5392

Biochemistry1999, 38, 5392-5400
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ABSTRACT. In rat brain, high-conductance &aactivated K (BK) channels are targeted to axons and
nerve terminals [Knaus, H. G., et al. (1996 Neurosci. 16955-963], but absolute levels of their regional
expression and subunit composition have not yet been fully established. To investigate these issues, an
IbTX analogue A]IbTX-D19Y/Y36F) was employed that selectively binds to neuronal BK channels
with high affinity (Kq = 21 pM). Cross-linking experiments with?pl]IbTX-D19Y/Y36F in the presence

of a bifunctional reagent led to covalent incorporation of radioactivity into a protein with an apparent

molecular mass of 25 kDa. Deglycosylation and immunoprecipitation studies with antibodies raised against
o- and smooth musclg-subunits of the BK channel suggest that flisubunit that is associated with the

neuronal BK channel is a novel protein. Quantitative receptor autoradiography reveals the highest levels
of BK channel expression in the outer layers of the neocortex, hippocampal perforant path projections,
and the interpeduncular nucleus. This distribution pattern has also been confirmed in immunocytochemical

experiments with a BK channel-selective antibody. Taken together, these findings imply that neuronal
BK channels exhibit a restricted distribution in brain and have a subunit composition different from those

of their smooth muscle congeners.

In native tissues, voltage-gated and?Cactivated K
(BK) channels are formed by tetrameric assembly of two
distinct subunit components: the pore-formugubunit and
an accessorg-subunit. Our current level of understanding

(So—S¢), a pore region located betweep&hd S (13), and

a large cytoplasmic tail where a locus, termed the?Ca
bowl”, has been shown to contribute to determining some
of the C&" sensitivity properties of the channel. The

regarding subunit composition of these ion channels is baseds-subunit is a structurally unrelated polypeptide which

primarily on identification of channel components using
cross-linking and photoaffinity labeling protocold—<3)
followed by successful biochemical purification of native
channel complexesi{-6). S-Subunits have been shown to
influence the activity of the channel pore protein in several
different fashions¥). Functional characterization of various

modifies both the C& sensitivity and pharmacological
properties of theo-subunit ). To date, only one gene
encoding the smooth musgbesubunit has been cloned from
mammalian sourcesl4—16). Although high expression
levels of theB-subunit have been observed in various smooth
muscle tissuesld, 15, 17), this subunit is virtually undetect-

[B-subunit properties has been achieved by coexpression ofable in human or canine brainl@). Two structurally

these proteins with the pore-forming subunit using heter-

ologous expression systenig 6).
BK channels purified from aortic or tracheal smooth

unrelated proteins that interact with tBgosophilahomo-
logue of the BK channeldSIg have recently been cloned
(18, 19). These proteins influence multiple propertiesiSiq

muscle membranes are composed of two noncovalentlysuch as levels of expression at the level of the plasma

linked subunits: a pore-forming 125 kRasubunit and a
glycosylated 31 kDg-subunit 6, 9). The a-subunit is a
representative of th8lofamily of potassium channel&Q—

membrane, as well as the functional activity of the channel.
In this study, we report the pharmacological characteriza-
tion of neuronal BK channels through application of the

12). Itis predicted to contain seven transmembrane segmentsselective BK channel inhibitof$3]IbTX-D19Y/Y36F,* and
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use this ligand in autoradiographic protocols combined with
immunocytochemical studies to determine those regions in

1 Abbreviations: BSA, bovine serum albumin; ChTX, charybdotoxin;
DMSO, dimethyl sulfoxide; DSS, disuccinimidyl suberate; IbTX,
iberiotoxin; 1Gs, concentration causing half-maximal inhibitiof?9]-
IbTX-D19Y/Y36F, mono-f23]iodotyrosine-iberiotoxin-D19Y/Y 36F;
ki1, association rate constank;;, dissociation rate constankg,
dissociation constank, inhibition constantny, pseudo-Hill slope;
NXTX, noxiustoxin; SDS-PAGE, sodium dodecyl sulfatgolyacryl-
amide gel electrophoresis; TEA, tetraethylammonium.
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the CNS that display channel expression. Cross-linking [*?3]IbTX-D19Y/Y36F with membranes was monitored as
studies with {Z]IbTX-D19Y/Y36F and rat brain membranes previously described2(l).

using a bifunctional cross-linking reagent, combined with  Antibody Production and Affinity Purificatiofolyclonal
immunoprecipitation studies, strongly suggest that a novel serum was raised against residue positions 1185 of
fB-subunit is associated with the neuronal BK channel mSlo(10) using the peptide sequence STANRPNRPKSRES-
complex. These results imply that neuronal BK channels RDKQ (antiti11s-1135. Polyclonal serum raised against
display a unique subunit composition which differs from that residues 85102 (antifigs-102) and 118-132 (antif115-132)

of their smooth muscle counterparts. of the rat BK/3-subunit protein used the peptide sequences
GRWAMLYHTEDTRDQNQQ and VDVKKVRANFYK-
HHN, respectively. Antibodies were raised and affinity
purified on their respective antigen columns as described
previously @0).

