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KATP openers (e.g., cromakalim (1), pinacidil (2)) are
an important class of compounds with potential clinical
indications for diseases such as hypertension, asthma,
hair growth, ischemia, and urinary incontinence.1 The
major drawback of the first generation agents (e.g., 1,
2) is their lack of tissue selectivity which limits clinical
utility.2 The search for tissue selective agents has been
hampered by the lack of high-volume screening meth-
ods, notably those associated with radioligand binding.
Although binding sites for the pinacidil related KATP
opener [3H]P-1075 (3) have been reported in intact
tissues3 and cells,4 efforts to identify binding sites in
membrane preparation which are usually amenable to
high volume screening have not been successful. We
have recently reported that 3 binds to skeletal muscle
membranes with high affinity.5 In this communication
we report for the first time the identification of binding
sites for 3 in canine myocardial membranes and the
correlation of binding affinities to cardioprotective and
vasorelaxation potencies for a series of KATP openers.

Most of the analogues (4-10) reported in this paper
have been described previously.6 The remaining com-
pounds can be prepared by treatment of 15 with
diphenyl cyanocarbonimidate (16) to give the intermedi-
ate 17 which is converted to the desired products (11-
14) by treatment with amines (18) (Scheme 1). Details
of this method are described.7 Physical properties of
new analogues are summarized in Table 1. The radio-
ligand (3) was prepared from the corresponding olefin
19 by catalytic tritiation (Scheme 2). Compound 19was
generated from 3-aminopyridine and 2,2-dimethylallyl-
amine as described in Scheme 1. The specific activity

of 3 was 51-61 Ci/mmol. The KATP opener pinacidil (2)
and compounds 4, 9, and 10 employed in these studies
were all racemates.
As recently reported, the key discovery for the iden-

tification of binding sites for 3 in skeletal muscle
membranes was the presence of nucleotides (e.g., MgATP)
in binding medium.5 Having established the protocol
for the observation of consistent binding in skeletal
muscle membranes, we carried out experiments to
identify binding sites for 3 in canine cardiac membranes.
Our initial studies indicated the existence of specific
binding in canine and rat myocardial membranes with
similar pharmacological characteristics. For example,
3 has a Ki value of 27 ( 5 and 30 ( 3 nM in canine and
rat heart myocardial membranes, respectively. The
KATP blocker glyburide also has similar Ki values in the
rat (290 ( 100 nM) and dog (130 ( 20 nM) cardiac
membranes. To evaluate a large number of analogues
for binding affinities, we employed canine cardiac
membranes due to higher supply of the tissue.8 Binding
assays included 240 mM sucrose, 3 mM sodium ortho-
vanadate, 2 mM MgCl2, 50 mM Tris-HCl, pH 7.4, in a
total volume of 1 mL.9 Displacement studies were
conducted by incubation of 3 (14 nM) and inhibitors with
membranes (500-700 µg) for 60 min. Nonspecific
binding was defined with 10 µM nontritiated 3. The
nucleotide requirements for observation of binding were
similar to those described in skeletal muscle mem-
branes.5 Ki values for various compounds were calcu-
lated from IC50 values using the equation of Cheng and
Prusoff.10
The binding to cardiac membranes was saturable,

reversible and following addition of nontritiated 3, the
radioligand dissociated frommembranes with first-order
kinetics (t1/2 ) 21 min). The Kd value calculated as the
ratio of the dissociation and association rate constants
was 39 nM. At 14 nM 3, specific binding represented
87% of total binding. Saturation analysis indicated a
single homogeneous population of high-affinity binding
sites with a Kd value of 28 ( 5 nM and Bmax value of 73
( 8 fmol/mg of protein (n ) 4). The binding was
maximal at pH 8-9, and it was sensitive to proteolysis
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by trypsin treatment. The binding was insensitive to
calcium channel blockers, â-adrenergic antagonists, and
several other classes of pharmacological agents. These
characteristics are similar to those described for binding
in skeletal muscle membranes.5
The structure-activity relationships for displacement

