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ABSTRACT. Sodium/potassium-ATPase (Na/K-ATPase) is a transmembrane enzyme that utilizes energy
gained from ATP hydrolysis to transport sodium and potassium ions across cell membranes in opposite
directions against their chemical and electrical gradients. Its transport activity is effectively inhibited by
cardiac glycosides, which bind to the extracellular side of the enzyme and are of significant therapeutic
value in the treatment of congestive heart failure. To determine the extent to which high-affinity binding
of cardiac glycosides correlates with their potency in inhibiting pump activity, we determined experimentally
both the binding affinities and inhibitory potencies of a series of 37 cardiac glycosides using radioligand
binding and ATPase activity assays. The observed variations in key structural elements of these compounds
correlating with binding and inhibition were analyzed by comparative molecular similarity index analysis
(CoMSIA), which allowed a molecular level characterization and comparison of-ddagk-ATPase
interactions that are important for ligand binding and activity inhibition. In agreement with our earlier
comparative molecular field analysis studies [Farr, C.@Dal. (2002)Biochemistry 411137-1148], the
CoMSIA models predicted favorable inhibitor interactions primarily atitkeigar and lactone ring moieties

of the cardiac glycosides. Unfavorable interactions were located aboytshgar group and at several
positions about the steroid ring system. Whereas for most compounds a correlation between binding affinity
and inhibitory potency was found, some notable exceptions were identified. Substitution of the five-
membered lactone of cardenolides with the six-membered lactone of bufadienolides caused binding affinity
to decline but inhibitory potency to increase. Furthermore, while the removal of ouabain’s rhamnose
moiety had little effect on inhibitory potency, it caused a dramatic decline in ligand binding affinity.

Cardiac glycosides in the form of digoxin and digitoxin inhibition of Na/K-ATPase indirectly results in an elevation
(digitalis) have been an important component of the clinical of intracellular calcium levels, producing an increase in the
treatment of congestive heat failure (CHENd supraven-  contractile force of the heart and cardiac output (inotropic
tricular arrhythmias for many year&6). They exert their ~ effect) and thereby alleviating the symptoms of CHF.

predominant therapeutic action through inhibition of the ion  cardiac glycosides bind to Na/K-ATPase at a regulatory
transport activity of the enzyme sodium/potassium-ATPase site that is located on the extracellular side ondhsubunit
(Na/K-ATPase) in myocardiac cells. Na/K-ATPase is a of the enzyme 10, 11). Since Na/K-ATPase has multiple
transmembrane protein that uses the chemical energy storeginding and release sites interacting with the transported ions,
in ATP to derive the energy needed to transport potassiumtne jnhibition mechanism of digitalis is quite complex and
ions into and sodium ions out of eukaryotic cells against not that of a typical competitive inhibitor that simply blocks
their natural gradients7(-9). The generation and mainte-  gypstrate access to the active site. Furthermore, during its
nance of these ion concentration gradients are essential forcatalytic cycle, Na/K-ATPase has been shown to adopt a
many physiological processes. In myocardiac cells, the nymber of different conformations (Bnd B forms), each
with considerable differences in affinities for cardiac gly-

t Support for this work came from the American Heart Association cosides 12). A plausible mechanism for Na/K-ATPase
(Ohio Valley Affiliate, Grant 0051443B). inhibition is by digitalis-mediated paralysis of the movement
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! Abbreviations: CHF, congestive heart failure; COMFA, compara- has been observed for thapsigargin-mediated inhibition of

tive molecular field analysis; COMSIA, comparative molecular similarity  the calcium-ATPaseld, 15), an enzyme closely related to
index analysis; Na/K-ATPase, sodium/potassium-ATP&seiumber Na/K-ATPase. For a thorough elucidation of the Na/K-
of components; QSAR, quantitative structueectivity relationship; kit ;

RBA, relative binding affinity; RIP, relative inhibitory potency; PLS, ATF’QSG mhlbltl.on mechanism or the development of novel
partial least squares;#, phosphorylated £conformation of Na/K- inhibitors, detailed knowledge of the structural components

