
A 59 Amino Acid Insertion Increases Ca2+ Sensitivity of rbslo1,a Ca2+-Activated K+

Channel in Renal Epithelia

K. Hanaoka, J.M. Wright, I.B. Cheglakov, T. Morita, W.B. Guggino
The Johns Hopkins University School of Medicine, Department of Physiology, Baltimore, MD 21205, USA

Received: 23 August 1999

Abstract. We previously cloned a MaxiK channel
a-subunit isoform,rbslo1, from rabbit kidney with an
amino acid sequence highly homologous tomslo but
with a 59 amino acid insertion between S8 and S9
(Morita et al., 1997.Am. J. Physiol.273:F615–F624).
rbslo1 activation properties differed substantially from
mslowith much greater Ca2+ sensitivity, half-activation
potential of −49 mV in 1mM Ca2+. We now report
single-channel analysis ofrbslo1 and delA, a construct
produced by removal of the 59 amino acid insertion at
site A. delA is identical tomslofrom upstream of S1 to
downstream of S10 with the exception of 8 amino acids.
Slope of the steady-state Boltzmann voltage activation
curve was 8.1 mV per e-fold change in probability of
opening for bothrbslo1 anddelA. The apparent [Ca2+] i

properties indelA were more likemslobut the voltage-
activation properties remained distinctlyrbslo1. Ca2+

affinity decreased and transmembrane voltage effects on
apparent Ca2+ affinity increased indelA. The differences
betweenrbslo1 and other cloned channels appear to be
localized at insertion site A with both the insertion se-
quence and amino acid substitutions near site A being
important. The steeper activation slope makes the chan-
nel more responsive to small changes in transmembrane
voltage while the insertion sequence makes the channel
functional at physiological low levels of [Ca2+] i.

Key words: Potassium channel — BK channel — Gat-
ing — Single-channel recording

Introduction

Large conductance (maxi), Ca2+-activated K+ channels
are expressed in several nephron segments (Guggino et

al., 1987; Merot et al., 1989; Ling, Hinton & Eaton,
1991; Morita et al., 1997). However, the role of Ca2+-
activated K+ channels in renal function is still unre-
solved. We have shown in cultured kidney cells that
forskolin and ADH can activate Ca2+-activated K+ chan-
nels probably via phosphorylation of the channel protein
(Guggino et al., 1985). This suggests that under some
stimulated conditions Ca2+-activated K+ channels may
indeed play a role in transcellular transport. Two sub-
units of maxi K+ channels have been cloned (Butler et
al., 1993; Knaus et al., 1994). Thea subunit is the func-
tional unit that is inhibited by iberiotoxin (IBTX). Theb
subunit does not produce any current when it is ex-
pressed inXenopusoocytes. However, co-expression of
the a andb subunits inXenopusoocytes produces cur-
rents with increased Ca2+- and voltage-sensitivity, com-
pared with the current produced by expression ofa sub-
unit alone (seeMcManus et al. (1995) for a discussion).
Although maxi K+ channels are known to exist in several
nephron segments, the distribution and the abundance of
these channels at protein level in each cell type has not
been reported nor has the cellular localization been es-
tablished.

We previously cloned and reported a MaxiK channel
a-subunit isoform,rbslo1, from rabbit medullary thick
ascending limb cell line (mTAL cell) (Morita et al.,
1997). The amino acid sequence ofrbslo1 is highly ho-
mologous to MaxiK channels cloned from other species
such asmslo, hslo,andcslo. Sequences betweenrbslo1
and hslo1 are very similar except for an additional 44
amino acid group at the C-terminal and alternative splic-
ing site A (Morita et al., 1997). At site A (seeFig. 1A),
rbslo1has a sequence of 59 amino acids which differs by
8 amino acids from an insertion found at the same site in
rat PC-12 cells (Fig. 1B) (Saito et al., 1997).

