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The large-conductance calcium- and voltage-activated K* (BK)
channel has a requirement of high intracellular free Ca®* concen-
trations for its activation in neurons under physiological conditions.
The Ca®* sources for BK channel activation are not well understood.
In this study, we showed by coimmunopurification and colocaliza-
tion analyses that BK channels form complexes with NMDA recep-
tors (NMDARS) in both rodent brains and a heterologous expression
system. The BK-NMDAR complexes are broadly present in different
brain regions. The complex formation occurs between the obliga-
tory BKa and GIluN1 subunits likely via a direct physical interaction
of the former’s intracellular S0-S1 loop with the latter’s cytosolic
regions. By patch-clamp recording on mouse brain slices, we ob-
served BK channel activation by NMDAR-mediated Ca?* influx in
dentate gyrus granule cells. BK channels modulate excitatory syn-
aptic transmission via functional coupling with NMDARs at postsyn-
aptic sites of medial perforant path-dentate gyrus granule cell
synapses. A synthesized peptide of the BKa S0-S1 loop region,
when loaded intracellularly via recording pipette, abolished the
NMDAR-mediated BK channel activation and effect on synaptic
transmission. These findings reveal the broad expression of the
BK-NMDAR complexes in brain, the potential mechanism underly-
ing the complex formation, and the NMDAR-mediated activation
and function of postsynaptic BK channels in neurons.

BK channel | NMDA receptor | dentate gyrus granule cells |
synaptic transmission | protein interactions

he large-conductance calcium- and voltage-activated K*

(BK) channel is a unique member of the K* channel family
characterized by exceptionally large single-channel conductance
and dual regulation of its activity by two independent physio-
logical signals: membrane voltage and intracellular free Ca**
([Ca**];). Upon activation by elevation of [Ca®*]; levels, BK
channels can generate large single-channel K* efflux and, con-
sequently, rapid membrane repolarization, which can limit fur-
ther Ca®* flux through membrane depolarization-activated Ca**
channels. Via this negative-feedback mechanism, BK channel-
mediated K* signaling plays a powerful integrative role in reg-
ulating cellular excitability and calcium signaling in electrically
excitable cells (1, 2). BK channels are critically involved in var-
ious cellular and physiological processes. In central neurons, BK
channels regulate neuronal firing and neurotransmitter release
(3-5) and are involved in motor coordination (6), rhythmic
control of the circadian clock (7), and frequency tuning of co-
chlear hair cells (8). Mutation or dysregulation of neuronal BK
channels can cause epilepsy and paroxysmal dyskinesia (9, 10).
BK channels also control the contractile tone of smooth muscle
and are involved in the regulation of vascular blood pressure
(11), the urinary bladder (12), and erectile function (13). In
nonexcitable secretory epithelial cells, BK channels provide an
essential pathway for resting K* efflux (14).

A BK channel is a homotetrameric channel consisting of four
identical subunits of its pore-forming Ca**- and voltage-sensing
a subunit (BKa; encoded by the KCNMAI gene) (SI Appendix,
Fig. S1A) either alone or in association with its regulatory p or y
subunit (15). BK channels belong to the family of Ca**-activated
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K* channels that also includes the intermediate-conductance K*
(IK) and the small-conductance K* (SK) channels. BK channels
are generally considered to be high-threshold channels for acti-
vation by voltage and Ca®" except in the presence of the non-
neuronal auxiliary yl and y2 subunits (16, 17). Within the
physiological range of membrane voltages (less than or equal to
+40 mV), the required [Ca**]; concentration for significant BK
channel activation [e.g., half-maximal effective concentration
(ECsp) > 10 pM at 30 mV (18)] is generally much higher than the
cellular global [Ca®*]; level at resting (less than or equal to
~0.1 pM) and excited (less than or equal to ~1 uM) states (S
Appendix, Fig. S1B). Therefore, native BK channels must localize
with Ca®* sources within a nanodomain (i.e., a conceptual region
within a few tens of nanometers from the cytoplasmic mouth of a
Ca** channel) (19, 20) to be physiologically active and functional
(21) (SI Appendix, Fig. S1C). In contrast with BK channels, IK
and SK channels have high affinity for Ca** (ECsp ~ 0.3-
0.5 uM), which theoretically relieves them from the requirement of
close interaction with Ca®* sources for functional coupling, even
in the presence of the Ca®* chelator ethylene glycol-bis(f-ami-
noethyl ether)-N,N,N’,N'-tetraacetic acid (EGTA) (22). Despite
a lack of evidence of physical association of SK channels with
Ca®* channels, SK channels were found to be functionally
coupled with Ca®* channels such as L-type CaV channels and

Significance

Large-conductance BK channels are dually activated by voltage
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N-methyl-p-aspartate receptors (NMDARs) in hippocampal
CA1 neurons (23-25).

In Ca®* 51gna11ng, short coupling distances between Ca** sen-
sors and Ca*"-permeable channels within nanodomalns can pro-
duce high efflcacy, speed, and energy efficiency in Ca?* signaling
(19, 20). This is demonstrated by the relatively well-established
coupling of BK channels with the voltage-gated Ca** (CaV)
channels (21). BK channels were found to be physically associated
with CaV1.2 and CaV2.1 channels in brain tissue and heterolo-
gous expression systems (21) and activated by Ca* influx through
these channels in the presence of EGTA in heterologous expres-
sion systems (21, 26), native chromaffin cells (21, 27), and neurons
in brain slices (28-31). In an early 2001 study (32), BK channels
were also found to be activated by NMDAR-mediated Ca**-influx
at extrasynaptic sites in rat olfactory bulb granule cells, which
conferred a novel neuronal activity-inhibitory role on NMDAR:s.
Since then, however, the underlying molecular basis for BK-
NMDAR coupling and the presence and function of BK-
NMDAR coupling in any other brain regions, neurons, and sub-
cellular locations remain fully unknown.

