
Functional regulation of BK potassium channels by
γ1 auxiliary subunits
Vivian Gonzalez-Perez, Xiao-Ming Xia, and Christopher J. Lingle1

Department of Anesthesiology, Washington University School of Medicine, St. Louis, MO 63110

Edited by Richard W. Aldrich, The University of Texas at Austin, Austin, TX, and approved February 20, 2014 (received for review November 25, 2013)

Many K+ channels are oligomeric complexes with intrinsic struc-
tural symmetry arising from the homo-tetrameric core of their
pore-forming subunits. Allosteric regulation of tetramerically sym-
metric proteins, whether by intrinsic sensing domains or associated
auxiliary subunits, often mirrors the fourfold structural symmetry.
Here, through patch-clamp recordings of channel population ensem-
bles and also single channels, we examine regulation of the Ca2+-
and voltage-activated large conductance Ca2+-activated K+ (BK)
channel by associated γ1-subunits. Through expression of differ-
ing ratios of γ1:α-subunits, the results reveal an all-or-none func-
tional regulation of BK channels by γ-subunits: channels either
exhibit a full gating shift or no shift at all. Furthermore, the γ1-
induced shift exhibits a state-dependent labile behavior that
recapitulates the fully shifted or unshifted behavior. The γ1-induced
shift contrasts markedly to the incremental shifts in BK gating pro-
duced by 1–4 β-subunits and adds a new layer of complexity to the
mechanisms by which BK channel functional diversity is generated.
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Large conductance Ca2+-activated K+ (BK) channels, like most
K+ channels and many other oligomeric protein complexes,

exhibit structural symmetry that arises from the homo-tetrameric
assembly of four identical pore-forming α-subunits (1–3). Struc-
tural symmetry in turn dictates many aspects of the functional
behavior of such proteins. For BK channels, activation can occur
either by voltage alone or independently by cytosolic Ca2+ (4, 5).
Activation initiated by voltage arises from independent move-
ments of voltage sensors, one intrinsic to each α-subunit, which
then allosterically couple to a conformational change, termed
gating, that permits ion permeation through the central axis of
the tetrad of subunits (5). For activation by Ca2+, up to two Ca2+

binding events per α-subunit are thought to regulate the con-
formational status of a symmetric cytosolic gating ring (6–8),
which then couples to pore opening. The mechanics and ener-
getics of the gating process display a functional symmetry inherent
from the independent participation of the sensing domains of each
of the identical α-subunits (5).
For BK channels, the pore-forming α-subunits can also asso-

ciate with members of a family of four β-subunits (β1–β4) that
define many tissue-specific properties of BK channels (9, 10),
including apparent Ca2+ dependence of activation (11, 12), in-
activation (12–15), and pharmacology (12, 16). Insight into how
such channel-associated proteins modify channel gating proper-
ties is therefore critical to understanding the physiological roles
of ion channels in their native cellular environment. For BK
channels, auxiliary β-subunits associate with α-subunits in an up
to 1:1 stoichoimetry (Fig. S1A), maintaining the overall sym-
metry of the ion channel complex (3). However, functional
channels can contain less than a full set of four β-subunits (3),
contributing to the functional diversity of BK channels in native
cells (17). In such cases each individual β-subunit contributes an
essentially energetically additive increment to β-subunit–induced
shifts in channel gating (3). In contrast, for auxiliary subunits
of many Kv channels, it is not clear whether channels with par-
tial auxiliary subunit stoichiometry may occur. Recently, a second
family of BK channel auxiliary subunits, now termed γ-subunits
(18–20), has been identified. Although both β- and γ1-subunits

share an ability to shift activation of BK channels at a given [Ca2+]
to more negative voltages, β- and γ-subunits share no structural
(Fig. S1B) or sequence homology. It has been proposed that γ1-
subunits shift BK gating by specifically enhancing voltage-sensor
coupling to channel activation, whereas the effects of β-subunits
are more complex (8, 18). Here, we address whether γ1-subunits
incrementally shift gating in a fashion similar to the incremental
effects produced by each β-subunit in a BK channel complex (3).
In contrast to β-subunits, we observe that the fundamental unit
of γ1-subunit(s) shifts gating in an all-or-none fashion. Although
a number of stoichiometric possibilities can account for the γ1-
induced gating shifts, these all require that the rules of γ1 as-
sembly or mechanisms of γ1 modulation differ from those
previously established for β-subunits. The contrast between the
incremental β-subunit effects and all-or-none γ1-subunit effects
adds to the diversity of mechanisms available to define BK
channel properties.

