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ABSTRACT: Large-conductance calcium-dependent potassium (maxi-K) channels play an important role in
regulating the tone of airway smooth muscle and the release of bronchoconstrictive substances from nerves
in the lung. Crude extracts of Desmodium adscendens, a medicinal herb used in Ghana as a treatment
for asthma, inhibit binding of monoiodotyrosine charybdotoxin (!2°I-ChTX) to receptor sites in bovine
tracheal smooth muscle membranes that have been shown to be associated with maxi-K channels. Using
this assay, three active components have been purified and identified by NMR and MS. Comparison with
authentic samples revealed the three active components as the known triterpenoid glycosides dehydroso-
yasaponin I (DHS-I), soyasaponin I, and soyasaponin III. The most potent of these compounds, DHS-I,
is a partial inhibitor of 12I-ChTX binding (K; = 120 nM, 62% maximum inhibition). Inhibition of !25]-
ChTX binding is primarily due to a decrease in the observed maximum number of binding sites, with a
smaller decrease in affinity. DHS-I increases the rate of toxin dissociation from its receptor, suggesting
that modulation of ChTX binding occurs through an allosteric mechanism. DHS-I reversibly increases the
open probability of maxi-K channels from bovine tracheal smooth muscle incorporated into planar lipid
bilayers when applied to the intracellular, but not the extracellular, side of the membrane at concentrations
aslowas 10nM. Incontrast, DHS-I had noeffect on several other types of potassium channels or membrane
transporters. This natural product is the first example of a high-affinity activator of calcium-dependent

potassium channels and is the most potent known potassium channel opener.

Large-conductance, calcium-activated potassium (maxi-
K)! channels catalyze the movement of potassium ions across
cell membranes in response to increases in internal calcium
concentration and membrane potential (Marty, 1981; Pallotta
et al., 1981; Latorre et al., 1982). Recordings of maxi-K
channels in patch clamp and lipid bilayer experiments have
provided a wealth of information concerning the biophysical
and pharmacological properties of these channels and suggest
that there may be a family of related maxi-K channel proteins
(Blatz & Magleby, 1987; Latorre et al., 1989; McManus,
1991; Toro & Stefani, 1991). In contrast, knowledge of the
molecular components of these channels and of the role of
these channels in cellular function is just emerging. A cDNA
corresponding to the Drosophila slowpoke locus (Atkinson et
al., 1991) was shown to encode calcium-activated potassium
channels with properties related to mammalian maxi-K
channels (Adelman et al., 1992). This important discovery
may provide an entry into the molecular realm of mammalian
maxi-K channels. Discovery of peptide toxins derived from

* Author to whom correspondence should be addressed.

! Department of Membrane Biochemistry and Biophysics, Merck
Research Laboratories.

§ Department of Natural Product Chemistry, Merck Research Lab-
oratories.

I University of Ghana.

1 University of Prince Edward Island.

1 Abbreviations: ChTX, charybdotoxin; DHS-I, dehydrosoyasaponin
I, EGTA, ethylene glycol bis(8-aminoethyl ether)-N,N,N’,N “tetraacetic
acid; Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; 1251-
ChTX, monoiodotyrosine ChTX; maxi-K channel, large-conductance,
calcium-activated potassium channel; POPC, 1-palmitoyl-2-oleoylphos-
phatidyicholine; POPE, 1-palmitoyl-2-oleoylphosphatidylethanolamine.

scorpion venom that are potent blockers of maxi-K channels
provides tools to investigate the physiological roles of these
channels (Garcia et al., 1991). With this approach, recent
experiments have shown that opening of calcium-dependent
potassium channels by an indirect mechanism contributes to
therelaxation of airway smooth muscle induced by 8;-agonists
(Kume et al., 1989, 1992; Jones et al., 1990) and inhibits
release of bronchoconstrictors, including tachykinins and
acetylcholine, from neurons in the airway (Stretton et al.,
1992; Miura et al., 1992). An activator of these channels is
therefore expected to relax airway smooth muscle and to
attenuate neurogenic inflammation in the lung resulting from
local tachykinin release.

Desmodium adscendens (Sw.) DC. var. adscendens (Pap-
illonaceae) is a medicinal herb used in Ghana as a treatment
for asthma and other diseases associated with smooth muscle
contraction (Ampofo, 1977). Extracts of the plant material
can inhibit contractions of guinea pig ileum caused by electrical
field stimulation (Addy, 1989) and contractions of sensitized
guinea pig airway smooth muscle induced by antigen,
arachidonic acid, or leukotriene D4 (Addy & Burka, 1988,
1989). The plant contains several different components that
contribute to this relaxation of smooth muscle, some of which
have been shown to inhibit the NADPH-dependent monoox-
ygenase pathway of arachidonic acid metabolism (Addy &
Schwartzman, 1992).