Cross-Linking of 23]IbTX-D19Y/Y36F to Rat Brain
Synaptosomal Plasma Membran&at brain synaptosomal
plasma membranes were incubated with-820 pM [*4]-
IbTX-D19Y/Y36F for 12 h at room temperature until

EXPERIMENTAL PROCEDURES

Materials. All tissue culture media and the Lipo-
fectAMINE reagent were from GIBCO, Life Technology
(Vienna, Austria). COS-1 cells (culture CRL1650) were
obtained from American Type Culture Collection (Rockville,
MD). RecombinaniN-glycanase was from Boehringer Mann-
heim. The FMOC (9-fluorenylmethoxycarbonyl) lysine core - equijlibrium was achieved. Membranes were collected by
solid-phase peptide support was from NovaBiochem. centrifugation at 200a9and washed three times, and the
Prestained molecular mass standards and Immobilon poly-fina| pellet was resuspended in 50 mM sodium phosphate
vinylidene difluoride membranes were obtained from Bio- and 150 mM NaCl (pH 9.0). The bifunctional cross-linking
Rad. Disuccinimidyl suberate (DSS) was from Pierce. Glass reagent, DSS, was dissolved in dimethyl sulfoxide and added
fiber filters (GF/C) were obtained from Whatman. Hyperfilm- - repetitively in five aliquots up to a final concentration of 2
pmax and 4]Microscales were purchased from Amersham. mm. Incubation was continued for 2 min at room temper-
Cyanogen bromide-activated Sepharose was obtained fromatyre, and the cross-linking reaction was stopped by addition
Pharmacia (Uppsala, Sweden). Triton X-100, protein of Tris-HCI (pH 7.5) up to a final concentration of 50 mM.
A—Sepharose, paxilline, nitroblue tetrazolium, polyethyl- samples were washed three times by centrifugation with 50
eneimine, penitrem A, affinity-purified alkaline phosphatase- mm sodium phosphate and 150 mM NaCl (pH 9.0), finally
conjugated goat anti-rabbit IgG, 5-bromo-4-chloro-3-indoyl resuspended in sample buffer [5% sodium dodecy! sulfate
phosphate, and bovine serum albumin were purchased fromysps) and 1%8-mercaptoethanol], and separated by 13 or
Sigma. Aflatrem and dehydrosoyasaponin-1 (DHS-I) were 150, SDS-polyacrylamide gel electrophoresis (SBS
obtained from the Natural Product Chemistry Department pAGE). The gels were dried and subjected to autoradiog-
at Merck Research Laboratories (Rahway, NJ). Charybdo-aphy overnight on a Fuji BAS 1000 Phospho Imager, or
toxin (ChTX) and iberiotoxin (IbTX) were produced by exposed to Kodak XAR film at-80 °C.
recombinant means as previously describd).(IbTX- Isolation of [23]IbTX-D19Y/Y36F-Labeled BK Channel
D19Y/Y36F was expressed, purified, and labeled With  g_5ypunits Covalent labeling of rat brain membranes with
as described previousl21). All other reagents were obtained  [125]1pTX-D19Y/Y36F is described above. Membrane pro-
from commercial sources and were of the highest purity tein (5-10 mg) was resuspended in 2 mL of sample buffer
grade commercially available. (5% SDS and 19B-mercaptoethanol) and loaded onto a 12%

Membrane Preparation and'{]IbTX-D19Y/Y36F Ra- SDS-PAGE gel. The sample was separated on a Bio-Rad
dioligand Binding AssaysVlembranes derived from COS-1 model 591 prep cell (6 cm running gel, gel volume~e60
cells transiently transfected with either- or a- and mL) at a constant power of 12 W. Sample collection was
B-subunits of the BK channel were prepared as previously started after the dye front had eluted. Elution GH]IbTX-
described22). HEK293 cells stably expressing BK channel D19Y/Y36F-labeled fractions was monitored withy-aadia-

o- or o~ and S-subunits were obtained from O. Pongs tion counter. The toxin-labeled BK channglsubunit was
(Zentrum fur Molekulare Neurobiologie, Hamburg, Ger- collected and concentrated 10-fold using a Centriprep-10
many) and grown in Dulbecco’s modified Eagle’s medium device (Amicon, Inc., Witten, Germany), followed by dialysis
in the presence of fetal calf serum and genetecin (0.8 mg/for 4 h at 4°C against 100 mM Tris-HCI and 0.5% Triton
mL) until a confuency of 76:80% was obtained. Cells were  X-100 (pH 7.4).

scraped from the cell culture flasks and subjected to Immunoblot analysisvas performed as previously de-
centrifugation for 5 min at 10Qf) the supernatant was scribed 20).

discarded and the pellet frozen-aR0 °C. The pellet was Deglycosylation of P3]IbTX-D19Y/Y36F-Labeled BK
thawed on ice in 10 mM Tris-HCI (pH 7.4) and 0.1 mM Channelg-SubunitsSamples were denatured by heating for
phenylmethanesulfonyl fluoride and stored on ice for 15 min. 5 min at 50°C in the presence of 0.5% SDS and 50 mM
The cells were homogenized using a glass homogenizer, ang3-mercaptoethanol, and then adjusted to 1.5% Triton X-100.
the resulting homogenate was subjected to centrifugation for Deglycosylation was started by addition of 1 IU of recom-
15 min at 50@. The remaining supernatant was clarified by binantN-glycanase F. After incubation at 3T for 12 h,

centrifugation for 45 min at 100090 The supernatant was

the reaction was stopped by addition of SDS sample buffer.

