could arise from either (a) a low,
but constant, statistical probability that opening events
will occur, as in voltage-sensitive ShA channels at nega-
tive test potentials, or (b) dynamic equilibrium with a
nonabsorbing C-type (or P-type) inactivated state.

100
9 --%-- 124Q
< 80+ —=- 1247Q
= —- 1247Q_Rb
% 60 —8— Sha
o
S 40
g
2 20+
(o]

0- T I I I T I
-150  -100 -50 0 50 100

Voltage (mV)

FIGURE 4. P,(V) relationships for the 124Q and 1247Q mutants,
compared with wild-type ShA channels. The wild-type ShA data
were derived from Fig. 1 A control ShA data, scaled to the ob-
served P, .. at +80 mV for ShA channels. Single channel data
were recorded in inside-out configuration and symmetric (115 mM)
K* solutions or Rb* (115 mM)//K* (115 mM) solutions as indi-
cated. All data points are means * SD, n = 3-6 patches.
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These alternatives will be considered further in the DI1s-
CUSSION.

Single channel mean open time is voltage independent in
124Q and 1247Q, but is affected by permeant ion species.
Open time distribution histograms were obtained from
40 idealized 1-s traces (recorded at 1.2 kHz) and con-
catenated to yield an equivalent 40-s recording. Ampli-
tude and open-time histograms were fitted using a sim-
plex algorithm. Amplitude histograms were fitted to a
sum of Gaussian functions using Igor software. Single
channel currents were derived from the Gaussian fits to
amplitude histograms. Steady state dwell times for
1247Q) single channels in symmetric K* solutions, in-
cluding amplitude histograms and distribution of open
times, are demonstrated in Fig. 5 A. Our data was best
fitted as the sum of two exponential distributions, yield-
ing mean open times across the full voltage range from

—160 to +80 mV of 2.0 = 0.4 and 16.3 = 3.8 ms (n =6
patches, with data from each patch obtained at eight
different test potentials) for 124Q), with these open
states having relative probabilities of ~85 and ~15%,
respectively. Mean open times for 1247Q were 2.5 =
0.4 and 18.3 * 2.6 ms (n = 6 patches, each yielding
data at six test potentials). These findings suggest the
presence of two separable open states. However, ampli-
tude histograms give no indication that the longer
open state differs in conductance from the shorter, pri-
mary, open state (see Fig. 5 A). Furthermore, 124Q and
1247Q) data are not statistically distinguishable.

The longer (~20 ms) mean open time does not ap-
pear in our records from ShA channels where mean
open time was 2.2 * 0.1 ms. However, no correction
for missed closing events needed to be applied to ob-
tain comparative results from the three channel types
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FIGURE 5. Analysis of single channel currents from the 1247Q mutant at —40-mV test potential in symmetric 115-mM K* solutions (A),
and in external 115-mM Rb* solution (B). For each solution, single channel amplitude histograms are shown (top) together with logarith-
mic open time (bottom) and closed time distributions (center). Lines of fit were obtained using a maximum likelihood method. Dashed
lines indicate individual exponential components. (C) Open time constants and the four closed time constants are plotted as functions of
test potential, data from 124Q (open symbols), and from 1247Q) (solid symbols). The mean open time for wild-type ShA is indicated as
open square at the voltage of 20 mV. The three closed time constants for wild-type ShA are indicated as the dashed line. Data in A and B

were from two representative patches. Data in C are means.
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used here (124Q), 1247Q, and ShA) since identical ex-
perimental procedures were used in each case.

The mean open times for both 124Q and 1247Q are
presented as functions of voltage in Fig. 5 C. Clearly, the
mean open times are voltage independent across the full
range of test potentials studied here. Furthermore, the
primary (higher probability) mean open times for both
mutations are about the same as we find for wild-type
ShA at +20 mV using this same recording method.

This similarity in mean open times seemed surprising
in view of the marked difference in voltage sensitivity
between ShA channels and the 124Q and 1247Q mu-
tants, suggesting that this finding might well be only co-
incidental. However, tail current deactivation rates in
control Shaker channels are known to be slowed by Rb*
permeation (Zagotta et al., 1994a) and, although it is
not possible to address deactivation rates in our volt-
age-insensitive mutants, it seemed interesting to ex-
plore whether the mean open times for ShA and these
mutant channels would be similarly affected by Rb*.
The single channel open probabilities and mean open
times were calculated as described above for both mu-
tations and for ShA under biionic conditions, with Rb*
(115 mM) in the external solution and K* (115 mM) as
the control cation in the internal solution. Single chan-
nel data were recorded at negative potentials where the
observed inward currents must reflect Rb*™ permeation.

