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High-conductance Ca2+- and voltage-activated K+ (Slo1 or BK) chan-
nels (KCNMA1) play key roles in many physiological processes. The
structure of the Slo1 channel has two functional domains, a core
consisting of four voltage sensors controlling an ion-conducting
pore, and a larger tail that forms an intracellular gating ring thought
to confer Ca2+ andMg2+ sensitivity as well as sensitivity to a host of
other intracellular factors. Although the modular structure of the
Slo1 channel is known, the functional properties of the core and
the allosteric interactions between core and tail are poorly under-
stood because it has not been possible to study the core in the
absence of the gating ring. To address these questions, we deve-
loped constructs that allow functional cores of Slo1 channels to be
expressed by replacing the 827-amino acid gating ring with short
tails of either 74 or 11 amino acids. Recorded currents from these
constructs reveals that the gating ring is not required for either
expression or gating of the core. Voltage activation is retained after
the gating ring is replaced, but all Ca2+- andMg2+-dependent gating
is lost. Replacing the gating ring also right-shifts the conductance-
voltage relation, decreases mean open-channel and burst duration
by about sixfold, and reduces apparent mean single-channel con-
ductance by about 30%. These results show that the gating ring is
not required for voltage activation but is required for Ca2+ and
Mg2+ activation. They also suggest possible actions of the unli-
ganded (passive) gating ring or added short tails on the core.
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Slo1 channels are expressed in most human tissues and play
key roles in many important physiological processes, in-

cluding smooth muscle contraction, neurotransmitter release,
neuronal excitability, hair cell tuning, and action potential ter-
mination (1–6). Slo1 channels also are named BK (Big K+) or
MaxiK channels because of their high single-channel conduc-
tance (∼300 pS in 150-mM symmetrical K+). Slo1 channels are
activated synergistically by both depolarization and intracellular
calcium (7–9), linking these two activators in a negative feed-
back system to restore negative membrane potential which, in
turn, closes voltage-activated Ca2+ channels. The dual regulation
by voltage and calcium led Hille (10) to predict that BK channels
function like the classical Hodgkin–Huxley delayed rectifier
channel, except that the range of voltage activation was set by the
intracellular Ca2+ concentration. The cloning (11) and analysis of
the Slo1 channel structure seemed to validate this prediction, in
that Slo1 appeared to be modular in its construction, having a core
domain containing a voltage sensor controlling a K+-selective pore
and a long C-terminal tail forming a gating ring structure comprised
of four pairs of regulators of the conductance of K+ (RCK)
domains for sensing and transducing the effect of Ca2+ binding to
the core.
One of the four identical α subunits that assemble to form the

Slo1 WT channel (Slo1-WT) is shown in Fig. 1 Top. For the mbr5
cDNA (12) used in this study, the “core” consists of 342 residues
including seven transmembrane segments (S0–S6) and the S6–
RCK1 linker sequence, which is attached to a long tail of 827
residues. The tail sequence of Slo1-WT is distinct from the cy-
toplasmic domains of other members of the K+ channel extended

family. Structure–function studies of the tail have shown the ex-
istence of two high-affinity Ca2+ binding sites (13, 14) and one
low-affinity Mg2+ site (14, 15). Modulation of the channel also
occurs by additional biological factors, including protons, heme,
carbon monoxide, phosphorylation, and oxidation (16–20), all of
which may function via their interaction with the tail. Thus, the
large tail accommodates a variety of regulatory domains which
sense different intracellular factors, leading to pushing or tugging
against the core to facilitate or inhibit channel gating. These
complicated allosteric interactions between core and tail almost
certainly involve several transduction pathways (21–23), all of
which alter the properties of the core. Thus, a logical starting
point to begin investigating the allosteric interactions would be to
understand the baseline properties of the isolated core. However,
this approach has been hampered by the inability to express
functional cores in the absence of the tail. Previous analysis of
truncated expression constructs of Slo1 channels found that their
processing stalls in the endoplasmic reticulum (ER), they are not
assembled into tetramers, they fail to be exported to the plasma
membrane, or they are nonfunctional (24). We now show that
core constructs without gating rings can be expressed by leaving
a short region required for subunit tetramerization and by
appending a small tail domain which facilitates processing and
efficient export to the plasma membrane. Thus, we now are able
to investigate gating in the absence of a gating ring.

