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Gating of Shaker K* Channels: I. lonic and Gating Currents
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ABSTRACT lonic and gating currents from noninactivating Shaker B K* channels were studied with the cut-open oocyte
voltage clamp technique and compared with the macropatch clamp technique. The performance of the cut-open oocyte voltage
clamp technique was evaluated from the electrical properties of the clamped upper domus membrane, K* tail current mea-
surements, and the time course of K* currents after partial blockade. It was concluded that membrane currents less than 20
HA were spatially clamped with a time resolution of at least 50 ps. Subtracted, unsubtracted gating currents with the cut-open
oocyte voltage clamp technique and gating currents recorded in cell attached macropatches had similar properties and time
course, and the charge movement properties directly obtained from capacity measurements agreed with measurements of
charge movement from subtracted records. An accurate estimate of the normalized open probability Po(V) was obtained from
tail current measurements as a function of the prepulse Vin high external K*. The Po(V) was zero at potentials more negative
than —40 mV and increased sharply at this potential, then increased continuously until -20 mV, and finally slowly increased with
voltages more positive than 0 mV. Deactivation tail currents decayed with two time constants and external potassium slowed
down the faster component without affecting the slower component that is probably associated with the return between two of
the closed states near the open state. In correlating gating currents and channel opening, Cole-Moore type experiments showed
that charge moving in the negative region of voltage (-100 to —40 mV) is involved in the delay of the conductance activation
but not in channel opening. The charge moving in the more positive voltage range (—40 to —10 mV) has a similar voltage
dependence to the open probability of the channel, but it does not show the gradual increase with voltage seen in the Po(V).

INTRODUCTION

Voltage-dependent ion channels are integral membrane pro-
teins that respond to changes in membrane potential with
rapid variations in membrane permeability to ions. The se-
quence of events leading to the opening of ion channel pores
is thought to require the movement of charged elements that
sense the membrane electric field. The electrical manifes-
tations of the movement of these charged elements are the
gating currents (Armstrong and Bezanilla, 1973; Schneider
and Chandler, 1973; Bezanilla, 1985). Ionic current mea-
surements mainly reflect the channel open state, while gating
currents give additional information on the channel transi-
tions occurring among many closed states prior to channel
opening. Thus ionic currents in conjunction with gating cur-
rent measurements may provide an insight on the molecular
basis of the different conformations of the channel protein
during voltage activation.

Ionic and gating currents from expressed K* channels in
Xenopus oocytes using the cut-open oocyte vaseline gap
technique (COVG) have been recently recorded (Bezanilla
et al., 1991; Perozo et al., 1992). In these reports, gating
currents were isolated by the established procedure of sub-
tracting membrane linear capacity and resistive components
from the stimulating pulse with membrane currents elicited
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by small negative pulses (P/-4) (Bezanilla and Armstrong,
1977; Bezanilla, 1985). The properties of these subtracted
gating currents were later confirmed in the initial recordings
of unsubtracted gating currents (Taglialatela and Stefani,
1993; Perozo et al., 1993). In this work we further evaluate
ionic and gating current properties in Shaker K* channels
after maximizing their expression channels and improving
the performance of the COVG technique. In addition, we
compared charge movement properties with the COVG and
macropatch techniques. The measurements were performed
in normal conducting K* channels and in a pore mutant that
prevented K* conduction without affecting gating current
properties (Perozo et al., 1993). In this first paper, after dis-
cussing the time resolution and spatial homogeneity of the
COVG technique we studied in detail K* ionic and gating
current properties which are the basis for the model of ion
channel activation discussed in the second paper (Bezanilla
et al., 1994).

MATERIALS AND METHODS

Oocyte preparation and injection of mRNAs

Xenopus laevis oocytes (stage V—VI) were used. One day before injection
of cRNA, oocytes were treated with collagenase (200 units/ml, GIBCO) in
a Ca?*-free solution, to remove the follicular layer. Oocytes were micro-
injected with 40-60 nl of cRNA at ~1 ug/ul (40-60 ng) and maintained
at 19°C in an amphibian saline solution supplemented with 50 pg/ml gen-
tamycin and 2.5 mM pyruvate, for 2—6 days. All the recordings reported
were performed at room temperature (22°C), 2-7 days after cRNA injection.

cRNA preparation

¢DNA encoding Shaker H4 K* channel, which is nearly identical to the
ShakerB clone, was used (Kamb et al., 1988; Tempel et al., 1987). The
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following clones were used: Shaker H4 (ShH4), Shaker H4 with inactivation
removed which has the deletion D6—46 (SAH4-IR) (Hoshi et al., 1990), and
the corresponding nonconducting counterpart S#H4-IR-W434F (Perozo
et al., 1993). To increase the external tetraethylammonium (TEA) sensitivity
we used the T449Y mutation in the ShH4-IR construct (S#H4-IR-T449Y)
(MacKinnon and Yellen, 1990). We have determined conditions for the
synthesis of cRNA, which have allowed us to record reliably and consis-
tently large ionic and gating currents. We examined several ratios of capping
nucleotide (GpppG)/GTP (i.e., 0.6/0.2, 0.6/1.0, and 1/0.4 mM). We found
that a ratio of 0.6/1 mM was optimal and that GpppG had to be dissolved
in Tris-EDTA (TE) buffer. cDNA was transcribed using T7 RNA poly-
merase in the presence of 1 mM NTP, 0.6 mM GpppG (Pharmacia, Pis-
cataway, NJ) and 0.5 unit/ul of Inhibit-ACE RNase inhibitor (SPrime—
3Prime, Boulder, CO). Another factor to increase expression in the oocytes
is to alter the nature of the 5’-untranslated leader of the cRNA (Fu et al.,
1991). A construct of the ShH4-IR K* channel made by Dr. MacKinnon
(Department of Neurobiology, Harvard Medical School), in which bases
1-223 of the original 5'-untranslated leader were deleted, gives large
expression.

Solutions

Solutions were made by mixing stock isotonic solutions of the main cation
(220 mOsm) containing 10 mM 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES) at pH 7.0. The abbreviations are: GLU, glutamate;
MES, methanesulfonate; NMG, n-methylglucamine; and TEA. The stock
isotonic solutions were: NaCl, KCl, NaMES, KMES, K-GLU, TEA-MES,
NMG-MES, NMG-GLU, and TEA-GLU 110 mM, and Ca(MES), 74 mM.
EGTA (1 mM) was added to solutions for intracellular perfusion. A typical
solution for recording gating currents was made by mixing NaMES and
Ca(MES), to obtain NaMES 107 mM, Ca(MES), 2 mM, HEPES 10 mM;
its abbreviation would be NaMESCa2. Standard solutions for intracellular
micropipettes were 3 M KCl and 3 M NaMES, 10 mM NaCl, and 1 mM
Na,EGTA buffered to pH 7.0 with 10 mM HEPES. Bath solutions were
replaced in the top and guard compartments. The solution replacement in
the top chamber can be achieved in seconds by a perfusion system (ca.
1 ml/s) and at a slower rate in the guard compartment.

Macropatch technique

To perform cell-attached macropatches, the oocytes’ viteline membrane was
removed manually after incubation in a hyperosmotic solution (NaMESCa2
+ 300 mM sucrose) (Methfessel et al., 1986). In all the macropatch ex-
periments the bath solution was KMESCa2 with 1 mM Na,EGTA that
brings the oocyte membrane potential close to 0 mV. Gating and ionic
currents were recorded with an Axopatch 200A patch amplifier (Axon In-
struments, Inc., Burlingame, CA).