We have used two expression systems (Xenopusoo-
cytes and CHO cells) to characterize the channels. The
unique feature ofrbslo1 is greatly enhanced Ca2+- andCorrespondence to:W.B. Guggino
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voltage sensitivities compared to previously cloneda
subunits. For example, the membrane potential to
achieve a half-maximal conductance (V1/2) for rbslo1
expressed in CHO cells is 61 mV at 0.1mM Ca2+ and −33
mV at 1mM Ca2+ in symmetrical 150 mM [K+]. In com-
parison, for thehslo channel (hbr5),V1/2 at 2.4 mM

[Ca2+] i with symmetrical 110 mM [K+] is about 0 mV
(Tseng-Crank et al., 1994) much more positive than what
we observed for therbslo1 channel (seeMorita et al.,
1997). This raised the intriguing possibility that splice
variants of Ca2+-activated K+ channels with enhanced
Ca2+-sensitivity do play a role in distal tubule K+ trans-
port under normal circumstances and in disease states.

Because other studies indicated that alternative
splicing at site A modified channel sensitivity to [Ca2+] i

(Lagrutta et al., 1994; Saito et al., 1997; Xie & McCobb,
1998), we hypothesized that the insertion sequence at site
A altered the Ca2+ sensitivity of rbslo1. Therefore we
created a mutation,delA,where the 59 amino acids from
site A were removed (Fig. 1). Our results indicated that
deletion of the 59 amino acid sequence at site A resulted
in functional changes in the sensitivity to [Ca2+] i.

Materials and Methods

EXPRESSION INCHO CELLS

rbslo1 cloned from cDNA library of rabbit medullary thick ascending
limb cell line (mTAL cells) was expressed in mammalian cells using
pGFP-N1 vector (Clontech, Palo Alto, CA) (Morita et al., 1997). In
brief, XbaI restriction site was created in place of NdeI restriction site
after stop codon ofrbslo1. SalI and XbaI were used to cut out the
fragment of cDNA coding for GFP protein, then cDNA coding for
rbslo1 was introduced into the vector. Deletion mutant,delA, was

made by a protocol previously described (Devidas, Yue & Guggino,
1998). rbslo1 and delA plasmid DNAs were prepared by cesium tri-
fluoroacetate centrifugation method.

Chinese hamster ovary–K1 cells (CHO cells) were obtained from
American Type Culture Collection (Rockville, MD) and grown in a
culture flask containing: 90% Ham’s F-12 medium (Mediatech, Hern-
don, VA) and 10% fetal bovine serum (Hyclone, Logan, UT). Cells
were replated on glass coverslips (Belleco Glass, Vineland, NJ) 24 hr
before transfection. Calcium phosphate precipitation method was em-
ployed to transfect plasmids into CHO cells. An expression construct
containing the murine T-lymphocyte-specific surface protein CD4, was
cotransfected (Morita et al., 1997) and cells expressing CD4 were
identified by attachment of CD4 antibody-coated beads (Dynail, Lake
Success, NY). Ca2+- and voltage-activated K+ currents were found in
95% of cells with attached CD4 antibody-coated beads.rbslo1or delA
currents were recorded in 24–72 hr after transfection only from cells
with attached beads.

ELECTROPHYSIOLOGY

Single-channel recordings from inside-out patches were performed as
described by Hamill et al. (1981) using an EPC-7 patch-clamp ampli-
fier (List Electronic, Darmstadt, Germany) with pClamp version 6.0.2
software (Axon Instruments, Foster City, CA). Patch pipettes were
pulled from borosilicate glass (15–20MV; WPI, Sarasota, FL), coated
with Sylgardt and fire-polished. Recordings were initially filtered at
10 kHz through the low-pass Bessel filter in the EPC–7 amplifier,
digitized and recorded on videotape (VR-10B, Instrutech, Great Neck,
NY). Data were replayed and refiltered through an 8-pole low-pass
Bessel filter at 1 kHz (Model 902, Frequency Devices, Haverhill, MA),
digitized at 5 kHz (ISC-16, RC Electronics, Goleta, CA) for analysis.

The pipette (extracellular) solution contained (in mM): 150 KCl,
1 MgCl2, 10 HEPES, and 1 EGTA (pH 7.4); 118mM CaCl2 was added
to bring the free Ca2+ to 10−8 M as calculated by the program Bound and
Determined (Brooks & Storey, 1992). The bath solution contained (in
mM): 150 KCl, 1 MgCl2, 10 HEPES, and 1 EGTA (pH 7.4). The free
Ca2+ concentration was adjusted by adding CaCl2. A Ca2+-selective
electrode sensitive to 0.1mM free Ca2+ (Okada, Hazama & Oiki, 1988)

Fig. 1. (A) Schematic drawing of the MaxiK channela-subunit from rabbit kidney (rbslo1) and the deletion mutation (delA) used in these
experiments. The hydrophobic segments (S0–S10) and pore-forming loop (H5) are indicated with filled boxed. The 59 amino acid sequence shown
in rbslo1was deleted to producedelA. The location of alternative splicing site A (m) is indicated indelA. Hydrophobic regions drawn and numbered
after Wallner, Meera & Toro (1996) and Meera et al. (1997). (B) Insertion sequence data (underlined) comparingrbslo1with rslo from PC-12 cells
anddelA with mslo.

