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Abstract—The medicinal value of cardiac glycoside inhibitors for the treatment of congestive heart failure symptoms stems from
their ability to specifically inhibit the ion transport activity of the transmembrane enzyme sodium/potassium-ATPase (Na/K-ATP-
ase) in myocardial cells. In this study, we used the inhibitory potencies of 39 cardiac glycoside analogues for the development of a
quantitative structure—activity relationship (QSAR) model for Na/K-ATPase inhibition. In conjunction with a substructure and sim-
ilarity search, the QSAR model was used to select ten potential inhibitors from a commercial compound database. The inhibitory
potencies of these compounds were measured and four were found to be more active than the commonly used inhibitor ouabain. The
results of the bioassays were incorporated into a second QSAR model, whose physical interpretation suggested that the nature of
substituents in positions 10, 12, and 17 at the cyclopentanoperhydrophenanthrene core of the inhibitors was critical for enzyme inhi-
bition. All descriptors of the QSAR models were conformation-independent, making the search protocol a suitable tool for the rapid
virtual screening of large compound databases for novel inhibitors.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Even after over 200 years of use, cardiac glycosides (dig-
italis) are still frequently prescribed for the treatment of
congestive heart failure symptoms (CHF).'~® They exert
their therapeutic effect by inhibiting the activity of the
ion-transporting transmembrane enzyme sodium/potas-
sium ATPase in the membrane of heart muscle cells.
As a result of the inhibition, the transmembrane sodium
concentration gradient decreases which slows the
exchange of intracellular calcium ions against extracellu-
lar sodium ions. The consequence is a rise in intracellu-
lar calcium concentration, which is the main cause of the
so-called positive inotropic effect. The latter constitutes
an increase in the contractile force of the heart muscle
and cardiac output, which alleviates symptoms of
CHF. Despite their effectiveness, cardiac glycosides such
as digoxin or digitoxin have the disadvantage of a
relatively low therapeutic index, which increases the
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likelihood for digitalis toxicity that can trigger life-
threatening heart arrhythmias.” In severe cases of digi-
talis toxicity, sheep polyclonal antibodies (DigiBind
and DigiFab) can be administered to bind free digitalis
in the patient’s blood and accelerate its excretion.*¢
Since these antibodies are non-human, repeated use
bears the risk of adverse reactions of the human immune
system, including anaphylactic shock.

As a potential alternative to detoxification by antibod-
ies, the development of a small molecule digitalis antag-
onist has been proposed.” Such a compound would
display no or only a greatly reduced inhibitory potency
while still being able to bind to the digitalis receptor site
of Na/K-ATPase with high affinity. Thus, the antagonist
would successfully compete with digitalis for the digi-
talis binding site and thereby protect it from excess dig-
italis binding. The development of such an antagonist
would start with searches for molecules with low inhib-
itory potency but high binding affinity for Na/K-ATP-
ase. As proof of principle, a previous study has
identified several compounds that show the required
inhibition/binding disparity, demonstrating that the de-
sign of a competitive digitalis antagonist should be fea-
sible.” Since digitalis are structurally complex molecules
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and the pool of potential compound candidates is large,
the identification of candidate compounds could greatly
benefit from computational search protocols capable of
rapidly and accurately identifying molecules with speci-
fied inhibitory potencies and binding affinities.

