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ABSTRACT Large conductance calcium- and voltage-
sensitive K* (MaxiK) channels share properties of voltage-
and ligand-gated ion channels. In voltage-gated channels,
membrane depolarization promotes the displacement of
charged residues contained in the voltage sensor (S4 region)
inducing gating currents and pore opening. In MaxiK chan-
nels, both voltage and micromolar internal Ca%* favor pore
opening. We demonstrate the presence of voltage sensor
rearrangements with voltage (gating currents) whose move-
ment and associated pore opening is triggered by voltage and
facilitated by micromolar internal Ca?** concentration. In
contrast to other voltage-gated channels, in MaxiK channels
there is charge movement at potentials where the pore is open
and the total charge per channel is 4-5 elementary charges.

Large conductance voltage- and Ca?*-sensitive potassium
channels (MaxiK or K¢,) are important modulators of neu-
ronal firing and vascular tone (1-3). Their open probability
raises when the cytoplasmic calcium concentration increases or
when the plasma membrane is depolarized. MaxiK channels
seemed to require the presence of calcium to open (i.e.,
calcium gated) (4—-6) and to lack an intrinsic voltage sensor (7).
However, indirect evidence using chemical modifications sug-
gested that MaxiK channels can open in response to voltage
without the requirement of intracellular calcium (8). Consis-
tent with these results, we demonstrated that depolarization
can open MaxiK channels (hslo) in a calcium-independent
manner (9). This indicates that MaxiK channels have a purely
voltage-dependent mode of gating and demands the existence
of a voltage sensor. Indeed, MaxiK channels possess a trans-
membrane domain (S4 region) (10, 11) analogous to the one
that, in other voltage-gated K channels, has been proposed to
be the voltage sensor (12-15). The movement of this voltage
sensor, triggered by depolarization, can be directly measured
as gating currents (16-18). We show that MaxiK channels
possess an intrinsic voltage sensor able to induce measurable
voltage-dependent gating currents. As previously shown for
ionic currents (9), these gating currents are purely voltage-
dependent at low internal Ca?>" concentration ([Ca®*];); how-
ever, a raise in [Ca?*]; to micromolar levels diminishes the
voltage necessary to move a given amount of charge. These
results strongly suggest that in MaxiK channels, micromolar
Ca?" functions as a “facilitator” by diminishing the electrical
work needed to activate the voltage-gating machinery.

MATERIALS AND METHODS

Clones and Expression Systems Used. hslo (GenBank ac-
cession no. U11058) cDNAs starting from the third (hsloM3),
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or fourth (hsloM4) (19) Kozak consensus sequence for trans-
lational initiation were used. High level expression was ob-
tained by subcloning hslo into a vector carrying at the 5’ end
a 183-bp untranslated region of ShakerH4 K* channel and at
the 3’ end a stretch of 30 thymidine residues. Xenopus laevis
oocytes were injected with 45 nl of cRNA at 0.2 pg/ul and kept
at 18°C for 4-7 days. Gating currents were also recorded in
HEK cells transfected with hsloM3 subcloned in pCDNA3
vector (Invitrogen). HEK cells expressing the large T antigen
protein of SV4(0 virus were cotransfected with isloM3 and the
« subunit of the human CD8 lymphocyte surface antigen.
Before recording, cells were labeled with anti-CD8-coated
beads (Dynal, Great Neck, NY) to select for transfected cells
(20). Shaker H4-IR in pBluescript (Stratagene) was expressed
in Xenopus laevis oocytes (21).

Solutions. Bath and pipette solutions contained 110 mM
methanesulfonate-X (X-MES), 10 mM Hepes, and 0.1 mM
ouabain (22) at pH 7 where X was potassium, N-methylglu-
camine, tetracthylammonium (TEA), or cesium. Pipette solu-
tions contained 2 mM CaCl,. Solutions with different [Ca®*];
were prepared with 5 mM HEDTA, N-(2-Hydroxyethyl)eth-
ylenediaminetriacetic acid and CaCl, according to Chelator
(23), taking into account 9 uM contaminant Ca’* in buffer-
free solutions as measured with a Ca?* electrode. Free Ca?*
was then checked with a Ca?" electrode (micromolar range;
World Precision Instruments, Sarasota, FL) or with Fura-2
(nanomolar range).

