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Disruption of a side portal pathway permits
closed-state inactivation by BK β subunit N termini
Yu Zhou1, Xiao-Ming Xia1, and Christopher J. Lingle1

Cytosolic N termini of several BK channel β regulatory subunits mediate rapid inactivation. However, in contrast to Kv
channels, inactivation does not occur via a simple, open-channel block mechanism, but involves two steps, an association step in
which ion permeation is maintained (O*), then followed by inactivation (I). To produce inactivation, BK β subunit N termini
enter the central cavity through a lateral entry pathway (“side portal”) separating the transmembrane pore-gate domain and
cytosolic gating ring. Comparison of BK conformations reveals an aqueous pathway into the central cavity in the open structure,
while in the closed structure, three sequential basic residues (R329K330K331) in the C-linker just following S6 occlude central
cavity access. We probed the impact of mutations of the RKK motif (RKK3Q, RKK3E, and RKK3V) on inactivation mediated by
the β3a N terminus. All three RKK-mutated constructs differentially reduce depolarization-activated outward current, prolong
β3a-mediated tail current upon repolarization, and produce a persistent inward current at potentials down to −240 mV. With
depolarization, channels are driven into O*-I inactivated states, and upon repolarization, slow tails and persistent inward
currents reflect slow changes in O*-I occupancy. However, evaluation of closed-state occupancy prior to depolarization and at
the end of slow tails reveals that some fraction of closed states at negative potentials correspond to resting closed states in
voltage-independent equilibrium with N-terminal–occluded closed states. Thus, disruption of the RKK triplet both stabilizes
the β3a N terminus in its position of inactivation and permits access of that N terminus to its blocking position in closed states.

Introduction
Ca2+- and voltage-activated, large-conductance BK-type K+

channels undergo a fast inactivation process that arises from
N-terminal peptide segments of regulatory β2 (Wallner et al.,
1999; Xia et al., 1999) and β3a, β3b, and β3c subunits (Uebele
et al., 2000; Xia et al., 2000; Zeng et al., 2007). Although this
process qualitatively shares similarities to Shaker fast inactiva-
tion (Hoshi et al., 1990; Zagotta et al., 1990), inactivation medi-
ated by BK β subunits exhibits features inconsistent with simple,
open-channel block. Cytosolic channel blockers do not compete
with β subunit–mediated inactivation (Solaro et al., 1997; Xia
et al., 2000), although TEA has been shown to compete with
an exogenously applied N-terminal peptide blocker (Wallner
et al., 1999). The presence of time-dependent changes in in-
stantaneous IV curves during development of inactivation sup-
ports the existence of two categories of the open state (Lingle
et al., 2001; Benzinger et al., 2006), one that closes normally and
one in rapid equilibrium with inactivated states. Finally, tail
current behavior during recovery from inactivation is inconsis-
tent with the predictions of recovery from simple, open-channel
block (Solaro et al., 1997; Zeng et al., 2007; Gonzalez-Perez et al.,
2012). All three of these features of BK inactivation have been
explained by a two-step inactivation process, which in its simplest
form is given by C←→O←→O*←→I.

The key point encapsulated in such a scheme is that a rate-
limiting transition to a preinactivated open state (O*) precedes a
rapid transition to a nonconducting inactivated state. For the β3a
N terminus, repeated cycling between I and O* explains the
prolonged tail of current following repolarization after channels
are inactivated at depolarized potentials. For β3a, this mecha-
nism is of potential physiological significance, distinguishing it
from simple channel block (C←→O←→I), since it results in a
much larger net current flux (Zeng et al., 2007; Gonzalez-Perez
et al., 2012) than would be predicted from simple, open-channel
block (Demo and Yellen, 1991; Raman, 2023).

An additional intriguing difference between BK and Shaker
inactivation concerns stereospecificity in the channel blocking
effects of isolated N-terminal peptides. Shaker inactivation–
removed channels are inhibited essentially indistinguishably
between D- and L-20mer N-terminal Shaker peptides (Gonzalez-
Perez et al., 2012). In contrast, the 20-mer L-peptide of the BK
β3a N terminus recapitulates all the features of the two-step
inactivation process, while a D-β3a peptide exhibits features of
simple channel block characteristic of Shaker (Gonzalez-Perez
et al., 2012). This suggests that BK inactivation involves a ster-
eospecific binding step that precedes inactivation. Yet, a chal-
lenge for understanding BK inactivation has been that whereas
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Shaker-type N-terminal inactivation can be easily conceptual-
ized by the simple block, pore-occlusion model (Hoshi et al.,
1990; Zagotta et al., 1990; Choi et al., 1991; Demo and Yellen,
1991; Aldrich, 2001), for BK inactivation, the structural corre-
lates that may underlie the postulated two steps in the inacti-
vation process are lacking. Furthermore, the quite different
β2 and β3a tail current behaviors have not been fully explained
(Zeng et al., 2007; Gonzalez-Perez et al., 2012).

BK β subunit N termini access their positions of inactivation,
presumably within the central cavity, via passage through side
portals that connect the membrane-associated pore-gate domain
to the cytosolic domain containing the gating rings (Zhang et al.,
2006, 2009; Agarwal et al., 2025). Here, current BK structural
information (Hite et al., 2017; Tao et al., 2017; Tao and
MacKinnon, 2019) is used to probe a potential pathway by
which β subunit N termini might reach the BK central cavity.We
find that in the available structural model of the unliganded,
presumably closed BK channel, there is no obvious pathway that
would accommodate movement of N-terminal segments to the
central cavity, while in the liganded, open-channel model, a
pathway can be identified. The key difference between the two
conformations is that a triplet of basic residues, R329K330K331

(RKK), is positioned to hinder β subunit N-terminal passage into
the central cavity in the closed state. Previously, the RKK triplet
has been implicated in stabilization of the closed BK conforma-
tion by interaction between RKK and two acid residues (E321/
E324) from an adjacent subunit (Tian et al., 2015), participation
in sensitivity to PIP2 (Vaithianathan et al., 2008; Tian et al.,
2015), coupling of the cytosolic gating ring to pore-gate domain
function (Niu et al., 2004), and coupling of voltage sensor acti-
vation to channel opening (Sun and Horrigan, 2022). Here, we
utilize macroscopic and single-channel evaluations of RKK (and
E321/E324) mutations to test their impact on inactivation me-
diated by β3a and β2 subunits. The results suggest that each of
the RKK triplet mutations differentially stabilizes the lifetime
of channels in inactivated states. Furthermore, contrary to the
linear formulation presented above, disruption of the RKK
triplets also permits direct inactivation from resting closed
states. In contrast, mutations of E321/E324 predominantly re-
duce the stability of the inactivated states. The results support
the view that disruption of the RKK motif creates a pathway in
closed channels that allows N-terminal inactivation motifs to
reach a position of inactivation.

Materials and methods
Molecular biology and channel expression
BK channels were expressed in stage IV Xenopus oocytes by
cRNA injection of the pore-forming mouse Slo1 (mSlo1) α sub-
unit alone or with hβ2 or D20Am (Gonzalez-Perez et al., 2012).
D20Am is a chimeric construct containing N-terminal residues
1–34 from mouse β3a, appended to residues 41–235 of the hβ2
subunit (β3a(1–34):β2(41–235)) (Fig. 2 B). The cRNAs of α and β
subunits were injected at 1:4 ratio by volume to ensure molar
excess of β subunits. Three constructs of the mSlo1 α subunit
were generated in which the triplet of residues, RKK, immedi-
ately following the S6 pore-lining helix, were mutated. The

construct RKK/3Q corresponds to replacement of RRK with
three glutamine residues, RKK/3E corresponds to replacement
with glutamate residues, and RKK/3V corresponds to replace-
ment with valine. A second set of mutant constructs focused on
two acidic residues near the end of the S6 helix, E321 and E324.
Here, we utilized EE/QQ, EE/DD, EE/GG, EE/WW, and EE/KK
constructs. All mutants were generated by site-directed muta-
genesis. The specific DNA primers were purchased from Inte-
grated DNA Technologies, and Pfu DNA polymerase was applied
to perform 18 PCR cycles (96°C, 30’’; 52°C, 30”; 69°C, 18’). After
2 h of DpnI digestion, the reactions were used to transform E. coli
DH10B cells electrically (Invitrogen), which were then plated on
LB plates containing 70 µg/ml carbenicillin. The resulting
single colonies were grown out for plasmid DNA isolations.
The intended mutants were identified and verified through
Sanger sequencing (Azenta Life Sciences). To synthesize
cRNA, the pCap vector templates were linearized with MluI and
purified, and cRNAs were synthesized with T7 RNA polymerase
(Invitrogen).

Measurement and visualization of BK aqueous
accessible volume
The aqueous accessible volumes in hSlo1 structures were eval-
uated using the program PrinCCes (Czirják, 2015) with a probe
of 8 Å diameter. The structural images were prepared using
UCSF ChimeraX (Goddard et al., 2018).

Electrophysiology and data analysis
All currents were recorded in the inside-out patch configu-
ration using an Axopatch 200B amplifier (Molecular Devices).
Currents were low-pass–filtered at 10 kHz and digitized at 100
kHz. During seal formation, an oocyte was bathed in standard
frog Ringer (in mM): 115 NaCl, 2.5 KCl, 1.8 CaCl2, and 10
HEPES, at pH 7.4. Following patch excision, the pipette tip was
moved into flowing test solutions of defined Ca2+ concen-
trations. The pipette was filled with extracellular solution
containing (in mM) 140 K-methanesulfonate, 20 KOH, 10
HEPES, and 2 MgCl2, at pH 7.0. The intracellular solutions
included (in mM) 140 K-methanesulfonate, 20 KOH, and 10
HEPES adjusted to pH 7.0. For 0 Ca2+ solutions, 5 mM EGTA
was used with no added Ca2+. The 10 μM Ca2+ solution was
prepared by slowly adding a 1 M Ca-MES stock solution in
presence of 0.5 mM HEDTA to obtain the desired [Ca2+], while
monitoring with a Ca2+-sensitive electrode calibrated with
commercial Ca2+ solutions (WPI). Symmetric K+ gradients are
preferred for biophysical studies of BK channels, since they
largely linearize the BK single-channel conductance.

Because the questions under investigation utilized constructs
that resulted in persistent inward current even at very negative
potentials, leak subtraction was not employed for macroscopic
currents in any of the displayed results and analysis. Since each
patch was treated with trypsin to remove inactivation (and the
persistent inward current), this provided an indication whether
any patch had levels of leak current that would compromise our
measurements. When tail current decay properties were mea-
sured, we excluded the first 1.5 ms following the nominal time of
the voltage step, but extrapolated the fit to the nominal t = 0 to
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make estimates of the fraction of channels in O*-I states upon
repolarization. The steady-state levels of tail current were de-
termined from the baseline level defined by the two (or in some
cases one)-exponential fit to the tail current relaxation. The
extent to which this differed from the leak current is considered
in the Results.

For single-channel patches, currents were sampled at 50 kHz
and filtered at 5 kHz. Leak and capacity transients were subtracted
by using blank traces in the same recording. For cases of BK
channels that were open at the end of the depolarization to +140
mV, only rarely would a fully resolved deactivating BK channel be
expected to be observed. BK channel deactivation at −160 mV
typically occurs with a time constant of about 100 μs (Horrigan
and Aldrich, 2002), which predicts that <5% of all channel
closing events will be >300 μs. For the 36 of 860 cases in which
WT+D20Am channels were open at the time of repolarization,
only 1 or 2 deactivation events longer than 300 μs would be
expected.

The trypsin digestion procedure was as described previously
(Zhang et al., 2006, 2009). In short, trypsin was applied for
timed durations in 0 [Ca2+]in, while the patch was held at −70
mV. Digestion was then monitored following return to a 10 μM
[Ca2+]in solution lacking trypsin using currents evoked by test
steps to +160 mV after a preconditioning step to −160 mV. Each
patch was washed in enzyme-free 0 [Ca2+]in solutions for at least
5 s before and after each test current recording.

Solutions at the pipette tip of excised inside-out patches were
changed with an SF-77B fast perfusion stepper system (Warner
Instruments) controlled by pCLAMP (Molecular Devices). Ex-
periments were performed at room temperature (∼22–25°C). All
chemicals were purchased from Sigma-Aldrich.

The GV relationship of BK channels was determined from tail
currents measured 150 μs after repolarization to −120 mV. GV
curves were fit by a Boltzmann function of the form:

G(V) � Gmax

1 + e−z(V−V50)/kT
,

in which Gmax is maximal conductance, z is apparent voltage de-
pendence in units of elementary charge, V50 is the voltage of half-
maximal activation, and k and T have their usual physical meanings.

Data were analyzed using OriginPro 7.5 (OriginLab Corpora-
tion), Clampfit (Molecular Devices), GraphPad Prism 10.4.0
(GraphPad), and programs developed in this laboratory. Error bars
in the figures represent standard deviations. Each measurement is
averaged from at least four experiments with a number of patches
given in figure legends. Specific statistical tests are given when
used. For comparisons of single-channel events among constructs,
Fisher’s exact test was used for comparing 2 × 2 contingency ma-
trices. To correct for multiple comparisons, a Bonferroni correction
was used, such that for any comparison of events in two constructs,
the P value reported by the Fisher test was corrected to P times the
number of different comparisons.

Analysis of peak current reduction mediated by D20Am
expressed with different BK constructs
Peak current resulting from activation of an inactivating chan-
nel is expected to be less than the maximum current that would

arise from all channels being open simultaneously. The reduc-
tion in peak current can arise from a number of factors. First,
channels may already occupy inactivated states prior to the
depolarizing voltage step. Second, inactivation of some channels
may occur during the rising phase of current activation prior to
the time of peak current. In this case, the extent to which peak
current may underestimate the true maximum current differs
depending on whether the inactivation process may be depen-
dent on opening first occurring (coupled model) or that inacti-
vation can occur without channel opening being driven only by
depolarization (uncoupled model). For the simplest formulation
of coupled and uncoupled models, to evaluate the expected re-
duction of peak current relative to the measured maximum
activatable BK current in a patch only requires measurement of
the inactivation time constant and then, following removal of
inactivation by trypsin, measurement of the activation time
constant and the maximum current amplitude during saturating
activation for the population of channels in the patch.

Although the extent to which BK inactivation is coupled or
independent of activation has not been addressed unlike the
situation for Shaker (Zagotta et al., 1989), here we assume two
limiting analytic approximations, beginning with the assump-
tions that for BK currents, the activation time course can be
reasonably well described by a single-exponential function
(Horrigan and Aldrich, 2002) and that the stimulation conditions
are such that return from O states to C states is minimal. For the
first case, we assume that inactivation is uncoupled from acti-
vation; i.e., it occurs independent of activation, being driven
solely by depolarization. This defines a potential lower limit on
peak current amplitude that might result from inactivation oc-
curring during the rising phase, and is described by the following
sort of Hodgkin–Huxley activation–inactivation formalism,�
I(t) � �

1 − e−
t
τa
��
e−

t
τi
��
, with τa and τi reflecting activation and

inactivation time constants, respectively. For the second ap-
proximation, we assume that inactivation can only occur fol-
lowing channel opening; i.e., inactivation is fully coupled to
opening, as defined by a linear scheme of C→O→I. In this case,
the explicit analytic equation is [I(t) � ka

(ka−ki) (e−kit − e−kat)], with
ka and ki being activation and inactivation rates, respectively. In
either case, whether passage through closed states is approxi-
mated by a single-exponential time course or might involve
multiple transitions, as long as the function reasonably ap-
proximates the current rise time, the expected consequences of
the two inactivation formalisms are reasonably described.

Simulations of two-step inactivation behavior
Simulations utilized IonChannelLab software (v. 1.0.5.3)
(Santiago-Castillo et al., 2010). Three primary stimulus proto-
cols were utilized, one to mimic that used in Fig. 3 A for
current activation and basic tail currents, a second to mimic
that used in Fig. 7 to look at voltage dependence of tail current
following inactivation, and then a third identical to the
steady-state inactivation protocol used for Fig. 4 D. A popu-
lation of 1,000 channels was assumed, and currents were
simulated at a sampling interval of either 20 or 100 μs per
point. We used a simplified channel activation model given by
C1←→C2←→O←→O*←→I (Scheme 1 in Fig. 2 C). The basic
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strategy was to determine whether, within the context of a
simplified model, could changes in a minimal subset of pa-
rameters account for the experimental observations.

The crux of the two-step inactivation model is that the
transition from O to O* is the rate-limiting step in the onset of
inactivation, while the O*-I equilibrium involves transitions
much faster than can bemeasured with available techniques. BK
channel activation was approximated with three states, C1 ←→

C2 ←→ O, with rates and voltage dependencies chosen to gen-
erate GVs and activation/deactivation kinetics that mimic those
for the four BK constructs (WT, RKK3Q, RKK3E, and RKK3V)
when in association with D20Am after removal of inactivation
by trypsin (D20Am-IR). Based on the experimentally measured
onset of inactivation at positive potentials (∼16 ms), the O→O*
transition was set at 60/s unless otherwise indicated. The rates
that underlie the O*←→I process were taken from previous
work based on a β-analysis of the reduced current-level open-
ings produced by the β3a(1–20) peptide on WT BK channels
(Gonzalez-Perez et al., 2012). The voltage dependence of the
O*←→ I equilibrium was also confirmed to be similar in Fig. 6, D
and E, for single channels arising from D20Am expressed with
RKK3V. Negative to −100mV, D20Am+RKK3V channels begin to
exhibit marked inward current rectification resulting in a roll-
over in conductance values in contrast to those for the β3a(1–20)
peptide. This rollover arises from the marked inward current
rectification at negative voltages for BK channels expressed with
β2 or β3 subunits that arise from the extracellular domain of the
β subunits (Zeng et al., 2003).

Online supplemental material
Fig. S1 illustrates the impact of inactivation-removed D20Am on
gating ofWT and RKKmutant constructs supplementedwith a text
section discussing Table S1 and Fig. S1. Fig. S2 summarizes slow
and fast time constants measured in slow tail currents following
repolarization of D20Am-associated RKK mutant constructs. Table
S1 reports V50 and z values for fitting of GV curves forWT and RKK
mutant constructs by comparing themwith published values (Tian
et al., 2019).

Results
We begin with an evaluation of BK structural elements that may
influence β subunit access to the central cavity, which suggests
the importance of a triplet of basic residues (RKK) in the
C-linker segment. Then, taking advantage of unique features of
inactivation mediated by the β3a N terminus, we systematically
analyze macroscopic and single-channel currents to produce
multiple lines of support for the idea that disruption of the RKK
triplet permits the β3a N terminus to access its binding site
within the BK central cavity. The idea that the β3a N terminus
can bind to the most resting closed state is further supported by
simulation with simple models. The generality of the findings is
also extended to inactivation mediated by the β2 N terminus.