By correlating the molecular structure of compounds
with their biological activity, QSAR models frequently
play a major role in the virtual high-throughput screen-
ing of large compound databases. Moreover, close
examination of the molecular descriptors employed by
QSAR models can reveal the structural requirements
for bioactivity. Despite the large volume of structure—
activity relationship (SAR) studies on hundreds of natu-
rally occurring and synthetic cardiac glycosides and
their analogues, only few quantitative models have been
published and the analysis of the molecular require-
ments for bioactivity has been restricted frequently to
mere qualitative interpretation.® For instance, a series
of studies by Melloni and coworkers have systematically
explored the effects of replacing the lactone ring of digi-
toxigenin by a large variety of linear, nitrogen-contain-
ing substituents, but only in one case a QSAR model
was developed.”'* The same applies to the numerous
studies by the groups of Repke!'>'® and of Templeton
and LaBella,?°2° who investigated the effects of modify-
ing the cyclopentanoperhydrophenanthrene backbone
and its substituents. More recently, two 3D-QSAR stud-
ies based on comparative molecular field analysis (CoM-
FA) and comparative molecular similarity index
analysis (CoMSIA) have been employed to the Na/K-
ATPase/cardiac glycoside system.”-?’” Whereas these
3D-QSAR methods are excellent tools for the identifica-
tion and localization of crucial inhibitor/enzyme interac-
tions, their requirement for structural alignment of
inhibitors in their presumed bioactive conformation
makes them not amendable for rapid searches of large,
structurally diverse compound databases for new inhib-
itors. This task is more likely achieved by conventional
QSAR methods based on conformation-independent
descriptors that are faster and do not require any
hypotheses about the bioactive conformation. Although
this type of QSAR modeling continues to be used rou-
tinely in pharmaceutical research for numerous ligand/
receptor systems, it has been greatly underutilized for
the Na/K-ATPase/digitalis system.

This study describes a virtual search protocol and the
development of two conventional QSAR models for
Na/K-ATPase inhibition derived from the potencies of
39 and 43 cardiac glycosides, respectively. Both models
employ six conformation-independent descriptors that
were identified from an initial set of 189 descriptors.
Using a substructure and a similarity search for ste-
roid-like molecules similar to a known, potent inhibitor,
a small subset of compounds was filtered from a sizeable
vendor database as potential Na/K-ATPase inhibitors
and the QSAR model-predicted inhibitory potencies
for these compounds were calculated. Then, a selection
of ten molecules was subjected to experimental testing
in ATPase activity assays. These tests assessed the vir-
tual screening protocol’s usefulness for finding novel
compounds with well-defined properties regarding the

inhibition of Na/K-ATPase. Moreover, a physical inter-
pretation of the descriptors in the final QSAR model
permitted the identification of the structural require-
ments for effective Na/K-ATPase inhibition.

2. Results

2.1. Development of an initial QSAR model for digitalis-
mediated Na/K-ATPase inhibition

An initial QSAR model for Na/K-ATPase inhibition
was developed based on the previously published rela-
tive inhibitory potencies (RIP, the ICso value of Na/K-
ATPase inhibition of a given compound divided by that
of the commonly used inhibitor ouabain) of 38 com-
pounds (activity data provided in ‘Supplementary mate-
rials) and the experimentally determined bioactivities of
compounds 1-5, which had been obtained commercially
(see Fig. 1 for molecular structures, Fig. 2 for represen-
tative bioassay data, and Table 1 for RIP values of com-
pounds 1-5). The rationale for including 1-5 was to
broaden the structural diversity of the compound set
for QSAR modeling by including molecules with bulky
substituents at C-10 (1-3), which are not typically found
in cardiac glycosides (see Scheme 1 for carbon number-
ing). Likewise, the inclusion of 4 added more structural
variability to the compound set in the position normally
occupied by the second sugar of digoxin and 5 displayed
an unusual system of five condensed rings.

After modeling the molecular structure of the inhibitors
and minimizing their conformational energy, several
rounds of model development were performed with the
program ADAPT, which operates with a generalized sim-
ulated annealing approach.?®° The compounds evo-
monoside, helveticoside, and chlormadinone acetate
were classified as outliers, and 5 was omitted because it
turned out to be a partial inhibitor with very low potency.
Thus, the initial QSAR model was developed based on the
activities of the remaining 39 compounds and employed
the six following descriptors: VCH5, VCH9, SsOH,
SHBint3, BEHv3, and Belv2.3! Several statistical param-
eters such as cross-validated and conventional correlation
coefficients, 7-values, and variance inflation factors indi-
cated that the obtained model was of good quality (Table
2). A graphical comparison of the QSAR-computed and
observed RIP values on a logarithmic scale (Fig. 3) re-
vealed good correlation between the two quantities (see
Table in Supplementary materials for numerical values).

