Acta Physiologica Sinica, April 25,2019, 71(2): 187-195 187
DOI: 10.13294/j.aps.2019.0013  http://www.actaps.com.cn

Review

Multiple regulatory effects of angiotensin II on the large-conductance
Ca’’- and voltage-activated potassium channel in vascular smooth muscle
cells
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Abstract: Renin-angiotensin system (RAS) is involved in the regulation of vascular smooth muscle cell (VSMC) tension. Angiotensin
IT (Ang II) as the main effector molecule of RAS can increase the intracellular Ca®* concentration and cause VSMCs contraction by
activating angiotensin II type 1 receptor (ATIR). The large-conductance Ca*- and voltage-activated potassium (BK) channel is an essen-
tial potassium channel in VSMCs, playing an important role in maintaining membrane potential and intracellular potassium-calcium bal-
ance. The BK channel in VSMCs mainly consists of o and $1 subunits. Functional BKo subunits contain voltage-sensors and Ca™
binding sites. Hence, increase in the membrane potential or intracellular Ca>* concentration can trigger the opening of the BK chan-
nel by mediating transient K” outward current in a negative regulatory manner. However, increasing evidence has shown that although
Ang II can raise the intracellular Ca®” concentration, it also inhibits the expression and function of the BK channel by activating the
PKC pathway, internalizing AT1R-BKa heterodimer, or dissociating o and B1 subunits. Under some specific conditions, Ang II can
also activate the BK channel, but the underlying mechanism remains unknown. In this review, we summarize the potential mecha-
nisms underlying the inhibitory or activating effect of Ang II on the BK channel, hoping that it could provide a theoretical basis for
improving intracellular ion imbalance.
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1 Introduction

The big potassium (BK) ion channel, also known as the
Maxi-K (maximum-potassium) channel, is character-
ized by large conductance ranging from 100 to 300 pS
and sensitivity to Ca*". Hence, it is also called the
large-conductance Ca’'- and voltage-activated potassi-
um channel. It was found that the diameter of the iso-
lated rat renal afferent arteriole shrank dramatically
after treatment with the BK channel blocker tetraeth-
ylammonium (TEA), and this effect could be reversed
by the BK channel opener NS1619, suggesting that the
BK channel is essential for maintaining vascular tone "',

Tension of smooth muscle cells (SMCs) is a decisive
factor of vascular constriction and relaxation via
co-regulation of the intracellular K" and Ca*". Angioten-
sin II (Ang II), an octapeptide agonist in the renin-
angiotensin system (RAS), plays a vital role in regulat-
ing cellular tension and vascular tone. It was found that
Ang II activated angiotensin II type 1 receptor (AT1R) in
SMCs and subsequently increased the intracellular Ca®
concentration by mediating Ca* influx and Ca”" release
from the sarcoplasmic reticulum to induce vasocon-
striction !,

The voltage and Ca™" sensors make the BK channel
be activated during cell membrane depolarization
and intracellular Ca®* concentration increase, thus leading
to outward K currents . Transient outward K* cur-
rents counteract Ca”" influx to relax vessels and recover
ion balance. However, increasing evidence has shown
that Ang II has not only a promoting but also an inhibi-
tory effect on the BK channel, implying that there may
be some complex relationship between the BK channel
and ATIR. In this review, we will discuss changes in
the BK channel in vascular smooth muscle cells
(VSMCs) after Ang II treatment and summarize the
possible underlying mechanisms.

2 The structure and function of the BK channel

The BK channel is the most important Ca* -activated
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potassium channel in VSMCs. When the voltage-gated
Ca’* channel is open, Ca”" influx and membrane poten-
tial depolarization stimulate the Ca’" sensors and volt-
age sensors of the BK channel respectively. When the
BK channel is activated, K transient outward currents
draw membrane hyperpolarization and voltage-gated
Ca’* channels close to avoid sustained Ca’* influx and
excessive vasoconstriction . Many studies have
demonstrated that the BK channel inhibitors TEA and
cyclophosphamide (CTX) could depolarize membrane
potential, resulting in vasoconstriction *, suggesting
that the BK channel plays an irreplaceable role in regu-
lating relaxation of VSMCs and maintaining the bal-
ance of vascular tension.

