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Abstract

The BK channel is one of the most broadly expressed ion channels in mammals. In many tissues,
the BK channel pore-forming a-subunit is associated to an auxiliary g-subunit that modulates the
voltage- and Ca?*-dependent activation of the channel. Structural components present in B-
subunits that are important for the physical association with the a-subunit are yet unknown. Here,
we show through co-immunoprecipitation that the intracellular C-terminus, the second
transmembrane domain (TM2) and the extracellular loop of the B2-subunit are dispensable for
association with the a-subunit pointing transmembrane domain 1 (TM1) as responsible for the
interaction. Indeed, the TOXCAT assay for transmembrane protein—protein interactions
demonstrated for the first time that TM1 of the B2-subunit physically binds to the transmembrane
S1 domain of the a-subunit.
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1. Introduction

The high-conductance voltage- and Ca2*-activated K* channel is one of the most
ubiquitously expressed potassium channels in mammals [1]. This channel is named BK for
“big K”, given its single- channel conductance that can be as large as 250 pS in 100 mM,
symmetrical KCI [2-4]. BK channels increase their activity by membrane depolarization or
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rises in cytosolic Ca2* levels [2,5]. As its activation leads to membrane hyperpolarization, it
serves as a negative-feedback mechanism for the excitatory events that lead to increases in
calcium concentration or membrane depolarization.

The BK channel is a homotetramer of its pore-forming a-subunit, which is encoded by the
gene Slol (kcnmal) and is a member of the voltage-dependent potassium (Kj) channels
superfamily. As in all other K, channels, the S4 transmembrane segment is part of an
intrinsic voltage sensor [6,7]. Gating and ionic currents in BK channels can be elicited by
membrane depolarization in the absence of calcium, suggesting that this is a voltage-
dependent channel [8,9].

In many tissues, the BK channel a-subunit is associated to an auxiliary p-subunit. The p-
subunits are intrinsic membrane proteins consisting of two transmembrane domains (TM1
and TM2) and a large (~120 residues) external loop. There are four types of B-subunits, B1-
B4, that have tissue-specific distributions and impart unique effects on voltage- and Ca?*-
dependent activation of BK channels (reviewed in [10]).

The functional coupling between a.- and B1-subunits requires the transmembrane segment
SO of the a-subunit [11]. However, Morrow et al. (2006) reported that the physical
association between the a-subunit and the p1-subunit does not require the SO segment but
rather the presence of S1, S2 and S3 segments [12]. More recently, using a disulfide cross-
linking assay, it was found that the outer face of p1-subunit TM1 is in close proximity to the
outer face of S1 and S2 domains in the a-subunit, and that the outer face of TM2 is in the
neighborhood of the outer face of SO in the adjacent a-subunit [13-15]. However, the
structural components of B-subunits that are important for the physical association with the
a-subunit are not known.

The conserved structural regions of f1-p4 subunit proteins are encoded by 3 exons, likely
suggesting the selection of functional cassettes in each exon (Entrez Gene IDs, 3779, 10242,
27094, 27345; see Evidence Viewer) [16,17]. In this regard, the distinctive NH2-termini of
2 and B3 subunits that endow these B subunits with inactivation properties are encoded by
additional exons. In this study, we took as framework the p2-subunit, and analyzed the
coding sequence (additional exons may contain 5" and 3" UTR sequences) to determine the
importance of corresponding structural regions in binding to the a subunit. We found, using
Co-IP assays, that protein regions encoded by exon 5 (rest of the extracellular loop, TM2
and C-terminus) and by exon 4 (part of the extracellular loop) are not required for the
physical association between B2 and the a-subunit. We also show the first experimental
evidence of direct binding between the p2-subunit TM1 domain and the a.-subunit S1
domain using the TOXCAT assay.

2. Materials and methods

2.1. Materials

Primary antibodies were polyclonal and monoclonal anti-FLAG (Sigma), and polyclonal or
monoclonal anti-c-Myc (Sigma). Secondary antibodies (goat) for Western blot (WB) were
Alexa Fluor 680 anti-rabbit (Invitrogen), and IRDye 800 anti-mouse (Rockland
Immunochemicals).