discarded, and the membrane pellet was resuspended in 20 Immunoprecipitation Experiment$-or all immunopre-

mM Tris-HCI (pH 7.4) and 100 mM NaCl. Aliquots were
quick-frozen and stored at80 °C. Purified rat synaptic

cipitation studies, affinity-purified anti and antig antibod-
ies were prebound to protein-ASepharose by incubating

membrane vesicles were prepared using well-established100 uL of the affinity-purified antibody and 100L of the

procedures as previously describ@d)( The interaction of

packed gel in 10@L of RIA buffer [20 mM Tris-HCI, 150
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mM NaCl, and 0.5% (w/v) Triton X-100 (pH 7.4)] for 60

= =
min under gentle rotation. The gel was washed three times Li 1,5,A L:f
with 2 mL of RIA buffer before the addition of either s p
solubilized cross-linked rat brain synaptosomal plasma & ! s
membranes, cross-linked bovine smooth muscle membranes, 2 o
solubilized [23]IbTX-D19Y/Y36F-labeled rat brain synap- 5 05 5
tosomal plasma membranes, or isolated cross-liftkedb- EI L
units. Incubation was continued for 12 h at@ under gentle B 2
rotation, and the gel was washed three times with 2 mLof & %% 56 100 150 & % ~ 50 100 150

RIA buffer. The amount of radioactivity associated with the Free [ZI)bTX-D19Y7Y36F [pM] Free ["IIbTX-D19Y7Y36F [pM]
gel was determined in g-radiation counter. SDSPAGE

100

sample buffer was added to samples containing covalently
labeleds-subunits. Samples were heated to°87for 2 h in
the presence of 1.596-mercaptoethanol, and were then
subjected to SDSPAGE employing 15% polyacrylamide
gels.

Analysis of Radioligand Binding Data and Protein De-
termination All radioligand binding data were analyzed as

100} B

50

Bound [1]IbTX-D19Y7Y36F
[% of control]

Bound [*)IbTX-D19Y7Y36F
[% of control]

. _ O Y oliill M :

described elsewher@l). The concentration of membrane 0 2 4 6 81012 S F P pR
. . . h lish Time [ hours ] RN 2 é_’"o& LA

protein was determined according to a method published @& ‘\f‘o Q“"ﬁ’

previously @3) using bovine serum albumin as a standard.

; «r FIGURE 1: Characteristics oftf3]IbTX-D19Y/Y36F binding. (A)
Receptor Autoradiography of Neuronal BK Channels with Binding of [*23]IbTX-D19Y/Y36F to rat brain and uterus smooth

[f25|].IbTX-D19Y/Y3_’6FRats were anesthetized with carbon 1, ;scle membranes. Rat brain synaptosor®! @r uterine sar-
dioxide and sacrificed by rapid decapitation. Brains were colemmal membrane vesicle®)were incubated with increasing
quickly removed and frozen in isopentane-&0 °C. Twenty concentrations of'f4]IbTX-D19Y/Y36F in a medium consisting
micrometer coronal or sagital cryostat sections were thaw- of 20 mM Tris-HCI (pH 7.4), 10 mM NaCl, and 0.1% BSA at 22

- ; °C for 60 h. The extent of nonspecific binding was determined in
mounted onto gelatin-coated glass slides and stored@t the presence of 10 nM ChTX. Specific binding data were fittted as

°C. The sections were incubated with-680 pM [A]IbTX- described in Experimental Procedure®) Kq = 32.1 pM andBpax
D19Y/Y36F in 20 mM Tris-HCI (pH 7.4), 0.1% BSA, and = 0.295 pmol/mg of protein and) Kg = 7.23 pM andBpax =
10 mM NacCl for approximately 12 h at ZZ. The level of 0.108 pmol/mg of protein. (B) Binding of{3]IbTX-D19Y/Y36F

nonspecific binding was determined in a series of adjacem?r)ar?s(i)esn-tﬁ/ ?:g?éi?eeds'wwﬁgi?ﬁgﬁﬁé Fgﬁp?ﬁ:ﬂéé:{]’bﬁﬁsg)l cells
sectl(_)ns by inclusion Of, 10 nM IbTX in the incubation or - andp-subunits ©), were incubated with increasing concentra-
solution. Thereafter, sections were washed for a total of 4 h {jons of L25]IbTX-D19Y/Y36F in the medium described for panel

with ice-cold washing buffer [20 mM Tris-HCI (pH 7.4) and A at 22°C for 24 h. Fitting of specific binding data yieldedka
150 mM Nacl], changing the washing buffer four times. of 14.9 pM and &Bnax 0f 8.35 pmol/mg of protein for membranes
Finally, the sections were briefly rinsed in cold distilled water Containinga- and-subunits and &g of 29.7 pM and &Bmax of

Do . : . 4.94 pmol/mg of protein for membranes containing éhsubunit.
and dried in a stream of cold air. Dried sections were exposed(C) Toxin dissociation kinetics. Rat brain synaptoson®) or

to Hyperfilm-3max for 2-5 days at 22C. Autoradiograms  smooth muscle plasma membrane vesicisiere incubated with
were developed with Kodak D19 developer and fixed with 5 pM [*23]IbTX-D19Y/Y36F for 24 h at room temperature.
Kodak AL4. To facilitate quantification, radiolabeled stan- Dissociation of bound ligand was initiated by addition of 10 nM
dards ([29]Microscales) were included in some exposures. 'db.TX’ and samples were incubated at room termperature for
PR L . . ifferent periods of time. Fitting of the experimental data to
For quantification of toxin binding, the regions of interest ,qn0exponential kinetics yielddd, values of 0.00138 and 0.0042
were excised after film exposure to determine the absolute min- for either smooth muscle or rat brain membrane receptors,
levels of F29]IbTX-D19Y/Y36F binding, as well as protein  respectively. (D) Modulation off3]IbTX-D19Y/Y36F binding by

concentrations. The values obtained were correlated with thePHS-1. Membrane vesicles prepared from different sources were
[125]Microscale determinations incubated with 4 pM J29]IbTX-D19Y36F in the absence (gray

