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High conductance, calcium- and voltage-activated potassium (BK, MaxiK) channels are widely expressed in mam-
mals. In some tissues, the biophysical properties of BK channels are highly affected by coexpression of regulatory
(B) subunits. The most remarkable effects of f1 and B2 subunits are an increase of the calcium sensitivity and the
slow down of channel kinetics. However, the detailed characteristics of channels formed by a and 1 or B2 are dis-
similar, the most remarkable difference being a reduction of the voltage sensitivity in the presence of 31 but not
2. Here we reveal the molecular regions in these 3 subunits that determine their differential functional coupling
with the pore-forming a-subunit. We made chimeric constructs between 1 and B2 subunits, and BK channels
formed by a and chimeric 3 subunits were expressed in Xenopus laevis oocytes. The electrophysiological character-
istics of the resulting channels were determined using the patch clamp technique. Chimeric exchange of the dif-
ferent regions of the B1 and B2 subunits demonstrates that the NHy; and COOH termini are the most relevant
regions in defining the behavior of either subunit. This strongly suggests that the intracellular domains are crucial
for the fine tuning of the effects of these 3 subunits. Moreover, the intracellular domains of 31 are responsible for
the reduction of the BK channel voltage dependence. This agrees with previous studies that suggested the intracel-

lular regions of the a-subunit to be the target of the modulation by the B1-subunit.

INTRODUCTION

Large conductance Ca?*-activated K* (BK, MaxiK)
channels are ubiquitously distributed in different cells
and tissues. One of their roles is to dampen excitatory
signals induced by increases in cytoplasmic Ca?* con-
centration and/or membrane depolarization (Meech,
1978; McManus and Magleby, 1991; Toro et al., 1998;
Vergara et al., 1998). The BK channel is a homotetra-
mer of its pore-forming a-subunit, which is coded by the
gene Slol (KNCMAL). This protein contains seven puta-
tive transmembrane segments (S0-S6) where the primary
sequence of SI-S6 is homologous to the corresponding
domains in Ky channels (Shen et al., 1994; Meera et al.,
1997). The channel is gated both by membrane depo-
larization and by increased intracellular Ca?* concen-
tration. Thorough studies of BK channel gating suggest
that calcium and voltage act as allosteric modulators
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(Cox et al., 1997; Cox and Aldrich, 2000; Horrigan and
Aldrich, 2002).

In some mammal tissues, BK channel o subunits are
coexpressed with modulatory $ subunits, four of which
have been cloned (Knaus et al., 1994b; Jiang et al., 1999;
Wallner et al., 1999; Xia et al., 1999; Behrens et al.,
2000; Brenner et al., 2000; Meera et al., 2000; Uebele
et al., 2000; for review see Orio et al., 2002). Purifica-
tion and cloning of the B1-subunit unveiled the pres-
ence ofaprotein containing two putative transmembrane
regions joined together by a large extracellular loop
(Knaus et al., 1994a,b). B1 increases the apparent Ca2*
sensitivity of the channel, slows down the macroscopic
activation and deactivation kinetics, and decreases the
voltage sensitivity (McManus et al., 1995; Wallner et al.,
1995; Dworetzky et al., 1996; Meera et al., 1996; Cox
and Aldrich, 2000; Nimigean and Magleby, 2000; Bao
and Cox, 2005; Orio and Latorre, 2005). The presence
of the B1-subunit is also a requirement for the binding
of channel activators (McManus et al., 1995; Valverde
et al., 1999; Dick et al., 2001). The SO domain and the
extracellular NH, terminus of the a-subunit are crucial
for the adequate functional coupling between a- and
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B1-subunit (Wallner etal., 1996). The B2-subunit has an
N-type or fast inactivation motif in its NHy terminus,
causing BK currents to inactivate when this subunit is
present (Wallner et al., 1999; Xia et al., 1999). This mo-
tif can be removed (B2IR-subunit) and the activation
properties of the channel can be studied in the pres-
ence of B2IR without the contamination of the inactiva-
tion process. Like the Bl-subunit, B2IR also increases
the apparent Ca?* sensitivity of the BK channels and
slows down its macroscopic kinetics (Wallner et al.,
1999; Xia et al., 1999). But unlike the B1-subunit, B2IR
does not modify the voltage dependence and confers
low affinity to CTX compared with that exhibited by the
a-subunit (Xia et al., 1999; Orio and Latorre, 2005).
Although the region in the a-subunit responsible for
B1l-subunit regulation has been mapped to the SO
membrane-spanning and NHy-terminal regions, very
little is known about the structural determinants con-
tained in the B subunits that determine the functional
coupling between o and 3 subunits. We showed in detail
that B1 and B2IR subunits conferred different gating
properties to the BK channel (Orio and Latorre, 2005).
In particular, they impart to BK channels different cal-
cium sensitivities, voltage dependences, and macro-
scopic gating kinetics. Here we use these differences to
map the regions in the B subunits responsible for 3-
subunit regulation by constructing chimeras between
1 and B2IR subunits. Our results show that intracellular
NH, and COOH termini are responsible for most of the
modulatory effects on channel activity, with some partici-
pation of the transmembrane regions. The extracellular
regions have no participation in the differences between
B1 and B2IR subunits and may play a structural function
related to other effects of the  subunits on the channel.