A potential side portal pathway
To evaluate structural elements that might influence β subunit
N-terminal passage into the central cavity (Zhang et al., 2006,

2009), we first determined aqueous volumes in closed and open
BK channel structures that might permit peptide chain access.
Based on globular dimensions of the N-terminal hydrophobic
motif of the BK β2 subunit (Bentrop et al., 2001) that is required
for β2-mediated inactivation (Xia et al., 2003), we computed the
aqueous volume accessible to a particle 8 Å in diameter in two
available hSlo1 cryo-EM structures (Tao and MacKinnon, 2019)
using the program PrinCCes (Czirják, 2015). In the Ca2+-bound
structure (Fig. 1 A), an aqueous accessible volume extends lat-
erally from the central cavity to the outside of the pore-gate
domain. In contrast, in the apo structure clear gaps separate
the aqueous volume within the central cavity from the aqueous
volumes outside the pore-gate domain (Fig. 1 B). Closer inspec-
tion shows that the gap in the apo structure results from in-
trusion of side chains of three consecutive basic residues (RKK)
in the N terminus of the BK C-linker (Fig. 1 C). This suggests that
in the closed channel, RKK may hinder access of β inactivation
segments to the BK central cavity. The potential importance of
the RKK residues in influencing state-dependent access of β
subunit N termini to the central cavity can also be inferred from
examination of recent structures of a β2NT-β4 chimera in as-
sociation with hSlo1 (Agarwal et al., 2025).

Figure 1. BK side portal visualization. (A) Ca2+-bound hSlo1 structure
(PDB accession no. 6V3G) and the interior aqueous space (gray) accessible to
a particle of 8 Å in diameter. The hSlo1 structure is rendered as a ribbon, with
voltage sensor domain, pore-gate domain, and cytosolic domain colored in
red, blue, and green, respectively. The selectivity filter is colored in orange
with K+ rendered as purple spheres. The orange spheres in the cytosolic
domain are Ca2+ ions. (B) Apo hSlo1 structure (PDB accession no. 6V38) and
the aqueous space (gray) accessible to a particle of 8 Å in diameter. The color
scheme is identical to that used in panel A. The red box highlights the gap
between the central volume and the volume outside the pore-gate domain.
(C) Blowup view of the region highlighted by a red box in panel B, with the
C-linker basic triplet (RKK) rendered as ball-and-stick and S6 as a cylinder.
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Framework for evaluation of the potential role of the RKK
triplet in perturbing inactivation by BK β3 and β2 subunits
Weutilized threemSlo1mutants: RKK3Q, RKK3E, and RKK3V (Fig. 2
A). To probe inactivation, we coexpressed each Slo1 construct with
the D20Am β3a:β2 chimeric construct (see Materials and methods)
(Gonzalez-Perez et al., 2012). The D20Am construct offers several
advantages. It retains all the relevant functional characteristics
of β3a-mediated inactivation, including the prominent features

of two-step inactivation (Scheme 1 as in Fig. 2 C). The reason for
using the D20Am chimera over a native β3a construct is that it
exhibits reduced current rectification properties known to arise
from β3 subunit extracellular loops (Zeng et al., 2003). D20Am
produces inactivation-dependent slow tail current (Fig. 2 D) that is
removed following trypsin removal of inactivation (Fig. 2 E). Fur-
thermore, upon repolarization from an inactivated state, single
BK+D20Am channels transition into a prolonged state of noisy and

Figure 2. Constructs and β3a behavior. (A) Amino acid sequences of mouse and human Slo1 spanning the GYGD selectivity filter, the S6 segment, and the
so-called C-linker to the beginning of RCK1. Positions of the RKK triplet and E321/E324 (mouse) are highlighted. (B) Sequences of human and mouse β subunit
N termini. Cyan highlights indicate β3a residues, while gray is β2. Red rectangles indicate N-terminal sequence likely to remain following trypsin digestion
(Zhang et al., 2006, 2009). (C) Scheme 1. The two-step inactivation scheme with two activation steps. (D)WT+D20Am currents were activated in 10 μM Ca2+

by steps to +160 mV of varying durations. As inactivation develops, the tail currents become markedly prolonged, greatly exceeding the net current flux
expected from inactivated channels simply returning to an open state before closing. (E) Trypsin removes inactivation and abolishes the slow tail current.
(F) Activation of a single inactivating BK+D20Am channel by the indicated voltage protocol with 10 μM Ca2+ before (trace in black) and after (trace in red)
application of trypsin to remove inactivation. Note the tail opening following inactivation occurs immediately upon repolarization and leads to a reduced
current level. Following removal of inactivation by trypsin (WT+D20Am-IR), only brief, large amplitude tail openings are observed. (G) Examples of O*-I tail
openings at different voltages produced by β3a(1–20) L-peptide, along with curve reflecting voltage dependence of (O*-I)/O relationship based on β3a peptide
action (from Gonzalez-Perez et al. [2012]).
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reduced average current amplitude (compared with full openings)
(Fig. 2 F). The long-duration D20Am-associated tail openings, with
their reduced current amplitude, exhibit the following additional
features. Trypsin removal of inactivation also abolishes the slow tail
openings (Fig. 2 F). Opening is essentially instantaneous following
repolarization. The reduction of current amplitude relative to a
normal BK tail opening is reduced as themembrane voltage becomes

more negative (Fig. 2 G), approaching the amplitude of normal tail
openings at very negative voltages. The largely complete inactivation
at positive voltages and essentially instantaneous opening upon re-
polarization to a reduced conductance level can be explained by
rapid transitions between two states, a preinactivated open state (O*)
and a very brief nonconducting state (I) in accordance with the two-
step inactivation scheme (Fig. 2 C) (Zeng et al., 2007; Gonzalez-Perez

Figure 3. RKK mutations increase occupancy of inactivated states at negative potentials. (A1) Standard activation protocol (inset) elicited current
activation and inactivation of BK+D20Am channels before (left) and after (right) trypsin digestion. Trypsin abolishes the slow tail following repolarization from
inactivation. Red trace: +120 mV; cyan trace: −160 mV (10 μM Ca2+). (A2) GV curves from WT+D20Am-IR channels. Dotted lines correspond to GVs for WT
currents without coexpression with D20Am (values in Table S1). The Boltzmann fits to the D20Am-IR curves are V50 = 211.1 ± 5.1 mV, z = 0.71 ± 0.09e (0 Ca2+);
V50 = 22.1 ± 2.1 mV, z = 1.01 ± 0.07e (10 μM Ca2+). (B1) Currents for RKK3Q+D20Am show reduced inactivating outward current, but a persistent inward
current at negative potentials (highlighted by a red arrow on the left), which disappears after trypsin digestion (10 μM Ca2+). (B2) GV curves for
RKK3Q+D20Am-IR channels, with dotted lines for RKK3Q alone: V50 = 120.7 ± 4.1 mV, z = 1.04 ± 0.13e (0 Ca2+); V50 = −20.2 ± 3.1 mV, z = 0.96 ± 0.10e (10 μM
Ca2+). (C1) For RKK3E+D20Am currents, time-dependent inactivation and opening at depolarized potentials are completely absent, despite persistent inward
current at negative potentials (10 μMCa2+). (C2) GV curves for RKK3E+D20Am-IR: V50 = 172.2 ± 3.4 mV, z = 0.65 ± 0.06e (0 Ca2+); V50 = 17.1 ± 2.4 mV, z = 1.00 ±
0.08e (10 mM Ca2+). (D1) For RKK3V+D20Am, even with 0 Ca2+, there is no outward current activation or inactivation, although persistent inward current is
even larger as a percentage of maximum available BK current. (D2) GV curves for RKK3V+D20Am-IR: V50 = 23.8 ± 6.2 mV, z = 0.64 ± 0.10e (0 Ca2+); V50 = −47.0
± 8.5 mV, z = 0.44 ± 0.06e (10 μM Ca2+).
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et al., 2012). The voltage dependence of the O*←→I equilibrium is
such that occupancy in I is strongly favored with depolarization, but
O* is favored with hyperpolarization. The idea that D20Am tail
currents largely reflect a population of channels defined by the
voltage dependence of the O*/I equilibriumunderlies some of results
and analysis presented below, and new results further bolster the
idea that the general framework of the two-step model is a rea-
sonable explanation for D20Am-mediated inactivation. Guided by
these considerations, we now present results with mutated RKK
constructs.

RKK mutations markedly reduce inactivating outward current
and generate a largely persistent inward current
Each of the three RKK3 mutant constructs we have examined
forms functional BK currents, with GV relationships at 0 Ca2+

(Table S1) very comparable to those reported previously (Tian
et al., 2019). To assess the gating range of the WT and RKK
mutant channels when coexpressed with D20Am (Fig. S1), we
first measured GV curves for each construct after trypsin re-
moval of inactivation (Fig. 3, A2, B2, C2, and D2 for WT, RKK3Q,
RKK3E, and RKK3V, respectively). This provided information
regarding the range of voltages at a given [Ca2+] over which each
construct in association with D20Am would be expected to oc-
cupy mainly closed states both during prepulses to −160 mV and
following repolarizations to −160 mV. The GVs also defined the
range of voltages over which saturating macroscopic current
activation occurs at a given Ca2+. Based on these GVs, we se-
lected 10 μMCa2+ for most protocols forWT, RKK3Q, and RKK3E
when expressed together with D20Am, since at −160 mV, there
is little activation. For RKK3V+D20Am, the activation is more
negatively shifted (Fig. 3 D), such that we have generally used 0
Ca2+ so that prepulses to −160 mV minimize channel openings.
These choices were confirmed in single-channel patches in
which 10 μM Ca2+ rarely opens RRK3Q+D20Am channels at
−160 mV after removal of inactivation (Fig. S1 E), while with 0
Ca2+, RKK3V+D20Am channels rarely open at −160 mV (Fig.
S1 F).

Macroscopic currents fromWT (Fig. 3 A) and RKK-mutated
(Fig. 3, B–D) BK α subunits coexpressed with D20Am were
evoked from inside-out patches by test pulses from −160 to
+160 mV following a 200-ms prepulse to −160 mV. After re-
cording the inactivating currents (Fig. 3, A–D, left panels),
each patch was treated with trypsin to remove inactivation
(Fig. 3, A–D, right panels). This allows definition of the max-
imum BK conductance in a patch. We note that for the RKK
mutant constructs, the peak current estimated by trypsin di-
gestion is likely somewhat underestimated, given that there is
some residual fast flickery gating following trypsin digestion
as shown below in single-channel records (e.g., Fig. S1, E and
F). This likely reflects fast block by residual trypsin-digested
N termini that produces a small decrease in apparent maxi-
mum conductance.

For WT+D20Am BK current recorded in 10 μM [Ca2+]in, the
outward inactivating current evoked by the step to +160 mV
peaks at around 85% of the maximal conductance (defined fol-
lowing removal of inactivation by trypsin) before decaying close
to the zero current level (Fig. 3 A), indicating that most WT

channels open before they inactivate. Repolarization during
inactivation results immediately in the signature slow tail cur-
rent involving the β3a N terminus. After digestion by trypsin,
the slow tail is completely eliminated together with inactivation.
In contrast, currents arising from RKK3Q coexpression with
D20Am exhibit two noticeable differences from the WT in-
activating BK current (Fig. 3 B). First, the peak outward current
of RKK3Q is reduced to about 35% of the maximum current after
trypsin digestion. Second, with the 200-ms prepulses to −160
mV, there is an appreciable amount of inward current at po-
tentials negative to −100 mV (Fig. 3 B, cyan trace: −160 mV).
Qualitatively, the reduction of peak outward current might be
interpreted to indicate that at least twice as many RKK3Q
channels are inactivated at the peak of the outward current in
comparison with WT. However, this reduction might occur ei-
ther from inactivation during the rising phase of current or from
inactivation occurring prior to the depolarization. Macroscopic
currents for the other two RKK mutants are shown in Fig. 3 C
(RKK3E, 10 μM [Ca2+]in) and Fig. 3 D (RKK3V, 0 μM [Ca2+]in).
Similar to RKK3Q, both RKK3E and RKK3V when coexpressed
with D20Am result in sustained inward current at negative
potentials. This inward current is removed by trypsin treatment
(Fig. 3, C and D). However, unlike either RKK3Q orWT channels,
there is almost no outward current in RKK3E or RKK3V channels
expressed with D20Am until after trypsin digestion. Yet, this
pronounced suppression of voltage-activated outward current is
associated with a measurable inward conductance at −160 mV
and other negative potentials.

Simplistically, the reduction in depolarization-activated peak
outward current in the RKK3X+D20Am constructs might be
interpreted to suggest that there is an increased likelihood
that channels already reside in inactivated states at the end of
the 200-ms prepulse at −160 mV preceding depolarization.
Thus, one interpretation of the reduction of outward current
would be that the RKK mutations are favoring inactivation
directly from closed states. However, the inward current at
−160 mV observed for each of the RKK mutant constructs
complicates interpretation of the state occupancies of chan-
nels during and at the end of the −160-mV prepulse; i.e., are
channels occupying closed states? Below, we now systemati-
cally address this question.

For the RKK3Q, RKK3E, and RKK3V mutants when expressed
with D20Am, the tail currents arising from repolarization to
−160 mV all appear to be more prolonged versions of the
WT+D20Am tail current. Based on this idea, in accordance
with the two-step inactivation scheme, we suggest that the
inward current reflects some fraction of channels undergoing
rapid oscillations between O* and I states (O*←→I). If so, de-
polarization from −160 mV would immediately result in a new
O*/I equilibrium favoring occupancy predominantly in I.
Thus, any channels occupying the O*-I ensemble at negative
potentials not only will contribute an inward current at neg-
ative potentials, but also will not be available to contribute to
channel activation and inactivation upon depolarization. Yet,
the question remains whether any of the reduction in outward
current arises from channels that directly inactivate from
closed states, rather than channels in the ensemble of O*-I
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states. Much of the subsequent experiments are designed to
evaluate whether the RKK mutations are permitting direct
inactivation from closed states.

Changes in activation or inactivation rates in RKK/3X+D20Am
channels do not account for reduction in peak outward current
Differential changes in the rates of inactivation onset and acti-
vation in the RKK-mutated channels might contribute to a
fraction of RKK-mutated channels entering inactivated
states following depolarization, but preceding current peak.
To address this possibility, following removal of inactivation by
trypsin, we measured activation time constants as a function of
membrane potential over the range of +60 to +160 mV (Fig. 4 A,
left). Similarly, we measured inactivation time constants at
+160 mV prior to trypsin digestion (Fig. 4 A, right). For RKK3E,
only a very small transient current was observed; inactivating
currents could not be meaningfully measured for RKK3V.

The extent to which channels may inactivate during the
rising phase of current activation is influenced by the specific
relationship between activation and inactivation. For BK, the
extent to which inactivation is coupled or independent of acti-
vation has not been addressed unlike the situation for Shaker
(Zagotta et al., 1989). Therefore, for this evaluation, here we
assume two limiting analytic approximations (see Materials and
methods), beginning with the assumption that for BK currents,
the activation time course can be reasonably well described by a
single-exponential function (Horrigan and Aldrich, 2002). We
also assume that at +160 mV, once channels enter the O*-I en-
semble, they do not return to O, therefore allowing it to be ap-
proximated by O→I. For the first case, we assume that
inactivation is “uncoupled” from activation; i.e., inactivation can
be initiated by depolarization even without channel opening.
This is described by the following Hodgkin–Huxley activation–
inactivation formalism:

�
I(t) � �

1 − e−
t
τa
��
e−

t
τi
��
. For an inactivation

Figure 4. RKK mutations increase occupancy of inactivated states at negative potentials. (A) Left axis, activation time constants for each construct
following trypsin removal of inactivation are plotted as a function of command potential. Right axis, inactivation time constants for three of the constructs
measured at +160 mV are shown on the right. (B) Measured (Data) and predicted (Uncoupled and Coupled) current activation and inactivation time courses
normalized to maximum current after trypsin digestion are displayed for WT, RKK3Q, and RKK3E, based on the measured activation and inactivation time
constants from panel A. (C) Measured (gray) and predicted fractional activation for each construct following a prepulse to −200 mV. (D) 300-ms prepulse to
voltages from −200 to +80 mV, followed by current activation at +160mV, was used to generate a steady-state inactivation curve for the indicated constructs.
Peak current at +160 mV measured following each prepulse voltage was normalized to peak current at +160 mV following removal of inactivation. Solid lines
are fits of a Boltzmann function. Fit parameters were as follows: for WT (n = 5 patches), h∞ = 0.86 ± 0.02; V50 = −74.8 ± 2.1 mV; z = 1.2 ± 0.1e; for RKK3Q (n = 5),
h∞ = 0.40 ± 0.02; V50 = −113.1 ± 3.8 mV; z = 0.94 ± 0.01e; for RKK3E (n = 4), h∞ = 0.10 ± 0.01; V50 = −68.2 ± 7.2 mV; z = 0.75 ± 0.12e. Comparisons of fractional
availability at −200 mV among each construct with ANOVA with Tukey’s multiple comparisons yielded, for WT versus RKK3Q, P < 0.0001; for WT versus
RKK3E, P < 0.0001; for RKK3Q versus RKK3E, P = 0.0002.
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Figure 5. D20Am-RKK mutant channels exhibit increased single-channel activity at negative potentials, with reduced likelihood of opening during
depolarizing steps. (A) WT Slo1+D20Am single channel was activated with the indicated voltage protocol and 10 μM Ca2+. Across top, hyperpolarizing
prepulse, depolarization, and repolarization in stimulation protocol are designated S1, S2, S3, respectively. Most trials result in channel opening during de-
polarization followed by inactivation. Repolarization results immediately in long-duration tail current openings. Red trace in fifth row from top shows activation
after trypsin removal of inactivation highlighting the briefer and larger amplitude tail opening after removal of inactivation. On the bottom, ensemble averages
for traces before (black) and after (red) removal of inactivation are plotted with the number of sweeps in the average on the panel. (B) D20Am+RKK3Q
channels exhibit frequent low-conductance openings at −160 mV, while depolarization results in less likely normal activation and inactivation. Prolonged low-
conductance openings for D20Am+RKK3Q channels disappear following trypsin, while the single-channel amplitude returns to WT levels (red traces). (C) For
D20Am+RKK3E, depolarization rarely produces normal openings and inactivation, while reduced conductance openings are observed at −160 mV. Trypsin
abolishes the persistent inward openings and abolishes the slow tail current. (D) RKK3V+D20Am channels rarely produce normal openings and inactivation

Zhou et al. Journal of General Physiology 9 of 32

BK β subunit–mediated pore block https://doi.org/10.1085/jgp.202513790

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
r
u
p
r
e
s
s
.
o
r
g
/
j
g
p
/
a
r
t
i
c
l
e
-
p
d
f
/
1
5
7
/
4
/
e
2
0
2
5
1
3
7
9
0
/
1
9
4
5
5
1
9
/
j
g
p
_
2
0
2
5
1
3
7
9
0
.
p
d
f
 
b
y
 
g
u
e
s
t
 
o
n
 
1
0
 
A
u
g
u
s
t
 
2
0
2
6

https://doi.org/10.1085/jgp.202513790


process uncoupled from activation, the activation and inactivation
time constants lead to estimates of 0.77, 0.71, and 0.34 for the
predicted fraction of peak current expected for WT, RKK3Q, and
RKK3E (Fig. 4 B, middle panel; Fig. 4 C). For an inactivation pro-
cess in which inactivation depends on channel first opening
(coupled), based on a linear scheme of C→O→I, when return from
O to C is minimal as might be expected with strong depolariza-
tions, the explicit analytic equation is I t( ) � ka

ka−ki( ) e−kit − e−kat
� �h i

.
Based on the measured time constants, this predicts peak current
(Fig. 4 B) with amplitudes of 0.82, 0.77, and 0.45, for WT, RKK3Q,
and RKK3E, respectively. For WT currents, both models make
predictions similar to what is observed experimentally,
suggesting that there may be little inactivation of WT chan-
nels at −160 mV prior to the depolarization (Fig. 4, B and C).
However, for RRK3Q and RKK3E, the experimentally ob-
served reduction in peak current is significantly more than
the predictions from either the coupled or uncoupled model
of inactivation. This suggests that ∼40% and 60% of RKK3Q
and RKK3E channels, respectively, may already reside in in-
activated states prior to depolarizing pulses. The absence of
appreciable outward current for RKK3V+D20Am precludes
this kind of calculation, but depolarization from −160 mV for
RKK3V+D20Am channels rarely activates normal channel open-
ing. These considerations again suggest that the RKK triplet mu-
tations examined here increase the likelihood that channels at the
end of the prepulse to −160 mV reside in states that are unable to
transition to normal openings. By standard convention, thatwould
mean the channels are in inactivated states. Whether that solely
reflects occupancy in the O*-I ensemble or some other inactivated
state is addressed below.

