that cannot deactivate themselves, such as
G protein By subunits. It has been argued
that the effects of By on cardiac K* chan-
nels (20) and phospholipase C-B occur at
high, physiologically irrelevant concentra-
tions when compared with the effects of
GTP-y-S-G,,. Half-maximal stimulation of
phospholipase C- by GTP-y-S-G,,, occurs
at concentrations of approximately 300
pM. It is estimated that phospholipase C-8
increases the k_,, for hydrolysis of GTP by
G, approximately 100-fold to a value
greater than 80 min~! (18). These values
(on the assumption that k, = 10° M™!
min~") yield a K 5, greater than 80 nM,
which is similar to the concentration of By
required to activate phospholipase C-B.
Thus, the necessary concentrations of
GTP-G, and By may be comparable. (iv)
High values of K s, (compared to the low
values of K, obtained with GTP-y-S-G_)
are consistent with the high concentrations
of G,,, and in particular G, found in
many cells. We suggest that the affinities of
activated G, for its effectors are low, that
these effectors are GAPs, or that both of
these conditions exist.
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mSlo, a Complex Mouse Gene Encoding ‘‘Maxi’’
Calcium-Activated Potassium Channels

Alice Butler, Susan Tsunoda, David P. McCobb, Aguan Wei,
Lawrence Salkoff*

Complementary DNAs (cDNAs) from mSio, a gene encoding calcium-activated potassium
channels, were isolated from mouse brain and skeletal muscle, sequenced, and expressed
in Xenopus oocytes. The mSlo-encoded channel resembled “maxi” or BK (high conduc-
tance) channel types; single channel conductance was 272 picosiemens with symmetrical
potassium concentrations. Whole cell and single channel currents were blocked by charyb-
dotoxin, iberiotoxin, and tetraethylammonium ion. A large number of variant mSlo cDNAs
were isolated, indicating that several diverse mammalian BK channel types are produced

by a single gene.

Calcium-dependent K* channels [K(Ca)
channels] are associated with a broad spec-
trum of cell physiology, including bursting
in neurons (1), secretion in endocrine and
exocrine cells (2), contraction in muscle
cells (3), activation of T cells (4), and the
regulation of myogenic tone in arterial
smooth muscle (5). Although all K(Ca)
channels are dependent on Ca?* for their
activation, some are synergistically activat-
ed by voltage and Ca®*, whereas others are
insensitive to voltage (6). K(Ca) channels
from different cells vary widely in their
conductance, regulation, and sensitivity to
Ca’* and voltage. This diversity may reflect
the existence of a multigene family encod-
ing homologous channel proteins or a
mechanism such as alternative RNA splic-
ing that produces variant channels from a
single gene. Both mechanisms generate the
diversity of purely voltage-dependent K*
channels (7). We show here that in the
mouse, many variant K(Ca) channel pep-
tides are produced by a single gene.

The Drosophila slo gene (8—10) encodes

A. Butler, S. Tsunoda, D. P. McCobb, A. Wei, Depart-
ment of Anatomy and Neurobiology, Washington Uni-
versity School of Medicine, St. Louis, MO 63110.

L. Salkoff, Department of Anatomy and Neurobiology
and Department of Genetics, Washington University
School of Medicine, St. Louis, MO 63110.

*To whom correspondence should be addressed.

SCIENCE ¢ VOL. 261 * 9JULY 1993

K(Ca) channels present in both neurons
(11) and muscle (8, 12). To isolate a mam-
malian homolog of slo, we first isolated a
Drosophila slo cDNA. Polymerase chain re-
action primers based on published sequence
(9) were used to amplify slo gene fragments
directly from genomic DNA. Two ~200-
base pair (bp) fragments representing either
end of hydrophobic segments S1 to S6 (Fig.
1A) were generated and used as hybridiza-
tion probes to isolate a slo cDNA contain-
ing a large portion of the coding region. A
1300-bp fragment spanning the S1 to S6
region was then used as a probe for hybrid-
ization to a mouse brain cDNA library (Clon-
tech, Palo Alto, California) under low strin-
gency conditions (13). Clone mbrl was found
to contain a single open reading frame
encoding a peptide homologous to the
Drosophila slo protein from amino acid 96
to 448 (Fig. 1C). The mbrl clone was then
used as a hybridization probe for the iso-
lation of mSlo ¢cDNAs from both mouse
brain and skeletal muscle cDNA libraries.