In this paper we report the purification and identification
of three components of D. adscendens that increase the open
probability of maxi-K channels by a direct mechanism. These
compounds were found because they inhibit the binding of
monoiodotyrosine charybdotoxin (!125I-ChTX) to maxi-K
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channels in smooth muscle membranes. They are the first
potent agonists of maxi-K channels and are the most potent
potassium channel agonists known. The discovery of these
compounds provides new probes to examine the mechanisms
that control the gating of maxi-K channels. A preliminary
report of these findings has appeared in abstract form
(McManus et al., 1993).

MATERIALS AND METHODS

Materials. 1%5I-ChTX (2200 Ci/mmol) was obtained from
New England Nuclear, and unlabeled ChTX was bought from
Peptides International. Glass fiber filters (GF/C) were
purchased from Whatman. POPE and POPC were purchased
from Avanti Lipids Inc., Birmingham, AL. Highly purified
sarcolemmal membrane vesicles were prepared from bovine
tracheal smooth muscle (Slaughter et al., 1987) and bovine
aortic smooth muscle (Slaughter et al., 1989b) by methods
previously described. The membrane fraction at the 8-30%
interface of a sucrose density gradient was resuspended in
160 mM NaCl and 20 mM Tris-HCI, pH 7.4, rapidly frozen
in liquid N, and stored at =70 °C. Binding activities were
stable for at least 1 year. Authentic soyasaponin I and
soyasapogenol B were prepared from soybeans as described
previously (Kitagawa et al., 1976). Soyasapogenol E was
prepared by oxidation of soyaspogenol B (Steffens et al., 1986).

Isolation and Structure Determination. Dried and ground
leaves of D. adscendens (175 g) were extracted for 48 h with
H,O0 in a Soxhlet apparatus, and the aqueous extract was
concentrated approximately 3-fold invacuo. The concentrate
was extracted three times with an equal volume of water-
saturated nBuOH, and the nBuOH extracts were pooled and
concentrated invacuotoabrownishsyrup (7.16 g). A portion
of this syrup (5.6 g) was chromatographed on a 5 cm X 100
cm column of Sephadex LH-20 eluted with methanol at 12.5
mL/min (18-mL fractions)., Fractions 21-30 (1.7 g) were
pooled and contained compounds 1-3. Column chromatog-
raphy of a portion (1.19 g) of the above LH-20 fraction pool
on Baker C,3 silica gel (350 g) eluted at 15 mL/min (15-mL
fractions) with 40% CH3CN/60% H,O yielded a mixture of
1-3 in fraction pool 30-50 (168 mg). Compounds 1-3 were
separated by high-speed countercurrent, chromatography (Ito
Multilayer Countercurrent Chromatograph, P.C., Inc., Po-
tomac, MD) on a no. 14 coil (volume = 300 mL) using a
solvent system consisting of CHCl;/MeOH/H,0, 7:13:8,
lower phase mobile, 800 rpm forward rotation, and head-to-
tail elution at 2.5 mL/min collecting 10-mL fractions.
Fractions 40-50 contained pure component 2 (11.6 mg),
fractions 23-28 (3.3 mg) contained pure component 3, and
fractions 20-21 contained impure 1. Further purification of
fraction pool 20-21 by HPLC on Whatman Partisil 5 ODS
3 with a mobile phase of 40% CH3;CN/H,0 at 3.0 mL/min
yielded 3.9 mg of pure 1.

NMR spectra were recorded on a Varian XL-300 spec-
trometer. Mass spectra were recorded on a Finnigan-MAT
Model MAT212. The structures of 1-3 were established by
comparison of the 'H and 13C NMR and mass spectra with
authentic soyasaponin I and soyasapogenols B and E and with
literature values for 1 (Kitagawa etal., 1982, 1988; Konoshima
et al, 1991). The 'H NMR spectrum of the permethyl
derivative of 2, prepared in DMSO using a solution of dimsyl
carbanion, was identical with that reported for the permethyl
derivative of soyasaponin I (Kitagawa et al., 1976).