Results
Slo1 Core Constructs Express Currents. The constructs we have
synthesized to achieve autonomous expression of the Slo1 core
are shown in Fig. 1. The top diagram in Fig. 1 shows the sche-
matic structure of the WT Slo1 BK channel subunit (Slo1-WT),
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which has seven transmembrane segments containing a voltage
sensor and a K+-selective pore (labeled “core”) and a larger
cytoplasmic region containing two tandem regulators of K+

conductance (RCK1 and RCK2), each with a Ca2+ sensor (la-
beled “tail”). Two impediments to the functional expression of
truncated core constructs are their entrapment within the ER
and their failure to form tetramers (24). We addressed the first
of these problems by creating a construct (Slo1C-KvT) which
contained a 74-amino acid C-terminal region (labeled Kv1.4 tail
in Fig. 1) from the Kv1.4 voltage-sensitive K+ channel which
contains a conserved motif (Fig. 1, highlighted in blue) reported
to facilitate the efficiency of channel expression and export to the
plasma membrane (25). This added region is less than 10% the
size of the normal Slo1-WT tail domain (Fig. 1). The second
problem was addressed by including the last 16 residues of the
core which extend into the cytoplasm from the base of S6 (Fig. 1,

highlighted in yellow). This region was reported to be important
to the formation of channel tetramers (24, 26).
Amazingly, this channel construct expressed currents, and the

magnitudes of the expressed currents for both whole-cell re-
cording and inside-out patches were as large as those achieved by
the expression of WT channels (Fig. 2 A and B; Slo1C-KvT).
Curiously, however, large, slowly decaying tail currents were
present in these current records (arrows) which were not seen in
Slo1-WT channels. These tail currents reversed at the K+ equi-
librium potential, indicating that the currents are the product of
a K+-selective channel. To examine whether these tail currents
might be a property resulting from a motif present in the added
74-residue Kv1.4 C-terminal region, we made a second construct
that includes only 11 residues of the Kv1.4 C-terminal sequence:
the five residues reported to be essential for surface expression
(Fig. 1, highlighted in blue) (25) and the last three residues of the
Kv1.4 terminal sequence (Fig. 1, highlighted in green). Large

Fig. 1. Slo1 channel constructs used in this study. The Slo1 channel constructs used in this study are based on the mouse mbr5 cDNA (12) and the mouse
Shaker family Kv1.4 channel (25). The “Slo1 core and tail” refers to the first 342 and the last 827 amino acid residues. The “Kv1.4 tail” refers to the last 74
amino acid residues of Kv1.4. The different channel constructs are designated as follows: Slo1-WT is Slo1 full-length WT; Slo1C-KvT is a Slo1 core with a 74-
residue Kv1.4 tail; Slo1C-Kv-minT is a Slo1 core with a Kv1.4 11-residue mini tail; Slo1C-KvTNAFQ is a Slo1 core with a 74-residue Kv1.4 tail with NAFQ
substituted for KKFR in the tail; Slo1C-KvT R207E is Slo1C-KvT with R207E in S4 in the core.