It should be noted that all six descriptors were insensi-
tive to compound conformation, which eliminated any
bias with respect to postulating a bioactive conforma-
tion. Moreover, the model was well suited for the rapid
prediction of the activities of a large number of com-
pounds since no time-consuming conformational analy-
sis was required prior to descriptor calculation. During
the preparation of this manuscript, it was discovered
that in the early stages of QSAR model development
the biological activity for 4 had been entered errone-
ously as the raw RIP value (RIP =0.870) instead of
the inverse logarithm (logRIP~'=0.0600). This error
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13: STOCK1N-03108

Figure 1. Chemical structure of the 15 compounds evaluated in bioassays.

was corrected during the development of the final model
(see below) and it did not seem to affect the quality of
the initial model significantly, which could be validated
based on conventional regression statistics.

For the virtual screening for novel inhibitors, the natu-
ral products compound database from InterBioScreen

11: STOCK1N-54711

Ho

14: STOCK1N-04678

A8

15: STOCK1N-49922

containing 37,000 structures was used. Six hundred
and sixty of these compounds were selected by a sub-
structure search that filtered compounds that possessed
the cyclopentanoperhydrophenanthrene skeleton com-
posed of the four condensed rings typical for steroids.
In order to increase the likelihood of identifying active
compounds, this set was further reduced to a subset of
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Figure 2. Typical ATPase activity inhibition curves in the presence of
inhibitors showing varying bioactivity.

233 compounds by a similarity search with the tool
ChemFinder (version 9.0, CambridgeSoft, Boston,
MA) that searched for structural features found in
potent Na/K-ATPase inhibitors. The compound evo-
monoside was selected as a reasonable target for the
similarity search (similarity greater than 60%) because
it exhibited the greatest potency among all compounds
evaluated thus far. For all compounds in the subset,
the six descriptors relevant for the QSAR model were
calculated, allowing the prediction of their inhibitory
potencies (Table 1).

2.2. Selection of compounds for experimental testing
With the assistance of the initial QSAR model, ten com-

pounds were selected from the set of 233 for experimen-
tal evaluation. The criteria for choosing the test

16

3

Scheme 1. Numbering of carbon atoms and identity of rings in the
cyclopentanoperhydrophenanthrene skeleton.

compounds were high QSAR-predicted inhibitory
potencies and unique structural features. Even though
all compounds conserved the connectivity of the ste-
roid-typical cyclopentanoperhydrophenanthrene moi-
ety, the cis/trans stereochemistry of some bonds in the
ring system was not always the same. Many compounds
displayed structural variations of the lactone ring at
C-17, which had been identified previously as crucial
for modulating inhibitory potency.?’” For instance, 7,
8, and 13 had six- rather than five-membered rings at-
tached to C-17, whereas 14 and 15 featured a much
smaller epoxide and a non-lactone five-membered ring,
respectively. Due to its relatively low predicted inhibi-
tory potency, 15 served as a negative control. The po-
tency of 11 was predicted to be about two orders of
magnitude greater than that of ouabain and carried at
C-17 a linear chain that was similar in size and chemical
composition to a five-membered lactone. Compound 9
had a unique bicyclic system condensed to the D ring
at C-16 and C-17, while 12 was selected for its unique
bicyclic substituent at C-3. Compound 6 was a rare rep-
resentative of cardiac glycosides with two sugar moie-
ties, and 10 carried a non-carbohydrate moiety at C-3.