Binding Experiments. Binding of 125[-ChTX to bovine
tracheal and aortic smooth muscle sarcolemmal membranes
was performed as previously described (Vazquezet al., 1989).
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Briefly, membranes were incubated with 125[-ChTX, in the
presence or absence of test compounds, in a medium consisting
of 20 mM NaCl, 20 mM Tris-HC], pH 7.4, and 0.1% bovine
serum albumin. Reactions were carried out at room tem-
perature until equilibrium was achieved. At the end of the
incubation period, samples were diluted with 4 mL of ice~-cold
100 mM NaCl and 20 mM Hepes/Tris, pH 7.4, filtered
through GF/C filters that have been presoaked in 0.5% poly-
(ethylenimine), and washed twice with ice-cold medium.
Nonspecific binding was assessed in the presence of 10 nM
ChTX. Quadruplicate assays were routinely performed under
each experimental condition, and the data were averaged.
The standard error of the mean of these results was typically
lessthan3%. Data fromsaturation experiments were subjected
to a Scatchard analysis, and linear regression was performed
to yield the equilibrium dissociation constant (Kj) and
maximum receptor concentration (Bp.,). Data from com-
petition experiments were fit with an inhibition function of
the form

IZ1.ChTX bound (% of control) = 100 — M/(1 + K;/[L])

where M is the maximum observed inhibition of 125I-ChTX
binding, [L] is the concentration of test compound, and K; is
the concentration that causes half-maximal inhibition. The
dissociation rate constant for ChTX (k_;) was determined
from the inverse of the time constant of an exponential function
fit to a plot of ligand dissociation versus time. Membrane
protein concentration was determined by the Bradford method
(Bradford, 1976) using bovine serum albumin as a standard.

Electrophysiological Experiments. Planar lipid bilayers
of ~250 pF were cast from a solution of POPE and POPC
in a 7/3 molar ratio in decane at 50 pg/mL painted across
a 250 puM hole in a partition separating two aqueous
compartments. Currents flowing across the bilayer were
measured with standard voltage clamp methods. Plasma
membrane vesicles from bovine tracheal smooth muscle or
bovine aortic smooth muscle were fused with the bilayer until
a single maxi-K channel was observed. The orientation of
maxi-K channels incorporated into the bilayer was determined
from the voltage and calcium sensitivity of the channels.
Currents were stored on an FM tape recorder (Racal 4DS,
Racal Recorders, Vienna, VA) or digitally recorded on a video
cassette tape with a VR-10 digital data recorder (Instrutech
Corp., Elmont, NY). Measurements of channel open prob-
ability and of event durations were done as previously described
(McManus & Magleby, 1988) after playing the data into a
DEC 11/73 computer. For Figure 4, toxin-blocked events
were defined as closed intervals longer than 500 ms, which
was 10 times longer than the longest time constant in the
distribution of control closed times. Toxin-unblocked times
included all open and closed intervals separated by toxin-
blocked events.

The solutions used in the experiments shown in Figures 3
and 4 contained 150 mM KCl, 10 mM Hepes, and 10 uM
CaCl,, pH 7.20. For Figure 3, the CaCl; concentration was
raised to 20 uM in the internal solution, and for Figure 4, 1
mM EGTA and 30 ug/mL BSA were added to the external
solution. Patch clamp recordings of currents flowing through
maxi-K channels in membrane patches excised from cultured
bovine aortic smooth muscle were made using conventional
techniques (Hamill et al., 1981). Experiments were done at
room temperature (22-24 °C).
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FIGURE 1: Structures of triterpenoid glycosides isolated from D.
adscendens. K(ChTX) givesthe concentration of the listed compound
that gives half-maximal inhibition of 125I-ChTX binding (as in Figure
2) to calcium-dependent potassium channels in bovine aortic
sarcolemmal membrane vesicles.

RESULTS

Isolation and Structure Determination. '25I-ChTX binds
to a single class of binding sites in both bovine aortic (Vazquez
et al., 1989) and tracheal (Slaughter et al., 1989a) smooth
muscle sarcolemma that is associated with maxi-K channels.
Crude extracts of D. adscendens inhibited binding of 125]-
ChTX to plasma membrane vesicles from smooth muscle,
suggesting that a component(s) of the extract interacted with
maxi-K channels. The !25I-ChTX binding assay and elec-
trophysiological assays guided fractionation of the crude
aqueous D. adscendens extract through nBuOH extraction,
Csreverse-phase column chromatography, and countercurrent
chromatography, yielding three active components. These
wereidentified by NMR, MS, and comparison with authentic
samples as the known triterpenoid glycosides dehydrosoyasa-
ponin I (1, DHS-I), soyasaponin I (2), and soyasaponin III
(3) (Figure 1). These three soyasaponins have also been
reported as constituents of Desmodium styracifolium (Kubo
et al., 1989).