With the development of electronic microscopy of
cryogenically cooled samples (Cryo-EM) in recent
years, the structure of the BK channel has been revealed
gradually. The BK channel is reported to consist of
functional and regulatory subunits. Four functional o
subunits assemble as a tetrameric structure, each of
which is composed of seven membrane-spanning
regions (SO0—S6) at N-terminus and four hydrophobic
segments (S7—S10) at C-terminus. More precisely 7,
N-terminus located outside the cell membrane is con-
nected to the SO domain, which provides a binding site
for regulatory subunits. The S1-S4 domains contain
voltage sensors and can regulate the opening properties
of the BK channel. Between S5 and S6 domain, a pore
is formed (P-loop) as a gate and will transform into
open conformation to allow K" passing through after
voltage and Ca’" sensor activation. There is a large
cytosolic region at C-terminus, containing two regulators
of conductance (RCK). RCK1 has Ca’* and Mg bind-
ing sites, and RCK2 forms a Ca”" bowl with a high
affinity to Ca’". Both are crucial for detecting the intra-
cellular Ca** concentration .

So far, four regulatory  subunits (B1—f4) have been
characterized to be involved in generating BK channel
diversity. These  subunits modify BK channel activity
and physiological functions, ranging from open proper-
ties and Ca”" sensitivity to voltage-gating . All B sub-
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units contain two membrane-spanning regions (TM1
and TM2) which are connected by an extracellular
loop. Their N- and C-termini locate inside the cells.
VSMCs mainly express Bl subunit, which deeply
affects the membrane potential and contraction ability
of cells "”. Although the low expressions of p2 and B4
at transcriptional level can also be found in VSMCs,
their expressions at the protein level are rarely detect-
able. It was found that target deleting B1 subunit gene
could decrease the voltage and Ca”" sensitivity of the
BK channel, thus disturbing the balance of membrane
potential and finally resulting in high vascular tone or
even hypertension "' In B1 subunit knockout mice,
vessels showed a stronger contractile response to vaso-
constrictors ', Additionally, increasing evidence indi-
cates that the abnormal expression and function of 1
subunits are related to the development of other cardio-
vascular diseases, such as atherosclerosis and stroke .

In recent years, y subunit is reported to be directly
associated with BKa subunit in enhancing the BK
channel activity through modifying the voltage and
calcium sensitivity of o subunit. y subunit is composed
of short intracellular fragments, a transmembrane
region and a long leucine-rich repeat (LRR) domain.
So far, four types of auxiliary y subunits have been
identified in different tissues. Among them, y1 subunit
is expressed in arterial myocytes. After knocking down
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v1 subunit expression, the systolic and diastolic func-
tions of vessels induced by the BK channel blocker
Iberiotoxin and the BK channel opener NS1619 were
alleviated respectively .

3 The inhibitory effect of Ang II on the BK
channel in VSMCs

Working as an active hormone in RAS, Ang II keeps
the balance of blood pressure and electrolytes. By bind-
ing to AT1R, Ang II induces phosphoinositide 4, 5-bis-
phosphate (PIP,) cleavage, resulting in the transmission
of inositol trisphosphate (IP;) and diacylglycerol
(DAG) in VSMCs. Binding of P, to IP; receptor (IP;R)
induces Ca”" release from the sarcoplasmic reticulum
into the cytoplasm for cell contraction. DAG regulates
other ionic channels through activating protein kinase
C (PKC) ™ (Fig. 1).