194 K. Hanaoka et al.: MaxiK Channela-Subunit Insertion



was manufactured and calibrated against reference solutions (WPI,
Sarasota, FL) to check free Ca2+ concentration of the solutions. A
multibarrel perfusion system was used to quickly change bath solu-
tions. Experiments were performed at room temperature (23–26°C).

DATA ANALYSIS

Data analysis was done using software previously described (Wright,
Kline & Nowak, 1991). In brief, threshold of channel opening was set
at 50% of the unit single-channel current. Mean open time was ob-
tained from an open-time histogram constructed from an event list.
Burst analysis was done only on recordings that had a clear separation
between short and long closed time; bursts were defined as described
by Colquhoun and Sakmann (1985). Open-, closed- and burst-time
data were fitted by maximum likelihood method before binning as
described by Colquhoun and Sigworth (1995). Most experiments were
performed on patches containing a single MaxiK channel. Patches con-
taining 2 or 3 channels were used only for open probability (Po) and
mean open-time analysis. ALLFIT (DeLean, Munson & Rodbard,
1978) was used for evaluating concentration-response curves by simul-
taneous fitting of the data set. The Excel statistical package was used
for t-tests. Boltzmann function model fitting was done in Origin (Mi-
croCal, Andover, MA). Data are reported as mean ±SEM; differences
are regarded as significant forP < 0.05.

Results

SINGLE-CHANNEL PROPERTIES OFrbslo1 AND delA

This is the first detailed report on the activation proper-
ties of rbslo1 anddelA produced by analysis of single-
channel properties of the channels. Figure 2 shows rep-
resentative recordings ofrbslo1 and delA in 1 mM of
[Ca2+] i, at different holding voltages. In 0.3 to 1mM

[Ca2+] i the single-channel conductance ofrbslo1 (245.3
± 4.2 pS,n 4 6) was not significantly different from
delA (248.3 ± 5.6 pS,n 4 7; Fig. 2B).

Changes in mean open time, burst duration and
number of events per burst at different membrane poten-
tials are shown in Fig. 3. All of the data were recorded
at 1mM [Ca2+] i. Typical of Ca2+-activated K+ channels,
the mean open time, burst duration and number of events
per burst ofrbslo1(filled circles) increases as transmem-
brane voltage becomes more positive (Fig. 3A–C). This
is consistent with previous data that Ca2+-activated K+

channels have a sensor that detects transmembrane volt-
age (Cui, Cox & Aldrich, 1997). Similar torbslo1, the
mean open time, burst duration and number of events per
burst fordelA (open circles) also increases as transmem-
brane voltage becomes more positive (Fig. 3A–C). In
contrast, however, thedelA(open circles) channel had an
almost parallel shift to the right in all of the parameters
measured (Fig. 3A–C). Compared torbslo, delA, re-
quires more positive voltages for activation to occur.

To determine how thedelAconstruct affects channel
gating kinetics, we plotted the mean open time, burst
duration and number of events per burst against thePo

among patches at the same holding potential (Fig. 3D–
F). The data show that at equivalent values ofPo for
rbslo1anddelA there is no difference between the chan-
nels in mean open time, burst duration and number of
events per burst. Thus, although it takes more positive
voltages fordelAto achieve the same open probability as
rbslo1,oncedelAachieves the same open probability, as
rbslo1 there is no difference in channel behavior.

Looking at the individual parameters more closely,
it is evident that burst duration ofrbslo1 and delA in-
creased fourfold from 5.7 msec to 23.2 msec asPo

changed eightfold from 0.1 to 0.8 (Fig. 3E). An increase
in mean open time as well as number of openings per
burst contributed to extend burst duration at depolarized
membrane potentials.