’ ) ) columns) or presence (black columns) of Ad DHS-1 for 24 h
Immunohistochemistry of BK Channels in Rat Bra at room temperature. Inhibition of toxin binding was assessed

experiments were performed as described previou&ly ( relative to an untreated control.
by employing the indirect peroxidase/anti-peroxidase tech-

nique @4). synaptic plasma membranes derived from rat brain. This

radioligand labels a single class of binding sit&g £ 21
RESULTS pM; n = 5) that display a maximum density of 0.30 pmol/
mg of protein (Figure 1A). These values are similar to those
[*23]IbTX-D19Y/Y36F Binds to BK Channels in Rat Brain reported for the interaction ofHi]IbTX-D19C with the same
Synaptic Plasma Membrane Vesicl&eviously, an ana- type of membrane(). The kinetic binding parameters that
logue of iberiotoxin radiolabeled with tritium 3f]IbTX- were determined for!f3]IbTX-D19Y/Y36F confirm the
D19C) was used to specifically label rat brain BK channels equilibrium binding datak;; = 2.1 x 10° M~ st andk_;
(20), but the low specific activity of this ligand precluded = 4.9 x 10° s % calculatedKy of 23 pM, Figure 1C;
its use in autoradiographic and certain biochemical studiesassociation kinetics not shown= 4). We also investigated
of BK channels. In this study, we have characterized the the binding properties of this ligand in rat uterine smooth
interaction of [?4]IbTX-D19Y/Y36F, an iberiotoxin ana-  muscle membranes. In this tissu&i]IbTX-D19Y/Y36F
logue which selectively binds to BK channel®l), with displayed an equilibrium binding constant of 7 pM (Figure
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FIGURE 2: Interaction of {23]IbTX-D19Y/Y36F with rat brain membranes. (A) Inhibition ofZf]IbTX-D19Y/Y36F binding to rat brain
membranes by peptidyl toxins. Rat brain synaptosomal plasma membrane vesicles were incubat&8]ibitiX{D19Y/Y36F in the
absence or presence of increasing concentrations of either MAKTX-D19Y/Y36F ), ChTX (@), MgTX (#), or a-DaTX (O) at 22

°C for 12 h. Inhibition of binding by these peptides was assessed relative to an untreated control. For g BX683pM andny = 1.05.

For IbTX-D19Y/Y36F, IGy = 67 pM andny = 1.06. For ChTX, IG, = 45 pM andny = 2.2. (B) Effect of indole diterpenes. Rat brain
membranes were incubated with 1.7 pM[IbTX-D19Y/Y36F in an assay volume of 8 mL for 60 h at room temperature in the absence
or presence of increasing concentrations of either paxil@®g &flatrem @), or penitrem A #). Modulation of binding was assessed
relative to an untreated control. For paxilline, & 216 nM andny = 0.85, with a maximal stimulation of 536%. For aflatremz{&

72.8 nM andny = 0.89. For penitrem A, 1§ = 29.8 nM andny = 0.58. (C) Effect of ions. Rat brain plasma membrane vesicles were
incubated with 2.6-4.1 pM [124]IbTX-D19Y/Y36F in the absence or presence of increasing concentrations of eithey (3CKCI (@),

or TEA (a). Inhibition of binding was asssessed relative to an untreated control. Fos, 0@&l= 0.58 mM andnhy = 0.95. For TEA, I1Gp

= 0.55 mM andny = 1.2. For KCI, IG(l) = 85 uM, ECs¢(ll) = 7 mM, and 1G(lll) = 90 mM.

1A). This binding constant is virtually identical to the one
measured in bovine aortic smooth muscle membra2®s (
Thus, [?9]IbTX-D19Y/Y36F labels neuronal BK channels
with an approximately 3-fold lower affinity than it does
smooth muscle BK channels. The difference in toxin

HEK?293 cells expressing- andS-subunits, or the-subunit
alone, were also investigated (Figure 1D). DHS-1, at a
concentration of 10uM, inhibited [**3]IbTX-D19Y36F
binding to smooth muscle membranes and HEK293 cells
expressinga- and -subunits (54 and 37% of the control

affinities in these two tissues can be ascribed to differenceslevel of binding, respectively; Figure 1D). However, toxin

in the respective'fd]IbTX-D19Y/Y36F dissociation kinetics
that were observed (Figure 1C).

It has previously been shown that thesubunit of the BK
channel influences the affinity off]ChTX for the pore-
forming o-subunit @2, 25). BK channels which are com-
posed ofa- andj-subunit complexes display an almost 50-
fold higher affinity for [?3]ChTX when compared to
channels formed solely by association @fsubunits. To

binding to plasma membranes derived from either rat brain,
or from HEK293 cells expressing onlg.-subunits, was
unaffected by DHS-1.