Data acquisition

An IBM compatible personal computer was used for data acquisition.
Analog signals were filtered at one-fourth the sampling frequency. The
oocyte membrane potential was generally clamped to a holding potential
(HP) of —-90 mV. Linear capacity and resistive components were digitally
subtracted by scaled control currents obtained with small negative (P/-4)
or positive pulses (P/4) of 1/4th the test pulse amplitude from negative
(-120 to -150 mV) or positive (20 mV) subtracting holding potentials
(SHP), respectively. The adequacy of our subtracting protocol was tested
by using different SHP and comparing subtracted and unsubtracted gating
current records.

Schematic diagram of the COVG amplifier

Experiments were performed with the COVG technique (Taglialatela
et al., 1992) and with the conventional patch clamp technique. The
COVG technique is a low noise fast clamp that allows control of the in-
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ternal solution. Fig. 1 is a scheme of a recent upgrade to achieve even a
higher clamp speed and lower noise. The main changes to the system
were: 1) active clamps were set for the top and guard chambers, 2) con-
trol amplifiers did not have negative feedback components other than the
electrodes and the preparation (open loop gain), and 3) the voltage signal
was directly fed from the VI microelectrode to the negative input of the
control amplifier A4.

The oocyte was placed in a triple compartment perspex, with a diameter
of 700 pm for the top and bottom rings. The circuit consists of three active
clamps; amplifier A4 maintains the oocyte interior at ground as measured
by the intracellular microelectrode tip V1, and amplifiers AS and A6 clamp
to the command pulse the top and the guard chambers, respectively. The
membrane potential is differentially recorded between V1 and V2. The
microelectrodes had resistances of about 1 M{) which set a time constant
near 1 us in the voltage-recording system with 1 pF as the input capacity
of Al. Electrodes P1 (top chamber) and GS1 (guard shield) are sensing
electrodes, and P2 and GS2 deliver the current to maintain P1 and GS2 at
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FIGURE 1 Schematic diagram of the circuitry and layout of the COVG
technique (upper panel) and sequence of saponin permeabilization together
with the reduction of cytoplasmic series resistance by the bottom insertion
of a silver electrode (bottom panel). Control amplifiers (A1, A4, AS, and
A6 were OPA 102 (Burr-Brown, Tucson, AZ)). A to C are voltage (v) and
current (/) traces with V. clamp off. A, before and B, after saponin per-
meabilization. In C and D, after saponin permeabilization, a black-platinized
100 pm in diameter and sharpened silver wire was introduced from the
bottom of the oocyte. In C ca. 700 pm in depth and in D just before rup-
ture of the upper membrane. HP = -90 mV, 40-mV command pulses.
The voltage was recorded between V1 and V2 placed in the vicinity. Ca-
pacity transients were fitted to a single exponential functions with time
constants of 1.25 ms in B, 0.76 in C, and 0.40 in D. External and guard
solution NaMESCa2; bottom solution KGLU + EGTA 1 mM; sampling
time S0 ps per point; filter 3 kHz; one sweep per trace; R, uncompen-
sated; temperature 22°C. (A) A3810C02; (B) A3810C05; (C) A3810C14;
and (D) A3810C15.
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the command potential. The recording electrodes P1 and GS1 are placed
close to the oocyte. The top pool is maintained at the command potential
through a current-voltage converter amplifier AS (via P1 and P2, RI =
0.1-10 M(}), while the potential in the oocyte interior is actively clamped
to ground by the feedback loop (VI and V.Clamp in the “on” configuration)
between the intracellular microelectrode (inserted from the top) and the
lower compartment, which is in electrical continuity with the interior of the
cell by saponin permeabilization or direct rupture of the oocyte bottom
membrane. The middle compartment, actively clamped to the command
potential by amplifier A6 via electrodes GS1 and GS2, establishes an elec-
trical guard between the top and the lower pool. This eliminates any voltage
difference between the middle and the top compartment nuiling leakage
currents through the seals. Linear capacitance transients are compensated for
by injecting current transients through a third bath electrode (CC) placed
in the top pool (A9). The compensation has three independent time constants
and amplitudes, and a phase control. The capacity compensation increases
the dynamic range and prevents amplifier saturation of the control amplifiers
(A4, AS, and A6). In addition, the system provides a compensation circuitry
for the series resistance (Rg) in which a voltage proportional to the mem-
brane current is added to the command pulse summing junction for A5 and
A6 control amplifiers (Hodgkin et al., 1952). Rs was compensated by ad-
justing the speed of the capacity transient which was set prior to oscillation.
Typical values for Rs are ca. 0.3 k2. Connections between the electronic
system and the solution are made via chlorided silver wires immersed in 1-4
M NaCl pools. Agar bridges (3% agar in 0.1 M sodium methanesulfonate)
with internal black platinized platinum wires, to improve the high frequency
response, are used to connect the oocyte chambers with the NaCl pools.

Saponin permeabilization

The sequence of saponin permeabilization in a control oocyte is illustrated
in the bottom panel of Fig. 1 which shows voltage (V) and current (I)
recordings to 40 mV command pulses from HP = -90 mV. The top and
guard compartments were clamped by A5 and A6, while the voltage clamp
connected to V1 was off (V.Clamp off). In this configuration, prior to sa-
ponin permeabilization, the upper domus membrane is charged via the
oocyte cytoplasmic resistance in series with the capacity and the resistance
of the oocyte membrane facing the bottom chamber. In this case, the voltage
responses (A, v) to the applied voltage command pulses were greatly at-
tenuated by this combined access resistance. In B, after perfusing the bottom
chamber with KMES + saponin (0.1%) the electrical opening of the oocyte
bottom became evident from a dramatic increase of the voltage responses
due to the elimination of the bottom membrane resistance; thus, under this
condition, the upper domus membrane capacity was charged mainly via the
oocyte cytoplasmic resistance. In this experiment, with a capacity of 39 nF
and a capacity transient time constant of 1.25 ms, the calculated access
resistance was 32 k(). The experiment also illustrates the reduction of the
cytoplasmic access resistance by the bottom penetration of the oocyte with
a platinized-chlorided silver wire of 100-um diameter (before B, and after
C and D). The silver electrode was grounded via a 1-uF capacitor. With the
introduction of the silver wire ca. 700 um in depth (C) and just before
rupture of the upper membrane (D), the capacity charging time constant
measured from the capacity transient was reduced from 1.25 ms in B, to 0.76
ms in C and 0.4 ms in D. The calculated cytoplasmic access resistance was
reduced from 32, to 19.5, and 10.3 k{}, respectively. As it will be discussed
in Figs. 3 and 4, it is necessary to establish an active voltage clamp in V1
to achieve speed, since in this case, the major components of the access
resistance will reside in the cytoplasm between the V1 microelectrode tip
and the inner domus membrane surface.