ATPase. of the inhibitors responsible for binding and for inhibition
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would be very valuable information. However, because of monodigitoxoside were obtained from Roth (Karlsruhe,
the absence of a high-resolution crystal structure, controversyGermany).a-Methyldigoxin, o.,5-diacetyldigoxin 5-acetyl-
about the exact location of the digitalis binding site, and a digoxin, strophanthidin, lanatoside A, and evomonoside were
lack of knowledge of the interactions that govern inhibitor from Boehringer (Ingelheim, Germany). Lanatoside B and
binding in various conformations of Na/K-ATPase, the uzarigenin were from Pfaltz & Bauer (Waterbury, CT). 16-
molecular details of the inhibition mechanism remain elusive. Acetylgitoxin was from Indofine (Hillsborough, NJ). Digoxi-
Structurally, cardiac glycosides are composed of three genin monodigitoxoside was from Glaxo Wellcome (Re-
major components, a steroid ring system, a five- or six- search Triangle Park, NC). Anthroylouabain was from
membered lactone moiety, and at least one carbohydrateMolecular Probes (Eugene, OR). Radiolabeled ouabain
residue. A substantial number of studies with natural and {[3H(G)]ouabain; specific activity of 18 Ci/mmplwas
synthetic cardiac glycosides have generated a body ofpurchased from Perkin-Elmer (Boston, MA). All other
evidence characterizing the effects of structural modifications compounds, reagents, and enzymes for the ATPase activity
on the inhibitory activities of these compounds on various assays were received from Sigma-Aldrich (St. Louis, MO).
isoforms of Na/K-ATPasel—20). Most of the inhibitors Na/K-ATPase PurificationNa/K-ATPase was isolated
that were tested in those studies displayed the conserved fourfrom the outer medulla of lamb kidneys according to the
membered steroid ring system of the digoxin skeleton with method of Laneet al. (26). The protein concentration was
modifications at the carbohydrate and lactone moieties anddetermined by the method of Lowr27) using bovine serum
at selected positions of the steroid ring system. For example,albumin as the protein standard. The ATPase activity of the
Schinfeld et al. (21) reported structural variations of the purified enzyme was determined according to the assay
carbohydrate groups that gave rise to a moderately dimin-described below28, 29) and gave a specific activity of
ished inhibitory potency. More recently, Ceetial. (17, 18) approximately 38@&mol mg* h™*. The purity of the enzyme
showed that replacement of the lactone moiety of digoxin preparation was verified by SBFAGE, which showed only
with functional groups containing basic amino groups two bands, one at 110 kDa and the other at 55 kDA,
connected to ano,f-unsaturated spacer impairs Na/K- indicative of the a- and f-subunits, respectively, after
ATPase inhibitory potency. Our recent comparative molec- staining with Coomassie blue.
ular field analysis (CoMFA) study described several hor-  Radioligand Assay of Cardiac Glycoside Binding by Na/
monal steroids whose lack of sugar and lactone moieties K-ATPaseThe binding affinity of Na/K-ATPase for ouabain
resulted in a reduced level of enzyme inhibiti@2). None (Kq) was determined by saturation radioligand binding assays
of these studies, however, has compared systematicallyusing a previously described filtration method with some
binding affinities with inhibitory potencies, and with the minor modifications 28, 29). A dilution series of {HJouabain
exception of our recent three-dimensional QSAR st ( was prepared by adding small aliquots of a«l¥l stock
contemporary computational tools have not been employedsolution of PH]ouabain in water to 5 mL of a freshly
in identifying the crucial liganéreceptor interactions. prepared Na/K-ATPase solution (final concentration of 1 nM)
Here, we present a three-dimensional quantitative strueture in assay buffer [50 mM Tris-HCI, 5 mM Mg@Il5 mM Tris-
activity relationship (3D-QSAR) study of the interactions that phosphate, and 0.1 mM EGTA (pH 7.4) (final concentra-
are crucial for high-affinity cardiac glycoside binding to the tions)]. These conditions are known to induce thePE
phosphorylated £enzyme conformation ¢&2) and inhibi- conformation of Na/K-ATPase, which is the conformation
tion of Na/K-ATPase activity using comparative molecular with the highest affinity for cardiac glycosides (as compared
similarity index analysis (CoMSIA) modelin@8, 24). The to buffers containing Mg /ATP or Mg?" only). After the
models were based on experimental data obtained for amixture had been shaken for 120 min at room temperature,
selection of 37 cardiac glycosides whose relative binding the binding equilibrium was reached and the individual
affinities and inhibitory potencies were obtained by competi- samples were passed through glass fiber filters (type B,
tion radioligand binding and ATPase activity assays, respec-Schleicher and Shuell, No. 32) using a Brandel cell harvester
tively. CoMSIA is a relatively new method that adds with 96 sampling probes. Tubes and filters were rinsed three
hydrophobic and hydrogen bond (H-bond) fields to the times with 8 mL aliquots of ice-cold assay buffer. The
classic steric and electrostatic CoMFA fields, thereby provid- amount of radioactivity retained by the filters was determined
ing a more detailed specification of the nature of the by liquid scintillation counting (LS7500, Beckman). To
intermolecular interaction2p). The CoMSIA contour maps  account for nonspecific(Hjouabain binding to the filters,
identified the type and location of interactions that govern control samples without Na/K-ATPase but otherwise identi-
ligand binding and enzyme inhibition, respectively. Although cal were monitored. Each data point was the average of two
we observed an overall correlation between binding and independent measurements, and each experiment was re-
inhibition, we also noticed some important exceptions. The peated three times. Dissociation constaity (vere deter-
information gained from CoMSIA modeling provides im- mined by fitting the measured counts per minute as a function
portant information for a more complete understanding of of total ouabain concentration to a binding isotherm.
the molecular details of digitalis binding and digitalis- The binding affinities of nonradioactive cardiac glycosides
mediated Na/K-ATPase inhibition and is potentially valuable relative to fH]ouabain were obtained by a competition assay.
for the future design of novel cardiac glycoside-based The experimental conditions were identical to those described
therapeutic agents. above, except that nonradioactive competitors were present
at eight different concentrations and the concentratiofHjf [
EXPERIMENTAL PROCEDURES ouabain was kept constant at either 2 nM (using 2 nM Na/
Materials. The cardiac glycosides digoxigenin bisdigi- K-ATPase) or 0.2 nM (using 0.2 nM Na/K-ATPase),
toxoside, digitoxigenin bisdigitoxoside, and digitoxigenin depending on the affinity of the respective competitor.