Binding Studies. When bovine tracheal sarcolemmal
membranes were incubated with 125I-ChTX in the presence
of increasing concentrations of DHS-I, we observed a
concentration-dependent inhibition of toxin binding that
reached a maximum level of 62% (Figure 2A). Thisinhibition
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of toxin binding was well described by a single-site inhibition
curve witha Kjvalueof 120 nm. Similar results were obtained
in experiments using bovine aortic smooth muscle membranes
(Figure 1). Saturation experiments done with increasing
concentrations of 125I-ChTX in the absence or presence of 1
uM DHS-Iindicate that inhibition of toxin binding is primarily
due to a decrease in the observed number of binding sites for
125]-ChTX from 0.34 t0 0.19 pmol /mg of protein and a smaller
increase in the Ky for toxin binding from 0.13 to 0.15 nM
(Figure 2B). DHS-I (5 uM) caused a 1.6-fold increase in the
rate of 125[-ChTX dissociation from its receptor (Figure 2C).
These data suggest that DHS-I binds to maxi-K channels in
tracheal smooth muscle and allosterically destabilizes !25]-
ChTX bound to the channel.

Electrophysiological Experiments. In Figure 3, DHS-I
increased the open probability of a single maxi-K channel
from bovine tracheal smooth muscle incorporated intoa planar
lipid bilayer. Channel open probability was not increased
after addition of 500 nM DHS-I to the outside face of the
channel. Subsequent addition of 100 nM to the inside caused
an 80-fold increase in channel open probability from 0.0058
to0.48. Thisincreaseinchannel open probability was reversed
after washout of DHS-I from the inside. In similar exper-
iments, increases in the open probability of maxi-K channels
were observed after exposure to DHS-I concentrations as low
as 10 nM.

DHS-I also increased the open probability of maxi-K
channels from bovine aortic smooth muscle examined in patch
clamp experiments using excised inside-out membrane patches
and after channel incorporation into lipid bilayers (data not
shown). Similar agonist effects of DHS-I were seen when the
internal calcium concentration was buffered in the micromolar
range with S mM EGTA, arguing that channel activation was
not due to calcium contamination.

The pattern of channel openings observed after exposure
to DHS-I differed from that observed when channel open
probability was increased by raising internal calcium or
merhbrane potential. The triterpene glycoside induced periods
of very high charnnel open probability lasting several seconds
interspersed with periods of lower activity similar to control
channel gating. In contrast, raising channel open probability
by increasing calcium or membrane potential led to a more
homogeneous pattern of channel gating. A possible expla-
nation of this behavior is that the periods of high open
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FiGURE2: DHS-Iinhibition of 12*I-ChTX binding to bovine tracheal smooth muscle membranes. (A) Specific binding observed after incubation
with 27 pM 125I-ChTX and varying concentrations of DHS-I is plotted relative to an untreated control. (B) Scatchard plot of effects of DHS-I
on !#[-ChTX binding. Membranes were incubated with increasing concentrations of 125I-ChTX in the absence (®) and presence (O) of 1 uM
DHS-I until equilibrium was achieved. (C) Effects of DHS-I on the rate of !2’I-ChTX dissociation. Membranes were incubated with 27 pM
125.ChTX until equilibrium was achieved. At zero time, 10 nM ChTX was added in the absence (@) or presence (O) of 5 uM DHS-I, and

125].ChTX remaining bound was determined as a function of time.
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FIGURE 3: Effects of DHS-I on gating of the large-conductance
calcium-dependent potassium channel. Currents are recorded from
a single-maxi-K channel from tracheal smooth muscle incorporated
into a lipid bilayer and held at =20 mV. The closed channel current
level is indicated by the arrows to the left.

probability observed in the presence of DHS-I represent
intervals when the drug is bound to the channel.

High concentrations of DHS-I (1 uM) did not activate
maxi-K channels in the virtual absence of internal calcium (1
mM EGTA, 0 added calcium; not shown), suggesting that
DHS-I cannot substitute for calcium to activate the channel.
Thus, DHS-I does not act independently as an agonist for
maxi-K channels but rather increases channel opening in the
presence of the natural ligand, calcium.