To perfuse the interior of the oocyte, a glass capillary tube with an
external diameter of 100-200 pm was introduced from the bottom. The
solution was directly pumped at a flow rate of 550 pl/h. Internal K* can
be totally replaced in 10-20 min by a K*-free solution, depending on the
distance between the upper domus oocyte membrane and the tip of the
perfusing cannula.
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Time course of the membrane capacity charge
and voltage uniformity in the voitage clamped
membrane area

Fig. 2 illustrates typical recordings of passive properties obtained with the
COVG technique and a scheme of the microelectrode positioning. Records
were obtained in the absence of Rs compensation. A and B shows the ca-
pacity (C) transient to a 20 mV pulse. B shows in an expanded time scale
the sample points and the superimposed fitted curve to a single exponential
with a time constant of decay of 24 us. C shows the corresponding voltage
recordings between the intracellular microelectrodes V1 and V3 in reference
to V2 located just outside the oocyte membrane (D, expanded scale). The
voltage response in V1 (voltage-clamp control microelectrode) follows the
command pulse and reaches steady state in three 8-ps sample points. On the
other hand, the voltage response in V3 placed close to the edge has a slower
time constant (46 us). This observation indicates that the recorded mem-
brane currents were generated from membrane regions that reached isopo-
tentiality between few ps and 46 us. As a consequence, the recorded current
is a weighted average of currents collected at different distances from the
V1 controlling microelectrode. The capacity currents that cross the mem-
brane near V1 have a faster time constant than the capacity currents that
cross the membrane further away near the edge of the domus. This radial
decay of voltage during high frequencies from the V1 electrode explains
why the decay time constant of the capacity current is faster (24 us) than
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FIGURE 2 Oocyte passive electrical properties. The diagram shows the
geometrical arrangement of the recording conditions. V1 microelectrode
was slightly withdrawn after the penetration. A and B are capacity transients
to a 20-mV pulse from -90 mV. In B the sample points are superimposed
by a fitted exponential curve with a time constant of 24 us. C and D (ex-
panded scale) are the recorded transmembrane voltage responses (20-mV
command pulses) of microelectrodes V1 and V3 in reference to a third
external microelectrode (V2) placed in the vicinity. External and guard,
solutions NaMESCa2; bottom solution KGLU + EGTA 1 mM; saponin
opened oocyte; sampling time 10 us per point; filter 10 kHz; four sweep
averages; R, uncompensated; temperature, 22°C. (A and B) CD31C24;
(C and D) CD31C14.
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the time constant of the voltage jump at V3 (46 us). Spatial uniformity can
be improved by reducing the diameter of the hole in the upper recording
chamber, however it makes the edge effects more important (Taglialatela
et al., 1992). Typical values for a 700-xm upper whole diameter are 14- to
32-us time constants for the capacity transient.

The value of Ry is critically dependent on the depth of penetration of the
clamp control microelectrode V1 in the oocyte cytoplasm. In fact the main
cause in the variability of clamp speed is given by the sharpness and the
depth of the microelectrode penetration and the resulting Rg value. The
traces shown in Fig. 3 were obtained after the V1 microelectrode was maxi-
mally withdrawn just before losing the recording of the membrane potential.
As expected in this case, Rg had a minimum value, and its compensation
did not greatly improve the capacity transient speed (not shown). Thus, to
achieve maximum speed and to minimize Rs, the tip of the control V1
microelectrode has to be as close as possible to the inner oocyte membrane.
Unless specified, we used a minimum level of Rg compensation (ca. 0.3 k(2.)
set just before the appearance of oscillations which did not distort ON and
OFF gating current records. These measurements in the mentioned geo-
metrical conditions set a limit of about 25 us for the capacity transient time
constant and about 50 us to achieve spatial uniformity in the absence or large
ionic currents. These values for the clamp speed should be adequate to obtain
reliable measurements of Shaker K* ionic and gating currents.

Clamp homogeneity as evidenced from the time
course of K* currents after its partial blockade
by external TEA

Fig. 3 illustrates another test to evaluate clamp speed and uniformity. In
these experiments we used the SAH4-IR-T449Y mutation that has high ex-
ternal TEA sensitivity (MacKinnon and Yellen, 1990). The external solution
was KMESCa2. In A, K* currents from -90 mV HP to -38 mV in sub-
sequent 2-mV increments are shown. This voltage region near the current
detection level and in the negative slope of the current-voltage relationship
is very sensitive to clamp nonuniformities which can be detected as humps
and discontinuities in the current records. The current traces in A show a
gradual increase in speed and size without discontinuities indicating an
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FIGURE 3 K" current kinetics is not affected by K* current amplitude.
Traces are K* currents; HP -90 mV. (A) Pulses from -38 t0 22 mV in 2-mV
steps; (B) pulses from -42 to =2 mV in 10 mV steps; (C, D, and E) pulses
to =30, -25, and 5 mV, respectively. In E 0.5 mM TEA was added to the
external solution. (D) Scaled superimposed traces of C and E. The records
were from ShAH4-IR-T449Y clone and subtracted with P/-4, SHP ~90 mV.
External and guard solution KMESCa2; bottom solution KGLU + EGTA
1 mM; saponin opened oocyte; sampling time 100 us per point; filter 2 kHz;
one sweep per trace; temperature, 22°C. (A) C3324C10; (B) C3324C10; (C)
C3324C34; (D) C3324C34 and -C35; and (E) C3324C35.
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adequate voltage control. Furthermore, current records in B from the same
cell to larger potentials (-42 to -2 mV in 10-mV steps) show that tail current
deactivation time constant remained invariant despite the large increase in
tail current amplitude with prepulse depolarizations. Finally, records in C
and E show that K* current partial blockade by 0.5 mM external TEA did
not affect their time course. This is illustrated by superimposing scaled
records with and without external TEA treatment (D). In other experiments
performed with the SAH4 clone using internal perfusion with NMG-MES
with 1 mM Na,EGTA and external NaMESCa2, we also found that inac-
tivating K* currents (elicited to potentials between -20 to 40 mV from -90
mV HP) were reduced in size without changes in their kinetics as the internal
K™ was replaced. In these experiments peak currents at 40 mV ranged from
20 to 50 A, and their time course was measured after a reduction close to
1 A after internal perfusion (not shown). All the reported maneuvers, in
addition to the fact that the time course of the ionic currents was not affected
by the current amplitude, indicate that membrane currents in the ranges
shown (< 20 uA) can be spatially clamped with a time resolution of at
least 50 us. This makes highly reliable the characterization of the kinetic
properties of ionic currents and charge movement presented in the Results
section.

RESULTS

Gating current time course in unsubtracted
records

We have previously characterized ShakerB K* gating cur-
rents after eliminating K* ionic currents by the replacement
of the cytoplasmic oocyte solution with NMG-GLU using an
internal perfusion system and using subtracted records (P/-4,
SHP -120 mV) (Bezanilla et al., 1991). In order to eliminate
possible subtraction artifacts and to record charge movement
in the presence of K*, we maximize the expression of the
mutation W434F, which we have shown eliminates ionic
conduction in SAH4-IR clones without major effects on gat-
ing current voltage dependence and kinetics (Perozo et al.,
1993). Furthermore, we confirmed that control oocytes do
not have significant charge movement. However, in some
batches of oocytes (10 out of more than 100) we recorded
small (5-25 nA) nonlinear transient currents that were
blocked by external ouabain (100 uM), and suppressed by
replacing external Na™ with K* or TEA; these currents have
been attributed to the Na/K pump (Rakowski, 1993). These
small nonlinear currents, when present, do not significantly
contaminate our gating charge records. This was confirmed
by the lack of effect of Na™*-free solutions and/or ouabain on
gating current records.

