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Abstract

De novo mutations play a prominent role in neurodevelopmental diseases including autism, 
schizophrenia, and intellectual disability. Many de novo mutations are dominant and so severe 
that the afflicted individuals do not reproduce, so the mutations are not passed into the 
general population. For multimeric proteins, such severity may result from a dominant-negative 
effect where mutant subunits assemble with WT to produce channels with adverse properties. 
Here we study the de novo variant G375R heterozygous with the WT allele for the large 
conductance voltage- and Ca2+-activated potassium (BK channel, Slo1. This variant has been 
reported to produce devastating neurodevelopmental disorders in three unrelated children. If 
mutant and WT subunits assemble randomly to form tetrameric BK channels, then ~6% of the 
assembled channels would be wild type (WT, ~88% would be heteromeric incorporating from 
1-3 mutant subunits per channel, and ~6% would be homomeric mutant channels consisting of 
four mutant subunits. To test this hypothesis, we analyzed the biophysical properties of the 
single BK channels in the ensemble of channels expressed following a 1:1 injection of mutant 
and WT cRNA into oocytes. We found ~3% were WT channels, ~85% were heteromeric 
channels, and ~12% were homomeric mutant channels. All of the heteromeric channels as well 
as the homomeric mutant channels displayed toxic properties, indicating a dominant negative 
effect of the mutant subunits. The toxic channels were open at inappropriate negative 
voltages, even in the absence of Ca2+, which would lead to altered cellular function and 
decreased neuronal excitability.  

Significance 

We examined the molecular basis for a severe channelopathy associated with developmental 
and neurological disorders for a de novo variant of the Ca2+-activated potassium (BK) channel, 
Slo1. To identify the types of BK channels underlying the pathogenicity of the variant, we 
recorded from BK channels expressed for the G375R mutation heterozygous with the WT allele. 
We found five different functional types of BK channels, four of which displayed a gain of 
function toxicity by shifting channel opening to more negative voltages in proportion to the 
number of mutant subunits per channel and WT. The aberrant channels would disrupt cellular 
function and the normal electrical activity of neurons, providing a molecular basis for the 
severity of the phenotype. 
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Introduction 

The BK channel (Slo1, KCa1.1) is a large conductance K+ selective channel that is 
synergistically activated by Ca2+ and voltage (1-16). BK channels are homotetrameric proteins 
comprised of four large alpha subunits >1200 amino acids each encoded by the KCNMA1 gene 
(SI Appendix, Fig. S1). BK channels are widely expressed in many cell types where they 
modulate smooth muscle contraction (17), transmitter release (18), circadian rhythms (19), 
repetitive firing (20), and cellular excitability (21). Mutations in KCNMA1 produce a wide 
range of disease, including epilepsy, dyskinesis, autism, multiple congenital abnormalities, 
developmental delay, intellectual disability, axial hypotonia, ataxia, cerebral and cerebellar 
atrophy, bone thickening, and tortuosity of arteries (22-26). Studies of the functional properties 
of the BK channels underlying these phenotypes have typically focused on homotetrameric 
mutant channels comprised of 4 mutant subunits. Yet, for a mutation heterozygous with the 
wild-type (WT) allele, mutant and WT subunits may have the potential to assemble in different 
stoichiometries to produce various types of channels with different properties (25). Support for 
this possibility comes from experimental observations that suggest that BK channels in 
chromaffin cells can assemble from two distinct BK subunits that confer different inactivation 
properties (27), and that BK G354S and WT subunits appear to co-assemble to form channels 
with activation time constants that fall between those of either channel type alone (28).  

Here we show that this is the case for a de novo missense mutation in the alpha subunit of 
BK channels (c.1123G>A; p.G375R) that produced severe neurological disorders in three 
unrelated children. Individuals that carry this mutation have a syndromic neurodevelopmental 
disorder associated with severe developmental delay and polymalformation syndrome (24). The 
G375R mutation, located on the back side of the S6 pore-lining helix of the alpha subunit, 
replaces the H- side chain of glycine with a large arginine side chain that might be expected to 
distort the subunit structure as well as add a positive charge (SI Appendix, Fig. S1).  