Results
γ1-Subunits Shift BK Gating in an All-or-None Fashion. Both γ1- and
inactivation-removed β2 (β2(ΔFIW))-subunits allow BK chan-
nels to be activated at more negative voltages at a given [Ca2+]
(Fig. S1C). With 10 μM Ca2+, the voltage at which BK channels
are half activated (Vh) is shifted by approximately −50 mV for
β2(ΔFIW) subunits (Fig. S1D) and approximately −120 mV for
the γ1-subunit (Fig. S1D). Indicative of mechanistic differences
in β2 vs. γ1 effects, the γ1-subunit produces a shift in the Vh of the
conductance–voltage (GV) curve of approximately −120 mV
at 0 Ca2+, whereas β2- (and β1)-subunits produce little change in
Vh at 0 Ca2+ (Fig. S1D). In previous work the fractional occu-
pancy of BK channels by β-subunit was titrated by expression of
different mole-fractions of α:β-subunits (3). This revealed that
individual BK channels can contain from none to four β-subunits,
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each subunit contributing in an energetically independent fash-
ion to shift BK gating (3).
We similarly examined BK currents activated with 10 μM Ca2+

in inside-out patches from oocytes in which different ratios of
γ1:α message was injected (Fig. 1A). For BK channels with high
γ1:α-subunit injection ratios (1:1 or greater), the fractional ac-
tivation of BK channels is largely well described by a simple
Boltzmann curve with Vh at 10 Ca2+ μM of −93.4 ± 2.8 mV
(SEM; Fig. 1B). However, in many patches even at high γ1:α
ratios, a small component not well described by a single shifted
Boltzmann was present (Figs. 1B, 3B, and 4C but not 4D). This
was also noted in previous work (18). When this unshifted
component is included in a two-Boltzmann fit, the Vh for the
fully shifted component is −97.7 ± 2.6 mV. For the α-subunit
alone, the GV curve is described by a single Boltzmann with
Vh = +22.6 ± 3.4 mV. Over a range of intermediate γ1:α ratios,
the GV curves are best described by two Boltzmann components,
with one component fit with a Vh similar to that with γ1-subunit
overexpression and the other characteristic of channels formed
from α-subunits alone (Fig. 1B). Over the range of tested γ1:α

ratios, the measured Vh values correspond to either that of
γ1-type channels or that of α-alone channels (Fig. 1C), whereas
the relative ratio of the two components changes with γ1:α ratio
(Fig. 1 B and D). This behavior is consistent with individual
channels either having a single unitary type of shift when affected
by γ1-subunits or being unaffected. We consider this behavior as
being functionally all-or-none, although this behavior makes no
explicit predictions regarding subunit stoichiometry.
We next examined single channel open probability (Po) over

a range of voltages to obtain a Vh estimate at 10 μM for a set of
channels from oocytes injected with a 1:8 γ1:α ratio, a condition
for which the ratio of shifted to unshifted channels is approxi-
mately 1 (Fig. 1 B and D). We observed single channels of only
two distinct behaviors: one opened at voltages similar to that
expected for channels arising from α-subunits alone (Fig. 1E,
Left), and the other activated at much more negative voltages
characteristic of γ1-containing channels (Fig. 1E, Right). The Po-V
relationships (Fig. 1F) revealed an ∼120-mV difference in Vh for
these two channels. The Po-V relationship was defined for a total
of 13 patches at 1:8 γ1:α ratio (Fig. 1F). Seven patches yielded
a mean Vh of −88.7 ± 5.2 mV (SEM) and six patches a mean of
27.2 ± 4.3 mV, a unitary separation of ∼115 mV, consistent with
the separation of shifted and unshifted components of the
macroscopic GV curves. Three additional patches from oocytes
injected with a 4:1 γ1:α ratio showed only shifted Po-V rela-
tionships [−93.6 ± 17.8 mV (SEM)]. In no case was a channel of
some intermediate shift behavior observed. Thus, the single chan-
nel properties support the conclusion that the macroscopic GV
curves reflect two populations of channels, one unaffected by
the presence of γ1-subunits and one fully shifted by the γ-sub-
units. We therefore conclude that regulation of BK gating by
γ1-subunits occurs in a functionally all-or-none fashion, unlike
the effects of β-subunits (3).
That the γ1-induced gating shift occurs in a functionally all-

or-none fashion provides no information about γ1:α stoichiometry.
We can only conclude that some elementary unit of γ1-subunit(s)
is sufficient to produce the gating shift. We envision three general
categories of model (Fig. S2) that could produce an all-or-none
behavior. In model 1, one to four γ1-subunits can assemble in a
channel (as observed for β-subunits), but one is sufficient to
produce the full gating effect. In model 2, γ1-subunits are only
associated with α-subunits in a fixed stoichiometry, whether in-
volving, for example, one, two, or four γ1-subunits in the unit.
This would be similar to Kv β-subunit association with Kv α-sub-
units (21). In model 3, up to some fixed number of γ1-subunits can
assemble in a channel, but only when the full complement (whether
two or four) is present in the channel does the gating shift occur.