The deduced translation product of mSlo
(mSlo) displays extensive sequence conser-
vation with the Drosophila slo protein (Fig.
1). Similar to slo, as well as the extended
family of voltage-dependent K* channels
(7), mSlo contains six hydrophobic seg-
ments (S1 to S6; Fig. 1) that are presumed
to span the membrane and surround the pore
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(Fig. 1, B and C). Of potential importance,
the mSlo and slo peptides share four addi-
tional conserved hydrophobic segments not
found in purely voltage-dependent channels
(S7 to S10; Fig. 1, B and C). Indeed, S10
and an adjacent region are the most con-
served segments of the protein. Segments S7
to S10 may be membrane-spanning seg-
ments or intramembrane structures that en-
ter and exit the membrane on a single face.

>230 aa
29
g Mouse slo (mSlo)
A(4)
S1t0 56 | } IV
) A \
! B(2) !
1 0 \
' 26aa '
t \
1 v
1 1
: ‘\
[ IESETE| Atl;il“* -
A
_ @ ®)
100 aa Drosophila slo
300 bp

mSio (mbr8)

s7 S8

8384 P
40 S s2 S5 S6

100 200 300 400 500 600 700 800 900 1000 1100 1200
Amino acid number
Fig. 1. (A) Organization of mSlo cDNAs showing alternative splice sites
A and B and variant 5’ ends. The number of alternative exons at A and
B is indicated in parentheses, and the numbers above and below
indicate the size of each. Abbreviations: M1, initiator Met common to
several variant cDNAs that have a closed upstream reading frame; M,
possible initiator Met; mbr, mouse brain origin; msm, mouse skeletal
muscle. Open boxes, conserved (>60% amino acid identity) region;
filled boxes, nonconserved translated region; cross-hatching, untrans-
lated region; horizontal hatching, polyserine. (B) Hydrophilicity profiles of
mouse and Drosophila slo proteins. The profiles were computed with a
window size of 19 amino acids (23). Negative (downward) index values
indicate hydrophobic groups, and positive values indicate hydrophilic
groups. Ten conserved hydrophobic segments (S1 to S10) are indicated
as filled areas. Splice junction A is at the right boundary of S8. P, putative
pore region. (C) Deduced amino acid sequence of mSlo (upper se-
quence) and alignment with Drosophila slo (24). ldentical residues are
shaded. Proposed membrane-spanning regions are underlined and
designated S1 to S6. Additional hydrophobic regions with uncertain
topology are underlined and designated S7 to S10. M1 is the initiator Met
for mbr5. "PORE” indicates the putative pore region. Box at circled “A”
indicates a three-residue alternative exon at splice junction A. Circled “B”
indicates an additional site of alternative splicing. Both expressed
cDNAs, mbr8 and mbr5, were incomplete at their 3’ termini; expression
constructs were made with the mbr3 COOH-terminus. Nucleotide se-
quence of cDNAs reported in this paper have been deposited in GenBank
under the accession number L16912. Single-letter abbreviations for
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Alternatively, these segments may consti-
tute the hydrophobic interior of protein
structure on either side of the membrane.
The mSlo protein (Fig. 1C, mbr8) is
1196 amino acids long, approximately
twice the length of voltage-dependent K*
channels (7). The additional length is at
the COOH-terminus, which includes S7 to
S10. The mSlo and slo peptides show
>60% amino acid identity over two regions
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spanning a total of 997 amino acids (Fig.
1). Conservation of the first region, S1 to
S8, abruptly terminates at a precisely con-
served RNA splice junction (splice junc-
tion A; Fig. 1, A and C). The adjacent
nonconserved region had been predicted to
encode a calcium binding loop (EF-hand)
of the type present in calmodulin (9).
However, the EF-hand motif is not present
here or elsewhere in mSlo. The second
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S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
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conserved region, encompassing S9 to S10,
terminates ~110 residues before the
COOH-terminus of mSlo.