The de novo G375R mutation was heterozygous with the WT allele in all three afflicted 
children (24) so that both mutant and WT subunits could theoretically assemble to produce five 
different channel types based on subunit composition, as detailed in Fig. 1. To assess the 
pathogenic effect of the mutation on channel properties, we injected a 1:1 mixture of cRNA 
coding for G375R mutant and WT subunits into oocytes to mimic a de novo mutation. Whole 
cell and macro patch recordings from the ensemble of channels expressed following the 1:1 
injection indicated that the G375R variant of BK channels acts as a gain-of-function mutation 
that shifts channel activation to more negative voltages. A detailed single-channel analysis 
showed that most (~85%) of the ensemble channels expressed following 1:1 injection were 
heteromeric, as predicted in Fig. 1 for the random assembly of mutant and WT subunits. The 
heteromeric channels displayed a wide range of negative shifts in activation properties, 
indicating that the molecular action of the G375R variant subunit is predominantly through a 
pronounced dominant negative effect, whereby the assembly of mutant subunits with WT 
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subunits confers detrimental functional properties. The pathogenic negative shift in activation of 
BK channels with one or more G375R subunits would be devastating to the normal functions of 
cells, suggesting a basis for the severity of the phenotype.  

Results 

G375R subunits left shift BK channel activation 
To examine what effect a heterozygous (mutant/WT) de novo G375R mutation of the pore 
forming alpha subunit of BK channels would have on channel function, we first compared 
macroscopic currents flowing through WT BK channels expressed following injection of WT 
cRNA into oocytes, to those expressed following injection of a 1:1 mixture of mutant and WT 
cRNA. Injection of a blank without cRNA served as a control. Voltages were stepped from a 
holding potential of -80 mV to more negative and more positive voltages to reveal the voltage 
dependent activation of the expressed BK channels (Fig. 2A; SI Appendix, Fig. S2). Voltage 
steps to +50 mV were required to significantly increase membrane conductance from the 
opening of WT BK channels following injection of WT cRNA. In contrast, some BK channels 
were already open at -140 mV following a 1:1 injection of mutant and WT cRNA, and 
depolarization further increased the response. The aberrant BK channels could be either 
homomeric mutant channels, heteromeric channels, or both.  

The left shift in activation for channels expressed from the 1:1 injection was so pronounced 
that large numbers of BK channels would be open at voltages near the resting membrane 
potential of -60 mV. Flux of K+ through the opened BK channels would act to clamp the 
membrane potential at the equilibrium potential for K+, opposing depolarization of the cell, 
which would decrease excitability and interfere with normal neuronal function. Thus, the G375R 
variant is a toxic gain of function (GOF) mutation. Evidence of its toxic effect is the broad 
spectrum of developmental and neurological disorders associated with this de novo mutation 
(24); it is a gain-of-function mutation because less depolarization is required to activate the 
channels.   

To quantify the pathogenic negative shift in the ensemble of BK channels following injection 
of a 1:1 mixture of G375R and WT cRNA, when compared to WT channels following injection 
of only WT cRNA, we recorded currents from macro patches of membrane which were excised 
from oocytes after channel expression. This allowed the composition of the solution at the inner 
membrane surface to be controlled, which was not the case for the whole cell recordings. For a 
solution at the intracellular membrane surface containing <0.01 µM Ca2+ (~0 Ca2+), WT BK 
channels did not open appreciably until the membrane potential exceeded 100 mV (black 
circles), whereas the ensemble of BK channels from the 1:1 injection of G375R and WT cRNA 
started to open at very negative voltages of -80 mV (Fig. 3B).  The mean voltage for half 
activation (Vh) was 182 ± 5.4 mV (n = 6) for WT BK channels and was 61.5 ± 16 mV (n = 12) 
for ensemble BK channels from the 1:1 injection, giving a mean left shift in channel activation 
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of -120 mV for the ensemble channels when compared to WT (p <0.0001). This pathogenic left 
shift in channel activation was even greater in the presence of 300 µM Ca2+ (SI Appendix, Fig. 
S3). The 1:1 injection also decreased the voltage sensitivity, with a slope of 38.5 ± 1.8 (n = 8) 
mV per e-fold change compared to 23.2 ± 1.36 mV (n = 6) for WT channels (p < 0.0001).  

The large pathogenic negative shifts in channel activation observed for whole cell recordings 
following a 1:1 injection of mutant and WT cRNA (Fig. 2, SI Appendix, Fig. S2) are thus also 
observed for macro patch recordings under conditions in which the intracellular  solution and 
Ca2+ are controlled (Fig. 3; SI Appendix, Fig. S3). 