Closed times were fit with two exponential compo-
nents in a wide range ofPo (data not shown). The closed

Fig. 2. Single-channel conductanceI–V plot. (A) Single channel cur-
rents fromrbslo1anddelA recorded in the presence of 1mM [Ca2+] i at
−60, −30, +30 and +60 mV membrane potential. Channel open and
closed states are indicated as O and C, respectively. (B) Single-channel
conductances were 245.3 ± 4.2 pS (n 4 6) for rbslo1and 248.3 ± 5.6
pS (n 4 7) for delA. Filled and open circles indicate mean current
amplitude at each membrane potential forrbslo1anddelArespectively.
Bars indicateSEM.

195K. Hanaoka et al.: MaxiK Channela-Subunit Insertion



time of the interburst interval decreased asPo increased.
Within the burst, closed times did not significantly
change with voltage orPo (0.46 ± 0.06 msec at −80 mV,
n 4 3; 0.39 ± 0.05 msec at −60 mV,n 4 3; and 0.42 ±
0.03 msec at −40 mV,n 4 5 for rbslo1). And, there was
no significant difference in short closed times between
rbslo1 and delA (0.44 ± 0.03 msec,n 4 21 vs. 0.46 ±
0.05 msec,n 4 35). Analysis of closed times was con-
sistent with the finding that changes in interburst interval
a major factor in the changesPo induced by changes in
transmembrane voltage.

VOLTAGE-DEPENDENT ACTIVATION OF rbslo1 AND delA

The voltage-dependent behavior of open probability (Po)
was modeled with the Boltzmann function:

Po 4 1/[1 + exp−(V−V1/2)zF/RT], (1)

whereV1/2 is the membrane potential at which half of
channel activation is observed;F, V, RandT have their
usual thermodynamic meanings. The amount of charge
moving between opposite sides of the membrane is the
gating charge,z,and governs the change inPo with volt-
age.

Steady-state voltage-activation curves were well fit
by a single Boltzmann at all tested [Ca2+] i (Fig. 4). Gat-
ing charge was not significantly different between
rbslo1(2.91 ± 0.41;n 4 6) anddelA(2.98 ± 0.2n 4 7)
in 1 mM [Ca2+] i. Fromz,we calculated the e-fold change
of Po against membrane potential forrbslo1as 8.1 ± 0.8
mV (n 4 6) and 8.9 ± 1.1 mV (n 4 7) for delA. Hence,
there was no indication that insertion of 59 amino acids

Fig. 3. Single-channel gating properties plotted as a function of voltage (A, B, C) andPo (D, E, F). Variability of Po in individual patches contributed
to variability of measurements for mean open time (A), burst duration (B), and number of events per burst (C). Despite differences in activation
threshold voltages, mean open time (D), burst duration (E) and number of openings per burst (F) were unaffected indelAwhen plotted as a function
of Po. Data were recorded in the presence of 1mM Ca2+. Filled circles arerbslo1 and open circles aredelA. Each point represents the mean of at
least 3 patches and bars indicateSEM in A, B, C.Individual data points shown inD, E, F.
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at site A ofrbslo1had direct influence on the response of
the voltage sensor to changes in voltage.

EFFECTSCa2+ ACTIVATION

Although the slopes of the activation curves were un-
changed, there were two substantial differences inV1/2
betweenrbslo1 anddelA. First, rbslo1 was much more
sensitive to [Ca2+] i than delA with a V1/2 in 0.3 mM of
39.7 ± 4.3 mV forrbslo1 and 60.6 ± 2.6 mV fordelA
(Figs. 4 and 5). Second, when theV1/2 for the two clones

was graphed against [Ca2+] i, it was apparent that the shift
was not parallel over the ranges of [Ca2+] i tested (Fig. 5).
When [Ca2+] i was increased from 0.3 to 1mM, rbslo1
V1/2 shifted almost 90 mV to −49.3 ± 3.5 mV (Fig. 5).
Yet, for the same [Ca2+] i change,V1/2 for delA changed
less than 60 mV to 1.2 ± 6.1 mV (Fig. 5).

There were no indications of changes in the volt-
age sensor or single-channel properties, yet there were
significant differences inV1/2 at the same [Ca2+] i.
Therefore, we next examined the effects of the deletion
on apparent [Ca2+] i affinity using the Hill equation:

Po 4 1/(1 + (Kd/[Ca2+] i)
n) (2)

wheren is the Hill coefficient, andKd is the apparent
Ca2+ dissociation constant.