Electrical Recordings. Cs* currents were recorded after
equilibrating the intracellular space with Cs™; to accelerate
this process, oocytes were mechanically perforated. To mea-
sure gating currents in the same oocytes, we used external
TEA. We have compared gating currents with and without
TEA at voltages near channel opening. Under these conditions
gating currents were not modified by the presence of TEA.
However, it is not established whether at higher potentials,
external TEA could affect charge movement. Pulse duration
was 20-25 ms for ionic and 1-20 ms for gating currents; short
1-ms pulses were used for better time resolution and to avoid
membrane breakdown due to extreme positive and negative
potentials. One-millisecond pulses were adequate to evaluate
hslo charge movement (quasi steady state), since its main
component has a time constant of decay of ~60 us, indicating
that the majority of the charge moves in the first millisecond.
However, a slow component in the charge movement becomes
apparent as the duration of the voltage pulse increases from 1
to 10 ms. This slow component amounts to a maximum of 15%
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of the total charge at the midpoint of the charge to voltage
relationship (Q-V) curve and induces a leftward shift of about
20 mV. The Q-V curves obtained with 10 and 20 ms pulses are
essentially the same. Since the slow component is a small
fraction of the total charge, OV curves cross the conductance
to voltage relationship (G-V’) curves with either 1-ms or 20-ms
voltage pulses. Thus, 1-ms pulses were adequate to construct
quasi steady-state Q-V curves. O-V and G-V curves (Figs. 2
and 3) were analyzed in the same oocyte to eliminate large
variations seen from oocyte to oocyte in K* (19) or in Cs*
solutions. In Cs* solutions, the SD of the midpoints of G-V
curves in cell-attached patches was 25 mV (Vi, = 151 = 25
mV, n = 15) and in 10 uM Ca2", the SD was =10 mV (V,,, =
52 £ 10, n = 10). Midpoints of Q- curves also vary among
oocytes [V1, in the cell-attached mode was 190 + 15mV (n =
19) in nine oocytes].

Acquisition Parameters. Gating and linear capacitive cur-
rents were usually acquired at 8 us per point and filtered at 10
kHz. Ionic currents were usually acquired at 100 us per point.
We selected subtracting holding potentials (SHPs) by first
checking the absence of gating currents at those potentials
(cell-attached mode, SHP =< 0 mV; 85 uM Ca?*, SHP = —100
mV).

Conductance Ratios. Conductance ratios gi/gcs were cal-
culated with gk of 290 pS (single channel conductance in
symmetrical 110 mM K*) (19) and g¢s from variance analysis
(24) (see also Fig. 4). Variance analysis of 128-256 consecutive
current traces from —100 mV to membrane potential (V) =
100-130 mV, in inside-out patches (10 uM and 85 uM Ca?"),
was used to obtain unitary Cs* current (ics). gcs was then
calculated from gcs = [ics/(Vm — Ves)], where Vg = 0 mV. i
was independent of [Ca?*]; and was 70 = 12 fA (n = 5) at 100
mV. Mean gcs = 0.72 = 0.1 pS (n = 7).

Number of Charges per Channel. To evaluate the number of
charges per channel, we measured in the same oocyte, in
different but adjacent areas, the limiting charge movement
(Omax) using TEA-MES (pipette) and the number of channels
(N) with nonstationary variance analysis (24) (see Fig. 4) using
Cs-MES (pipette). To estimate the patches surface, we mea-
sured the membrane capacity (Cn) of each patch, which
allowed us to calculate Qmax and N per unit surface. The main
assumption for this measurement is that channels are homo-
geneously distributed in the oocyte membrane. Channel clus-
tering or inhomogeneities in channel distribution were mini-
mized because we used large patch pipettes; we consistently
obtained similar density values for channels in individual
oocytes. After measuring the Cy, in each patch [using 2 ms
pulses to 10 mV from holding potential (HP) = 0 mV], pulse
protocols were given to measure gating currents to obtain Qmax
or to measure ionic current noise to estimate N. Qnax and N
were then normalized by their corresponding C,, to obtain
Omax™ (Omax/surface) and N* (N/surface). Number of charges
per channel = Qp.* /e~ N* where e~ is the elementary charge
(1.6 X 10~ coulombs).

