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[*H]Clonazepam (16.2 Ci/mmol) was a gift of Hoffmann-La Roche
(Basel, Switzerland). All other chemicals were of reagent grade
and obtained from commercial suppliers.

Bovine brains were obtained from a local slaughterhouse and
stored at —20 °C after dissection of the cortex. Membranes were
prepared by homogenization in 10 vol of ice-cold 0.32 M sucrose
containing protease inhibitors!® in an Ultra-Turrax for 30 s. The
homogenate was centrifuged at 1000g for 5 min at 4 °C and the
supernatant was recentrifuged at 50000g for 30 min at 4 °C. The
pellet was osmotically shocked by suspension in 20 vol of 50 mM
Tris-HCl buffer at pH 7.4 containing protease inhibitors'® and
recentrifuged at 50000g for 30 min at 4 °C; the pellet was re-
suspended in 10 vol of 50 mM Tris-HCI buffer at pH 7.4.

The estimation of proteins was based on the method of Lowry!
after membrane solubilization with 0.75 N NaOH. Bovine serum
albumin was utilized as a standard.

Benzodiazepine receptor binding studies were performed by
using a filtration technique and [*H]flunitrazepam and [*H]clo-
nazepam as ligands. The membrane suspension (0.5 mg of protein)
was incubated in triplicate together with approximately 0.9 nM
[*H]flunitrazepam or 0.9 nM [*H]clonazepam and various con-

(10) Martini, C.; Lucacchini, A.; Ronca, G.; Hrelia, S.; Rossi, C. A.
J. Neurochem. 1982, 38, 15.

(11) Lowry, O. H.; Roserbrough, N. J.; Farr, A. L.; Randall, R. J.
J. Biol. Chem. 1951, 193, 265.

centrations of the displacers for 30 min at 0 °C in 500 uL of 50
mM Tris-HCl buffer at pH 7.4. After incubation the samples were
diluted with 5 mL of assay buffer and immediately filtered under
reduced pressure through glass fiber filter disks (Whatman GF/B)
and then washed with 5 mL of the same buffer. Nonspecific
binding was determined by parallel experiments containing
diazepam (10 uM) and accounted for less than 10% of total
binding.

Water-insoluble ester derivatives were dissolved in 50% eth-
anol/buffer and the same mixture was present in blank experi-
ments.

The concentrations of the indole derivatives that inhibit specific
[*H]flunitrazepam binding by 50% (ICy,) were determined by
log—probit analysis with four to six concentrations of the displacers,
each performed in triplicate.
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Gomphoside, a 5a-H cardiac glycoside isolated from Asclepias fructicosa, has an unique double glycosidic linkage
to the aglycon through oxygen atoms at 2« and 38 of the steroid. The 3’-axial hydroxyl of its conformationally rigid
sugar residue appears to be the functional group responsible for its potent inotropic activity. With use of gomphoside
as the model compound, the conformation of the flexible glycosidic linkage of the 55-H cardenolides, digitoxigenin
a-L-thamnoside and digitoxigenin 8-D-digitoxoside, and the 5a-H cardenolides, uzarigenin a-L-thamnoside and
uzarigenin -D-6-deoxyalloside, were investigated with the aid of computer graphics and conformational potential
energy calculations. The relative inotropic potencies of these cardenolides can be accounted for by considering their
active binding conformations with their potential energy distributions. The conformational distribution of the glycosidic
moiety was postulated to be the major determinant of the biological activity of these cardenolides.

Cardiac glycosides are potent cardioactive agents that
exert a positive inotropic effect unique to this class of
compounds. Studies on the structure-activity relationships

(SAR) in these compounds has long been a subject of -

interest and active research by many groups over many
years. :

It is generally accepted that an «,8-unsaturated lactone
at 178, a 148-hydroxyl at the C/D cis ring junction, and
a sugar residue at 33 of the C19 steroid nucleus are es-
sential for optimal inotropic activity.! Introduction of
extra hydroxyls to the aglycon generally reduces activity.

Gomphoside (I), first isolated in the Department of
Pharmacy, University of Sydney,? was shown to have a
unique chemical structure.®* Apart from the A/B trans
junction (where A/B cis is the more common configura-
tion), the glycoside moiety is rigidly linked to the steroid

(1) Guntert, T. W,; Linde, H. H. A. “Handbook of Experimental
Pharmacology™; Greeff, K., Ed.; Springer-Verlag: Berlin, 1981;
Vol. 56/1, and references cited.