The mSlo transcripts are alternatively
spliced. One splice site (A; Fig. 1, A and
C) is conserved in Drosophila slo (9, 10) and
is a major point of variation in both species.
Four alternative exons have been identified
in mSlo cDNAs. In contrast to Drosophila
slo transcripts, mSlo transcripts appear to
show extensive 5 sequence variation. We
isolated nine variant mSlo cDNAs with 5’
ends that diverged within a region encoding
polyserine upstream from residue 22 (Fig.
1C). Of ten randomly selected cDNAs (six
from brain, four from muscle), nine had
unique 5’ sequences; one muscle cDNA

Fig. 2. (A) Current-voltage relation of patches in
symmetrical [K*] (100 pM Ca?*) (25). Voltage
was ramped from —80 mV to +80 mV over 500
ms. Superimposed on the ramp are data points
that represent average single-channel ampli-
tudes from two to five patches. Standard devi-
ations are as indicated. A line fit by linear
regression to these points predicts a reversal
potential of —1.6 mV and a slope conductance
of 272 pS. (B) mSlo channel activity in an
inside-out patch exposed to 100 uM Ca?*. The
patch contains two mSlo channels; 200-ms
voltage steps were applied from —90 mV to the
potentials shown. Note the reversal of current
from inward (=60 mV) to outward (+80 mV).
Solid lines indicate zero current baseline. The
symmetrical [K*] was 156 mM. (C) Represen-
tative traces recorded from an inside-out patch
containing a single channel exposed to differ-
ent [Ca?*]; the voltage jump is to +40 mV. (D)
Voltage dependence of open channel probabil-
ity at a concentration of 1, 10, and 100 uM
Ca?*, For each of the data points plotted,
ensemble averages of mSlo channel activity
were constructed from 25 to 75 voltage jumps
of 500-ms duration. Open channel probability
X the number of channels in the patch [P(open)
x n] for each voltage and Ca?* concentration
was determined as the average P(open) X n
from 100 to 500 ms. Data shown are from a
representative patch that appeared to contain
two channels. Boltzmann equations were fit to
data points at each Ca?* concentration: at 100
uM Ca?* V, , = —19.0 mV [maximal P(open) x
n=1.58; k =15.25 mV, where kis the change
in voltage for an e-fold increase in P(open) X ],
and at 10 uM Ca?* V, , = +23.4 mV [maximal
P(open) x n=1.45, k= 14.57 mV]. For all data
shown, Xenopus oocytes were injected with
mbr5 cRNA at least 36 hours before recording;
cRNA synthesis was as previously described
(26).

shared sequence homology with a brain
cDNA. Northern (RNA) blot analysis of
polyadenylate-selected whole brain RNA re-
vealed an mSlo transcript larger than 12 kb
and a smeared signal consistent with heter-
ogeneous transcripts of smaller sizes (14).
When we injected mSlo cRNA transcribed
from the mouse brain-derived cDNA mbr5
(Fig. 1C) into Xenopus oocytes, we observed
currents in both the single electrode patch
clamp and in two-electrode whole cell con-
figurations. Patch-clamp experiments re-
vealed a large conductance, K*-selective
channel characteristic of BK-type K(Ca)
channels (6). The mSlo channels were
absolutely dependent on Ca?™ at physiolog-
ical voltages; single channel currents were
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not observed below +70 mV in Ca?*-free
saline. Inside-out patches were pulled from
oocytes 2 to 5 days after injection with
cRNA. Single channel amplitudes varied
linearly with voltage in symmetrical potas-
sium concentrations ([K*]) (156 mM) with
a slope conductance of 272 pS and a rever-
sal potential of —1.6 mV (Fig. 2A). Such a
large conductance is typical of that dis-
played by K(Ca) channels of the BK type,
(~260 pS) (6) and is more than twice that
reported for the Drosophila slo channel
(10). This difference is intriguing because
mSlo and slo differ by only a few residues in
the putative pore region (Fig. 1C). When
recording solutions approximated physio-
logical conditions (2 mM K*, 140 mM Na*
external; 156 mM K7 internal), single
channel amplitudes conformed to the Gold-
man-Hodgkin-Katz  current  equation,
which predicts the observed outward recti-
fication (15). The best fit of the current
equation to data predicts a reversal poten-
tial of =92 mV, with a permeability ratio of
Na* to K* equal to 0.02. Data acquired
from voltage ramps of patches containing
single channels were consistent with cur-
rent-voltage relations constructed from
voltage jumps (Fig. 2A).