Other pharmacological properties of the&|IbTX-D19Y/
Y36F interaction with neuronal BK channels appear to be
similar to those found with smooth muscle BK channels.
Thus, peptides known to selectively interact with voltage-
gated K channels [e.g., MgTX and-dendrotoxin (-DTX)]

reveal possible differences in BK channels from different do not affect {?9]IbTX-D19Y/Y36F binding, while ChTX
tissues, we compared toxin binding affinities from neuronal and IbTX block toxin binding as expected (Figure 2A).
and smooth muscle channels (Figure 1A) with those of Moreover, a number of indole diterpenes (e.g., paxilline and

COS-1 cells expressing either the BK chanmedubunit or
ana- andg-subunit complex (Figure 1B)*{3]IbTX-D19Y/
Y36F binds to membranes expressing oabgubunits with

aflatrem) modulate 'f3]IbTX-D19Y/Y36F binding to rat
brain membranes with the same profile (Figure 2B) that has
previously been described in experiments with smooth

an equilibrium dissociation constant of 30 pM (a value very muscle membranegY), consistent with the idea that these
close to that observed in rat brain membranes), while agents interact exclusively with the pore-forming subunit of

membranes containing andS-subunit complexes displayed
aKyof 14 pM (a value closer to thi€s measured in smooth
muscle membranes).

Stimulation of BK channel activity in smooth muscle by

the BK channel complex2g). Several ions such as'KC&,

and TEA, which are known to interact with BK channels by
binding to sites located along the ion conduction pathway,
also modulate'PA]IbTX-D19Y/Y36F binding to rat brain

the glycosylated triterpene, DHS-1, requires the presence ofmembranes (Figure 2C), displaying the same profiles as those

the p-subunit 7). On the basis of this observation, we

observed with smooth muscle membran2s, 7). Taken

determined whether DHS-I could be used to characterize together, these data support the notion tHafl[bTX-D19Y/
neuronal tissue for the presence of a smooth muscle-like Y36F is a selective, high-specific activity radioligand for

B-subunit. Rat brain membranes were incubated with|{

IbTX-D19Y/Y36F, in the absence or presence of DHS-1,

until equilibrium was established (Figure 1D). In parallel

neuronal BK channels.
Subunit Composition of Neuronal BK Channél® gain
some insight into the subunit composition of BK channels

experiments, plasma membranes from smooth muscle tissuen rat brain, we performed cross-linking studies usit§JF
in which BK channels are known to be composed of both 1bTX-D19Y/Y36F and the bifunctional cross-linking reagent,
rat o- and -subunits (rat uterus), or those prepared from DSS (Figure 3). In rat brain membrane%2]IbTX-D19Y/
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Ficure 3: Covalent incorporation of3]IbTX-D19Y/Y36F into the neurongB-subunit of the BK channel. (A) Membrane vesicles derived
from either bovine aorti¢lanes a and Jor tracheallanes ¢ and dsmooth muscle or rat brain synaptosomal plasma membrane vesicles
(lane § were incubated with 60 pMfA]IbTX-D19Y/Y36F in the absenc@anes a, ¢, and)eor presencélanes b and dof 10 nM ChTX

until equilibrium was achieved. Samples were subjected to reaction with DSS and separatedHi/ASEESas described in Experimental

Procedures. The migration of standards is denoted by arrows. (B)

Rat brain synaptosomal plasma membrane vesicles were incubated with

60 pM [*4]IbTX-D19Y/Y36F alone(a) or in the presence of 3 nM IbTXb), 3 uM paxilline (c), 1 mM TEA(d), 10 nM ChTX(e), 3 nM
MgTX (f), or 1 mM KCI (g). Samples were subjected to reaction with DSS and separated by PAGE. (C) Deglycosylation studies.
[*2A]IbTX-D19Y/Y36F-cross-linked brain membranes were denatured by heating for 5 min°a@ 50the presence of 0.5% SDS and 50

mM f-mercaptoethanol. The samples were then adjusted to 1.5% Triton X-100, and deglycosylation was started by addition of 1 IU of

recombinaniN-glycanase F. After incubation at 3€ for 12 h, the reaction was stopped by addition of SIPAGE sample buffe(flane
b). In lane a, samples were treated identically, but in absence of enzyme.

Y36F is specifically cross-linked to a 25 kDa polypeptide
(after subtracting the molecular mass contributed by the toxin
itself). This is in marked contrast to the situation with smooth
muscle membranes where incorporation of radioactivity
occurs into a 31 kDa polypeptide (Figure 3A). Labeling of
a 31 kDa polypeptide was never observed in the rat brain
preparations. Covalent incorporation of radioactivity into rat

lecular masses of the smooth muscle and neuronal BK
channels-subunits decrease from 35 to 25 kDa, and from
29 to 20 kDa, respectively. After subtracting the molecular
mass contributed by covalently linked?J]IbTX-D19Y/
Y36F, we estimate an apparent molecular masses of 21 kDa
for the deglycosylated smooth mus@esubunit (in agree-
ment with previously published daté) and 16 kDa for the

brain membranes was modulated by agents which are knownneuronal BK channe-subunit.

to affect either PAJChTX (1) or [**9]IbTX-D19Y/Y36F (21)
cross-linking to smooth muscle BK channels. The cross-
linking reaction was also affected by agents known to
modulate reversible'$3]IbTX-D19Y/Y36F binding to neu-
ronal BK channels (Figure 2). For instance, ChTX, IbTX,
TEA, and aflatrem all decreased the extent of toxin incor-
poration, while paxilline stimulated covalent labeling of the
polypeptide (Figure 3B). Structurally related toxins which
do not interact with BK channels [e.g., MgTZ&) or o-DTX
(29)] did not affect the cross-linking reaction (Figure 3B).
These findings indicate that the 25 kDa polypeptide (which
we term the neurongl-subunit) is intimately associated with
the BK channel complex.