Statistics. Values are means = SD. Student’s ¢ test was used,;
results were considered significantly different at P < 0.001.

RESULTS AND DISCUSSION

Hslo Gating Currents Precede Ionic Currents. Gating cur-
rents from hslo could be successfully recorded after maximiz-
ing the level of expression and by using large patch pipettes
(15-25 pum). In Fig. 1, we show representative examples of hslo
gating and ionic currents measured in cell-attached patches
using either isotonic Cs* (Fig. 1 B and C) or K* (Fig. 1D).
Because gating currents are much smaller than ionic currents,
the measurement of both ionic and gating currents in patches
of the same oocyte (Figs. 1 B and C, and 2-4), required the use
of a permeant ion with small unitary conductance, Cs*.
Human MaxiK channels (hslo) are permeable to Cs* similar
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Fic. 1. MaxiK (hslo) gating currents. (4) Uninjected oocyte. HP
= —90 mV. In this and the following figures, numbers at the top of
traces indicate the test pulses (TP). P/-4, SHP = —90 mV (Pl-4,
negative pulses of 1/4 test-pulse amplitude from subtracting holding
potential (SHP) used to obtain scaled control currents to digitally
subtract linear capacity and resistive components). K-MES solution.
(B) Cs* and gating currents. Cs-Mes solution. Top traces: HP = 0 mV,
10 ms/—100 mV-TP-100 ms/—100 mV (prepulse-TP-postpulse).
Lower traces: HP = 0 mV, 800 us/—90 mV-TP-50 ms/—90 mV. P/4,
SHP = —120 mV. (C) High-resolution recordings. Acquired at 0.5 us
per point; filtered at 200 kHz. Amplifier, acquisition system, and
software were custom made. HP = 0 mV. SHP = —50 mV, P/-2.
Traces are average of 100 runs. Cs-MES solution. (D) Cole-Moore
effect in hslo (to the left) and in Shaker H4 K* (to the right) channels.
Hslo currents in an HEK-transfected cell. (Inset) Pulse protocol (not
to scale). HP = —100 mV. Traces correspond to 400-us prepulses to
—60, 40, 60, and 80 mV, followed by a constant TP = 150 mV. Pipette
and bath solution were 140 mM K-MES, 10 mM glucose, 10 mM
Hepes, 2 mM MgCl,, pH 7 and pCa 5. Shaker H4 K* (inactivation
removed, A6—46 deletion) currents in oocytes (21). HP = —100 mV.
Traces belong to 800-us prepulses (400 s is illustrated) to —120 mV
to —20 mV every 20 mV followed by a constant TP = 50 mV. Bath
solution was 110 mM K-MES, 2 mM MgCl,, 0.1 mM EGTA, 10 mM
Hepes, pH 7.0. Pipette solution was 110 mM K-MES, 2 mM CaCl,, 10
mM Hepes, pH 7.0. Open arrows mark the onset of the test pulse.
(A-D) Cell-attached mode.