Both Incremental β-Type and All-or-None γ1-Type Gating Shifts Can
Be Accounted for Within the Context of the General Horrigan-Aldrich
Allosteric Model. The regulation of macroscopic BK gating can be
effectively described by the Horrigan-Aldrich allosteric model
(5), in which a central closed–open gating equilibrium (constant
L) is regulated, on one hand, by the voltage-sensor equilibrium
(constant J with coupling constant D) and, on the other, by
coupling to a Ca2+ binding equilibrium (constant K, with cou-
pling constant C). To provide a mechanistic framework for
evaluation of how partial auxiliary subunit stoichiometries (Fig.
S2) may impact on gating shifts, we considered whether in-
cremental vs. all-or-none shifts in gating can be accounted for
within the context of the fourfold symmetric Horrigan-Aldrich
model (5). To assess the predictive usefulness of the HA for-
mulation, here we first evaluate the situation encapsulated in
model 1. Model 1 is guided by previous observations with
β-subunits in which mature channels can contain less than a full
complement of auxiliary subunits. We assume that up to four
auxiliary subunits, whether β or γ1, can assemble in a full BK
channel complex. In such a case the distribution of channels
among five stoichiometric possibilities is dictated by predictions
of binomial assembly for a given ratio of α- and γ1-subunits. For
illustrative purposes, we also make the simplification that any

Fig. 1. All-or-none gating shift caused by γ1 (LRRC26) subunit on BK
channels. (A) Traces show families of currents in symmetrical K+ with 10 μM
cytosolic Ca2+ resulting from the indicated injected γ1:α molar ratios. Volt-
age steps, −200 to +140 mV. (B) Tail current GV curves at different injection
ratios. Solid lines, fits of a double Boltzmann fit. (C) Vh values for each of two
Boltzmann components for each injection ratio. Large symbols, means with
SEs (SEM). Small symbols, individual patches. Red line, average value for Slo1
alone. (D) Mean, SEM, and individual values for fraction of current arising
from most shifted component at different injection ratios. (E) Representa-
tive traces of the activity of a single BK channel recorded in patches from
oocytes injected with a 1:8 γ1:α ratio, with activation steps to the indicated
voltages with 10 μM Ca2+. (Left) Activity for one patch presumably lacking
the γ1 shift effect; (Right) a channel with the γ1 shift effect. (F) Po values for
the patches in E are plotted vs. membrane voltage with fitted Boltzmann
curves (Vh = −85 mV and 31 mV for α+γ1 and α alone, respectively). Solid
black circles plot mean Vh values (±SEM) for 10 left-shifted patches (7 for
1:8 γ1:α ratio and 3 for 4:1 γ1:α ratio) and 6 (all 1:8 γ1:α) right-shifted
patches, with open symbols showing individual values at the indicated
injection ratios.
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auxiliary subunit effect involves only a single allosteric constant
of the HA formulation. We consider two cases. First, in one case,
as each subunit assembles in a channel, it incrementally alters
a given allosteric constant such that for parameter P for a chan-
nel with i auxiliary subunits, Pi = ðP4−i

minP
i
maxÞ0:25, where Pmin is the

allosteric constant with no auxiliary subunits, and Pmax describes
the constant, when a channel is fully occupied by auxiliary sub-
units. This corresponds to the case that each auxiliary subunit
energetically influences a single α-subunit in the tetramer. This is
illustrated in Fig. 2A for allosteric constant D, which describes
coupling between voltage-sensors and channel opening. The ef-
fect of the γ1-subunit on BK gating has been proposed to involve
an increase in D from 25 to 425 (18). As the mole-fraction of
auxiliary subunits within the channel population is increased, the
predicted GV curves shift leftward, with intermediate GV curves
exhibiting a shallower slope than those with no or four auxiliary
subunits. A similar analysis of the effect of incremental effects of
an auxiliary subunit involving allosteric constants J, L, and C
shows that similar incremental shifts in gating are expected as
a function of channel fractional occupancy by the auxiliary sub-
unit (Fig. 2 C, E, and G). This mirrors the effects of β1- and β2-
subunits on BK gating as a function of β:α injection ratio (3) but
not the behavior of γ1:α injection ratios. The purpose of the

