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with Large Conductance Voltage- and Ca’*-activated K* (BK)
Channels and Inhibits Their Activity Independent of

G-protein Activation”

Received for publication, July 10, 2014 Published, JBC Papers in Press, July 28, 2014, DOI 10.1074/jbc.M114.595603

Zhu Zhang*, Min Li*, Rong Lu*, Abderrahmane Alioua*', Enrico Stefani

+89]2 £9)|x%2,3

,and Ligia Toro

From the Departments of * Anesthesiology, **Molecular and Medical Pharmacology, and SPhysiology, the "Brain Research
Institute, and the Icardiovascular Research Laboratory, University of California, Los Angeles, California 90095

cells.

\_

(Bacl(ground: ATIR and BK channels are key in defining vascular tone.
Results: AT1R closely interacts with BK (its voltage-sensing-conduction cassette suffices) and is responsible for inhibiting
BK via constitutive and agonist-mediated G-protein-independent mechanisms in arterial myocytes and expressing

Conclusion: AT1R and BK channels form a tight complex facilitating their functional coupling.
Significance: AT1R-BK association is a new mechanism behind vascular tone regulation.
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Angiotensin II (ANG-II) and BK channels play important
roles in the regulation of blood pressure. In arterial smooth
muscle, ANG-II inhibits BK channels, but the underlying
molecular mechanisms are unknown. Here, we first investi-
gated whether ANG-II utilizes its type 1 receptor (AT1R) to
modulate BK activity. Pharmacological, biochemical, and
molecular evidence supports a role for AT1R. In renal arterial
myocytes, the AT1R antagonist losartan (10 um) abolished
the ANG-II (1 pum)-induced reduction of whole cell BK cur-
rents, and BK channels and ANG-II receptors were found to
co-localize at the cell periphery. We also found that BK inhi-
bition via ANG-II-activated AT1R was independent of G-pro-
tein activation (assessed with 500 um GDPS). In BK-ex-
pressing HEK293T cells, ANG-II (1 mMm) also induced a
reduction of BK currents, which was contingent on ATIR
expression. The molecular mechanisms of ATIR and BK
channel coupling were investigated in co-transfected cells.
Co-immunoprecipitation showed formation of a macromo-
lecular complex, and live immunolabeling demonstrated that
both proteins co-localized at the plasma membrane with high
proximity indexes as in arterial myocytes. Consistent with a
close association, we discovered that the sole AT1R expres-
sion could decrease BK channel voltage sensitivity. Trun-
cated BK proteins revealed that the voltage-sensing conduction
cassette is sufficient for BK-AT1R association. Finally, C-terminal
yellow and cyan fluorescent fusion proteins, AT1R-YFP and BK-
CEP, displayed robust co-localized Forster resonance energy trans-
fer, demonstrating intermolecular interactions at their C termini.
Overall, our results strongly suggest that AT1R regulates BK chan-
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nels through a close protein-protein interaction involving multiple
BK regions and independent of G-protein activation.

The seven transmembrane angiotensin II type 1 receptor
(AT1R)* and the large conductance voltage- and Ca®"-acti-
vated K* (BK, BK,, MaxiK, Slol) channel are abundantly
expressed in vascular smooth muscle cells and play significant
roles in various physiological functions (1, 2). As two major
tone determinants in arteries (3, 4), activation of AT1R by an-
giotensin II (ANG-II) leads to powerful vasoconstrictions (3, 5),
whereas the BK channel, depending on its activity, can promote
vasorelaxation or vasoconstriction (1, 6).

ANG-II activates AT1R and a series of G-protein-dependent
or -independent signaling cascades in vascular smooth muscle
cells (7, 8) that in turn regulate various physiological effects,
such as cell contraction (9, 10), proliferation (11, 12), apoptosis
(13), inflammatory response (14), and vascular senescence (15).
Our laboratory (16) and Lu et al. (17) have shown that ANG-II
inhibits the activity of BK channels in coronary smooth muscle.
However, the molecular mechanisms underlying ANG-II and
BK functional coupling and whether this regulation extends to
other arterial beds are unanswered questions. Because renal
arteries are involved in salt and fluid balance (18) and increased
renal vascular tone has been demonstrated in multiple studies
of hypertension (19, 20), investigating ANG-II-BK coupling in
renal arteries is of particular interest.

We demonstrate that in renal arterial smooth muscle cells,
ANG-II—through AT1R—inhibits BK currents using a mech-
anism that is independent of G-protein activation. We also pro-
vide evidence indicating that the receptor is in close proximity
to BK channels and modifies the channel voltage dependence

“The abbreviations used are: AT1R, angiotensin Il type 1 receptor; BK, large
conductance voltage- and Ca®*-activated K* channel; ANG-Il, angiotensin
II; pAb, polyclonal antibody; CFP, cyan fluorescent protein; IP,immunopre-
cipitation; GDP3S, guanosine 5’-[ 3-thioldiphosphate; PPI, protein proxim-
ity index.
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even in the absence of ANG-II stimulation. Molecular analysis
revealed that BK channel N-terminal regions are sufficient for
its association with AT1R, and Forster resonance energy trans-
fer demonstrated intermolecular interactions between both
proteins.

EXPERIMENTAL PROCEDURES

Animals—Sprague-Dawley male rats (3 months old) were
euthanized with an overdose of inhaled isoflurane. Protocols
received institutional approval.

Antibodies—Monoclonal anti-FLAG and anti-c-Myc poly-
clonal antibodies were from Sigma. Anti-pERK1/2 and anti-
ERK1/2 polyclonal antibodies (pAbs) were from Cell Signaling.
Anti-BK mAb was from NeuroMab. Anti-AT1R pAb was cus-
tom-made by AnaSpec and raised against N-terminal residues
OGIKRIQDDCPKAGRH?* of AT1R.