Toro et al. " tested whether Ang II affected the BK
channel at the single-channel level by incorporating the
BK channel from primary coronary SMCs into lipid
bilayers, and found that Ang II inhibited K" currents in
a dose-dependent manner. The same observation was
reported by Minami et al. in porcine coronary artery
SMCs "7 Zhang et al. " confirmed that BK channel
current reduction induced by Ang I was AT1R-dependent
after transfection of both BKa and AT1R in HEK293T
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Fig. 1. The Ca’* mobilizing effect of Ang II in VSMCs. After binding to AT1 receptor, Ang II mediates global Ca™ increase through

voltage-activated calcium channels (Ca,) and calcium-induced calcium release mechanism of the sarcoplasmic reticulum. Ca* release

from sarcoplasmic reticulum is dependent on inositol trisphosphate (IP;) receptor (IP;R) and ryanodine receptor (RyR) in the form of

Ca®" puff and Ca™ spark, respectively. PIP,: phosphoinositide 4, 5-bisphosphate; PKC: protein kinase C; SERCA: sarco/endoplasmic

reticulum Ca*'-ATPase.
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cells. Additionally, Ang II downregulated not only the
function of the BK channel but also o subunit protein
expression in the membrane and whole cell lysate.
However, this inhibitory effect was not attributed to the
transcription level '

Several reasons are likely to explain these inhibitions.

3.1 The direct or indirect inhibitory effect of PKC

Variable phosphorylation sites in BKa subunit are mod-
ified by several protein kinases in divergent biophysical
conditions for regulating BK channel diversity and
activity. Generally, the BK channel can be activated by
protein kinase A (PKA) and protein kinase G (PKG),
and inhibited by PKC and c-Src kinase (c-Src) in
VSMCs ?”?1. Ang II accelerates the second message
DAG transmission and PKC release. It was found that
BK channel currents were weakened dramatically by
the phosphorylation of $*° and S'°' in BKo. subunit
after adding a catalytic subunit of PKC **>*), suggesting
that PKC suppresses the BK channel function directly
by modifying some phosphorylation sites of BKa
subunit. Ca”" spark released from ryanodine receptor
(RyR) in the sarcoplasmic reticulum is able to open the
BK channel. Therefore, BK channel currents are allevi-
ated markedly when Ca”" spark is inhibited by the acti-
vation of phospholipase C (PLC), an upstream signal
molecule of PKC. This effect could be eliminated after
treating with the PKC inhibitor, due to enhancing the
frequency of Ca’* spark “Y. Meanwhile, the decreased
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BKoa expression on the cell membrane induced by Ang
II was also reversed after PKC inhibitor treatment ",
suggesting that Ang II suppresses both BK channel
expression and function through PLC-PKC signaling
pathway. Additionally, the inhibitory effect of Ang II on
the BK channel also has PKC-independent pathway "%,
because PKC inhibitor (staurosporine) pretreatment did
not completely reverse BK channel inhibition by Ang

IT subsequent application (Fig. 24).

3.2 Increased endocytosis and degradation of the
BK channel

ATIR belongs to the G protein-coupled receptor
(GPCR) family and contains seven transmembrane
domains. In a normal physiological state, AT1R is
mainly distributed on the cell membrane as monomers.
Many recent studies have reported that ATIR could
form dimers (homodimers or heterodimers) or higher
order oligomers with themselves or other GPCRs, like
AT1R-B,R (bradykinin B, receptor) heterodimers,
AT1R-C,BR (Guai-coupled type I cannabinoid receptor)
heterodimers, AT1R-a,cAR (o,--adrenergic receptor)
heterodimers, and AT1R-AT2R (angiotensin II type 2
receptor) heterodimers ****. Besides, ATIR was also
found to co-locate with non-GPCRs such as AT1R-min-
eralocorticoid receptor heterodimers . Zhang et al. "
demonstrated that AT1R and BKa subunit could form a
heterodimer after transfecting both AT1R and BKa
plasmids into HEK293T cells. Fluorescence resonance
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Fig. 2. Mechanisms of the inhibitory effect of Ang II on the BK channel in VSMCs. 4: Ligand-induced AT1 receptor activation
increases the combination and phosphorylation of protein kinase C (PKC), which inhibits the BK channel directly or indirectly. B:

With the help of caveolin-1, AT1 receptor and BKa subunit assemble to form heterodimers and are internalized into the cytoplasm to

avoid overactivation. C: AT1 receptor indirectly inhibits the voltage and Ca’ sensitivity of the BK channel by impairing o and B1 subunits

combination.
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energy transfer (FRET) showed that their combining
region was close to N-terminus of BKa subunit """,

For preventing receptor over-activation, receptors
will be internalized from the membrane into the cyto-
plasm, where they isolate from their ligands to termi-
nate the reaction. Oligomers on the cell membrane will
be internalized into the cytoplasm after whichever has
been activated by their specific ligands. In mammals,
several endocytic pathways are involved in receptor
internalization. Among them, the clathrin-independent
endocytic pathway has been known gradually . ATIR
internalization mediating by caveolae is related to the
clathrin-independent endocytic pathway. Caveolae are
small flask-shaped nonclathrin-coated plasma mem-
brane invaginations, abundant with cholesterol and gly-
cosphingolipids. Caveolae accumulate in cells in a sin-
gle form or clusters. By forming 50-100 nm endocytic
vesicles, they participate in membrane receptor endo-
cytosis P, Caveolin is defined as the component of
caveolae located on the cell membrane, the N-terminal
membrane attachment domain of that contains 20
hydrophobic amino acids, which are relevant to form
caveolin oligomers or interact with other proteins .

Data analysis shows that similar caveolin binding
motifs are present in both human BKa (1102-YNML-
CFGIY-1110) and human ATIR (304-FLGKK-
FKRY-312) ?'. Stimulation by agonists like Ang II
promotes ATIR to interact with caveolin-1 and then
gather around caveolin-enriched regions *\. It was
reported that BKa subunit had lower channel currents
after activation, for it combined with caveolin-1 ®*. Lu
et al. " confirmed that ATIR and BKo subunit could
form heterodimers and co-internalize through the cave-
olae-mediated clathrin-independent endocytic pathway.
After mutating the binding motifs between AT1R and
caveolin, the inhibitory effect of Ang II on the BK
channel was completely blocked. The inhibition of BK
channel currents could also be recovered after incubat-
ing cells with dynasore, an endocytosis inhibitor "*.
Therefore, we infer that reducing the number of BKa
subunits on the cell membrane through promoting
AT1R-BKa heterodimer endocytosis may be one of the
underlying mechanisms of the inhibitory effect of Ang
IT on BK channel.

Endocytic receptors mainly have two endings: (1)
recycled to surface again; (2) degraded through protea-
some or lysosome pathways. Biotinylation experiments
demonstrated that long exposure (8 h) to Ang I down-

regulated the protein level of BK channel both on the
whole cell and surface to 66% and 63% respectively,
and this could be alleviated by proteasome inhibitor
MG132 and lysosome inhibitor bafilomycin A "”. Thus,
most ATIR-BKa heterodimers are endocytosed and
degraded through proteasome and lysosome pathways
after Ang II stimulation instead of recycling to the cell
surface again (Fig. 2B).