Whole cell and macro patch recordings are useful to show the average response of many 
hundreds to thousands of BK channels, but they provide limited information about the 
underlying molecular mechanism for the pathogenic response, because individual channels 
cannot be studied in such recordings. To investigate mechanism in the following sections, we 
first consider the potential channel types and frequencies of expression that might be expected 
for a mutation heterozygous with the WT allele, and then record from individual channels to see 
if these expectations are met. 

Five potential types of BK channels    
WT and mutant subunits arising from a heterozygous mutation could potentially assemble into 
five different types of tetrameric channels based on subunit composition alone, each with 
potentially different properties (Fig. 1). If it is assumed that there is equal production of mutant 
and WT subunits, that subunits assemble randomly to form tetrameric channels, and that each 
assembled channel has the same probability of reaching the surface membrane, then the 
ensemble of channels expressed following a heterozygous mutation would consist of about 6% 
WT channels, 25% comprised of 1 mutant and 3 WT subunits, 38% comprised of 2 mutant and 
2 WT subunits, 25% comprised of 3 mutant and 1 WT subunit, and 6% homomeric mutant 
channels. On this basis, 94%, of the expressed channels would be pathogenic, comprised of 88% 
heteromeric channels with mixed subunits and 6% homomeric mutant channels.  

Wide range of Vh for ensemble channels  
To explore if multiple channel types contribute to the pathogenic effects of a G375R mutation 
heterozygous with WT, as predicted by Fig. 1, we used the unique ability of the patch clamp 
technique (29) to isolate and record from single BK channel molecules in the ensemble of BK 
channels expressed following a 1:1 injection of mutant and WT cRNA into oocytes. For each 
individual ensemble channel, single-channel currents were recorded over a range of voltages 
(Fig. 4 A) to obtain plots of open probability (Po) vs. voltage for each channel (Fig. 4 B, red 
curves). Po-V plots of the 33 individual ensemble channels studied had a voltage for half 
activation (Vh) that ranged from -152 mV to +151 mV, for a span of 303 mV (Fig. 4 B, red 
curves). These 33 ensemble channels could in theory be comprised of five different types of 
channels based on subunit composition alone (Fig. 1), each with potentially different 
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properties. The very wide range in Vh among the ensemble channels lends support to the idea that 
the ensemble channels are comprised of multiple channel types with different voltage activation 
properties. Effective therapies for the de novo G375R mutation heterozygous with WT will need 
to take this into account.  

Identifying the types of ensemble channels 
To gain insight into the types of ensemble channels expressed following 1:1 injections of mutant 
and WT cRNA, the Po-V curves of single ensemble channels were compared to the Po-V curves 
of single WT channels and single homomeric mutant channels. WT channels were obtained by 
injecting only WT cRNA, and homomeric mutant channels were obtained by injecting only 
mutant cRNA. Ensemble channels with Vh values within the range of WT channels would be 
classified as WT channels with four WT subunits. Ensemble channels with Vh values within the 
range of homomeric mutant channels would be classified as homomeric mutant channels 
comprised of four mutant subunits. Ensemble channels with Vh values falling between those of 
WT and homomeric mutant channels would be classified as heteromeric channels with mixed 
subunit composition.  

WT channels had Vh values that spanned a narrow range from 140 to 176 mV (Fig. 4C, black 
plots), and homomeric mutant channels had Vh values that ranged from -272 mV to -38 mV (Fig. 
4C, blue plots). In contrast to our observation of ready expression of homomeric mutant G375R 
channels, Liang et al. (24) reported no currents with a different expression system (see 
Discussion).  

The homomeric mutant channels had a surprisingly wide range for channels of presumed 
identical homomeric mutant subunit composition. The reason for such a wide voltage range in Vh 
for these homomeric mutant channels is not known, but perhaps channels with four mutant 
subunits can assume different conformations with markedly different activation properties.  

To identify the channel types of the ensemble channels, the Po-V curves of the ensemble 
channels from Fig. 4B were overlaid on plots of the ranges of the Po-V curves for the WT and 
homomeric mutant channels in Fig. 4D.  

One of the 33 ensemble channels had a Po-V curve that overlapped with the WT channels 
(Fig. 4D), suggesting that one of the 33 ensemble channels was WT. Four of the ensemble 
channels had Po-V curves that overlapped with the homomeric mutant channels (Fig. 4D), 
suggesting that these four ensemble channels were comprised of four mutant subunits. The 
remaining 28 ensemble channels had Po-V curves that that did not overlap with either WT or 
homomeric mutant channels (Figs. 4D), suggesting that these 28 ensemble channels were 
heteromeric channels comprised of mixed mutant and WT subunits (Fig. 1).  