analysis here is not to assign the β-subunit mediated gating shifts
to a particular set of allosteric constants but to provide a general
explanation for how the previously observed incremental shifts in
GV curves may be generated within the context of the HA for-
mulation. Second, we consider the case in which association of
a single auxiliary subunit with a channel produces a full gating
shift. This would represent a case of extreme negative coopera-
tivity (i.e., additional auxiliary subunits produce minimal additional
effect on gating). The behavior of GV curves for a population of
channels as the mole-fraction of auxiliary subunits is increased is
shown in Fig. 2B. The two distinct Boltzmann components are
obvious, and the properties of the GV curves are comparable to
the consequences of expression of different ratios of γ1:α-subunits.
An all-or-none alteration in other allosteric constants can also
predict inflections in GV curves as a function of injection ratio
(Fig. 2 D, F, and H). This analysis establishes, perhaps not sur-
prisingly, that both β and γ1 gating shifts can be readily accounted
for within the HA context.

Changes in Shifted/Unshifted Ratio Do Not Unambiguously Distinguish
Among Models. Although the above analysis focuses on model 1
to illustrate how a functionally all-or-none gating shift might arise,
an all-or-none effect might arise from two other general stoichio-
metric possibilities, models 2 and 3 (Fig. S2). To assess whether
a given model might be more consistent with the observed varia-
tion in fraction of shifted channels as a function of γ1:α injection
ratio, we calculated predicted GV curves (Fig. S3) based on dif-
ferent stoichiometric ratios of γ1:α-subunits for each model (Fig.
S2). The GV curves derived from each model (Fig. S3) reveal
distinct differences in the amount by which the shifted/unshifted
ratio changes as the mole-fraction of γ1-subunits is increased.
Thus, if we assume for the moment that the mole-fraction of γ1-
subunits that assembles into functional BK channels varies with
α-subunits in a linear fashion based on the γ1:α injection ratio, the
different models make distinct predictions for how steeply the
fraction of shifted channels should vary with injection ratio (Fig.
S4A). This can then be compared with the actual data (Fig. S4B).
The different models make different predictions for how the slope
of the gating shift/fractional occupancy relationship varies. For
model 1, increases in occupancy produce a gradually saturating
increase in gating shift. For model 2, gating shifts vary linearly with
increases in occupancy, whereas model 3 predicts a superlinearity.
If one compares the experimental data with models 1 and 2 (Fig.
S4C) assuming a direct equivalence of injection ratio and frac-
tional occupancy, this suggests that model 1 is more consistent
with the variation in gating shift with injection ratio. However, the
challenge in this analysis is that true fractional occupancy does not
necessarily directly correlate with the γ1:α injection ratio. As an
alternative assumption regarding the relationship between frac-
tional occupancy and injection ratio, it can be recognized that the
minimal observed fractional shift of 0.17 observed at the 1:16 γ1:α
ratio (Fig. S4B, dotted line) corresponds in a given model to
a specific fractional occupancy (as indicated by the dotted line in
Fig. S4A). This allows renormalization of the injection ratio data
in terms of fractional occupancy for different models (Fig. S4D)
and suggest that both models 1 and 2 capture the general trends of
the observed values. An unexplained aspect of our results is that,
even at the highest injection ratios, an unshifted component of
current is generally observed. Overall, given scatter in the data,
the change in the fractional shift as a function of injected γ1:α
ratio does not readily distinguish between models 1 and 2, whereas
model 3 is unlikely (Fig. S4D).
Model 1 represents a limiting case of negative cooperativity:

each additional γ1-subunit has no additional impact on gating.
For a GV shift occurring in accordance with model 1, we won-
dered to what extent GV shifts such as those in Fig. 1 might be
explained by a case in which the effect of a single γ1-subunit was
not completely all-or-none but some fraction of a full effect. We
tested cases in which a single γ1-subunit produced various frac-
tions (0.5–1.0) of a full-shift effect (Fig. S5 A–D). This analysis
leads to the conclusion that the experimental measurements