2.3. Experimentally observed potencies of inhibitors and
final QSAR model development

Five out of the ten test compounds from the InterBio-
Screen database were capable of inhibiting Na/K-ATP-
ase activity, albeit with greatly varying inhibitory
potencies. Typical inhibition curves obtained from the
ATPase activity inhibition assay are shown in Figure 2

Table 1. Experimentally determined and QSAR model-computed inhibitory potencies of compounds

Compound 1Cso (nM) Measured RIP Predicted RIP, initial model Fitted RIP, final model
1 313385 0.668 0.752% 0.906
2 2640 + 920 4.92 3.91* 2.77
3 4230 £ 2260 7.89 8.91% 8.54
4 409 + 87 0.872 9.20° —

5 Partial inhibitor — — —
6 160 + 44 0.341 0.644 0.461
7 143,000 + 75,000 305 0.103 —
8 55.6 £16.0 0.118 0.111 0.101
9 Inactive — 0.117 —

10 443 + 259 0.944 3.37 1.19

11 Inactive — 0.00933 —

12 14.6 £9.7 0.0310 4.17 0.0351

13 Partial inhibitor — 0.183 —

14 Inactive — 0.786 —

15 Inactive — 2.92 —

#Included in training set for initial model, fitted value reported.
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Table 2. Summary of the regression analysis equation for the initial Na/K-ATPase inhibition model

Descriptor Regression coefficient Standard error of coefficient t-Value Variance inflation factor
VCH5* —15.7 2.28 —6.89 1.5
VCH9* 116 26.8 4.34 1.5
SsOH* —0.00710 0.00214 —-3.32 2.9
SHBint3* 0.0151 0.00357 4.23 24
BEHv3® —6.79 0.845 —8.04 4.6
BELv2® 8.12 1.23 6.59 4.7
Y-Intercept 9.49 1.65 5.75 —
R*=86.1%, 0* =80.7%, s = 0.182, N = 39, F-value = 33.0.
# Computed using MC364.
® Computed using Dragon.
B hours of storage in DMSO, which was attributed to
1.0] AA/ chemical decomposmop. Therefore, 13 was omltted
] from further consideration. Overall, the most significant
/ finding of the assays was the discovery of four novel
- / Na/K-ATPase inhibitors (6, 8, 10, and 12) with poten-
& 0.5- 7 A cies comparable to or better than that of ouabain that
E‘J A //A A had not been characterized previously.
g 0.0 A The experimentally determined potencies of the tested
: . .
] A compounds (Table 1) were included in the development
& A &A A of a final QSAR model for the physical interpretation of
g A the underlying SAR. This final model was generated
= 0.57 A // using the same procedure described above and was
t based on a total of 43 instead of 39 observations since
1 in addition to the active compounds 6, 8, 10, and 12,
1.0 _‘ e the initially excluded evomonoside and chlormadinone
1.0 05 0.0 05 1.0 acetate could be included whereas the previously in-

Observed Potency (log RIPY)

Figure 3. Fit plot showing the correlation between QSAR-computed
and experimentally determined inhibitory potencies for the initial
QSAR model based on the activities of 39 compounds.

and the assay results for all compounds tested are sum-
marized in Table 1. Some compounds were one (8) or
more (12) orders of magnitude more potent than the
standard inhibitor ouabain whereas another one (7) re-
quired concentrations in the upper micromolar range
to be effective. Despite high predicted inhibitory poten-
cies, compounds 9, 11, and 14 were found to be inactive
at concentrations up to 1 mM and 15, as predicted, was
not active either. Compound 13 was unique in that it
displayed partial inhibition (approximately 30%) with
an ICs value of approximately 1 uM. Its activity grad-
ually disappeared and was entirely lost after several

cluded anthroylouabain and 4 were statistical outliers
(see Table in Supplementary materials). Like the initial
model, the final model employed six conformation-inde-
pendent descriptors (xch9, nelem, C-027, dxvp6,
SHBint3, and Ui’!) and the statistical parameters were
similar to those of the initial model. Details of the final
QSAR model are provided in Table 3, and a graphic
comparison of QSAR-computed and observed inhibi-
tion values is shown in Figure 4.