Constructs—Human ATI1R and BK a-subunit clones were
used (accession numbers NM_001006939 and U11058, respec-
tively). For biochemistry and immunocytochemistry we used
C-terminal c-Myc-tagged ATIR (AT1R-c-Myc) in pCMV6-
Entry (Origene), N-terminal FLAG-tagged ATIR (FLAG-
ATIR) in pcDNAS3 (that includes the signal peptide, KTIIAL-
SYIFCLVFA, to promote membrane expression), and BK
a-subunit without tag (BK) or with an N-terminal c-Myc tag
(c-Myc-BK) (21) in pcDNA3. For electrophysiology, we used
ATIR-IRES-c-Myc-BK construct in pIRES vector to ensure
concurrent expression of AT1R and BK channels.

Transient Transfection—HEK293T cells were transfected
using Lipofectamine 2000 (Invitrogen) following the manu-
facturer’s instructions. For electrophysiology, cells were
transfected at 30% confluency with 0.1 ug of AT1R-IRES-BK
construct per 35-mm dish. For biochemistry and immunocyto-
chemistry, cells were transfected at 70 — 80% confluency with 2
pg of BK and/or 5 ug of AT1R plasmid DNAs per 60-mm dish.
Plasmid DNAs were incubated with Lipofectamine 2000 in
OPTI-MEM (Invitrogen) for 20 min at room temperature. Plas-
mid-Lipofectamine mixtures were incubated with cells at 37 °C
in a CO, incubator. Culture medium with 20% FBS was added
to the cells after 5-7 h. Cells were used 24—48 h after
transfection.

Co-immunoprecipitation (co-IP)—HEK293T cells expressing
target proteins were harvested and solubilized with cell lysis
buffer (50 mm Tris, 150 mm NaCl, 5 mm EDTA, 0.1% nonylphe-
nyl polyethylene glycol (Nonidet P-40 alternative), 0.25%
sodium deoxycholate, pH 7.4) supplemented with complete
protease inhibitor mixture (Roche, 1 tablet/25 ml buffer), and 1
M PMSF was added immediately before use. Protein G beads
(GE Healthcare) were saturated with antibodies (8 ug of anti-
c-Myc pAb/30 ul of protein G) and incubated with cell lysates
(0.8 -1 mg of protein). Beads were washed five times with cell
lysis buffer and eluted at 37 °C for 1 h with 3X SDS sample
buffer (Biolabs). Lysates and immunoprecipitated proteins
were analyzed by SDS-PAGE and immunoblotting.

Immunocytochemistry—Cells were plated on coverslips cov-
ered with poly-p-lysine (1 mg/ml) and collagen (0.1 mg/ml) in
PBS. Two protocols were used: (i) With live labeling (see Fig. 3,
A-C), living cells that had been transfected with c-Myc-BK and
FLAG-AT1R were labeled with anti-c-Myc pAb and anti-FLAG
SASBMB
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mAb for 1 h onice ina 95% air, 5% CO, incubator at 37 °C. Cells
were then fixed with 4% paraformaldehyde in PBS for 20 min at
room temperature and labeled with secondary antibodies in
PBS containing 1% normal goat serum for 1 h at room temper-
ature. Cells were mounted with Prolong. (ii) With labeling of
permeabilized cells (see Figs. 3, D-F, and 6), cells were first
fixed with 4% paraformaldehyde in PBS for 20 min. Cells were
washed three times (5 min each) with permeabilization buffer
(0.2% Triton X-100 in PBS) and incubated with 10% normal
goat serum in permeabilization buffer for 30 min at room tem-
perature. The cells were then incubated overnight at 4 °C with
primary antibody in permeabilization buffer containing 1%
normal goat serum. Labeling with secondary antibodies and
mounting were as for live labeling. Images were taken using an
Olympus confocal microscope.

Co-localization Analysis—Images were median filtered. A
protein proximity index algorithm was used to quantify co-lo-
calization of AT1R and BK channels (22).

Isolation of Rat Renal Arterial Smooth Muscle Cells—Freshly
isolated left and right renal arteries from rats were cut into
small pieces in ice-cold oxygenated Tyrode solution: 130 mm
NaCl, 5.4 mm KCI, 0.6 mm NaH,PO,, 1.02 mm MgCl,, 10 mm
HEPES, 5 mM glucose, and 20 mM taurine, pH 7.4. Pieces were
incubated for 1 h on ice in the same Tyrode solution that con-
tained 40 units/ml papain (Sigma) and 0.2% bovine serum albu-
min followed by digestion in a 37 °C water bath for 15 min. The
arterial vessels were further digested in collagenase type 2
(Worthington)/Tyrode solution at 37 °C for ~35 min until the
tissue was observed loose under the microscope. Then the tis-
sue pieces were washed with Tyrode solution and gently tritu-
rated with a fire-polished glass pipette until the cells were com-
pletely dissociated. Smooth muscle cells were plated onto small
coverslips that were coated with 0.1 mg/ml poly-p-lysine
hydrobromide in PBS: 2.67 mm KCl, 137.93 mMm NaCl, 1.47 mm
KH,PO,, and 8.06 mm Na,HPO,, pH 7.4; stored at 4 °C; and
used within 8 h.

Inside-out Patch Clamp—Pipette resistances were ~3 M)
when filled with pipette solution (bath solution is the same): 105
mwm KOH, 5 mm KCI, 10 mm HEPES, 5 mMm N-(2-hydroxyethyl)
ethylenediamine-N,N’,N'-triacetic acid (HEDTA), 0.01 mm
CaCl, (6.7 uM free Ca>*), pH 7.4 (adjusted with methanesulfo-
nicacid). The holding potential was 0 mV; test pulses were from
—180 to 160 mV; repolarizing pulses were set to —70 mV. All
experiments were performed at room temperature. Voltage-
dependent activation curves were obtained by measuring the
instantaneous tail currents () (at the beginning of repolarizing
pulses) and fitting the data to a Boltzmann distribution of the
form: FP, = G/G,,,. = I/l .., = 1/(1 + exp[(Vi, — V) z8F/RT)),
where FP, is the fractional open probability, G is the macro-
scopic conductance [G = I/(V — Ey), where [ is the instantane-
ous tail current, V is the voltage of the constant repolarizing
pulse, in this case —70 mV, and E is the reversal potential for
K*, in this case 0 mV)], G, . is the maximal macroscopic con-
ductance [(G,,., = In./(V — Ex), where [, is the maximal
instantaneous tail current], Vis the voltage of the test pulse, Vi,
is the half-activation potential, z8 is the effective valence, and F,
R, and T have their usual thermodynamic meanings.
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Whole Cell BK Current Recording—Pipette resistances were
~1 M) when filled with the pipette solution: 143 mm KCl, 1
mm MgCl,, 3 mm HEDTA, 0.0193 mm CaCl, (free [Ca**] = 2.3
uM), and 10 mm HEPES, with pH adjusted to 7.2 with KOH.
Free Ca®>"* was measured with a Ca®>* electrode. Bath solution
was 135 mm NaCl, 4 mm KCl, 1 mm MgCl,, 2 mm CaCl,, 10 mm
HEPES, and 10 mM glucose, with pH adjusted to 7.4 with
NaOH. Whole cell BK currents were evoked by voltage steps
delivered from a holding potential of 0 mV to test potentials
ranging from —90 to +160 mV in 10-mV increments. The time
course of drug action on BK currents was always recorded in the
same cell with continuous test pulses at 100 mV from a holding
potential of 0 mV for ~3 min. All current traces were leak-
subtracted, and experiments were performed at room
temperature.