NMDARs are ligand- and voltage-gated Ca®" permeable cation
channels, the opening of which requires coincident neurotransmitter
glutamate binding and membrane depolarization-induced release of
pore blockade caused by extracellular Mg®" (33). NMDARs are
heterotetrameric glutamate-gated cation channels composed of two
GluN1 subunits and two GluN2 (A-D) or GluN3 (A-B) subunits.
BK channels and NMDARs are traditionally considered presynaptic
and postsynaptic channels, respectively. In this study, we showed that
BK channels are physically associated and colocalized with
NMDARSs in both the brain and heterologous expression system via
interactions between their obligatory BKa and GluN1 subunits on
the intracellular side. We further found that BK channels play a
novel role in regulation of synaptic transmission via functional cou-
pling with postsynaptic NMDARs in the dentate gyrus.

Results

BK Channels and NMDARs Form Protein Complexes in Rat Brains.
Using an immobilized rabbit polyclonal anti-GluN1 antibody, we
performed immunopurification of NMDARs from membrane-
enriched fractions of adult (9- to 10-wk-old) rat whole brains (Fig.
1A4). We observed a major protein band at a size corresponding to
that of GIuN1 in a sample purified with the anti-GluN1 antibody,
but not in negative control samples obtained with a nonspecific
rabbit IgG (Fig. 1B). We analyzed immunopurified samples using
nanoflow liquid chromatography tandem-mass spectrometry and
identified GluN1 as one of the most abundant proteins in them.
We also identified other NMDAR subunits (GluN2A, GluN2B,
GluN2C, and GluN3A) that were absent from the negative control
sample (SI Appendix, Table S1), suggesting that the integrity of
NMDARSs was largely retained in the affinity-purified sample. Of
note, mass-spectrometric analysis also identified BKa in the
affinity-purified NMDAR samples, but not in negative control
samples (Fig. 1C). We confirmed the mass spectrometry results
using immunoblot analysis, showing that BKa was detected by an
anti-BKa antibody in a sample purified from rat brains with the
anti-GluN1 antibody, but not in a control sample (Fig. 1D). We
also performed immunopurification of BK channels using an anti-
BKa antibody (Fig. 14) and observed that GluN1 was present in a
purified BK sample according to both mass spectrometry (Fig. 1E)
and immunoblot analysis (Fig. 1F).

To confirm that BK channels are complexed with heteromeric
functional NMDARs, we performed tandem immunopurification
with an anti-BKoa antibody in the first round and an anti-
GluN1 antibody in the second round to specifically purify the
protein complexes containing both BKa and GluN1 (Fig. 14).
Using immunoblot analysis, we found that both GluN2A and
GluN2B were present in affinity-purified BKo—GluN1 complexes
(Fig. 1G), suggesting that BK channels are indeed associated with
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Fig. 1. BK channels and NMDARs form complexes in rat brains. (4) Sche-
matic of the sample-preparation protocols for the immunopurified NMDAR
(IP-NMDAR) and BK channel (IP-BK), tandem immunopurified BK-NMDAR
complex (TIP-BK/NMDAR), and negative control samples. (B) SDS/PAGE and
silver stain analysis of the IP-NMDAR and control samples. (C) Tandem mass
spectrometric spectra of a unique peptide of BKa identified in the I-NMDAR
sample. (D) Immunoblot (IB) analysis of BKa and GIuN1 in the IP-NMDAR
sample. (E) Tandem mass spectrometric spectra for a unique peptide of
GluN1 identified in the IP-BK sample. (F) Immunoblot analysis of GIuN1 and
BKa in the IP-BK sample. (G) Immunoblot analysis of GIUN2A and GIuN2B
in the TIP-BK/NMDAR sample. (H) Immunoblot analysis of BKa and GIluN1
in IP-NMDAR (Left) and IP-BK (Right) samples prepared from different
brain regions.

heteromeric functional NMDARS in the rat brain. To determine
whether the association between BKa and GIuN1 is brain region-
specific or broadly present in different brain regions, we per-
formed immunopurification of BK channels and NMDARs in
several brain regions. We observed that BK-NMDAR com-
plexes were ubiquitously present, as the anti-GluN1 antibody
could pull down BK channels and the anti-BKa antibody could
pull down GluN1 in all examined brain regions, including the
hippocampus, cerebellum, cortex, thalamus, striatum, and ol-
factory bulb (Fig. 1H).

BK Channels and NMDARs Specifically Interact via Their Obligatory
BKo and GluN1 Subunits. To investigate the molecular basis for
BK-NMDAR complex formation, we used a heterologous
expression system with HEK-293 cells to manipulate protein
expression without complications of endogenous BK channel
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or NMDAR expression. We coexpressed BKa with GluN1,
GIluN2A, and GIluN2B in HEK-293 cells and performed
immunopurification and immunoblot analysis. We observed
that in the absence of GluN2A or GluN2B expression, the anti-
BKa antibody could effectively pull down GIluN1 together with
BKa and, similarly, that an anti-FLAG antibody could effectively
pull down BKa together with FLAG-tagged GluN1 (Fig. 24).
However, GluN2A and GluN2B were pulled down together with
BKa only in the presence of GluN1 expression (Fig. 2 B and C).
Although GIuN2A and GluN2B may not be expressed on the
plasma membrane in the absence of GluN1, they should still be
able to be pulled down together with BKa if they can interact with
BKa on intracellular membranes such as the endoplasmic re-
ticulum, where most membrane proteins might accumulate when
overexpresssed in HEK-293 cells. These results indicated that BKa
interacts with the NMDARS’ obligatory GluN1 subunit in a regu-
latory subunit-independent manner. To determine the specificity of
the BK-NMDAR interactions, we analyzed the association of BK
channels with the other two classes of ionotropic glutamate recep-
tors. We found that the GluK1 and GluK2 subunits of kainate re-
ceptors and GluR1 and GluR2 subunits of AMPA receptors did not
interact with BKo when they were coexpressed in HEK-293 cells (S7
Appendix, Fig. S24). Similarly, GluR1 and GluR2 were absent from
BK channel samples affinity-purified from rat brains (SI Appendix,
Fig. S2B).