3. Discussion

3.1. Qualitative interpretation of the SAR for Na/K-
ATPase inhibition by cardiac glycosides

Due to the complexity of cardiac glycoside structure, a
correct prediction of bioactivity based on a single struc-
tural property is unfeasible. Nonetheless, a close inspec-

Table 3. Summary of the regression analysis equation for the final Na/K-ATPase inhibition model

Descriptor Regression coefficient Standard error of coefficient t-Value Variance inflation factor
nelem?® —1.57 0.147 —10.7 2.07
xch9? 98.3 13.2 7.44 1.05
dxvp6* 0.673 0.0736 9.15 2.10
SHBint3* 0.0241 0.00369 6.52 2.07
C-027° 0.407 0.0978 4.16 1.48
ui® 0.590 0.112 5.29 3.01
Y-Intercept 0.675 0.396 1.71 N/A

R*=87.4%, 0° =81.7%, s = 0.215, N = 43, F-value = 41.7.
# Computed using MC364.
® Computed using Dragon.
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Figure 4. Fit plot showing the correlation between QSAR-computed
and experimentally determined inhibitory potencies for the final QSAR
model based on the activities of 43 compounds.

tion of molecular structure reveals several structural
features that are, at least qualitatively, indicative of
Na/K-ATPase inhibition. For instance, the stereochem-
istry of the bonds that connect the four cyclo-
pentanoperhydrophenanthrene rings certainly exerts
an influence on a compound’s activity. A cis fusion
of steroid rings A and B (Scheme 1) as found in the
active compounds 1-4, 6, 10, and 12 appears to be
favorable for inhibition. Likewise, a cis fusion of rings
C and D which is present in compounds 1-4, 6, and 10
also seems to concur with inhibitory potency. On the
other hand, the stereochemistry of the linkage between
rings B and C, which is typically trans, is less predictive
of bioactivity since a cis bond is present both in the
highly active compound 8 as well as in the inactive
compounds 9, 13, and 15.

Another important determinant is the nature of the
substituent at position 17, which is a monounsatu-
rated five-membered furanone in most active glyco-
sides. In certain naturally occurring compounds such
as bufalin or cinobufagin, however, this ring is re-
placed by a six-membered pyranone with two double
bonds, which is accompanied by a noticeable increase
in inhibitory potency. This trend is verified by the
high potency of 8. Interestingly, the six-membered
nitrogenous ring in 7 seems to be partially capable
of assuming the role of these lactones whereas the tet-
rahydrofuran-based group in 15 is not. As predicted
in an earlier study,” a reduction in ring size to an
epoxide as present in 14 is detrimental to inhibitory
potency, although in this particular instance, modifi-
cations of the cyclopentanoperhydrophenanthrene
moiety may also contribute to the compound’s inac-
tivity. Overall, the identification of structural features
that are predictive of Na/K-ATPase inhibition is com-
plex and therefore accomplished best by a rigorous
analysis of QSAR descriptors as described in the fol-
lowing section.

3.2. Physical interpretation of the descriptors used in the
final QSAR model

A close examination of QSAR models and their descrip-
tors frequently reveals which structural features of com-
pounds contribute most to their bioactivities. Here, the
final QSAR model for Na/K-ATPase inhibition was
used for this purpose since it contained the newly tested
compounds and was therefore more comprehensive and
informative than the initial QSAR model. A method de-
scribed previously employing PLS regression was used
to examine the model which contained six validated
PLS components.?? Since the first three of these compo-
nents account for over 93% of the SAR captured by the
model, the following discussion will be limited to these.

3.2.1. Component-1. Component-1 is dominant and ac-
counts for 75.8% of the SAR. Three descriptors provide
84.3% of the information in this component. The most
important of these is the 9th-order chain molecular con-
nectivity index (xch9, 33.6%), followed by a simple
count of element types (nelem, 30.8%), and the descrip-
tor C-027 (19.9%), which is a count of features focusing
on an sp’-hybridized carbon atom bonded to a hetero-
atom and any other group. The xch9 descriptor captures
the presence and characteristics of a nine-membered ring
or chain whose members are chemical bonds. The
particular substructure relevant for xch9 is illustrated
in Figure 5. The primary instance of a nine-membered
chain occurs in the C and D rings of the cyclo-
pentanoperhydrophenanthrene skeleton. An additional
occurrence of such a nine-membered chain is shown in
compound 12, which contains the 2,2,4-trimethyltetra-
hydro-3aH-[1,3]dioxolo[4,5-c]pyran group in place of
the usual carbohydrate moiety at the A ring. The
descriptor xch9 takes a positive coefficient in compo-
nent-1, indicating that larger values of xch9 are
correlated with increased inhibition. Factors that alter
the value of this descriptor in the context of cardiac