of radioligand were determined by competition experi-
ments using cromakalim (1), pinacidil (2) and its
analogues, and the KATP blocker glyburide. The data
on selected compounds is shown in Figure 1 and the Ki
values for all compounds are given in Table 2. As
expected, 3 is the most potent inhibitor and its calcu-
lated Ki value (27 nM) is similar to the Kd (39 nM)
determined from saturation analyses and kinetic de-
terminations. Pinacidil is 10-fold less potent than 3.
The 4-cyano analogue (4) of pinacidil is about 4-fold less
potent than 3. The size of the alkyl side chain is critical
to potency as the methyl (5) and isopropyl (6) analogues
are less potent than 4. Replacement of the alkyl side
chain with other bulky groups (7, 8) maintains some
inhibitory potency. The nature and the position of the
electron-withdrawing group on the aromatic ring ap-
pears to be crucial as the unsubstituted (9), the 3-cyano
(10), and the sulfonamido analogues (11, 12) are less
potent than 4. Replacement of the cyano group in 4
with iodine maintains potency either with (14) or
without an additional azido (13) substituent. The
binding is stereoselectively inhibited by the benzopyran
KATP opener cromakalim as its 3S,4R-enantiomer 20 (Ki
) 1.1 µM) is 70-fold more potent than the 3R,4S-
enantiomer 21 (Ki ) 72 µM). The slope factors for all

these compounds are close to unity indicating competi-
tive displacement.
The classical KATP blocker glyburide which is known

to inhibit pharmacological effects of KATP openers in-
hibits binding of 3 to cardiac membranes with a Ki value
of 130 nM and a slope factor of 0.67 ( 0.15 nH. Analysis
of the slope factor which is significantly less than unity
by a two-site binding model indicates putative high- and
low-affinity binding components. The high-affinity
binding sites have an apparent Ki value of 70 nM which
represents 70%, of the specific binding. The low-affinity
sites have an apparent Ki value of 4.3 µM. The slope
factor of less than unity for glyburide indicates either
heterogeneous binding or a negative allosteric interac-
tion with the binding sites for compound 3. These data
suggest that glyburide antagonizes the pharmacological
effects of KATP openers in the heart by binding to a site
that is in some manner associated with those occupied
by KATP openers. Previous studies using intact tissues
have reported similar observations for displacement of
3 by glyburide.3

To investigate the relevance of binding affinities to
pharmacological activity in the myocardium, we com-
pared binding affinities to cardioprotective potencies as
measured by EC25 values for increase in time to con-
tracture in isolated globally perfused rat hearts.11 The
EC25 value is defined as the concentration necessary to
cause increase in time to contracture by 25% over
baseline value.11 Time to contracture is defined as the
time necessary during total global ischemia to increase
end diastolic pressure by 5 mmHg. In general, com-
pounds (2-4, 7, 13, 14) that are potent cardiopro-
tectants are also potent in displacing 3 from its binding
sites. The analogues (5, 6, 11, 12) with poor cardiopro-
tective potencies are also weak in inhibiting radioligand
binding to cardiac membranes. For a correlation plot,
we excluded analogues for which potency values could
not be quantitated. Thus, 10 analogues with a 30-fold
difference in potencies could be used for a quantitative
correlation between cardioprotective potencies and bind-
ing affinities.
When the EC25 values for cardioprotective potencies

were plotted against the Ki values for displacement of
the radioligand, we obtained a good correlation coef-
ficient (r2 ) 0.88) (Figure 2). If we take into account
the analogues with poor potencies which could not be
included in the correlation graph, the overall cor-
respondence between cardioprotective potencies and
binding affinities is excellent. These results suggest
that binding sites in cardiac membranes may be related
to those mediating cardioprotective activity of KATP
openers. The cardiac membranes used in the present
study were P3 pellets which contain sarcolemmal and
mitochondrial membranes (data not shown). It is pres-
ently uncertain which organelle provided the binding

Table 1. Physical Properties of Compounds 11-14 and 19

compd mol formula appearence mp (°C)a microanalysis

11 C18H27N5O2S colorless solid 173-174 (A) C, H, N, S
12 C18H27N5O2S colorless solid 209-210 (A) C, H, N, S
13 C13H16N4I‚0.17H2O colorless solid 152-153 (B) C, H, N
14b C13H16N7I off white foam
19 C12H15N5‚0.2H2O‚1.2ethyl ether colorless solid 168-170 (C) C, H, N

a Solvent for crystallization: A, trituration with isopropyl ether; B, hexanes-CH2Cl2; C, trituration with ethyl ether. b Also reported
in ref 15.