At negative potentials, RKK mutant channels occupy closed
states that are in a voltage-independent equilibrium with an
inactivated state
Since our patch recordings typically use a holding potential of
0 mV before initiation of protocols, 200 ms at −160 mV may be
insufficient to return channels to resting states. Therefore, we
generated steady-state inactivation curves for each construct
over a range of voltages down to −200 mV, while increasing the
prepulse to 300 ms (Fig. 4 D). For each patch, we normalized the
peak of inactivating currents to the maximum available con-
ductance defined after trypsin. Thus, the steady-state inactiva-
tion curves potentially define the true fractional availability of a
given channel to be activated, with some reduction in the peak
current expected from the fraction of channels that inactivate
following depolarization, but preceding current peak. For all
three constructs, each exhibited a specific limiting fractional
availability (h∞) that was unchanged between −160 and

−200 mV at values comparable to the peak fractional activation
described above (Fig. 4, B and C). The V50 of steady-state in-
activation was left-shifted for RKK3Q relative to WT and
RKK3E. For RKK3V, the longer conditioning step to −200 mV
failed to unmask any activation of outward current. More
negative voltages of longer duration were not well tolerated by
the patches. A concern with these considerations is that per-
haps the prepulse duration is insufficient to define true frac-
tional availability. Experiments below (Figs. 5 and 9) suggest
that at −160 and −200 mV, persistent current is near steady
state within about 200 ms.

That RKK3Q, RKK3E, and RRK3V each reach a limiting, but
differing, asymptote suggests that each channel reaches a dif-
ferent voltage-independent fraction of channels that are avail-
able to open normally and inactivate following depolarization.
Some of the reduction in fractional availability is expected to
reflect channels in the O*-I ensemble at −160mV, but we suggest
that for RKK3Q and RKK3E, there may also be a fraction of
channels that are inactivated from fully resting closed states.
These ideas are developed further below.

Typically, steady-state inactivation curves are used to define
a voltage of half-availability (V50) and are simply normalized to
the peak inactivating current measured during a given set of
depolarizations. Here, we have benefit of an independent mea-
sure of the total current expected for the population of channels
in a patch when inactivation is removed, something that cannot
readily be achieved for most other inactivating channels (al-
though see Ayer and Sigworth [1997]). The differences in
limiting asymptote therefore provide a direct and essentially
model-independent measure of differences in voltage-independent
fractional occupancy of channels in activatable versus inactivated
states.

Single-channel behavior of D20Am+RKK mutant constructs
supports the idea that persistent current reflects channels in
O*-I states
To probe the single-channel underpinnings of the persistent
inward current, we examined single-channel patches with a
stimulation protocol similar to that used in Fig. 3. We designate
the initial prepulse to −160 mV as segment S1, the step to
+140 mV as S2, and the repolarization to −160 mV as S3 (top of
Fig. 5). For WT+D20Am channels (Fig. 5 A), depolarization to
+140mV resulted in openings that then inactivated in 608 of 793
trials and 37 openings that remained open for the duration of
the depolarization (n = 5 patches) (Table 1). Repolarization of
channels that were inactivated at the end of S2 usually resulted
in immediate channel opening to a current-level intermediate
between fully open and fully closed as described previously for

with depolarization, but generate persistent inward openings that are abolished after D20Am N-terminal digestion by trypsin. (E) Higher resolution examples
of tail current low amplitude openings showing the similarity in amplitude for each of the four constructs. (Red) Tail openings after removal of inactivation.
RKK3E tail openings after digestion were too brief to be resolved. (F) Mean (+SD) and individual estimates of amplitudes of the open current level following
repolarization at −160 mV (WT, N = 6; RKK3Q, N = 5; RKK3E, N = 6; RKK3V, N = 8). For all comparisons of amplitudes among constructs, P > 0.1194 for ANOVA
with Tukey’s correction for multiple comparisons. (G) Likelihood of depolarization to 140mV producing an opening following 150ms at −160mV is plotted for 5
WT+D20Am patches (N = 793 trials), 6 RKK3Q+D20Am patches (N = 359 trials), 8 RKK3E+D20Am patches (N = 330 trials), and 8 RKK3V+D20Am patches (N =
588 trials). (H) Probability of each type of channel occupying low-conductance channel openings (designated PO*-I) is displayed, for both before (black) and
after (red) the depolarization. These estimates are not intended to reflect true steady-state PO*-I at −160 mV.

Zhou et al. Journal of General Physiology 10 of 32

BK β subunit–mediated pore block https://doi.org/10.1085/jgp.202513790

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
r
u
p
r
e
s
s
.
o
r
g
/
j
g
p
/
a
r
t
i
c
l
e
-
p
d
f
/
1
5
7
/
4
/
e
2
0
2
5
1
3
7
9
0
/
1
9
4
5
5
1
9
/
j
g
p
_
2
0
2
5
1
3
7
9
0
.
p
d
f
 
b
y
 
g
u
e
s
t
 
o
n
 
1
0
 
A
u
g
u
s
t
 
2
0
2
6

https://doi.org/10.1085/jgp.202513790


the O*-I behavior (Zeng et al., 2007; Gonzalez-Perez et al., 2012).
Following trypsin removal of inactivation, WT+D20Am-IR
channels remained open for the duration of the depolarization;
after repolarization, brief tail openings of larger amplitude could
occasionally be observed, although at −160 mV, most tail open-
ings are too brief to be resolved (e.g., Fig. 5 E). Ensemble aver-
ages of the single-channel events both before and after trypsin
(Fig. 5 A, bottom) mirrored the macroscopic behaviors shown
above. For RKK3Q+D20Am (Fig. 5 B), depolarization to +140 mV
occasionally elicits normal openings followed by inactivation,
but at lower likelihood than forWT+D20Am (125 openings in 359
sweeps from 6 patches) (Table 1). However, in contrast to
WT+D20Am, the RKK3Q+D20Am tail current openings that oc-
curred immediately upon repolarization were more prolonged,
often persisting for the duration of the repolarizing step. Trypsin

also removed the prolonged persistent openings, and ensemble
averages mirrored the macroscopic currents (Fig. 5 B). For
RKK3E+D20Am (Fig. 5 C), very few sweeps revealed channel
openings during the depolarization to +140 mV (10 openings in
330 sweeps from 8 patches [Table 1]), while channel openings of
reduced amplitude were also immediately observed upon repo-
larization. Finally, for RKK3V+D30Am (Fig. 5 D), single-channel
openings during steps to +140 mV were also rarely seen (12 of
588 sweeps from 8 patches [Table 1]), while repolarization was
invariably associated with immediate reopening of reduced
amplitude level that persisted for the duration of the repolari-
zation. A characteristic of the single-channel openings for
RKK3Q, RKK3E, and RKK3V following trypsin digestion of
D20Am was the flickery nature of the openings (e.g., Fig. S1, E
and F). As noted above, we suggest that residual digested N

Table 1. Single-channel behavior immediately preceding (S1) and after (S2) depolarization

Row# Event occurrences WT (n = 5) 150-ms pp WT (n = 6) 250-ms pp RKK3Q (n = 6) RKK3E (n = 8) RKK3V (n = 8)

1 N 793 396 359 330 588

2 CS1 790 396 299 256 119

3 O*S1 3 0 59 74 469

4 OS1 0 0 1 0 0

5 CS2 (never opens) 148 41 234 320 576

6 OI
S2 inactivation 608 320 125 10 12

7 OS
S2 sustained 37 35 0 0 0

Association of S2 events with channel status at the end of S1

8 O*S1→CS2 3 (0.003) 0 (0.00) 59 (0.164) 74 (0.224) 469 (0.582)

9 O*S1→OS2 0 (0.00) 0 (0.00) 1 (0.003) 0 (0.00) 0 (0.00)

10 CS1→CS2 145 (0.183) 41 (0.103) 175 (0.488) 246 (0.745) 107 (0.375)

11 CS1→OS2 645 (0.813) 355(0.896) 124 (0.345) 10 (0.030) 12 (0.042)

Fraction of trials with S2 opening ((r6+r7)/r1)

12 OS2/N 0.813 0.896 0.348 0.03 0.020

Fraction that fails to open in S2 when S1 terminates in O* (r8/(r8+r9))

13 (O*S1)→CS2]/O*S1 1.0 (3/3) N.A. 0.983 (59/60) 1.0 (74/74) 1.0 (469/469)

Fraction of sweeps in inactivated states at the end of S1 (1-r12)

14 O*S1 + (CS1 →CS2)/N 0.187 0.103 0.652 0.970 0.980

Fraction of long closures at the end of S1 that likely represents inactivated states (r10/r2)

15 (CS1→CS2)/CS1 0.184 (145/790) 0.103 (41/396) 0.585 (175/299) 0.961 (246/256) 0.899 (107/119)

Nomenclature: S1 and S2 denote segments S1 and S2 in the activation protocol.
Formalism “O*S1→CS2” indicates CS2 events that occur subsequent to O*S1 event at the end of S1.
CS1: channel is closed at the end of S1.
O*S1: channel is in a reduced conductance burst at the end of S1.
CS2: channel never opens during S2.
OS2: channel opens during S2.
Row 3: O* occurrences at the end of S1 increase in order of WT < 3Q < 3E < 3V. O*S1 events versus non-O*S1 events. Fisher’s exact test with Bonferroni. WT1
versusWT2, P = 0.555;WT versus 3Q, P < 0.0007; WT versus 3E, P < 0.0007; WT versus 3V, P < 0.0007; 3Q versus 3E, P = 0.0532; 3Q versus 3V, P < 0.0007; 3E
versus 3V, P < 0.0007.
Row 13: O*S1 invariably results in CS2 for all constructs.
Row 14: occupancy of an inactivated state (O*S1 or CS1→CS2) at the end of S1 increases in order of WT < 3Q < 3E∼3V. WT1 versus WT2, P = 0.0014; WT1
versus 3Q, P < 0.0007; WT1 versus 3E, P < 0.0007; WT1 versus 3V, P < 0.0007; 3Q versus 3E, P < 0.0007; 3Q versus 3V, P < 0.0007; 3E versus 3V, P = 0.2156.
Row 15: long closures at the end of S1 are more likely to represent inactivated states in order of WT < 3Q < 3E∼3V. WT1 versus WT2, P = 0.0021; WT1 versus
3Q, P < 0.0007; WT1 versus 3E, P < 0.0007; WT1 versus 3V, P < 0.0007; 3Q versus 3E, P < 0.0007; 3Q versus 3V, P < 0.0007; 3E versus 3V, P = 0.2156.

Zhou et al. Journal of General Physiology 11 of 32

BK β subunit–mediated pore block https://doi.org/10.1085/jgp.202513790

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
r
u
p
r
e
s
s
.
o
r
g
/
j
g
p
/
a
r
t
i
c
l
e
-
p
d
f
/
1
5
7
/
4
/
e
2
0
2
5
1
3
7
9
0
/
1
9
4
5
5
1
9
/
j
g
p
_
2
0
2
5
1
3
7
9
0
.
p
d
f
 
b
y
 
g
u
e
s
t
 
o
n
 
1
0
 
A
u
g
u
s
t
 
2
0
2
6

https://doi.org/10.1085/jgp.202513790


Figure 6. Examples of channel behavior at S1–S2 and S2–S3 voltage transitions. Full voltage step protocol is highlighted in middle, while trace on left
shows behavior at the S1–S2 transition on faster time base, and trace on right highlights S2–S3 transition also on a faster time base. (A) Traces illustrate each
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termini are able to mediate a rapid flickery block behavior that
does not occur with the WT RKK sequence, perhaps reflecting
an interaction of the residual N terminus with something af-
fected by mutation of RKK residues.

Examination of WT+D20Am tail openings in the S3 segment
(Fig. 5 E, left) both before and after trypsin emphasizes the
nature of the reduced current level during the O*-I burst relative
to a normal tail opening. The openings for RKK3Q+D20Am
(Fig. 5 E, middle left, Fig. 5 F) suggest the amplitudes of the
presumed O*-I bursts are similar to those for WT, while the
durations of the bursts are longer (Fig. 5 B). The single-channel
current level for the RKK3E+D20Am channels was also indis-
tinguishable fromWT (Fig. 5 E, middle right, Fig. 5 F); given the
brevity of the RKK3E+D20AM-IR tail openings after trypsin, we
were unable to identify a fully resolved tail opening in the set of
sweeps we recorded. Finally, RKK3V+D20Am single-channel
openings following repolarization were also of similar ampli-
tude to those of the other RKK constructs (Fig. 5 E, right;
Fig. 5 F). Based on the similarity of amplitudes of tail current
opening for each of the four complexes (Fig. 5 F), we suggest that
the openings likely reflect the same underlying behavior (re-
flecting O*-I bursts) defined by interaction of the β3a N terminus
within the BK central cavity. The different durations of the tail
openings and the presence of persistent current would seem
likely to arise from differences in the affinity of interaction of
the β3a N terminus within the central cavity, influenced by the
specific triplet of residues.

Failure to open during S2 depolarizations can follow either
from occupancy of channels in the O*-I ensemble or from a
longer lived nonconducting state
The single-channel records permit an evaluation of the likeli-
hood of observing a given behavior after a voltage step contin-
gent upon channel status just preceding the voltage step. Fig. 6 A
illustrates the various types of channel behaviors that can be
seen at the end of segment S1 in association with channel status
at the beginning of segment S2. At the end of S1, a channel may
be either closed (CS1), open (OS1), or in an O*-I burst (O*S1). In S2,
we note three types of occurrences: a channel may remain closed
for the entirety of S2 (CS2), or it may open (OS2) and then either
inactivate or remain open for the duration of the depolarization.
In regard to evaluation of S2 behavior dependent on S1, we only
care that any opening may have occurred during (OS2). For
evaluation of events at beginning of S3, we only care about cases
in which a channel is inactivated at the end of S2. From this
framework, one can assess the likelihood of particular con-
tingencies, e.g., an O*S1 event leading either to CS2 (O*S1→CS2) or
to OS2 (O*S1→OS2). Similarly, CS1→OS2 and CS1→CS2 can be
assessed. For each of the four channel complexes, Table 1

summarizes event occurrences at the end of segment S1 and
during segment S2 (rows 1–7), along with dependencies of S2
behavior on behavior at the end of S1 (rows 8–11). From this
information, the fractional occurrence of particular S2 behav-
ior (i.e., channel opening [OS2] or remaining closed [CS2]) over
the entire data set can be evaluated. Similarly, whether channel
status at the end of S1 (O*S1 or CS1) impacts on likelihood that a
channel opens or remains closed during S2 can be evaluated.
Although the conformational state (i.e., closed versus in-
activated) of any given closed event can never be known with
absolute certainty, we utilize the assumption that a closure
persisting for all of S2 most likely represents an inactivated
condition at the end of S1. The table includes two columns for
results collected with WT+D20Am, one generated with a 150-
ms prepulse (column 2) and the other with a 250-ms prepulse
(column 3).

We note several features of the single-channel behaviors for
particular attention. First, the likelihood of occurrence of O*-I
behavior at the end of S1 substantially increases in the order of
WT < 3Q < 3E < 3V (row 3 as fraction of row 1). Second, almost
uniformly (except for 1 of 60 O*S1 events in RKK3Q), O* behavior
at the end of S1 results in the complete absence of any channel
opening during S2 (row 13). Thus, occupancy in O* at the end
of S1 by definition reflects an inactivated condition. This single-
channel behavior mirrors the impact of persistent inward
current in macroscopic current recordings on subsequent
depolarization-activated outward current (Figs. 3 and 4). Third,
when a channel is nonconducting at the end of S1 (CS1), two
distinct outcomes in S2 are observed, given in CS2 (row 10) and
OS2 (row 11). Whereas for WT+D20Am, channels are more
likely to undergo a CS1→OS2 transition, for the three RKK mu-
tants, there is an increasingly large excess of CS1→CS2 events.
This argues that CS1 events are of two types, a channel occu-
pying a closed state that is available for activation and a channel
in a closed state that is unavailable to be activated, again by
definition an inactivated state, but distinct from O*-I. Thus, this
is direct evidence for a long-lived inactivated state that can be
observed at negative voltages at the end of the S1 prepulse. The
likelihood of occurrence of the long-lived inactivated state at
the end of S1 increases in the order of WT < RKK3Q < RKK3E
with RKK3V being intermediate between 3Q and 3E.