MATERIALS AND METHODS

DNA Clones

cDNAs coding for BK channel a-subunit (KCNMAI) from myo-
metrium (GenBank/EMBL/DDBJ accession no. U11058), human
B1 and B2 subunits (KCNMB1 and KCNMB2, GenBank/EMBL/
DDBJ accession no. U25138 and AF099137), and B2-subunit with-
out inactivation domain (B2IR) (Wallner et al., 1999) were used.
The boundaries of the transmembrane domains of 31 and B2IR
subunits were defined according to Wallner et al. (1999). Chime-
ric 3 subunits were made with the overlapping extension method
(Horton et al., 1990) and confirmed by DNA sequencing.

Channel Expression

mMESSAGE mMACHINE (Ambion) in vitro transcription kit was
used to obtain mRNAs. Channels were expressed in Xenopus oocytes
using standard techniques (Stithmer and Parekh, 1995). a-Subunit
cRNA (0.75 to 2 ng) or a mixture of a-subunit (0.5-1.5 ng) and
B-subunit (2-3 ng) cRNAs were injected per oocyte. The approximate
molar ratio was at least 6:1 (B:a), ensuring saturation of B-subunit.

Electrophysiological Recordings and Solutions

Currents were recorded 1-5 d after cRNA injection using the inside-
out configuration of the patch-clamp technique. All recordings
were performed at room temperature (20-22°C). Intracellular
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(bath) and extracellular (pipette) solutions contained (in mM)
110 KOH, 10 HEPES, and 2 KCI and were adjusted to pH 7.4
with methanosulfonic acid. Depending on the desired free
calcium concentration, 1.8-3.5 mM CaCl, and 5 mM EGTA
(5-200 nM), HEDTA (0.6-12 pM), or NTA (20-150 pM) was
added. Free calcium concentrations were calculated using the
WinMaxChelator Software (http://www.stanford.edu/~cpatton/
maxc.html) and checked with a calcium electrode (World Preci-
sion Instruments). The solution designated as “5 nM” is an upper
estimation based on contaminating calcium. Depending on the
magnitude of currents, and in order to minimize voltage drops
due to series resistance, some experiments were done with solu-
tions containing 36 mM KOH and 74 mM NMDG. The pipette
solution contained 100 nM or lower free calcium.

Pipettes were pulled in a horizontal pipette puller (Sutter In-
struments) from Corning 7740 (Pyrex) or Custom 8250 (Warner
Instruments) borosilicate capillary glass. Pipette resistance was 0.8—
2 MQ in 110 mM K*, and series resistance error was always <10 mV.

Data were acquired with an Axopatch 200B (Axon Instruments)
or an EPC-7 (List Medical) amplifier, filtered with an 8-pole Bessel
filter (Frequency Devices) at 1/5 of the acquisition rate, and sam-
pled with a 16-bit A/D converter (NI-6036, National Instruments).
Typical acquisition rates ranged from 66.6 to 100 kHz (a-subunit
alone) or from 16.6 to 40 kHz (a + 3 subunits). Homemade acquisi-
tion software was developed in the LabView programming environ-
ment (National Instruments). Primary data analysis was performed
with Analysis (provided by F. Bezanilla, University of California Los
Angeles, CA) and Clampfit 9 (Axon Instruments) software.

Steady-state Activation Analysis
The Solver function of Microsoft Excel was used to fit a Boltzmann
function of the form

1

I = max

. exp(_ZF(VR; VM)) )

to instantaneous tail currents, where /,,, is the maximum ob-
tained tail current, z is the voltage dependency of activation, V5
is the half-activation voltage, T'is the absolute temperature (typi-
cally 295K), FFis the Faraday’s constant, and Ris the universal gas
constant. When [Ca?*] was <500 nM, only low conductances
were achieved and the estimation of [,, became unreliable.
In those cases, 1, was fixed using the value obtained with higher
calcium concentrations in the same patch. All the analysis that
follows was performed using 1/1,,, values.

nax

Statistical Analysis

The 7,,/V curves were compared by a two-way ANOVA test, thus
assessing the statistical significance of the datasets as a whole. The
Vos/ [Ca®*] curves could not be compared by a two way ANOVA
test because not all the chimeras were studied at the same calcium
concentrations. Instead, the statistical difference between two
datasets was performed by testing whether they can be fit by two
(independent fit) or a single (global fit) dose-response curve.
Comparison between independent and global fits was done by
an extra sum-of-squares Ftest, using the formula