Thus, for this sampled group of 33 ensemble channels, ~3% (1/33) were WT, ~85% (28/33) 
were heteromeric, and ~12% (4/33) were homomeric mutant channels (Fig. 4). Fig. 1 predicts 
~6% WT, ~88% heteromeric, and ~6% homomeric mutant channels. Simulations of 1 million 
different groups of 33 ensemble channels each, assuming equal production of mutant and WT 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 23, 2021. ; https://doi.org/10.1101/2021.12.22.473917doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.22.473917
http://creativecommons.org/licenses/by-nc-nd/4.0/


7 

subunits and random assembly into tetrameric channels, indicated that the experimental 
observations were not significantly different from the predictions of Fig. 1 (SI Appendix, Fig. S4) 
Thus, for a G375R mutation heterozygous to WT, experimental and theoretical considerations 
suggest that most (85-88%) of the ensemble channels will be heteromeric, with much smaller 
fractions of homomeric mutant and WT channels.  

Dominant negative effect of G375R 
Except for the one ensemble channel assigned as WT, all of the other ensemble channels 
expressed following 1:1 injections of mutant and WT cRNA gave pronounced left (negative) 
shifts in voltage activation when compared to WT channels (Fig. 4D). For the 85% of ensemble 
channels that were heteromeric, the mutant subunits dominated the function of the WT subunits, 
giving toxic left shifts in activation (Fig. 4D). Thus, the toxic left shifts in heteromeric channels 
arise from a dominant negative effect of the mutant subunits on WT subunits.

The toxic left shifts were even greater for the ~12% of ensemble channels that were 
homomeric mutant (Fig. 4D). As homomeric mutant channels lack WT subunits, the homomeric 
mutant channels would exert their detrimental action, not by the action of mutant subunits on 
WT subunits as is the case for heteromeric channels, but by producing toxic currents on their 
own. The combined toxic currents from the ~85% of the ensemble channels that are heteromeric 
channels and from the ~12% of the ensemble channels that are homomeric mutant channels 
would then act to counter the actions of the currents from the ~3% of the ensemble channels that 
are WT BK channels and from the other normal channels.  

Macro currents can obscure mechanism  
The narrow error bars for the macro currents recorded from whole cells and macro patches (Figs. 
2 and 3; Supplemental Figs. S2 and S3) indicate that the mean responses recorded from hundreds 
to thousands of channels following injection of WT cRNA or a 1:1 injection of mutant and WT 
cRNA, are repeatable. Narrow error bars do not necessarily indicate that the individual channels 
underlying a mean response have near identical properties, as this was not the case for the macro 
currents recorded from the ensemble of channels expressed following 1:1 injections of mutant 
and WT cRNA, where the underlying ensemble channels would have a very wide range of Vh 
(Fig. 4B). In spite this of this very wide range, the macro G-V data obtained from ensemble 
channels in Fig. 3B (red diamonds) are reasonably well approximated by a single Boltzmann 
function (blue line), but are better described (red line) by assuming five underlying channel types 
(Fig. 1) as described in the legend to Fig. 3.  

Dual action of G375R subunits on Vh and single channel conductance g 
In addition to the negative shift in activation induced by G375R mutant subunits (Figs. 2-4), the 
mutant subunits also decreased single-channel conductance (Fig. 5A, B). The mean single-
channel conductance of WT channels at 100 mV was 312 ± 4 pS. This decreased to 245 ± 6 pS 
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for heteromeric channels, and further decreased to 190 ± 14 pS for homomeric mutant channels. 
These decreases were significant (see Fig. 5 legend). Hence, single-channel conductance 
decreased as the number of mutant subunits per channel increased. 

To examine the relationship between single-channel conductance and Vh, the single-channel 
conductance was plotted against Vh for that channel in Fig. 5C for the indicated channel types. A 
linear relationship was observed (Fig. 5C; R = 0.86, P < 0.0001). When taken together, the data 
in Figs. 5B and 5C are consistent, with the idea that each additional mutant subunit adds both an 
increment of left shift to Vh and a decrease in single-channel conductance. Thus, at the single-
channel level, the de novo G375R mutation acts as a GOF mutation to left-shift voltage 
activation (Figs. 4 and 5) and as a loss-of-function (LOF) mutation to decrease single-channel 
conductance (Fig. 5). The increased activation and current from the GOF left shifts in Vh would 
dominate over the decrease in current from the LOF reduction in single-channel conductance, 
producing pathogenic left shifted currents (Figs. 2 and 3; SI Appendix, Figs. S2 and S3).  