3.3 Down-regulation of BKp1 subunit

VSMCs mainly express BK1 subunit. Ample evidence
has demonstrated that 1 subunit can help voltage
sensors of BKa keep active conformation, thus enhancing
the open dwell time of the BK channel. Ang II infusion
in vivo, especially when Bl subunit expression is
decreased, is likely to induce hypertensive symptoms
suggesting that B1 subunit could alleviate the vasopressor
activity of Ang II via increasing the BK channel open-
ing probability. With the help of overlap extension
technique, Castillo ef al. 7 discovered that the cyto-
plasmic N-terminus region of B1 subunit was mainly
responsible for modifying BKa voltage sensors. After
deleting the N-terminus fragment of 1 subunit, the
active conformation of the BK channel returned to the
non-activated state within a very short period of time.
They further successfully narrowed down the structural
determinants in N-terminus of B1 subunit and found
two lysine residues (K3 and K4), which were recog-
nized as the bridge to connect B1 subunit and BKa
voltage sensors. Ang II enhances AT1R-BKa heterodi-
mers gathering in the caveolae-enriched region.
However, no B1 subunit expression was detected in this
place %, suggesting that Ang II led to dissociation of
BKoa and B1 subunits, thus abolishing the sensitization
effect of B1 subunit to BKa subunit and further reduced
Ca”" sensitivity and function of the BK channel (Fig.

20).

4 The activating effect of Ang II on the BK
channel in VSMCs

Contrary to the inhibitory function of Ang II on the BK
channel, many other studies showed that Ang II had an
activating effect on the BK channel " By using fresh
intestinal myocytes of the guinea pig ileum, Romero et
al. found that Ang II or its synthetic analog can raise
BK channel activity, because their stimulation pro-
voked a Ca*'- and dose-dependent activation of the BK
channel bathed in high-K" solution. Meanwhile, this
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effect could be abolished by specific ATIR blocker
losartan ! indicating that the high intracellular Ca**
concentration increased by Ang Il was an intermediate
step to enhance the open probability of the BK channel.

Several reasons are likely to explain this phenomenon.

4.1 The alternative splices of BKa subunit
BKoa ¢cDNA is encoded by 27 constitutive exons. More
precisely, the transmembrane regions SO—S6 are encoded
by exons 1-9, which contain voltage sensors and pore
domains. Exons 9-27 encode S7—S10 in long C-termi-
nus, including RCK1, RCK2 and Ca** bowl domains.
Highly alternative splice regions are distributed in these
exons, and they are located in N-terminus (before exon
1), before RCK1 domain (between exons 9—11),
between exons 17 and 19, next to RCK2 domain
(between exons 20 and 21), before Ca>" bowl (be-
tween exons 23 and 24), and C-terminus (after exon
27) ¥, These variable alternative splice regions make
BKa subunit form different splicing variants, and
therefore are suitable for diverse physiological activities.
The ZERO variant of the BK channel constitutes
large part of BKao mRNA in VSMCs. Another variant
that has been most studied is BK e21 exon, which is
also known as BK STREX (stress-axis regulated
exon) ", This variant is characterized by an insert of
58 conserved amino acids in the splice site C2 between
RCK1 and RCK2. Compared with the ZERO pheno-
type, STREX has stronger calcium sensitivity that
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represents a sharper shift of the conductance-voltage
curve Y. ZERO has a specific phosphorylated serine
residue at C-terminus (S**’), which can be phosphory-
lated and activated by PKA. However, in STREX, PKA
has another phosphorylation site within the STREX
region, which makes the activating effect of PKA on
the BK channel be neutralized *?. PKC inhibits the
BK channel via the Ser® phosphorylation site located
between RCK1 and RCK2. In STREX, PKC addition-
ally activates a palmitoylated site within the STREX
region, resulting in disappearance of the inhibitory
effect . Therefore, unlike ZERO, Ang II could not
inhibit the open probability of BK-STREX through the
PKC pathway (Fig. 34).