To identify the protein regions involved in BK-NMDAR in-
teractions, we generated truncation mutants of BKa and
GluN1 and used chimeric constructs of GluN1. We observed that
the anti-FLAG antibody, which recognized FLAG-tagged GluN1,
can pull down the BKa N-terminal region (residues 1-324), but
not cytoplasmic C-terminal region (residues 325-1113), although
the latter had much higher expression than did the former (S7
Appendix, Fig. S34). The BKa N-terminal region contains a long

intracellular SO-S1 loop region, which may participate in protein—
protein interactions because of its lengthy and flexible feature as
its structure is disordered in cryo-EM structures of Aplysia BK
channels (34, 35). Upon deletion of the residues 46-93 in the SO-
S1 loop region, we found that the resulting BKa A46-93 mutant
became largely defective in its association with GluNl1, as both
anti-BKa and -GIuN1 antibodies can barely pull down the other
partners (Fig. 2D). To determine whether the S0-S1 loop region is
directly involved in the BKo—GIuN1 interaction, we included a
synthesized peptide of the S0-S1 loop region (residues 46-93)
during the immunopurification procedure. We observed that the
S0-S1 loop peptide greatly reduced the amount of BKa that was
coimmunopurified with GluN1, while the scrambled control pep-
tide had little effect (Fig. 2E), suggesting that the SO-S1 loop
peptide can compete with BKa in their interactions with GluN1.

Using GluN1 truncation mutants, we observed that the GluN1
C-terminal region (residues 560-938) was much more effective
than its extracellular N-terminal region (residues 1-559) in their
coimmunoprecipation with BKa, although the latter expressed
much better than did the former (SI Appendix, Fig. S3B). To
maintain the structural integrity of GluN1, we used its chimeric
mutants that were previously created with GluK2 and demon-
strated to be functional in forming glutamate receptors (36, 37).
Similar to those observed with the GluN1 truncation mutants, we
observed that the chimeric construct N1/K2S, in which the
GluNT1’s C-terminal part (the TM domain and intracellular C
terminus) was replaced with that of GluK2 (SI Appendix, Fig.
S3C), was markedly decreased in its coimmunoprecipation with
BKa (Fig. 2F). We further observed that the GluN1’s TM do-
main, including connecting loops, might be involved in interac-
tions with BKa as a significant decrease in the association of
GIuN1 with BKa also occurred when the former’s TM domain
was replaced with that of GluK2 (ST Appendix, Fig. S3 C and D).
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Fig. 2. BK channels and NMDAR:s interact via BKa and GIuN1 in HEK-293 cells. (A) Reciprocal pull-down of GIuN1 and BKa by anti-BKa and -GIuN1 antibodies
in the absence of expression of any other NMDAR subunit. IB, immunoblot; IP, immunopurification. (B) Pull-down of GIuN2A and GIuN2B by an anti-BKa
antibody only in the presence of GIuN1 expression. (C) Pull-down of BKa by an anti-GIuN2A or -GIuN2B antibody only in the presence of GIuN1 expression.
(D) Reciprocal pull-down assay showed that the BKa was largely defective in its association with GIuN1 upon deletion of its SO-S1 loop region (residues 46-93).
(E) Pull-down of BKa by an anti-GIuN1 was interfered by a synthesized peptide of the BKa's S0-S1 loop region (residues 46-93), but not by a scrambled
peptide. The peptides were added at a concentration of 1 mg/mL to cell lysates that were equally divided from the same lysate of cells coexpressing BKa and
GluN1. (F) Pull-down of GIuN1 by an anti-BKa antibody showed that the BKa-GIuN1 association was markedly decreased with the GIuN1 N1/K2¢ mutant in
which the C-terminal part, including TM domain (residues 527-647 and 781-826) and C-terminal domain (residues 827-920), was replaced by those of GluK2.
(G) Pull-down of the GIuN1’s cytosolic regions by the BKa46-93 peptide, but not by the scrambled peptide. The peptides were biotinylated on their N termini
and immobilized on streptavidin agarose. The fusion construct of the GIuN1’s cytosolic regions (residues 563-587 and 813-920) was 6x His-tagged in its C

terminus, expressed in E. coli, and purified with IMAC chromatography.
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To determine whether the BKa’s cytosolic SO-S1 loop region can
directly interact with the GluN1’s cytosolic regions, we expressed
a 6x His-tagged fusion protein of the GluN1’s cytosolic regions
(residues 563-587 for the M1-M2 loop region and residues 813—
920 for the C terminus) in Escherichia coli and purified it with
immobilized metal affinity chromatography (IMAC). We found
that the purified fusion protein of the GIuN1’s cytosolic regions
was precipitated by the biotinylated SO-S1 loop peptide immo-
bilized on Strep-Tactin agarose beads, but not by the scrambled
peptide (Fig. 2G). These results suggest that BKa and GluN1 can
directly interact with each other via their cytosolic regions.

BKa and GluN1 Colocalize in HEK-293 Cells and Mouse Brains. In situ
proximity ligation assay (PLA) is an established method of visu-
alizing protein—protein interactions in cells (38). This assay com-
bines antibody-based protein recognition and nucleotide-based
rolling circle amplification to allow a protein complex to be flu-
orescently labeled only when the two epitopes on the interacting
proteins are in close proximity (S Appendix, Fig. S44). To probe
the surface expression of the BKa—GIluN1 complexes, we in-
troduced the V5- and FLAG-tags on extracellular N termini of
BKa and GluN1, respectively. Upon coexpression of the V5-BKa
and FLAG-GIuN1, in situ PLA with anti-V5 and -FLAG anti-
bodies under a cell-nonpermeabilized condition produced PLA
signals that outline the perimeters of HEK-293 cells (Fig. 34),
suggesting that the BKo—GIluN1 complexes were expressed on
plasma membranes. Under a cell-permeabilized condition, we
observed that coexpression of GluN1 with full-length BKa or the
N-terminal part of BKa produced strong PLA signals, while
coexpression of GluN1 with the C-terminal part of BKa produced
much weaker PLA signals (SI Appendix, Fig. S4B), confirming that

Expression: V5-BKa + FLAG-GIuN1

B Control

>

Antibodies
anti-V5 + anti-FLAG

anti-BKo + anti-GluN1

anti-BKo + anti-GluN1

In situ PLA of BKa and GIuN1 colocalization in HEK-293 cells and

Fig. 3.
mouse brains. (A) PLA signals (red dots) probed with anti-V5 and -FLAG anti-
bodies under a nonpermeabilized condition were detected in HEK-293 cells
coexpressing V5-BKa and FLAG-GIuN1. (B and C) In situ PLA of BKo-
GIuN1 complexes in the hippocampal dentate gyrus of control (Nestin-Cre™/
KCNMA1"") mice (B) and neuron-specific BKa KO (Nestin-Cre*/KCNMA1f)
mice (C). Nuclei are shown in blue (DAPI). (Scale bars: 40 or 10 um.)
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the PLA signals of BKo—GluN1 complexes were produced by
physical association between these two proteins.