Both P,, measured as total time in the open state di-
vided by total record duration, and mean open time in-
crease (see Figs. 4 and 5 B) when Rb™ is the principal
permeant cation. P, increases a little less than twofold to
~0.3 in Rb* for both mutants, but remains voltage inde-
pendent. Similarly, the primary mean open time in-
creased from 2.5 to 4.5 ms for 1247Q), also without volt-
age dependence (with an equivalent increase in the
longer open time from 18.3 to ~45 ms). However, P, =
(7o * m,)/t, where T, is mean open time, ¢is total record-
ing time, and n, is the number of transitions into the
open state. Hence, n, remains constant if P, and 7, in-
crease proportionately in the presence of Rb*. Further-
more, for ShA channels, a similar approximately twofold
increase in mean open time occurs (at —20 mV), when
Rb* replaces K* as the primary permeant cation, al-
though in ShA channels (unlike 124Q and 1247Q chan-
nels) n, varies as a function of applied potential (Zagotta
et al., 1989). Thus, the increase in P, in Rb* solutions is
fully explained by the increase in mean open time.

Single channel closed times are voltage independent in
124Q and 1247Q. Closed time distributions were also
obtained from the same traces as were used for open
time distributions (see Fig. 5, A and B). Best results
were obtained from three exponential fits to data from
1-s traces in the 124Q and 1247Q mutant channels
(Fig. 5 A). This process was repeated for analysis of 100-
and 50-ms pulses recorded using a 4 kHz Bessel filter

and sampled at shorter intervals. Mean closed time con-
stants were (ms) 0.11 = 0.02 (n = 7), 0.32 = 0.05 (n =
23), 31 = 04 (n = 25), and 21.1 * 4.6 (n = 17
patches) for 124Q. Results for 1247Q channels were
again not statistically distinguishable from those re-
ported here for 124Q), and similar results were also ob-
tained from our control ShA channels, except that we
were unable to resolve the longer ~20-ms closed time
in ShA. We conclude that our findings differ from re-
sults obtained in wild-type Shaker channels (see also
Schoppa and Sigworth, 1998a) by addition of the
slower ~20-ms rate. Although this 20-ms time constant
might not have been identified in the 20-ms test pulses
used by Schoppa and Sigworth (1998a), it should have
been readily detectable in our ShA data, given the 100-
ms pulses used here and the slow onset of C-type inacti-
vation in high external K* solutions (Lépez-Barneo et
al., 1993). We conclude that this ~20-ms time constant
is not present in control Shaker channels.

Finally, we note that Rb* has similar effects on both
open and closed time distributions, increasing the
closed times seen in 1-s traces at —40 mV from ~0.3,
3.0, and 20 ms in K* solutions to 1.1, 7.2, and 75 ms in
Rb* for 1247Q channels. Nevertheless, while the in-
crease in P, in Rb* seems entirely explained by the in-
crease in mean open time (see above), where closed
times also increase in Rb*, some additional explana-
tion seems required. Even though the weighting of the
longest closed time in our three exponential fits ap-
pears to increase in Rb*, the incidence of extremely
long (unfitted) closures goes down in Rb* (compare
Fig. 5, A and B), maintaining the internal self consis-
tency of the data set.

Tonic Selectivity in Voltage-insensitive 124Q and
1247Q Mutants

The similar mean open times for ShA channels and for
the 124Q and 1247Q mutants might suggest that chan-
nel structure has not been significantly affected by the
apparent loss of voltage sensor input. Additionally, it is
already clear from the data reported above that these
mutant channels, like ShA channels, conduct both K*
and Rb* ions, giving single channel currents in the pA
range. We here report a more complete study of the se-
lectivity of these mutant channels, demonstrating their
substantial equivalence to ShA controls, both from
measurements of reversal potentials (see below) and
from the relative conductances observed under simpli-
fied ionic conditions (Fig. 6 A). Mutant 124Q and
1247Q have similar properties; therefore, only the
ionic selectivity of 124Q) is shown here.