F= (SSglb - SSind )/ (D F gb D En(l )
SSirzd /DF;TL(I ’

where S$S and DI are the sum-of-squares and the degrees of free-
dom of the fit, respectively. glb and ind denote the global and the
independent fit, respectively. The same procedure was used to test
the difference of the exponential factors for the 74, values in the
—50 to 60 mV range. The z values showed the greatest variability
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Effects of 1 and B2IR subunits on BK channel steady-state activation parameters. (A) Macroscopic currents recorded in the

inside-out configuration at 5 nM (left) and 3 pM (right) intracellular calcium. The voltage protocol for 5 nM was: holding potential (HP),
0 mV; prepulse (PP), —80 mV; test pulse (TP), —10 to 250 mV in 10-mV steps; tail, —60 mV. The voltage protocol for 3 uM was: HP, 0 mV;
PP, —150 mV; TP, —150 to 140 in 10-mV steps; tail, —60 mV. (B) Normalized G/V curves at 3 pM (closed symbols) and 5 nM Ca?>* (open sym-
bols) for the o, a + B1 and a + B2IR current traces shown in A. Lines are the best fit of a Boltzmann distribution (Eq. 1). Fit parameters are
as follows. o, Vj5 = 215 mV, 2= 0.95 (5 nM); V;5 =91 mV, z= 1.19 (3 uM).  + B1, Vp5 =243 mV, z= 0.61 (5 nM); Vj5 = —7mV, z = 1.11
(3 uM). a + B2IR, V5 = 189 mV, z= 0.91 (5 nM); V5 = —37mV, z = 1.58 (3 uM). (C) Average of the obtained Vj ; values plotted against
calcium concentration. A best fit sigmoid concentration—effect curve was added as reference for visual comparison in the following figures.
(D) Average of the obtained z values plotted against calcium concentration. A best fit dual effect sigmoid curve was added as reference for
visual comparison in the following figures. Error bars are SD, n = 7-8. When SD bars are not visible, they are smaller than symbol size.

of all the parameters studied, and the statistical comparisons were
not reliable. All the analyses were done with the GraphPad Prism
software (GraphPad Software Inc.).

RESULTS

Differential Modulation of the BK Channel
by its 31 and B2 Subunits

In a previous report (Orio and Latorre, 2005) we
showed clear differences in the way that the 1 and B2
subunits modulate BK channel’s properties, suggesting

a different mechanism of action. The differences in the
modulation of steady-state activation of the channel are
summarized in Fig. 1. As the $2-subunit induces a fast
or N-type inactivation of the current (Fig. 1 A, B2wt),
in the previous as well as in this work we studied a trun-
cated B2-subunit (A2-19B2, B2IR) that lacks the inacti-
vation peptide. In the presence of the B2IR-subunit, BK
currents are sustained (Fig. 1 A, a+B2IR) and therefore
the effects of this subunit in the activation parameters
of the BK channel are best studied.
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Effects of B1LA2 and B2LE1 subunits on BK channel steady-state activation parameters. (A) Schematic description of the

B1LE2 and B2LP1 chimeras. (B) Macroscopic currents recorded in the inside-out configuration at 5 nM (left) and 3.3 uM (right) intra-
cellular calcium, for a + B1LB2 (top) and o + B2LB1 (bottom) channels. The voltage protocols are as described in legend of Fig. 1.
(C) Normalized G/V curves at 3.3 uM (closed symbols) and 5 nM Ca?* (open symbols) for the current traces shown in B. Lines are the best

fit of a Boltzmann distribution (Eq. 1). Fit parameters are as follows. a + B1LB2, V5 =
—42mV, z= 1.7 (3.3 uM).

(3.3 pM). a + B2LBIL, V5 = 226 mV, z = 0.65 (5 nM); V5 =

A convenient way to represent the voltage and cal-
cium sensitivity of the BK channel is by fitting the G/V
curve to a Boltzmann distribution (Eq. 1; Fig. 1 B). The
half-activation voltage (V;;) reports the position of the
curve along the voltage axis while the z value reports
the voltage sensitivity of the channel. Increasing the cal-
cium concentration lowers the half-activation voltage
(Fig. 1 C) and in the presence of both the $1 and B2IR
subunits the effect of calcium is enhanced, as the V5
values for a+p1 and a+B2IR are lower than for o at
[Ca?"] = 1 uM. However, the half potential shift to
more hyperpolarized voltages is more pronounced in
a + B2IR channels. At [Ca?™] = 100 nM, a+B1 chan-
nels have higher values than either o or a+p2IR chan-
nels while a+B2IR is not different from «. Finally, the
B1-subunit produces a reduction in the BK voltage de-
pendence, not observed when channels are formed by
o + B2IR subunits (Fig. 1 D).

In the case of the kinetic parameters, both 3 subunits
slow down the activation kinetics. However, a + B2IR
channels show a slower activation and the voltage de-
pendence of the deactivation kinetics is modified by the
presence of the B1- but not the 2-subunit (Orio and
Latorre, 2005; see also Fig. 4, C and D).
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=267 mV, z= 0.7 (5 nM); V, = 2mV, z = 0.92