GDPSS trilithium salt (Sigma) and losartan (Sigma) stock
solutions (500 and 10 mwm, respectively) were prepared in
DMSO and diluted to working concentrations in bath solution.
ANG-II (Sigma) stock solution (1 mm) was made in HEPES
buffer: 5 mm HEPES, and 0.01% BSA, pH 7.4, with NaOH.

The effectiveness of losartan and ANG-II were evaluated bio-
chemically. Twenty-four hours after transfection, HEK293T
cells expressing FLAG-ATI1R and c-Myc-BK were starved for
16 h, incubated with 10 uM losartan for 20 min or left untreated,
and then stimulated with 1 um ANG-II for 5 min or left
untreated. Cells were harvested, and ERK1/2 phosphorylation
was examined by immunoblotting with pERK1/2 Ab.

Co-localized FRET—CFP and YFP were selected as donor
and acceptor fluorophores, respectively, in FRET experiments.
To measure FRET between each donor/acceptor pair, in each
confocal microscope acquisition session, three types of samples
were prepared: (i) cells expressing only donor to evaluate donor
bleed-through coefficient, (ii) cells expressing only acceptor to
evaluate acceptor bleed-through coefficient, and (iii) cells co-
expressing both. For each type of sample, three sets of images
were acquired using the following confocal acquisition settings:
for the CFP channel, the excitation wavelength was set at 403
nm, and the emission collecting window was between 470 and 500
nm with PMT1; for the YFP channel, the excitation was set at 488
nm, and the emission collecting window was between 550 and 600
nm with PMT2; for the CFP to YFP channel (FRET channel), the
excitation was at 403 nm, and the emission collecting window was
between 550 and 600 nm with PMT?2. Images were acquired with a
Nikon microscope and subjected to pixel by pixel analysis using
Image] (FRET and co-localization analyzer) for co-localized FRET.
Co-localization of two fluorophores was correlated with FRET to
eliminate false FRET signals (23).

Statistics—Unless otherwise stated in figure legends, data are
expressed as means = S.D., n is the number of cells examined,
and at least three independent experiments were performed.
Statistical comparisons were analyzed with Student’s ¢ test, and
p < 0.05 was considered statistically significant.

RESULTS

ATIR Mediates ANG-II-induced BK Macroscopic Current
Reduction in Renal Arterial Myocytes via a G-protein-inde-
pendent Mechanism—The whole cell patch configuration was
used to examine the effect of ANG-II on BK currents in freshly
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isolated renal arterial myocytes. The pipette solution contained
2.3 uMm free Ca>", which mimics the concentration reached dur-
ing spontaneous Ca>" sparks in arterial myocytes that activate
BK channels (24). To inactivate other voltage-dependent potas-
sium channels, the holding potential was set to 0 mV. Confirm-
ing the identity of the recorded currents as originating from BK
activity, its specific blocker iberiotoxin (100 nm) reduced K™
currents (measured at the end of 20-ms test pulses to +100 mV)
by 73 = 13% (n = 7 cells). The degree of blockade in native cells
was within the range attained in an experiment in which BK
channels and ATIR were simultaneously expressed in
HEK293T cells (~75%) using the same recording protocol (not
shown). Thus, it is reasonable to refer to the recorded currents
as BK currents.

To evaluate the effect of ANG-II on BK currents, continuous
recordings were obtained from the same cells before and after
application of ANG-IL. Representative current traces of volt-
age-dependent activation before (control) and ~3 min after
ANG-II application are shown in Fig. 1 (4 and B), demonstrat-
ing that ANG-II (1 um) caused a clear reduction in current
amplitude. Mean current values were measured at the end of
100 mV continuous pulses in similar paired experiments and
normalized to control levels (Fig. 1C), demonstrating that 1 um
ANG-II suppressed whole cell BK currents by 38 = 7% (n = 5
cells).

To determine whether ANG-II inhibitory effect on BK chan-
nels occurs via activation of AT1R, we used losartan, a biphe-
nyltetrazol derivative that binds selectively to AT1R and com-
petes with ANG-II for binding to the receptor preventing its
effects. Fig. 1 (D and E) illustrates currents from a typical exper-
iment in which a cell pretreated with 10 um losartan for 20 min
(Fig. 1D) failed to respond to 1 um ANG-II perfusion (Fig. 1E).
Mean percentage values of similar paired experiments (at +100
mV) clearly show that losartan pretreatment completely pre-
vented the ANG-II effect (n = 9 cells; Fig. 1F). To control the
effectiveness of 10 M losartan in preventing ANG-II induced
ATIR activity, we analyzed the levels of pERKy,, a well estab-
lished downstream signaling marker in cells co-expressing
ATIR and BK channels (# = 3 experiments; Fig. 2H).