The Hill coefficient (nH) is often used to estimate the
minimum number of bound Ca2+ required to fully acti-
vate the channels and is highly dependent upon the de-
gree of cooperativity among binding sites in producing a
measurable effect (McManus & Magleby, 1991; Cui et
al., 1997). The relationship between [Ca2+] i andPo for
rbslo1anddelA is plotted in Fig. 6A andB respectively,
where continuous lines indicate the fit with the Hill equa-
tion. The nH for individually fitted rbslo1 data sets
ranged from 4.9 to 6.6 (Table). Immediately apparent is
the difference between thenH in each data set and the
change innH with voltage in thedelAprotein. The fam-
ily of concentration-response curves forrbslo1could be
fit using annH of 5.7 ± 0.4 at all voltages without sig-
nificantly degrading the goodness of fit (P > 0.84).
There was considerable variability fordelA(Table) and a
substantial reduction innH at more negative holding po-
tentials. ThedelA family of curves could not be fit with
a singlenH (P < 0.01).

Fig. 4. Boltzmann fitting of steady-state voltage-dependent channel
activation data.rbslo1 (A) activated at more negative potentials than
delA(B). Tested [Ca2+] i were 1mM (circle), 0.65mM (diamond) and 0.3
mM (upper triangle). Continuous curves are best fits of Boltzmann
functions. Each data point was the average of at least 3 experiments;
bars indicateSEM.

Fig. 5. V1/2 vs. [Ca2+] i. The shift in the membrane potential at which
half-maximal channel activation occurred was not parallel. Filled
circles arerbslo1, open circles aredelA. Bars indicateSEM. Data are
from Boltzmann fittings shown in Fig. 4.
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Discussion

rbslo1has a 59 amino acid insertion created by alternate
splicing at site A and has single-channel properties with
two major functional differences when compared with
other cloned MaxiK channels.rbslo1 exhibits a much
greater sensitivity to [Ca2+] i and has a much steeper Bolt-
zmann voltage activation curve than clones not having
the insertion. Clones not having the insertion have been

studied in a variety of expression systems and recording
configurations. Despite the differences in experimental
conditions, there is little variation in results. For ex-
ample, the Ca2+ sensitivity and voltage-dependent acti-
vation of MaxiK channel clones have been studied in
macropatches pulled fromXenopusoocytes expressing
mslo (Cui et al., 1997);hslo (Tseng-Crank et al., 1994;
McCobb et al., 1995), orrslo (Saito et al., 1997; Xie &
McCobb, 1998). In the oocyte expression system,mslo
results are consistent whether using single-channel (But-
ler et al., 1993) or macropatch (Cui et al., 1997) con-
figurations. While it is possible our mammalian cell ex-
pression system is partially responsible for some of the
altered dynamic characteristic ofrbslo1, the voltage-
activation characteristics ofhslo1.1are the same whether
expressed in CHO cells or oocytes (McCobb et al.,
1995). Also, MaxiK channels in rat muscle behave
much like mslo, with the native rat channel having a
[Ca2+] i affinity of 9 to 14 mM (McManus & Magleby,
1991).

Because of substantial difficulty in controlling and
measuring [Ca2+] i in an intact cell, only recently has
there been an in depth study of Ca2+ sensitivity andnH

from on-cell patches of intact mammalian cells (Mun˜oz,
Garcia & Guerrero-Hernandez, 1998). By combining
fura-2 imaging, single-channel recording, and ionomy-
cin-induced changes in [Ca2+] i, Muñoz et al. (1998) were
able to document MaxiK channels with a 10-fold greater
sensitivity thanmslo to [Ca2+] i, andnH with more than
double the typicalmslovalues. In an excised patch, our
cloned rabbit MaxiK channel with the insertion se-
quence, has [Ca2+] i sensitivity andnH values similar to
those reported by Mun˜oz et al. (1998) for intact cell
recordings. Removal of the insertion created a channel,
delA,with properties more like those previously reported
for MaxiK channels studied in excised patches.