To exclude the possibility that differing extents of glycos-
ylation account for the observed differences in apparent
molecular masses between the smooth muscle and neuron
BK channel 3-subunits, deglycosylation studies in which

N-glycosidase F was used were performed with cross-linked

rat brain membranes (Figure 3C). In parallel experiments,
we also subjected ad?fl]IbTX-D19Y/Y36F-labeled bovine
aortic smooth muscle preparation to deglycosylation since
the biochemical properties of this BK channel subunit are
well-characterizedq). Together, these experiments indicate
that both smooth muscle and neuronal BK chagmslibunits
possess-10 kDa of complex carbohydrates attached through

To confirm that this newly identified polypeptide is an
integral component of neuronal BK channels, the nature of
the channel complex was probed in immunoprecipitation
experiments. Since none of the previously raised antibodies
were able to quantitatively precipitaté2J]IbTX-D19Y/
Y36F-labeled receptors from digitonin-solubilzed rat brain
membranes30), we raised a battery of additional sequence-
directed antibodies against the BK chanaetubunit. One
antiserum (antii11s-1139 yielded a sufficiently high antibody
titer to be characterized in greater detail. The respective
recognition sequence is comprised of the last 18 residues of
the a-subunit C-terminal domain. Antiq;1s-1135Specifically
recognized the rat braim-subunit in Western blots (Figure
4A). In immunoprecipitation experiments in which detergent-
ﬁolubilzed F23]IbTX-D19Y/Y36F-labeled synaptic mem-

Pranes were used, this antibody quantitatively immunopre-

cipitated the receptor complex (Figure 4B). In addition, as
shown in Figure 4C, antit15-1135 also precipitated the
neuronal BK channeB-subunit that was covalently linked
with toxin. Similar results were obtained with aotiiz—goe
These data imply that a tight interaction must exist between
this accessory subunit and thesubunit of the neuronal BK
channel.

We next asked the question of whether either brain-specific

N-linkages to each respective protein. These data suggestleavage of a signal peptide or proteolysis at the C- or

that the neuronal BK channgtsubunit is also a membrane-

N-terminus of a smooth muscle-tygksubunit that might

associated protein. Upon deglycosylation, the apparent mo-occur during membrane isolation could account for the
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FiGure 4. Characterization of rat BK channels usiagsubunit antibodies. (A) Immunoblot analysis of tesubunit of the BK channel.
Membranes prepared from HEK293 cells stably transfected with the rat BK charsgbunit were separated by SBBAGE and
immunoblotted using either antig;3-926 Or anti-a;115-1135 in the absence—) or presence+) of the corrresponding competing peptide
(1 uM). Positions of the molecular mass standards are denoted by arrows. (B) Digitonin-solubilized rat brain receptors labékégwith [
IbTX-D19Y/Y36F were immunoprecipitated with increasing concentrations of eitheatiy,s (M), anti-o;115-1135 (O), affinity-purified
anti-o118-1135 (A), or preimmune serum of andizi1s-1135(®), as described in Experimental Procedures. Data from a single experiment are
shown. (C) Immunoprecipitation of rat brain BK chanfietubunits covalently labeled witA?f]IbTX-D19Y/Y36F by anti0115-1135 Rat
brain membranes were covalently labeled wi[IoTX-D19Y/Y36F in the presence of DSS, and solubilized with digitonin. Solubilized
starting material (a) was subjected to immunoprecipitation with 15 (c) qul5Qe) of affinity-purified antieu11s-1135 Or the respective
amount of preimmune serum (b and d). Samples were resuspended nPREE sample buffer and subjected to electrophoresis using
12% acrylamide gels. The migration of molecular mass standards is shown. Starting material (SM), preimmune sera (Ply aedaanti-

(lane IM) were the conditions that were examined.
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Ficure 5: Characterization of rat BK channels usifigsubunit antibodies. (A) Immunoblot analysis of {hesubunit of the BK channel.
Membranes prepared from HEK293 cells stably transfected with the smooth nflasaleunit of the rat BK channel were separated by
SDS-PAGE under reducing conditions and immunoblotted using eitherSaatio, or antif11s-132 in the absencé—) or presencé+) of

the corresponding competing peptide1). The positions of the molecular mass standards are denoted. (B) Immunoprecipitation of
isolated [24]IbTX-D19Y/Y36F covalently labeled BK channgksubunits with antj3gs—10, and antif1s-132 BK channel3-subunits derived

from either smooth muscle (a) or neuronal (b) membranes were isolated by preparativ®80GE after covalent incorporation offi]-
IbTX-D19Y/Y36F in the presence of DSS. Equivalent amounts of either isolated smooth rfwaok @ or neuronald and § BK channel
pB-subunits were subjected to immunoprecipitation with either @gatiio, (¢ and d or antiff115-132 (€ and j. Samples were resuspended in

SDS-PAGE sample buffer and subjected to electrophoresis using 12% acrylamide gels. The migration of molecular mass standards is
shown.

observed difference in the apparévits of the S-subunits munoprecipitation experiments using the same antibodies.
from the two tissues. For this, we used previously character- As shown in Figure 5B, anffgs—10. and antifiis-132

ized 31) as well as newly raised antibodies directed against quantitatively precipitated the smooth musgesubunit.