The External Loop of B Subunits Is Not Involved

in Differential Coupling

The rationale of the experiments that follow is based
upon the electrophysiological differences shown by
channels formed by o + B1 and o + B2IR subunits. We,
therefore, predicted that regions essential for B-subunit
modulation of the BK channel may be identified by
exchanging regions between B1 and B2 subunits. The
first set of chimeras tested was one in which the exter-
nal loops were exchanged: B2 containing the loop of
B1 (B2LA1) and B1 containing the loop of B2 (B1LE2)
(Fig. 2 A). Fig. 2 B shows that coexpression of these
chimeras with the a-subunit produces robust currents
in excised patches of oocyte membrane. In particular, it
is apparent from the current records that both chimeras
are able to slow down the activation and deactivation
kinetics with respect to currents generated by a-subunit
alone (see also Fig. 4). Fig. 2 C shows that the conduc-
tance is voltage and Ca?* dependent. A more detailed
inspection indicates that the G/V curves for the B2LA1
chimera are steeper and that at 3 wM Ca?" it is shifted
~40 mV to the left compared with the B1LB2 chimera.
To quantify the effects of each chimera and to have an
adequate comparison of their characteristics with those
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Figure 3. Steady-state activation parameters for a + B1LEA2 and
o + B2LA1 channels. (A) Average of the obtained V; 5 values plot-
ted against calcium concentration. For o, a + 1, and o + B2IR
only the best fit sigmoid concentration—effect curve (see Fig. 1 C)
is depicted. (B) Average of the obtained z values plotted against
calcium concentration. For a, & + 1, and a + B2IR only the best
fit curve (see Fig. 1 D) is depicted. Error bars are SD, n = 5-6.
When SD bars are not visible, they are smaller than symbol size.

of the parent 3 subunits we performed experiments over
a wide range of Ca%" concentrations. Fig. 3 (A and B)
summarizes the results obtained from the fitting of the
G/V curves to Eq. 1. Fig. 3 A shows a plot of V5 against
[Ca%"] for BILP2 (black triangles) and B2LB1 (open
triangles). Fig. 3 B shows the z values against [Ca2*] for
B1LB2 (black triangles) and B2LB1 (open triangles). For
visual comparison purposes, the data for o, @ + 31, and
a + B2IR channels are shown only as the best fit curves
(see figure legends for details). The results demonstrate
that the behavior of channels formed by a + B1LB2 re-
sembles that of channels produced by the coexpression
of a + B1 (P = 0.6 and 0.002 compared with o + 31 and
a + B2IR, respectively, in an extra sum-of-squares I 'test;
see MATERIALS AND METHODS) and that the activity
of channels formed by o + B2LB1 is similar to channels
formed by o + B2IR (P = 0.002 and 0.72 compared with
a + Bl and o + B2IR, respectively). This result suggests
that the loop region is not responsible for the functional
differences between 1 and B2 subunits.

As mentioned before, both 1 and B2IR subunits slow
down the activation process of the channel but the time
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Figure 4. Effect of the B1LB2 and B2LB1 subunits on BK chan-
nel macroscopic kinetics in the absence of calcium. (A) Current
traces evoked by a 200 mV pulse after a —80 mV prepulse. Over
the traces, the best fit to an exponential raise is shown. Current
magnitude of each trace was normalized by the steady-state cur-
rent predicted by the fit. For «, the fit was extrapolated to show
that the traces are effectively normalized to the same maximum.
(B) Tail current traces evoked by a —60 mV pulse after opening
the channels with a +200 mV activation pulse. Current magni-
tude of each trace was normalized by the peak of the tail current.
Over the traces, the best fit to an exponential decay is shown.
(C) Activation time constant (1,,) plotted against activation
voltage. Symbols represent mean * SD. n = 7-10. (D) Deactiva-
tion time constant (7,,,) plotted against voltage. Symbols repre-
sent mean * SD. n = 3-5. In the case of o, a + B1, and a + B2IR,
only the mean is shown. Lines represent the best fit of a single ex-
ponential function to the data between —50 and +60 mV extrap-
olated from —80 to +100 mV.

course of the current induced by a + B2IR channels is
slower than that promoted by a + B1 channels (Orio
and Latorre, 2005). Fig. 4 A shows representative
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current traces for channel activation at 200 mV after a
—80 hyperpolarizing pulse in the virtual absence of cal-
cium (5 nM). The time course followed by the currents
induced by o + B2LB1 channels is slower than that of
o + B1LB2 channels. Fig. 4 C plots the time constant of
an exponential fit of the current time course as a func-
tion of the activation voltage. The tendency (o + B2LA1
slower than a + B1LB2 slower than a) is maintained at
all the activation voltages explored, resembling the be-
havior of the 1 and B2IR subunits. As in the V, ;/[Ca?*]
and z/[Ca%"] plots, the data obtained for o + B1LB2
channels superimposes to that obtained for o + 1
channels (P = 0.13 and P < 0.0001 when compared
with o + Bl and a + B2IR, respectively, in a two-way
ANOVA test), and the data obtained for a + B2LB1
channels is not different from that obtained for o + 2
channels (P < 0.0001 and P = 0.94 when compared
with o + B1 and o + B2IR, respectively).