The steepness of the Boltzmann activation curve is
not related to the insertion because bothrbslo1anddelA
have the same slope of 8.1 ± 0.8 mV per e-fold change
in Po. The closest value reported is from single-channel
recordings of native MaxiK channels in cultured rat cells

Fig. 6. Concentration-response curves ofPo vs. [Ca2+] i for rbslo1and
delA. The relationshipPo for rbslo1 (A) anddelA (B) vs. [Ca2+] i was
plotted for six different membrane potentials on semi-logarithmic co-
ordinates. Results indicated a reduction in the apparent Ca2+ binding
affinity for delA. Changes in slope do not account for the differences in
Kd. Values are listed in the Table. The membrane potentials tested
were: −20 mV (square), −10 mV (circle), 10 mV (up triangle), 20 mV
(down triangle), 30 mV (diamond), and 40 mV (star). Continuous lines
are Hill equation fits.

Table. Hill coefficient (nH) andKd

Vm† rbslo1 delA

Kd (mM) nH Kd (mM) nH

−20 mV 0.75 ± <0.01* 6.58 ± 0.02 2.14 ± 0.09 2.32 ± 0.17
−10 mV 0.60 ± 0.02 4.95 ± 0.8 1.58 ± 0.04 2.30 ± 0.08
10 mV 0.49 ± 0.02 6.07 ± 0.92 0.88 ± 0.03 4.94 ± 0.69
20 mV 0.43 ± 0.02 6.09 ± 0.06 0.71 ± <0.01 3.6 ± 0.27
30 mV 0.35 ± 0.01 5.71 ± 1.12 0.52 ± 0.04 4.45 ± 1.2
40 mV 0.32 ± 0.01 5.59 ± 2.04 0.45 ± 0.02 5.06 ± 0.44

* Values given as mean ±SEM.
† Transmembrane potential.
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with an e-fold change inPo for 12 mV increment (Roth-
berg & Magleby, 1999). In expressed clones, the slope
of the activation curve was 17 mV per e-fold change in
rslo (Xie & McCobb, 1998) and∼15 mV per e-fold
change formslo (Butler et al., 1993; Cui et al., 1997).
Although the rbslo1 Po sensitivity to voltage is about
double the previously reported values of other clones and
greater than values reported for native channels, this is
well within the upper limit of∼4 mV per e-fold change
estimated by Cui et al. (1997). The reduced steepness of
the mslovoltage-activation curve compared withrbslo1
would be consistent withmslo having fewer positive
charges in the S4 segment (Hille, 1992). Yet, therbslo1
S4 region is identical with themslo S4 region. Hence,
differences in voltage-dependent gating must be due to
changes outside the voltage sensor region and indepen-
dent of the insertion. Given the very high homology of
rbslo1 andmslo(Morita et al., 1997), the critical differ-
ences are likely to lie in the 8 amino acid substitutions
near site A.

The difference inV1/2 betweenrbslo1 and other
clones was substantial and modulated by the insertion.
At 1 mM [Ca2+] i, rbslo1 V1/2 was −49 mV, a difference of
almost 130 mV from therslo V1/2 of +80 mV at the same
concentration (Saito et al., 1997). Removal of the inser-
tion lessened [Ca2+] i sensitivity withdelAhavingV1/2 of
−2 mV in 1 mM [Ca2+] i. Because of the large difference
in sensitivity to [Ca2+] i, studies of other clones have
usually been conducted at the higher [Ca2+] i of 10 mM.
Even in higher [Ca2+] i, theirV1/2 values did not approach
the values forrbslo1. V1/2 for mslowas reported as 23.4
mV (Butler et al., 1993) to 29.9 (Cui et al., 1997);V1/2

for rslo was reported in the range of −2.3 (Xie & Mc-
Cobb, 1998) to −10 (Saito et al., 1997);hslo V1/2 was 12
mV (Wallner et al., 1996). A shift inV1/2 has previously
been reported for variety of insertions at site A. A 29
amino acid insertion in human atrial smooth muscle
MaxiK channels results in a 10-fold higher sensitivity to
[Ca2+] i (McCobb et al., 1995). Saito et al. (1997) found
that the 59 amino acid insertion at site A inrslo from
PC-12 cells increased [Ca2+] i sensitivity and shifted the
activation curves 20 mV leftward. This insertion se-
quence from PC12 cells differs by only 8 amino acids
from therbslo1 insertion (Fig. 1B) yet, produced a much
less pronounced shift inV1/2.