Fig. 2. Slo1 constructs without gating rings express large currents in Xenopus oocytes. (A) Whole-cell current recordings from oocytes injected with cRNAs of
the indicated constructs (see Fig. 1 and legend). Currents were not observed when a stop codon was placed immediately after the tetramerization domain at
position 342 (Slo1C-Stop). With a two-electrode voltage clamp, oocytes were held at −70 mV, and 20-ms step pulses were applied from −70 mV to 250 mV in
10-mV increments followed by a step to 0 mV to see outward tail currents in an ND96 bath solution. Not all traces are shown. (B) Currents recorded from
inside-out macropatches from oocytes injected with the constructs in A. Asymmetric K+ with 10 mM K+ in pipette and 140 mM K+ on the inside of membrane
was used. A 50-ms prepulse to −100 mV was followed by 20-ms step pulses from −100 to 240 mV in 20-mV increments followed by a step to 0 mV for 10 ms.
Arrows indicate prominent tail currents observed for Slo1C-KvT. (C) The G–V curve for Slo1-WT is left-shifted compared with Slo1C-KvT and Slo1C-Kv-minT.
Data were obtained from Inside-out macropatch recordings in symmetrical 140 mM K+.
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macroscopic currents also were expressed by this Slo1C-Kv-minT
construct, but the expressed currents lacked the prominent tail
currents seen when the full-length Kv1.4 terminal sequence was
present (Fig. 2 A and B, Slo1C-Kv-minT). We also observed
that during voltage steps Slo1C-KvT currents typically had a
greater time-dependent decrease in amplitude than Slo1C-Kv-
minT currents.
One possible interpretation of these results is that the added

74-residue Kv1.4 tail blocks the channel and then is expelled
upon repolarization, thus producing the prominent tail currents
seen in Fig. 2 A and B (arrows), perhaps similar to peptide
blocking of Shaker channels (27). To test the involvement of the
Kv1.4 tail, we neutralized three positively charged residues
grouped in the Kv1.4 tail (Fig. 1, highlighted in magenta). Ex-
pression of this construct (Fig. 2 A and B, Slo1C-KvTNAFQ)
eliminated the prominent tail currents in Slo1C-KvT channels
and produced currents virtually indistinguishable from the
Slo1C-Kv-minT construct.

The Recorded Currents Are Not from Endogenous Channels. Our
ability to change the properties of the expressed currents by
modifying the primary structure of the Kv1.4 sequences added to
the C terminus of the Slo1 core provided evidence that the ob-
served currents were from channels encoded by the cRNA
injected into Xenopus oocytes. As an additional control, we
created a cDNA identical to the Slo1C constructs except that all
the Kv1.4 sequence was omitted and a Stop codon was added
immediately following the 16-residue tetramerization domain
(Fig. 1, highlighted in yellow). Injection of cRNA from this
construct into Xenopus oocytes failed to produce any detectable
currents (Fig. 2 A and B, Slo1C-Stop). In a further test to verify
that the recorded currents resulted from the expression of the
constructs without gating rings, we altered the voltage sensor of the
Slo1C-KvT channel (R207E) and observed that the conductance-
voltage (G-V) curve shifted to the left and decreased its slope
(Fig. 3), consistent with results reported for the same mutation in
Slo1-WT channels (28, 29). Having demonstrated that we can
express functional Slo1 channels after replacing their gating ring
with short 11- and 74-residue tails, we next examined the prop-
erties of these constructs.

Voltage Sensitivity Is Retained and the Voltage for Half Activation Is
Right-Shifted for Slo1C-KvT and Slo1C-Kv-minT Channels. The re-
tention of voltage-dependent gating in Slo1 channels without
gating rings might be expected because the voltage sensor (S1–
S4) is contained in the core of the channel (Fig. 1). Indeed, as
shown in Figs. 2 and 3, the manipulation of the voltage-
dependent gating of the Slo1C-KvT and Slo1C-Kv-minT channels
through mutation helped establish that the observed currents
were the products of the expressed constructs. The voltage sen-
sitivity of Slo1C-KvT and Slo1C-Kv-minT channels was found to
be similar to that of Slo1-WT channels (comparable slopes), but
with the voltage for half activation (V1/2) right-shifted 27.8 ± 5.8
mV for Slo1C-KvT and 49.2 ± 3.0 mV for Slo1C-Kv-minT rel-
ative to Slo1-WT (Fig. 2C). These significant right-shifts (P <
0.001, n ≥ 5) indicate that replacing the unliganded Slo1 gating
ring with the KvT or Kv-minT sequences allosterically alters the
voltage range of activation. The change in activation to more
positive voltages could arise from a possible lack of pull on S6
through the RCK1–S6 linkers because of the absence of the
gating ring (see ref. 21) or from the short tails inhibiting open
probability (Po) in some manner. In either case, these obser-
vations indicate that direct allosteric input from the gating ring to
the core is not required for voltage-dependent channel activation.