Multiple types of ensemble channels 
If each additional mutant subunit in the tetrameric BK channel adds an increment of left shift in 
Vh, as suggested in the preceding section, then the Vh values of the ensemble channels might 
cluster into groups based on the number of mutant subunits per channel. To explore this 
possibility, a histogram of the number of channels vs. Vh for the ensemble channels in Fig. 4B 
was plotted in Fig. 6. as red bars. Histograms of WT channels (black) and homomeric mutant 
channels (blue) from Fig. 4C are also plotted. The subunit compositions of the homomeric 
mutant and WT channels are known and indicated above the channel types. Four of the ensemble 
channels had Vh values that overlapped with those of homomeric mutant channels, suggesting 
they had a subunit composition of four mutant subunits. One ensemble channel overlapped with 
WT channels, suggesting that it was a WT channel. Ensemble channels with Vh values falling 
between those of WT and homomeric mutant channels would be heteromeric channels, as they 
are neither WT nor homomeric mutant channels.  

As a working hypothesis, the three different subunit combinations of heteromeric channels 
(Fig. 1) have been placed between the WT and homomeric mutant channels to obtain a stepwise 
increase in the number of mutant subunits to systematically bridge the gap between WT and 
homomeric mutant channels. The decrease in conductance as Vh shifts left (Fig. 5) also supports 
that the number of mutant subunits increase as Vh shifts negative (Fig. 5). The relative 
percentages of the different types of ensemble channels in Fig. 6 are consistent to a first 
approximation with the predictions in Fig. 1 (SI Appendix, Fig. S4), lending support to the 
scheme in Fig. 1 as the molecular basis underlying the pathogenicity of the G375R mutation 
acting through a dominant negative effect. Whereas the apparent observation of three clusters of 
Vh values for the heteromeric channels (Fig. 6) is consistent with theoretical predictions for three 
different subunit combinations of heteromeric channels (Fig. 1), peaks can occur by chance alone 
in histograms of binned data of limited sample size (30). Consequently, larger sample sizes will 
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be needed to determine whether Vh values for heteromeric channels can consistently be resolved 
into peaks, but the observation of such distinct peaks is not required for support of the 
mechanism in Fig. 1, as experimental variation in values of Vh could obscure such peaks.   

Discussion 
To characterize the action of the G375R de novo mutation in human BK channels, we first 
examined the mean response of the ensemble of BK channels expressed following a 1:1 injection 
of G375R mutant and WT cRNA to mimic a mutation heterozygous to the WT allele. Recordings 
from whole cells and macro patches containing many hundreds to thousands of channels 
indicated that the voltage required for half activation, Vh, was left shifted to more negative 
potentials by more than 100 mV compared to WT channels (Figs. 2 and 3; SI Appendix, Figs. S2 
and S3), indicating a toxic GOF mutation. GOF because much less depolarization is required to 
activate the BK channels expressed following the 1:1 injection when compared to WT channels. 
Toxic at the molecular level because the mutant channels would be open at negative potentials 
where they would inhibit depolarization, and toxic at the organism level because of the 
devastating phenotypes of malformation syndrome and neurological and developmental 
disorders (24).   

To explore the underlying molecular basis for the negative shift in channel activation, we 
recorded from single BK channel molecules from the ensemble of BK channels expressed 
following 1:1 injection of mutant and WT cRNA. We found that ~3% of the ensemble channels 
were WT, ~85% were heteromeric channels of mixed subunits, and ~12% were homomeric 
mutant channels. All of the heteromeric and homomeric ensemble channels in our experiments 
displayed pathogenic negative shifts in activation (Figs. 4-6), indicating that one or more mutant 
subunits per channel are sufficient to override the normal properties of any WT subunits. Thus, 
the de novo heterozygous G375R mutation with respect to WT would induce its pathogenicity 
mainly through a dominant negative effect (31). 