(2) Coombe, R. G.; Watson, T. R. Aust. J. Chem. 1964, 17, 92.

(3) Cheung, H. T. A.; Watson, T. R.-J. Chem. Soc., Perkin Trans.
1, 1980, 2162.

(4) Cheung, H. T. A,; Coombe, R. G.; Sidwell, W. T. L.; Watson,
T. R. J. Chem. Soc., Perkin Trans 1 1981, 64.

through oxygen atoms at 2« and 38 of the steroid (Figure
la). Several closely related cardenolides isolated later®
were found to differ only in the configuration of substit-
uent groups in the sugar moiety. The inotropic activity
of these compounds was evaluated with use of isolated
guinea pig atria, which is a commonly accepted technique
that has been used by a humber of groups to obtain com-
parable values for a wide variety of cardiac glycosides.5-10
The results given (Table I)!! are the potency of these
compounds relative to digitoxigenin as the standard. The
actual values, expressed as the molar concentration re-
quired to increase the force of contraction of the isolated

(5) Cheung, H. T. A,; Chiy, F. C. K.; Watson, T. R.; Wells, R. J.
J. Chem. Soc., Perkin Trans 1 1983, 2827.
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1983, 32, 2767.
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Figure 1. (a) The structures of gomphoside (I) and a flexible
cardiac glycoside, digitoxigenin §-D-digitoxoside (VIII). (b)
Computer graphics superimposed structures of gomphoside (I)
(shaded part) and digitoxigenin a-L-rhamnoside (VII) in its
proposed binding conformation (dotted part) showing the hy-
pothetical binding area for the hydrogen-bonded hydroxyl and
the hydrophobic binding of the 5’-methyl.

Table I. Relative Inotropic Activity of the Gomphoside
Series (A F,, Digitoxigenin = 1 X 107° M)
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Table III. Relative Inotropic Activity of the 5o Series
(A F,; Digitoxigenin=1 x 10"° M)
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for the compounds in Tables IT and III are taken from ref
9 and 10.)

Since gomphoside is one of the most potent cardiac
glycosides known, and since the potency of the compounds
in Table I is progressively reduced by changing the con-
figuration of the 3’-oxygen functional group from the 3’-
axial hydroxyl (I), to the 3’-ketone (II), and the 3’-equa-
torial hydroxyl (III), it is apparent that the 3’-axial hy-
droxyl of gomphoside, and in particular, its location with
respect to a particular binding site in the receptor, con-
tributes to its very high activity. Inotropic activity was
also reduced by acetylation of the 2’- and 8’-hydroxyls, or
by acetonide formation on the cis glycol, and by the in-
troduction of a 4-equatorial hydroxyl (IV) to the structure
of gomphoside.!! It has also been oberved that 6-deoxy-
hexosides are more potent than those glycosides containing
a terminal hydroxymethyl group. Thus, with use of the
conformationally rigid and highly potent gomphoside as
a model of the configurational and conformational re-
quirements in cardiac glycosides that are necessary for
maximal positive inotropic activity, it is proposed that as
well as the binding site for the 3’-axial hydroxyl there is



Notes

a broad hydrophobic region in the receptor which accom-
modates the a-face of the hexose and the 5-methyl.
Hence, in those glycosides which have a 6-deoxy sugar
residue, the 5-methyl should be directed preferably toward
thls region.

© The hypothesis that is being explored is that there are
two primary binding sites in the receptor for the sugar
moiety, one a hydrogen bonding site located in a volume
determined by the 3’-hydroxyl group of gomphoside and
the other a broad hydrophobic region where the 5'-methyl
group binds by van der Waals forces. If those glycosides
which have singly bonded carbohydrate residues, i.¢., those
which are conformationally flexible, can take up low-energy
conformations which at the same time allow their re-
spective terminal methyl groups and at least one hydroxyl
to fit the binding regions defined by those corresponding
groups of gomphoside, then it could be expected that those
glycosides would have inotropic activities comparable with
that of gomphoside (Figure 1b).