The MaxiKb-subunit is also capable of shiftingV1/2

100 mV when co-expressed withrslo (Meera et al.,
1997). rbslo1 has the 41 amino acid sequence at theN
terminus necessary forb-subunit regulation of Ca2+ ac-
tivation. It is possible but very unlikely that the insertion
interacts with the N-terminal modulatory site because
there is no sequence homology between theb-subunit
and the insertion sequence. In addition to the shift in
V1/2, rbslo1was extremely sensitive to changes in [Ca2+] i

with a shift of almost 90 mV for a 3-fold increase in

[Ca2+] i from 0.3 to 1mM. In delA, the shift inV1/2 was
reduced to 60 mV for the same 3-fold change. In con-
trastmslo V1/2 shifted only 42 mV for a 10-fold change
in [Ca2+] i (Butler et al., 1993). AlthoughdelAwas more
like mslo in that it was less sensitive to [Ca2+] i manipu-
lations thanrbslo1, there were still substantial differ-
ences between it andmslo. Again indicating that small
differences in the highly homologous proteins were im-
portant in regulation of [Ca2+] i response.

MaxiK channel a-subunits form homotetrameric
channels (Shen et al., 1994) and are modeled with four
Ca2+ binding sites, one on each subunit (Cox, Cui &
Aldrich, 1997). However, Schreiber and Salkoff (1997)
have reported evidence for 2 Ca2+ binding domains in
each subunit. The reportednH in both native and cloned
MaxiK channels have generally ranged from 2 to 3 (Bar-
rett, Magleby & Pallotta, 1982; Cornejo, Guggino &
Guggino, 1987; Oberhauser, Alvarez & Latorre, 1988;
McManus & Magleby, 1991; McManus, 1991; Cui et al.,
1997). Muñoz et al. (1998) recently reported annH of 8
from cell attached patches of guinea pig smooth muscle
and aKd of 1 mM [Ca2+] i. One suggested mechanism to
account for observed differences between the intact cell
and other studies was the loss of regulation by cytoplas-
mic proteins in the native cell (Mun˜oz et al., 1998). The
highnH we report forrbslo1and the reduction in thedelA
form strongly suggests that the insertion plays a role in
the Ca2+ sensitivity of the voltage sensor.

In native channels from rat skeletal muscle addition
of 10 mM Mg2+ to the cytoplasmic surface increased
Ca2+ affinity and thenH increased from 2 to 4.5 (Golo-
wasch, Kirkwood & Miller, 1986). Other divalent cat-
ions, Co2+, Mn2+, Ni2+, Cd2+, also increased Ca2+ affin-
ity and increasednH when applied to the cytoplasmic
surface (Oberhauser et al., 1988). The increased coop-
erativity was thought to be due to binding of modulatory
sites on the protein because surface charge screening
effects would affect the apparent Ca2+ binding but not
changenH (Oberhauser et al., 1988). Saito et al., (1997)
demonstrated that even though an insertion at site A
shifted activation by 20–30 mV, addition of Mg2+ shifted
V1/2 an additional 60 mV. This implies that the Mg2+ and
the insertion act at different sites, but it is possible that
their insertion had lower efficacy than Mg2+ at a single
modulatory site. Thus one possibility is that the differ-
ences inrbslo1 occur at the Mg2+ regulatory site.

In summary, the splice variant,rbslo1 is highly ho-
mologous with other clonedslo channels yet exhibits
profound differences in activation characteristics when
compared to clones expressed in other experimental sys-
tems such asXenopusoocytes (Butler et al., 1993; Mc-
Cobb et al., 1995; Cui et al., 1997; Saito et al., 1997; Xie
& McCobb, 1998). Ca2+ affinity and nH for rbslo1 in
excised patch are very similar to values reported from
cell attached recordings of native channels in guinea pig
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smooth muscle (Mun˜oz et al., 1998). The channel gating
exhibited by delA is similar to that of other cloned
MaxiK channels recorded from a variety of expression
systems and recording configurations. The differences
betweenrbslo1 and other cloned channels appear to be
localized at insertion site A with both the insertion se-
quence and amino acid substitutions near site A being
important. The insertion plays a critical role in channel
function by allowing the channel to activate at very low
[Ca2+] i while the steep activation curve increases the
channel responsiveness to small membrane depolariza-
tion. Identification ofrbslo1 which has a much higher
Ca2+ sensitivity and is more active at negative membrane
voltages raises the possibility that splice variants of
Ca2+-activated K+ channels expressed in kidney do play
a role in renal K+ transport.

This work was supported by National Institutes of Health grant DK-
32753.
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