Ionic selectivity can be determined using the perme-
ability ratio calculated from the reversal potential seen
under biionic conditions with the test cation on one
side of the membrane and the reference cation (K")
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FIGURE 6. Pore properties of voltage-insensitive 124Q channels.
(A) Unidirectional single channel currents measured at +40 mV
(Tris Ringer//“X*” EGTA, shaded histograms) and at —40 mV
(“X*” Ringer//Tris EGTA, open histograms). The histograms
show the following permeability sequence: K* > Rb* > NH4* >
Cs* and Na*. (B) 124Q channels are sensitive to block by 4-AP. I-V
data points from one representative oocyte using two-electrode
voltage clamp. Macroscopic current seen in 115-mM external K*
solution (A) appears effectively blocked after addition of 10 mM
4-AP to the bath solution (O).

on the other side. For this study, reversal potentials
were evaluated by measuring magnitudes of single
channel currents across a voltage range from —120 to
80 mV in inside-out configuration, and plotting the ob-
served currents as functions of test potential. The inter-
nal solutions contained 115 mM K" as the reference
ion with the external cation being presented in the
same concentration. E_., was 0 mV for external K* solu-
tions, —5 mV for external Rb*, —30 mV for external
NH,", and less than —100 mV for external Na*. These
findings indicate a highly K*-selective channel, in
which Py/Py = 0.82 in Rb*; 0.31 in NH,* and <0.01 in
Na*. Clearly, selectivity as defined by the Py/Py ratio is
very similar to that found for control Shaker channels,
although the ratio for NH,* seen here is two- to three-
fold greater than the 0.13 found by Heginbotham et al.
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(1994). Apparently, multiple charge neutralizations can
remove channel voltage sensitivity without necessarily al-
tering the ionic selectivity of the channels, as if the struc-
ture of the selectivity filter has been no more than mini-
mally affected by the S4 charge neutralizations.
However, as pointed out by Hille (1992), permeabil-
ity sequences obtained from reversal potentials are not
necessarily identical to those seen from relative single
channel conductances. Therefore, single channel data
are included where the test ion was presented in the in-
ternal solution with the impermeant ion Tris in the ex-
ternal solution, or vice versa (Fig. 6 A). Amplitudes of
single channel currents at constant voltages were com-
pared for the following test cations: K", Na*, Rb*,
NH,*, and Cs*. With Tris Ringer as the external solution
and the test ion presented in the internal solution, all
single channel currents were outward at +40 mV. Alter-
natively, when Tris-EGTA was used as the internal refer-
ence cation, only inward single channel currents were
seen at —40 mV. At both potentials, our results corre-
spond to the permeability sequence seen in the reversal
potential data: K* > Rb* > NH,* > Cs* and Na*.
Sensitivity to channel block by 4-aminopyridine (4-
AP; McCormack et al., 1994) was used as an additional
test indicating the structural integrity of the ion perme-
ation pathway in the 124Q and 1247Q channels. In
whole-cell two-electrode voltage clamp, ionic currents
of 124Q) decreased dramatically after changing the
bath solution from normal K-Ringer to K-Ringer con-
taining 10 mM 4-AP on the same oocyte (Fig. 6 B).

DISCUSSION

This study has shown that two multiple charge-neutral-
izing mutations that involve the first, second, and
fourth S4 charges, produce channels that conduct K*
currents without evident voltage sensitivity. Neverthe-
less, at the single channel level, these mutant channels
continue to open and close with a low (0.15) but con-
stant P, across a wide range of test potentials. Their
mean open times are not distinguishable from those of
control ShA channels. Closed time distributions in
these channels are also indistinguishable from those of
ShA channels, except that there is an additional long
closed time (~20 ms) that cannot be identified in the
ShA controls. Furthermore, these 124Q and 1247Q mu-
tants retain the high K* selectivity of the parent chan-
nel, as if the structure of the selectivity filter has been
little affected by these S4 charge neutralizations.

Effects of S4 Charge Neutralization

As initially shown by Papazian et al. (1991), Shaker
channels appear tolerant of single neutralizations of all
charges other than K5 and R6, which were subse-
quently found to form electrostatic interactions with



negatively charged residues in other segments and ap-
pear vital for normal folding of the channel (Papazian
et al.,, 1995). Thus, the multiple charge neutralizing
mutations used here avoid charges 5 and 6 and were se-
lected to provide detailed controls for the voltage-
insensitive mutants rather than to provide additional
information as to the functional roles of each charge in
normal Shaker channels. All multiple neutralizations of
charges 1, 2, 4, and 7 studied here, other than 124Q
and 1247Q, have been shown to give voltage-gated
channels. Neither single nor double neutralizations of
the first, second, and fourth charges can recreate the
effects found when all three of these charges are simul-
taneously neutralized.