The Gating Ring Is Required for Ca2+ and Mg2+ Sensitivity of Slo1
Channels. Structure–function studies have suggested that Ca2+

and Mg2+ activation of Slo1 channels works through the gating

ring (13–16, 21, 30, 31). We now test this suggestion directly by
examining Ca2+ and Mg2+ sensitivity in Slo1 channels in which
the gating ring has been replaced by the KvT or Kv-minT
sequences using three different experimental approaches. In
all cases, no significant sensitivity to Ca2+ or Mg2+ was observed.
Single-channel recordings showed that exposing inside-out
patches to 100 μM Ca2+ or 10 mM Mg2+ greatly increased Po in
Slo1-WT channels by 530 ± 110- or 53 ± 12-fold, respectively,
compared with negligible effects on SloC-Kv-minT channels (Fig.
4 A and B, Fig. S1, and Table S1). When voltage ramps were
applied to inside-out patches expressing Slo1-WT, Slo1C-KvT, or
Slo1C-Kv-minT channels, channel activity increased as the
membrane potential was made more positive for all three channel
types (Fig. 4C Top). Application of 200 μM Ca2+ or 10 mM Mg2+

greatly increased channel activity for Slo1-WT channels but had
no apparent effect on Slo1C-KvT or Slo1C-Kv-minT channels
(Fig. 4C; note calibration bars). A similar result was observed
when G–V relationships were obtained in the absence and pres-
ence of intracellular Ca2+ and Mg2+; the V1/2 for Slo1-WT channels
was left-shifted toward more negative potentials by 228 ± 5.5 mV

Fig. 3. Verification that the Slo1C-KvT construct without a gating ring is
expressed and functional. The R207E mutation in S4 in the voltage sensor of
Slo1-KvT left-shifted the voltage-dependent activation of Slo1C-KvT as
expected from previous Slo1-WT experiments (22, 23), indicating that the
isolated core of Slo1 channels without gating rings is being expressed. (A)
Sequence of S4 (Upper) in the voltage sensor of Slo1 and with the R207E
mutation (Lower). (B) Currents from inside-out macropatches from oocytes
injected with Slo1C-KvT and Slo1C-KvT-R207E. G–V plots (n = 5) are shown
on the right. The voltage protocol was −80 mV for 20 ms followed by a 40-
ms voltage step of −80 to +295 mV (in 25-mV increments), followed by steps
to 0 mV for 20 ms to measure tail currents. Asymmetric K+ with 10 K+ in
pipette and 150 K+ at intracellular side was used. (C) Whole-cell currents
recorded from Slo1C-KvT and Slo1C-KvT-R207E channels. Oocytes were held
at −70 mV and 20-ms step pulses applied from −90 mV to 240 mV with a step
back to 0 mV. G–V plots are shown on the right. Solutions are as in Fig. 2 for
whole-cell recording.
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with 200 μM Ca2+ and by 51.2 ± 1.9 mV with 10 mM Mg2+ (Fig.
5A). In contrast, the V1/2 of Slo1C-Kv-minT was not shifted by
Ca2+ or Mg2+ (Fig. 5B), and normalized I–V curves for Slo1C-
KvT channels were not shifted when exposed to 200 μM Ca2+

(Fig. S2). Hence, the gating ring is required for Ca2+ and Mg2+

sensitivity of Slo1 channels.

Mean Channel Open Time and Burst Duration Are Greatly Reduced for
Slo1C-Kv-minT Channels. The single-channel kinetics of Slo1C-Kv-
minT channels differed markedly from those of the Slo1-WT
channels. Mean open-interval duration and mean burst duration
were decreased significantly, by 5.5- and 6.3-fold, respectively, for

Slo1C-Kv-minT channels compared with Slo1-WT channels (P <
0.02, n ≥ 3) (Fig. 6 and Table S2). These marked changes in single-
channel kinetics show that replacing the unliganded gating ring in
Slo1 channels with the Kv-minT sequence has profound effects on
channel gating. Whether these properties represent the true
baseline properties of the core in isolation from allosteric input
from the gating ring or whether the Kv-minT peptide is a con-
tributing factor remains to be determined.