Large gating currents (1-10 pA at 0 mV) could be re-
corded 24 days after injection of ShH4-IR-W434F cRNA.
The large expression of these channels in conjunction with
the high time resolution of the clamp allowed the recording
of unsubtracted gating currents after a large fraction of the
linear membrane capacity has been charged. Fig. 4 illustrates
the main properties of ShH4-IR-W434F K* gating currents
in unsubtracted records at a fast time resolution, from HP =90
mV. The linear capacity transients are shown as the initial
sample points at the beginning and end of the pulse. Gating
current records show in the ON transients a monotonic decay
for the pulse to ~70 mV, an insinuation of a plateau phase
for the pulse to —=50 mV, and the appearance of a very well
defined rising phase at potentials more positive than -30 mV.
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FIGURE 4 Unsubtracted gating current records. Traces are unsubtracted
gating current records from ShH4-IR-W434F clone; HP = -90 mV. Ex-
ternal and guard solution NaMESCa2; bottom solution KGLU + EGTA 1
mM; saponin opened oocyte; temperature, 22°C. Sampling time 12 pus per
point; filter 10 kHz; 12 sweep averages per trace. Rg was minimally com-
pensated. Note the absence of oscillations for the -70 mV depolarizing
pulse. (C) B2725C38.

On the other hand, the decay of the OFF transients became
progressively slower with depolarizing pulses and showed a
clear-cut rising phase for pulses more positive than ~10 mV.

Comparison between gating charge from
cut-open oocyte and cell-attached macropatches

To further establish the kinetic properties of the gating cur-
rents measured with the COVG technique, we performed
equivalent measurements using the macropatch technique.
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Fig. 5 displays subtracted (P/-4, SHP -120 mV) (A) and
unsubtracted (B) gating currents from the same oocyte using
the COVG technique; as well as, subtracted gating currents
obtained with the cell-attached macropatch technique (C).
As in Fig. 4, the unsubtracted records have an initial capacity
transient out of scale (few sampling points) followed by the
gating currents which are practically identical with A and
without B subtraction. Almost identical gating current
records were also obtained with 20 mV SHP and P/4 (not
shown). These results indicate that subtracted and unsub-
tracted gating currents measured with the COVG technique
are practically indistinguishable, and confirm that negative
subtracting pulses, from 120 mV SHP, generally used in
gating current subtracted records are adequate (Bezanilla
et al., 1991).

Records in Fig. 5 C were obtained in a cell-attached mac-
ropatch (6-pum internal diameter). The bath solution was iso-
tonic K* (KMES + EGTA 1 mM) that sets the membrane
potential close to 0 mV. The solution in the patch pipette was
NMG-MESCa2. Gating current records obtained in cell-
attached macropatches were very similar in their time course
and voltage dependency to those obtained with the COVG.
For example, for a pulse to 0 mV and at 22°C, the decay time
constant was 1.5 ms with COVG and 1.8 ms with macro-
patch. Likewise, the G-V curves obtained with the COVG
(Fig. 10, G ¥, @) and cell-attached macropatch (Fig. 10, G
M) techniques under the same external solution (KMESCa2)
were indistinguishable, which strengthened the validity of
the measurements. Gating current records with the COVG
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FIGURE 5 Comparison between subtracted (A) and unsubtracted (B) gating current records with the COVG technique, and subtracted records with
cell-attached macropatch technique (C). Traces are gating current records from ShH4-IR-W434F clone; HP = -90 mV. When using the COVG technique,
the external and guard solution was NaMESCa2 and the bottom solution KGLU + EGTA 1 mM; saponin opened oocyte. In cell-attached macropatch the
bath solution was KMES + EGTA 1 mM and the pipette solution NMG-MESCa2. Sampling time 50 us per point; filter 5 kHz. In A P/-4, SHP -120 mV;
in C P/4, SHP 20 mV. One sweep per trace in A, and 4 in B. Rs was minimally compensated in A and B. Temperature, 22°C. (A) B2725C01; (B) B2725C02;

(C) L3405C05.
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technique showed, however, some differences with those ob-
tained with macropatches after excision; namely, the OFF
gating current became progressively slower to the extent that
in some cases it was difficult to separate it from the baseline
noise (Stithmer et al., 1991; Schoppa et al., 1992). The slow-
down of the OFF gating current induced by the macropatch
excision will be treated in a future work (Sigg et al., 1994).

Voltage dependence of membrane capacity

To establish the voltage dependence of charge movement we
directly measured the membrane capacity at different po-
tentials. The additional membrane capacity introduced by the
expression of ion channels was obtained from the relation-
ship between the ON and OFF time integral under the
capacity transient and the pulse potential in unsubtracted
records. Fig. 6 illustrates an experiment with the noncon-
ducting clone SAH4-IR-W434F in external NaMESCa2. In A
are unsubtracted records (HP -90 mV), B is the charge-
voltage (Q-V) relationship, and C the capacity-voltage (C-V)
plot obtained from dQ/dV vs. V from the data and fitted curve
in B. The plot in B shows that the ON (@) and the OFF (V)
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charge are equal, that Q is a linear function of V for potentials
more negative than —110 mV and more positive than 10 mV,
and that Q becomes voltage-dependent between —100 mV
and 0 mV. The same applies for the voltage dependence of
the capacity which shows a constant value at potentials more
negative than =100 mV and more positive than 0 mV with
a peak value at -37 mV (C). The experimental points of the
Q-V relationship in B could be interpreted as the sum of a
straight line (linear capacity) and a Boltzmann distribution;
they were fittedto (B + C - V) + {Qmax/[1 + exp(Vyn, — V) +
(z- F)/(R - T)]}. In this expression B is the linear charge at
V =0mV, C,, is the linear membrane capacity, V the mem-
brane voltage, Qnm.x the saturating charge; V., the midpoint
of the Boltzmann distribution, z the effective valence, and RT
and F have their usual thermodynamic meanings. The best-
fitted values were B = 2.5 nC; Qmax = 5.2 nC; C,, = 27 nF;
Vi = =37 mV; and z = 3.3. The curve in C was obtained
from the first derivative of Q with respect to V from the fitted
curve in B. The experiment also illustrates that the capacity
introduced by the expressed channels can be about 10 times
the basal linear capacity (25 nF to ca. 200 nF). In other ex-
periments performed in uninjected oocytes the ON and OFF
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FIGURE 6 Voltage dependence of membrane capacity and charge. Traces in A are unsubtracted gating current records from SAH4-IR-W434F clone;
HP = -90 mV. (B and C) Charge-voltage and capacity-voltage relationships for ON (@) and OFF (W) transients, respectively. The charge was obtained
from the time integral of the current during the pulse and the return to ~90 mV HP shown in A. The capacity-voltage curve was obtained from AQ/AV vs.
V plots of the experimental points and fitted curve in B. The external and guard solution was NaMESCa2 and the bottom solution KGLU + EGTA 1 mM;
saponin opened oocyte. Sampling time 50 us per point; filter 10 kHz; four sweep averages per trace; temperature, 22°C. R, was minimally compensated

(B2725C02).
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charge were linearly related to membrane voltage showing
that the intrinsic oocyte membrane capacity is voltage-
independent which agrees with capacity measurements in the
frequency domain (Bezanilla and Stefani, 1993).

Fig. 7 shows another experiment in which we determined
the capacity with small pulses (5 mV) at the end of 250-ms
pulses to various potentials. In this case the linear capacity
was analogically compensated at ~120 mV and O mV. Pulses
to -85, -70, and -55 mV elicited gating currents with one
main component of decay; while the pulse to —40 mV shows
the appearance of a second slow component of decay that
follows the first fast one. These slow components become
predominant for =30 and -20 mV depolarization when the
channel opens (see Bezanilla et al., 1994).