500 Biochemistry, Vol. 44, No. 2, 2005 Paulaet al

Scheme 1: Alignment Templdte procedure. Because of its presence in all compounds that
were tested, the part of the steroid ring system shown in
black in Scheme 1 below served as the alignment template.
Further, while there can be rotation about the glycoside and
the steroid-lactone bonds and some compounds may assume
alternate steroid ring A conformatiori34j, we have assumed
the same conformation for each bound ligand. This type of
alignment and the assumed single conformation have been
used successfully by us and others in previous 3D-QSAR
Because of the low off-rate of cardiac glycosides, the studies of steroid-based drug?( 33, 35, 36).

incubation time was increased to a minimum of 16 h to allow Comparati}e Molecular S|m||ar|ty Index Ana|ysis of

for equilibration. The radioactive counts as a function of cCardiac Glycoside Binding Affinity for and Inhibition of Na/
competitor concentration from experiments performed in K-ATPase. CoMSIA modeling was performed with the
duplicate were fit to a three-parameter logistic equation QSAR module of SYBYL as described previousBa( 24,
according to the method of Cheng and Prus8®)(1Cso  3g). Briefly, the five molecular fields (steric, electrostatic,
values were the concentrations of the competitor required |ipophilic, H-bond donor, and H-bond acceptor) were
to displace half of the’H]ouabain initially bound to the Na/  calculated by computing molecular similarity indices between

K-ATPase. ) o o the cardiac glycosides and a probe atom placed on the
Na/K-ATPase Actity Inhibition AssayInhibitory poten- intersection points of a 3D grid according 3]
cies of cardiac glycosides were determined by assaying the