2.2. Plasmid constructs

All plasmids were generated using standard recombinant DNA techniques. Human Slol
(hSlol) (U11058, KCNMAI) (with N-terminal c-Myc epitope) [18] was subcloned in
pcDNAZ3 (Invitrogen), human B2 subunit was tagged with 3xFLAG epitope (DYKKDHD
GDYKDHDIDYKDDDDK) by subcloning in p3xFLAG-CMV-14 (Sigma). The deletion
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mutants were generated through PCR-based overlapping extension mutagenesis technique
[19], using PfuTurbo DNA Polymerase (Stratagene). Subsequent restriction mapping and
sequencing confirmed the accuracy of all clones.

The vectors pML-27 and pML-28 were a gift from Dr. K. M. Blumenthal [20,21].

2.3. Cell culture and transfection

HEK?293T cells were grown under 95% air, 5% CO, atmosphere at 37 °C and transfected
with LipofectAMINE 2000 (Invitrogen) according to the manufacturer instructions.
Experiments involving transfected cells were performed 2 days post-transfection.

2.4. Co-Immunoprecipitation assays (Co-IP)

HEK293T cells co-transfected with a and p2 subunit constructs were lysed in (mM): 150
NaCl, 50 Tris—HCI, 5 EDTA, 10 HEPES, pH 7.4, 0.1% Nonidet P-40, 0.25% sodium
deoxycholate, plus a cocktail of protease inhibitors (Protease Inhibitor Cocktails tablet,
Roche) by shaking (1 h, 4 °C). Homogenates were centrifuged (3300xg, 10 min, 4 °C), and
the supernatant was precleared with 50 .l of protein-G-Sepharose beads (1 h, 4 °C)
followed by centrifugation (15000% g, 30 min, 4 °C). Antibodies were pre-bound to protein-
G-Sepharose beads (2 g of Ab/50 I of beads, 3 h, 4 °C). Precleared lysates (~1.5 mg of
protein) were incubated (overnight, 4 °C) with anti-FLAG or anti-c-Myc Abs (2 g Abs pre-
bound to protein-G-Sepharose beads), washed (10% glycerol/lysis buffer), eluted with
loading buffer (plus 1.4 M pB-mercaptoethanol), boiled, and subjected to Western Blotting
(WB). WB signals were detected by infrared fluorescence imaging (Li-COR Biosciences).

2.5. TOXCAT assay

To perform the TOXCAT assay we used the vectors pML-27 and pML-28 [20,21]. pML-27
was derived from the original vector pcc-KAN [22] but the C-terminal maltose binding
protein moiety is replaced by the beta-lactamase cDNA. TM1 (and part of NH2 terminus
both encoded by exon 3) of B2, and BK transmembrane S1 segment cDNAs were cloned
between Nhel and BamHI restriction sites of pML-27 or pML-28 vectors. The cDNA of the
respective TMs were generated by synthetic oligonucleotides, Exon3-2 cDNA was from
KCNMB2 cDNA (NM_181361): (5" gctagcaatatttaccagaa aatcagggaccatgac
ctcctggacaaaaggaaaacagtcacagcactgaaggcaggaga
ggaccgagctattctcctgggactggctatgatggtgtgctecatcatgatgtattttctgetgg
gaatcacactcctgegctcatacatgcagagecggatee-3) and the S1 cDNA from KCNMA1L cDNA
(U11058) 5’ gctagcggcagagtectggttg tettagtcttt
gctctcageatcggtgcacttgtaatatacttcatagattcacggat-3”. The synthetic oligonucleotides
containing the overlapped and complementary Nhel and BamH]I restriction sequences were
annealed using an equimolar ratio and 5 min incubation at 95 °C in ligation buffer followed
by 1 h at room temperature. The double stranded DNA was then ligated to pML-27 or
pML-28 vector. To confirm the in frame insertion of TMs cDNAs, all constructs were
sequenced using the primer 5"-GAATACGCAGAATCAAG CAGTGTG-3’ located in the
toxR cassette. Transformed bacteria were selected in spectinomycin (50 pg/ml). To perform
the TOXCAT homodimerization and blank controls, the colonies were transformed with
pML-27, Exon3B2-pML-27 or S1-pML-27 constructs and grown overnight in ampicillin
(100 pg/ml). Only the colonies that grew well in ampicillin were used in the assay. Aliquots
of these bacterial cultures were transferred to different tubes containing 10 ml of LB media
plus ampicillin (100 pg/ml) and different concentrations of chloramphenicol (20-120 g/
ml) at an initial bacterial density of 0.025 (optical density, OD, measured at 600 nm). Then
the cultures were grown 8-10 h and the cell density was quantified by measuring the final
OD of the culture. For the heterodimerization TOXCAT assay, we followed the same
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procedure but bacteria were co-transformed with the constructs Exon3p2-pML-27 and S1-
pML-28, and selected by resistance to spectinomycin and kanamycin, respectively.