The Apparent Mean Single-Channel Conductance Is Reduced for Slo1C-
Kv-minT Channels. The high conductance of Slo1-WT channels
compared with other K+-selective channels is one of the defining
properties of Slo1-WT channels (10). Unexpectedly, we found that
replacing the gating ring with the KV-minT construct decreased
single-channel current amplitudes (Figs. 4A and 6), suggesting an
apparent decreased conductance. When measurements of currents
were restricted to openings of sufficient duration so that their
amplitudes should not be attenuated by the low-pass filtering,
replacing the gating ring decreased apparent mean single-channel
conductance by ∼30%, from 307 ± 7 pS for Slo1-WT channels to
213 ± 6 pS for Slo1C-Kv-minT channels (P < 0.001, n = 3 patches,
in each case with mean conductance for each patch determined

Fig. 4. The gating ring is required for activation by Ca2+ and Mg2+. (A)
Representative single-channel current activity from Slo1-WT and Slo1C-Kv-
minT. Inside-out patches were held at +80 mV, and the intracellular side of
membrane was exposed to Ca2+ or Mg2+ in the sequence indicated. Sym-
metrical 150 mM K+ was used. Open (O) and closed (C) current levels are in-
dicated. Ca2+ (100 μM) or (10 mM Mg2+) activates Slo1-WT channels but has
little effect on Slo1C-Kv-minT channels. Mg2+ (10 mM) decreased single-
channel conductance (47) for both Slo1-WT and Slo1C-Kv-minT. (B) Ca2+ and
Mg2+ significantly increase Po in Slo1-WT channels (P < 0.0001, n = 5 for Ca2+

and P < 0.05, n = 6 for Mg2+, paired t tests before normalization) but have
insignificant effects on Slo1C-Kv-minT channels (P > 0.1, n = 4 in each case).
Note log scale on ordinate. (C) Current traces from inside-out patches ramped
from −90mV to 90 mV in the absence and presence of Ca2+ or Mg2+ as in-
dicated. Slo1C-KvT and Slo1C-Kv-MinT currents are not detectably activated by
200 μM Ca2+ or 10 mM Mg2+. Note differences in scale bars for Slo1-WT. In-
creasing single-channel activity in the ramps at positive voltages indicates
voltage sensitivity in all channel constructs. Symmetrical 140 K+ was used.

Fig. 5. The gating ring is required for Ca2+ and Mg2+ to left-shift the G–V
curves. (A and B) Currents recorded from inside-out macropatches from Slo1-
WT channels (A) or from Slo1C-Kv-minT channels (B) with the G–V curves
plotted to the right. The potential was held at 0 mV, stepped to −100 mV for
50 ms, and then stepped from −100 mV to 240 mV in 20-mV increments
followed by a step to −80 mV to measure tail currents (Left). Symmetrical
140 K+ was used.
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for data typically collected from +80 to +140 mV). The ring of
negative charge (E321 and E324) at the entrance to the inner
cavity that doubles the outward conductance of Slo1-WT
channels (32, 33) is retained in the Slo1C-Kv-minT channels, so
the reduced conductance does not involve a reduction in the
ring of negative charge.