To examine colocalization of endogenously expressed BK chan-
nels and NMDARs with in situ PLA, we examined the antigen
specificities of a mouse monoclonal anti-BKa antibody (L6/60;
NeuroMab) and a rabbit monoclonal anti-GluN1 antibody
(AB9864R; EMD Millipore). We observed that these two an-
tibodies produced strong point-like PLA signals only when
both BKa and GluN1 were expressed, validating the antigen
specificities of these antibodies for in situ PLA (SI Appendix,
Fig. S4C). We performed in situ PLA with these two antibodies
on brain slices and found that the PLA signals were broadly
present in different regions of the hippocampus. In the dentate
gyrus of Nestin-Cre /KCNMA1"" mice in which BKa expres-
sion remained intact, PLA signals of the BKa—GluN1 complexes
were most abundant in the molecular-layer region (Fig. 3B), which
is consistent with the predominant dendritic distribution of
NMDARs. PLA signals were barely detectable in brain slices from
Nestin-Cre*/KCNMA1" mice in which tissue-specific BKa-
knockout (KO) occurred in neurons (39) (Fig. 3C). Similarly,
immunofluorescent labeling of BKa and GluN1 demonstrated an
overlap in staining of the dentate gyrus in Nestin-Cre 7/KCNMA1%1
mice, whereas the immunostaining signal of the anti-BKa antibody
was much weaker in the Nestin-Cre//KCNMA1"" BKa-KO mice
(SI Appendix, Fig. S5). These results thus demonstrate that BK
channels and NMDARs can colocalize under conditions of both
heterologous expression in HEK-293 cells and endogenous ex-
pression in the brain.

NMDAR-Mediated Ca* Influx Activates BK Channels in Dentate Gyrus
Granule Cells. We performed whole-cell voltage-clamp recording
of mature dentate gyrus granule cells in the presence of the in-
tracellular Ca®* chelator EGTA. Using acute adult mouse brain
slices, we applied glutamate and glycine close to the cell bodies
of mature granule cells using a puffer pipette. At more negative
voltages, we mainly observed the inward currents of NMDARs.
However, as the applied voltages became less negative, a
prominent outward current developed (Fig. 44). The glutamate-
induced outward currents were fully abolished in the presence of
paxilline, which is a BK channel pore blocker (40) (Fig. 4 B and
(), but only partially reduced in the presence of the BK channel
inhibitor iberiotoxin (IbTX) (SI Appendix, Fig. S6), which agreed
with the presence of the IbTX-resistant BKo/B4 channel in the
dentate gyrus (10). Upon perfusion of the NMDAR antagonist
(2R)-amino-5-phosphonovaleric acid (APS5), the glutamate-
induced BK channel outward currents were largely diminished
(Fig. 4 B and C), indicating the involvement of NMDARs in
glutamate-induced BK channel activation. Application of the
NMDAR pore blocker MK-801 to bath solution also led to sup-
pression of the glutamate-induced outward BK channel currents
(SI Appendix, Fig. S6), indicating involvement of the ion-
conducting function, but not the ion influx-independent metabo-
tropic function of NMDARs (41, 42).

When a BK channel is within a short distance from an
NMDAR (e.g., <30 A), we predicted from calculation (SI Ap-
pendix, Fig. S1C) that the availability of free Ca®* ions origi-
nating from NMDAR activity would be largely retained in the
presence of EGTA and significantly reduced, but not fully
abolished, by the fast Ca®" chelator 1,2-bis(0-aminophenoxy)
ethane-N,N,N',N'-tetraacetic acid (BAPTA). We found that the
amplitudes of glutamate-induced outward currents of BK chan-
nels were similar when granule cells were loaded intracellularly
with 0.2 and 2 mM EGTA and became significantly smaller, but
not fully lost, when the cells were loaded with 2 mM BAPTA
(Fig. 4 B and C). These results demonstrate that BK channels in
hippocampal dentate granule cells are potently activated by
NMDAR-mediated Ca“* influx within a short coupling distance.
To determine whether the BKa—GluN1 physical interactions are
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Fig. 4. Glutamate-induced BK channel activation via NMDARs in mature dentate gyrus granule cells. (A) Whole-cell recording of glutamate-induced currents
at different holding membrane voltages upon somatic puff application of 100 uM glutamate and 10 pM glycine for 100 ms. (B) Representative glutamate-
induced currents at —10 mV in the absence and presence of the BK channel blocker paxilline (Pax; 10 uM) and NMDAR antagonist AP5 (200 pM) and in the
presence of the intracellular chelators EGTA and BAPTA. (C) Averaged effects of paxilline (n = 13), AP5 (n = 13), and intracellular chelators (0.2 mM EGTA, n =
26; 2 mM EGTA, n = 8; 2 mM BAPTA, n = 8) on the glutamate-induced outward currents. (D) Representative glutamate-induced currents at —10 mV with
recording pipette solution containing 0.5 mg/mL BKa46-93 peptide or scrambled peptide and the bath solution perfused with/without AP5 (200 pM). Pep.,
peptide. (E) Averaged amplitudes of glutamate-induced outward currents in the presence of the intracellularly loaded BKa46-93 (n = 9) or scrambled (n = 8)
peptide. The current amplitudes were calculated from the peak amplitudes of outward currents relative to the current levels before drug application. Data
are shown as means + SEM. Statistical differences were evaluated using a t test. N.S., not significant. *P < 0.05; ***P < 0.001; ****P < 0.0001.

involved in the NMDAR-mediated BK channel activation, we
loaded the granule cells intracellularly with the synthesized
peptide of the BKa’s S0-S1 loop region via recording pipettes.
We found that the intracellular application of the SO-S1 loop
peptide (0.5 mg/mL) caused a great reduction in the amplitudes of
glutamate-induced outward BK channel currents compared with
those observed in the presence of the scrambled peptide (Fig. 4 D
and E), suggesting that physical interactions are involved for the
functional coupling of BK channels with NMDARs.