Fig. 2. Both incremental and all-or-none gating shifts can be explained
within the context of the HA model. (Left) Diagrams reflect five potential
γ1:α-subunit stoichiometries: triangles, γ1-subunits; circles, α-subunits. Pi
reflects the value of a given allosteric parameter for that particular stoichi-
ometry (P0–4), with the value defined from equations on the top. (A, C, E, and
G) Incremental changes in a given overall allosteric constant; (B, D, F, and H)
all-or-none effects. For all panels, each curve corresponds to a different mole
fraction of modified subunits (pi = 0–1, stepsize 0.05). Red curve corresponds
to pi = 0.5. For a given pi, conductance was calculated based on an HA model
for a population of channels with stoichiometries defined by expected bi-
nomial distribution expected for a given pi. Default HA parameters were L =
10−6, D = 25, J = 0.03, C = 8, K = 11, E = 2.4, with zL = 0.3e and zJ = 0.58e,
with [Ca2+] = 10 μM. (A) Values of D for different stoichiometries were cal-
culated from the indicated equation with Dmin = 25 and Dmax = 425. (B) A
single active subunit was sufficient to make D for any subunit combination
425. (C) J was varied incrementally for each stoichiometric combination. (D) J
was varied in an all-or-none fashion. (E) L was varied in an incremental
fashion. (F) L was varied in an all-or-none fashion. (G) C was varied in-
crementally. (H) C was varied in an all-or-none fashion.
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(Fig. 1 C and D) are largely indistinguishable from a full all-or-
none gating shift. However, a full shift can probably not be dis-
tinguished from a single γ1-subunit producing an effect of 0.8
or greater of a full effect, for which less than a 10-mV shift in the
shifted Vh component is predicted (Fig. S5 E and F). Even in
such a case, a single subunit would be producing almost a full
effect on the GV. On balance, with the assumption that model
1 is applicable, these considerations indicate that the effect of
a single γ1-subunit would be largely consistent with complete
negative cooperativity (i.e., all-or-none).

The All-or-None γ1 Shift Effect is Labile. An intriguing aspect of the
γ1 effect is that, under some conditions, the γ1-induced shift in
BK gating diminishes with time after patch excision (Fig. 3A).
For this type of experiment, a GV curve was generated imme-
diately after excision with 10 μM Ca2+. Subsequently, additional
GV curves were generated at 10 μM Ca2+, with intervening
exposures (usually 2 min) to 0 Ca2+ (Fig. 3 A and B). As time
after patch excision increased, the single fully shifted Boltzmann
that was initially observed after patch excision split into two
components, one generally characteristic of γ1-shifted channels
and one characteristic of α-alone channels. With sufficient
elapsed time, the GV curve approached a single Boltzmann
characteristic of a population of channels unaffected by a
γ1-subunit (Fig. 3B). Although the GV curves during this run-
down clearly exhibited inflection points consistent with the
presence of shifted and unshifted channel populations, we no-
ticed that immediately after patch excision there was an initial
rightward shift in the GV, which was not associated with the
appearance of an unshifted fraction. With additional time, as
distinctly separate components appeared in the GV curves, the
curves could be well fit with a two-component Boltzmann func-
tion, but the separation between fully shifted and unshifted
fractions (Fig. S6A) was not as well defined as for the GV curves
obtained from defined ratios of injected γ1/α-subunits. A plot of
the Vh of the negatively shifted component as a function of time

revealed an approximately +20- to 30-mV rightward shift oc-
curring in the first 2 min after excision (Fig. S6B), which does not
undergo any additional shift as the fraction of the shifted com-
ponent decreases. Therefore, this early GV change, whatever its
basis, seems to be largely complete before the subsequent large
gating shift. Despite this early shift behavior, the subsequent
more prominent (∼100 mV) full loss of the γ1-mediated gating
shift, as evidenced by the split into two components in the GV
curves, recapitulates the all-or-none effect demonstrated with
injections of different ratios of γ1:α-subunits. We postulate that
the major component of the run-down process involves a con-
version of an active γ1-subunit(s) to an inactive form that no
longer has an effect on BK gating. We considered the possibility
that, if channels do contain more than 1 γ1-subunit, perhaps the
early gating shift might reflect some initial change in effect of
a γ1-subunit, before a final loss of effect. However, if that were
the case, in our titration experiments the shifted Vh would have
varied at least 20–30 mV between the 1:8 and 4:1 γ1:α injection
ratios. This was not observed.
To confirm that the two component Boltzmann curves ob-