Discussion

Research into SAR of the glycosidic moiety of cardiac
glycosides has been directed mainly toward the effect of
the various functional groups.®!?'7 The 3'- hydroxyl12 15
and the 4’-hydroxyl® were considered to be the most im-
portant for hydrogen bonding.

In this study, a new approach has been taken to explore
the variations in inotropic potencies which cannot be ex-
plained by the subtle differences in the configuration of
the glycosidic functional groups of the otherwise struc-
turally very similar cardiac glycosides. “Although the
presence of the glycosidic moiety in a cardenolide increases
the inotropic activity compared to the corresponding ag-
lycon, in general the maximal enhancement is only about
20-fold (e.g., the increase in potency of digitoxigenin a-L-
rhamnoside (VII) compared to the aglycon digitoxigenin
(VI) is about 23 times (Table II)).  On the contrary, the
variation in the aglycon structure can change the inotropic
activity by several orders of magnitude (e.g., 2,158-di-
hydroxyuzarigenin, afrogenin,® is more than 100 times less
potent than uzarigenin (V)). Thus, it is apparent that the
steroid aglycon provides the major part of the binding
energy to the receptor, whereas the glycosidic portion plays
a secondary role in stabilizihg the cardenolide-receptor
complex. However, in cases when the steroid aglycons are
similar, the conformational factors of the flexible glycosidic
moiety are proposed to play an important role in deter-
mining the inotropic activities. Working on the assump-
tion that all the glycosidic hydroxyl groups responsible for
receptor binding in different cardiac glycosides share a
common hydrogen bonding site, the probable binding
conformations of the glycosidic moiety of the different
cardiac glycosides have been investigated by using com-
puter graphics. A qualitative picture of the relative con-
formational distribution is then obtained by using a
semiempirical classical potential energy calculation in an
attempt to rationalize the differences in biological activity.

Gomphoside (I) has the same steroid structure as the
conventional cardenolides at the BCD ring region, but its

(12) Yoda, A. Mol. Pharmacol. 1973, 9, 51.

(13) Thomas, R.; Boutagy, J.; Gelbart A J. Pharmacol. Exp Ther.
1974, 191, 219

(14) Caldwell, R. W.; Nash, L. B. J. Pharmacol. Exp. Ther. 1978,
204, 141.

(15) Yoda, A. Ann. N.Y. Acad Sci. 1974, 242, 598 and references
cited therein.

(16) Erdmann, E.; Schoner, W. Naunyn-Schmiedeberg’s Arch.
Phrmacol. 1974, 283, 335.

(17) Fullerton, D. S; et al. J. Med. Chem. 1984, 27, 256.
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A/B ring junction is trans. It has been shown that 5a-H
and 58-H cardenolide aglycons, such as uzarigenin (V) and
digitoxigenin (VI), respectively, have very similar inotropic
activities,>!® which implies that at least in this test prep-
aration this stereochemical difference has very little effect
on the biological activity. Thus, it appears that the major
reason for the high biological activity of gomphoside is the
glycosidic part of the molecule and, in particular, the
proximity of the 8’-hydroxyl to the hydrogen bonding site
of the receptor. ‘

For cardiac glycosides with the normal single glycosidic
linkage, the position in space of the hydroxyls on the sugar
residue is variable, due to the two degrees of rotational
freedom about the glycosidic linkage (Figure 1a). It can
be shown by using computer modelling that most of these
hydroxyls can be rotated into a position of close proximity
to the hypothetical hydrogen bonding site as defined by
the fixed conformation of gomphoside. Thus, all cardiac
glycosides are more potent than the corresponding aglycons
due to this additional hydrogen bonding, but all of the
glycosides with a higher order of potency have a 6-
deoxyhexose residue, suggesting that there is a hydro-
phobic binding site for the 5"-methyl group or alternatively
that the presence of a polar function at this region is un-
desirable. In either case, a second constraint is imposed
on the choice of probable binding ¢onformations of the
sugar residue in addition to the hydrogen bonding.