The capacity at each potential was calculated from the time
integral of the capacity current divided by the 5-mV pulse.
The graph shows a bell-shaped dependence of the membrane
capacity (@) with voltage with a peak value near ~35 mV.
To obtain the Q-V curve (), the data points of the capacity-
voltage curve (@) were integrated with respect to voltage.
Subsequently, the Q-V curve data points were fitted to the
sum of two Boltzmann distributions of the form Q; ,.,/[1 +
exp(Vy = V)« (z1 - F)/R - )] + Q3 max/[1 + exp(V2 — V) -
(z2 - F)/(R - T)], where Q1 max and Q max are the limiting
charge movements, V; and V, the half potentials of the dis-
tribution, and z, and z, the effective valences, respectively.
The best-fitted values were Q1 max = 0.65nC, V; = -60mV,
21 =23, Qo max = 142 0C, V, = =41 mV, and z, = 5.6.

These observations indicate that the Q-V curves obtained
from subtracted and unsubtracted traces and from the above
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capacity measurements were identical and could resolve two
components in the charge movement. These results taken
together indicate that SHP, more negative than ~120 mV or
more positive than +20 mV, should not introduce major
nonlinearity and validate our previous measurements of
charge movement with negative subtracting pulses from
=120 mV and the following measurements of charge move-
ment voltage dependence. (Bezanilla et al., 1991; Perozo
et al., 1992).

Time course and voltage dependence
of K* tail currents

We measured directly the voltage dependence of channel
activation from peak tail current amplitudes at a constant
potential after preceding depolarizing prepulses. This is il-
lustrated in Fig. 8 which demonstrates the adequate time
resolution for the tail current measurements and the linear
current-voltage relationship for the peak tail currents. Fig. 8
(A and B) shows in KMESCa2 ionic currents elicited by
pulses to 50 mV followed by postpulses to various negative
potentials between =180 mV and 60 mV. In B the tail currents
are shown in an expanded scale at 8 us per sampling point.
As in Fig. 3, tail currents are practically instantaneous at the
voltage jump, and the traces do not show humps which in-
dicate that the membrane potential during the postpulse is
uniform. The graph (D) shows the linearity of the corre-
sponding instantaneous current-voltage relationship. The
traces in C illustrate the progressive increase in size of the
tail currents measured at =90 mV for prepulses of increasing
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FIGURE 7 Voltage dependence of nonlinear membrane charge. Traces were analogically subtracted with 10-mV pulses at -120 mV and 0 mV HP.
Examples of gating current traces to 5-mV constant pulses at the end of 250-ms prepulses to various potentials (numbers in traces) in ShH4-IR-W434F
clone. The experimental points in the graph were obtained from the time integral of the current during the pulse, as those shown in the traces. The capacity
at each potential was calculated from this time integral of the transient current divided by the 5 mV pulse (@). The charge (¥) was numerically obtained
by the voltage integral of the capacity values. These Q-V data points (W) were fitted to the sum of two Boltzmann distributions. Finally, the capacity-voltage
fitted curve was numerically calculated from the voltage derivative of the Q-V curve. The external solution was NaMESCa2 and the bottom solution KGLU
+ EGTA 1 mM; saponin opened oocyte; sampling time 200 us per point; filter 1 kHz; one sweep per trace. Rs was minimally compensated; temperature,

22°C (A2017C56).
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K™ tail current voltage dependence. Traces are K* currents in high external K*. (A and B) Pulses to 50 mV and postpulses from ~180 to

60 mV in 40-mV increments in ShH4-IR-T449Y clone, P/4, SHP -130 mV, sampling time of 100 and 8 us per point, Rs 250 £); filter 10 kHz. (C) K*
currents from HP = -90 mV to 10 mV in 10-mV increments in SAH4-IR clone, P/4, SHP -90 mV, sampling time of 50 us per point, Rs minimally
compensated; filter 5 kHz. C is the instantaneous current-voltage relationship measured at the peak of tail currents from A and B. A shows the whole
trace, while B shows the OFF tail responses in an expanded time scale. The peak tail current is established in two sample points. External and guard
solution KMESCa2; bottom solution KGLU + EGTA 1 mM; saponin opened oocyte; one sweep per trace; temperature, 22°C. (A and B) C3324C31; (C)

B3513cl16.

amplitudes. The records also show the practically invariant
decay time at a constant return potential (-90 mV) and for
tail currents of different amplitudes (C) and the faster decay
time with more negative return potentials (A and B).

The tail current time course, which reflects the K* channel
closing upon repolarization, gives indication on the transi-
tions from the open state(s) to the closed state and it is a
sensitive parameter for channel model function when com-
pared with the associated OFF charge movement relaxation.
Fig. 9 shows deactivation K* tail currents in external Na*
(left) and K* (right) solutions in a ShH4-IR clone. At the
termination of the 20-mV pulse, when the membrane po-
tential was stepped back to —80 mV, outward (A4 ) and inward
(B) K™ tail currents were recorded in external Na* or K™,
respectively. The bottom panels (C and D) show the corre-
sponding K™ tail currents in an expanded scale with the su-
perimposed fitted curves. For comparison, the record in D
was inverted. Deactivation tail currents in both ionic con-
ditions could be described by the sum of two exponential
functions. The first component had a time constant faster

than 0.5 ms, while the second component had a time constant
of about 2 ms. These dual deactivation time constants do not
necessarily indicate the presence of two classes of channels
or two different open states, since two time constants in the
deactivating tails can be predicted from a simple sequential
model with concatenated closed states and one final open
state (see Bezanilla et al., 1994). Another finding was that
high external K* slows down the channel closing, in this case
by slowing the decay of the first predominant component. A
similar finding was reported for the squid giant axon delayed
rectifier and was interpreted as channel closing being
partially prevented by the presence of K™ at some locus of
the channel (Swenson and Armstrong, 1981).

Voltage dependence of charge movement and K*
channel opening

Fig. 10 shows the steady state charge-voltage (Q-V) and
conductance-voltage (G-V) relationships. We have found
that the kinetics of gating currents and macroscopic ionic
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FIGURE 9 Deactivation K* tail currents in external Na* (left) and K* (right) solutions. Traces are from SAH4-IR in external NaMESCa2 (A and C)
and KMESCa2 (B and D). Pulses are to 20 mV from HP = -90 and stepped back to -80 mV. Traces in C and D are expanded records and superimposed
fitted traces of deactivation tails. D is inverted. Deactivation K* currents were fitted to the sum of two exponentials. In C, a1 = 0.77, 71 = 0.13 ms,
a2 = 023 and 72 = 2.04 ms; in D al = 0.87, 71 = 0.49 ms, a2 = 0.13 and 72 = 1.90 ms, where a1 and a2 are amplitude factors and 71 and 72 the time
constants. External and guard solution NaMESCa2 in A and C; and KMESCa2 in B and D; bottom solution KGLU + EGTA 1 mM; saponin opened oocyte;
temperature, 22°C. Sampling time 100 ps per point; filter 2 kHz; one sweep averages per trace. Rs was minimally compensated (B3513C08 and -C09).

currents vary between oocytes. This makes impossible a
quantitative comparison of gating currents kinetics and ionic
currents kinetics unless it is done in the same patch of mem-
brane. We have found however, that the steady state prop-
erties are much less variable from oocyte to oocyte, and this
allowed us the comparison shown in Fig. 9. In fact, in this
figure, the gating charge (Q) corresponds to the plotted
charge in the nonconducting W434F clone (@) and in the
normal conducting H4-IR (V, l) where the determination
could be made for potentials negative enough that did not
show ionic currents. The experimental points obtained every
2 mV closely follow the same Q-V curve and are indistin-
guishable between the conducting and nonconducting
clones. Charge movement at potentials more negative than
-40 mv increased slowly with voltage, while at more positive
potentials than ~40 mV, when channel opening occurs, it
becomes more steeply voltage-dependent, and finally tend to
saturate at potentials more positive than -20 mV.