The deactivation process at —60 mV after a 200-mV
activation pulse is also slower when the channel is coex-
pressed with the chimeric subunits 1LB2 and B2LB1
(Fig. 4 B). Moreover o« + B1LB2 is slower than o +
B2LB1, confirming that B1LB2 behaves like B1 while
B2LP1 is like B2IR. However, the deactivation kinetics
must be studied in a wide voltage range because the B1-
subunit also affects the voltage dependence of the de-
activation process. Fig. 4 D plots the deactivation time
constant (7,,) in the —220 to +100 mV voltage range.
The semilogarithmic 1,,,,/V plot shows two apparent
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Figure 5. Effects of BINCB2 and
B2NCB1 subunits on BK channel
steady-state activation parameters.
(A) Schematic description of the
BINCB2 and B2NCA1 chimeras.
(B) Macroscopic currents recorded
in the inside-out configuration at
5 nM (left) and 3.3 uM (right) in-
tracellular calcium, for a + BINCR2
(top) and a + B2NCB1 (bottom)
channels. The voltage protocols
are as described in legend of Fig. 1.
(C) Normalized G/V curves at 3.3
M (closed symbols) and 5 nM Ca?*
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traces shown in B. Lines are the best
fit of a Boltzmann distribution (Eq.
1). Fit parameters are as follows.
a + BINCB2, Vo5 =204 mV, z= 0.7
(5nM); Vo5 = —95mV, z= 2.0 (3.3
uM). o + B2NCB1, Vy5 = 208 mV,
z =09 (b nM); V5 = —10 mV,
z=1.5 (3.3 uM).
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slopes for all o, & + B1, and o + B2IR channels. While
the first slope (limiting slope for the voltage depen-
dence of channel deactivation) is not affected by the
type of B-subunit, the second slope (z = 0.44 electronic
equivalents for the a-subunit alone) is severely affected
by the B1 (z = 0.25) but not the B2IR (z = 0.44) subunit.
This is due to the reduction of the voltage sensor—
associated voltage dependence of the BK channel that
occurs in the presence of the PBl-subunit (Orio and
Latorre, 2005; but see Bao and Cox, 2005). The chime-
ric B1LB2-subunit modifies the voltage dependence of
the deactivation process of the channel in the same way
as the Bl-subunit, with a z value of 0.28 (P = 0.8 and
P <0.0001 compared with o + 1 and o + B2IR, respec-
tively, in an extra sum-of- squares F test). The B2LB1-
subunit shows a voltage sensor-related slope a little
higher than that observed for o + B2IR channels (z =
0.48, P < 0.0001 and P = 0.003 compared with o + 1
and a + B2IR, respectively).

These results strongly suggest that the differential ef-
fects of the B subunits on the BK channel properties are
related to the transmembrane and/or the intracellular
domains of these regulatory subunits but not to the
extracellular domain.

Functional Coupling Is Mainly Determined

by Intracellular Domains

To circumscribe the structure(s) in the B subunits de-
termining the differential coupling with the a-subunit,
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Figure 6. Activation parameters for a + BINCB2 and o + B2NCB1 channels. (A) Average of the obtained Vj; values plotted against
calcium concentration. For a, a + 1, and o + B2IR, only the best fit sigmoid concentration—effect curve (see Fig. 1 C) is depicted.
(B) Average of the obtained z values plotted against calcium concentration. For a, & + 1, and o + B2IR only the best fit curve (see Fig.
1D) is depicted. Error bars are SD, n = 4-7. When SD bars are not visible, they are smaller than symbol size. (C) Activation time constant
(T4) at 5 nM intracellular [Ca®*] plotted against activation voltage. Symbols represent mean * SD. n = 3-5. (D) Deactivation time con-
stant (Tz,,) at 5 nM intracellular [Ca?*] plotted against voltage. Symbols represent mean = SD. n = 3-7. In the case of o, a + B1, and

a + B2IR, only the mean is shown. Lines are defined as in Fig. 4.

we exchanged the NHyand COOH terminus between 1
and B2IR. The two chimeras generated in this way were
denominated BINCB2 (81 with NH, and COOH termini
of B2) and B2NCB1 (B2 with NH, and COOH termini
of B1) (Fig. 5 A). Fig. 5 B shows that the coexpression of
both chimeras with the BK channel produces robust,
calcium- and voltage-dependent currents. From the G/V
plots (Fig. 5 C), it is evident that in the presence of the
BINCB2 chimera, the channel has higher calcium sen-
sitivity than in the presence of B2NCB1 (the curve for
3 uM is more displaced to the left). Also, o + BINCB2
channels have a higher voltage dependency. The anal-
ysis of the calcium and voltage dependence (Fig. 6,
A and B) in the presence of these chimeras shows that
the B2NCB1 chimera (filled triangles) imparts to the BK
channel similar properties than those obtained when
the a-subunit is coexpressed with the B1-subunit (black
solid line), both in terms of the V,;/[Ca%*] (P = 0.03
and P < 0.0001 compared with o + 1 and o + B2IR,
respectively) as well as the z/[Ca?*] relationships. The
BINCB2 chimera (empty triangles) on its hand resem-
bles the behavior of the B2IR (gray solid lines) subunit,
though the V5 values are displaced 40-50 mV toward
more negative voltages (P < 0.0001 and P = 0.003 com-
pared with a + B1 and o + B2IR, respectively).
BINCR2 and B2NCB1 chimeras also show an effect on
channel kinetics, slowing down both the activation and

deactivation processes. Fig. 6 C plots the time constant
of the macroscopic activation kinetics (7,,) at several
voltages and in the absence of calcium. BINCB2 resem-
bles the behavior of the 32IR-subunit (P < 0.0001 and
P = 0.08, respectively) and though the B2NCp1 is statis-
tically different from both (P = 0.0002 and P < 0.0001,
respectively), it is closer to the B1-subunit. This suggests
that the intracellular portions of the  subunits are re-
sponsible for the modulation of the activation kinetics.