From the events and associations, we also note the following.
Row 12 provides the fraction of all trials in which channel
opening occurs during S2: 0.81 (150-ms pp), 0.90 (250-ms pp),
0.35, 0.03, and 0.04, respectively, for WT (two-prepulse dura-
tions), RKK3Q, RKK3V, and RKK3E. These values match roughly
with the fractional peak current amplitude of inactivating
macroscopic current normalized to total BK current in patches
(Fig. 4, B and C). Row 13 summarizes for each construct the

of four possible behaviors at the S1–S2 transition. From top to bottom, CS1→OS2, O*S1→CS2, CS1→OS2, and O*S1→OS2. Top three traces are examples from
WT+D20Am channels. The bottom one was from RKK/3Q+D20Am andwas the only such case observed from over 600 O*S1 events from all patches. (B) Traces
(all for WT+D20Am) were selected to highlight the various possible behaviors observed at the S2–S3 transition. From top to bottom, CS2→O*S3; CS2→dO*S3;
CS2→CS3; another CS2→CS3, but with an opening during S2; CS2→dO*S3, also with an opening during S2; CS2→CS3 also with an opening during S2; and, finally,
two rows showing transitions in which a channel is open at the end of S2, one with a partially resolved tail opening, OS2→OS3, and a case of no detectable tail
opening (OS2→Cs3).
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fraction of O*S1 events that results immediately in inactivation
during S2, again highlighting the idea that occupancy in the O*-
I ensemble, despite its measurable current, results in imme-
diate inactivation with depolarization. Row 14 gives an estimate
of the fraction of sweeps for which channels are in an in-
activated state at the end of S1, meaning the sum of O*→CS2 and
CS1→CS2 over all sweeps. A failure to open during S2 likely
reflects channels that are already inactivated at the end of S1.
For WT+D20Am channels, this suggests 10–15% of channels are
apparently inactivated at the end of S1 in these trials, which
exceeds the fraction we might have been expected based on our
evaluation of fractional reduction of peak macroscopic current
based on coupled or uncoupled activation models (as in Fig. 4, B
and C) where we inferred that very few WT+D20Am channels
were likely to be inactivated prior to the depolarizing step. The
reasons for this discrepancy are not entirely clear. However,
increasing the duration of the prepulse from 150 to 250 ms
did reduce the fraction of inactivated channels at the end of
the prepulse, so that may be one contributing factor. Another
possibility is that our use of trypsin to define the maximal BK
conductance in a patch may result in an underestimate of Gmax

in the macroscopic current, either because of incomplete di-
gestion or because of residual flickery block. Based on the
approach used earlier to calculate expectations for model-
dependent reductions in peak current (Fig. 4, B and C), it can
be calculated that an underestimate of BK Gmax in a patch of
about 20% might reconcile the single-channel and macroscopic
observations. Finally, we note that row 15 provides the fraction
of closures at the end of S1 (CS1) that can be considered an in-
activated closed state, as opposed to a resting closed state. The
information in rows 14 and 15 makes a strong case that per-
sistent currents alone (O*-I occupancy) are not the only factor
contributing to suppression of depolarization-activated out-
ward current in the RKK mutant constructs. Long-lived in-
activated states at the end of S1 account for fractions of 0.74 and
0.77 of all CS2 inactivation events for RKK3Q and RKK3E after a
150-ms prepulse. In contrast, for RKK3V, 0.90 of CS2 inactiva-
tion follows O*S1 events. Together, these results reveal a longer
lived, nonconducting inactivated state, not considered within
the context of the Scheme 1 (Fig. 2 C) inactivation model. Ad-
ditional considerations presented below require that this lon-
ger lived inactivated state does not follow O*-I, but likely
represents inactivation occurring from closed states.

Most inactivated WT and mutant RKK channels recover from
inactivation by immediate passage through O*-I behavior
We next evaluated events (Fig. 6 B) associated with the S2–S3
transition (Table 2). For all three RRK mutant channels, no trials
exhibited an opening at the end of S2 (Table 2, row 1), while for
WT, there were 36 sweeps in which the channel was open at the
end of S2, resulting in either a normal fast deactivating channel
tail opening at the beginning of S3 or no resolved opening. For
this analysis, we consider trials in which the channel was closed
at the end of S2 (CS2). Three types of behaviors were defined for
S3: (1) cases in which channels immediately entered O*-I burst
behavior (O*S3), (2) cases in which a channel initially occupied a
resolvable nonconducting closure before entering into O*-I

behavior with a delay (dO*S3), and (3) cases in which no opening
was observed during S3 (CS3).

The dO* closures represent an event not imbedded in the
simple two-step inactivation model. The fraction of dO*S3 events
as a function of all tails with immediate or delayed O*-I behavior
is summarized in row 6 (Table 2). This fraction varies from
0.033 for RKK3Q to 0.066 for RKK3V, but in general, the fre-
quency of occurrence is similar among constructs (statistics at
the bottom of Table 2). This suggests that during inactivation at
positive potentials, about 5% of the time, irrespective of the
construct, a channel may occupy a fully nonconducting state
distinct from O*-I, but which is likely connected to O*-I. How-
ever, the frequency of such events at least as inferred by their
occurrence at −160 mV suggests that such events will have small
effects on macroscopic tail current amplitudes. To estimate the
lifetime of such rare events, for the set of 588 trials with
RKK3V+D20Am channels, 17 dO* closures at the beginning of S3
had a mean duration of 19.1 + 23.6 ms, while at the beginning of
S1 (repolarization from 0mV), 29 dO* closures that preceded O*-
I bursts had a similar mean duration of 35.5 + 36.7 ms (t test, P =
0.114). Given the low frequency of occurrence of this state, such
events would reduce the initial peak tail conductance <10% from
that arising from all channels being in O*-I, so they are not
considered further here.

For D20Am-associated RKK mutant channels, closures at the
end of S2 were invariably associated with either O* or dO* at the
onset of S3 (Table 2, row 7). This differs from WT+D20Am
channels, which fail to open at all during S3 in about 20% of
sweeps for which a channel is closed at the end of S2. The high
likelihood that inactivated RKK mutant channels immediately
enter O*-I bursts upon repolarization suggests that the peak of
macroscopic tail current for each of the RKK mutant channels
arises almost exclusively from channels occupying the O*-I state
(or dO* state) ensemble at any given repolarization potential.
This is important in our considerations below. Furthermore, the
macroscopic and single-channel observations together ar-
gue that the persistent macroscopic inward current for the RKK
mutant channels reflects the prolonged fractional occupancy of
channels in the O*-I burst behavior typical of the WT+β3a tail
current openings. No observation suggests that normal BK
openings contribute in any way to such persistent current.

Inward current of RKK3V+D20Am channels reflects voltage
dependence of O*-I equilibrium
Guided by single-channel results indicative that repolarizations
from +140 to −160 mV are predominantly associated with im-
mediate O*-I openings, we now turn to a closer examination
of the macroscopic tail currents following repolarization. The
magnitude of the inward tail current at negative potentials
arising from each of the D20Am+RKK mutant channels repre-
sents a surprisingly large fraction of the total BK conductance
that can be activated in a given patch defined following trypsin
removal of inactivation. Here, we first focus on the persistent
RKK3V+D20Am inward current to define the magnitude and
voltage dependence of this conductance. An intriguing aspect of
the RKK3V+D20Am current (Fig. 7, A and B) is the similarity of
the tail current at both 0 and 10 μM Ca2+. This suggests that
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normal Ca2+-dependent BK gating transitions (C←→O) are not
impacting on the RKK3V+D20Am inward current.

From the average amplitude of steady-state tail current from
a set of RKK3V+D20Am patches, we plot normalized IV curves
(Fig. 7 B) for both the 0 and 10 μM data sets and then GV curves
(Fig. 7 C). GVs were calculated based on the persistent current
amplitudes and the maximum BK current in a given patch from

Gnorm(V) �
�
I(V)
V

�

Gmax
,

where I(V) is the persistent current amplitude, and Gmax is de-
termined from I+160/160 mV following trypsin removal of inac-
tivation. At both 0 and 10 μM Ca2+, the net fractional
conductance at −200 mV for a patch expressing RKK3V+D20Am
is about 0.25 of the maximum BK conductance for each patch
(Fig. 7 C). The net conductance increases with hyperpolarization,
in marked contrast to the voltage dependence of the normal
C←→O activation equilibrium. Overlaid on the GV plot gener-
ated from macroscopic persistent current (Fig. 7 C), we also plot
the activation GV curves measured for RKK3V+D20Am-IR to
highlight the idea that there is appreciable and increasing per-
sistent conductance at voltages where activation Po is low.

Based on the idea that the RKK3V+D20Am persistent current
arises from occupancy of channels almost entirely in the O*-I
ensemble, the voltage dependence and amplitude of the persis-
tent conductance should reflect the underlying voltage depen-
dence of the fractional occupancy of a single channel when
gating in the O*-I ensemble. Previous work reported the am-
plitude and voltage dependence of single-channel O*-I bursts

resulting from β3a(1–20) peptide inhibition of WT BK channels
normalized to the intrinsic single-channel current amplitude
(Gonzalez-Perez et al., 2012). From the O*↔I relationship as
defined in Scheme 1 (Fig. 2 C) and plotted in Fig. 2 G, if k4 and
k-4 reflect the entry and exit rates into I, k−4/(k4 + k−4) defines
the fractional amplitude of the O*-I burst (normalized to a full
open-channel current level) as a function of voltage (black
dotted line on Fig. 7 C). The similarity of the previously
measured single-channel O*-I behavior to the GV for nor-
malized macroscopic RKK3V+D20Am conductance supports
the idea that the persistent inward current and its voltage
dependence also arise from the O*-I behavior. Furthermore,
the voltage dependence of activation of the D20Am+RKK3V
persistent current appears intrinsic to the β3a N terminus and
does not seem influenced either by the RKK mutations or by
any D20Am-induced gating shifts. Qualitatively, the increase
in conductance with hyperpolarization is consistent with a re-
duction in likelihood of blockade by a cytosolic blocking moiety
under conditions of pronounced inward current. One difference
between the peptide results and the RKK3V+D20Am curves is
that the RKK3V+D20Am conductance begins to exhibit a more
pronounced rollover at the most negative potentials. As men-
tioned earlier, this rollover likely reflects the inward current
rectification that arises from the extracellular loops of the
D20Am construct, which are derived from the BK β2 subunit
(Zeng et al., 2003), but would not occur with isolated peptide
application to BK channels formed only from α subunits. Overall,
these results and analysis provide additional support that the
persistent current arises from steady-state occupancy in O*-I
states.

Table 2. Likelihood of S3 behaviors contingent upon channel status at the end of S2

Row # Event occurrences WT (N = 5) 150-ms pp WT (N = 6) 250-ms pp RKK3Q (N = 6) RKK3E (N = 8) RKK3V (N = 8)

Total trials 793 396 359 330 588

O2 (inactivation) 608 320 125 10 12

1 OS2 (no inactivation) 37 35 0 0 0

2 CS2 (closed at the end of S2) 756 361 359 330 588

3 CS3 122 80 0 0 0

4 O*S3 616 271 347 309 458

5 dO*S3 18 10 12 21 17

Fraction dO*S3/(dO*+O*)

6 dO*S3/(dO*S3+O*S3) 0.028 0.036 0.033 0.064 0.029

Fraction of all CS2 leading to O*+dO* events

7 (O*S3+dO*S3)/CS2 0.839 0.778 1 1 1

OS2: sweep with opening at the end of S2.
CS2: channel is closed at the end of S2.
CS3: closures during all of S3.
O*S3: O* opening immediately after repolarization.
dO*S3: O* opening following a brief closure immediately following repolarization.
Row 6: occurrence of dO*S3 behavior is similar among constructs. dO*S3 versus O*S3. Fisher’s exact test with Bonferroni. WT versus 3Q, P = 0.1029; WT
versus 3E, P > 0.9999; 3Q versus 3E, P-0.6293; WT versus 3V, P > 0.9999; 3Q versus 3V, P = 0.9772; 3E versus 3V, P > 0.9999; WT1 versus WT2, P > 0.9999.
Row 7: RKK mutants never close during entirety of S3. O*S3 versus CS3. WT versus 3Q, P < 0.0007; WT versus 3E, P < 0.0007; 3Q versus 3E, P > 0.9999; WT
versus 3V, P < 0.0007; 3Q versus 3V, P > 0.9999; 3E versus 3V, P > 0.9999; WT1 versus WT2, P = 0.112.
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To test whether the tethered D20AmN terminus might differ
in effects on amplitude of O*-I bursts compared to β3a(1–20)
peptide-induced O*-I bursts, we measured amplitudes of
RKK3V+D20Am single channels (Fig. 7 D) over potentials from
−80 to −300 mV and normalized them to BK single-channel
conductance determined from current amplitude at +160 mV
following trypsin and assuming voltage independence of the
conductance. The low Po of RKK3V+D20AM-IR channels pre-
cluded acquisition of enough resolved openings following
trypsin digestion to assess RKK3V single-channel amplitudes at
negative voltages. The plot of the fractional O*-I amplitudes of
RKK3V+D20Am openings (Fig. 7 E) is quite comparable to that

of the RKK3V+D20Am persistent conductance, including the
expected inward rectification arising from the β2 subunit ex-
tracellular loops (Zeng et al., 2003). Thus, the behavior of the
O*-I bursts resulting from β3a(1−20) peptide is similar to that of
a tethered β3a N terminus, irrespective of whether inhibition
arises from a native WT or RKK3V mutant channel.

RKK3V+D20Am persistent currents are resistant to
paxilline inhibition
The unusual nature of the RKK3V+D20Am persistent current
prompted us to test its sensitivity to standard inhibitors of BK
current. When RKK3V+D20Am currents were activated with the

Figure 7. Voltage dependence of inward current arising from RKK mutant constructs mirrors single-channel β3a O*-I equilibrium. (A) Examples of
persistent inward current from RKK3V/D20AM channels at 0 (left) and 10 (right) μM Ca2+. Note complete absence of outward current with depolarization to
+140mV. On the far right, maximum BK current activated at 0 μMCa2+ at +160mV following trypsin removal of inactivation is shown. All traces from the same
patch. (B) Voltage dependence of persistent steady-state current arising from RKK3V/D20Am currents at 0 and 10 μM Ca2+ normalized to peak BK current
after trypsin. (C) Steady-state current from B was converted to normalized conductance. Dashed lines correspond to activation of RKK3V/D20Am channels
after removal of inactivation at either 0 (black) or 10 (red) μM Ca2+ with parameters as in Fig. 3. A dotted line corresponds to the amplitude of WT+β3a(1–20)
peptide single-channel tail bursts exhibiting O*-I behavior normalized toWT single-channel current amplitude (Gonzalez-Perez et al., 2012). (D) Single-channel
openings of RKK3V+D20Am channels at the indicated voltages, with the trace at +160 mV after removal of inactivation by trypsin. (E) Single-channel am-
plitudes were converted to conductance and normalized to the single-channel conductance at +160 mV with the dotted line showing GV curve from the
β3a(1–20) peptide inhibition of single WT BK channels (Gonzalez-Perez et al., 2012).
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standard activation protocol at 0 Ca2+, 200 nM paxilline failed
to produce any inhibition (Fig. 8 A1) at voltages from −200
to +140 mV (Fig. 8 B). However, after application of trypsin to
digest the D20Am N terminus, paxilline produced essentially
complete inhibition (Fig. 8, A2 and C), consistent with the idea
that the persistent currents do arise from BK channels. The
failure of paxilline to inhibit the intact RKK3V+D20Am currents
is not entirely unexpected, but might arise from either of two
reasons. First, the occupancy of the RKK3V central cavity by
D20Am may maintain the BK conformation in an open state. In
earlier work (Zhou and Lingle, 2014), paxilline has been shown
to inhibit the closed channel and be unable to reach its likely
blocking position in the open state (Zhou et al., 2020). Second,
binding of the D20Am N terminus may also sterically prevent
paxilline from reaching its site of inhibition. We found that in
contrast to paxilline, 20 mM TBA did produce a modest inhibi-
tion of RKK3V+D20Am persistent inward current (Fig. 8, D1 and
E), while after removal of inactivation, 20 mM TBA produces
profound inhibition of the outward BK current (Fig. 8, D and F).
The modest TBA inhibition of intact RKK3V+D20Am channels is
unlikely to be accounted for solely by the known voltage de-
pendence of block (z = approximately −0.15e [Li and Aldrich,
2004]), but probably arises from a somewhat weaker TBA ap-
parent binding affinity for the O* state compared with the O
state. This aligns with previous observations, that showed that
TBA speeds up the slow tail current following repolarization,

consistent with some inhibition of the O* state (Gonzalez-Perez
et al., 2012). Together, these results provide further support for
the idea that the D20Am N terminus occupies a position in the
BK central cavity that may influence access of standard BK in-
hibitors to their binding sites.

State occupancies at the beginning and end of recovery
from inactivation
In order to further tease apart the impact of the RKKmutants on
D20Am inactivation, macroscopic tail currents at both 0 and
10 μM Ca2+ were elicited by repolarization from +160 mV to
voltages from −240 to −80 mV for all four constructs
(WT+D20Am [Fig. 9 A], 3Q+D20Am [Fig. 9 B], 3E+D20Am [Fig. 9
C], and 3V+D20Am [Fig. 9 D]). ForWT, RKK3Q, and RKK3E, peak
tail amplitude was somewhat larger at 10 μM Ca2+ than with 0
Ca2+, while tail current decay was slowed, consistent with the
idea that at higher Ca2+, more channels are inactivated at the
time of repolarization and that as some channels return to
resting states, they may be reactivated and inactivated, thereby
slowing the tail current. In contrast, RKK3V tail currents were
markedly similar at both 0 and 10 μMCa2+, suggesting that Ca2+-
dependent gating transitions have little impact on state occu-
pancies during the RKK3V persistent tail currents. For WT,
RKK3Q, and RKK3E, tail currents were fit with both single- and
double-exponential decay functions, with the two-exponential
fit providing the best description of the decay process with

Figure 8. RKK3V+D20Am currents are insensitive to paxilline. (A1) Left, RKK3V+D20Am currents were activated with a standard activation protocol with
voltage steps from −200 to +140 mV with normal symmetrical Ko/Ki gradients. Right, 200 nM paxilline was applied. Red trace: +140 mV; blue trace: −200 mV.
(A2) Left, currents from the patch shown in A1 following trypsin application. Right, 200 nM paxilline was applied. (B) Steady-state current normalized to the
value at −200mV is plotted for different activation voltages without and with 200 nM paxilline, from traces as in A1. N = 5 patches. (C) IV plots for steady-state
currents after treatment with trypsin without and with 200 nM paxilline. (D1) Example RKK3V+D20Am currents from a different patch before (left) and after
(right) application of 20 mM TBA. (D2) Currents after application of trypsin before (left) and (after) application of 20 mM TBA. (E) IV curves for steady-state
RKK3V+D20Am currents without and with 20 mM TBA. (F) IV curves after trypsin treatment without and with TBA.
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time constants and fractional amplitudes summarized in Fig.
S2. We note the following features of the tail currents. First,
tail current decay becomes faster at more negative voltages
for WT, RKK3Q, and RKK3E. Second, based on the extrapo-
lated baseline of the two-exponential fits, there appears to be
persistent inward current for both RKK3Q and RKK3E even at
voltages from −160 to −240 mV, although in each case, more
than half the channels do appear to return to nonconducting
states. Third, for RKK3V, the lack of Ca2+ dependence of the
tail currents and the persistent nature of the currents suggest
that RKK3V+D20Am channels may be essentially locked in O*-
I gating behavior at least for the repolarization durations we
have tested.