S I

Key Substructure
(9-membered cycle) \

b OH

Figure 5. Instances of the occurrence of the substructure feature that is
the focus of the 9th-order, chain molecular connectivity index (xch9).
The primary instance in all structures is the C and D rings of the
cyclopentanoperhydrophenanthrene core (a). Another instance is
found in the group replacing the carbohydrate moiety at C-3 on the
A ring (b) of compound 12.
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glycoside analogues are the number of instances of these
nine-membered chains and the degree of substitution on
the atoms involved. The primary role of xch9 is to dis-
criminate between members of the training set that pos-
sess a hydroxyl group at C-12 of the C ring and those
that do not. The model suggests that presence of the hy-
droxyl group in this position adversely affects Na/K-
ATPase inhibition. This is consistent with observations
made by others that demonstrate that the presence of
a hydrophilic group at C-12 reduces potency?? and is
further supported by another report that suggests that
the cyclopentanoperhydrophenanthrene core in the re-
gion of atoms 9, 10, 11, 12, and 13 interacts with the
Na/K-ATPase through hydrophobic interactions.®*
The nelem descriptor in component-1 takes a negative
weight indicating that increasing values of this descrip-
tor are correlated with decreasing potency. The main
role of this descriptor is to identify the structures con-
taining large aromatic substituents at C-10, all of which
carry the heteroatom nitrogen atom in the linker and
therefore affect the value of nelem (see compounds 2
and 3). These materials show diminished potency even
though the rest of the structure is very similar to com-
pounds with higher potencies. This suggests that there
are limits to the size of the substituents allowed at this
position, since smaller groups are tolerated (e.g., 8 and
12). The last descriptor in component-1, C-027, takes a
positive weight and discriminates between the five-mem-
bered furanone and the six-membered pyranone substit-
uents at C-17. This descriptor suggests that, all other
aspects of the structure being equal, the pyranone is pre-
ferred over the furanone (see bufalin and 8).

3.2.2. Components 2 and 3. The second PLS component
accounts for an additional 9.9% of the SAR (85.7%
cumulative). The majority of the information in this
component is supplied by a single descriptor, SHBint3
(70.3%), which is the sum of the hydrogen atom-type
electrotopological-state index values for potential inter-
nal hydrogen bonds separated by three edges.>® The
structural feature that is the focus of this descriptor is
illustrated in Figure 6. SHBint3 takes a positive weight
in component-2, indicating that increased values of this
descriptor correlate with increased potency. The role of
SHBInt3 is to provide a correction for structures whose
potency is underestimated by component-1, which
focuses primarily on the steroid core. In the context of
the present training set, SHBint3 codes specifically for
the presence and configuration of carbohydrate groups
at C-3. Examples for structures most affected include
evomonoside, digitoxigenin-bisdigitoxoside, digitoxi-
genin-monodigitoxoside, proscillaridin A, and com-
pound 6. It is frequently assumed that the primary
benefit of the carbohydrate groups is improved bioavail-
ability,*® but this property is not accounted for by the
bioassay used in this study (purified enzyme), suggesting
that the carbohydrate portion indeed plays a small but
noticeable role in the interactions between the molecule
and the enzyme. This notion is in agreement with obser-
vations made by others.3*

The third PLS component accounts for another 7.6% of
the SAR (93.3% cumulative) and makes use mainly of