In the case of the macroscopic deactivation kinetics
(Fig. 6 D), none of the chimeras behaved exactly as either
the B1- or the B2IR-subunit. The voltage dependence of
the deactivation kinetics turned out to be different to
both parent 3 subunits (z= 0.35 = 0.02 for a + B2NCB1
and 0.36 £ 0.02 for a + BINCR2 channels; P = 0.01 for
all comparisons with o + B1 and o + B2IR), suggesting
a partial effect on the voltage sensor—associated voltage
dependence. a + BINCB2 channels have 7, limiting
values (at the most negative potentials) close to a + 1
channels (P = 0.03), indicating that the kinetic rate for
channel deactivation when all voltage sensors are in the
resting position is affected by this chimera in the same
way as in the presence of the $1-subunit.

In summary, the study of the “NC” chimeras sug-
gests that the intracellular regions of the 81 and B2IR
subunits determine the modulation of a great part of
the properties studied here, with the exception of the
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Effects of B1TMsB2 and B2TMsB1 subunits on BK channel steady-state activation parameters. (A) Schematic description of

the B1TMsB2 and B2TMsB1 chimeras. (B) Macroscopic currents recorded in the inside-out configuration at 5 nM (left) and 3.3 uM
(right) intracellular calcium, for o + B1TMsB2 (top) and a + B2TMsB1 (bottom) channels. The voltage protocols are as described in
legend of Fig. 1. (C) Normalized G/V curves at 3.3 uM (closed symbols) and 5 nM Ca?* (open symbols) for the current traces shown in
B. Lines are the best fit of a Boltzmann distribution (Eq. 1). Fit parameters are as follows. a + B1TMsB2, V;,; = 251 mV, z = 0.7 (5 nM);
Vos = —9mV,z= 1.2 (3.3 pM). o + B2TMsB1, V5 = 191 mV, z= 0.7 (5 nM); V,; = =90 mV, z = 1.7 (3.3 pM).

changes induced in the deactivation kinetics and its volt-
age dependence. Essentially the same conclusion can be
obtained from the analysis of the B1TMB2 and B2TMpB1
chimeras, in which the transmembrane domains were ex-
changed between B1 and B2IR (Figs. 7 and 8). B2TMpB1
chimera, which contains the same intracellular domains
as B2 and BINCB2 subunits, behaves very much like the
BINCR2 subunits. On the other hand, the B2TMB1 chi-
mera, which contains the same intracellular domains as
the B1 and B2NCB1 subunits, behaves as the B2NCB1
chimera. This can be seen from another point of view:
the BINCR2 and B2TMB1 chimeras modulate BK chan-
nel properties in a very similar way and they share the
transmembrane and intracellular domains with a com-
pletely different extracellular loop. The same is true for
the f2NCB1 and B1TMB2 chimeras. This is in complete
agreement with the results of the B1LA2 and B2LA1 chi-
meras, as the extracellular loop does not determine the
differential behavior of the (3 subunits.

The NH, Terminus Is Crucial for Defining the Behavior

of either B-subunit

To define further the functional coupling structures, we
next created chimeras in which the NH, terminus
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(BINB2, B2NB1) or the COOH terminus (B1CR2,
B2CB1) between B1 and B2IR was exchanged (Fig. 9 A
and Fig. 10 A).

When the NH, terminus of B2IR is transplanted into
the B1-subunit, the resulting chimera (B1NB2) confers
to the BK channel many of the properties of the 32-
subunit: the o + B1INB2 channels are very similar to
o + B2IRin terms of the Vj 5 (Fig. 9B, P=0.02 and P =
0.1 compared with a + B1 and a + B2IR, respectively),
z (Fig. 9 C), and 7, (Fig. 9 D, P < 0.0001 and P = 0.6,
respectively) values. The only reminiscences of the B1-
subunit are found in the 74,,/V plot, where the voltage
sensor-associated voltage dependence (z = 0.28, P =
0.02 and P < 0.0001, respectively) and the limiting 7,
value are similar to a + B1. Something similar occurs
with the opposite chimera, B2NB1, with some minor
differences. o + B2NB1 channels behave like a + 1 in
terms of the z (Fig. 9 C) and 7, (Fig. 9D, P= 0.5 and
P <0.0001, respectively) values; however, the Vj 5 values
fall between the curves for a alone and o + B1 chan-
nels (Fig. 9 B; P = 0.001 when compared with o + 1
and 0.07 when compared with ). The latter may be an
indication of a disruption of the effect of the B subunits
on the apparent calcium sensitivity. Regarding the
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deactivation kinetics, the behavior is intermediate be-
tween o and a + B2IR channels, with a lower limiting
Tgeace than o + B2IR and a slope for the —50 to +50 volt-
age range of 0.34 (P < 0.01 when compared with both
a + Bl and o + B2IR).