To determine whether functional coupling of BK channels
with NMDARSs also occurs in the simpler heterologous expres-
sion system, we performed whole-cell patch-clamp recording of
NMDA-evoked NMDAR currents and the concomitant BK
channel currents in the presence of 5 mM EGTA in HEK-
293 cells expressing BKa, GluN1, and GIuN2A. Similar to the
endogenous BK-NMDAR coupling in dentate granule cells de-
scribed above, extracellular perfusion of the NMDAR agonist
NMDA onto the HEK-293 cell body induced BK channel out-
ward currents at negative voltages (e.g., —20 mV), and these
currents were eliminated in the presence of APS5 or IbTX (SI
Appendix, Fig. S7A). In excised inside-out membrane patches of
HEK-293 cells, we observed that the events of channel opening
for both NMDARSs and BK channels at a negative membrane
voltage (e.g., —40 mV) were markedly increased at the single-
channel level upon flash photolysis of caged NMDA in the pi-
pette electrode solution (SI Appendix, Fig. S7 B and C). Our
electrophysiological data thus demonstrated EGTA-insensitive
functional coupling of BK channels with NMDARs in HEK-
293 cells.

BK Channels Regulate Synaptic Transmission via Structural and Functional
Coupling with Postsynaptic NMDARs at Synapses in Dentate Gyrus Granule
Cells. To determine whether BK-NMDAR coupling affects synaptic
transmission, we measured the evoked excitatory postsynaptic po-
tentials (EPSPs) of dentate gyrus granule cells in the presence of
intracellular EGTA upon stimulation of presynaptic fibers from the
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medial perforant path (MPP) in the middle of the molecular layer (S7
Appendix, Fig. S8). We observed that blockade of BK channels by
extracellularly applied paxilline considerably increased the am-
plitude of evoked EPSPs to 123 + 4% of that recorded before the
drug application (control) and that subsequent application of
APS5 together with paxilline restored the amplitude of evoked
EPSPs to 96 + 6% of that of the control (Fig. 54). As expected
for the opposite effects of the BK channel’s outward K* cur-
rents and the NMDARS’ inward cation currents on membrane
potentials, these data suggest that BK channel activity sup-
presses the EPSP amplitude, whereas NMDAR activity alone in
the absence of BK channel activity potentiated the EPSP am-
plitude under the experimental conditions. Interestingly, we
found that application of APS alone did not significantly affect
the evoked EPSPs, whose amplitude remained at 94 + 6% of
the control (Fig. 5B); this was similar to the combined effect of
AP5 and paxilline on the evoked EPSPs (Fig. 54). Further
application of paxilline together with AP5 led to a decrease
rather than an increase in the amplitude of evoked EPSPs (Fig.
5B). In the absence of paxilline, AP5 alone also caused a similar
time-dependent decrease in the amplitude of evoked EPSPs (Fig.
5B), suggesting that paxilline does not affect synaptic transmission
when NMDARs were inactive. The time-dependent effects of
AP5 may be related to the metabotropic function of NMDARs
(41, 42). To confirm that the observed paxilline-induced increase
in the amplitude of EPSPs was caused by blockade of BK chan-
nels, we repeated the experiments using brain slices obtained
from Nestin-Cre*/KCNMA1%"™ BKa-KO mice. As we expected
given the results described above, we found that in the absence
of functional BKa expression, bath-applied paxilline had no
effect on the amplitude of evoked EPSPs, whereas application
of AP5 decreased the amplitude of evoked EPSPs by 20 + 7%
(Fig. 5C). These results suggest that BK channel activity neg-
atively regulates synaptic transmission and that such BK channel
activity is induced by Ca®" influx through NMDARS.
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Given that NMDAR activation at extrasynaptic sites requires
significant glutamate spillover resulting from a series of re-
petitive synaptic activities (32), we expect that only NMDARs at
synapses can be activated by glutamate released from presynaptic
terminals in single pulse-evoked synaptic transmission experi-
ments described above. We observed that intracellular applica-
tion of MK-801 to dentate granule cells via recording pipettes
fully suppressed paxilline’s effect on the amplitude of EPSPs
(Fig. 5D). Given that MK-801 is a channel pore blocker (43)
whose intracellular application was commonly used to block
NMDAR:s specifically in the recorded cells (44, 45), this result
suggests that postsynaptic NMDARs at synapses are required for
BK channels’ effects on EPSPs. To confirm that postsynaptic BK
channels were involved in regulation of the amplitude of EPSPs,
we loaded the dentate granule cells with paxilline, which can also
effectively block BK channels when applied intracellularly (40),
via recording pipettes and found that further application of
paxilline in a bath solution had little effect on the amplitude of
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evoked EPSPs (Fig. 5E). Thus, the paxilline’s potentiating effect
on evoked EPSPs is caused by blocking postsynaptic BK channels
that are activated by postsynaptic NMDAR-mediated Ca** in-
flux. To evaluate whether the physical interactions between BK
channels and NMDARs are involved in the postsynaptic func-
tional coupling of BK channels with NMDARs, we included the
synthesized peptide of the BKa’s SO0-S1 loop region in the re-
cording pipette solution. We observed that the SO0-S1 loop
peptide (0.5 mg/mL) abolished the paxilline’s potentiating effect
on evoked EPSPs, while the scrambled peptide did not (Fig. 5F).
Overall, these findings indicate that BK channels negatively
regulate synaptic transmission via BK-NMDAR interactions and
functional coupling at the postsynaptic site of MPP-dentate
granule cell synapses.