served during run-down reflect a conversion from fully shifted to
unshifted channels, we examined the behavior of single channels
during run-down (Fig. 3 C and D). A Po-V relationship was
initially determined in 10 μM Ca2+ after patch excision (Fig. 3 C
and E). Vh for the illustrated channel was initially −87 mV. Po-V
was again determined in 10 μM Ca2+ after 2-min periods in 0 Ca2+.
For this patch, after 2 cumulative minutes in 0 Ca2+, the channel
underwent (Fig. 3 D and E) a large change in Po at a given
voltage with a new Vh of +22 mV. Similar step changes in Po
were observed for a total of four other channels, although in each
case the step change followed different cumulative exposure times
in 0 Ca2+. One two-channel patch exhibited a stepwise shift in
gating, with the time of the shift different for the two channels.
For a set of four single channels, we observed a step-change from
a Po50 of −90.8 ± 6.6 mV to +27 ± 7.1 mV (Fig. 3E), the latter
value being indistinguishable from the Vh for channels arising
from α-subunits alone. We conclude that the run-down in the
γ1-mediated gating shift also reflects largely an all-or-none effect
(i.e., γ1-subunits undergo a conversion from a fully active to
a fully inactive status). We postulate that the initial alteration
that is observed after excision may reflect an intermediate γ1
condition in which its effect on allosteric D is partially di-
minished. As will be shown below, manipulations that impeded
run-down also prevent the occurrence of the initial small Vh
shift, suggesting that both are part of changes in the status of the
γ1-subunits. Thus, the lability of the γ1-mediated effect indicates
that individual channels either retain the full γ1-mediated shift
or are not shifted at all. This is again consistent with models in
which one γ1-subunit or complex of γ1-subunits is largely suffi-
cient to produce the shift effect. Although we observed that
openings of single α+γ1-channels exhibited reduced single
channel conductance (Fig. S7A) and an increased occurrence of
subconductance excursions compared with openings of α alone
channels (Fig. S7 B and C), we have not noted any features of
single channel openings that might be informative about the
number of γ1-subunits that may be present in a channel. In-
triguingly, the subconductance excursions persisted in channels
for which the γ1-mediated shift effect had disappeared (Fig.
S7D), suggesting that γ1-subunits remain associated with the BK
complex, despite the loss of the shift effect. On the basis of the
averaged time course of increase in the unshifted channel pop-
ulation, the γ1-mediated shift effect decays with a time constant
of ∼7 min (Fig. 3F).

The Run-Down of the γ1-Mediated Shift Is State Dependent and
Slowed in Open States. The lability of the γ1-induced gating
shift requires that all or most α+γ1-channels are fully shifted
when present in the intact oocyte membrane. Although a com-
plete analysis of the run-down effect will require extensive in-
vestigation beyond this report, we tested the impact of several
factors on the time course of run down. First, the run-down of

Fig. 3. The γ1-induced shift effect is labile. (A) Patch was held in 0 Ca2+,
0 mV. At 0, 2, and 4 min, 10 μM Ca2+ was applied and the illustrated families
of traces were obtained. Voltage steps, −200 to +140 mV. (B) GV curves from
traces as in A, with lines reflecting two Boltzmann fits. (C) A single α+γ1
channel activated by steps to the indicated voltages (with 10 μM Ca2+). (D)
For the same channel in C, after 2 min in 0 Ca2+ solution, the channel un-
derwent an abrupt change in Po. (E) Po-V curves determined for the patch
shown in C and D, with Vh values indicated. (F) The fraction of unshifted
component from a two-Boltzmann fit to the GV curves as in B is plotted as
a function of elapsed time for all patches.
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the γ1-mediated effect was markedly slowed or absent in patches
continuously bathed in 10 μM Ca2+ (Fig. 4 A, C, and E). This
might arise either from an effect of Ca2+ or from state-dependent
inhibition of run-down. At 10 μMCa2+ and 0 mV, α+γ1-channels
are open almost all of the time. We therefore examined rundown
in patches bathed with 0 Ca2+, but held at +80 mV, also main-
taining channels primarily in open states (Fig. 4 B, D, and F).
This also slowed channel run-down. We conclude that the tran-
sition of γ1-subunits from active to inactive is hindered when BK
channels are maintained in the open conformation. The inhibition
of run-down also abolished the initial rightward shift in the GV
curves observed during the first 2 min in 0 Ca2+ conditions,
supporting the idea that the initial rightward shift is also asso-
ciated with some change in γ1-subunit status that is a prelude to
the full all-or-none loss of effect on BK gating. We wondered
whether the run-down might reflect some loss of some constit-
uent of the cytosol or membrane that was hindered in a state-
dependent fashion. We therefore tested the ability of various
factors to influence the loss of the α+γ1 gating shift. Phosphatidyl-
inositol-bisphosphate (PIP2; 10–25 μM), either as C8-PIP2, C16-
PIP, or native brain PIP2, neither slowed the run-down time
course nor restored the γ1 effect. Similarly, 5 mM ATP did not
influence run-down measured at 0 mV, 0 Ca2+.

The Time Course of Run-Down Exhibits a Delay. The time-course of
the run-down may reflect a change in γ1-subunit(s) from an ac-
tive, shift-inducing form to an inactive form. Given that the ef-
fect is all or none, if a single γ1-subunit or single complex of γ1-
subunits must become inactive to cause the loss of gating shift,
the time course should exhibit a single exponential time course.