When the COOH termini of the Bl and B2IR subu-
nits are transplanted between each other, the resulting
chimeras have almost all the properties of the parent
B-subunit. The o + B1CR2 channels have V, 5 values
(P=0.05and P < 0.0001), zvalues, T, values (P = 0.3
and P < 0.0001), and 7,4, voltage dependence of o +
B1 (Fig. 10, B-E); only the limiting 7, resembles that
of a + B2IR (Fig. 10 E; P= 0.2). o + B2CB1 channels,
on the other hand, behave like a + B2IR in terms of the
z (Fig. 10 C), 7, (Fig. 10 D; P < 0.0001 and P = 0.07,
respectively), and 74, values (Fig. 10 E; P < 0.0001 and
P = 0.3, respectively, for the —50 to 50 mV slope).
Interestingly, the V5 values are like o + B1 (P = 0.7
and P = 0.0001, respectively), suggesting again a partial
disruption of the normal effect of the B2IR-subunit on
the apparent calcium sensitivity.

In summary, a gross analysis of the results with the
“N” and “C” chimeras indicates that most of the dif-
ferences between B1 and B2IR subunits reside in the
corresponding NHj terminus, and that for some of the
effects (changes in 74, for example) both intracellular
domains are required.

DISCUSSION

Structural Determinants in a— Subunit Coupling
The extracellular NH, terminus of the a-subunit to-
gether with the first transmembrane domain SO have
been proposed to contribute to the functional interac-
tion between B and a subunits (Wallner et al., 1996).
This conclusion was put forward based on the results
obtained using different chimeras between hSlo and
the Drosophila homologue of ASlo, dSlo, that does not
functionally couple to the B1l-subunit. A chimera con-
taining only the extracellular NH, terminus together
with the first transmembrane domain SO of ASlo is able
to successfully couple with the B1-subunit. Here we at-
tempt to draw similar conclusions from the side of the
B1 and B2 subunits, characterizing a set of chimerical
subunits. A general view of our results shows that the
intracellular regions of 1 and B2 are responsible for
most of the differences between the modulatory effects
that each of them confer to the activity of BK channel.
The B1 and B2 subunits are the most closely related
within the BK channel’s B-subunit family, with a 43%
overall sequence identity and a 39% identity in the loop
region. Leaving aside the inactivation promoted by the
B2-subunit, they have qualitatively similar effects on BK
channel properties. Our conclusions, therefore, should
be drawn strictly on the differences between these
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subunits. It is possible that most of the effects of both
subunits reside in a common structural feature of the ex-
tracellular loop, while the intracellular and transmem-
brane domains would be responsible for the fine tuning
of these effects giving to each subunit its own identity.
Though this is an issue that will need experiments with
the other 3 subunits to be categorically addressed, sev-
eral facts make us think that these domains do much
more than subtle changes to the activation properties of
the BK channel. First, one of the differences between 31
and B2 subunits is not quantitative but qualitative: the
voltage dependence of the channel is greatly impaired
in the presence of the f1-subunit while it remains unaf-
fected by the p2-subunit. At least, our present results
map regions of the B1-subunit that must interact with
either the voltage sensors of the channel or the domains
that couple the voltage sensor activation with channel
opening. Second, a thorough analysis of the effects of

200

these subunits suggested the possibility that both 3 sub-
units enhance the apparent calcium sensitivity by differ-
ent mechanisms (Orio and Latorre, 2005). In this case,
the regions that we have mapped would be responsible
for a different regulatory mechanism in each B-subunit.
Finally, all the voltage and calcium sensitivity in the BK
channel has been so far mapped to transmembrane
and intracellular domains: the voltage sensor is in the
S4 membrane-spanning helix (Diaz et al., 1998), all
the postulated calcium binding sites are proposed to
be intracellular (Schreiber and Salkoff, 1997; Schreiber
et al., 1999; Bian et al., 2001; Bao et al., 2002, 2004; Xia
et al., 2002, 2004), and the coupling mechanisms for
both voltage and calcium activation have been mapped
to intracellular regions as well (see below, Functional
Coupling). Therefore we think unlikely that an impor-
tant contribution to the modulation of calcium- and
voltage-dependent activation mechanisms of the BK

Structural Determinants for B-subunit Coupling in BK Channel
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channel may arise from an interaction of extracellular
domains of B and a subunits.

Function of the Extracellular Region

Several roles have been attributed to the interaction
between extracellular regions of the o and 3 subunits
of the BK channel, all of them unrelated to changes in
the voltage or calcium sensitivity of the channel. The
external loop of B subunits plays an important role in
determining ion permeation and the characteristics of
toxin binding. The B4-subunit, for instance, induces a
resistance of BK channels to CTX and IbTX block that
is reproduced only by a chimera containing the loop of
B4 (Meera et al., 2000). The B3-subunit produces an
open channel rectification (Xia etal., 2000; Lingle et al.,
2001; Zeng et al., 2001) that is dependent on the disul-
fide bridges in its extracellular region. Again, this effect
is only reproduced by a chimera containing the extra-

cellular loop of B3 (Zeng et al., 2003). In the case of
the bovine B1-subunit, the adequate loop conformation
appears to be a requisite for BK channel high affinity
binding of CTX, as any of the four cysteines contained
in the external B1 linker are critical in defining the
ability of 1 in enhancing CTX binding (Hanner et al.,
1998). Regarding the functional coupling between
o and B1 subunits, the results that propose the extracel-
lular domains as part of the interaction domain (Wallner
et al.,, 1996) may be only of structural meaning, these
domains being needed for the assembly of the hetero-
multimer rather than for functional coupling.

