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Abstract—Physiological and pharmacological agents that activate large conductance, voltage-, and calcium-gated potassium (BK)
channels located in the smooth muscle are effective vasodilators. Thus, activators of smooth muscle BK channels may be potential
therapeutic tools to treat cardiovascular disease associated with vasoconstriction and/or impaired dilation, such as cerebrovascular
spasm and constriction. We previously showed that lithocholic acid (LC) and other cholane derivatives activated smooth muscle BK
channels and, thus, caused endothelium-independent cerebral artery dilation. However, clinical use of these cholane derivatives
could be limited by the actions of these steroids, such as elevation of intracellular calcium and induction of apoptosis. Using LC
as template, we designed and synthesized a series of hydroxy-alkynoic acids and corresponding methyl esters, as putative, non-
steroid BK channel activators. Indeed, the newly synthesized compounds effectively and reversibly activated rat cerebrovascular
myocyte BK channel at concentrations similar to those found effective with LC. Among all the novel compounds tested, C-10

hydroxy-alkynoic acid methyl ester appears to be the most effective activator of vascular myocyte BK channels.

© 2008 Elsevier Ltd. All rights reserved.

Voltage- and calcium-gated potassium channels of large
conductance (BK channels) are the critical determinants
of action potential repolarization and, thus, cell excit-
ability.! BK channels are activated by both membrane
depolarization and micromolar levels of intracellular
calcium. BK channel activation leads to K outward
currents, which tend to hyperpolarize the membrane
potential. Thus, BK currents cause membrane repolari-
zation that opposes depolarization-induced Ca** influx.
In vascular smooth muscle, this BK channel-mediated
negative feed-back serves to limit contraction and favor
relaxation.>? Given the critical role of smooth muscle
tone in vascular reactivity, any agent that effectively
activates smooth muscle BK channels is an effective
vasodilator. We previously showed that several cholane
derivatives, including naturally occurring bile acids and
synthetic analogs, effectively activated vascular smooth
muscle BK channels.* In particular, the naturally occur-
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ring monohydroxylated lithocholic acid (5B-cholanic
acid 3a-ol) (LC) was the most effective bile acid in
increasing the activity of these channels, which reached
up to 300% of control values.*® In addition, LC acti-
vated cerebrovascular myocyte BK channels at concen-
trations that evoked endothelium-independent dilation
of pressurized, resistance-size cerebral arteries.”> More-
over, LC-induced vasodilation was prevented by the
selective BK channel blockers but not the blockers of
voltage-gated potassium channels other than BK.’
Together, these findings support the notion that LC
activation of myocyte BK channels effectively leads to
vasodilation.

LC and other bile acids, however, interact with a variety
of proteins other than BK channels, including the
G-protein-coupled TGR5,° vitamin D,’ ryanodine, and
IP; receptors,® cytosolic steroid-binding proteins, mem-
brane transporters, and transcription factors.® The like-
lihood of widespread side effects in the body determined
by bile acid interactions with such a heterogeneous set of
proteins might limit the use of LC and analogs as clini-
cally useful vasodilators, in particular when chronic
therapy is considered. Given that several of the proteins
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mentioned above appear to recognize the steroid moiety
of the bile acid molecule, we decided to design and syn-
thesize LC-based non-steroidal analogs, and probe their
effects on arterial smooth muscle BK channels.

A previous study indicated that the presence of a hydro-
xyl group at C3 and a high hydrophobic index of the ste-
roid nucleus (formed by A/B/C/D rings) are both
important for bile acids to activate vascular myocyte
BK channels. Thus, the monohydroxylated LC is the
most effective bile acid in activating this channel.* In
addition, we recently showed that the esterification of
the C24 carboxylate caused a significant reduction in
LC action on BK channels (A.N. Bukiya et al., unpub-
lished data). Thus, we hypothesized that LC-based acti-
vators of BK channels should include a hydroxyl and a
carboxyl at each end, as found in LC, with a non-steroi-
dal hydrophobic linker joining these two polar groups.
The model for LC-based non-steroidal pharmacophores
is presented in Figure 1.

The model shows that the hydrophobic linker was pro-
posed to be made of methylene groups. However, to
provide some rigidity to the linker (formed by the
hydrophobic steroidal rings in LC nucleus) we intro-
duced a triple bond near the linear compound hydroxyl
end. To determine the length of the linker arca between
LC’s two functional groups, we used a computational
approach and, thus, obtained a three-dimensional struc-
ture of the LC molecule. First, we performed a confor-
mational search for LC structure using the
MacroModel in Schrodinger software package and the
OPLS_2005 forcefield. Since the only known area in
the BK channel complex that contributes to LC-sensing
is a protein transmembrane domain,'® our LC confor-
mational search relied on chloroform as a solvent to mi-
mic the non-polar lipid environment that very likely
surrounds LC during BK channel activation. The lowest
energy conformation for LC under these conditions ren-
ders a bean-shaped molecule (Fig. 2). This is in agree-
mentl\lzvith the earlier reports based on crystallographic
data.