DHS-I was identified on the basis of its ability to inhibit
125].ChTX binding to a site on the external face of maxi-K

A

Control
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channels. Evaluation of DHS-I in electrophysiological ex-
periments revealed it to be a reversible activator of this channel
only when applied to the internal side of the membrane. In
order to investigate the interaction between DHS-I binding
toa site on the internal face of the channel and ChTX binding
toasiteon the external face, we measured the effects of DHS-I
on the kinetics of ChTX block of maxi-K channels from
tracheal smooth muscle incorporated into lipid bilayers (Figure
4). After addition of 10 nM ChTX to the external solution,
normal channel gating was interrupted by long silent periods
lasting about 1 min that were not seen in the absence of toxin
(Figure 4A). Thelongsilent periods represent intervals when
ChTX is bound to the channel. Subsequent addition of 300
nM DHS-I to the inside caused two effects: the open
probability of the channel during the unblocked periods
increased to nearly 1, and the durations of the toxin-blocked
intervals decreased. ChTX blocks maxi-K channels by a
simple bimolecular reaction (Anderson et al., 1988), allowing
the rates of toxin dissociation and association to be calculated
from the time constants of the distributions of toxin-blocked
(Figure 4B) and -unblocked (Figure 4C) times, respectively.
The rate of toxin association decreased slightly from 7.4 X
106 to 5.6 X 106 M-! s~!, while the rate of toxin dissociation
increased by 2.3-fold from 0.017 to 0.039 s-L. These data
further support the idea that DHS-I binds to a site on maxi-K
channels and destabilizes '25I-ChTX bound to a different
site near the external entrance to the pore.

Specificity of DHS-1. We have evaluated the effects of
DHS-Ion otherion channels and membrane transport systems.
DHS-I (200-300 nM inside) had no effect on the open
probability of ATP-sensitive potassium channels in membrane
patches excised from mouse pancreatic 8 cells or small
conductance, calcium-dependent potassium channels in patch-

_,mmmmwmnmmmmmmmm

10 nM ChTX (out)
> A A - P

10 nM ChTX (out) + 300 nM DHS-I (in)

——,—— T ML ™ N i W ) U OOt | M L.
20 pA
1 minute
B C

2 2
; 3
3 i
[=] Q
¢ ¢

0 100
Blocked timas

200
(s)

0 40 80
Unblocked timas (&)

FIGURE 4: Influence of DHS-I on ChTX block of a single maxi-K channel in a bilayer. (A) shows a recording of a single maxi-K channel
in control, after addition of 10 nM ChTX to the outside chamber, and after further addition of 300 nM DHS-I to the inside. The durations
of toxin-blocked (B) and -unblocked (C) intervals are plotted as cumulative dwell-time distributions. The dwell times from control are plotted
as (0), and the dwell times measured in the presence of 300 nM DHS-I are plotted as (®). The solid lines are single-exponential fits to the
control data with time constants of 60.2 s for the blocked times and 13.5 s for the unblocked times. The dashed lines are single-exponential
fits to the data collected in the presence of DHS-I with time constants of 25.8 s for the blocked times and 17.7 s for the unblocked times.
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es excised from human T-lymphocytes. Voltage-dependent
potassium currents in human thymocytes were alsounaffected
by similar external concentrations of DHS-I. Calcium fluxes
through L-type calcium channels in GH; cells and sodium-
calcium exchange in purified porcine cardiac sarcolemmal
membranes were also unaffected by high concentrations (up
to 10 uM) of DHS-I. 125I-ChTX binding tovoltage-dependent
potassium channels in rat brain synaptic plasma membranes
(Vazquez et al., 1990) and [*H]ouabain binding to porcine
cardiac sarcolemmal membranes were unaffected by high
concentrations (10-100 uM) of DHS-I.

Structure—Activity Relationship. We examined the effects
of structural variants of DHS-I on maxi-K channels from
bovine aortic smooth muscle (Figure 1). Replacing the
carbonyl group in ring E with an alcohol increased the X; for
inhibition of 12I-ChTX binding by 60-fold and caused a similar
loss of potency in activating maxi-K channels in excised
membrane patches. When compounds withanalcohol in ring
E were compared, the disaccharide was 6-fold more potent
than the trisaccharide, while the aglycon form was more than
100-fold weaker than the disaccharide. This defined structure—
activity relationship suggests that both the triterpene and sugar
moieties are important determinants for the activity of these
compounds.

DISCUSSION

Thedata presented in this paper demonstrate the purification
and identification of three components from the African
medicinal herb, D. adscendens, that increase the open
probability of maxi-K channels by a direct mechanism. These
triterpenoid glycosides are the first nanomolar activators of
calcium-dependent potassium channels and are the most potent
potassium channel agonists found to date.