The -V relationship has a different steepness at negative
potentials, where it starts, and at positive potentials, where
it tends to saturate. As a consequence, the data points of the
Q-V relationship could not be well described by a single
Boltzmann distribution as shown by the curve in the graph
that separates from the data points at more negative potentials
(Viz = =35 mV, z = 3.0). The experimental points can be
better described by the sum of two Boltzmann distributions
With Qqax =044,V = -47.4mV, z; = 1.96, Qsax = 0.56,
V, = -343 mV, and z, = 5.16.

To correlate charge movement with channel opening we
obtained the steady activation curve by directly plotting in
high external K* the peak tail current amplitude at a constant
postpulse potential (V; = -90 mV), and as a function of a
test prepulse potential, V (see Fig. 8 C). In this case, at the

termination of the prepulse the current jumps to a new value
due to the abrupt change in the K* driving force. During this
brief time interval after the end of the prepulse the number
of open channels at the peak tail amplitude remains the same;
thereafter the K™ tail current decays as the channels close.
The ionic current amplitude is given by

I(V, Vl) = Ni(V1)Po(V)

where I(V, V,) is the total ionic membrane current at the peak
of the tail, i(V;) is the single channel current at the constant
pulse potential V;, P,(V) is the probability of channel open-
ing at the end of the pulse of amplitude V and N is the number
of channels in the oocyte membrane domus. Since N and
i(V1) have constant values, normalized Po(V) values could
be obtained by dividing peak tail current amplitudes obtained
with different prepulses by the limiting peak tail current
value with the largest prepulse (Vi)

1V, V)V, Vi) = P(V, V)IP(V,,, V}) = Po (V) (1)

With this method, the computed normalized Po(V) value is
equivalent to the normalized macroscopic conductance
G(V). The experimental data at the right in Fig. 9 (G) shows
normalized tail current peak amplitudes in SAH4-IR K*
channel in high external K* with the COVG (@, ¥) and
macropatch () techniques.

The important features of the Q-V and G-V curves are: (i)
a sizable amount of charge moves in the negative region
where no conductance is observed, (ii) the potential at which
the O-V curve becomes steeper corresponds to the potential
at which the conductance is first observed and the apparent
steepness of the conductance is similar to the steepness of this
region of the O-V curve, and (iii) the charge seems to saturate
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FIGURE 10 -V and G-V curves in ShH4-IR
and ShH4-IR-W434F clones. The K* conduc-
tance (G) was obtained from tail current ampli-
tudes measured after after stepping back to -90
mV from 36-ms (¥), 40-ms (M), and 50-ms (@)
depolarizing pulses (SkH4-IR, P/-4, SHP -90
mV). External solutions were NaS5-TEASS
MESCa2 (@) and KMESCa2 (V, B); the COVG
(®, ¥) and macropatch (l) techniques were used.
In cell-attached macropatch the bath solution was
KMES + EGTA 1 mM. The ON charge move-
ment (Q) was measured in the nonconducting
clone ShH4-IR-W434F in external NaMESCa2
and internal KGLU from -120 to +16 mV (@);
and in the conducting clone S#H4-IR from -120
mV to =50 mV (V) in the same solution and in
external TEAMESCa2 and internal TEAGLU
from -120 mV to -20 mV (). Charge move-
ment data points were normalized to match the
relative charge at -50 mV. P/-4 with SHP -120
mYV and saponin opened. Temperature, 22°C (files
A2D17C05 to -09; F3403C03; C3324C03,

NORMALIZED CHARGE MOVEMENT (Q)

=
=]

A3116C08 to -14; and C3126C24 to -26). 120

at more negative potentials than the conductance which
shows a prominent creep between 0 and +30 mV while the
charge is essentially flat.

lonic and gating currents are equally time-shifted
by changing the initial conditions

Cole and Moore (1960) reported that K™ currents were de-
layed by hyperpolarizing prepulses. A similar phenomenon
found for Na* currents was, in addition, correlated with an
equivalent shift of the Na™ gating currents. This correspon-
dence in the time shifts of ionic and gating currents gave a
strong argument in favor of the hypothesis that most of the
charge movement, including the one occurring at very nega-
tive potentials and prior channel opening, is associated with
the opening of the Na* channel (Taylor and Bezanilla, 1983).
In this section, after having established the validity of the
ionic and gating current measurements, we describe similar
maneuvers to compare the effect of initial conditions on the
time shifts of ionic currents and charge movement. Fig. 11
shows the effect of different duration and amplitude pre-
pulses on the delay and time course of ionic and gating cur-
rent records from ShH4-IR (A, upper traces) and ShH4-IR-
WA434F (A, lower traces) clones, respectively. In A, pulses
to 20 mV from HP = -90 mV were preceded by depolarizing
(Al and A3) and hyperpolarizing (A2 and A4) pulses. The
traces show unambiguously that the depolarizing prepulses
produced a left time shift of the ionic current onset. On the
other hand, the same prepulses did not affect the gating cur-
rent onset, but made the onset of the decay phase earlier
without major changes in the time course. Hyperpolarizing
pulses had the opposite effects on both ionic and gating cur-
rents (A2 and A4). In addition, as previously shown in Fig.
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4, we confirmed that Shaker K* gating currents had a well
defined rising phase from HP = -90 mV (Fig. 11, right trace
in A3), and that depolarizing prepulses reduced the rising
phase while hyperpolarizing ones made it more prominent
(Perozo et al., 1992; Bezanilla et al., 1994).

To evaluate the time shifts we measured the time of the
half maximum amplitude for the ascending phase for the
ionic currents and descending phase for gating currents, and
referred those times to their values without prepulses (HP =
-90 mV). Negative numbers mean a left shift while positive
ones the opposite. To illustrate the time course of the shift
development at various prepulse potentials, Fig. 11 depicts
K™ ionic (B) and gating (C) current delays versus prepulse
durations at various prepulse potentials. One striking feature
of these plots is the similar time course for both ionic and
gating current time shifts at similar potentials. In both cases
the process had a slower time course at more depolarized
potentials, and tended to saturate and become faster at nega-
tive potentials close to —120 mV. This last observation agrees
with the lack of noticeable charge movement at potentials
more negative than -120 mV. To compare the ionic and
gating current time shifts, we plotted in C ionic versus gating
current time shifts for equivalent prepulses. The linear
relationship thus obtained demonstrates a clear correlation
between gating and ionic currents.