The LC molecule width, defined as the distance between
the hydroxyl and the carboxylate groups, is about 12 A.
The height, defined as the distance between the center of
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Figure 1. (A) Lithocholic acid and (B) hypothesized pharmacophore
of non-steroidal structure.

Figure 2. Minimum energy conformation of LC (light and dark orange
sticks) and its overlap with C-10 ester (blue sticks) in (A), and C-11
acid (green sticks) in (B). For both panels, oxygen is shown in red, and
the hydrogen of hydroxyl-group is in white.

the two functional groups and the center of the three
methyl groups, is about 4 A (Fig. 2). Considering that
the average length of a single C—C bond in the lipidic
microenvironment 1.52 A, the optimal length of linear
analogs to adopt the LC bean-shaped conformation
would require from 9 to 12 C. Remarkably, after we
overlapped as closely as possible the designed acid and
ester structures with LC in its minimum energy confor-
mation, linear analog structures with 10 or 11 C separat-
ing the hydroxyl and carbonyl groups showed best fit.
Examples for the C-10 ester and C-11 acid are shown
in Figure 2A and B, respectively.

To evaluate our computational predictions, we synthe-
sized a set of C-8-C-16 hydroxy-alkynoic acids and their
corresponding methyl esters.

The final products were achieved in two steps as shown
in Scheme 1. In the first step, bromo-acid (1 mmol) was
condensed with alkynol (1 mmol) using sodium hydride
(5 mmol) in anhydrous tetrahydrofuran (30 ml) to
obtain the hydroxy-alkynoic acids (IIla-g).'>!® These
hydroxy-alkynoic acids (1 mmol) (ITla—g) were refluxed
under methanol (50 ml) in the presence of a catalytic
amount of sulfuric acid to obtain the corresponding
methyl esters (IVa—g). All esters were purified by column
chromatography (9:1 ethyl acetate/hexanes; phospho-
molybdic acid reagent 20 wt% in ethanol was used to
visualize the compounds after heating). Structures of
all compounds were confirmed by mass and nuclear
magnetic resonance spectroscopic data.

To evaluate the efficacy of these newly synthesized com-
pounds in potentiating myocyte BK channel currents,
we applied standard patch-clamp, voltage-clamp tech-
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Scheme 1. Reagents and conditions: (a) NaH, THF, rt; (b) MeOH,
H,SO4(Catalytic), reflux.

niques to individual myocytes freshly isolated from rat
small cerebral arteries (130-170 puM external diameter),
following the methods previously described.>!'* BK
channel unitary currents were continuously recorded

from excised, inside—out (I/O) membrane patches, with
the membrane voltage set to values ranging from —40
to —20 mV, and free [Ca®*]=3 uM. These conditions
are found in the vicinity of the native cerebrovascular
BK channel during myocyte contraction.!>!¢ Stock solu-
tions for compounds of interest were prepared in
DMSO/EtOH 1:9 (v/v) vehicle and further diluted in
bath solution (for composition, see Ref. 14) to render a
final concentration of hydroxyl-alkynoic acid/ester of
150 uM. Each compound diluted in bath solution was
applied to the intracellular side of the patch, using vehi-
cle-containing bath solution as perfusion control. BK
channel steady-state activity (NPo)'” was obtained from
all-points amplitude histograms before (control), during,
and after (washout) compound application, for no less
than 30 s of continuous recording under each condition.

We found that C-10 ester was the most effective BK
channel activator among the hydroxy-alkynoic methyl
ester series, increasing channel NPo up to two times of
control values. C-9 methyl ester caused moderate activa-
tion, C-11 and C-12 were poor activators, and C-8,
C-14, and C-16 showed no effect on BK channel activity
(Fig. 3). Thus, data indicate that a length of 9 carbons in
the linker area is optimal for alkynoic methyl esters to
activate BK channels.

When compared with their methyl esters, hydroxy-alky-
noic acids appear to have a milder dependence on chain
length for BK channel activation. However, a maximum
activation was still observed, in this case with the C-11
and then the C-12 members of the series. Our results
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Figure 3. Increase in BK channels activity (% of control level) in the presence of C-8-C-16 hydroxy-alkynoic acids (B), and corresponding methyl
esters (A). Data are expressed as mean + SEM; number of patches for each data point is given in parentheses. +, Significantly different from control,

p <0.05; ++, p <0.01.
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confirm a computational prediction: molecular superpo-
sition of LC with C-10 ester and CI11 acid reveals that
both linear analogs fit the LC dimensions and easily
adopt the bean shape of this steroid (Fig. 2).

In summary, using a steroidal BK channel activator as a
template (LC), we carried out the synthesis of non-
steroidal compounds (hydroxy-alkynoic acids and their
corresponding methyl esters) and found that they, indeed,
can activate BK channels. Overall, their length-depen-
dence of channel activation confirms the computational
predictions of favored structural overlapping between
LC and the most effective among the non-steroidal
analogs (the C-10 methyl ester). Our findings provide a
basis for the future rationale design of novel activators
of smooth muscle BK channels.
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