2.6. Patch Clamp

Macroscopic currents were measured in cell-attached patches. Pipette and bath solutions
were (mM): 105 Potassium methanesulfonate, 5 KCI, 10 HEPES, pH 7.0. To compare
current densities, we used pipettes of similar resistances (~2MQ) indicating similar
diameters, and normalized the currents to the resistance of each patch pipette.

3. Results

Our aim was to determine the role of different regions of f2 subunit in its binding to a-
subunits in BK channels. As a first step, we used co-immunoprecipitation (co-I1P) assays to
circumscribe associating regions. To this end, we tagged the p2-subunit with a 3xFLAG
epitope in the C-terminus (Fig. 1A), which allows straight-forward detection by WB using
anti-FLAG antibodies. To evaluate the function of these p2-3xFLAG constructs, we
recorded the effects of the tagged B2 on the BK a-subunit by co-expressing them in
HEK293T cells. When BK a-subunit is co-transfected with p2-3xFLAG, the BK current
shows inactivation, the signature effect of B2-subunit activity (Fig. 1B). The inactivation
process induced by the B2-3xFLAG is complete at high applied voltages (Fig. 1B insert) and
the time constant that describe the inactivation time course compares well with those
reported in the literature [23]. It is important to note here that BK channels formed by the a
subunit alone when detected using the cell-attached configuration do not inactivate [24]
(Fig. 1B right). This result suggests that p-subunits tagged with 3xFLAG at the C-terminus
are working similar to wild type B-subunits.

We next set up Co-IP assays between p2-3xFLAG constructs and c-Myc tagged BK a-
subunits (Fig. 1A). When we use a polyclonal anti-c-Myc antibody to immunoprecipitate the
a-subunit (Fig. 1C), we detected this subunit with the same antibody as a ~125 KDa band
for monomer and more than 200 KDa bands for oligomers, in extracts from cells transfected
with a.-subunit alone and in extracts from cells co-transfected with a- and p2-3xFLAG (Fig.
1C, left panel). However, we only detected co-immunoprecipitation of $2-3xFLAG (double
band ~35 KDa) with a monoclonal anti-FLAG antibody in extracts from cells co-transfected
with a- and B2-3xFLAG (Fig. 1C, right panel). This result was confirmed with the reverse
Co-IP, when a polyclonal anti-FLAG antibody was used to immunoprecipitate (IP) the
B2-3xFLAG subunit. Co-IP of a-subunit was found only in co-transfected cells (data not
shown). The specificity of these assays was tested by performing a Co-IP assay using extract
from cells co-transfected with p2-3xFLAG and deletion mutants of a.-subunit tagged with c-
Myc. All the constructs tested expressed well (Fig. S1A) and the Co-IP assay was only
positive with deletion mutants of a-subunit that contained the transmembrane domains (Fig.
S1B). These data are consistent with the results obtained by Morrow et al. (2006), who
showed that only a-subunit’s constructs containing at least the transmembrane segments S1
to S3 can bind the B-subunits [12].

3.1. Deletion of exon 5 does not affect binding of B2-subunit to the a-subunit

We designed a deletion strategy following the gene structure of the p2-subunit (Fig. 2A)
where exon 2 encodes for the inactivation ball, exon 3 encodes for TM1, exon 4 encodes
part of the extracellular loop, and exon 5 encodes for part of the extracellular loop, TM2 and
C-terminus (Fig. 2A). To find the region of B2 subunit involved in the interaction with the a
subunit, we made deletion mutants without the region encoded by one or two exons (Fig.
2B) and association to the a-subunit was tested by Co-IP. The mutant with exon 5 deleted
(B2-A5-3xFLAG) was expressed in HEK 293T cells (Fig. 2C), but the mutant with exons 4
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and 5 deleted (B2-A4,5-3xFLAG) was not detected by WB (Fig. 2C). The p2-A5-3xFLAG
subunit retains its interaction with the a.-subunit as detected in Co-IP assays (Fig. 2D). This
result suggests that the intracellular C-terminus, TM2 and the region of the extracellular
loop encoded by exon 5 are not essential for association to the a-subunit.