Potential internal
hydrogen-bond

/H
D A O
1\_/3 0
2 N/
O\
HO
0
OH
o) 0
' Ho

Figure 6. Illustration of the occurrence of the substructure feature that
is the focus of the sum of the hydrogen atom-type electrotopological-
state index values for potential internal hydrogen bonds separated by
three edges (SHBint3). There are five instances of this substructure in
the carbohydrate moiety in compound 8, highlighted in red.

two descriptors, dxvp6 and Ui, which together provide
87.6% of the information contained in this component
(34.2 and 53.4%, respectively). The dxvp6 descriptor is
the differential 6th-order valence-corrected path connec-
tivity index,?” and the Ui descriptor is the unsaturation
index.3! The differential connectivity index focuses on
the m and lone pair electrons in the structure, and the
unsaturation index captures information regarding the
presence of hetero atoms and bond types. The purpose
of this component is to make further refinements of
the SAR captured in component-1. For instance, the po-
tency of 10 is underestimated in component-1 due to the
presence of the nitrogen in the pyridine ring, which is
corrected in component-3 by recognizing this particular
group through the conjugated link to the aromatic ring.
As can be seen for 2 and 3, the presence of a large aro-
matic substituent containing a nitrogen atom does not
always have a negative effect on potency, which is ac-
counted for in this component. Another correction is
made for dihydrodigoxin, which is missing the double
bond typically present in the furanone ring on C-17
causing a decrease in potency.

3.3. Summary and future directions

The usefulness of the virtual screening protocol outlined
in this study was demonstrated by the identification of
four novel, highly potent Na/K-ATPase inhibitors from
an initial pool of more than 37,000 compounds. In addi-
tion, the developed QSAR models provided informative
structure—property trends for Na/K-ATPase inhibition,
which can be of great value for the future development
of new digitalis-based drugs for the treatment of CHF
symptoms or for the design of a competitive digitalis
antagonist. Since the latter requires compounds with
distinct properties — high affinity for the enzyme’s digi-
talis binding site and low inhibitory potency — the find-
ings of this study suggest that future efforts could focus
on cardiac glycoside analogues with substituents at
C-10, C-12, and C-17 that interfere with inhibitory
potency. To be of practical use, however, the present
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search protocol for Na/K-ATPase inhibitors needs to be
complemented by an analogous one capable of finding
compounds with high binding affinity to the enzyme.

Finally, it should be noted that the predictive strength of
the presented QSAR models for Na/K-ATPase inhibi-
tion is likely limited to molecules that bear a certain de-
gree of structural similarity to those used to train the
models. Since the training sets employed in this study
represent only a small fraction of a rather large, struc-
turally diverse group of potential inhibitors, the models
could be improved and made more versatile by including
a larger number of compounds in an iterative process. In
each iteration, a small set of selected molecules would be
tested and the newly obtained information could be
incorporated in new, more comprehensive QSAR
models.

4. Experimental
4.1. Materials

Inhibitors were obtained from InterBioScreen (IBS,
Moscow, Russia) and used without further purification.
Substrates and enzymes for the ATPase activity assays
were received from Sigma-Aldrich (St. Louis, MO).
All other compounds were from Fisher Scientific (Pitts-
burgh, PA).

4.2. Molecular modeling and descriptor calculation

The molecular structures of the compounds received
from InterBioScreen were obtained in electronic form
from the vendor database whereas the structures of car-
diac glycosides used by Paula et al. were modeled as de-
scribed in the original study.” Initial 3D atomic
coordinates were generated with the Sybyl module Con-
cord (Tripos, St. Louis, MO), followed by strain-energy
optimization using the Tripos force field with the elec-
trostatic terms included and partial atomic charges com-
puted by the Gasteiger—Hiickel method. The strain
energy of the structures was then reoptimized in Spartan
(version ’02, Wavefunction, Irvine, CA) using molecular
mechanics in conjunction with the MMFF force field.
The resultant conformations were further refined by
semi-empirical quantum mechanics (PM3) and all struc-
tures with calculated Mulliken partial atomic charges
were exported from Spartan and stored in a Sybyl data-
base for further use. It should be noted that the efforts to
generate high quality 3D conformations were necessary
for the calculation of the charged partial surface area
(CPSA) descriptors, even though this particular descrip-
tor class was eliminated later in the descriptor selection
process.