to Shaker K channels; their conductance ratio gk/gcs is about
400 (405 £58,n = 7;8¢cs = 0.72 £ 0.1 pS,n = 7; gk = 290 ps)
(19), which is 4-fold larger than that of Shaker K channels (25).
Thus, the use of Cs* allowed the recording of otherwise
unmeasurable huge ionic currents together with gating cur-
rents. This type of gating and ionic currents were absent in
oocytes not injected with hslo cRNA (Fig. 14). High-
resolution records in Fig. 1C (acquired at 0.5 us per point)
show that gating currents predominantly precede the ionic
current at low activation potentials and that with larger
depolarizations, after the initial component of the gating
current, the onset of ionic currents overlaps the decay of gating
currents. The fact that gating currents precede channel open-
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F1G. 2. Properties of MaxiK gating currents and Ca independence.
(A) Gating currents in cell-attached (=100 nM Ca?*) and in 5 nM
Ca?" (inside-out) in the same patch. HP = 0 mV. 800 us/—90
mV-TP-50 ms/—90 mV. TPs are indicated. P/4, SHP = —90 mV. (B)
ON and OFF charge are equal (Qon = Qorr). Charge values (Q) were
obtained by integrating gating currents during (ON) and after the
pulse (OFF). (C) Normalized voltage-activation curves for gating
currents (Q) (currents in A) and ionic currents (G) in cell-attached
mode and in 5 nM [Ca?"]; from the same oocyte. (Inset) Expanded
region. Qorr was measured. Conductance (G) values were obtained
according to G = Ics/(Vim — V), where Ics is the macroscopic Cs*
current, Vp, is the membrane potential, and Vs is reversal potential for
Cs™ (0 mV). Ics was measured from tail currents as the amplitude of
a single exponential fit from records similar to those shown in Fig. 1B.
For description purposes, data points were fitted to Boltzmann
distributions: X = Xiax/{1 + exp[(V1/, — Vin)zF/RT]}, where X may
be Q or G, other terms have their usual meaning. Fitted values were,
for cell-attached, V1, - ¢ = 147mV,zg = 1.3,and V1, - 0 = 192 mV,
zo = 0.6; and for 5 nM Ca2", Vi, - ¢ = 144 mV, zg = 1.6 and
Vi), - 0 =184 mV, zg = 0.6. Solutions were as follows: bath, Cs-MES;
pipette, for gating currents, TEA-MES, for ionic currents (G—V
curves), Cs-MES.

ing suggests the presence of more than one closed state
through which the channel transits before it opens. Consistent
with this view, the onset of the hslo K* current elicited during
a depolarization can be delayed by hyperpolarizing prepulses
(Fig. 1D). The hyperpolarizing prepulses bring the channel to
deeper closed states (Cole-Moore shift) (26) delaying its
opening. The Cole-Moore shift observed in hslo, however, is
less voltage-dependent than the one present in Shaker K
channels (21) (Fig. 1D). This shallower voltage dependency of
the current delay in hslo may be explained by a smaller
proportion of the total charge carried by the transitions that
precede channel opening (e.g., Fig. 2C).

Characteristics of Gating Currents and the Number of
Charges per Channel in hslo. Gating currents from hslo were
isolated from ionic currents by blocking the latter with external
TEA (cell-attached or inside-out) or by substituting K* for the
nonconducting ion N-methylglucamine (inside-out). The size
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of the gating currents was proportional to the level of func-
tional expression as measured from the ionic current. The
general characteristics of hslo gating currents recorded with
external TEA (Figs. 2 and 3) or with N-methylglucamine are
similar: (i) they are fast transient currents with a decay time
constant at the ON (of a voltage step) of 57 = 10 us (n = 11,
cell-attached, 200 mV) and (if) the amount of charge moved at
the ON (Qon) is equal to the charge measured at the end of
the pulse (Qorr) (Fig. 2B). The number of charges per channel
was 44 = 0.8 (n = 3 cells). This value was obtained by
normalizing both the number of channels (estimated from
variance analysis) (24), and the limiting charge (Omax) per
membrane capacity individually measured in three to six giant
patches of the same cell. This number is smaller than the one
obtained for other voltage-gated ion channels of the S4
superfamily (27, 28). In Shaker K channel, the first four
positive charges in S4 (29, 30) and a negative charge in S2
(glutamate-293) (30) contribute to a gating charge of about 13
charges per channel. Comparing S2 and S4 regions of hslo and
Shaker K channels (11, 31), hslo lacks one of the four critical
positive charges in S4 and the negative charge in S2. In a
simplistic way, our results are consistent with the view that less
charges in these critical S2 and S4 regions result in less gating
charges per channel. Given the differences in the gating
properties of hslo and Shaker K channels reported in this work,
it will be interesting to study the functional role of these or
other residues in hslo.