DISCUSSION

We have studied the kinetics and steady state properties of
ionic and gating currents in Shaker K* channels expressed
in Xenopus oocytes using the COVG technique. The advan-
tages and limitations of this technique will be discussed first,
followed by a discussion on ionic and gating currents char-
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FIGURE 11 Effect of prepulse durations and amplitudes on the time course and latency of K* ionic and gating currents. (A) Traces are ionic (upper)
gating (lower) current records from ShH4-IR and ShH4-IR-W434F clones, respectively. Pulses to +20 mV from HP = —90 mV were preceded by 0.6- and
3-ms prepulses to —50 mV (A7), -130 mV (A2), -50 mV (A3), and -120 mV (A4). In Al and A3 the traces at the right and in A2 and A4 traces at the
left did not have prepulses. (B and D) Plots of the K* ionic and gating current delays versus prepulse durations at various potentials. The measurements
were referred to the delay at ~90 mV. The delay was measured as the time at half maximum amplitude for the ascending phase for the ionic currents and
descending phase for gating currents. In B prepulse potentials were —130 mV (O), -110 mV (@) 70 mV (V), =50 mV (¥), -30 mV (J) and ~10 mV (H);
while in D -120 mV (O), -110 mV (@), =70 mV (V), -50 mV (V¥), -40 mV (OJ), and -30 mV (H). (C) Shows the linear correlation between ionic and
gating current delays for prepulses with same amplitudes and durations. External and guard solution was NaMESCa2 and the bottom solution KGLU +
EGTA 1 mM; saponin opened oocyte. Sampling time 12 us per point; filter 10 kHz. P/-4, SHP -140 mV. Sweeps are single traces. Rg was minimally
compensated. Temperature 22°C. Al and A2, A2725C09 to -C12; A3 and A4, B2725C17 and -C18.

acteristics that are important in understanding the activation
of the K* channel conductance.

The cut-open vaseline gap technique and the
linearity of the oocyte membrane

The main difficulty in obtaining reliable voltage clamp cur-
rent measurements is the presence of high Rg and resulting
spatial nonuniformities (Taylor et al., 1960; Bezanilla et al.,
1982). The COVG technique in which the membrane domus

is clamped with a current source close to the center of the
sphere should benefit from the spherical symmetry to achieve
a fast and homogeneous clamp. The evaluation of the speed
and homogeneity with a second intracellular electrode (V3)
near the edge of the domus (ca. 300 pm from the voltage
control microelectrode V1) showed that in the absence of
Rg compensation 1) the voltage response recorded in V1
followed the time constant of the command pulse (1-5
us), 2) the voltage response recorded close to the domus
edge (V3) had a finite time constant of 40-50 us, and 3)
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the time constant of decay of the capacity current was
somewhat faster (20-30 us) than the voltage response
at V3.

Ideally, a point current source located at the center of
the oocyte with spherical geometry should generate con-
centric isopotential layers with decaying potential values
from the injecting point. With this geometry, the tip of the
voltage control electrode (V1) should record one of those
isopotential layers close to the surface membrane; the dif-
ference between the potential recorded by the tip of the
electrode and the potential next to the membrane is propor-
tional to the Rg value which should be possible to compen-
sate. Under these conditions, the decay time constant of
the capacity current would be 7 = Cp, * (R, - Rg)/(Ryy +
Rs) which is close to R,Cy,. In this case the main compo-
nent of the Rg should arise from the distance between the
V1 recording point and the inner surface membrane of the
domus, and the Rg value can be calculated from Rg =
7/Cp, being ca. 1 k) (1.03 k{2 in Fig. 2). Since the time
constant of the capacity transient was always slower than
the time constant of the command pulse, it indicates lack
of spherical geometry and it is consistent with the slower
voltage response recorded by the V3 microelectrode near
the edge of the domus; i.e., the lack of isopotentiality in
the layer next to the inner membrane domus due to a dis-
tributed R,. From K™ tail measurements Rg could be maxi-
mally compensated with values ranging from 250 to 500
). These results show that the cable properties of the oo-
cyte membrane domus set an important limit for the clamp
speed which is in the range of 10 kHz, an adequate band-
width for the recordings of Shaker K* ionic and gating
currents.

Measurements of nonlinear charge movement

To evaluate the measurements of gating currents, we ini-
tially tested the linearity of the oocyte membrane. Qocyte
membranes in control oocytes had in most cases undetect-
able nonlinear capacity and resistive components. These
experiments were performed in the voltage range between
-110 to 30 mV, in the absence of external Cl-, and with 2
mM external Ca?* (NaMESCa2). In this solution, endog-
enous inward Ca?* currents remain unresolved, however,
in some cases their presence could be detected indirectly
as a slow inward CI~ tail when returning to —-90 mV after
depolarizing pulses to 0 mV (Miledi, 1982; Barish, 1983).
Larger depolarizations approaching the Ca?* equilibrium
potential reduced these inward tail currents. The size of
these inward Ca?* dependent tails ranged from 0 to 5 nA
and should not introduce a significant error in our gating
current recordings which ranged from 500 nA to 10 pA at
0 mV. Another nonlinearity in these recording conditions
was the presence of ON and OFF Na/K pump transient
currents blocked by ouabain and the removal of external
Na* (Rakowski, 1993). These nonlinear transient currents
were very infrequent, depending on the batch of oocytes,
and also exceedingly small (5-20 nA at 0 mV), and should
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not appreciably alter our Shaker K* channel gating current
recordings. These assumptions were confirmed by the fact
that Shaker K* gating currents were not affected by condi-
tions that removed endogenous Ca?*, Ca2*-dependent CI-,
and Na/K pump currents. These conditions were external
ouabain (100 wM) and the replacement of external sodium
by K* for the Na/K pump.

The usual procedure to separate nonlinear charge move-
ment from linear capacity and resistive membrane compo-
nents is by subtraction of small current scaled current pulses
in potential ranges in which the membrane capacity and
resistance is largely voltage-independent (Bezanilla and
Armstrong, 1977). This has been successfully applied to
record gating currents for Na* and K* channels in the squid
giant axon and in other tissues (i.e., Bezanilla and Armstrong,
1977; White and Bezanilla, 1985; Spires and Begenisich,
1989; Taglialatela and Stefani, 1993). To characterize Shaker
K™ channel gating charge movement we have used a P/-4
protocol from —120 mV SHP, after verifying that the mem-
brane components were voltage-independent in that region
(Bezanilla et al., 1991). The fact that subtracted (P/-4, SHP
~120 mV and P/4, SHP 20 mV) and unsubtracted records had
equal features in terms of their voltage dependence and time
course confirm the adequacy of the subtracting protocol that
we have used, and established beyond any doubt, the pres-
ence of a rising phase in the ON and OFF gating currents
(Bezanilla et al., 1991; Perozo et al., 1992; Taglialatela and
Stefani, 1993). Furthermore, the charge movement voltage
dependence was confirmed from capacity measurements
with small and large pulses. These experiments indicated that
the capacity became invariant at potentials more negative
than -100 mV which validated the subtraction protocols
used.

Nonlinear charge movement in macropatches

An important result was the similarity of the gating cur-
rents recorded with the COVG and cell-attached macro-
patch techniques. However, the cause of the slow OFF gat-
ing current records obtained with excised macropatches
remain unexplained. Recently Stiihmer et al. (1991) and
Schoppa et al. (1992), recorded charge movement with ex-
cised macropatches with a very small, or practically ab-
sent, OFF charge. The results of Stiihmer et al. (1991)
have been explained by the presence of internal TEA and
slow deactivation of the channel clone they used (Beza-
nilla et al., 1991; Perozo et al., 1992; Perozo et al., 1993).
However, this cannot be the case in the experiments per-
formed by Schoppa et al. (1992) in which the OFF charge
movement was practically absent, and the records were
performed in the absence of internal TEA and in a regular
Shaker K* channel clone with the inactivation removed.
Since charge movement records in macropatches per-
formed in the cell-attached mode had identical properties
to the charge movement records obtained with the COVG
technique, we speculate that patch excision may result in
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some alteration in the internal milieu of the cytoplasmic
phase which produces a progressive slowdown of the
charge movement. This presumption agrees with recent
observations in which we have noted a progressive slow-
down of the OFF charge movement, and of the inward
K* tail currents after patch excision (Sigg, Bezanilla and
Stefani, in preparation).