Nevertheless, the mechanisms controlling right and
left shifting of the P,(V) curve have not yet been fully
elucidated. Thus, two different mutations, both involv-
ing neutralization of the second and fourth charges,
show substantial quantitative differences in P, (V) mid-
point. The R365N:R3711 mutant studied by Miller and Al-
drich (1996) gave a midpoint of —180 mV, compared
with the —100-mV midpoint found here for 24Q) (R365Q);
R371Q). P,(V) midpoint, which presumably reflects the
stability of the S4 in relation to surrounding pore struc-
tures, is known to be affected by the size and hydropho-
bicity of substituted S4 residues (see Sigworth, 1994).
Such properties may be more important than the pres-
ence or absence of S4 charges.

Are the 124Q and 1247Q Channels C-Type Inactivated?

We have pointed out that these mutants do not enter
C-type inactivation during applied test pulses, and this
is true both for channels held at 0 and —160 mV (data
not shown). However, since the mutant channels open
with similar probabilities at all reasonable potentials, it
seems clear that they should have reached an equilib-
rium with C-type inactivation at some time long before
their experimental evaluation. Thus, a question arises
as to the nature of this equilibrium. Three major possi-
bilities exist.

(a) Mutant channels may be in equilibrium with a
nonabsorbing C-type—inactivated state with a life time
of ~20 ms. Since this C-type (or P-type) state appears
“closed” in our channels, the normal Shaker selectivity
seen in our data would reflect the properties of nonin-
activated channels while the inactivated channels would
be K* impermeant. In this case, the low P, ., presum-
ably arises from sequestration of channels in the inacti-
vated state.

(b) Mutant channels may be incapable of C-type inac-
tivation. Loots and Isacoff (1998) have shown that fluo-
rescent probes inserted at residue 359 report involve-
ment of the region around charge 1 in the P-type con-
formational change that precedes C-type inactivation.

Neutralization of the first, second, and fourth charges
could well be sufficient to block this P-type conforma-
tional change. Thus, this hypothesis would remove
C-type inactivation as a cause of the low P, ., found in
our 124Q and 1247Q mutants, suggesting that the re-
duced P, may be a direct result of the S4 charge neu-
tralizations. Within a model such as the 3+2' model
proposed by Schoppa and Sigworth (1998c), the S, «
Cyx.a < Oy transitions (Fig. 7) are presumed to be inde-
pendently voltage sensitive, accounting for voltage-sen-
sitive changes in the frequency of channel opening
events at different test potentials. However, it seems
likely that the electric field to which the S; ~ Cy; and
Cxy < Oy voltage sensors respond would be substan-
tially modified by neutralization of three nearby S4
charges, possibly reducing P, .., in these neutralization
mutants.

(c) Mutant channels may be permanently C-type in-
activated, opening and closing without leaving C-type
states. Shaker channels have been found to remain capa-
ble of ion conduction while in C-type states (Starkus et al.,
1997), although with markedly changed selectivity.
This hypothesis would require the selectivity of the in-
activated state to have been drastically modified by the
charge neutralizations, since wild-type Shaker channels
become effectively impermeant to K* ions when C-type
inactivated. Thus, the apparently normal Shaker K* se-
lectivity seen in these mutants would be highly abnor-
mal for C-type inactivated channels. In this case, the
low observed P, ., could be caused by changes in
opening probability resulting from conformational
changes associated with C-type inactivation.

Unfortunately, the question posed in the heading of
this section cannot yet be answered. We can neither
force channels to close nor detect kinetic changes that
would unequivocally report onset or recovery from
C-type inactivation. Thus, alternative approaches will
be required to further evaluate these competing hy-
potheses.
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The 3 + 2'Model
(shaded areas lost in 1240Q and 1247Q))
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FIGURE 7. The 3+2' model redrawn from Schoppa and Sigworth
(1998c). Estimated reaction valences from their model fits to wild-
type ShA channel data are shown above each voltage-sensitive reac-
tion step. Shaded areas are presumed to be dysfunctional in volt-
age-insensitive 124Q and 1247Q mutant channels.
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Single Channel Properties of the Voltage-insensitive Mutants
124Q and 12470

Despite the uncertainties noted above, the results re-
ported here have considerable implications. The volt-
age-insensitive behavior seen in 124Q and 1247Q) arises
when charge 1 is neutralized in addition to charges 2
and 4. We presume that charge 1 must contribute in
some substantial way to the normal coupling between S4
movement and voltage-dependent channel gating. Such
coupling appears to be a cooperative process (Tytgat
and Hess, 1992), which occurs when all four S4 segments
have been repositioned by the voltage field (Smith-Max-
well et al., 1998a,b) in control Shaker channels.