A trivial expectation for the D20Am-mediated tail currents is
that the time course of the tail currents should match the time
course in recovery of channels that become available to be ac-
tivated with depolarization. We therefore used a paired pulse
protocol to check this expectation (Fig. 9, E1, F1, G1, and H). After
200 ms at 0 mV to produce inactivation, the duration of the
repolarizing step to −160 mV was varied between 5 and 900 ms
followed by a depolarizing test step to +140 mV to monitor the
fraction of channels that recovers from inactivation in each case.
At the end, trypsin application defined themaximum BK current
in the patch allowing the fractional recovery for each construct
to be plotted in terms of maximal possible BK current (Fig. 9, E2,
F2, and G2). Then, for the trace with the 900-ms repolarization,

Figure 9. Voltage dependence of tail current relaxations, persistent current, and time course of recovery from inactivation. (A) Indicated voltage
protocol was used to examine variation in tail current properties following complete inactivation at +180 mV of WT+D20Am channels at either 0 Ca2+ (left) or
10 μMCa2+ (right), both from the same patch. Tail current voltage duration was shorter for more negative voltages to help maintain patch viability. Tail currents
at −80, −160, or −240 mV are highlighted in green, blue, and red, respectively. (B) Currents for RKK3Q+D20Am channels. (C) RKK3E+D20Am currents.
(D) RKK3V+D20AM currents. (E1) Paired pulse protocol on the top was used to monitor recovery from inactivation of outward current at −160 mV with the
indicated cytosolic [Ca2+] for WT+D20Am channels. The trace on the right defines total BK current in the patch following removal of inactivation by trypsin,
with the same vertical calibration both before and after trypsin. Dotted red lines highlight the peak tail current level and the steady-state level of the tail
current, which was essentially 0 for WT. Blue lines highlight the peak inactivating current amplitude following full recovery and the amplitude with inactivation
removed. (E2) Point plot time course of recovery of peak outward current normalized to total BK current (N = 4 patches). The red line represents the
normalized slow component of the two-exponential fit to the tail current resulting from the 900-ms recovery step. (F1) Time course of recovery for
RKK3Q+D20Am currents, along with trace (right) after trypsin digestion. Dotted lines are peak and steady-state levels determined from a two-component
exponential fit to the decay. (F2) Plot of time course of recovery (N = 5) of peak amplitude as in panel F1, along with fit of the slow exponential component of
the tail during 900-ms recovery step at −160 mV. (G1) RKK3E+D20Am channels, along with trypsin-digested currents at +160mV (right trace). Dotted lines are
as in panel F1. Note that although about 70% of channels return to closed state during the tail current relaxation, only about 3% of channels activate during the
subsequent depolarization. (G2) Plot of recovery of peak outward current for RKK3E+D20Am currents (N = 5) normalized to amplitude after trypsin digestion
along with fit of one- and two-component exponentials to tail during 900-ms repolarization step. (H) Example of currents for RKK3V+D20Am using the same
paired pulse recovery protocol. No recovery in outward current was measurable.
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the slow component of the tail relaxation was measured. The
peak and steady-state levels of the fit to the tail currents were
then normalized to the time course of outward current recovery
for WT (Fig. 9 E2), RKK3Q (Fig. 9 F2), and RKK3E (Fig. 9 G2).
Given the limited recovery durations that were measured, any
fast component of recovery in outward current would not
be resolved. However, for these three constructs, the slow
component of tail relaxation matched well with the recovery
time course in outward current amplitude. In contrast,
RKK3V+D20Am did not show any obvious outward current at
+140 mV and only minimal if any relaxation in the tail current
at −160 mV (Fig. 9 H). Overall, for WT, RKK3Q, and RKK3E, the
time courses of recovery in paired pulse amplitude match well
with the time courses of the respective slow component of tail
current decay (Fig. 9, E1, F1, and G1). For each of the RKK
mutant constructs, recovery from inactivation appears to have
reached a near steady-state level at −160 mV within about 200
ms, suggesting that at potentials of −160 mV andmore negative,
prepulses of 200 ms should be near an equilibrium distribution
among states.

Despite the return ofWT, 3Q, and 3E channels to closed states
that permit activation, inspection of the amplitude of voltage-
activated outward current during the paired pulse protocol
relative to fractional decay of the tail current reveals an in-
triguing discrepancy. The decay of peak tail current to steady-
state tail current is highlighted with dotted red lines (Fig. 9,
E1–G1). The difference between the peak and steady state dur-
ing the tail current relaxations can be considered to reflect the
fraction of channels that has returned to closed states, and
therefore might be expected to be available for activation. The
dotted blue lines highlight the difference between the channels
that were available for activation, as indicated by the peak
outward current prior to trypsin compared with the total
number of channels following removal of inactivation. For WT
channels, the example tail currents suggest almost all channels
return to closed states, which is consistent with the voltage-
activated outward current being about 80% of the maximal BK
conductance, after correction for the 15–20% reduction expected
for inactivation occurring during the rising phase and impact of
asynchrony in opening (Fig. 4 B). In contrast, for 3Q and 3E,
although the tail currents suggest that 64.5% and 71.0% of
channels may have returned to rest, the peak outward current
after recovery indicates that only about 31.6% and 3% of chan-
nels have really returned to closed states. This suggests that
some fraction of the channels that return to closed states during
the tail currents and are no longer contributing to O*-I persistent
current are not available for activation. The implication is that
this fraction of channels is closed and inactivated. This impli-
cation is congruent with the long-duration inactivated states
inferred from analysis of closed states preceding the S1–S2
transition in single-channel records (Fig. 5) and also is consis-
tent with the steady-state inactivation curves (Fig. 4 D).

To address the observation that the fraction of channels that
has returned to closed states greatly exceeds the fraction that
becomes available for activation, we examined the voltage de-
pendence of the tail current relaxations (as in Fig. 9). As shown
for tail currents at −240, −200, and −160 mV for WT (Fig. 10 A),

3Q (Fig. 10 B), 3E (Fig. 10 C), and 3V (Fig. 10 D), we measured
peak tail amplitude (Iinst) and fit 1- and 2-exponential functions
to tail current decay time course (see Materials and methods for
details). The steady-state value from fit of two exponentials to
the current decay was used as a measure of the steady-state
persistent current (Iss) (Fig. 10, A–C). For each construct, the
peak tail current at each voltage was converted to a fractional
conductance based on the maximum current at +160 mV after
trypsin (Fig. 10 E). Despite some differences among constructs in
average G(V)/Gmax (Fig. 10 E), the peak tail current amplitudes
after conversion to conductance for all four constructs generally
track the (O*+I)/O relationship defined previously from
β3a(1–20) peptide effects on average single-channel conduc-
tance (Gonzalez-Perez et al., 2012). This again highlights the
idea that the tail current peak following repolarization after
complete inactivation reflects occupancy of most channels in
the patch in the O*-I ensemble. Onemight expect that the initial
peak of the WT and RKK3E tail current would be somewhat less
than the others because their faster initial tail current decay
(Fig. S2) may result in an underestimate of the apparent peak
amplitude. Furthermore, the WT+D20Am tail currents would
also be expected to be reduced in amplitude, because of the
∼20% of WT+D20Am single channels that never open following
repolarization.

Qualitatively, the steady-state level of tail current at −240,
−200, and −160 mV (Fig. 10, A–C) indicates that a large fraction
of channels that contribute to peak tail current do return to
nonconducting states. For each construct, the ratio of Iss to Iinst
was determined for each patch and plotted over voltages from
−60 to −240 mV (Fig. 10 F). At the most negative voltages, this
ratio essentially defines the fraction of channels still contribut-
ing to persistent current. Plotting 1−Iss/Iinst (Fig. 10 G) provides
an estimate of the fraction of channels that has returned to
nonconducting states (fraction of closed channels: f[C]) at the
end of the steady-state level of tail current. Expressed this way,
essentially all WT+D20Am channels return to closed states over
the range of voltages from −120 to −240 mV. In contrast, a
fraction of about 0.8 of RKK3Q and RRK3E return to closed
states. When applied to RKK3V channels, the average current
difference between the beginning of the tail repolarization and
that at the end suggests that perhaps 10% of RKK3V channels
return to closed states, but this estimate is based on rather un-
certain relaxations for RKK3V (Fig. 10 D). The most likely error
in this approach of measuring the fraction of channels that has
returned to closed states would be uncertainty in the extrapo-
lated steady-state current level from the two-exponential fit.
However, visual inspection of current decays and the extrapo-
lated steady-state currents, particularly at potentials of −200mV
and more negative, suggests this potential error is unlikely to
account for the differences calculated between available chan-
nels and closed channels.

If all channels that return to closed states are then available
for activation, one would expect that the voltage dependence of
f(C) should be similar to the fractional availability curves de-
termined earlier (Fig. 4 D). For WT+D20Am channels, the
steady-state inactivation curve is quite similar to f(C) (Fig. 10 H)
if one corrects the f(C) curve to include the 10–20% reduction of
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peak outward current. At potentials of −100 mV and more pos-
itive, the f(C) curves may also be influenced by some fraction of
channels that occupy open states (O), so some deviation between
the two curves might be expected. For RKK3Q+D20Am channels,
the limiting asymptotes at −240 mV for the steady-state frac-
tional availability curves and f(C) differ markedly (Fig. 10 I),
supporting the idea that at negative potentials, a large fraction of
D20Am-associated channels occupy closed states unavailable for

activation, while the difference is even more pronounced for
D20Am-associated RKK3E channels (Fig. 10 J). By definition,
closed channels that are unavailable for activation must be in-
activated states, and under the conditions of these experiments,
these represent inactivated states in equilibrium with resting
closed states. Comparison of mean values and individual esti-
mates for h∞ for the set of constructs (Fig. 10 K) supports the idea
that although for WT channels, inactivation from closed states is

Figure 10. Fraction of inactivated channels that returns to closed states is much larger than the fraction that becomes available for activation.
(A) Tail currents for WT+D20Am current (with 10 μM Ca2+) at −240 mV (left), −200 mV (center), and −160 mV (right) were fit with a two (blue)-exponential
function (with t = 0 taken as nominal time of repolarization) with the dotted lines highlighting the zero current level (black), and baseline of the two-
exponential (blue) fit. The peak tail amplitude was used to determine tail conductance normalized to that at +160 mV. (B) Similar records for RKK3Q+D20Am
reveal a larger component of steady-state current at all voltages. (C) Similar records for RKK3E+D20Am also show a more substantial persistent inward
component. (D) Records for an RKK3V+D20Am patch along with single-exponential fits with blue line highlighting Iss. (E) For a set of patches for each
construct, the peak tail current was converted to a relative conductance based on Gmax determined at +160 mV and plotted as a function of voltage. Each
construct results in similar fractional activation at each voltage, consistent with the instantaneous tail current reflecting exclusively the properties of the O*-I
equilibrium at each voltage. A dotted line corresponds to the fractional (O*-I)/O voltage dependence with β3a peptide as in Fig. 2 G. (F) Fraction of steady-state
tail current normalized to peak tail current was determined for each construct. (G) Replot of panel E as 1−(Iss/Iinst) defining a fraction of channels that have
returned to closed states. (H–J) Comparisons of steady-state inactivation curves for WT+D20Am (H), RKK3Q+D20Am (I), RKK3E+D20Am (J) (from Fig. 4) with a
fraction of channels for each construct in closed resting plus closed-inactivated states (fc) (panels F and G). (K)Mean and individual h∞ (for WT, 3Q, and 3E, N =
5, 5, and 4, respectively) and fC (for WT, 3Q, 3E, and 3V, N = 4, 4, 4, and 8, respectively) values. Using ANOVA with Tukey’s multiple comparisons to compare h∞
versus f(C), for WT, P = 0.504, for RKK3Q, P = 7.13E-06, and for RKK3E, P = 2.82E-05.
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either rare or absent, for RKK3Q and RKK3E, closed-state inac-
tivation is pronounced.

The situation for RKK3V+D20Am seems more complicated to
rationalize. Themacroscopic protocols suggest that exit from the
O*-I ensemble of states for RKK3V channels to nonconducting
states is rare, although the set of single-channel patches did
identify long-lived closures at the end of the S1 prepulse that was
followed by constant closure during S2 in 20% of trials. Based on
that, one might have expected that the RKK3V tail current at
−160 mV might have exhibited a relaxation of perhaps about
20% from the initial current following repolarization. Although
it seems that RKK3V+D20Am channels might be considered
locked in O*-I states, perhaps with longer periods at negative
potentials such channels might return to closed states.

Overall, this evaluation of f(C) and the comparison with the
steady-state inactivation curves (Fig. 4 D) provide additional
support for the idea that in addition to some fraction of channels
that remain in the O*-I ensemble behavior during the tail cur-
rents, there is an appreciable fraction of closed channels that are
unavailable for activation, presumably with a β3a N terminus
bound within the central cavity in a position of inactivation.

A simple, linear two-step inactivation model explains many
D20Am effects on WT and RKK mutant channels, but not all
An assessment of the D20Am effects within the context of a full
BK channel gating scheme (Horrigan and Aldrich, 2002) is be-
yond the scope of this work. However, here we ask whether
major features of the results can be approximated by simple
models, which may provide insight into key mechanistic details
of D20Am action.

Beginning with the 5-state two-step inactivation model
(Fig. 2 C), we constrained most of the defined rates based on
experimental considerations. Scheme 1 (Fig. 2 C) utilizes a 3-
state activation scheme (C1←→C2←→O), and the correspond-
ing rates were adjusted such that the model-predicted GV
curves and the time constants for activation and deactivation
closely match the experimentally measured properties for
WT+D20Am-IR currents (Fig. S1). Since the onset of inactiva-
tion of WT+D20Am current is about 16 ms, we set the O→O*
transition to 60/s. For the O*-I equilibrium, we set initial rates
for the transitions in the O*←→I step (k4 and k−4) to be those
defined by the earlier evaluation of the single-channel burst
amplitude with the β3a(1–20) peptide (Gonzalez-Perez et al.,
2012). The voltage dependence of this O*/I equilibrium was
shown above to be consistent with the voltage dependence of
the amplitude of RKK3V+D20Am single-channel amplitude
(Fig. 6, D and E). The estimates of the absolute 0-voltage rates
are undoubtedly not well defined, but we chose previously
described values (Gonzalez-Perez et al., 2012). We did not at-
tempt to incorporate the inward current rectification behavior
produced by the β2 subunit extracellular domain into the
simulations. Thus, all rates denoted in Scheme 1 (Fig. 2 C and
Table 3) are guided by experimental observations, except for
the O*→O transition (k−3), i.e., the return from the pre-
inactivated state to the open state, for which we have no direct
estimate. As illustrated below, adjustment of this one transition
strongly influences the properties of simulated currents and

appears likely to be the major contributor to key aspects of the
effects of D20Am onWT and RKKmutant channels. For reasons
developed below related to the closed channel block, we as-
signed no voltage dependence to the O←→O* transitions.

With the above rates, we used three protocols identical to
those used in our recordings of D20Am-containing BK currents:
first, an activation protocol; second, a tail current protocol; and
third, a steady-state inactivation protocol (Fig. 11, A and B). In
each case, the initial occupancies among the five states at the
time of initiation of a given protocol were defined by the steady-
state distribution at 0 mV. This results in occupancies preceding
any initial negative prepulse defined primarily by equilibration
between O* and I. Fig. 11 A (left to right) presents representative
examples of experimental WT+D20Am currents for each of the
stimulation protocols, while Fig. 11 B (left to right) displays
simulated currents. The simulated currents reasonably capture
the fractional reduction in peak current, and the slow tail cur-
rents that follow inactivation and are removed by trypsin. Al-
though the tail currents at −120 mV in the activation protocols
(Fig. 11, A and B, left) are of comparable magnitude between
experimental and simulated currents (Fig. 11, A and B, left
traces), tail currents examined over a range of deactivation
potential protocol (Fig. 11, A and B, middle traces) exhibit
larger tail current amplitude for the simulated currents at more
negative voltages. This difference in part likely reflects the recti-
fication behavior of the native WT+D20Am channels. The simu-
lated tail currents also fail to capture a faster component of the tail
current that is observed in experimental records.

GV curves were generated from the simulated currents of
Scheme 1 (Fig. 2 C) and matched well with the average GVs from
WT+D20Am-IR currents (Fig. 11 C). Similarly, activation and
inactivation time constants from simulated currents were sim-
ilar to experimental values (Fig. 11 D), although there appears to
be modest voltage dependence in the experimental inactivation
time constants, whereas we assigned no voltage dependence to
the k3/k−3 rates. The simulated and experimentally measured
slow components of deactivation were also comparable (Fig. 11
E). The fractional activation of the simulated peak tail conduc-
tance tracked that previously determined for β3a(1–20) peptide
effects on BK single-channel amplitude as expected based on
our assumptions (Table 3), but, as expected, deviated from
the fractional conductance of RKK3V+D20Am single-channel

Table 3. Basic rates used for simulations

C1↔C2↔O↔O*↔I (rates: s−1)

C1↔C2 k1(V) = 300*exp0.33*FV/RT

k−1(V) = 300*exp−0.33*FV/RT

C2↔O k2(V) = 300*exp0.33*FV/RT

k−2(V) = 325*exp−0.33*FV/RT

O↔O* k3(V) = 60

k−3(V) = 70

O*↔I k4(V) = 5.3*107*exp0.22*FV/RT

k−4(V) = 4.6*106*exp−0.05*FV/RT
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Figure 11. Simple 5-state model incorporating two activation steps, and two-step inactivation recapitulates many features ofWT+D20Am behavior.
(A) WT+D20Am currents were evoked by activation (left), deactivation (middle), and steady-state inactivation (SSI) (right) protocols, all with 10 μM Ca2+.
Currents on the left are shown both before and after removal of inactivation by trypsin. Currents evoked by activation and deactivation protocols were from
the same patch, and the SSI currents from a different patch. (B) Currents were simulated with the same protocols using rate constants in Table 3. Relative
amplitude of simulated tail currents greatly exceeds recorded tail currents in part because of marked current rectification, arising from β2 subunit extracellular
loops. (C)Measured WT+D20Am-IR GVs (red symbols) are compared with GVs from simulated currents with inactivation removed. (D)Measured WT+D20Am
inactivation and activation time constants are compared with measured time constants from simulated currents. (E) Experimentally measured and simulated
slow time constants of deactivation. (F) Voltage dependence of simulated instantaneous tail current (black dotted line) compared with previous measures of
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openings, which exhibit marked inward current rectification
(Fig. 11 F). Finally, the experimentally measured steady-state
inactivation curve for WT+D20Am was compared with the
simulated SSI curve (Fig. 11 G). In this case, the model does not
adequately account for the position of the SSI curves on the
voltage axis. This discrepancy is not a function of the duration of
the prepulse used for the simulated steady-state inactivation
protocol (Fig. 10 H). However, overall, despite some discrep-
ancies between data and model in regard to a faster component
of tail current and position of SSI curves, the simple 5-state
model does a reasonable job of approximating many features
of the experimental currents. Importantly, unique to the two-
step inactivation portion of the model, the tail currents exhibit
instantaneous reopening on repolarization and a net current
flux that greatly exceeds that expected for simple, open-channel
block (Armstrong, 1971; Neher and Steinbach, 1978; Demo and
Yellen, 1991).