Since the binding of the steroid aglycon is accepted to
be the initial step of the cardenolide-receptor interaction,'®
the probable binding conformations of the glycosidic
moiety of these cardiac glycosides can be deduced with the
aid of computer graphics and distance of separation cal-
culations, by first superimposing the aglycon part of the
flexible cardenolide with that of gomphoside, the model
compound. The two variable torsional angles (7,
Cy—C3-03-Cy; 79, C3-05—C;—Cy) were changed until an
optimal degree of superimposition between the methyls
(Cg) and the hydroxyls (Oy) of the two cardenolides were
reached. The variation of the separation between the
superimposing pairs of functional groups, for instance, the
5’-methyl vs. 5-methyl and the 3’-hydroxyl vs. 3’-hydroxyl,
of gomphoside and the flexible cardenolide, digitoxigenin
a-L-thamnoside, respectively, can be represented as a
function of the two variable torsional angles, 7, and 5, in
a contour diagram (Figure 2).

The binding conformations of a flexible glycoside are
considered possible when the methyl and the hydroxyl are
separated from the corresponding functional groups of
gomphoside with the following criteria. For the methyl
group, & maximum deviation of 1 to 2 A is allowed, since
if this is a specific hydrophobic binding region, then a
methyl located further than 2 A is not likely to bind. For
hydrogen bonding to occur, any one of the hydroxyl groups
of the sugar residue must be located within an optimal
hydrogen bonding distance from the receptor site, namely,
2.6 t0 3.0 A.1® Conversely, the hypothetical bmdmg site
can be positioned anywhere around the hydroxyl oxygen
at the binding position but within 2.6-3.0 A, taking into
account the hydrogen-bond vector. Thus, the possible
location of this binding site relative to the bound gom-
phoside can be first limited to the volume enclosed by two
concentric hemispheres, with radius 2.6 and 3.0 A, re-
spectively, and with Oy of gomphoside as the center, and
pointing away from the C3—O4 bond axis. For the other
hydroxyl groups of the flexible cardiac glycosides to be able

(18) Delettre, J.; Mornon, J. P.; Ojasoo, T.; Raynaud, J. P.
“Perspective in Steroid Receptor Research”; Bresciani, F,, Ed.;
Raven Press: New York, 1980.
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Figure 2. Contour diagrams of the distance of separation between
gomphoside (I) and digitoxigenin a-L-rhamnoside (VII) (see
Experimental Section).

to share the same hydrogen bonding site with gomphoside,
the possible hydrogen-bonding region described for a
particular hydroxyl must have a common overlapping
volume with that of the 3-hydroxyl of gomphoside when
the aglycon parts are superimposed. Thus, taking into
account the C-O bond vector, theoretically the hydroxyl
of the flexible glycoside can be up to 4-5 A away from the
position of the Oy of gomphoside (Figure 1b). Thus, when
the potential energy is considered at the same time, a
probable range of binding conformations can be postulated.
Digitoxigenin a-L-rhamnoside (VI) and digitoxigenin 8-b-
digitoxoside (VIII) are examples that satisfy the require-
ments stated above. Compound VII and gomphoside (I)
are equipotent, but VIII is only about 60% as active as VII
(Table II). Since both VII and VIII have the two binding
requirements, the difference must be related to the dis-
tribution of the conformational isomers of the glycosidic
residue.
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Figure 3. (a) Conformational potential energy diagram. (b)

Population distribution diagram of digitoxigenin a-L-thamnoside

(VID) (see Experimental Section).

From conformational potential energy calculations, it
can be shown that the rotational freedom of VII is more
restricted than that of VIII (Figures 3a and 4a), and the
conformation of the proposed binding configuration of VII
(4, 155°; 79, 170°) lies well within the global energy min-
imum. On the contrary, the proposed binding conforma-
tion of VIII (r, 70°, 75, 260°) was located on the side of
the energy well.

Theoretically, the population of each conformer of the
cardiac glycoside in solution, before binding to the receptor
oceurs, is dependent on its potential energy relative to the
energy distribution of all of the other possible conformers.
If the conformational potential energy is calculated in
reasonably small rotational intervals, a population dis-
tribution map can be generated with use of the Boltz-
mann’s distribution function,!® viz., probability, Z;; «

(19) Farnell, L.; Richards, W. G. J. Med. Chem. 1975, 18, 662.
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exp(-AE;;/RT), and normalized to the whole conforma-
tional space (Figures 3b and 4b).

The equilibrium distribution of the cardiac glycoside in
the favorable binding conformation in solution, which is
governed by the conformational energy distribution, rep-
resents the probability of the receptor coming into contact
with the favorsble binding species among all the other
unfavorable conformers. Thus, compounds with their
binding conformation similar to the preferred conforma-
tion but with a restricted rotational freedom should have
a higher probability of binding to the receptor relative to
those with a wider rotational freedom or with the binding
conformation at a higher energy level.