To gain insight into the mechanism of AT1R-BK coupling,
we next examined whether inhibition of BK currents entailed a
G-protein-dependent mechanism. To this end, we used
GDPSS, a hydrolysis-resistant GDP analog that binds to Ga
protein preventing its activation. Intracellular perfusion of 500
uM GDPSS via the pipette failed to prevent ANG-II-induced
inhibition of BK currents (Fig. 1, G-I), yielding an inhibition of
32 + 5% (n = 5 cells) similar to the one obtained when GDPSS
was absent (Fig. 1C). Overall, the results indicate that AT 1R via
a G-protein-independent mechanism mediates the ANG-II-in-
duced inhibition of BK channels from renal arterial myocytes
and suggest that this regulatory system may be present in vari-
ous arterial beds.

ATIR Expression Is Required for ANG-1I-mediated Inhibition
of BK Channel—To further confirm the role of AT1R and rule
out the remote possibility of a direct effect of ANG-II on the
channel protein, we investigated ANG-II effects in HEK293T
cells transfected with BK alone or BK + ATIR (in pIRES vec-
tor). Whole cell BK currents were continuously recorded at a
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Renal arterial myocytes
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FIGURE 1. ANG-II inhibits whole cell BK currents in freshly dissociated rat renal arterial smooth muscle cells via losartan-sensitive AT1R and inde-
pendent of G-protein activation. A and B, whole cell BK currents at baseline (control) and after 1 um ANG-Il treatment in the same arterial myocyte. Whole cell
currents were elicited by 20-ms pulses from —90 to 160 mV from a holding potential of 0 mV. C, mean percentage values normalized to control. The currents
were reduced to 62 = 7% (n = 5 cells, four independent experiments) of the original current after ANG-Il treatment. D and E, ANG-Il failed to inhibit BK whole
cell currents when the same myocyte was pretreated with 10 um losartan (20 min), an AT1R inhibitor. F, mean percentage BK current values were the same in
cells pretreated with losartan and after stimulation with ANG-Il (n = 9 cells, three independent experiments). G and H, superimposed traces with test pulses of
100 mV before and after ANG-II (1 um) treatment in a control cell and in a cell intracellularly perfused with 500 um GDPS, an inhibitor of G-protein activation.
I, mean values of paired experiments as in H showing that in the presence of GDP3S, ANG-Il reduced currents to 68 = 5% (n = 5 cells, two independent cell
isolations) of its original value. Measurements were at the end of test pulses to 100 mV. In this and the following figures, the current traces are just prior to drug
application and after the effect of drug treatment reached steady state. Error bars indicate S.D. values. *, p < 0.05.

test potential of 100 mV before and during the application of
drugs until their effects reached steady state. Holding potential
was 0 mV.

ANG-II (1-2 um) had no effect on BK current amplitude in
the absence of AT1R co-expression (# = 13 cells, five indepen-
dent transfections) as shown for 1 um ANG-II (n = 6 cells) in
Fig. 2 (A and B). In contrast, when AT1R was co-expressed with
BK, extracellular application of 1 um ANG-II suppressed the
whole cell BK currents by 34 = 10% (n = 3 cells) (Fig. 2, C and
D) similar to that observed in native cells. ANG-II inhibitory
effect on BK + ATIR currents reached steady state within 1
min as illustrated in Fig. 2E. This time frame was similar in
native cells as well.

As expected, pretreatment with 10 um losartan to inhibit
ATIR prevented the BK-induced inhibition by ANG-II (n = 5
cells) (Fig. 2, F and G). At the concentration used, losartan (10
uMm) effectively prevented the ANG-II (1 um)-induced activa-
tion of AT1R as measured by the levels of phosphorylated
ERK1/2 (pERK1/2) (Fig. 2H, lane 4 versus lane 2) in cells co-ex-
pressing AT1R + BK (n = 3 experiments). These results dem-
onstrate that AT1R and its activation are required for the ANG-
II-induced inhibition of BK channels.

ATIR Co-localizes with BK Channels—We next examined
whether BK channels and ATIR share similar subcellular
localization that would facilitate their functional coupling.
To this end, we immunolabeled HEK293T cells expressing
N-terminally tagged FLAG-ATI1R and c-Myc-BK channel, as
well as native AT1R and BK proteins in freshly dissociated
rat renal arterial smooth muscle cells. In HEK293T cells, live
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labeling revealed a substantial co-localization of AT1R and
BK at the plasma membrane (Fig. 3, A-C). Similarly, permea-
bilized renal arterial myocytes showed a remarkable AT1R
and BK co-localization at the cell periphery (Fig. 3, D-F).
Quantification of co-localization was performed evaluating
their protein proximity index (PPI) as described earlier (25,
26). This method is user-independent and can differentiate
specific protein proximity or “co-localization” from nonspe-
cific co-localization signals that may arise from coincidental
expression or antibody background signal. Fig. 3G is a three-
dimensional graph of the cross-correlation of BK and AT1R
signals versus pixel shift in the x and y axes of the marked cell
(arrows) in panels A and B of Fig. 3. The graph shows a sharp
peak that corresponds to the specific correlation (co-local-
ization), which was used to calculate PPI. PPI was at the cell
surface 0.87 = 0.08 for AT1R —BKand 0.68 * 0.10 for BK —
ATIR in HEK293T cells (z = 16 cells). These results can be
interpreted as if ~87% of the expressed AT1R is proximal to
BK and ~68% of the expressed BK is proximal to AT1R.
Notoriously, rat renal arterial smooth muscle cells also
showed robust proximity indexes. PPI was 0.62 = 0.08 for
ATIR — BK and 0.71 = 0.08 for BK — ATI1R (n = 18 cells)
(Fig. 3H). Given the resolution of confocal microscopy, these
data indicate that BK and ATI1R are within 250-500-nm
distance, supporting the hypothesis that they may coexist in
a macromolecular complex.