3.2. Deletion of exon 4 does not affect binding of B2-subunit to the a-subunit

Next, we constructed a mutant with a deletion of exon 4 that encodes the N-terminal part of
the extracellular loop (B2-A4-3xFLAG) and expressed it in HEK 293T cells. The resulting
protein was detected in WB using an anti-FLAG monoclonal antibody (Fig. 3A). When the
B2-A4-3xFLAG subunit was co-expressed with the a-subunit, an interaction between both
subunits was still detected in the Co-IP assays (Fig. 3B). This result suggests that the region
of the extracellular loop encoded by exon 4 is also not required for association to the a-
subunit strongly supporting a role for sequences encoded by exon 3 including TM1.

3.3. The TM1 segment of the B2-subunit binds to the S1 domain of a-subunits

Finally, we deleted regions of the B2-subunit encoded by exon 3 ($2-A3-3XFLAG), but this
mutant was not expressed at levels detectable by WB (Fig. 4A), which prevented us from
getting useful information using a Co-IP assay as to whether TM1 (encode by exon 3) was
involved in the interaction between p2- and the a-subunit. To investigate this potential
interaction further, we used the TOXCAT assay system to study transmembrane association
between the region encoded by exon 3 of the p2-subunit (TM1) and the a-subunit S1
domain in a membrane environment [22]. Bacteria co-transformed with TM1 (exon 3) of
B2-subunit and the S1 domain of the a-subunit showed high resistance to chloramphenicol
in comparison with bacteria transformed with either exon 3 or S1 constructs alone (Fig. 4C),
a clear indication of TM-mediated dimerization.

4. Discussion

The B2-subunit modulates BK a.-subunit activity by increasing its Ca2* sensitivity. Early
studies indicated that in order to exert this modulatory effect, the p2-subunit has to be
physically bound to a-subunit. There is evidence that this binding process occurs in
intracellular compartments like the endoplasmic reticulum [25] and fully assembled
channels composed of a- and B2-subunits reach the plasma membrane at the end of their
biosynthetic sorting route [12]. In this study, we showed evidence that the extracellular loop;
the TM2 domain and the intracellular C-terminus of the B2 subunit (encoded by exons 4 and
5) are not required for association with the a-subunit.

Early studies of the inactivation properties of p2-subunits showed that the region encoded by
exon 2 is responsible for an N-type or fast inactivation of BK currents. The region is known
as the “inactivation ball’ [23,26]. Besides this inactivation effect, the 2 subunit deletion
mutants lacking the inactivation ball (B2-IR) still enhances BK channel’s calcium
sensitivity, in a very similar way to that of the 1 subunit. Indirectly, these experiments also
showed that the p2-IR mutant could indeed associate to the a-subunit.

These three mutants discussed thus far (B2-IR, p2-A4-3xFLAG and p2-A5-3xFLAG) have
only one region in common: TM1 (encoded by exon 3). This led us to hypothesize that this
domain could function as the a-subunit binding region of p2-subunit. However, we could
not rule out the possibility that other regions of the 32-subunit may also contribute to a-
subunit binding.

In support of this hypothesis, our experiments, using the TOX-CAT assay (Fig. 4C) show a
direct physical interaction between transmembrane segments TM1 of $2 subunits and S1 of
a-subunits. At present, we cannot rule out that TM1 could also bind to other transmembrane
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segments of the a-subunit. Collectively, our data suggest a model in which the TM1 of the
(2 subunit is responsible for direct binding to S1 of a-subunit, and it is also consistent with
disulfide cross-linking studies showing that, when p1 [13,15] and B4 [14] subunits are co-
expressed with the a-subunit, TM1 is located close to S1 and S2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the online version, at http://
dx.doi.org/10.1016/j.febslet.2012.05.066.
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Fig. 1.