Voltage dependence of charge movement and
membrane capacity

We have taken advantage of the nonconducting W434F
mutant of the SAH4-IR to study the details of the Shaker
K™ channel charge movement. The most obvious expres-
sion of the nonlinear properties of this charge movement is
shown in Fig. 6 B, where the integral of the current is plot-
ted as a function of the membrane potential. The charge
transported negative to —~100 mV is a linear function of the
voltage as well as the charge moving at potentials more
positive than 0 mV. The nonlinear region in between coin-
cides roughly with the nonlinear activation of the ionic
currents in the conducting mutant. This nonlinear charge
has all the characteristics of a capacitive charge: its time
course is transient and all the charge moved during the
pulse is moved back at the end of the pulse (Fig. 6 B). The
capacitance responsible for this nonlinear charge was esti-
mated as the first derivative of the Q-V curve of Fig. 6 B
and plotted in Fig. 6 C. A direct measurement of the ca-
pacitance C(V) was done by applying small perturbing
pulses of amplitude v at different potentials (V) (Fig. 7).
The value of C(V) was computed from the ratio g(V)/v,
where g(V) is the area of the current transient for the per-
turbation v at the voltage V. The C(V) is plotted in Fig. 7,
right panel and it is an asymmetrical bell-shaped curve, in-
dicating that a simple Debye relaxation is not enough to
account for the data. Two components in the voltage de-
pendence of the capacitance are required as a minimum,
consistent with the results obtained in the frequency do-
main (Bezanilla and Stefani, 1993). The two components
are also expressed as two relaxations in the current tran-
sients recorded for small perturbations (left panel of Fig.
7). It is important to note that the results obtained with
small perturbation analysis agree with the results obtained
with large pulses, indicating that, during the time required
to do the measurement, the voltage dependence of the
charged particles or dipoles is stationary. This property is
used to propose the basic markovian model presented in
the next paper (Bezanilla et al., 1994). A verification of
the equivalence of both methods is shown by the integral
of C(V) vs. V which gives a Q-V curve not fitted by a
simple Boltzmann distribution (right panel of Fig. 7). The
maximum value of C(V) may be as large as 10 times the
membrane capacity of the oocyte as it is shown in Fig. 6,
giving an excellent separation of the intrinsic capacitance
and the channel-induced capacitance, which allows the re-
cording of gating currents without subtraction (see Fig. 4).
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The relation between gating currents and
channel opening

In establishing the link between the gating charge movement
and the channel opening, it is important to estimate the open
probability reliably. Most of the tests done on the clamp
system explained above were aimed to assure a reliable
measurement of the kinetics of the ionic currents even when
currents were as large as 20 pA. The current tails shown in
Fig. 8 indicate that we can measure the instantaneous I-V of
the channel and also determine the voltage dependence of the
conductance. As shown under Results, the method used to
measure the conductance estimates directly the relative open
probability of the channel, which is the voltage-dependent
property of the channel that must be correlated with the volt-
age dependence of the charge movement. The correlation of
the charge with the conductance was done mainly with the
steady-state properties, because they show less variability
than the kinetics. However, some qualitative aspects of the
ionic currents were described in detail because they set im-
portant limits and restrictions to the modelling of channel
gating. In particular, we studied the kinetics of the current
turn-on as a function of the initial conditions (see below) and
the kinetics of the currents during repolarization. Fig. 9
shows examples of ionic current tails in normal and high
external potassium. The striking feature is the double expo-
nential decay of the current tail. The Shaker K* channel is
known to have only one open state, therefore the double
exponential must be the result of a finite forward rate be-
tween the last closed and the open state that originates two
eigenvalues in the current tail decay (see Goldman, 1991).
This result will be an important prediction of the model de-
veloped in the next paper based only on gating current. The
relative values of the voltage dependence of the rate con-
stants between the last two closed and the last closed states
are critical in reproducing the double exponential in the ionic
current tails (Bezanilla et al., 1994). The two exponential
components are also observed in the high external potassium,
where the fast component is stowed down but the slow com-
ponent remain unchanged (see legend of Fig. 9). We may
ascribe the first (fast) component to the eigenvalue mainly
generated by the rate going from the open to the last closed
state and the second (slower) component to the eigenvalue
close to the rate between the two consecutive closed states.
In that case, the slowing down of the first component by high
external potassium could be correlated with the presence of
K™ ions in the channel mouth as was indicated by Swenson
and Armstrong (1981).

From the Q-V curves it is clear that a simple Boltzmann
does not fit the data. Although the components of the
charge versus potential distribution will be studied in detail
in the next paper we need to emphasize here the aspects of
the relation that help in the correlation between the charge
movement and channel opening. Thus, at potentials more
negative than -40 mV, about a third of the charge has
moved but the conductance is practically zero (Fig. 10).
The obvious question is whether the charge moving nega-
tive of -40 mV has any relation to the opening of the
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channel. The experiments with prepulses using the basic
protocol of Cole and Moore (1960) were designed to ex-
plore the involvement of the charge movement between
-100 and -40 mV in channel gating. In Fig. 11 B the es-
tablishment of the shift of the potassium current with pre-
pulse duration for different amplitudes is the same as the
shift in gating current shown in Fig. 11 D and the sum-
mary of the correlation is shown in Fig. 11 C where shifts
are seen to be equivalent for ionic and gating currents. Al-
though the shifts are the same, the effects of prepulses are
different in the kinetics of the ionic versus gating currents.
The ionic currents show a more pronounced lag in the turn
on as the prepulse is more hyperpolarized and, in contrast,
the gating currents develop a more pronounced rising
phase. When the prepulse is depolarizing, the delay de-
creases for the ionic current and the rising phase tends to
disappear in the gating current. This result is important be-
cause it helps to determine the characteristics of the charge
movement in the region of potential where the Cole-Moore
shift takes place. In particular, the development of the ris-
ing phase is indicative of initial steps carrying less charge
than later ones, a property that will be crucial in the mod-
elling of the gating process presented in the next paper. As
the movement of this charge is correlated with a prolonged
delay in the ionic current, we may assign this charge
movement to transitions between closed states that must
precede channel opening. It is then concluded that the
Cole-Moore type of experiments shown in Fig. 11 show
that the charge moving in the negative region is indeed di-
rectly involved in channel activation, but not the channel
opening, and it must be made of steps carrying smaller
amount of charge than the steps occurring more positive
than -40 mV.

The charge moving at potentials more positive than —40
mV seems to correlate well with the voltage dependence of
the normalized open probability. However, at potentials
more positive than =10 mV, the charge seems to saturate,
while the Po( V) is still increasing with voltage (Fig. 10). This
result speaks in favor of a step leading into the open state
carrying less charge than the previous steps. As this last tran-
sition would contribute with less charge than all the previous
ones, it would become undetectable in the -V curve and at
the same time the Po would not be maximum, because the
channels would only open when this last step occurs. In
agreement with this interpretation is the double exponential
decay of the deactivation tails that require a finite forward
rate in the last step, a consequence of the shallow voltage
dependence of that transition. The features of the charge and
the Pg are complex enough that a detailed correlation may
only be possible after a quantitative description of the gating
current becomes available and this is the main purpose of the
next paper (Bezanilla et al., 1994).
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