ATIR Expression Constitutively Modulates the Voltage Sen-
sitivity of the BK Channel—Because AT1R and BK channels
co-localize in the absence of agonist, we wondered whether this

JOURNAL OF BIOLOGICAL CHEMISTRY 25681
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HEK293T cells
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FIGURE 2. AT1R expression is essential for ANG-II inhibitory effect on BK channels. A and C, representative traces before and after application of 1 um
ANG-Ilin BK and AT1R-IRES-BK transfected cells, respectively. Band D, corresponding mean % values = S.D. (n = 6 cells, four independent transfections for BK
alone, and n = 3 cells, one transfection for AT1R + BK). Only when AT1R is expressed, ANG-Il reduced BK currents to 66 = 10% of its original value. E, example
of time course of ANG-Il action on BK currents. A similar time course was collected for other drugs. F, current traces before and after 1 um ANG-Ilin AT1R-IRES-BK
transfected cells pretreated with 10 umlosartan. G, corresponding mean % values (n = 5 cells, one transfection). H, example of immunoblot analysis of pERK1/2
in lysates from cells expressing AT1R and BK that were untreated (lane 1), treated with ANG-Il alone (lane 2), treated with losartan alone (lane 3), and pretreated
with losartan and stimulated with ANG-II (lane 4). pERK1/2 levels were higher in ANG-Il treated cells (lane 2) and returned to near baseline in cells preincubated
with losartan (lane 4) (n = 3 experiments). Loading and expression controls were ERK1/2, AT1R, and BK blots. All lanes were loaded with 30 ug of protein.
Antibody concentrations were 186 ng/ml pERK1/2 pAb, 2.85 ng/ml ERK1/2 pAb, 250 ng/ml c-Myc pAb, and 525 ng/ml BK mAb. Error bars indicate S.D. values.

*, p < 0.05. Ctrl, control; Los, losartan.

proximal localization could constitutively affect BK channel
voltage activation properties. To investigate this point, a study
using the inside-out patch clamp configuration was performed
in transfected HEK293T cells expressing BK alone or BK +
ATIR. To assure co-expression of BK and ATIR, we used
ATI1R-IRES-c-Myc-BK construct. The recording protocol con-
sisted of a holding potential of 0 mV and 20-ms test pulses from
—180to 160 mV, followed by a 15-ms repolarizing pulse to —70
mV (Fig. 44). With this protocol and isotonic K¥, tail currents
are observed at the beginning of negative test pulses and during
the repolarizing pulse to —70 mV (Fig. 4, B and C). The latter
were used to analyze changes in voltage sensitivity by con-
structing voltage activation curves (FP, = G/G,, ., = /1 ... ver-
sus voltage) and derive the half-activation potential, Vi,, from
the fit to a Boltzmann distribution (see “Experimental Proce-
dures”). Note that this parameter reflects the voltage sensitivity
of BK channels and is independent of the number of channels in
the patch that can vary from patch to patch.

In the presence of ATIR, BK currents with diverse voltage
sensitivities were observed that could be classified in three main
types. Fig. 4 (B and C) shows representative traces of ATIR +
BK currents classified as “type 1” and “type 3,” respectively.
Clear-cut differences were manifested between these two
groups (e.g. notice the difference in activation kinetics, already
denoting distinct channel P,). In type 3 currents, voltage acti-
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vation analysis demonstrated that AT1R expression caused the
largest decrease in the channel response to membrane depolar-
ization, yielding the most positive Vi, values, which in this spe-
cific example was ~37 mV. In contrast, type 1 currents
responded more efficiently to voltage as voltages ~0 mV
already elicited an FP_ of 0.5 (i.e. Vi, is ~0 mV). As shown later,
this behavior resembles that of BK alone.

To better illustrate the change in voltage sensitivity of the
three types of ATIR + BK currents with respect to BK
expressed alone, Fig. 4D shows individual traces of tail currents,
I, normalized to the maximum peak tail current, I,,,, in each
patch elicited by changing the voltage from a single test pulse, in
this case 0 mV, to —70 mV. Note that normalized tail currents
of BK expressed alone and type 1 AT1R + BK were similar in
peak amplitude, type 2 currents showed a modest reduction,
and type 3 AT1R + BK currents showed the largest decrease in
peak tail current or FP, (FP, = I/1,,,,). Mean FP_ + S.E. values
at 0 mV were 0.52 = 0.08 for BK (n = 24 cells), 0.49 = 0.02 for
type 1 (n = 22 cells), 0.33 = 0.07 for type 2 (n = 17 cells), and
0.12 = 0.04 for type 3 (n = 12 cells) AT1IR + BK currents (see
Fig. 4F for other potentials). The robust reduction in FP, in
response to voltage caused by AT1R expression in type 3 cur-
rents is also clearly observed, as mentioned before, as a decrease
in activation kinetics (Fig. 4, C and E). Fig. 4E illustrates this
change for currents at a single test potential (+60 mV) at which
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FIGURE 3. BK and AT1R co-localization in HEK293T cells and in arterial myocytes. A-C, live labeling of BK (green) and AT1R (red) in transiently expressing
HEK293T cells displaying co-localization at the plasma membrane. HEK293T cells were co-transfected with N-terminally tagged FLAG-AT1R and c-Myc-BK.
Anti-FLAG mAb and anti-c-Myc pAb were used for labeling. D-F, labeling of BK (red) and AT1R (green) after permeabilization showing total expression and
subplasmalemma co-localization in rat renal arterial smooth muscle cells. Anti-BK mAb and anti-AT1R pAb were used for labeling. G, a representative three-
dimensional cross-correlation plot of BK — AT1R as a function of pixel shift in the x and y axes (arrows in A and B indicate the cell used for the plot). The
cross-correlation surface has a peak at zero pixel shift that decays abruptly by shifting the image few pixels indicative of specific co-localization. H, quantifica-
tion of co-localization in HEK293T cells and smooth muscle cells (SMCs) by PPl analysis (see “Experimental Procedures”). In HEK293T cells, PPl is 0.68 = 0.08 for
BK—AT1Rand 0.87 = 0.08 for AT1R — BK (n = 16 cells, three independent transfections). In rat renal arterial SMCs, PPlis 0.62 = 0.08 for ATIR —BKand 0.71 =

0.08 for BK — AT1R (n = 18 cells, two independent cell isolations). Error bars indicate S.D. values.