2-Subunit with a C-terminal 3XxFLAG tag is functional. (A) Schematic representation of
BK a-subunit tagged with a c-Myc epitope at the N-terminus and p2-subunit tagged with
3XFLAG at the C-terminus. (B) Macroscopic currents of a-subunit with (right panel) or
without (left panel) p2-3xFLAG subunit. Currents were elicited after a 100 ms prepulse to
—-60 mV by voltage steps from —100 to 200 mV, every 20 mV. Pulse duration was 150 ms
(right) or 500 ms (left). Holding potential was 0 mV. Insert shows the current time course
induced by a 200 mV voltage step. Current decay is well fitted using a single exponential
with a time constant of 130 ms. (C) Co-IP assay in HEK 293T cells transfected with a.-
subunit tagged with c-Myc and p2-3xFLAG subunit. IP of a-subunits was carried out with
polyclonal anti-c-myc antibody (pMY C). Western blot (WB) was done with pMYC to detect
the a-subunit and with monoclonal anti-FLAG antibody (mFLAG) to detect the
[2-3xXFLAG subunit. The two strong bands at ~50 KDa and ~25 KDa in the left blot
correspond to heavy and light immunoglobulin chains from antibodies used in IP.
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Fig. 2.

[2-Subunit without regions encoded by exon 5 retains a.-subunit associating activity. (A)
Schematic representations of $2-subunit gene and protein. The exons and the corresponding
regions in the protein are represented by the same colors. Dashed boxes correspond to 5°
and 3" UTR. (B) Schematic of p2-A5-3xFLAG and B2-A4,5-3xFLAG mutants. (C)
HEK?293T cells were non-transfected (nt) or transfected with a-subunit alone, or a-subunit
together with f2-subunit, p2-A5-3xFLAG or p2-A4,5-3xFLAG. Proper expression of a-
subunit was confirmed with a polyclonal anti-c-Myc antibody (pMYC). Anti-FLAG
monoclonal antibody (mMFLAG) was used to detect f2-subunit constructs. Both f2 and p2-
A5-3xFLAG constructs were readily expressed while the p2-A4,5-3xFLAG mutant was not
detected (V= 3). (D) p2-A5-3xFLAG mutant co-IP with the a-subunit similar to the wild
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type B2 subunit. The IP of a-subunit was carried out with pMY C antibody and p2 subunit
mutants were detected with mFLAG antibody (N = 3).
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Fig. 3.

[2-Subunit without regions encoded by exon 4 retains a.-subunit associating activity. (A)
B2-A4-3xFLAG mutant was expressed in HEK 293T cells and detected with anti-FLAG
monoclonal antibody (mFLAG) by Western blot. The a-subunit was detected with a
polyclonal anti c-myc antibody (pMYC) (V= 3). (B) p2-A4-3xFLAG mutant co-IP with a-
subunit similar to the wild type B2 subunit. The IP of a-subunit was carried out with pMYC
antibody and 2 subunit mutants were detected with mFLAG antibody by Western blot (V=
3).
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Fig. 4.

The TM1 domain of B2-subunit binds to the S1 domain of a-subunit: (A) Schematic of the
B2-A3-3xFLAG mutant and Western blot to detect its expression. p2-A3-3xFLAG was not
detected (V= 2). (B) Schematic representation of TOXCAT assay system. TOXCAT has
been designed to measure oligomerization of transmembrane segments of proteins within the
context of the cytoplasmic membrane of living cells. In TOXCAT constructs, the
transmembrane and periplasmic domains of ToxR were replaced by region coded by exon 3
of B2-subunit (that include TM1 and a short cytoplasmic tail) and S1 of a-subunit and p-
lactamase sequences, respectively [21,22]. As a result, dimerization must be driven solely by
interactions between the TM segments. Such dimerization allows the cytoplasmic
transcriptional activation domains (ToxR") to interact with the ctx promoter (cholera toxin
promoter or ctx is positively regulated by ToxR [27]), thereby initiating transcription of a
reporter gene encoding chloramphenicol acetyltransferase (CAT) [21]. TM-induced
dimerization is observed as acquired resistance to the antibiotic chloramphenicol in vivo. (C)
TOXCAT assay showing dimerization between TM1 (exon3-p2) and S1 (black inverted
triangle). Note that bacteria co-transformed with TM1 (exon3-p2) and S1 acquired
resistance to chloramphenicol in contrast to bacteria transformed with TM1 (dark gray
square) or S1 alone (light gray triangle) (V= 2).
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