If up to four γ1-subunits must sequentially become inactive be-
fore the gating shift disappears, the time course might exhibit
a lag reflecting the number of initially active subunits. We mea-
sured the time course of the increase in the unshifted component,
because this minimizes complexities that might arise from the
contribution of the initial 20-mV rightward GV shift (Fig. S6). For
individual patches, we fit the increase in the fraction of the
unshifted population of channels with f(t) = [1 − exp(−t/τ)]n,
where τ is the time constant of the active to inactive conversion of
a single γ1-subunit, and n is the number of subunits involved. Of
a set of six patches, three patches exhibited a time course of run-
down generally consistent with a single exponential time course,
whereas three exhibited run-down better described with a delay in
the range of n = 3–4 (Fig. S8A). However, the intrinsic τ for five of
the six patches in this set was essentially identical (4.6 ± 0.7 min),
with only the apparent stoichiometry differing (Fig. S8B). If the
intrinsic stoichiometry varies to some extent among patches be-
cause of differences in γ1 expression, this might explain some of
the variability in the run-down time course. However, at present
we cannot explain why, at identical injection ratios, we are unable
to consistently drive the apparent stoichiometry to full saturation
such that n = 4. As noted earlier, in most patches, we generally
observed some initial small unshifted component, even at the
highest γ1:α injection ratios. On the basis of this, consideration of
Fig. 1 indicates that, even for a population of channels that are
well over 90% shifted, the average number of γ1-subunits per
channel may still only be in the range of 1.5–2.5. We therefore
suggest that full stoichiometric assembly has not been achieved
consistently in our experiments, perhaps a limitation of the oocyte
system. Irrespective of these complexities, the up to n = 3–4 lag
observed in the onset of the loss of the γ1 gating shift in some
patches would be consistent with the idea that more than one γ1-
subunit can coassemble with BK α-subunits. Alternatively, such
a delay might arise from some other additional component of the
system that regulates γ1 function, but also involving a fourfold
stoichiometry or a four-step process. Alternative methodologies
will be required to resolve the issue of γ1:α-subunit stoichiometry.

Discussion
The present results establish that the γ1-subunit shifts BK gating
in an all-or-none fashion. Whatever the fundamental unit of γ1
interaction with a BK α-subunit tetramer, that unit produces an
approximately −120-mV leftward shift in the activation Vh. This
contrasts markedly with the effects of BK β-subunits, for which
each of the up to four β-subunits in a BK channel complex in-
crementally shifts gating (3). Incremental effects on gating,
whether by auxiliary subunits or other regulatory processes such
as phosphorylation, would be expected to arise naturally from
the fourfold symmetry inherent in a tetrameric K+ channel (i.e.,
the full channel provides a scaffold of four identical interaction
surfaces or four sites for modulation). In contrast, irrespective of
the underlying γ1:α stoichiometry, the γ1 shift involves a single
unitary effect: channels are either shifted or unshifted. Both
types of BK auxiliary subunit effects, incremental or all-or-none,
can be usefully described within the context of a now-standard
model of BK channel gating. Whatever the stoichiometric basis
of the γ1-subunit effects, the contrast between γ1- and β-subunit
induced shifts indicates that the energetic consequences of their
participation in BK channels are determined in distinctly
different ways.
The present experiments do not provide a definitive test of

γ1:α stoichiometry or whether partial γ1:α stoichiometries occur.
Although the lag in the time course of run-down of the γ1-in-
duced shift effect raises the possibility that up to four γ1-subunits
may participate, this test alone is not robust enough to allow any
strong conclusion and is also subject to alternative explanations.
We envision three primary possibilities. One, as in model 1, is
that, similar to the β:α-subunit rules of assembly, none to four γ1-
subunits may coassemble in a BK complex, but, in contrast to the
incremental β-subunit effects, only one γ1-subunit is sufficient to
produce a full gating shift. This scheme maintains structural