The Gating Ring Is Not Required for Block by External Iberiotoxin and
Tetraethlyammonium. Because the single-channel conductance
was unexpectedly reduced upon replacement of the gating ring
with the Kv-minT construct, the possibility arises that other
properties of the core pore-gate domain might be altered also. To
explore this possibility, we first tested the effect of the highly
specific Slo1 channel blocker iberiotoxin (34) on Slo1C-KvT
channels. The application of 60 nM iberiotoxin to the external
membrane surface of outside-out macropatches (+180 mV) re-
duced currents 78 ± 3% (n = 5), which was not significantly dif-
ferent from the 82 ± 3% (n = 7, P = 0.46) reduction for Slo1-WT
channels (Fig. S3A). We next tested the effect of external appli-
cation of the generic K+ channel blocker tetraethylammonium
(TEA), because Slo1 channels are known to be highly sensitive to
blocking by external TEA (35, 36). We found that 2 mM TEA (+
70 mV) reduced Slo1C-KvT whole-cell currents by 81 ± 2%, which
was not significantly different from the 85 ± 4% reduction seen for
Slo1-WT currents (n = 6, P = 0.43) (Fig. S3B). Both blocking
agents also were tested on Slo1C-Kv-minT with similar effects.
Hence, as might be expected, the gating ring is not required for
external blocking by iberiotoxin and TEA.

The Gating Ring Is Not Required for β1 Subunits to Slow the Activation
of Slo1 Channels. The β subunits are integral membrane proteins
with two transmembrane segments that interact with Slo1-WT α
subunits and alter various channel properties such as kinetics
(37). Although some of the various β subunits may interact with
both the core and tail of Slo1-WT channels, the β1 subunit may
interact only with the core, slowing the rate of activation of the
current (38, 39). Consistent with the previous results, we ob-
served that coexpression of β1 with Slo1-WT produced currents
that activated more slowly than those of Slo1-WT α subunits
alone (Fig. S3C). In a similar manner, coexpression of the β1
subunit with the Slo1C-KvT and Slo1C-Kv-minT constructs also
produced currents that activated significantly more slowly than in
the absence of the β1 subunits (Fig. S3C). In addition, the slow
current decrease observed after activation was absent for all
three constructs (Slo1-WT, Slo1C-KvT, and Slo1C-Kv-minT)
when coexpressed with β1 subunits (Fig. S3C). Thus, the gating
ring is not required for β1 subunits to interact functionally with
Slo1 channels.

Discussion
The Core Can Be Expressed Without the Gating Ring. The fact that
Slo1 channels are conserved in invertebrates as well as verte-
brates implies that core and tail (Fig. 1) have been associated for
more than 500 million years, raising the possibility that core and
tail have become so interdependent that the core no longer can
function without the tail. Our laboratories and others had tried
to express the core without the gating ring but without success. A
detailed analysis of truncated Slo1 constructs which failed to
express currents indicated difficulties in protein processing, tet-
ramerization, and export from the ER to the plasma membrane
(24). We achieved robust expression of Slo1 cores without gating
rings by preserving the tetramerization domain of Slo1 (Fig. 1)
and either replacing the 827-residue tail that forms the gating
ring with the last 74 residues of the Kv1.4 C terminus or
attaching a much shorter 11-residue C terminus that included the
five-residue motif from KV1.4 for processing and surface ex-
pression (25) and also the last three residues of the C terminus of
Kv1.4 (Fig. 1).

Functions of the Core and Gating Ring. Our experiments directly
show the major functions of the core and gating ring of Slo1
channels. Voltage-dependent gating (Figs. 2–5 and Fig. S2),
blocking by iberiotoxin, TEA, andMg2+ (Fig. 4A and Fig. S3 A and
B), and slowed activation with β1 subunits (Fig. S3C) did not re-
quire the gating ring. Hence, these are properties of the core. In
contrast, Ca2+ and Mg2+ activation was not observed in the ab-
sence of the gating ring (Figs. 4 and 5, Figs. S1 and S2, and Table
S1). Hence, Ca2+ and Mg2+ activation are conferred by the gating
ring through allosteric interactions with the core. These observa-
tions confirm previous prognostications (31). It follows from these
findings that allosteric interactions of the gating ring with the core
are not required for channel opening or closing or for voltage-
dependent gating. Hence, the core of Slo1 with attached short tails
is sufficient to form a voltage-gated channel. Our observations of
no significant Ca2+ and Mg2+ activation in the absence of the
gating ring indicates that no functional Ca2+ and Mg2+ activation
sites are restricted to the core, as is consistent with previous studies
showing that mutating sites on the gating ring can eliminate all Ca2+