These three compounds were identified because they inhibit
125I.ChTX binding to maxi-K channels in smooth muscle
membranes. The most potent of these compounds, DHS-I,
was shown to bind to a site located on the internal face of the
channel, causing an increase in channel open probability and
also allosterically destabilizing ChTX bound to a different
site near the external entrance to the pore. Evidence for an
allosteric interaction between ChTX and DHS-I comes from
binding experiments, where DHS-I was a partial inhibitor of
125I.ChTX binding, was a noncompetitive inhibitor in satu-
ration experiments, and increased the rate of 125[-ChTX
dissociation. Further evidence of a negative allosteric inter-
action was observed in electrophysiological recordings with
maxi-K channels incorporated into lipid bilayers. DHS-I
applied to the intracellular side caused a 2.3-fold increase in
the rate of ChTX dissociation from a site on the external side
of the channel. This negative allosteric interaction between
ChTX and DHS-I differs from the positive allosteric inter-
action observed between the physiological activator of this
channel which is calcium, and ChTX. Inelectrophysiological
experiments using maxi-K channels from rat skeletal muscle
incorporated into lipid bilayers, internal calcium causes 5-7-
fold increase in the rate of association of ChTX with the
channel and has little effect on toxin dissociation (Anderson
et al,, 1988). This suggests that the conformation of the
channel after activation by DHS-I may differ from the active
conformation that results from calcium binding.

The binding site(s) for the triterpene glycosides is (are)
located on the intracellular side of the membrane, as are the
binding sites for calcium. However, these channel activators
cannot substitute for calcium in causing channel opening.
Activation of the channel by DHS-I only eccurred in the
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presence of calcium. This implies that the binding site(s) for
DHS-Ion the channel is (are) likely to differ from the binding
sites for calcium. The binding site(s) on the channel for DHS-I
may be as large as the entire DHS-I molecule as chemical
modifications on either end of the structure cause large changes
in activity.

Cromakalim and pinacidil are prototypes of two well-known
structural classes of potassium channel agonists (Edwards &
Weston, 1990; Longman & Hamilton, 1992). These com-
pounds open ATP-sensitive potassium channels in ventricular
myocytes (Sanguinetti et al., 1988; Arena & Kass, 1989;
Escande et al.,, 1989) and smooth muscle (Standen et al.,
1989; Clapp & Gurney, 1992; Noack et al., 1992; Silberberg
& Van Breemen, 1992) that are blocked by glyburide,
suggesting that these channels differ from maxi-K channels.
In most tissues, 1-100 uM amounts of these compounds are
required to cause channel opening, making these compounds
much less potent as potassium channel agonists than is DHS-
I. Cromakalim (1-10 uM) has been reported to cause a modest
increase in the open probability of maxi-K channels in aortic
smooth muscle (Gelband et al., 1989), although we have
observed no effect of cromakalim (10-30 pM) on maxi-K
channels from bovine aortic or tracheal smooth muscle in
lipid bilayer or patch clamp experiments (unpublished ob-
servations). Nevertheless, any possible effects of chromakalim
on maxi-K channels are unlikely to be related to the smooth
muscle relaxation caused by cromakalim because these
pharmacological effects are blocked by glyburide but not by
ChTX (Edwards & Weston, 1990; Longman & Hamilton,
1992; Winquist et al., 1989; Jones et al., 1990). Therefore,
DHS-I and the related triterpenoid glycosides identified in
this study are the most potent direct activators of maxi-K
channels described to date.

DHS-I is a component of a medicinal herb used thera-
peutically in the treatment of asthma and dysmenorrhea
(Ampofo, 1977). Its ability to open calcium-dependent
potassium channels could explain, at least in part, the
antispasmogenic and spasmolytic effects observed with this
plant extract in vitro and may contribute to the known in vivo
therapeutic effects of the plant which relate to smooth muscles
of the lung and uterus, tissues known to express maxi-K
channels (McCann & Welsh, 1986; Perez et al., 1993).
Opening of maxi-K channels would be expected to cause
membrane hyperpolarization, suppression of electrical activity,
and relaxation of smooth muscle. The intracellular site of
action and the chemical properties of the triterpene glycosides
suggest that the in vivo effects of DHS-I would have a slow
onset and be weaker than our observed in vitro effects, which
may correlate with the fact that the medicinal herb must be
given chronically to elicit therapeutic effects in patients.
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