4.2 The involvement of AT2 receptor (AT2R)

In RAS, Ang II is known to bind with two angiotensin
receptors: AT1R and AT2R. AT1R is involved in various
physiological functions ranging from cardiac contrac-
tility and vasoconstriction to aldosterone secretion,
renal tubule sodium reabsorption and sympathetic ner-
vous system activation ), Compared with ATIR, it is
more difficult to observe the beneficial effect of AT2R
unless AT1R is blocked **. AT2R attenuated AT1R sig-
naling cascades, thus counteracting its vasoconstrictive
effect . Overexpression of AT2R in cardiomyocytes
alleviated the pressor and chronotropic effects mediated
by ATIR “*. The function of BK channel in the mesen-
teric artery increased dramatically after exposure to
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Fig. 3. Mechanisms of the activating effect of Ang II on the BK channel in VSMCs. 4: A special palmitoylated site within BKa (STREX)
can also be activated by PKC, which eliminates the inhibitory effect on BK channel. B: Angiotensin II type 2 receptor (AT2 receptor)
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enhances BK channel activity. C: Ca™ spark released from the ryanodine receptor (RyR) is closely related to BK channel activa-

tion.
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Ang II, and this stimulatory effect could be completely
prevented by blocking AT2R with PD123319 but not
the ATIR blocker losartan "' (Fig. 3B), indicating that
the function of the BK channel could be enhanced by
Ang II binding with AT2R.

4.3 The term of Ca’ in activating the BK channel
Ca”" is a particularly important biological messenger in
SMCs. Thousands of proteins contain Ca’’-binding
motifs, which combine with Ca** to exert distinctly
different roles in specific situations **!.

It was reported that Ang II could mediate Ca*" influx
and enhance the sensitivity of sarco/endoplasmic retic-
ulum Ca’"-ATPase (SERCA). This Ca’" influx is also a
signal for ER/SR store to release Ca*". Ca’' release
from the ER/SR is mediated by two families of Ca*
channels, the IP;R and the RyR ¥, Scientists give Ca’*
currents different definitions according to their magni-
tude, duration and range. Ca’" released from IP,R is
defined as Ca”" puff. Relatively, a high concentration,
high speed and limited range of Ca** flow released from
RyR is classified as Ca’* sparks. Most Ca’" sparks gen-
erate near the BK channel, where they activate sponta-
neous transient outward K channel **. Therefore, it is
widely accepted that Ca’* sparks are essential in trig-
gering the BK channel . Unfortunately, the form of
Ca’' release from ER/SR store induced by Ang II
remains poorly defined (Fig. 3C).

5 Conclusion and prospect

Ion balance in SMCs is essential for maintaining vas-
cular tone. Under physiological conditions, the inhibi-
tory effect of Ang II on the BK channel ensures vessel
contraction within the normal range and this effect usu-
ally lasts for 2—3 min. Clinical studies have demon-
strated the prevalence of BK channel inhibition in
hypertensive patients *”. Specifically, the BK channel
in superior mesenteric artery SMCs of hypertensive
patients presents a significant lower frequency and
amplitude of outward currents as compared with nor-
motensive subjects, suggesting that there may be some
pathological factors involved in long-term BK channel
inhibition in hypertensive diseases.

Some recent studies discovered distribution of an
autoantibody in a wide range of hypertensive diseases ">,
and this autoantibody known as angiotensin II type 1
receptor autoantibody (AT1-AA) could specifically
bind with the second extracellular loop of AT1R, acting

as a receptor agonist like Ang I ™). Our previous study **

demonstrated that AT1-AA had a longer activating
effect on AT1R than Ang II, causing sustained vasocon-
striction and increasing blood pressure by activating
Ca”" and PKC signaling pathways. AT1-AA stimulation
reduced the open probability of the BK channel in
SMCs as least for 30 min, indicating that long-term
RAS hyperactivity, induced by AT1-AA, attenuated BK
channel currents, which may be a contributing factor
for sustained vasoconstriction.

It is necessary to correct BK channel dysfunction for
the sake of improving abnormal blood pressure. The
percentage of STREX phenotype was found to be
increased in a rat model of hypertension °”, which may
be a negative feedback response to the inhibitory effect
on the BK channel. In addition, RyR agonists could
relax vessels by activating the BK channel via Ca*
spark release **!. Therefore, we will further focus on
how to alleviate the inhibition of the BK channel when
abnormal activity of the RAS occurs.
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