Recently, a detailed and comprehensive study of
Shaker channel kinetics has been carried out based on
macroscopic currents, gating currents, and single chan-
nel data in both ShA channels and a well-studied S4
mutant (Schoppa and Sigworth, 1998a,b,c). The result-
ing data was shown to be best fitted by a specific model
(see 3+2’ model in Schoppa and Sigworth, 1998c) that
delineates the parameters of S4 movement and the ki-
netic form of the coupling between S4 movement and
channel gating, while including the previously identified
processes that reflect channel closings to states outside
the primary activation pathway (Hoshi et al., 1994). Thus,
it seems particularly important to determine how our
results fit within this conceptual framework.

The 342’ model is shown in Fig. 7, and its relevance to
our data should be readily apparent. Our mutants show
the same mean open times and three closed times as
noted by Schoppa and Sigworth (1998a,c) in control ShA
channels. Additionally, we see a fourth closed time (~20
ms) that may represent equilibration with a nonabsorb-
ing inactivated state, as noted above. Nevertheless, the
342’ model identifies two independently voltage-sensi-
tive steps between the S; and Oy states, which contribute
a total of 1.7 e, to the voltage sensitivity of the Shaker
channel. These voltage-sensitive S; « Cy; « Oy transi-
tions, together with the effects of S4 movement, deter-
mine the voltage sensitivities of first latency distributions
and single channel P, (V) curves in control ShA channels.
By contrast, in the 124Q and 1247Q mutants, all traces of
independent voltage-sensitivity are lost. Even if all $4 in-
put was removed by these S4 charge neutralizations, the
1.7 e, reported for the non—S4 voltage sensors of the S, to
Oy transitions should have been readily measurable in
our P, (V) data. Thus, the low and voltage-insensitive P, in
124Q and 1247Q mutant channels implies additional
changes in these S, to Oy transitions caused by direct or
indirect effects of the S4 charge neutralizations.

Implications for Ion Channel Gating Mechanisms

The results presented here provide further support for
a separation of the channel gating mechanism into
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three distinct components. Components from the sin-
gle channel perspective are listed below.

The voltage-insensitive transitions close to the open state.
These transitions seem quantitatively unaffected by the
neutralization of S4 charges in the 124Q and 1247Q
mutants. However, they are affected to similar extents
by transfer from K* to Rb* solutions in both control
and mutant channels, suggesting that they are substan-
tially determined by interactions between the pore and
its permeating ions (see also Swenson and Armstrong,
1981; Matteson and Swenson, 1986; Zagotta et al.,
1994a). In view of the tight relationship between these
voltage-insensitive kinetics and permeant ions, we pre-
sume that these processes involve the “pore gate” pro-
posed by Zheng and Sigworth (1998) to account for ef-
fects of the T442 residue on intermediate conductances.

The voltage-sensitive transitions that determine the first-
latency and P,(V) distributions. The voltage-sensitive input,
represented by the S, « Oy transitions in the 3+2’
model, appears to be lost after neutralization of the
first, second, and fourth S4 charges. These transitions
have been associated with a “main” activation gate
formed by rearrangements of the S6 helices (Liu et al.,
1997) that constrict the inner mouth of the channel in
the KcsA structure (Doyle et al.,, 1998). However,
Zheng and Sigworth (1998) point out that both the
pore gate and the main gate must be coupled in nor-
mal functioning of the Shaker channel. Clearly, such
coupling has been broken in the 124Q and 1247Q mu-
tants studied here, as if the S, « Oy transitions (absent
in 124Q and 1247Q) provide a parallel drive to both
the pore gate and the main gate during normal Shaker
channel activation.

The inherently voltage-insensitive transitions involved in
the P-type and C-type slow inactivation mechanisms. Recent
work by Loots and Isacoft (1998) has clarified that slow
inactivation involves two distinct conformational changes
(P- and C-type), both of which occur around the nar-
row tunnel region of the permeation path in the Doyle
et al. (1998) structure. Like the transitions close to the
open state, the kinetics of these transitions appear to be
substantially determined by interactions with permeat-
ing ions (L6pez-Barneo et al., 1993; Levy and Deutsch,
1996; Starkus et al., 1997). Unfortunately, as noted
above, it is not yet clear to what extent these transitions
may be affected by S4 charge neutralizations, despite
the demonstrated involvement of the outer section of
the S4 segment in the C-type conformation change
(Loots and Isacoff, 1998).

Nevertheless, as Zheng and Sigworth (1998) point
out, both the selectivity changes of slow inactivation
and the conductance changes associated with the pore
gate appear to take place in a narrow region of the
channel “where very small atomic motions would have
large effects on conductance and selectivity.”
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