Gating Charge Moves Between Open States. Coupling be-
tween charge movement and pore opening of MaxiK channels
was analyzed constructing voltage-activation curves of both
gating (Q-V) and ionic (G-V) currents. A comparison of the
properties of the two types of curves is meaningful only if
gating and ionic current measurements are performed in the
same oocyte (Figs. 2 and 3). This is due to the fact that G-V
curves of MaxiK channels measured in different oocytes vary
in their midpoint by about £20 mV, when recorded at constant
[Ca?*]; in either K* (19) or Cs*.

The most striking and unique feature in the coupling
between charge movement and pore opening of MaxiK chan-
nels is that for small depolarizations the O-V curve is negative
to the G-V curve (Fig. 2C Inset) but crosses it near its foot
leading to a O-V curve positive to the G-V curve for larger
depolarized potentials (e.g., Fig. 2C). This result suggests that
upon depolarization little charge movement is needed to reach
the initial open state(s) of the channel, in agreement with the
small Cole-Moore shift (Fig. 1D), and that open-to-open
transitions can carry charge. However, to explain the fast decay
of the gating current with respect to the slow rising phase of the
ionic current, it is necessary to postulate the existence of
distant open to open transitions that are voltage-independent
or that carry a very small amount of charge. The fact that
charge can move along transitions between open states in
MaxiK channels is in marked contrast with other voltage-gated
ion channels, where most of the charge moves before pore
opening (practically no charge moves in the last close to open
transition), giving O—V curves negative to G-V curves (32, 33).

Limiting Gating Charge and Limiting Open Probability Are
Independent of [Ca%*];. We have recently reported that at
“resting” internal Ca’* (as in the cell-attached patches) or
below (=100 nM) depolarization can induce hslo ionic cur-
rents in a Ca?*-independent manner. Half-activation poten-
tials are indistinguishable in the intact cell (cell-attached) at
100 nM, 10 nM, or 3 pM [Ca?"]; (9), suggesting that hslo has
a Ca?"-independent way of gating. In agreement with these
findings, gating currents measured in the same patch in
cell-attached mode (=100 nM Ca?*) were indistinguishable
from gating currents measured in the presence of 5 nM Ca?*
after excision (Fig. 24), as depicted by the superimposed
voltage-activation curves (e.g., Fig. 2C). In three paired ex-
periments, Vi, values were, in the cell-attached mode, 167 =
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FiG. 3. Micromolar Ca?* shifts O-1 and G-V curves. (4 and B) Comparison of O-F and G-V curves in the cell-attached mode and in 85 uM
Ca?" in the same cell. Data points were obtained and fitted as in Fig. 2. Dotted lines mark Vi, values for O-V curves. Fitted values were as follows:
for cell-attached, Vi, - ¢ = 137 mV, zg = 1.4; V1, - o = 180 mV, zq = 0.6; for 85 uM Ca?t, Vi, - ¢ =35mV,zg = 1.5; Vi), - ¢ = 100 mV,
zq = 0.7. (C) Corresponding gating current records in cell-attached mode (=100 nM Ca?") and after excision of the same patch in 85 uM free
Ca?*. SHP = —120 mV. Solutions and pulse paradigms were as in Fig. 2.