the rat smooth muscle BK chann@ksubunit. The ability of However, the neurongl-subunit was not recognized by these
these antibodies to recognize rat tissue-derigesiibunits antibodies. These data clearly indicate that smooth muscle
was investigated in Western blots. As shown in Figure 5A, and neuronaB-subunits are distinct structural entities and
antifgs-102, as well as antBiig-13,, immunostained the  that the difference in apparent thgs cannot be explained
smooth musclgs-subunit. Given these data, we subjected by either brain-specific cleavage of a signal peptide or
isolated [?9]IbTX-D19Y/Y36F-labeled -subunits to im- proteolysis of the subunit.
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Ficure 6: Distribution of [24]IbTX-D19Y/Y36F binding sites and expression of BK channels in rat brain. Rat brain coronal sections were
processed for either autoradiography witB[IbTX-D19Y/Y36F (A and Q or immunocytochemistr{B and D) by employing the sequence-
directed antibody antix;3-926 Both techniques reveal BK channel expression in hippocampal perforant path projections (PP), the terminal
field of mossy fibers (MF), substantia nigra pars reticulata (SNR), the interpeduncular nucleus (IP), neocortex (CTX), and the thalamic
nuclei (Th). The habenula (Hb), corpus callosum (CC), and the hippocampal granule and pyramidal cell layers are devoid of BK channels.

Together, the data indicate that rat BK channels are in the mossy fiber pathway. Antibody staining confirmed
composed of two subunitec@ndp). Thea-subunit possesses this distribution pattern of BK channels for the second
an apparent molecular mass ®f125 kDa in both smooth  excitatory hippocampal neuron (see Figure 6). All other
muscle and brain2Q, 30). The respective deglycosylated layers of the hippocampus, such as the stratum oriens and
B-subunits possess a molecular mass of either 21 kDa inthe stratum radiatum, exhibited lower but still significant
smooth muscle or 16 kDa in brain. It is predicted that the levels of [23]IbTX-D19Y/Y36F binding. In previous studies,
neuronalB-subunit will be a unique protein. we identified the medial habenula as the region with the

Neuronal BK Channel DistributiarGiven that [?3]IbTX- highestSlo mMRNA expression levels, although the corre-
D19Y/Y36F is a ligand that is suitable for characterizing sponding immunoreactivity was not found in this nucleus,
neuronal BK channels, we used this probe to determine thebut instead was concentrated over the interpeduncular nucleus
distribution of BK channels in rat brain by receptor auto- and the tractus retroflexus which connects these two struc-
radiography. Tissue sections were also processed in paralletures @0). As shown in panels B and D of Figure 6,
for antibody staining to compare directly the distribution of immunocytochemistry demonstrated about equal levels of
immunoreactivity and labeled receptors (Figure 6). For theseimmunoreactivity in the substantia nigra pars reticulata and

immunostaining experiments, we used anfiz-g2 a Se- in the interpeduncular nucleus. However, receptor autorad-
guence-directed antibody against the pore-fornoirgubunit iography performed in a parallel section indicated that BK
which has previously been shown to immunostain neuronal channel density is significantly higher in the interpeduncular
BK channels 20). nucleus, in accordance with the in situ hybridization data

[*29]IbTX-D19Y/Y36F-labeled receptors were present in  (20). It is possible that differences in staining patterns
widespread parts of the brain, including the cerebral neo- between these two techniques are due to the detection
cortex, neostriatum, hippocampus, thalamus, substantia nigresystems, with the receptor autoradiography data being linear
pars reticulata, interpeduncular nucleus, and cerebellumover a much larger concentration range. However, we cannot
(Figure 6A,C), but three brain regions exhibited very high discard the possibility that differences between immunostain-
levels of BK channel expression. A high BK channel density ing and receptor autoradiography patterns may be due to the
was observed in the outer neocortical layers. This distribution existence of P3]IbTX-D19Y/Y36F-insensitive BK channels
pattern was in good agreement with previous in situ that are otherwise labeled by the antibody. Evidence for the
hybridization data and antibody staining experime2@).( existence of such toxin-insensitive channels in rat brain has
A second and well-defined brain region with high BK been reported3@). The outer layer of the neocortex, the
channel content was the hippocampal formation (arrowheadshippocampal perforant path projection, and the interpedun-
in Figure 6A). Receptor autoradiography revealed the highestcular nucleus exhibited similar binding site densities after
levels of protein expression exist in the middle and outer autoradiographic quantification (325 fmol/mg of protein).
(but not the inner) molecular layer of the dentate gyrus, and These numbers are slightly lower than those reported after
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quantitative autoradiography with eithéfq]lapamin, [->4]- regions of rat brain appear to differ significantly. This
ChTX, or [*¥9]iodoglyburide @3), but are in good agreement  discrepancy between autoradiography and immunocytochem-
with autoradiographically determined densities of ion chan- istry data could be due to the different detection systems
nels in general. Other brain regions expressing very low BK employed in these experiments, with the autoradiography
channel densities (e.g., the corpus callosum and the braindata being linear over a wider concentration range. Alter-
stem) were found to have less than 10% of this site density. natively, antibodies may recognize BK channels that do not
bind [*24]IbTX-D19Y/Y36F. Evidence for the existence of
DISCUSSION such channels has been reported in experiments where BK