The present results add to this list of findings that the
B-subunit external region may play only a minor role in
the modulation of the calcium- and voltage-dependent
activation mechanisms of the channel. This minor con-
tribution cannot be excluded, though. We have recently
shown that a point mutation in the extracellular loop of
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the human B1-subunit modifies its effect on BK calcium
sensitivity (Fernandez-Fernandez et al., 2004). Despite
the physiological relevance of this effect, itis less than the
differences between B1 and B2 subunits (e.g., at 500 nM
calcium the E65K mutation induces a shift of 10 mV in
V5 while the difference between 1 and B2 subunits at
680 nM calcium is ~20 mV), and this mutant still
changes the channel kinetics the way the wild-type
B1-subunit does. Thus, the extracellular loop may play
a partial role in the modulation of apparent calcium
sensitivity, possibly via some interaction with the exter-
nal side of the voltage sensor (see Bao and Cox, 2005;
Orio and Latorre, 2005).

Role of the Intracellular Termini

When only the intracellular and transmembrane re-
gions are dissociated (NC and TMs chimeras) the re-
sulting chimeras induce changes in channel properties
that resemble the donor of the intracellular regions,
suggesting that the intracellular ends are responsible
for most of the functional coupling between « and
subunits. However in this case the results were not as
clean as with the L chimeras, suggesting a shared role
with the transmembrane regions in the modulation
of channel properties. Interestingly, the B1INCB2 and
B2TMsB1 chimeras (both having the NHy and COOH
termini of B2) showed an enhanced effect on BK chan-
nel’s calcium sensitivity, promoting a V; 5 shift higher
than that promoted by the B2IR-subunit.

Chimeras with only the NH, terminus exchanged
(BINB2 and B2NB1) showed a mixed behavior; how-
ever, there were important characteristics similar to the
B-subunit contributing to the NH, terminus. In par-
ticular, the NH, terminus suffices to determine the BK
channel activation kinetics and the behavior of z as a
function of the Ca?* concentration. A different result
was obtained with the chimeras with only the COOH ter-
minus exchanged (B1CB2 and B2CB1); in which there
were minor differences in behavior compared with the
parental B subunits. Thus, the NH, terminus of the
B subunits is the most important structural determinant
in the differences of modulation of the a-subunit by its
auxiliary 81 and B2 subunits.

This finding is not surprising when other evidences are
considered. In the case of B4-subunit, phosphorylation of
its NH, and COOH termini is crucial for the functional
coupling with the a-subunit (Jin et al., 2002). The addi-
tion of the phosphatase inhibitor okadaic acid (OA) elimi-
nates the effect of coexpression of 34 subunits, indicating
that phosphorylation of 34 eliminates its modulatory ef-
fects. This shows that the relevance of the intracellular
ends of the B subunits in the a—B subunit coupling may
be a characteristic of all 3 subunits. The NH, terminus
of B2-subunit has a conserved cAMP, cGMP-dependent
phosphorylation site (sequence KRKT), and its relevance
for modulation of channel properties remains unknown.
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Functional Coupling

It has been proposed that the intracellular domains of
each BK a-subunit contributes two RCK (regulatory of
K* conductance) domains and that these eight RCK
domains form a gating ring similar to the gating ring
of MthK channels (Jiang et al., 2001, 2002). The free
energy provided by Ca?* binding to the gating ring
(chemical energy) is transformed in mechanical energy
used to open the pore. The linker between the sixth
(S86) transmembrane domain and the first RCK domain
of the BK channel has also been shown to play a role in
this molecular coupling, acting as a passive spring (Niu
et al., 2004). In the case of the molecular coupling be-
tween voltage sensor activation and channel opening,
the S4-S5 linker as well as the COOH- terminal half of
the S6 segment have been postulated to play this role
in other voltage-gated channels (Chen et al., 2001; Lu
et al., 2002; Tristani-Firouzi et al., 2002).

It appears, therefore, inescapable that the intracellular
domains of the BK channel are the most probable site of
interaction for the modulation of the calcium and volt-
age sensitivity. Indeed, Qjan etal. (2002) showed that the
B1-subunit cannot enhance the calcium sensitivity of BK
channels when the intracellular “tail” domain is replaced
with the tail from the highly related, pH-dependent, Slo3
channel. The only effect of the Bl-subunit that can be
detected on this channel is a reduction of the voltage de-
pendence as it does for the wt channel in the absence of
calcium. This and other observations were interpreted as
the B1-subunit interacting with the intracellular calcium-
sensing machinery of the BK channel. We show here that
the intracellular domains of the 1 and B2 subunits are
indeed responsible for most of the channel activity mod-
ulation. An attractive hypothesis would be that the cyto-
plasmic regions of the B subunits interacts directly with
the linker-gating ring complex, modifying the allosteric
coupling factors involved in channel opening.
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