Because BK channels are known to regulate neurotransmitter
release in the presynaptic terminal in some neurons (4, 46-48),
we measured the paired-pulse ratio of the amplitudes of the first
and second evoked EPSCs to determine whether BK channels
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regulate synaptic transmission at MPP-dentate granule cell syn-
apses via their effect on presynaptic transmitter release. Similar
to previous reports (49, 50), we observed paired-pulse depression
upon paired-pulse stimulation at the MPP (Fig. 5G). We found
that paired-pulse depressions over a wide range of intervals were
not significantly different between WT and BKa-KO mice or
among WT mice in the presence and absence of paxilline applied
in a bath or pipette solution (Fig. 5G). Given that the paired-
pulse ratio reflects the neurotransmitter release probability of
presynaptic neurons (51), these results suggest that BK chan-
nels are not involved in regulating presynaptic neurotransmitter
release in the MPP-dentate granule cell synapses under our
experimental conditions.

Discussion

Both BK channels and NMDARs are ubiquitously expressed in
the mammalian central and peripheral nervous systems. In this
study, we found that BK channels were physically associated with
NMDARSs in brain tissue and HEK-293 cells, but did not interact
with other examined ionotropic glutamate receptors which are
largely Ca**-impermeable. The physical association between BK
channels and NMDARs required only their obligatory subunits
(BKa and GlIuN1), involving the former’s intracellular SO-
S1 loop region and the latter’s TM region and intracellular C-
terminal domain. As detected by using in situ PLA, BKa and
GluNT1 colocalized in both HEK-293 cells and mouse brain slices.
Activation of BK channels by NMDAR-mediated Ca®* influx
remained robust in the presence of EGTA under both endoge-
nous (dentate gyrus granule cells) and heterologous (HEK-
293 cells) expression conditions. Our biochemical analyses dem-
onstrate that BK-NMDAR complexes are present in all examined
brain regions. Therefore, we conclude that neuronal BK channels
can specifically coassemble with NMDARs via direct protein—
protein interactions within nanodomains in different brain regions
and neurons.

To determine how strongly BK channel activation is coupled
with NMDAR opening, we intracellularly applied EGTA and the
fast chelator BAPTA, which differ greatly in their Ca**-binding
rates but have comparable Ca®* affinities (19). If the distance
between BK channels and NMDAR:s is large (>50 nm), EGTA
can significantly reduce the local [Ca**]; level to no more than
2 pM (SI Appendix, Fig. S1C), which is barely able to activate BK
channels within physiological ranges of membrane voltages (S
Appendix, Fig. S1B). If the distance between these two channels
is short, a high local [Ca**]; concentration (e.g., >10 pM if the
distance is <15 nm) can be reached, even in the presence of
EGTA, which allows BK channels to be significantly activated
(e.g., P, =0.15 at =10 mV at 10 uM [Ca®*];). Within such a short
distance, only BAPTA will be able to capture Ca*" on its way
from the Ca** release pore to Ca?* sensors and thus significantly
reduce the local [Ca**]; concentration (e.g., a change from
10 uM with EGTA to 3 pM with BAPTA at a distance of 15 nm).
We found that BAPTA, compared with EGTA, can partially
reduce the glutamate-induced BK channel currents in dentate
granule cell somata. Given a protein size of ~10 nm (parallel to
the membrane) for both channels, the Ca®" sensors of a BK
channel can be very close to the NMDAR channel pore (up to
10-15 nm), which agrees with our observation of their physical
association, colocalization, and functional coupling in both brain
slices and the heterologous expression system.

We found that both GIuN2A and GluN2B were present in the
neuronal BK-NMDAR complexes. In the adult central nervous
system, GIuN2B is mainly expressed at extrasynaptic sites,
whereas GluN2A-containing receptors are enriched at post-
synaptic sites at synapses (33). Thus, BK-NMDAR complexes
may exist both extrasynaptically and synaptically. At extra-
synaptic sites, functional BK-NMDAR coupling can be induced
by glutamate spillover during a series of repetitive synaptic ac-
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tivities in olfactory blub granule cells (32). At synaptic sites, BK
channels are generally considered to be axonal channels and
involved in regulation of neurotransmitter release at the oppo-
site presynaptic sides of postsynaptic NMDARs. However,
postsynaptic BK channels were reported to account for ~20%
and 50% of immunogold-labeled synaptic BK channels in the
stratum radiatum and stratum oriens, respectively, in the rat
hippocampus (52). The function of postsynaptic BK channels at
synapses has long been largely unexplored. In the present study,
we found that BK channels do not have a significant role in the
regulation of presynaptic neurotransmitter release at perforant
path—dentate granule cell synapses under basal conditions. This
result is consistent with those observed in CA3—-CA1 synapses of
acute rat brain slices, in which regulation of neurotransmitter
release by BK channels occurred only in the presence of a Kv
channel blocker 4-aminopyridine (5), which can also directly
potentiate the activity of CaV channels (53). Of note, our data
suggest that BK channels modulate synaptic transmission at
perforant path—dentate granule cell synapses via a novel mech-
anism of postsynaptic BKR-NMDAR coupling at synapses, which
can be easily activated by presynaptically released glutamate
during synaptic transmission.

Dentate gyrus granule cells are the first checkpoint for cortical
information entering the hippocampus, where learning and
memory take place. Knockout of the BK channel p4 subunit,
which is highly expressed in dentate gyrus, altered the intrinsic
firing properties of granule cells and led to temporal lobe sei-
zures of the hippocampus in mice (10). Our findings on
NMDAR-mediated BK channel activation and the modulatory
effect of postsynaptic BR-NMDAR coupling on EPSPs in den-
tate granule cells provide a molecular basis for understanding the
role of BK channels in hippocampal learning and memory (54—
57). Because BK-NMDAR complexes exist in all examined brain
tissues and even in the heterologous expression system, func-
tional coupling of these two channels must be broad in the
nervous system, where both channels are widely coexpressed.
Glutamate-induced BK channel activation can cause membrane
repolarization and subsequently facilitate voltage-dependent
blockade of NMDARs by extracellular Mg**. This helps ex-
plain previous reports of the requirement of both NMDAR and
BK channel activities in inhibiting opioid release in the spinal
dorsal horn (58) and BK channel-mediated negative feedback on
NMDAR-mediated dendritic spine Ca>* transients in cartwheel
cells of the dorsal cochlear nucleus (59). Our findings thus
provide a molecular basis for exploring and understanding the
broad physiological and pathological functions of BK channels
and NMDARSs within a framework of Ca®*-mediated cross-talk
between these two ion channels.