BK and type 1 AT1R + BK currents show similar activation,
whereas type 3 currents show the slowest activation kinetics.
Average voltage activation curves of the three AT1R + BK
current types (open symbols) and from currents from patches
expressing BK channel alone (closed symbols) are displayed in
Fig. 4F demonstrating that the sole expression of AT1R can
shift the voltage activation curves toward more positive poten-
tials. Vi, shifts of the three AT1IR + BK types compared with
patches from BK alone (Vi, = —0.4 = 3.2, n = 24 cells) are
practically none for type 1 (Vi, = —0.3 = 2, n = 22 cells), ~13
mV for type 2 (Vi, = 13 £ 2, n = 17 cells), and ~35 mV for type
3 (Viy, =35 =*2,n=12cells) ATIR + BK currents (Fig. 4F).
A distribution histogram of a total of 78 patches from
ATIR + BK-expressing cells confirmed that Vi, values (binned
every 7 mV) distributed in three types (Fig. 4G). Experimental
peaks were at Vi, = —0.3 = 2 (n = 22 cells) for type 1, at Vi, =
13 = 1.8 mV (n = 17 cells) for type 2, and at Viy = 34 = 2.1 (n =
12 cells) for type 3. In agreement, the histogram could be well
fitted to three Gaussian distributions with means () at 1 = 0.43
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mV (type 1), 16 = 0.35 mV (type 2), and 34 * 0.8 mV (type 3);
the areas were 249 * 25, 123 *+ 20, and 100 * 24, respectively.
These results indicate that ~50% of the recorded currents
showed an inhibition by AT1R. In summary, the results dem-
onstrate that in the absence of agonist, AT 1R can constitutively
regulate BK channels by decreasing its activity in response to
voltage and support the idea that AT1R and BK channels are
proximal to each other at the plasma membrane.

ATIR Is in Complex with the BK Channel in HEK293T
Cells—To examine whether ATIR and BK (Fig. 54) form a
macromolecular complex, co-immunoprecipitation experi-
ments were performed using HEK293T cells expressing both
proteins (n = 5 independent experiments). Fig. 5B is an exam-
ple showing that AT1R tagged with c-Myc at the C terminus
(AT1R-c-Myc) is able to co-immunoprecipitate BK protein
(lane 4) (n = 3). Negative controls included: (i) mock trans-
fected cells (lane 1), (ii) cells expressing either AT1R-c-Myc
(lane 2) or BK (lane 3) alone, (iii) immunoprecipitation using
rabbit IgG (lane 5) or beads alone (lane 6), and (iv) immunopre-
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FIGURE 4. Constitutive inhibition of BK channel activity by AT1R expression. A, voltage stimulation protocol. B and C, representative inside-out patch
recordings of type 1 and 3 currents in HEK293T cells co-transfected with BK and AT1R. Fitted V1, values were 0.4 and 36.8 mV, respectively. Vi, values were
calculated using instantaneous tail currents, /, to obtain FP, (G/G,,., = I/l,,,,) as a function of the preceding test pulse voltage and fitting the data to a
Boltzmann distribution as in F (see “Experimental Procedures”). D, examples of normalized BK tail currents (//1,,,,,) in cells expressing BK alone or BK + AT1R. The
scheme (top trace) shows the pulse protocol. Current traces demonstrate that peak //1,,,,, (FP,) magnitude followed the trend BK ~ type 1 AT1R + BK > type
2 AT1R + BK>>type 3 AT1R + BK. E, BK activation kinetics was slowed down by AT1R co-expression in the order type 3 > type 2 > type 1 (test pulse = 60 mV)
consistent with a larger decrease in P, in type 3 AT1R + BK channels. F, average voltage activation curves (FP, versus voltage) of BK expressed alone or in
combination with AT1R. The error bars are within symbols and indicate S.E. Continuous lines are the means of the fitted curves of each experiment. Average Vi,
values were —0.4 *+ 3.2 for BK (n = 24 cells), —0.3 = 2 for AT1R + BK type 1 (n = 22 cells), 13 = 2 for AT1R + BK type 2 (n = 17 cells),and AT1R + BK type 3 =
35 = 2 (n = 12 cells). Type 3 channels displayed the highest inhibition by AT1R co-expression (FP, is lower at a given potential when compared with BK
expressed alone). G, Vi, distribution in all patches (n = 79) from cells co-expressing BK and AT1R. Ca®" concentration facing the intracellular side of the

channels was 6.7 um.

cipitation using a mixture of lysates from cells independently
expressing either AT1R-c-Myc or BK (lane 7). The fact that in
the latter experiment we were unable to co-immunoprecipitate
BK (Fig. 5B, lane 7), even when AT1R was readily immunopre-
cipitated (Fig. 5C, lane 7), argues in favor of a specific interac-
tion between AT1R and BK in co-transfected cells and rules out
the possibility that co-immunoprecipitation only occurs
because of overexpression of the proteins as expected from the
mass law. Fig. 5C confirms that AT1R-c-Myc was efficiently
immunoprecipitated by c-Myc pAb in all instances in which the
receptor was transfected (lanes 2, 4, and 7). Immunoblots of the
input lysates showed similar expression of BK or AT1R under
the different conditions under which the respective proteins
were expressed (Fig. 5, B and C, lower panels). Reverse IP in
another two experiments showed similar results. In this case,
c-Myc-BK, which was effectively immunoprecipitated (Fig. 5E,
lanes 2 and 3), pulled down Flag-AT1R only when both proteins
were co-expressed (Fig. 5D, lane 3). Immunoblots of input
lysates (Fig. 5, D and E, bottom panels) confirm appropriate
expression of both proteins. Overall, these data demonstrate
that AT1R can form a complex with BK channels.

The N-terminal Transmembrane Segment of BK Channels Is
Sufficient for ATIR Association—We next investigated which
regions in BK channel are relevant for its association with
ATIR. To this end, we used a series of constructs encoding
truncated BK molecules (Fig. 64) and measured their degree of
co-localization in HEK cells co-transfected with FLAG-ATIR.
Labeling was done under permeabilized conditions. BK;_-;;,
BK,_ 441, and BK; _5,5 were c-Myc tagged at the N terminus for
visualization. BK;,, ;1,5 encompasses the whole cytosolic
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region and was recognized by anti-BK pAb. Visual inspection
revealed that BK, as well as C-terminal truncations BK; -,
BK,_ 441, and BK; 5,3, expressed at the cell periphery and could
also be observed intracellularly likely because of their normal
traffic to the membrane.