Dominant negative mutations in BK and other ion channels have been described previously 
(28, 32-36), but this is the first time to our knowledge that the underling molecular mechanism 
has been revealed in such detail at the single channel level. For the G375R mutation 
heterozygous with WT, 85% of the expressed channels were heteromeric, and all these 
heteromeric channels displayed toxic properties (Figs. 4-6). Hence, heteromeric channels were 
the dominant class of pathogenic channel, with the pathogenicity increasing with the number of 
mutant subunits per channel (Figs. 4-6). We also show that the much smaller fraction of 
homomeric mutant channels (~12%) also contribute to the pathology, with a greater negative 
shift per channel than the heteromeric channels. The extent to which our dominant negative GOF 
observations for the de novo G375R mutation apply to other heterozygous gain of function 
mutations will need to be investigated for each mutation. Clearly, LOF variants arising from lack 
of trafficking would employ different mechanisms (37).  
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In addition to the GOF left shift in Vh, we also observed a LOF action through a decrease in 
single channel conductance. The decreased conductance may arise from the large volume and 
positive charge of the large mutant arginine side chains added to S6, which lines the inner con- 
ductance pathway of the BK channel (SI Appendix, Fig. S1). The added volume could decrease 
the volume of the inner vestibule and the added positive charge may act to repel K+ from the 
inner cavity. Both actions can reduce single channel conductance in BK channels (38-40).   

Our experimental observations for the types and percentages of ensemble channels following 
a 1:1 injection of mutant and WT cRNA were consistent to a first approximation with the 
predictions of Fig. 1 (SI Appendix, Fig. S4), based on assumptions of equal production of mutant 
and WT subunits that randomly assemble into channels with equal probability of each assembled 
channel reaching the surface membrane (Figs. 4, 6; SI Appendix, Fig. S4). Experiments with 
much larger sample sizes than 33 ensemble channels would be needed to further test the 
assumptions underlying the scheme in Fig. 1.  

Our findings that the G375R variant is a pathogenic GOF mutation that mainly acts through a 
dominant negative effect (Fig. 4) differ from those of Liang et al. (24) who reported that the 
G375R variant confers LOF. Liang et al. (24) studied BK channels in macro patches excised 
from HEK293T cells. They found that voltage steps induced currents after transfection with the 
KCNMA1 plasmid for WT channels, but not after transfection with the G375R variant plasmid. 
They did not try a joint transfection with mutant and WT plasmids to mimic a heterozygous 
mutation.  They concluded that the G375R variant abolished the function of BK channels, 
blocking the potassium current. In contrast, when we injected only G375R cRNA into oocytes 
we observed a pronounced GOF negative shift in the activation of channels (Fig. 4A and C). The 
differences in observations with those of Liang et al. (24) are unlikely to arise from the different 
expression systems, as we have found that both oocytes and HEK293 cells effectively express 
WT BK channels and also BK channels with various types of mutations (16, 38, 40, 41).  

We did observe that injecting sufficient G375R cRNA alone to obtain whole cell and macro 
patch recordings was detrimental to the oocytes, which had limited lifetimes, perhaps because of 
the extreme negative shift in activation of the homomeric mutant BK channels (Fig. 4C). 
Consequently, homomeric mutant channels were not studied in whole cell and macro patch 
recordings. Injecting the much smaller amounts of G375R used for single-channel recording did 
not induce this problem, allowing single homomeric mutant channels to be studied (Fig. 4A, C).     

Devising therapies for the de novo G375R heterozygous mutation will be challenging. Our 
experimental observations (Figs. 4 and 6) and theoretical calculations (Fig. 1) suggest that most 
(94 to 97%) of the ensemble channels would be pathogenic, with only 3 to 6% of the ensemble 
channels WT. The pathogenic channels would consist of multiple channel types, each with vastly 
different activation properties and smaller differences in conductance (Figs. 4 - 6). Therapies to 
block or inactivate mutant channels would need to silence the multiple types of pathogenic 
channels, while leaving any WT channels intact. Even if such selective blockers could be 
devised, it is unlikely that the remaining 3 to 6% of WT channels would restore normal cellular 
function. Effective therapies will likely require replacing or silencing the mutant alleles, or
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preventing mutant subunits from assembling with themselves or WT subunits if/when such 
techniques become practical in humans.  

Materials and Methods 
Constructs. Experiments were performed using the human large conductance calcium-
activated potassium (BK) channel (hSlo1)  KCNMA1 transcript: GenBank: U23767.1 (3) for WT, 
and a  G375R mutation was constructed to match the G375R de novo variant described by 
Liang et al. (24). G375R is at the same position as G310 in Tao and MacKinnon (15), which they 
called the gating hinge residue. They used an alternative transcript missing the first 65 amino 
acids compared to U23767.1. Overlap extension PCR cloning was used to generate the G375R 
mutation, which was verified by sequencing. The new construct was linearized downstream of 
the end of coding and transcribed with T3 using Invitrogen’s T3 mMessage mMachine kit to 
make cRNA. To mimic the effects of a heterozygous mutation, mutant and WT cRNA were 
mixed in a 1:1 ratio by weight before injection into oocytes.  