BK channels and NMDARs are both ligand- and voltage-
dependent channels. BK-NMDAR coupling and BK-CaV
coupling (21, 22) differ in their activation, kinetics, subcellular
localization, and function. Compared with the purely voltage-
driven activation of BK channels via CaV channels, neurotrans-
mitter release is also required for triggering NMDAR-mediated
BK channel activation. NMDARSs can provide more sustained
Ca** sources for BK channel activation than can CaV channels
because of the slow time course of NMDAR deactivation. The
kinetically tight coupling of BK and CaV channels occurs at pre-
synaptic active zones and is particularly suitable for regulating
presynaptic Ca®* entry and neurotransmitter release (60). In
contrast, as we found in dentate granule cells, BK-NMDAR
coupling at postsynaptic terminals produces the neurotransmitter
release-dependent K* signaling that can regulate synaptic trans-
mission and, likely, plasticity, as well.

Methods

Animals. Sprague-Dawley rats (9-10 wk old) were used for immunopur-
ification and proteomic and immunoblot analysis of BK-NMDAR complexes.
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C57BL6 mice were used for immunofluorescent labeling, in situ PLA, and
electrophysiological analysis of BK-NMDAR complexes. Neuron-specific
BKa KO and WT mice were F2 nestin-Cre*/KCNMA1%f and Nestin-Cre™/
KCNMA1% mice that carry homozygous floxed KCNMA1 allele (KCNMA17/f)
in the presence and absence of Cre expression driven by a nestin gene
promotor, respectively. KC(NMA1™f mice were generated as described (39)
and used after back-crossing for six generations. Nestin-Cre mice (61) were
obtained from The Jackson Laboratory as the strain of B6.Cg-Tg(Nes-cre)
1KIn/) and genotyped as nestin-Cre* (homozygous or heterozygous) after
cross-breeding. All animal experiments were carried out according to pro-
tocols and guidelines approved by the Institutional Animal Care and Use
Committee of The University of Texas MD Anderson Cancer Center.

Heterologous Expression of BK Channels and NMDARs in Cultured Cells.
Recombinant ¢DNA constructs of human BKa and the rat glutamate re-
ceptor subunits GIuN1, GIuN2A, GIuN2B, GIuR1, GIuR2, GluK1, and
GluK2 were used for heterologous expression in HEK-293 cells. FLAG-tagged
GIuN1 and V5-tagged BKa were constructed by using a pCDNA6 vector
(Invitrogen). Chimeric constructs of GIuN1 were obtained from James
Huettner, Washington University in St. Louis, St. Louis, MO (36, 37). HEK-
293 cells were obtained from ATCC. The cells were transiently transfected
with the designated plasmids with Lipofectamine 2000 (Invitrogen) and used
for experiments within 16-48 h after transfection.

Protein Purification/Precipitation, Mass Spectrometry, and Immunoblotting.
Immunopurification/precipitation of channel proteins from rat brains and
cultured cells were carried out essentially as we described (16, 59). Rat brain
cell membranes were prepared from freshly isolated adult whole rat brains
via tissue homogenization and differential centrifugation at 2,000 x g for
10 min to collect supernatants and then at 100,000 x g for 30 min to collect
cell membranes. NMDARs and BK channels were solubilized from rat brain
membranes or HEK-293 cells by using 2% dodecyl maltoside in a TBS buffer
containing 150 mM NacCl and 20 mM Tris-HCl (pH 8.0). The solubilized mem-
brane proteins were collected as supernatants after centrifugation at 17,000 x
g for 10 min and then incubated with an immobilized antibody (1-10 mg) that
was covalently cross-linked to protein-A agarose beads. After repetitive
washing, the captured proteins were eluted from immunobeads by using 2x
Laemmli SDS/PAGE sample buffer (4% SDS, 20% glycerol, 0.001% bromo-
phenol blue, 100 mM DTT, and 125 mM Tris-HCl, pH 6.8) or a FLAG peptide
(100 mg/mL) for purification made with an anti-FLAG antibody only. The
eluted proteins were separated on an SDS/PAGE gel with a complete run for
immunoblot analysis or a brief run to collect all proteins in one or two gel
bands for mass spectrometric analysis. In-gel digestion and mass spectrometric
analysis of purified proteins were performed as described (16, 59), except that a
more advanced mass spectrometer, the Orbitrap Fusion Lumos Tribrid (Thermo
Scientific), was used for liquid chromatography-tandem mass spectrometric anal-
ysis in the present study. To analyze the role of the BKa S0-S1 loop region (residues
46-93) in BKa-GIuN1 interactions, a biotinylated BKa46-93 peptide (biotin-
LKYLWTVCCHCGGKTKEAQKINNGSSQADGTLKPVDEKEEAVAAEVGW-amide) and
a scrambled peptide of the same amino acid composition (biotin-
GENPDGLWKEKVQKIYQCKVGAEAETCAHSAGLTVWSNEKDVTGCKLA-amide)
were custom-synthesized (Synpeptide Co.). For immunoprecipitation ex-
periments on the ability of the peptide in competition with BKa on inter-
actions with GIuN1, the peptides were added to cell lysates at a final
concentration of 1 mg/mL and incubated overnight. For in vitro assay of the
direct interactions between BKa46-93 peptide and GIuN1's cytosolic re-
gions, the GIuN1’s two cytosolic regions, M1-M2 loop (residues 563-587)
and C terminus (813-920), were expressed in E. coli BL21 (DE3) strain as a 6x
His-tagged fusion protein and purified from the water soluble fraction of
cell lysates using nickel-nitrilotriacetic acid (Ni-NTA) column. The purified
fusion protein, GIUN¥'**°' \was then incubated with the biotinylated
BKa46-93 and scrambled peptides that were immobilized to the Strep-
Tactin agarose beads (IBA Lifesciences) for 4 h, washed three times with
TBS, and eluted from beads with Laemmli SDS/PAGE sample buffer. For
immunoblot analysis, proteins were electrically transferred from an SDS/
PAGE gel to PVDF membranes and then probed with antibodies specifically
recognizing the targeted proteins. Rabbit polyclonal anti-GluN1 (catalog
no. G8913; Sigma-Aldrich), anti-BKa (catalog no. APC-107; Alomone Labs),
anti-GIuN2A (catalog no. AB1555; EMD Millipore), anti-GIuN2B (catalog no.
SAB2104208; Sigma-Aldrich), and anti-FLAG (catalog no. F7425; Sigma-
Aldrich) and mouse monoclonal anti-BKa (catalog no. L6/60; NeuroMabs)
antibodies were used for immunopurification. For immunoblot analysis,
mouse monoclonal anti-GluR1 and -GluR2 (catalog nos. N355/1 and L21/32,
respectively; NeuroMab), anti-V5 (catalog no. 46-0709; Invitrogen), anti-Myc
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(catalog no. M4436; Sigma-Aldrich), and rabbit polyclonal anti-GFP (catalog
no. G1544; Sigma-Aldrich) antibodies were used as well.