and Mg2+ activation (13, 14, 40).
In addition we found that replacing the gating ring with the

short tails (i) inhibited activation by right-shifting the V1/2 to
more positive voltages (Fig. 2C); (ii) greatly decreased mean
open-interval duration and burst duration (Fig. 6C and Table
S2); and (iii) decreased the apparent mean single-channel con-
ductance (Fig. 6 A and B). If these alterations in gating and
conductance reflect the baseline properties of the core in the
absence of the gating ring, then the right-shift in activation and
decreased burst duration could arise if the unliganded gating ring
normally applies a passive tension to S6 through the RCK1–S6
linkers to facilitate activation. Consistent with this possibility,
decreasing passive tension in the linkers of Slo1-WT by length-
ening the RCK1–S6 linkers also right-shifts the activation curve
and decreases burst duration (21). The apparent decreased
conductance may reflect gating to subconductance levels in the
absence of the gating ring. However, at this time we cannot rule
out the possibility that the tetramerization domains and appen-
ded tails are determinants of these properties. Peptides are
known to alter gating of Slo1-WT channels (27). Removal of the
gating ring in Slo1-WT channels immediately after the S6 helix
without appending tails could resolve this issue, but attempts to
express such constructs have not been successful so far (24).
The gating ring has been removed with trypsin digestion from

Methanobacterium thermoautotroficum (MthK), a prokaryotic Ca2+-
dependent K+ channel (41). Like Slo1, MthK has an in-
tracellular gating ring formed by four pairs of RCK1 and RCK2
domains, but with differences in gating ring structure (23, 42, 43).

Fig. 6. Open-interval duration, burst duration, and single-channel conduc-
tance are reduced in SloC-Kv-minT channels. (A and B) Single-channel
recordings at +80 mV from Slo1-WT channels (A) and from Slo1C-Kv-minT
channels without the gating ring (B). Note reduction of current amplitudes
in B. (C) Bar graphs showing the decrease in mean open-interval and burst
duration for Slo1C-Kv-minT channels. Symmetrical 150 mM K+ was used.
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The mean open times and conductance of MthK were little
changed by removing its gating ring (41), in contrast to the marked
decreases we observed for Slo1 when the gating ring was replaced
with short peptide tails. These contrasting results might be related
to the fact that, unlike Slo1 channels, the MthK core includes only
a pore-gate domain without voltage-sensor domains (43). Thus,
MthK is without potential allosteric input from contact between the
gating ring and voltage sensor as in Slo1 channels (42). However,
we cannot rule out the possibility that the differences might arise
from the short peptide tails used to replace the gating ring in Slo1.

Implications for Allosteric Gating. Allosteric models for the gating
of Slo1 channels typically assume relatively independent action
of Ca2+ and voltage to activate the channel (31, 44, 45). Con-
sistent with these models, the channel can be activated without
calcium at very high positive membrane potentials (46) or in the
presence of high Ca2+ over the range of physiological voltages (7–
9, 45). The experimental data and models for gating indicate that
the core and gating ring interact allosterically, so that Ca2+ binding

canmove the voltage sensors and, reciprocally, that voltage-sensor
movement can change the calcium-binding affinity (31, 40, 45).
The allosteric interactions and transduction pathways between
gating ring and core involved in these processes still are not well
understood. A number of questions regarding these complex in-
teractions now may be pursued with our constructs, because the
allosteric interactions might be easier to understand if the prop-
erties of the core are definedwithout the pushes andpulls normally
provided by the gating ring.

Materials and Methods
Standard molecular biology methods (12), Xenopus oocyte expression sys-
tems (12, 13, 47), and electrophysiological techniques (12, 13, 21, 48) were
used. The indicated concentrations of Ca2+ and Mg2+ were applied to the
intracellular membrane surface. Experiments were at room temperature.
Error estimates are SEM. See SI Materials and Methods for more details.
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