18 mV and, in 5 nM CaZ?*, 172 + 11 mV, which do not differ undergoes Ca’*-independent closed-closed transitions that
significantly. Thus, these results strongly suggest that hslo lead to Ca?*-independent channel opening.
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FIG. 4. Limiting amount of charge and maximum open probability are independent of [Ca?"]i. (4) Net charge vs. potential at two [Ca?*] in
the same patch. (B) Cs™ tail current (at —90 mV) vs. potential in cell-attached (=100 nM Ca?") and after excision in 10 uM Ca?*. (C and D)
Nonstationary variance analysis (24). Values were fitted (continuous line) to a2, = Iy —1 2 /N. o2, = variance; I;) = mean current, i = unitary
current; N = number of channels. Fitted values, calculated Pomax and g are as follows: for cell-attached (64 traces), Pomax = 0.8, ics = 0.37 pS, g =
1.4 pS, N = 18,974; for 10 pM Ca?* (256 traces) Pomax = 0.78, ics = 0.058 pS, g = 0.77 pS, N = 2,487. The larger conductance value in the
cell-attached mode for this experiment can be explained by an incomplete exchange of intracellular K* by Cs*, which does not significantly affect
Pomax (Pomax = Imax/iN). (Insets) Cell-attached trace, HP = 0 mV and TP = 250 mV; 10 uM Ca?* trace, HP = 0 mV, prepulse-TP-postpulse
= 2 ms/—100 mV-TP-250 ms/—100 mV, and TP = 100 mV.
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To understand the role of micromolar Ca?" in the coupling
between charge movement and pore opening, we investigated
the effect of micromolar calcium on gating currents. G-} and
O-V curves shifted to more negative potentials after calcium
was raised from “resting” (cell-attached; Fig. 34) to micro-
molar calcium after excision (e.g., 85 uM in Fig. 3B). At 50 mV,
practically no gating current was recorded in the cell-attached
mode, whereas clear gating currents were recorded in 85 uM
Ca?* (Fig. 3C). In paired experiments, V1, values of Q-7
curves shifted from 192 = 18 mV in cell-attached to 135 = 16
mV in 10 uM Ca?* (n = 9) and to 105 + 17 mV in 85 uM Ca?*
(n = 5). It seems therefore that even though Ca?™ is not needed
to trigger the gating machinery or to reach the open state(s)
(Figs. 1 and 2), micromolar amounts of Ca?* promote these
processes by switching the channel conformation to a state
where it requires less voltage to open the gate. Consistent with
this idea, Fig. 4 shows that the amount of charge moved (Fig.
4A4) and the maximum amount of current flow (fig. 4B) are the
same regardless of the [Ca?*]. The mean ratio of charge
moved in the cell-attached mode to charge moved in micro-
molar Ca?* was 0.9 = 0.1 (n = 10). Since Ca?>* does not change
either the single-channel amplitude (i) or the number of
channels (N) in the patch, the experiment in Fig. 4B indicates
that the maximum open probability is reached in both condi-
tions, Ca?"-independent (cell-attached) and Ca?"-modulated
(micromolar Ca?*). To further corroborate this point, we
measured noise fluctuations of ionic currents in cell-attached
and in micromolar Ca?* (Fig. 4 C and D). Maximum open
probability was reached in both cases. Mean values were 0.78 =
0.03 in cell-attached (n = 6),0.76 = 0.04 (n = 4) in 10 uM Ca?*
and 0.78 = 0.03 in 100 pM Ca?* (n = 3).

Our results suggest that MaxiK channels (hslo) can operate
in two ways, a Ca®"-independent mode and a Ca?>*-modulated
mode, and that micromolar Ca2* favors the switch to the
Ca**-modulated mode. In each mode the kinetic and steady-
state properties may be described with a model with several
closed (C) states (at least 10) with voltage-dependent transi-
tions. The last three closed states would be connected in
parallel to open states (O) with relatively slow C = O
voltage-independent transitions. The relatively small Cole-
Moore shift in hslo channel together with the crossing of the
Q-V and G-V curves near their foot points that the charge
carried along the initial C = C transitions is a small percentage
of the total charge. The fact that the Q-1 curve comes positive
to the G-V curve indicates the presence of charged transitions
among open states, which is in agreement with the overlap of
the decay of the gating currents with the onset of the ionic
currents for large depolarizations. In the Ca?*-modulated
mode the equilibrium is shifted toward the open states. A
modal type of gating for the Ca?*-dependent mode has been
recently proposed for the Drosophila MaxiK channel, where
slow fluctuations in open probability with time were observed
(34).

We conclude that MaxiK channels possess an intrinsic
voltage sensor whose activation is obligatory to open hslo
channels and that open transitions also carry charge. Thus,
MaxiK channels are not Ca?*-gated, as previously thought, but
voltage-gated. Micromolar calcium transforms the channel
from a Ca®*-independent mode into a Ca?*-modulated mode
that requires less electrical energy to reach the open states.
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