Digitoxigenin a-L-rhamnoside (VII) has a restricted ro-
tational freedom which is defined by a single deep potential
energy minimum (Figure 3a). This feature essentially
allows VII to behave in solution as a single conformational
entity since all the conformers within this minimum are
closely related and so readily interconvert. At the hypo-
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Figure 5. Contour diagrams of the distance of separation between
gomphoside (I) and digitoxigenin 8-p-digitoxoside (VIII) (see
Experimental Section). ‘

thetical binding conformation (r,, 150-160°; =4, 170-180°),
the 5’-methyl is separated by less than 1 A from the 5'-
methyl of gomphoside, and the 3'-hydroxyl about 3-3.5 A,
and the 4’-hydroxyl about 2-2.5 A from the 8’-hydroxyl
groups of gomphoside (Figure 2). With the proposed
binding conformation coincidental with the energy mini-
mum, the binding affinity will only be determined by the
degree of fitness of the binding species to the conformer.
This is analogous to the rigid compounds I-IV existing
entirely as a single species in solution, in which the degree
of fitness to the inotropic receptor dictates their inotropic
activities.

On the other hand, digitoxigenin 3-p-digitoxoside (VIII)
has a much wider rotational freedom with two major po-
tential energy minima (Figure 4a). Thus, VIII exists as
an equilibrium mixture of two or more sets of conformers
in solution. The ideal binding conformation of VIII is at
71, 50=T70°, 74, 280-310°, where both of the 5-methyl and
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Figure 6. (a) Conformational potential energy diagram. (b)
Population distribution diagram of uzarigenin o-L-rhamnoside
(IX) (see Experimental Section).

3’-hydroxyl are within 1 A of the corresponding functional
groups of gomphoside. However, due to the fact that in
this conformation, the «-hydrogen atom at 2 is less than
2 A from those of the A ring, the potential energy (ca. 100
kcal/mol) is too high to allow this conformation to be
feasible as the binding conformation. At r,, 60-80°, r,,
250-270°, the 5"-methyl is about 1-2 A from the 5-methyl
of gomphoside and the 3’-hydroxyl 2-3 A and the 4’
hydroxyl 3-3.5 A away from the 3-hydroxyl group of
gomphoside (Figure 5). With a potential energy of about
6 kcal/mol, this is acceptable as a feasible binding con-
formation. Since the hypothetical binding conformation
for VIII is located on the high-energy side of the global
minimum, the proportion of VIII with this conformation
in solution will be considerably lower than in the case of
VII, as well as the binding will be energetically less fa-
vorable. Although the degree of fitness of VII and VIII
to the receptor in the respective binding conformations
may be similar, VIII is less active (about 70% as potent
as VII, Table II119),
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Figure 7. (a) Conformational potential energy diagram. (b)
Population distribution diagram of uzarigenin 8-D-6-deoxyalloside
(X) (see Experimental Section).

Similarly, for the 5a-H cardiac glycosides, uzarigenin
a-L-thamnoside (IX) and uzarigenin 8-D-6-deoxyalloside
(ascleposide) (X), the same relationship is observed. At
the hypothetical binding conformation of IX, (r;, 150~160°;
79, 180-190°), the 5-methyl is separated by less than 1 A
from the 5'methyl of gomphoside, and the 3’-hydroxyl
about 3 A, and the 4’-hydroxyl about 2 A from the 3'-
hydroxyl group of gomphoside, with potential energy of
less than 1 keal/mol (Figure 6). For X, the 5-methyl is
less than 1 A from the 5’-methyl of gomphoside, and the
&-hydroxyl and 4’-hydroxyl about 2-3 A from the 3'-
hydroxyl group of gomphoside, with potential energy of
about 3 keal/mol (Figure 7). Since the rotational freedom
of (IX) is more restricted, the probability of IX binding
to the receptor and hence its inotropic potency is higher
1:hzam9 X. Thus, IX is about 3 times as potent as X (Table
III).