Having defined a set of rates that approximate many of the
key features of WT+D20Am currents elicited with the protocols
we used, we next considered whether the major impact of the
RKK mutations might be explained largely by an effect on one
specific rate in Scheme 1 (Fig. 12, top left). The relative ampli-
tudes of the initial tail current and the persistent tail currents
suggest that the O*/I equilibrium and rates k4 and k−4 are largely
similar for different RKK mutants. Onset of inactivation was not
markedly different in cases where it could bemeasured (3Q, 3E).
We therefore asked whether changes in k-3 (corresponding to
the N terminus unbinding, O*→O) might mimic the behavior of
the RKK mutant channels. Currents were simulated with k−3
values of 100, 70, 30, 10, 2, and 0.5/s (Fig. 12 A, top to bottom).
Slowing k-3 progressively reduced the voltage-activated peak
inactivating current, slowed the tail current, and, for the dura-
tions of the protocols used, generated persistent inward current
(Fig. 12 A), capturing each of the notable features of the D20Am-
mediated effects on the D20Am+RKK mutant channels. Manip-
ulations of rates, k4 and k−4, although having effects on the
voltage dependence of initial instantaneous tail current, did not
on its own impact on the occurrence of reduction of peak out-
ward current, tail current decay, or persistent inward current.
Thus, in large measure, these simple simulations suggest that a
major effect of the RKK mutations may be to differentially in-
fluence the rate of dissociation of the N terminus from its
binding site in the BK central cavity.

From the simulated steady-state inactivation currents, frac-
tional availability curves were then generated (Fig. 12 B) based
on a 240-ms prepulse duration. This predicts a leftward shift in
fractional availability consistent with slowed recovery from
inactivation at negative potentials as a function of slower k−3.
However, when steady-state inactivation curves were deter-
mined from simulated currents with a 5,000-ms prepulse
(Fig. 12 C), essentially all channels are then able to return to
closed states, eventually reaching the same limiting fractional

availability. Thus, as argued above, the 5-state model fails to
describe steady-state inactivation behavior. With the 5-state
scheme, fractional availability curves will always result in the
same limiting asymptote, as all channels occupy the most
resting closed state, C1, at sufficiently negative potentials.

Closed-state inactivation can account for different limiting
asymptotes in fractional availability curves
Guided by the experimental results, the 5-state scheme was
expanded to include closed-state inactivation (Fig. 12 Scheme 2,
top right). Here, we only consider expectations for a model in
which transitions among C1*←→C2*←→ O* are rare, as sym-
bolized by the arrows with dotted lines in Scheme 2 (Fig. 12 D).
The impact of inclusion of transitions among C1*, C2*, and O*
states is addressed in Discussion. Currents were simulated with
Scheme 2 (Fig. 12, top right) utilizing exactly the same rates as
given in Table 3, while then adjusting rates of entry and exit
from C* states. A priori, we have no direct information to guide
choices for rates of entry into C1* or C2*, so the outcome of these
tests can be considered a bit ad hoc. However, from the per-
spective that the experimental results require that transitions to
closed states are occurring, these tests place some constraints on
properties of the C1/C1* and C2/C2* equilibria. A first consider-
ation is that irrespective of exact rates, the ratio, k−3”/(k−3”+k3”),
will define the fraction of channels that will occupy C1 at the
most negative voltages, and are therefore available for activa-
tion. Thus, in essence this ratio reflects the limiting h∞ asymp-
tote of fractional availability curves. Interestingly, if one
calculates that ratio based on the O←→O* transitions, for k−3/
(k−3+k3) one obtains a value of 0.538. This would be the expec-
tation for h∞ of the fractional availability curve, uncorrected for
inactivation during the rising phase of current activation, if the
D20Am N terminus bound to closed WT channels with an affinity
identical to open WT channels. That number is not too dissimilar
to the h∞ value of 0.4 measured in Fig. 4 D for D20Am+RKK3Q
currents. This suggests that for D20Am+RKK3Q, the C1/C1* equi-
librium is only somewhat different from that of the WT O/O*
equilibrium. A second consideration for the 7-state simulations
is that the fact a voltage-independent h∞ asymptote is reached
requires that the C1/C1* equilibrium must be voltage-
independent. Although this does not necessarily demand that
N-terminal binding to the open state is also voltage-independent,
that is the reason we chose a voltage-independent O/O* rather
than assigningmodest voltage dependence to those underlying rates.

Based on these considerations, we explored various values
for k3”, k−3”, k3’, and k−3’. When rates from C1*→C1 and C2*→C2

are comparable to those from O*→O, say, 60/s, upon depolari-
zation, this results in an additional slow transition from C1* and
C2* into the activation pathway. This produces a slowing of entry
of an appreciable fraction of channels into O, impacting not only
on rise time of outward current, but also on the inactivation time
course. This is contrary to observations and suggests that the

G(V)/Gmax for fractional reduction of BK single-channel current amplitude by β3a(1–20) peptide (red) and RKK3V+D20Am single-channel conductance (green).
(G) Experimentally measured SSI curves for WT+D20Am (red, example traces on far right of panel A) compared with simulated (black) and calculated (green)
SSI curves based on Table 3 rates. (H) Currents from a steady-state inactivation protocol were simulated with prepulse durations spanning 100–5,000 ms.
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underlying C←→C* transitions are likely to bemuch slower than
those (O←→O*) when the channels are open. On the other hand,
if rates of entry and exit of N termini from closed channels are
too slow, this essentially removes an appreciable fraction of
channels from ever opening during the protocols we have used.
Furthermore, one would then expect appreciable long-lived in-
activated states immediately following repolarization, some-
thing which is not observed for any of the RKK mutants.
Therefore, after exploring various values, to illustrate the im-
pact of inclusion of closed-state inactivation on simulated cur-
rents, we chose rates of entry and exit from closed states that
were simply 10-fold less than the rates in and out of open
states. The resulting simulations for current activation, de-
activation, and steady-state inactivation (Fig. 12 D) retain the
key features of reduction in outward current, slowing of
tail currents, and persistent inward current. However, not
surprisingly, they support the idea that differences in rate of
unbinding of the N terminus from closed channels underlie
the differential h∞ values for the different RKK mutants,

whether observed with 240-ms (Fig. 12 E) or 5,000-ms
(Fig. 12 F) prepulses.

These considerations provide additional mechanistic justifi-
cation for the idea that the RKK mutant BK channels permit
binding of the D20Am N terminus in closed channels and help
explain how modulation of h∞ values might occur. However,
these simulations are not meant to imply that all the nuances of
this inactivation mechanism are now clear. For example, there
remain fast components of the tail currents that are not ac-
counted for by the simulations. An attempt to place the inacti-
vation behavior described here within a more realistic BK
current activation model might help account for additional ki-
netic components, but this is beyond the intent of the present
evaluations.

RKK mutants also increase likelihood that β2 subunits
inactivate from closed states
BK β2 subunits, like β3a, also produce nearly complete inacti-
vation of BK currents. However, in contrast to the β3a-mediated

Figure 12. Changes in rate of O*→Omimic aspects of D20Am+RKKmutant currents, but inclusion of closed-state inactivation is necessary to explain
limiting h∞ values in fractional availability curves. On top left, the 5-state model of Scheme 1 used for simulations in panels A–C is shown. Protocols for the
simulated currents are also shown. On the top right, the 7 state model (Scheme 2) with defined transition rates used for simulation in panels D–F is shown.
(A) Top to bottom, k−3 was varied from 100, 70, 30, 10, 2, and 0.5/s and currents simulated with the 5-state model of Scheme 1 with protocols shown at the
top. (B) Fractional availability curves were generated from traces on the right side of A, with a 240-ms prepulse. (C) Fractional availability curves from currents
generated with a 5,000-ms prepulse showing that Scheme 1 predicts identical h∞ values in all cases. (D) Similar simulations with the 7-state model (Scheme 2)
with rates (k3’ = k3”, k−3’ = k−3”) for C←→C* transitions given on the panels. (E) Fractional availability with 240-ms prepulses is shown. (F) Fractional availability
with 5,000-ms prepulses.
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slow tails during recovery from inactivation, little or no channel
openings are observed during recovery from β2-mediated in-
activation (Solaro et al., 1997; Xia et al., 1999). Since inactivation
in both cases presumably involves a similar access pathway to
the central cavity (Zhang et al., 2006, 2009), we therefore tested
the impact of mutations of the RKK motif on β2-mediated
inactivation.

Sample macroscopic currents (all at 10 μM Ca2+) of hβ2-
containing WT, RKK3Q, RKK3E, and RKK3V channels before
(left panels) and after (right panels) trypsin digestion are shown
in Fig. 13, A, C, E, and G along with corresponding GV curves at 0
and 10 μM Ca2+ following trypsin removal of β2-mediated in-
activation (Fig. 13, B, D, F, and H). For a steady-state inactivation
protocol, the peak inactivating current of WT+hβ2 channels
evoked by steps to +160 mV reaches ∼0.70 ± 0.07 (n = 5) of that
after trypsin digestion. For RKK3Q+β2 channels, the peak of the
inactivating current at +160mV is 0.29 ± 0.07 (n = 5) of that after
trypsin treatment (Fig. 13, C and E). For RKK3E+hβ2 (Fig. 13 E)
or RKK3V+hβ2 (Fig. 13 G), the peak outward currents before
trypsin digestion were 0.05 ± 0.02 (n = 4) and 0.08 ± 0.01 (n = 4)
of that after trypsin digestion, respectively. Overall, these re-
sults parallel the steady-state inactivation of the D20Am-
associated RKK mutant channels and are consistent with the
idea that hβ2 subunits in association with RKK-mutated triplets
are more likely to occupy inactivated states prior to the depo-
larizing voltage steps. Most importantly, the steady-state in-
activation curves obtained with the RKK mutants with
β2 (Fig. 13 J) exhibit limiting fractional availability with no
obvious voltage dependence from −160 to −200 mV. As above,
this can best be explained if there is an inactivated closed state
in voltage-independent equilibrium with resting closed states.
One other point regarding the β2-mediated effects is that, un-
like D20Am, they are not associated with an increase in inward
current at negative potentials. This absence of inward current
almost certainly relates to the absence of channel openings
during recovery from inactivation observed for Slo1+β2 cur-
rents (Xia et al., 1999) in contrast to the prolonged O*-I bursts
associated with β3a(D20Am)-mediated inactivation (Zeng
et al., 2007; Gonzalez-Perez et al., 2012). Thus, for the native
β2 N terminus, if there is a two-step inactivation process,
something revealed in the FIW/FIE mutation of β2 (Benzinger
et al., 2006), it may be the case that the state following N ter-
minus binding is also nonconducting.

E321/E324 mutations reduce features of D20Am-mediated
inactivation
The RKK triplet has been proposed to stabilize closed con-
formations of the BK channel by interactionwith acidic residues,
E321 and E324, of adjacent S6 helices (Tian et al., 2019). Hy-
pothesizing that some of the effects of the RKK mutant con-
structs might arise from disruption of this interaction, we
therefore tested whether mutation of the E321/E324 pair might
also mimic aspects of the RKK mutations. We expressed D20Am
with BK subunits in which the E321/E324 motif was mutated to
EE/QQ, EE/DD, EE/GG, EE/WW, and EE/KK. EE/QQ has been
previously shown to result in a decrease in single-channel cur-
rent (Brelidze et al., 2003), while also producing a leftward shift

in gating (Tian et al., 2019). Macroscopic currents were gener-
ated before and then after removal of inactivation by trypsin
(Fig. 14, A1–E1). GV curves were determined at 0 and 10 μMCa2+

for each construct (Fig. 14, A2–E2) expressed alone (dotted lines)
and then also for the construct expressed with D20Am but fol-
lowing trypsin digestion (solid symbols and fitted Boltzmann).
For each construct+D20Am, time constants of inactivation
(Fig. 14 F) and activation following removal of inactivation
(Fig. 14 G) were determined. Finally, the maximal current with
intact inactivation was normalized to that after removal of in-
activation to ascertain whether there is increased likelihood that
channels may occupy inactivated states prior to depolarization
(Fig. 14 H). For three constructs, EE/QQ, EE/GG, and EE/KK, the
peak amplitude of the inactivating currents was >0.9, suggesting
that under any gating model, there was likely to be little if any
inactivation either prior to the depolarization or during the
rising phase of current. Consistent with this, for each of these
three constructs, it can be seen that they activate faster than the
WT BK channels expressed with D20Am (Fig. 14 G), while in-
activation time constants are actually slowed relative to the WT
situation (Fig. 14 F). In contrast, for EE/DD and EE/WW, the peak
current amplitude relative to maximal current following trypsin
is similar to WT (Fig. 14 H) and both constructs exhibit both
slowed activation and slowed inactivation. In contrast to the RKK
mutations, none of the E321/E324 mutations exhibit any indi-
cation of enhanced inactivation at negative potentials prior to
depolarizing activation steps. For this set of EE mutations, there
is no indication of a persistent inward current except for that
expected based on the shift of the GV curve (e.g., Fig. 14 C1 for
EE/GG). It can also be seen that the EEmutations abolish the slow
tails that are associated withWT D20Am inactivation, in marked
distinction to the RKK mutations that enhance the slow tails.
This would suggest that the consequences of the RKK mutants
cannot be explained simply by disruption of any RKK/EE inter-
action. The absence of slow tails in the EE mutants may suggest
binding affinity of the D20Am N terminus within the central
cavity is influenced by the EE motif. We have not yet tested si-
multaneous changes in the RKK and EE motifs.

Discussion
The Results in this paper are focused on trying to explain un-
usual phenomenology that arises from effects of mutations of
the BK RKK triplet on inactivation mediated by a β3a subunit
N-terminal domain. Because of complexities in the Results,
many of the implications of specific results and our attempts to
explain them have already been discussed within the Results.
Therefore, here we briefly summarize the main observations
and the resulting conclusions. This is followed by a discussion of
the implications of the results both for understanding the
physical basis of BK inactivation and for consideration of closed-
state inactivation in other channels.

Summary of key observations
Compared with WT+D20Am current, the coexpression of RKK
mutant BK channels with D20Am reduces the peak inactivating
outward current evoked by depolarizations, markedly slows tail
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Figure 13. β2-associated RKKmutant BK channels exhibit features of closed-state inactivation. (A) Currents resulting from Slo1WT+β2 expression with
10 μM Ca2+ before (left) and after (right) trypsin-mediated removal of inactivation. (B) GV curves for Slo1 WT+β2-IR at 0 (black) and 10 (red) μM Ca2+. For
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currents, and results in appreciable persistent inward current at
voltages for which the parent BK construct is largely closed. Both
macroscopic and single-channel results indicate that reduction
in outward current arises from inactivation occurring at nega-
tive prepulses preceding the depolarizations, rather than during
the rising phase of current activation. The persistent current at
negative potentials arises from channels opening to a reduced
conductance for which the fractional amplitude relative to
normal openings increases with hyperpolarization, resulting in
an apparently anomalous voltage-dependent increase in con-
ductance as membrane potential is made more negative. The
reduced conductance openings are consistent with effects of the
isolated N-terminal β3a(1–20) L-peptide on single BK channels
(Gonzalez-Perez et al., 2012), which has been explained as the
result of rapid equilibrium between a preinactivated open state
(O*) and an inactivated state (I). The voltage dependence of the
O*-I behavior is such that depolarization above 0 mV immedi-
ately favors channels in I, explaining why depolarization during
the persistent current results in immediate inactivation, while,
upon repolarization, the O*-I equilibrium favors instantaneous
inward tail current reflecting greater fractional occupancy in O*.

In earlier work, in order to explain the large excess of net
current flux during the macroscopic and single-channel β3a
tail current behavior over that predicted by recovery from a
simple block model (I→O→C), the idea was proposed that β3a-
inactivated BK channels recover from inactivation as follows:
I←→O*→O→C (Zeng et al., 2007; Gonzalez-Perez et al., 2012).
Building from that idea, here we extended the model describing
D20Am+WT behavior to include activation transitions (Fig. 2 C).
This simple 5-state model was able to reasonably describe the
major features of the reduction of outward current, prolongation
of tail currents, and persistent tail (Fig. 10). Furthermore, many
aspects of the differences in β3a-induced inactivation amongWT
and RKK mutants including reduction of outward current, tail
current prolongation, and persistent inward current could be
approximated by varying the O*→O rate (Fig. 11).

However, despite the utility of the linear 5-state model in
Scheme 1, several aspects of the results suggest that although the
D20Am N terminus is unlikely to reach a position of inactivation
in closed WT channels, in the RKK-mutated channels, the D20Am
N terminus can gain access to and bind to a position in the closed
BK channel, resulting in a closed-state inactivation. The evidence
in support of this idea was threefold. First, in steady-state inac-
tivation experiments, D20Am-associated RKK3Q, RKK3E, and
RKK3V all had voltage-independent h∞ asymptotes, which, after

normalization to maximal BK conductance in a patch, were less
than that for D20Am-associated WT channels. Second, in single-
channel experiments, we were able to directly identify a fraction
of long-duration closures at the end of the S1 prepulse hyperpo-
larization, which led to a complete failure to open during the
subsequent S2 depolarization. Third, evaluation of the steady-state
level of tail currents following repolarization from strong, in-
activating depolarizations revealed that a substantial fraction of
RKK3Q and RKK3E channels that return to closed states during the
tail currents remain unable to open upon depolarization. To-
gether, these results strongly support the conclusion that the β3a
N terminus can bind to resting closed states of the RKKmutant BK
channels in a position that prevents normal channel opening upon
depolarization. We modeled this by inclusion of C1←→C1* and
C2←→C2* equilibria, which we infer is voltage-independent be-
cause of the voltage-independent h∞ asymptote in the fractional
availability curves.