A
0.5 pAl

HW-
+20 nM ITX

1(uA)

1.0

+20 oM ITX
0.0 i

80 60 40 20 0 20 40 60
Vi (MV)
Fig. 3. (A) mbr5 whole cell currents measured
in normal ND96 saline with two-electrode volt-
age clamp. Recording conditions were as pre-
viously described (26). Current records were
leak subtracted, and capacitative transients
were removed. (B) (Traces) Same oocyte as in
(A) after addition of 20 nM ITX to the bath.
(Inset) Current-voltage relation for (A) and (B).
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The mSlo protein is both voltage-depen-
dent at a single Ca?* concentration and
sharply Ca’*-dependent. Open channel
probability markedly increased when the
cytoplasmic face of a single patch was ex-
posed to 10 wM Ca?* and voltage was
changed over the range of —60 mV to +80
mV (Fig. 2B). Likewise, the probability of
being open at any given voltage was depen-
dent on the internal [Ca?*] (Fig. 2, C and
D). Fitting the data with a Boltzmann
equation predicts a half-maximal voltage
(Vi) of =19 mV in 100 pM Ca’* and
+23 mV in 10 pM Ca?*, a shift of 42 mV
for a tenfold change in [Ca?*]. The mSlo
channels were activated by much lower
[Ca?*] than were Drosophila slo channels
(10). For example, ensemble averages
showed that mSlo channels exposed to 10
uM Ca?* reached half-maximal conduc-
tance at ~+23 mV, whereas Drosophila slo
channels exposed to the same [Ca’*] were
not activated below +50 mV.

It is perhaps because of the greater sen-
sitivity to Ca®™ that we were able to record
mSlo currents in the two-electrode whole
cell configuration, whereas this was not
reported for Drosophila slo (10). Two days
after injecting Xenopus oocytes with mbr5
cRNA, we observed large outward currents
with step depolarizations above 0 mV (Fig.
3A). Whole cell currents showed a rapid
onset similar to that seen for the ensemble
averages of patch-clamp experiments (14).
Little or no inactivation was noted with
mbr5 currents. As is typical of K(Ca) chan-
nels in the BK family, mSlo was sensitive to
block by 100 nM charybdotoxin and by the
more selective blocker of BK channels, iberio-
toxin (ITX) (16). Twenty nanomolar ITX
virtually eliminated the whole cell current
within 10 min (Fig. 3B). BK channels are also
reported to be highly sensitive to block by
external tetraethylammonium (TEA) (17).
The TEA concentration producing a 50%
block of the mSlo mbr5 channel was 0.14
mM as determined by fitting of the data for
several TEA concentrations to a Langmuir
function. This high sensitivity to block by
TEA is consistent with the presence of an
aromatic residue at the mouth of the pore (18)
at residue 321 (Fig. 1C).

The mSlo gene resembles the Drosophila
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Shaker gene, which encodes a voltage-de-
pendent K* channel, in that both produce
channel peptides with variant NH,-termi-
nal domains. In Shaker peptides, the NH,-
terminal variation produces differences in
channel inactivation (19). Our preliminary
data suggest that the NH,-terminal varia-
tion in mSlo does not affect channel prop-
erties (14), although we cannot yet conclu-
sively rule this out.

Our results indicate that mSlo channels
are members of the BK family of channels as
well as of the vast extended family that
includes voltage-gated K* channels. The
mSlo protein is more complex than the
voltage-gated K* channels, and its homol-
ogy with the Drosophila slo protein is most
pronounced in regions outside those shared
with the voltage-gated channels. Perhaps
over the course of evolution, the Ca’™"
gating mechanism has been appended to
the basic structure of a voltage-gated K*
channel. BK channels are regulated by a
variety of factors, including arachidonic
acid (20), G proteins (21), and angiotensin
II (5), and may have autocatalytic protein
kinase activity (22). Thus, the large num-
ber of mSlo variants may reflect a need for
regulatory diversity as well as a diversity of
biophysical properties.
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