Figure 1. Competition of KATP openers for the [3H]P1075
binding sites on cardiac membranes. Membranes were incu-
bated with [3H]P1075 (14 nM) and the stated concentrations
of inhibitors. Binding was assessed as described and calculated
as percent control. Result represent mean ( SEM of three to
seven experiments.
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sites for 3. There is some evidence to suggest that the
mechanism of cardioprotection by KATP openers does not
involve sarcolemmal membrane binding sites.12 A mi-
tochondrial site of action is proposed for cardioprotection
by KATP openers based on some preliminary studies in
semipurified mitochondrial preparations.13 Although
preliminary studies to identify binding sites in purified
mitochondrial membranes were unsuccessful, further
work is necessary to identify the organelle that support
binding in cardiac membranes.
We also attempted to correlate the binding affinities

in myocardial membranes with vasorelaxant potencies.
The IC50 values for vasorelaxant potencies were deter-
mined by relaxation of the methoxamine constricted rat
aorta, as described previously.7 The IC50 is defined as
the concentration necessary to cause relaxation of the

precontracted rat aorta by 50%. As shown in Table 2,
there is 5 orders of magnitude difference in vasorelaxant
potencies with compound 13 being the most potent (IC50
) 1.4 nM) and compound 5 being the least potent (IC50
) 130 µM). When the IC50 values for vasorelaxation
were plotted against the Ki values for binding affinities,
a weak correlation is obtained (r2 ) 0.71) (Figure 3).
These data indicate that the binding sites for KATP
openers in the cardiac membranes might be distinct
from those mediating vasorelaxation in rat aorta. These
results are supported by numerous studies indicating
the existence of distinct structure-activity relationships
for vasorelaxant and cardioprotective potencies of KATP
openers.7 It is also possible that the benzopyran deriva-
tives and pinacidil analogues express their vasorelaxing
effects by binding to distinct sites in the smooth muscle

Table 2. Ki Values for [3H]P1075 Binding Sites in Canine Cardiac Membranes, Cardioprotective and Vasorelaxation Potencies of
KATP Openers

a Ki values were calculated from IC50’s determined by displacement of [3H]P1075 from canine cardiac membranes and Hill coefficients
for competition curves were calculated by curve fitting of data to a single binding site model. b EC25 value is the concentration necessary
to increase time to the onset of contracture (TTC) in globally ischemic rat hearts. c IC50 value is the concentration necessary for relaxation
of the methoxamine contracted rat aorta by 50%.
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as a somewhat improved correlation coefficient (r2 )
0.85) is obtained by excluding cromakalim enantiomers
20 and 21 from the correlation plot.
Using the pinacidil analogue 3 as a radioligand, we

have demonstrated the existence of binding sites for
KATP openers in canine cardiac membranes. The key
to the identification of binding sites is the presence of
nucleotides (e.g., MgATP) in the binding medium.
Using a limited number of mostly pinacidil analogues,
we have shown that there is a good correlation between
binding affinities in cardiac membranes and cardiopro-
tective potencies. A reasonably good correlation is also
seen between binding affinities in canine cardiac mem-
branes and smooth muscle relaxing potencies for the
pinacidil class of compounds, although the correlation
is much weaker if we include benzopyranyl KATP open-
ers. As far as we know, this study represents the first

attempt to correlate binding affinities in membrane
preparations with pharmacological activities of KATP
openers. Despite a good correlation, it is premature to
speculate that the binding sites in cardiac membranes
are relevant to functional potencies (e.g., cardioprotec-
tion) of KATP openers. However, these results are highly
significant as they provide an important step forward
in understanding the mechanism of action of KATP
openers at the molecular level. KATP is thought to be
composed of at least two distinct subunits: sulfonylurea
receptor and an inward rectifier protein.14 The binding
conditions reported herein would help unravel the site
of action of KATP openers using purified membrane
preparations containing both the sulfonylurea receptor
and the inward rectifier protein. Further, our work
should facilitate the identification of binding sites in
membrane preparations from other tissues and subcel-
lular compartments where KATP openers are known to
express pharmacological activity. The establishment of
high throughput binding assays using membranes
preparations should facilitate the identification of struc-
turally distinct compounds with tissue selectivity.

Supporting Information Available: Experimental de-
tails, including NMR, MS, and elemental analysis (3 pages).
Ordering information is given on any current masthead page.
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