Digitoxigenin a-L-rhamnoside (VIII) and uzarigenin
a-L-thamnoside (IX) differ only at the A/B ring junction.
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When their conformational energy maps are compared
(Figures 3 and 6), it is apparent that the A/B trans
junction provides a higher degree of rotational freedom.
Since there would be two major groups of conformers in
relation to the two energy minima in IX, instead of one
in VII, the probability of binding and the observed ino-
tropic potency of IX are lower. Thus, IX is about 40%
as potent as VII.

Furthermore, it would be reasonable to propose that it
is this conformational factor that rendered the A/B trans
cardenolide glycosides less potent than the A/B cis gly-
cosides in general rather than the steric requirement for
the cis A/B junction commonly advocated by most other
research groups.

Conclusion

By use of this approach, the order of potency of each
pair of cardiac glycosides can be accounted for by the fact
that, kinetically, the effective concentration of those with
more restricted rotations is higher although their optimal
fitness to the receptor may be similar. -

The important distinction between the preferred con-
formation of a biologically active compound in solution
before binding to the receptor occurs and the actual con-
formation that it adopts in the drug-receptor complex
ghould be noted. For the highly active compounds, the
preferred conformation should be very similar to the
binding conformation, whereas the binding conformation
of the less active ones would be energetically less favorable
or be within a minor population of conformers.

It should also be pointed out that the method used for
PE calculation might not be able to yield very accurate
energy values; however, the relative potential energy values
(AE) obtained for a series of closely related compounds
would still be able to give a reasonable approximation of
the relative conformational potential energy in order to
produce a qualitative measure of the relative population
distribution.

With the advance of computer modelling, the confor-
mational aspect of SAR can be handled in a more precise
manner, enabling the prediction of the probable binding
conformation. When used in conjunction with potential
energy calculations, a rational approach to the study of the

conformational factors in SAR is achieved.

Experiméntal Section

Inotropic activity was measured with use of isolated guinea pig
left atria.!®

Molecular modelling and superposition were carried out by
using an interactive graphics program, CRYSX, running on an Evans
and Sutherland picture system supported by a PDP 11/34 com-
puter at the UCC, Sydney. The molecules examined were con-
structed from published crystallographic data of aglycons and
sugars. The crystal structure of gomphoside was determined by
X-ray crystallography.?

Conformational energy calculations were carried out by using
a classical potential energy program, comoL,??? at 10° intervals
for the two variable torsional angles, r;, C,—C3—04C,, and 7,,
Cy04-C~C,. Since there is still no universally accepted method
to satisfactorily account for the effect of solvation, the effect of
hydration of the molecules in solution has been neglected.

The population distribution calculation, carried out with use
of the AE values from the conformation energy calculation, is
based on the Boltzmann’s distribution function.”® The probability
of existence of each state or conformer is proportional to the term
exp(-AE;/RT), where AE;; is the potential energy of the con-
former, Ié the gas constant, and T the absolute temperature.

The Z;; values are normalized to the whole conformational
space. The cumulative population distribution is then calculated
by integrating Z;; above a computed isoprobability value such that
each contour represents a boundary which encloses the specified
proportion of the most likely conformers (or alternatively, the
chance of finding a molecule with the conformation enclosed by
this boundary at any one time).

The distance of separation calculations were carried out by
defining the geometry of the superimposing functional groups
(8-hydroxyl, 5-methyl) of gomphoside in the coordinate frame
of the flexible cardiac glycoside when the aglycon part of the two
cardenolides were optimally superimposed. The distances between
each pair of the superimposing functional groups was computed
at each 10° step of rotation about ; and 7,.
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Synthesis and Dopaminergic Activity of (R)- and
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A synthetic precursor to a potent dopaminergic agonist, (RS)-4-hydroxy-2-(di-n-propylamino)indan (1), has been
resolved by classical recrystallization procedures, and the absolute configurations of the enantiomers have been
established by X-ray crystallographic analysis. The enantiomers were converted by literature procedures into (R)-
and (S)-1. (R)-1 was approximately 100 times as potent as (S)-1 in an assay for dopamine agonist effect in the isolated

cat atrium.

Hacksell et al.! reported powerful dopamine agonist
effects for (RS)-4-hydroxy-2-(di-n-propylamino)indan (1).
The present structure—activity study was aimed at reso-

lution of (RS)-1 and investigation of the stereochemistry
of this dopaminergic agent. Our preparation of 1 differed
from the literature method! and is shown in Scheme I.
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