ATPase activity of the purified Na/K-ATPas&1) at 10 9 iy —ar?
different inhibitor concentrations. In a plastic cuvette, the Ar) = ZWPfObekW‘ke
enzyme (26-40 uL of a 0.1 mg/mL stock solution) and the '
inhibitor were incubated for at least 20 min at 3Z in an
assay mixture [100 mM NacCl, 45 mM histidine, 10 mM KClI,
10 mM MgChk, 1 mM phosphoenolpyruvate, and 0.23 mM
NADH (pH 7.3)] containing pyruvate kinase and lactate
dehydrogenase (12 and 8.4 units/mL, respectively; final
volume of 1.25 mL). After checking for potential background
rates of NADH oxidation, the reaction was started by adding
ATP (final concentration of 5 mM). Rates of the rate-limiting
NADH oxidation were determined spectroscopically for 7
min with a UVIKON 930 spectrophotometer operating at a
wavelength of 340 nm and converted into specific activities.
ATPase activities as a function of inhibitor concentration
were fit to a three-parameter logistic equation (amplitude,
offset, and 1Gy), and the relative inhibitory potency (RIP)
of a compound was expressed as itgolZalue divided by
the IG, value of ouabain. The I was the concentration . :
of inhibitor that caused inhibition of half of the ATPase gg’;ora In the exponent was set to its default value of 0.3
activity observed in the absence of inhibitor. All experiments ' ) ) ] o o
were performed in duplicate at least three times, and only Correlations between the biological activities (binding
compounds capable of inhibiting ATPase activity by more affinity or inhibitory potency) and the molec_ular fields of
than 90% were used for further analysis. the compounds_ were establls_hed by the partial least-squares
Molecular Modeling and Structural Alignment of Cardiac  (PLS) method implemented in SYBYL. PLS expresses the
Glycosides.Molecular modeling was performed with the mformatlon c_ontalned in the large number of moleculgr fleld
SYBYL software package from Tripos (version 6.9). The descriptors in the more compact form of a few principal
molecular structure of digoxin was extracted from the crystal cOmponents that are linear combinations of the original
structure of its complex with murine monoclonal antibody descriptors. Using SYBYL's SAMPLS featuredd), the
fragment 26-10 [Protein Data Bank (PDB) entry 11G2). optimum number of components was deflned_ as the \_/a}lue
As described previously2Q, 33), the extracted digoxin that correspondeo_l to a cross-validated correlation Coefn_c_lent
structure was then subjected to a systematic conformational(fe?) that did not increase by more than 5% upon addition
search of all rotatable bonds Clidlcrements) and molecular of a further component. The following non-cross-validated

mechanics energy minimization, using the MMFF94s force PLS analyses were carried out with this number of compo-
field, MMFF94s charges, a distance-dependent dielectric N€nts. All PLS runs were executed with SYBYL’s "CoMFA

constant of 4, and a conjugate gradient optimizer with a Standard scaling” feature activated and with a column filter

convergence criterion of 0.01 kcal mIA—L. Other cardiac ~ S€t to 2 kcal/mol for the purpose of noise reduction.
glycosides were modeled by substituting the appropriate The predictive power of the developed CoMSIA models
residues in the digoxin structure and repeating the force field was determined by performing the PLS analysis with the
minimization procedure. exclusion of three different sets containing four test com-
The structures of all compounds were aligned by super- pounds each [see the Supporting Information (Table 3)].
imposition onto a template by means of a least-squaresThese particular test compound sets were randomly selected,

a All compounds were superimposed on the black part of the digoxin
cardenolide system.

At grid point g (2 A spacing interval) A represents the
molecular similarity index of molecular fiel& calculated

for all atoms (summation indeX of compound and a probe
atom.riq is the distance between the probe atom at grid point
g and atom of the compoundw is a parameter describing
the appropriate physicochemical property ¢f compound

j and the probe atom (radius of 1 A, charge #fl,
hydrophobicity index oft-1, H-bond donating parameter of
+1, and H-accepting parameter #fl) at each grid point.
For the steric fieldy is the third power of the atomic radius.
For the electrostatic fieldyi represents the electrostatic
charges. For the hydrophobic field is equal to the atom-
based hydrophobicity parameter according to Viswanadhan
(37). For H-donor and H-acceptor fieldsy reflects a value
assigned to suitably placed pseudoato?23}. (The attenuation
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Ficure 1: Representative radioligand binding and ATPase activity inhibition assays. (A) Determination K¢ tbe binding of PH]-
ouabain to Na/K-ATPase. (B) Competition assay with nonradioactive cardiac glycosidesfgmebpain. (C) ATPase activity assay in the
presence of inhibitors. Symbold) ouabain, ©) bufalin, (v) strophanthidin, andx) ouabagenin] represent the average of two independent
experimental trials.