Despite the lines of evidence supporting the existence of a
long-lived inactivated state at negative potentials, it is interest-
ing that occupancy in C1* and C2* states must be substantially
reduced by the end of a 150-ms depolarizing inactivation step.
This is supported by the fact that the single-channel results show
that following repolarization to −160 mV from +140 mV, almost
all D20Am-associated channels almost always reside in O*-I at
the time of repolarization. However, this apparent absence of
channels in C1* or C2* at the end of depolarizations is easily ex-
plained by the idea that during a depolarization, transitions from
C1*→C1 and C2*→C2 are sufficiently rapid that channels are then
able to open and transition into O*-I during the 150-ms depo-
larization prior to repolarization. A testable prediction of this
idea is that in single-channel patches, following shorter inacti-
vation steps during which C1*→C1 transitions may not yet have
occurred, one might expect to see a larger fraction of repolari-
zations revealing not exhibiting any opening during tail cur-
rents, as channels simply transition from C1* to C1.

Conceptualization of the onset of inactivation and the O*-I
equilibrium
BK inactivation, whether mediated by β3a (Zeng et al., 2007;
Gonzalez-Perez et al., 2012), β3b (Xia et al., 2000; Lingle et al.,
2001), β3c (Uebele et al., 2000), or β2 (Wallner et al., 1999; Xia
et al., 1999) subunits, involves a mobile cytosolic N-terminal
peptide segment. For BK channel inactivation, many of the cri-
teria used to argue that an N terminus acts within the central
cavity by a simple channel block mechanism are not met, which

WT+β2 (IR), at 0 Ca2+, V50 = 188.8 ± 13.2 mV, with z = 0.91 ± 13.2, and at 10 μM Ca2+, V50 = −18.2 ± 2.6 mV, with z = 1.11 ± 0.11e. (C) Currents resulting from
RKK3Q+β2 at 10 μM Ca2+, before (left) and after (right) trypsin. (D) GV curves at 0 and 10 μM Ca2+ for RKK3Q+β2-IR with at 0 Ca2+, V50 = 136.4 ± 3.8 mV, with
z = 1.19 ± 0.20e, and at 10 μM Ca2+, V50 = −31.6 ± 4.2 mV, with z = 1.02 ± 0.15e. (E) RKK3E+β2 currents at 10 μM Ca2+, before (left) and after (right) trypsin.
(F) GV curves at 0 and 10 μMCa2+ for RKK3E+β2-IR. At 0 Ca2+, V50 = 233.4 ± 12.4 mV, with z = 0.58 ± 0.12e, and at 10 μMCa2+, V50 = 2.2 3.2 mV, with z = 0.74 ±
0.06e. (G) Currents resulting from RKK3V+β2 at 0 μM Ca2+, before (left) and after (center) trypsin. (H) GV curves at 0 and 10 μM Ca2+ for RKK3V+β2-IR. For 0
Ca2+, V50 = 29.4 ± 7.3 mV, with z = 0.70 ± 0.13, and at 10 μM Ca2+, V50 = −79.0 ± 7.4 mV, with z = 0.61 ± 0.09e. (I)Mean and individual values of peak current
amplitude for inactivating current normalized to maximal current after removal of inactivation for each patch. (J) Fractional availability curves for WT (n = 5),
RKK3Q (n = 5), and RKK3E (n = 4), each coexpressed with β2 (as in Fig. 4 D). Fit parameters (mean + 90% confidence limits) were as follows: for WT, h∞ = 0.77 ±
0.01; V50 = −82.4 ± 0.8 mV; z = 2.1 ± 0.1e; for RKK3Q, h∞ = 0.24 ± 0.01; V50 = −100.3 ± 1.9 mV; z = 1.4 ± 0.1e; for RKK3E, h∞ = 0.04 ± 0.004; V50 = −69.4 ± 15.9
mV; z = 0.49 ± 0.1e. Comparison of fractional availability values at −200 mV yielded, for WT versus RKK3Q, P < 0.0001, for WT versus RKK3E, P < 0.0001, and
for RKK3Q versus RKK3E, P < 0.0001, with two-way ANOVA with Tukey’s multiple comparisons correction.
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Figure 14. E321/E324 mutations do not result in persistent inward current or reduce likelihood of channel activation during depolarization, but do
reduce or abolish slow tail current. (A1) Standard activation protocol with depolarization to +160 mV was applied to a mutated EE/QQ BK construct
coexpressed with D20Am both before (left) and after (right) trypsin. (A2) GV curves from EE/QQ+D20Am-IR currents at 0 (black) and 10 (red) μM Ca2+. Dotted
lines are EE/QQ GVs without D20Am subunits. Fitted Boltzmann values with D20Am-IR: for 0 Ca2+, V50 = 47.3 + 3.0 mV, z = 1.10 + 0.21e. For 10 μM Ca2+, V50 =
−42.9 ± 5.8 mV, z = 0.75 ± 0.11e. Without D20Am-IR, for 0 Ca2+, V50 = 92.9 ± 1.9 mV, z = 1.20 ± 0.09e. For 10 μM Ca2+, V50 = −8.9 ± 1.7 mV, z = 1.09 ± 0.07e.
(B1) EE/DD+D20Am before and after trypsin. (B2) GVs for EE/DD without and with D20Am-IR. With D20Am-IR, for 0 Ca2+, V50 = 233.2 ± 10.5 mV, z = 1.02 ±
0.06e, and for 10 μMCa2+, V50 = 72.7 ± 1.8 mV, z = 1.02 ± 0.06e. Without D20AM-IR, for 0 Ca2+, V50 = 293.8 ± 14.4 mV, z = 0.97 ± 0.04e, and for 10 μMCa2+, V50
= 129.6 ± 1.7 mV, z = 0.97 ± 0.04e. (C1) EE/GG+D20Am before and after trypsin. (C2) GVs for EE/GG without and with D20Am-IR. With D20Am-IR, for 0 Ca2+,
V50 = 82.2 ± 4.7 mV, z = 1.16 ± 0.20e, and for 10 μM Ca2+, V50 = 16.7 ± 4.0 mV, z = 0.91 + 0.11e. Without D20AM-IR, for 0 Ca2+, V50 = 125.6 ± 3.1 mV, z = 1.08 ±
0.11e, and for 10 μMCa2+, V50 = 38.3 ± 2.3 mV, z = 0.99 ± 0.07e. (D1) EE/WW+D20Am before and after trypsin. (D2) GVs for EE/WWwithout and with D20Am-
IR. With D20Am-IR, for 0 Ca2+, V50 = 245.5 ± 21.3 mV, z = 0.89 ± 0.20e, and for 10 μM Ca2+, V50 = 154.5 ± 0.53 mV, z = 0.73 ± 0.01e. Without D20AM-IR, for 10
μM Ca2+, V50 = 201.2 ± 52.0 mV, z = 0.74 ± 0.26e. The GV for EE/WW in 0 Ca2+ was not determined. (E1) EE/KK+D20Am before and after trypsin. (E2) GVs for
EE/KK without and with D20Am-IR. With D20Am-IR, for 0 Ca2+, V50 = 71.7 ± 3.5 mV, z = 1.05 ± 0.12e, and for 10 μM Ca2+, V50 = 8.6 ± 3.6 mV, z = 0.76 ± 0.07e.
Without D20AM-IR, for 0 Ca2+, V50 = 125.7 ± 3.4 mV, z = 0.93 ± 0.09e, and for 10 μMCa2+, V50 = 53.4 ± 3.4 mV, z = 0.96 ± 0.09e. (F) Inactivation time constants
for the indicated constructs, indicating that all EE mutations slow the onset of inactivation. (G) Activation time constants measured after trypsin, showing that
EE/QQ and EE/GG activate faster than WT, EE/WW and EE/DD somewhat slower, and EE/KK about the same as WT. (H) Peak inactivating outward current for
each EE construct normalized to peak current after trypsin.
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has left some uncertainty regarding details of the mechanism of
inactivation. For example, cytosolic blockers do not slow β
subunit–mediated onset of inactivation (Xia et al., 1999, 2000),
and tail currents during recovery from inactivation do not fol-
low expectations for simple block behavior (Solaro and Lingle,
1992; Zeng et al., 2007). However, in contrast to simple block
predictions, it has been shown that the two-step inactivation
model can explain both the absence of prolongation of inacti-
vation onset by cytosolic blockers (Lingle et al., 2001) and the
β2- and β3a-mediated tail current behavior (Zeng et al., 2007).
Moreover, although inactivation onset mediated by the β3a N ter-
minus is not hindered by TBA or bbTBA, both QA blockers do hasten
the time course of deactivation of β3a N-terminus–mediated
tail currents (Gonzalez-Perez et al., 2012), which is consistent
with binding of either QA compound to the O* state, while
hindering formation of the I state. This supported the idea
that the I state involves occupancy of the N terminus in a
position that can also be hindered by the presence of TBA or
bbTBA, which one presumes is near the selectivity filter.

Howmight the O*-I behavior be explained?Wewould envisage
that for the β3a N terminus, O* represents binding of the N ter-
minus in a position within the central cavity, which still permits
ion permeation, but that mobility of that N terminus or some el-
ement of the N terminus, perhaps as simple as a single side chain,
produces rapid transient occlusion of outward current flux, while
inward current flux more strongly favors occupancy in O*. It
should be noted that the first 15 residues of the β3a N terminus are
entirely uncharged (Fig. 2). Two topics for future consideration
are as follows: (1) whether ion occupancy in the permeation
pathwaymay determine or impact on the voltage dependence (z =
∼0.25e) of β3a-mediated inactivation (which largely arises
from its first 15 uncharged N-terminal residues) (Gonzalez-
Perez et al., 2012); and (2) determination of the dependence of
O*-I behavior on specific residues in the β3a N terminus and
BK S6.

Conceptualization of closed-state inactivation
A significant new point arising from the present work is that at
least in the mutant RKK channels, the D20Am N terminus can
access a binding site in closed channels. The steady-state inacti-
vation curves, and the observation of a long-duration closed-state
at negative potentials preceding depolarizations that fail to result
in openings of channels, and then that a fraction of channels that
return to closed states in tail currents are unable to be activated all
support this idea. Although inactivation from closed states has
often been used as a component of kinetic models that may im-
prove the ability of a model to account for relative positions of
activation GVs and steady-state availability curves along the
voltage axis (Zagotta and Aldrich, 1990; Ayer and Sigworth, 1997),
direct evidence for closed-state inactivation can be difficult to
obtain. In the present case, three lines of evidence point directly to
the existence of a closed, inactivated state in equilibrium with a
resting closed state. We suggest that this reflects a voltage-
independent C1←→C1* equilibrium, reflecting binding of the β3a
N terminus within the central cavity, while the RKK-mutated
channels are in the most resting closed state. The requirement
that this must be voltage-independent, which arises from the

voltage independence of the h∞ asymptotes, is the basis for our use
of a voltage-dependent O←→O* equilibrium in simulations.

Functionally, we envision this as follows. In the RKK mutant
channels, the D20AmN terminus can enter the central cavity via
the disrupted side portal region reaching a binding site that is
essentially equivalent to that reached by the N terminus in open
channels. We would suggest that whether the channel is occu-
pied by the N terminus in a closed conformation or an open
conformation, transition between C*←→O* is hindered by the
presence of the N terminus. This suggestion arises, since oth-
erwise repolarization when channels are in the O*-I ensemble
would rapidly lead to channels returning to closed states, pre-
venting the occurrence of slow tail currents. Given that there are
faster components in the experimentally observed tail currents
than are seen in the simple simulations, it may be possible that
C*←→O* transitions can occur, albeit at rates much slower than
the C←→O transitions. This will require additional evaluation
within the context of a more realistic BK gating scheme.

Our results do not clearly support the idea that resting closed-
state inactivation can occur with wild-type channels, although we
cannot fully exclude that possibility. Potential closed-state inacti-
vation might be considered of two types: (1) inactivation analogous
to what we observe for the RKK-mutated BK channels in which the
most resting closed state can become occupied by the N terminus
or (2) that inactivation of a closed state can only occur in partially
activated closed states, in which some preopening conformational
change permits the N terminus to reach its binding site. In the
present results, it is possible that closed-state inactivation of the
second type, i.e., from states leading to activation, may contribute
to the leftward shift ofWT steady-state inactivation curves relative
to the simulated h∞ curve. This ability of closed-state inactivation to
shift h∞ curves leftward has also been a consideration in early
models of Shaker Kv channels (Zagotta and Aldrich, 1990; Ayer and
Sigworth, 1997). For BK channels, closed-state inactivation has
been previously implicated in results with patches of single β2-
mediated inactivation in rat chromaffin cells with prepulses to
−40 mV at low Ca2+ resulting in inactivation of BK channels
without any detectable opening, whereas direct steps from −120
reliably elicited openings at +60 mV (Ding and Lingle, 2002).
Perhaps reflecting changes in pore access among closed states, al-
though BK channel inhibition by bbTBAwas shown to occur when
channels are closed (Wilkens and Aldrich, 2006), subsequent work
presented evidence that bbTBA did not block BK channels under
conditions that voltage sensors may be completely inactive, but
that block could occur prior to channel opening (Tang et al., 2009).
Overall, all results point to the idea that in fully resting closed
states, WT BK channels have barriers that prevent access of β
subunit N termini and bulky cytosolic blockers to positions of oc-
clusion. However, conformational changes that occur that precede
opening seem to be permissive for both β subunit–mediated in-
activation and blockade by bulky QA compounds.

Might resting closed-state inactivation be a generally
overlooked phenomenon?
The generation of steady-state inactivation curves is a standard
tool used in the description of inactivating currents. Typically,
the SSI curves are normalized to the peak current activated by
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the strongest depolarization in the protocol from the most neg-
ative conditioning potential, such that the h∞ asymptote is 1.0. In
the present work, taking advantage of the ability of trypsin to
rapidly remove BK inactivation, SSI curves were normalized to
the actual maximal BK conductance in a patch, thereby revealing
that the limiting fractional inactivation varied depending on the
RKK mutation being studied. Typically, it is not possible or it is
simply very difficult to undertake a normalization to absolute
conductance. To our knowledge, it has never been attempted for
voltage-dependent Na+ (Nav) channels, although in a study of the
L382I mutation in Shaker channels (Ayer and Sigworth, 1997),
removal of inactivation by trypsin was used to argue that there
was an inactivation pathway in this mutant that reduced the
number of available channels for activation. An implication of
the present results is that the ability to define absolute fractional
availability for activation via normalization to maximum con-
ductance in a patch or cell can potentially provide insight into
how closed-state inactivation might be altered whether by mu-
tations or by physiological regulatory processes.

Comparison of D20Am binding to open and closed states
From the perspective of the two-step inactivation formulation, the
equilibrium constant for N-terminal bindingwithin the BK central
cavity is given by O*/O.Whereas the rate of O→O* is guided by the
macroscopic inactivation time constant, O*→O can only be indi-
rectly inferred via our model-dependent simulations. The values
used to approximate WT inactivation behavior led to Keq = 60/70.
In our simulations that approximate the effects of RKKmutations,
we assumed that k3 was unaffected by themutation, while only k-3
was altered. The h∞ values defined for RKK3Q, RKK3E, and
RKK3V, following correction for the∼10–15% of channels thatmay
inactivate prior to peak outward current, were 0.44, 0.10, and
∼0.02, respectively. Interestingly, assuming that the relative rates
of entry and unbinding from closed states are similar to those for
open-state inactivation, the predicted h∞ values for our simu-
lations with k3/k−3 ratios of 60/30, 60/10, and 60/2 are 0.33, 0.14,
and 0.03, not too dissimilar from the experimental measurements
for 3Q, 3E, and 3V. These values would require that the equilib-
rium constant for closed-state occupancy is remarkably similar to
that for open-state occupancy, suggesting the binding site that
mediates stereospecific binding of the β3a N terminus is not
dramatically altered between open and closed channels. Given that
the β3a(1–20) peptide mimics most of the unique functional ef-
fects of the tethered β3a N terminus, timed peptide applications to
closed or open channels may provide a way to assess directly
closed- and open-state affinities.

Destabilization of EE/RKK interactions does not seem to
underlie the enhanced β3a- and β2-mediated inactivation
Interactions between E321/E324 and the RKK triplet were pro-
posed to contribute to stabilization of the channel closed state
(Tian et al., 2019). The present results indicate that E321/E324
mutations do not mimic the RKK effects on inactivation, but,
rather, EE mutations produce effects qualitatively consistent
with a weakened interaction between the β3a inactivation do-
main and its binding site. Thus, destabilization of the EE/RKK
interaction is not the basis for the enhanced stability of β3a- or

β2-mediated inactivation. However, both RKK and EE do impact
on the stability of the inactivated states, with RKK mutations
enhancing occupancy of inactivated states and EE mutations
weakening the stability of inactivated states. We suggest that the
specific identity of residues in the RKK triplet either directly or
indirectly stabilizes binding of the βN termini within the central
cavity, most dramatically illustrated by RKK3Vwhich essentially
locks channels in O*-I states at least under the duration of pro-
tocols used in our experiments. Although it is tempting to also
suggest the E321/E324 may also stabilize binding of the β3a N
terminus within the central cavity, mutation of the only three
basic residues in the first 20 residues of β3a (R16QR17QR18Q)
does not prevent the O*-I tail current behavior (Gonzalez-Perez
et al., 2012). Although it is natural to try to interpret changes in
β3a-mediated inactivation in terms of the residues altered in the
RKK or EE mutations, it is important to keep in mind that there
is also increasing evidence that the central cavity of BK channels
and particularly in the vicinity of the RKK motif is likely deco-
rated with lipids (Kallure et al., 2023, Preprint), which may be
altered by the RKK or EE mutations.