Fig. 4. Loss of γ1-induced gating shift is hindered in a state-dependent
fashion. (A) After patch excision, the patch was held at 10 μM Ca2+, 0 mV for
the indicated cumulative time between each family of traces (left to right).
(B) Patch was held at 0 Ca2+, +80 mV between families of traces (GVs at 10 μM
Ca2+). (C) GV curves from traces in A. (D) GV curves from traces in B. (E) The
fraction of the most negatively shifted GV component in a two-Boltzmann fit
is plotted vs. elapsed time at 0 Ca2+, 0 mV (Fig. 3) and for 10 μM Ca2+, 0 mV (as
in A). Values from individual patches were averaged over segments of time.
Single exponential time constant of loss of shift was 7.4 min in 0 Ca2+ and, for
10 μM Ca2+, 39.5 min. (F) Means and individual values of loss of shift are
plotted for 2 and 4 min after patch excision, revealing some variability among
patches in rundown at 0 mV, 0 Ca2+.
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symmetry in the channel complex but poses an interesting chal-
lenge: how might a single subunit exert an essentially concerted
effect to alter the coupling between voltage-sensor and channel
opening for all four α-subunits? A second possibility is that only
one γ1-subunit assembles in a BK channel complex to produce
the full functional effect. Third, perhaps like auxiliary subunits of
Kv channels, channels with γ1-subunits may only contain a full
set of four γ1-subunits. In general, β-subunits of the Kv1 subunit
family (21) and the KChIP subunits that interact with Kv4
α-subunits (22) seem to assemble in an obligatory tetrameric
rosette associated with the Kv channel complex (23). In such
cases the auxiliary subunit complex would only be expected to
confer a full maximal effect. For γ1:α, our results do not ade-
quately distinguish among any of the above three possibilities.
An intriguing observation in our experiments was the lability

of the γ1-subunit gating shift. Such a shift was not previously
observed in regard to γ1-subunit action, which may reflect dif-
ferences in cell systems [oocytes vs. HEK and prostate tumor cell
lines (18)]. However, the hSlo3 K+ channel, when coexpressed in
oocytes with its γ2-subunit partner [LRRC52 (19)], also exhibits
a run-down of similar time course (24). Whether the run-down of
Slo3 involves a similar gating shift or a loss of channels is not
clear. Given the robust magnitude of the gating shift produced
by the γ1-subunits, any endogenous process that regulated the
ability of γ1-subunits to produce a gating shift would have a
profound effect on the resting conductance of any cells con-
taining such channels. However, in the intact oocyte membrane,
the γ1-mediated shift must be largely intact, and it may be that
whatever maintains the γ1-shift effect within a native cell is not
a process subject to dynamic regulation. Our tests excluded two
potential possibilities: the role of PIP2 and a role for cytosolic
ATP. Whether run-down reflects an aspect of γ1 function that
can be dynamically regulated remains a topic for future
investigation.
In sum, our results describe a functionally all-or-none effect of

the γ1 auxiliary subunit on the otherwise symmetric BK channel

tetramer. This contrasts markedly to the incremental effects
exerted by BK β-subunits. The results are consistent with the
major energetic effects of the γ1-subunit arising from either
a single γ1-subunit or single complex of γ1-subunits. Additional
tests are required to define definitively γ1:α stoichiometry in
BK channels.

Materials and Methods
Constructs and Oocyte Expression. Stage IV Xenopus laevis oocytes were used
for expression. Primary constructs were mSlo1 (7) and human LRRC26 (γ1)
(19). β2(ΔFIW) was a construct with the residues 2–4 (FIW) deleted from the
N terminus as described previously (25). For functional studies of channels
expressed in Xenopus oocytes, γ1 RNA was typically injected with Slo1 RNA
at specific molar ratios indicated on the figures, and oocytes were used 2–5 d
after injection.

Electrophysiology. Gigaohm seals were formed in frog Ringer (in mM: 115
NaCl, 2.5 KCl, 1.8 CaCa2+, and 10 Hepes, pH 7.4). The pipette/extracellular
solution was (in mM) 140 K-methanesulfonate, 20 KOH, 10 Hepes, and
2 MgCl2, pH 7.0. Macroscopic and single channel currents were typically
recorded in the inside-out patch configuration, allowing prefusion of the cy-
tosolic face of the membrane. Preparation of solutions of different Ca2+ was
as previously described (7) with 140 mM methanesulfonate, 20 mM KOH,
10 mM Hepes, 5 mM EGTA, and pH adjusted to 7.0. Solutions were applied
directly to patches via a large-bore pipette tip containing multiple in-
dependent solution lines with solution exchange occurring within less than
1 s. Current waveforms were analyzed with Clampfit or software developed
within this laboratory. All error bars correspond to SEM. Experiments were
at ∼22–25 °C. Chemicals were obtained from Sigma (St. Louis, MO). Standard
molecular biology methods (7, 12), methods of expression in Xenopus oocytes
and electrophysiological methods (3, 7, 19) were used. Additional details per-
tinent to measurement and analysis of gating shifts and predictions of dif-
ferent models of subunit stochioimetry are in SI Materials and Methods.
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