In Situ PLA. HEK-293 cells were fixed in 4% paraformaldehyde 16-24 h after
transfection. Cells with or without permeabilization treatment (0.05% Tri-
ton X-100) were incubated with primary antibodies of mouse monoclonal
anti-BKa (1:100; catalog no. L6/60; NeuroMab) and rabbit anti-GIuN1 (1:200;
catalog no. AB9864R; EMD Millipore), or mouse monoclonal anti-V5
(1:500; catalog no. R960-25; Invitrogen) and rabbit anti-FLAG (1:500;
catalog no. F7425; Sigma-Aldrich) in phosphate-buffed saline (PBS) at
room temperature for 1 h. For brain tissue analysis, 4- to 8-wk-old mice
were anesthetized and perfused intracardially with buffered 4% para-
formaldehyde in PBS. Brains were removed and postfixed for 2 h in the
same paraformaldehyde solution at 4 °C. Fixed brain tissues were in-
cubated first in a 15% and then in a 30% sucrose PBS solution overnight
at 4 °C and then cryosectioned at 10-12 pm. Brain tissue sections were
incubated at 4 °C overnight with primary mouse monoclonal anti-BKa
(1:100; NeuroMab) and rabbit anti-GluN1 (1:100; EMD Millipore) anti-
bodies. In situ PLA was performed by using Duolink In Situ PLA reagents
(Sigma-Aldrich). HEK-293 cells or brain slices that were already probed
with primary antibodies were first incubated with secondary anti-mouse
and -rabbit antibodies conjugated with oligonucleotides of a PLA probe
and then subjected to oligonucleotide hybridization, ligation, amplifica-
tion, and detection following the manufacturer’s instructions. Finally,
cells and brain slices were mounted on slides by using a mounting medium
with DAPI and observed under a confocal microscope (catalog no.
FV1000; Olympus).

Electrophysiology. Hippocampal slices (320 pm) were prepared from 4- to
8-wk-old mice by using a vibratome (Leica Biosystems) and kept at room
temperature for at least 1 h in artificial cerebral spinal fluid (ACSF) con-
taining 124 mM NaCl, 5 mM Kcl, 1.25 mM Na,HPO4, 2 mM MgSO,4, 2 mM
CaCly, 26 mM NaHCOs, and 10 mM p-glucose aerated with 95% O, and 5%
CO,. The hippocampal dentate gyrus was visualized under an infrared dif-
ferential interference contrast optics microscope (Zeiss). Whole-cell patch-
clamp recordings were performed on granule cells with a MultiClamp 700B
amplifier (Axon Instruments) at 31-33 °C. Pipette electrodes (3-5 MQ) were
filled with 125 mM KMeSO3, 4 mM KCl, 10 mM phosphocreatine, 3 mM Mg:
ATP, 0.5 mM Na-GTP, 0.2 mM EGTA, and 10 mM Hepes (pH 7.2). In some
experiments, 0.2 mM EGTA was replaced with 2 mM EGTA or BAPTA. Only
granule cells with a resting membrane potential less than or equal to
—80 mV, a characteristic of mature cells (62), and a stable series resistance or
capacitance were used for data recording. All experiments were performed
in the presence of picrotoxin (100 pM) to reduce GABAergic contributions.
For recording of glutamate-induced NMDAR and BK channel currents, 6-
cyano-7-nitroquinoxaline-2,3-dione (CNQX) at a concentration of 20 uM or
6,7-dinitroquinoxaline-2,3-dione (DNQX) at a concentration of 10 pM was
included in the bath solution to eliminate the fast AMPA receptor currents.
Glutamate (100 pM) and glycine (10 uM) were applied locally to granule cells
for 100 ms via a puffer pipette by using a pressurized perfusion system (ALA
Scientific Instruments). For measurement of evoked EPSPs and EPSCs, whole-
cell current- or voltage-clamp recording was performed on granule cells, and a
bipolar stimulating electrode was placed in the middle region of the molecular
layer of the dentate gyrus to stimulate the MPP by using a Master-9 pulse
stimulator (A.M.P.L.). Subthreshold EPSPs were evoked at 0.05 Hz, and the data
collected over a period of 5 min were averaged. For paired-pulse ratio re-
cording, pipettes electrodes were filled with 145 mM K-gluconate, 5 mM Nadl,
1 mM MgCly, 0.2 mM EGTA, 2 mM Mg-ATP, 0.1 mM Na-GTP, and 10 mM Hepes
(pH 7.2). Test responses were elicited at 0.03 Hz, and four traces of EPSCs were
averaged. All data are expressed as means + SEM. A paired t test was used to
perform statistical analysis. P values < 0.05 were considered significant. Paxil-
line, IbTX, CNQX, and DNQX (Alomone Labs), and picrotoxin and MK-801
(Tocris Bioscience) were dissolved in dimethyl sulfoxide, and AP5 (DL-AP-5;
Abcam) was dissolved in water to create stock solutions and finally diluted
with ACSF to specific concentrations before each experiment. Drugs were
applied for 5-10 min before data collection.

Data Availability. All data generated or analyzed during this study are in-
cluded in the main text and S/ Appendix.
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