Overlays of BK constructs (green) and FLAG-ATIR (red) sig-
nals are illustrated in Fig. 6B. BK, -, BK; ,,;, and BK; 5,5
showed co-localization to AT1R similar to BK full-length pro-
teins. On the contrary, BK C terminus (BK;,; ;;;5) did not
co-localize with AT1R, most likely because ofits cytosolic local-
ization; thus, the possibility exists that the C terminus when in
the context of the whole protein can participate in the complex
formation. The results show, however, that the first 343 amino
acids of BK are sufficient for AT1R+ BK association.

Single cells expressing both AT1R and the truncated BK mol-
ecule were selected to quantify the specific co-localization
using the protein proximity index method. The results pre-
sented in Fig. 6C confirmed the visual inspection, indicating
that the N-terminal region including the voltage sensing cas-
sette of BK channels is sufficient for its association with AT1R
(values are given in the figure legend).

ATIR Is Physically Associated with BK Channels—To further
understand the interaction between AT1R and BK channels, we
performed FRET experiments in HEK293T cells. BK-CFP,
ATIR-YFP C-terminal fusion proteins, and control constructs
(see below) were expressed as follows: (i) BK-CFP + ATIR-
YFEP; (ii) CFP-linker-YFP (positive control), a construct encod-
ing a fusion protein of CFP and YFP with a 6-amino acid
(DPPVAT) linker in between assuring FRET signals; (iii) CFP +
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FIGURE 5. AT1R forms a complex with BK in HEK293T cells. A, cartoons of seven-transmembrane domain BK a-subunit (left) and AT1R (right). B, AT1R pulls
down BK (n = 3 independent experiments). Lanes 1-4, IP using anti-c-Myc pAb recognizing ATT1R-c-Myc in lysates from transfected (+) or untransfected (—)
cells with AT1R-c-Myc and/or BK; lanes 5 and 6, IP with rabbit IgG or protein G beads using lysates from cells co-transfected with AT1R-c-Myc and BK; lane 7, IP
using a mixture of lysates from cells independently expressing AT1R-c-Myc or BK. Loading was equal in all lanes (25 wl). Lower panel, control immunoblot of BK
expression in input cell lysates (30 ug of protein/lane). Inmunoblots were with 525 ng/ml anti-BK mAb. C, control showing effective IP of AT1R in same cell
lysates or mixture of lysates. Loading was equal in all lanes (5 ul). Lower panel, AT1R expression in input cell lysates (30 ug of protein/lane) probed with 250
ng/ml anti-c-Myc pAb. D, BK also pulls down AT1R (n = 2 independent experiments). Lanes 1-3, IP of lysates from cells expressing only AT1R, expressing only
BK or co-expressing both proteins. IP was with anti-c-Myc pAb recognizing c-Myc-BK, and immunoblot was with 495 ng/ml anti-FLAG mAb recognizing AT1R.
Lane 4, negative control using IgG to IP lysates from cells expressing both AT1R and BK. Lower panel,immunoblot of input lysates. E, control of effective IP of BK.
Lower panel, expression of BK in corresponding input cell lysates. Inmunoblot was with 525 ng/ml anti-BK mAb. /B,immunoblot; /E, independently expressing.

YFP (negative control); (iv) BK-CFP + YFP (negative control);
and (v) CFP + AT1R-YFP (negative control).

Strong co-localized FRET signals were found in cells
co-transfected with BK-CFP + AT1R-YFP or with CFP-Linker-
YEP but not in negative controls. Fig. 7A (top panels) shows
BK-CFP and AT1R-YFP expression mainly at the cell periphery
and striking co-localized FRET signals. Note that in these and
following panels, YFP signals were pseudocolored in green.
Images in the middle panels correspond to fluorescent signals
of the CFP-linker-YFP in the CFP and YFP channels, respec-
tively. As expected, the degree of co-localized FRET is also high.
In contrast, if CFP and YFP are expressed independently, no
co-localized FRET is observed (bottom panels) validating the
specificity of FRET signals observed between BK-CFP and
ATIR-YFP. Supporting this view, Fig. 7B shows a good corre-
lation of donor-acceptor co-localization and FRET in cells co-
expressing BK-CFP + AT1R-YFP, as well as in cells expressing
CFP-linker-YFP (red dots) but not in cells expressing CFP +
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YFP (blue dots). The mean values of normalized co-localized
FRET demonstrated that FRET was present in BK-CFP +
ATIR-YFP and CFP-linker-YFP groups and was negligible in
control groups (Fig. 7C; values are in the figure legend). These
results support the conclusion that AT1R and BK channels are
not only in the same cell compartment but are also physically
associated with each other.

DISCUSSION

The present study addresses for the first time the molecular
mechanisms underlying ANG-II-BK channel crosstalk. We
have identified a close physical and functional interaction
between AT1R and BK channels and discovered that AT1R by
itself can inhibit BK channels. This close partnership likely
facilitates the inhibition of BK channels by ANG-II via AT1R in
arterial myocytes.

Co-localized FRET experiments (Fig. 7) demonstrate that
ATI1R and BK channels are within an intermolecular distance of
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FIGURE 6. Molecular analysis of BK-AT1R association. A, BK topology (left) and truncated BK constructs that were used forimmunocytochemistry (right). RCK,
regulator of conductance for K*. B, overlaid confocal images of cells co-expressing AT1R (red) and full-length or truncated BK (green) molecules: BK, BK;_,1,,
BK;_ 441, BK;_343, and BK;,5_;773- Note that BK;,5 11,5 appears intracellular. Larger yellow squares show 5X magnification of the regions in the smaller yellow
squares. C, specific co-localization analysis by PPI (25) demonstrating that the first 1-343 amino acids of BK are sufficient for its association with AT1R. PPl values
were 0.68 =+ 0.1 for BK to AT1R and 0.87 = 0.08 for AT1R to BK (n = 16 cells, four independent experiments); 0.63 =+ 0.06 for BK,_,,, to ATTRand 0.83 = 0.12 for
AT1Rto BK,_;;, (n = 9 cells, two independent experiments); 0.75 = 0.1 for BK,_,4, to ATTRand 0.88 = 0.12 for AT1R to BK,_ 44, (n = 13 cells, two independent
experiments); 0.83 = 0.11 for BK,_3,; to AT1Rand 0.91 * 0.07 for AT1R to BK,_5,5 (n = 15 cells, three independent experiments); and 0.19 = 0.08 for BK3,,_1113
to AT1R and 0.26 = 0.09 for AT1R to BK;,,_;7,5 (n = 17 cells, three independent experiments). Error bars indicate S.D. values. *, p < 0.05.