Recording and binomial predictions. Details for whole-cell, macro patch, and single channel 
patch clamp recording, as well as using Xenopus oocytes as an expression system, including 
solutions and the use of the binomial equation to calculate percentages of the different 
channel types for random assembly of mutant and WT subunits are available in the SI 
Appendix.  

Statistics. Error bars in the figures and error estimates in the text are SEM. Significance was 
determined with the two-tailed t-test unless otherwise indicated.   

Data Availability. The data for this study are contained in the figures and text of the 
manuscript and SI Appendix. 
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Figure legends 

Fig. 1. Protein subunits coded by WT and mutant alleles can potentially assemble into five  
types of tetrameric BK channels based on subunit composition alone. The percentages of 
expression of the different channel types were calculated with Eqn. 2 in the SI Appendix 
Materials and Methods, which assumes equal numbers of mutant and WT subunits that 
randomly assemble into tetrameric channels, each with equal probability of reaching the 
surface membrane. Ensemble channels are defined as the collection of all channels expressed 
for a mutation heterozygous with the WT allele. With the above assumptions, 6% of the 
ensemble channels are WT comprised of 4 WT subunits per channel, 88% are heteromeric 
(mixed subunit) channels, with from 1 to 3 mutant subunits per channel, and 6% are 
homomeric mutant channels comprised of 4 mutant subunits per channel. Note that 94% of the 
ensemble channels can be pathogenic, as they contain from 1 to 4 mutant subunits per 
channel. The listed percentages of 6% and 38% here and throughout the paper have been 
rounded from the calculated values of 6.25% and 37.5%.  

Fig. 2. BK channels expressed in oocytes following injection of a 1:1 mixture of G375R mutant 
and WT cRNA activate at greatly left shifted negative potentials compared to BK channels 
expressed following injection of only WT cRNA. (A) Whole cell current traces recorded from 
oocytes with the two-electrode voltage clamp for the indicated injections of cRNA. The whole 
cell currents were generated by holding the potential at -80 mV and then jumping to voltages 
ranging from -140 mV to +60 mV in 10 mV increments (1:1) or to +100 mV (WT and Blank). (B) 
Plots of relative conductance versus the voltage of the steps following injection of a 1:1 mixture 
of mutant and WT cRNA (red diamonds), for injection of WT cRNA alone (black circles), and 
injection of carrier only (purple triangles). The high conductance at negative potentials would 
act to drive the membrane potential to about -80 mV, the equilibrium potential of K+. The 
currents used to calculate the relative conductance are in SI Appendix, Fig. S2. Mean ± SEM, n = 
4 in each case.  

Fig. 3. Quantifying the mean pathogenic left shift in Vh following injection of a 1:1 mixture of 
mutant and WT cRNA when compared to injection of only WT cRNA. Data are for ~0 Ca2+ at the 
intracellular side of the membrane (see SI Appendix, Materials and Methods). (A) Currents 
recorded from inside-out macro patches of membrane excised from oocytes. For WT channels 
following injection of only WT cRNA, voltage pulses were from -80 mV to 240 mV with 20 mV 
steps from a holding potential of -80 mV. For channels expressed following injection of a 1:1 
mixture of G375R mutant and WT cRNA, voltage pulses were from -120 to 240 mV with  
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20 mV steps from a holding potential of -160 mV. The currents are the mean response from the 
many hundreds to thousands of BK channels in each excised macro patch of membrane. (B) G/
Gmax vs. voltage plots following the injection of WT cRNA alone (black circles, n = 6), or 1:1 
injection of mutant and WT cRNA (red diamonds, n = 12). The black line through the WT data is 
a single Boltzmann fit with Vh = 181.3 mV and slope factor b = 24.04 mV/e-fold change in Po at 
low Po. The blue line through the 1:1 data (red diamonds) is a single Boltzmann function with Vh 
= 59.04 and b = 38.06. The red line through the 1:1 data is the sum of 5 Boltzmann functions 
with: 1) Vh = -75.7 mV, b =21.6 mV/e-fold change, fractional area = 0.0547; 2) 1.5, 21.0, 0.236; 3) 
54.6, 13.8, 0.316; 4) 96.6, 14.4, 0.244; 5) 155, 14.0, 0.139. These parameters for the 5 summed 
Boltzmann functions that describe the 1:1 data are generally consistent with the Vh values for 
the apparent clusters of ensemble channels (Figs. 4D and 6) and theoretical percentages in Fig. 
1. Channel activation is left shifted in the whole cell recordings in Fig. 2 compared to the ~0 Ca2+

macro patch recordings in this figure, because the resting free Ca2+ in the oocytes of a few
micromolar left shifts BK channel activation.