Neuronal BK ChannelsThe results presented in this study channel acti\{ity was monitpreql after reconstituting rat brain
provide new information concerning the subunit composition Meémbranes in artificial lipid bilayers3g).
and regional distribution of rat neuronal BK channels. These Characterization of a Neel Neuronal BK Channel
channels were studied with the aid of the selective radio- /-Subunit The presence of a novel BK chanrekubunit
labeled BK channel blocker!$l]IbTX-D19Y/Y36F, and a in rat brain has been revealed through covalent incorporation
panel of sequence-specific antibodies directed against eitherof [24]IbTX-D19Y/Y36F into rat brain membranes in the
thea- or -subunit of the smooth muscle BK channé#|[- presence of a bifunctional cross-linking reagent. A heavily
IbTX-D19Y/Y36F binds to rat neuronal BK channels with glycosylated 25 kDa polypeptide has been identified as the
high affinity (Kq ~ 20 pM), and the binding reaction displays specific substrate of this reaction. About 10 kDa of the mass
properties similar to those previously described for this of this protein is contributed by N-linked glycosylation,
ligand’s interaction with smooth muscle BK channels. It does indicating that it is a membrane protein. This first biochemi-
appear, however, that this ligand possesses a 3-fold lowercal characterization of a neuronal BK changfesubunit
affinity for neuronal BK channels than for the corresponding suggests that it is an entity that is distinct from the previously
channels in smooth muscle. Interestingly, a qualitatively characterized protein in smooth muscle where the mass of
similar effect is observed after expression of BK channel the core structure is 22 kDa. Such a prediction has been
subunits in COS-1 cells; the affinity of fl]IbTX-D19Y/ further supported by experiments in which antibodies directed
Y36F for thea- and/3-subunit complex is 2-fold higher when  5gainst the smooth muscle typesubunit failed to immu-
compared to that of BK channels comprised of only nonrecipitate the neurongisubunit, implying that these two
o-subunits. These gata suggest that'ne’yronallBK Cha””elsproteins do not share significant sequence homology. Im-
do not possess a “smooth muscle-likg*subunit. It has o noprecipitation was also not observed after deglycosyla-
prewously been showr_1 that cogxpressu_)rt_xefandﬁ-sub- tion of the protein, discarding the possibility of any inter-
units leads to a 50-fold increase in the "?‘ff'”'ty f&qﬂQhTX ference of sugars with the antibody recognition site. The
(1222’ 25). Thus, the effects of the-subunit on the affinity of 0,154 B channeid-subunit detected in this study is also
[ q]IbTX'Dng/YSﬁF for thea-subunit are reminiscent Qf different from that of two other polypeptides cloned and
those observed withIJChTX, although the absolute shift characterized fronDrosophila head libraries that interact

n :d S d”Ot afj'artge'  detecting i f With the fly BK channelo-subunit 48, 19).
n independent way of detecting the presence of a smoo o . . o .
e ey g e p Additional evidence that the newly identifigétsubunit

muscle-like BK channgs-subunit in brain is by investigating . :
is an integral component of neuronal BK channels has been

the effect of the BK channel agonist, DHS-1, since smooth . , o .
muscle BK channel modulation by this agent requires the obtained from other immunoprecipitation experiments. Thus,

presence of this accessory subufijt(7). DHS-1 is a partial antibodies directed against thesubunit of the BK channel
inhibitor of [24]ChTX binding to smooth muscle membranes Precipitate the covalently labelgisubunit, indicating that
which are known to contain theandg BK channel complex bot_h sgbumts must form part of a tightly associated com_plex
(34). Consistent with this,f3]IbTX-D19Y/Y36F binding which is stable in the presence of detergents. A Lys residue-
to rat smooth muscle membranes is also DHS-1-sensitive.(S) Of theS-subunit must be in close proximity to another
However, in rat brain membranes, DHS-1 has no effect Lys in [**A]IbTX-D19Y/Y36F when the toxin is bound in
whatsoever on fH]IbTX-D19Y/Y36F binding, and in  the outer vestibule of the pore since the maximum length of
HEK293 cells stably transfected with either or a- and the spacer arm of the cross-linking agent that is used is 11.4
B-subunits, inhibition of ?3]IbTX-D19Y/Y36F binding by Al

DHS-1 is only observed with channels compriseadofind In summary, with the use off]IbTX-D19Y/Y36F, the

p-subunits. Thus, it appears that the characteristics of toxin distribution of BK channels in rat brain has been determined.

interaction with rat neuronal BK channels are consistent with |4 addition, a novel neuronal BK channel subunit has been

the absence of a smooth muscle-liResubunit as part of  jqentified and shown to be tightly associated in a complex

the brain channel complex. with the pore-formingo-subunit. Future studies will be
Distribution of Neuronal BK Channel§he distribution  directed at identifying this protein and determining its role

of BK channels in rat brain was also investigated by receptor in BK channel function.

autoradiography, and these results were compared with those

derived from immunocytochemical studies in which the ACKNOWLEDGMENT
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NOTE ADDED IN PROOF:

The existence of a new BK chanrekubunit has recently
been reported (Wallner M., Pratap M., and L. Toro; Molec-
ular basis of fast inactivation in voltage and?Gactivated
K* channels: a transmembragfesubunit homologProc.
Natl. Acad. Sci. U.S.Ain press) that when coexpressed with
the BK channelr-subunit alters the biophysical and phar-
macological properties of the channel. It remains to be
determined whether thg-subunit described in this manu-
script is related to this newly identified protein.
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