Can O*-I behavior be explained by a single O* state, i.e., a
single open state with marked current rectification?
One point that occasionally arises in regard to consideration of the
β3a tail current phenomenology is whether the O*-I proposal
might be approximated just as well by a single open state with
marked current rectification. There are several arguments against
this possibility. First, the voltage dependence of the O*-I current
amplitude relative to the O state amplitude fits very well with a
simple two-state blocking process. Other cases for which channels
exhibit such marked current rectification often arise because of
known blocking particles, such as Mg (Davies et al., 1996) or
spermine (Lopatin et al., 1994; Fakler et al., 1995), which are also
best approximated by a two-state equilibrium. Second, cytosolic
quaternary ammonium blockers of BK channels do not slow the
time course of development of β2- or β3-mediated inactivation
(Solaro et al., 1997; Xia et al., 2000; Li et al., 2007). A one-step
inactivation process, whether it involves or rectifying conduc-
tance or not, will be slowed by such blockers (Choi et al., 1991),
whereas two-step inactivation in which the O→O* step is rate
limiting, but blocker can bind to both states, will not exhibit QA-
dependent slowing of inactivation (Lingle et al., 2001). On balance,
the idea that binding of the β3a subunit N terminus within the BK
central cavity is a process separate from that producing channel
occlusion remains the better explanation of the available data. The
challenge ahead is to define determinants of β3a binding and those
involved in the physical basis of rapid occlusion.
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reasonable request.
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Cornejo, and J. Arreola. 2010. Simulating complex ion channel kinetics
with IonChannelLab. Channels. 4:422–428. https://doi.org/10.4161/chan
.4.5.13404

Solaro, C.R., J.P. Ding, Z.W. Li, and C.J. Lingle. 1997. The cytosolic inactivation
domains of BKi channels in rat chromaffin cells do not behave like
simple, open-channel blockers. Biophys. J. 73:819–830. https://doi.org/
10.1016/S0006-3495(97)78114-1

Solaro, C.R., and C.J. Lingle. 1992. Trypsin-sensitive, rapid inactivation of a
calcium-activated potassium channel. Science. 257:1694–1698. https://
doi.org/10.1126/science.1529355

Sun, L., and F.T. Horrigan. 2022. A gating lever and molecular logic gate that
couple voltage and calcium sensor activation to opening in BK potas-
sium channels. Sci. Adv. 8:eabq5772. https://doi.org/10.1126/sciadv
.abq5772

Tang, Q.Y., X.-H. Zeng, and C.J. Lingle. 2009. Closed-channel block of BK
potassium channels by bbTBA requires partial activation. J. Gen. Physiol.
134:409–436. https://doi.org/10.1085/jgp.200910251

Tao, X., R.K. Hite, and R. MacKinnon. 2017. Cryo-EM structure of the open
high-conductance Ca2+-activated K+ channel. Nature. 541:46–51. https://
doi.org/10.1038/nature20608

Tao, X., and R. MacKinnon. 2019. Molecular structures of the human Slo1 K+

channel in complex with β4. Elife. 8:e51409. https://doi.org/10.7554/
eLife.51409

Tian, Y., S.H. Heinemann, and T. Hoshi. 2019. Large-conductance Ca2+- and
voltage-gated K+ channels form and break interactions with membrane
lipids during each gating cycle. Proc. Natl. Acad. Sci. USA. 116:8591–8596.
https://doi.org/10.1073/pnas.1901381116

Zhou et al. Journal of General Physiology 31 of 32

BK β subunit–mediated pore block https://doi.org/10.1085/jgp.202513790

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
r
u
p
r
e
s
s
.
o
r
g
/
j
g
p
/
a
r
t
i
c
l
e
-
p
d
f
/
1
5
7
/
4
/
e
2
0
2
5
1
3
7
9
0
/
1
9
4
5
5
1
9
/
j
g
p
_
2
0
2
5
1
3
7
9
0
.
p
d
f
 
b
y
 
g
u
e
s
t
 
o
n
 
1
0
 
A
u
g
u
s
t
 
2
0
2
6

https://doi.org/10.1038/s41467-025-56844-4
https://doi.org/10.1038/s41467-025-56844-4
https://doi.org/10.1038/35079705
https://doi.org/10.1038/35079705
https://doi.org/10.1085/jgp.58.4.413
https://doi.org/10.1007/s002329900230
https://doi.org/10.1007/s002329900230
https://doi.org/10.1074/jbc.M107118200
https://doi.org/10.1085/jgp.200509425
https://doi.org/10.1073/pnas.1532257100
https://doi.org/10.1073/pnas.88.12.5092
https://doi.org/10.1073/pnas.88.12.5092
https://doi.org/10.1016/j.jmgm.2015.09.013
https://doi.org/10.1113/jphysiol.1996.sp021189
https://doi.org/10.1113/jphysiol.1996.sp021189
https://doi.org/10.1016/0896-6273(91)90277-7
https://doi.org/10.1016/S0006-3495(02)75588-4
https://doi.org/10.1016/0092-8674(95)90459-X
https://doi.org/10.1002/pro.3235
https://doi.org/10.1002/pro.3235
https://doi.org/10.1038/nature10994
https://doi.org/10.1038/nature10994
https://doi.org/10.1038/nature20775
https://doi.org/10.1038/nature20775
https://doi.org/10.1085/jgp.20028605
https://doi.org/10.1085/jgp.20028605
https://doi.org/10.1126/science.2122519
https://doi.org/10.1101/2023.12.20.572542
https://doi.org/10.1101/2023.12.20.572542
https://doi.org/10.1074/jbc.M607063200
https://doi.org/10.1085/jgp.200409067
https://doi.org/10.1085/jgp.117.6.583
https://doi.org/10.1085/jgp.117.6.583
https://doi.org/10.1038/372366a0
https://doi.org/10.1113/jphysiol.1978.sp012267
https://doi.org/10.1016/j.neuron.2004.05.001
https://doi.org/10.1016/j.neuron.2004.05.001
https://doi.org/10.1113/JP285166
https://doi.org/10.1113/JP285166
https://doi.org/10.4161/chan.4.5.13404
https://doi.org/10.4161/chan.4.5.13404
https://doi.org/10.1016/S0006-3495(97)78114-1
https://doi.org/10.1016/S0006-3495(97)78114-1
https://doi.org/10.1126/science.1529355
https://doi.org/10.1126/science.1529355
https://doi.org/10.1126/sciadv.abq5772
https://doi.org/10.1126/sciadv.abq5772
https://doi.org/10.1085/jgp.200910251
https://doi.org/10.1038/nature20608
https://doi.org/10.1038/nature20608
https://doi.org/10.7554/eLife.51409
https://doi.org/10.7554/eLife.51409
https://doi.org/10.1073/pnas.1901381116
https://doi.org/10.1085/jgp.202513790


Tian, Y., F. Ullrich, R. Xu, S.H. Heinemann, S. Hou, and T. Hoshi. 2015. Two
distinct effects of PIP2 underlie auxiliary subunit-dependent modula-
tion of Slo1 BK channels. J. Gen. Physiol. 145:331–343. https://doi.org/10
.1085/jgp.201511363

Uebele, V.N., A. Lagrutta, T. Wade, D.J. Figueroa, Y. Liu, E. McKenna, C.P.
Austin, P.B. Bennett, and R. Swanson. 2000. Cloning and functional
expression of two families of beta-subunits of the large conductance
calcium-activated K+ channel. J. Biol. Chem. 275:23211–23218. https://doi
.org/10.1074/jbc.M910187199

Vaithianathan, T., A. Bukiya, J. Liu, P. Liu, M. Asuncion-Chin, Z. Fan, and A.
Dopico. 2008. Direct regulation of BK channels by phosphatidylinositol
4,5-bisphosphate as a novel signaling pathway. J. Gen. Physiol. 132:13–28.
https://doi.org/10.1085/jgp.200709913

Wallner, M., P. Meera, and L. Toro. 1999. Molecular basis of fast inactivation
in voltage and Ca2+-activated K+ channels: A transmembrane beta-
subunit homolog. Proc. Natl. Acad. Sci. USA. 96:4137–4142. https://doi
.org/10.1073/pnas.96.7.4137

Wilkens, C.M., and R.W. Aldrich. 2006. State-independent block of BK
channels by an intracellular quaternary ammonium. J. Gen. Physiol. 128:
347–364. https://doi.org/10.1085/jgp.200609579

Xia, X.-M., J.-P. Ding, X.-H. Zeng, K.-L. Duan, and C.J. Lingle. 2000. Rectifi-
cation and rapid activation at low Ca2+ of Ca2+-activated, voltage-
dependent BK currents: Consequences of rapid inactivation by a
novel β subunit. J. Neurosci. 20:4890–4903. https://doi.org/10.1523/
JNEUROSCI.20-13-04890.2000

Xia, X.-M., J.P. Ding, and C.J. Lingle. 1999. Molecular basis for the inactivation
of Ca2+- and voltage-dependent BK channels in adrenal chromaffin cells
and rat insulinoma tumor cells. J. Neurosci. 19:5255–5264. https://doi
.org/10.1523/JNEUROSCI.19-13-05255.1999

Xia, X.M., J.P. Ding, and C.J. Lingle. 2003. Inactivation of BK channels by the
NH2 terminus of the β2 auxiliary subunit: An essential role of a ter-
minal peptide segment of three hydrophobic residues. J. Gen. Physiol.
121:125–148. https://doi.org/10.1085/jgp.20028667

Zagotta, W.N., and R.W. Aldrich. 1990. Voltage-dependent gating of Shaker
A-type potassium channels in Drosophila muscle. J. Gen. Physiol. 95:
29–60. https://doi.org/10.1085/jgp.95.1.29

Zagotta, W.N., T. Hoshi, and R.W. Aldrich. 1989. Gating of single Shaker
potassium channels in Drosophila muscle and in Xenopus oocytes in-
jected with Shaker mRNA. Proc. Natl. Acad. Sci. USA. 86:7243–7247.
https://doi.org/10.1073/pnas.86.18.7243

Zagotta, W.N., T. Hoshi, and R.W. Aldrich. 1990. Restoration of inactiva-
tion in mutants of Shaker potassium channels by a peptide derived
from ShB. Science. 250:568–571. https://doi.org/10.1126/science
.2122520

Zeng, X.-H., X.-M. Xia, and C.J. Lingle. 2003. Redox-sensitive extracellular
gates formed by auxiliary beta subunits of calcium-activated potas-
sium channels. Nat. Struct. Biol. 10:448–454. https://doi.org/10.1038/
nsb932

Zeng, X.-H., G.R. Benzinger, X.M. Xia, and C.J. Lingle. 2007. BK channels with
β3a subunits generate use-dependent slow afterhyperpolarizing cur-
rents by an inactivation-coupled mechanism. J. Neurosci. 27:4707–4715.
https://doi.org/10.1523/JNEUROSCI.0758-07.2007

Zhang, Z., X.H. Zeng, X.M. Xia, and C.J. Lingle. 2009. N-terminal inactivation
domains of beta subunits are protected from trypsin digestion by
binding within the antechamber of BK channels. J. Gen. Physiol. 133:
263–282. https://doi.org/10.1085/jgp.200810079

Zhang, Z., Y. Zhou, J.P. Ding, X.M. Xia, and C.J. Lingle. 2006. A limited access
compartment between the pore domain and cytosolic domain of the BK
channel. J. Neurosci. 26:11833–11843. https://doi.org/10.1523/JNEUROSCI
.3812-06.2006

Zhou, Y., and C.J. Lingle. 2014. Paxilline inhibits BK channels by an almost
exclusively closed-channel block mechanism. J. Gen. Physiol. 144:
415–440. https://doi.org/10.1085/jgp.201411259

Zhou, Y., X.M. Xia, and C.J. Lingle. 2020. The functionally relevant site for
paxilline inhibition of BK channels. Proc. Natl. Acad. Sci. USA. 117:
1021–1026. https://doi.org/10.1073/pnas.1912623117

Zhou et al. Journal of General Physiology 32 of 32

BK β subunit–mediated pore block https://doi.org/10.1085/jgp.202513790

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
r
u
p
r
e
s
s
.
o
r
g
/
j
g
p
/
a
r
t
i
c
l
e
-
p
d
f
/
1
5
7
/
4
/
e
2
0
2
5
1
3
7
9
0
/
1
9
4
5
5
1
9
/
j
g
p
_
2
0
2
5
1
3
7
9
0
.
p
d
f
 
b
y
 
g
u
e
s
t
 
o
n
 
1
0
 
A
u
g
u
s
t
 
2
0
2
6

https://doi.org/10.1085/jgp.201511363
https://doi.org/10.1085/jgp.201511363
https://doi.org/10.1074/jbc.M910187199
https://doi.org/10.1074/jbc.M910187199
https://doi.org/10.1085/jgp.200709913
https://doi.org/10.1073/pnas.96.7.4137
https://doi.org/10.1073/pnas.96.7.4137
https://doi.org/10.1085/jgp.200609579
https://doi.org/10.1523/JNEUROSCI.20-13-04890.2000
https://doi.org/10.1523/JNEUROSCI.20-13-04890.2000
https://doi.org/10.1523/JNEUROSCI.19-13-05255.1999
https://doi.org/10.1523/JNEUROSCI.19-13-05255.1999
https://doi.org/10.1085/jgp.20028667
https://doi.org/10.1085/jgp.95.1.29
https://doi.org/10.1073/pnas.86.18.7243
https://doi.org/10.1126/science.2122520
https://doi.org/10.1126/science.2122520
https://doi.org/10.1038/nsb932
https://doi.org/10.1038/nsb932
https://doi.org/10.1523/JNEUROSCI.0758-07.2007
https://doi.org/10.1085/jgp.200810079
https://doi.org/10.1523/JNEUROSCI.3812-06.2006
https://doi.org/10.1523/JNEUROSCI.3812-06.2006
https://doi.org/10.1085/jgp.201411259
https://doi.org/10.1073/pnas.1912623117
https://doi.org/10.1085/jgp.202513790


Supplemental material

Figure S1. Activation curves of RKK-mutated subunits when coassembled with inactivation-removed D20Am subunits. (A) Currents of WT channels in
excised inside-out patches were activated by the voltage protocol shown in the inset at 0 (left) or 10 μM (right) Ca2+. Red traces: +120mV. Patches were held at
−140 mV for 50 ms prior to each depolarizing step. GV curves are shown in Main Fig. 3 A2. (B) Currents from RKK3Q BK channels for 0 and 10 μM Ca2+. GV
curves in Main Fig. 3 B2. (C) Currents for RKK3E BK channels with GV curves in Fig. 3 C2. (D) Currents for RKK3V BK channels with GV curves in Fig. 3 D2.
(E) Openings of a single RKK3Q+D20Am-IR channel in 10 μM Ca2+, showing reduced Po at −160 mV. (F) Openings of a single RKK3V+D20Am-IR channel at
0 mM Ca2+, also exhibiting low Po at −160 mV.
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Figure S2. Time constants of deactivation for WT, RKK3Q, and RKK3E when expressed with D20Am. Tail currents were fit with a two-exponential
function as shown in Fig. 9 for currents activated by either 0 or 10 μM Ca2+. Time constants and fractional amplitude of the fast component are plotted in
panels A and B for WT+D20Am, in panels C and D for RKK3Q+D20Am, and in panels E and F for RKK3E+D20Am. Overall, time constants are faster with
hyperpolarization. The slow time constant is somewhat slowed by increased Ca2+, while the fractional amplitude of fast and slow components does not seem
appreciably altered by either voltage of Ca2+. (A) Time constants of fast (open symbols) and slow (filled symbols) for 0 (blue) and 10 (red) μM Ca2+ are plotted
over voltages from −140 to −240 mV. (B) Fraction of the fast component of tail current for WT tail currents at 0 (open symbols) and 10 (closed symbols) μM
Ca2+. (C) Time constants of fast and slow tail current components for RKK3Q+D20Am. (D) Fraction of fast tail component for RKK3Q+D20Am. (E) Time
constants of fast and slow tail current components for RKK3E+D20Am. (F) Fraction of fast tail component for RKK3E+D20Am at 0 and 10 μM Ca2+.
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Provided online is Table S1. Table S1 shows GV curve parameters from WT and RKK mutant constructs.

Gating shifts produced by D20Am are unlikely to account for direct entry into O*-I states at negative potentials
To probe properties of inactivation arising from the coexpression of D20Am with RKK mutant constructs, we first examined ac-
tivation of RKK mutants+D20Am currents in order to determine conditions for which prepulses would favor occupancy of channels
in closed states prior to test depolarizations. Based on Table S1, the RKK mutations themselves do not cause major leftward shifts in
channel activation. Since inactivation precludes accurate determination of GV curves, for WT and RKK mutant subunits, we
measured currents following removal of inactivation by trypsin both at 0 and at 10 μM Ca2+ (Fig. S1, A–D1). From such records, tail
currents were used to generate GV curves, which were fit with single Boltzmann functions (Fig. S1, A2–D2). The GV curves reveal
that for WT, RKK3Q, and RKK3E constructs when associated with D20Am-IR, even at 10 μMCa2+, open probability is low at voltages
negative to −100 mV, while maximal outward current activation is evoked at depolarizations of +160 mV. In contrast, the RKK3V
mutation shifts gating substantially leftward, with or without D20Am-IR, such that the Po with 0 Ca2+ may be around 0.05 at −100
mV, although decreasing appreciably by −160 mV. Thus, some low opening probability might be expected at 0 Ca2+ for RKK3V at
−160 mV. To confirm the general inferences made from the macroscopic GV curves regarding channel Po at negative potentials at a
given Ca2+, we measured single-channel activity for the two most left-shifted constructs, RKK3Q and RKK3V, in association with
D20Am-IR (Fig. S1, E and F). This confirmed that RKK3Q+D20Am-IR channels rarely open at −160 mV with 10 μM Ca2+, while
RKK3V+D20Am-IR channels rarely open at −160 mV with 0 μM Ca2+. However, we note that in some RKK3V+D20AM-IR patches,
occasional openings were observed at −160 mV with 0 Ca2+ (Fig. 5 D). However, overall, the occurrence of persistent current at
negative potentials in the RKK mutant constructs when expressed with D20Am-IR is unlikely to result from a pronounced shift in
the C-O equilibrium toward negative potentials, unless it arises from some unexpected effect of the D20Am N terminus that is
removed by trypsin.

Table S1. GV curve parameters from WT and RKK mutant constructs

0 μM Ca2+ 10 μM Ca2+

V50 (mV) z (e) V50 (mV) z (e)

WT 178.1 ± 5.4 0.94 ± 0.15 30.9 ± 1.7 1.24 ± 0.09

RKK3Q 236.9 ± 10.1 0.89 ± 0.18 90.3 ± 1.5 1.22 ± 0.07

223.5 ± 21.6a 0.86 ± 0.17 (Q)a

RKK3E 282.9 ± 16.4 0.64 ± 0.11 135.4 ± 1.2 1.03 ± 0.04

265.3 ± 30.8a

RKK3V 38.9 ± 6.5 0.49 ± 0.06 −26 ± 6.9 0.42 ± 0.04

29.5 ± 28.0a 0.48 ± 0.12a

aTian et al. (2019).
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