Fig. 4. Identifying the types of BK ensemble channels expressed following a 1:1 injection of 
G375R mutant and WT cRNA. (A) Representative single channel recordings from three different 
single BK channel molecules: WT channel (top row) following injection of WT cRNA; ensemble 
channel following 1:1 injection of G375R and WT cRNA, (second row); and homomeric G375R 
mutant channel following injection of G375R cRNA (third row). Recordings are at three different 
voltages for each channel type. Depolarization activates each channel type with a markedly 
different Vh of about 140 mV for the WT channel, 6 mV for the ensemble channel, and ~-100 mV 
for the homomeric G375R mutant channel. Arrows indicate closed channel current levels. (B) 
Plots of Po vs. V for 33 single ensemble channels following 1:1 injection of G375R and WT cRNA 
(red diamonds with Boltzmann fits). (C) Plots of Po vs. V for 12 single homomeric G375R mutant 
channels following injection of G375R cRNA (blue squares with Boltzmann fits), and for 9 WT 
channels following injection of WT cRNA (black circles and Boltzmann fits). (D) Identifying the 
types of ensemble channels. Blue and gray areas indicate the range of observed Vh for G375R 
mutant channels and WT channels, respectively, from C. One of the ensemble channels 
(rightmost red Po-V curve) overlaps with the WT channels (gray shading), indicating that this 
ensemble channel is likely a WT channel with four WT subunits.  Four of the ensemble channels 
(four leftmost red Po-V curves) overlap with the G375R mutant channels (blue shading) 
indicating that these 4 ensemble channels are likely homomeric G375R channels assembled 
from 4 mutant subunits. The remaining 28 ensemble channels would be heteromeric channels 
with mixed subunits, as their Vh values do not overlap with those of either homomeric mutant 
or WT channels.
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Fig. 5. Each additional G375R mutant subunit in a BK channel acts both to left shift Vh to more 
negative potentials and decrease single channel conductance. (A) Currents recorded from single 
channels at +100 mV after injecting the indicated cRNA.  (B) Single-channel conductance at 
+100 mV decreases as the number of mutant subunits increase. Mean single-channel
conductance for WT channels was 312 ± 4 pS (n = 7), decreasing to 245 ± 6 pS for heteromeric
channels (n = 25, p < 0.0001), and further decreasing to 190 ± 14 pS for homomeric G375R
channels (n = 8, p = 0.0003). Mean ± SEM. The WT channels included for the mean WT
conductance were those channels expressed after injecting only WT cRNA. The homomeric
mutant channels included for the mean homomeric mutant conductance were those channels
expressed after injecting only G375R mutant cRNA. The heteromeric channels included for the
mean heteromeric conductance were identified as in Fig. 4D. WT channels would have 4 WT
subunits, heteromeric channels have mixed subunits of three differ combinations: 1 mutant/3
WT, 2 mutant/2 WT, and 3 mutant/1 WT, and G375R channels have 4 mutant subunits. (C) Plot
of single channel conductance at +100 mV vs. Vh for BK channels expressed following injection
of the indicated cRNA. The linear regression line relates single channel conductance (g) to Vh,
where: g = Vh(0) +aV, where Vh(0) = 231.9 ± 3.9 pA and a = 0.408 ± 0.0375 pS/mV (p <0.0001 for
a slope different from 0). R = 0.86.

Fig. 6. The observed numbers of the types of ensemble channels appear consistent, to a first 
approximation, with the theoretical predictions in Fig. 1. Histograms of Vh values of single 
channels from Fig. 4. Ensemble channels from 1:1 injection of mutant and WT cRNA are 
indicated by red bars. WT channels from injection of only WT cRNA are indicated by black bars, 
and G375R channels from injection of only G375R cRNA are indicated by blue bars. Ensemble 
channels with Vh values between the blue bars and black bars would be heteromeric ensemble 
channels of mixed subunits. Red bars interspaced between blue bars would be ensemble 
channels comprised of four mutant subunits. The red bar in the cluster of black bars would be 
an ensemble channel comprised of four WT subunits. Hypothesized subunit compositions of 
the different apparent clusters of channels based on Vh values are indicated. SI Appendix, Fig. 
S4 compares observed and predicted data.  
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