~1-10 nanometers, strongly supporting a direct protein-pro-
tein interaction. In addition to FRET, other lines of evidence
that in conjunction agree with a close interaction between the
receptor and the channel proteins are: (i) co-immunoprecipita-
tion and specific co-localization of BK and AT1R (Figs. 3 and 5),
(ii) modification of BK channel voltage sensitivity by the sole
ATIR expression (Fig. 4), and (iii) ANG-II-AT1R-mediated
inhibition of BK currents independent of G-protein activation
(Fig. 1).

The FRET findings together with the constitutive modula-
tion of BK by AT1R (in the absence of ANG-II) raise the possi-
bility that AT1R association might directly cause conforma-
tional changes on BK channels and subsequent alterations in
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channel activity. This conjecture is also supported by the iden-
tification of AT1R-associating regions on the BK molecule
(Fig. 6).

The deletion mutant studies demonstrate that the first 343
amino acids of BK containing the voltage sensing and conduc-
tion cassettes are sufficient for the proteins to associate (Fig. 6).
However, the participation of BK C terminus cannot be
excluded and is supported by FRET experiments, because the
fluorophores were fused at the C terminus of each protein (Fig.
7). Thus, it is apparent that the interaction between BK and
ATI1R most likely involves several regions throughout BK chan-
nels. At present, the precise residues in BK or AT1R facilitating
their interaction remain to be pinpointed.
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FIGURE 7. AT1R and BK channels co-localized FRET. A, co-localized FRET in cells co-expressing AT1R-YFP and BK-CFP fusion proteins, expressing CFP-linker-
YFP (positive control), and co-expressing CFP and YFP independently (negative control). Bleed-through was calculated using cells individually expressing each
molecule (data not shown). B, correlation of CFP-YFP co-localization and FRET signal. Red dots indicate high correlation, and blue dots indicate no correlation.
C, mean values of normalized co-localized FRET were as follows for cells expressing: (i) CFP-linker-YFP, 46 = 10.3 (n = 14); (ii) CFP + YFP 0.5 = 0.8 (n = 16, two
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Co-localized FRET was analyzed with a pixel by pixel method using a FRET analyzer from Imagel. *, p < 0.05 with respect to controls. coFRET, co-localized FRET.
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The association between AT1R and BK channels in heterolo-
gously expressing cells is specific as demonstrated by: (i) a lack
of co-immunoprecipitation when lysates of independently
expressed AT1R and BK were mixed (Fig. 5) and (ii) the fact that
the Drosophila homolog of BK, DSlo, did not co-immunopre-
cipitate with BK (# = 3, not shown). In addition, the degree of
co-localization that occurs in heterologously expressing cells
mimics the one observed in freshly isolated arterial cells (Fig. 3).

Functionally, a role of AT1R in mediating ANG-II inhibition
of BK channels in arterial smooth muscle has been suggested
based on correlated segregation of total membrane proteins in
lipid rafts (17); however, direct evidence for the AT1R-BK
interaction was lacking. Our electrophysiological and biochem-
ical studies in native arterial myocytes and in heterologously
expressing cells demonstrate that AT1R expression is needed
for the inhibitory action of ANG-II on BK channels (Figs. 1 and
2) and that both proteins form a macromolecular complex
(Figs. 3, 5, and 7). Conclusive evidence for AT1R requirement
was given by heterologous expression, because receptor expres-
sion was a sine qua non condition for the ANG-II effect. Addi-
tional evidence was the observation that the inhibitory effect of
ANG-II is prevented by losartan, a specific inhibitor of AT1R
both in heterologous expression experiments and in freshly iso-
lated renal arterial smooth muscle cells. Interestingly, a role of
ATIR in mediating BK channel inhibition, as measured by
losartan sensitivity, has also been found in endothelial cells (27).

Increasing evidence indicates that positive or negative regu-
lation of BK activity by G-protein-coupled receptors can occur
via two basic mechanisms: one that is G-protein-dependent like
in the case of activatory B-adrenergic (28 -30) and inhibitory
muscarinic receptors (31) and another that is G-protein-inde-
pendent as is the case of activatory w-opioid (32) and inhibitory
thromboxane A2 receptors (22). We now show that this is also
the case for AT1R in smooth muscle because GDPf3S pretreat-
ment did not block ANG-II effects on BK in renal arterial
smooth muscle cells (Fig. 1). These results are consistent with
our previous results in lipid bilayers, where ANG-II-mediated
reduction of coronary arterial BK channel open probability did
not require putative G-protein activation as it occurred in the
absence of GTP and Mg>" (16). Based on the GTP dispensabil-
ity, in reconstituted lipid bilayers, we proposed earlier that
ANG-II may directly inhibit BK channels (16); however, this
mechanism is ruled out by our present studies, in which
ANG-II failed to inhibit BK currents in HEK293T cells express-
ing only BK channels (Fig. 2).

Given the fact that BK channels and vasoconstrictor AT1R
are key regulators of arterial tone, inhibition of BK channels
by ANG-II-induced ATIR activation might contribute to
increased contractility and the progression of diseased states. In
line with this view, inhibiting AT1R with losartan enhanced the
relaxation induced by NS1619, a BK channel opener, in mesen-
teric arteries from a type 2 diabetic rat model (33). In other
words, this experiment indicates that in mesenteric arteries of
type 2 diabetic animals, a proportion of BK channels are origi-
nally inhibited by AT1R activity. Interestingly, in a rat model of
type-1 diabetes, ANG-II-mediated channel inhibition in coro-
nary arteries was lacking with respect to control (17), indicating
that ANG-II to BK channel regulation is disease-dependent.
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The mechanisms we unveiled in this study might also apply to
other functionally important systems with concurrent expres-
sion of AT1R and BK channels, for example in adrenal glomeru-
losa cells (34, 35) and neurons (36 —38).
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