A set of 25 CPSA descriptors was computed in Sybyl
(Tripos, St. Louis, MO).*® 173 additional descriptors
such as atom centered fragments, empirical descriptors,
BCUT descriptors, and other molecular connectivity
indices were calculated with the program Dragon (ver-
sion 3, Milano Chemometrics) and 363 additional
descriptors were obtained with MC364 (Hall and Asso-

ciates, Boston, MA), yielding a total of 561 descriptors
for further analysis.

4.3. QSAR model development

Minitab (release 14.20, Minitab Inc., State College, PA)
was used to identify and eliminate any descriptor from
the set of 561 that yielded zero values for more than
90% (35) of the compounds. The remaining set of 189
descriptors was used for several rounds of QSAR model
development with the program ADAPT employing a
generalized simulated annealing approach.?®3° Partial-
least-squares analysis (PLS) with Minitab was used to
ensure that the model was not overfitted, in which case
the number of validated PLS components was lower
than the number of descriptors used by the model. This
protocol was followed for the development of both the
initial and the final QSAR model. Once the final model
had been obtained, PLS was used again to facilitate the
physical interpretation of the underlying SAR.*

Similarity searches of the Natural Compound Database
from IBS and database management were conducted
with ChemFinder (version 9.0, CambridgeSoft, Boston,
MA). Bioactivities of compounds that were considered
potential inhibitors were calculated using the six descrip-
tors relevant for the initial QSAR model.

4.4. Na/K-ATPase activity assays

The inhibitory potencies of cardiac glycosides were
determined in a coupled ATPase activity assay with
Na/K-ATPase from porcine cerebral cortex (Sigma—Al-
drich) as described previously.’® Even though Na/K-
ATPase from this source is known to contain multiple
isoforms of the enzyme, their variation in digitalis sensi-
tivity was minor on the large inhibitor concentration
range used in this study (up to six orders of magni-
tude).*° Briefly, 88 pg of lyophilized Na/K-ATPase was
incubated at 37 °C for at least 30 min in the assay buffer
(100 mM NacCl, 45 mM histidine, 10 mM KCI, 10 mM
MgCl,, 1 mM phosphoenol pyruvate, and 225uM
NADH, pH 7.3) and a mixture of pyruvate kinase/lac-
tate dehydrogenase (12 and 8.4 U/mL, respectively) at
varying (10-14 data points) inhibitor concentrations
(final volume: 1.2 mL). In a few instances, exposure of
the enzyme to inhibitors for more than 30 min affected
the measured inhibitory potency, in which case the sam-
ples were equilibrated overnight at room temperature
before incubation at 37 °C. The reactions were initiated
by adding 5 mM ATP to the reaction mixture and the
velocity of the rate-limiting NADH oxidation was deter-
mined spectroscopically at 340 nm for five minutes with
an Agilent 8453 spectrophotometer (Agilent Technolo-
gies, Santa Clara, CA) equipped with an automatic sam-
ple changer and thermostat (37 °C). A three-parameter
logistic fit of the measured rates as a function of inhib-
itor concentration yielded the ICsy value which served
as a quantitative measure for inhibitory potency. By def-
inition, the ICsq was the concentration of inhibitor that
reduced the enzyme activity to half of the activity ob-
served in the absence of inhibitor. All experiments were
performed at least in triplicate. For QSAR modeling,
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the negative logarithm of RIP rather than the ICs, value
was used. RIP was defined as the ICs, value of a com-
pound divided by the ICs, value of the standard inhibi-
tor ouabain obtained in reference measurements
(469 nM for all compounds except for the measurements
involving 2 and 3, in which a slightly higher reference
ICsg of 536 nM was obtained).
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