except for ensuring a range in their activity values, and were comprehensive description using 3D-QSAR methodology is
different for the two assay data sets. The ability of the models presented in the Discussion, we briefly summarize here the
to properly predict the RBA and RIP values of “unknown” most prominent effects of structural modifications on the

molecules served as a measure of the external predictivebinding affinities of ligands.

ability of the model. Within our data set, the most dramatic changes in RBA

RESULTS occur as a result of modifications of the lactone moiety. The

Relative Binding Affinities of Cardiac Glycosides for Na/ Saturation of the lactone ring, as exemplified in the compound
K-ATPaseAs shown in Figure 1A, a saturation radioligand Pair ouabain/dihydroouabain and digoxin/dihydrodigoxin,
binding assay was used for the determination of the dis- CAUSEs an increase in RBA values of almost 2 orders of

sociation constantiy) of [3H]ouabain and Na/K-ATPase. Magnitude. As reported previousBa), this seemingly minor
The Kq value of 2.2+ 0.8 nM ( = 3) obtained for the structural modification abolishes the planarity of the lactone

purified lamb kidney enzyme was in agreement with previ- N System and may result in a repositioning of the
ously reported results (142.0 nM) for conditions favoring ~ comPound in the binding pocket of Na/K-ATPase. Likewise,
the high-affinity B-P, form of the enzyme, which is achieved the substitution of the five-membered ring with a six-

by the presence of magnesium and phosphate 2930 membered lactone ring in the bufadienolides bufalin and
40). When carried out in the competition mode, the assay evomonoside reduces binding affinity as compared to their

also permitted the determination of dCvalues of non- congeners digitoxigenin and proscillaridin A, although toa
radioactive cardiac glycosides versus that of ouabaigo(IC lesser extent (24-fold) than observed for the two previous
— 5.4+ 2.0 nM, n = 46; Figure 1B) for the generation of ~COmpounds. . o
3D-QSAR models. Since relative rather than absolute affinity ~Another structurally important feature is thés—trans
values are used for the model development, afh Malues stereochemistry of the bond between C-5 and C-10, con-
were converted to relative binding affinities (RBAs). The necting steroid rings A and B. As is evident from uzarigenin’s
RBA was defined as the ratio of the 4Qvalue of a given 25-fold lower binding affinity compared to digitoxigenin, a
compound divided by that of ouabain. Thus, a RBA value Cis ring fusion is more favorable for high-affinity binding
of >1 indicates a binding affinity lower than that of ouabain than thetrans fusion, but not absolutely essential.
and a RBA value of<1 an affinity greater than that of The significance of thet-, -, andy-digitoxose residues
ouabain. can be assessed by inspection of RBAs in the digoxin- and
For the selected set of 37 cardiac glycosides (structuresdigitoxin-based compound series that vary systematically in
in Table 1), the experimentally determined RBAs covered a the number of carbohydrate monomers. Provided that at least
range of more than 3 orders of magnitude with evomonoside one digitoxose is present, the RBA values increase moder-
(RBA = 0.13) and proscillaridin A (RBA= 0.45) as the  ately with an increasing number of carbohydrate moieties.
highest-affinity binders and ouabagenin (RBA311) and On the other hand, the removal of all carbohydrates (genins)
chlormadinone acetate (RB# 147) as the lowest-affinity ~ causes the affinity to decrease by approximately 1 order of
binders (see Table 2). A wide spread in affinities is in general magnitude.
advantageous for the detection of structuaetivity trends Inspection of data for cardiac glycosides with identical
and the development of robust QSAR models. Whereas acardenolide but different monosugar moieties permits the
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Table 1: Chemical Structures of Cardiotonic Steroids
Digitoxigenin-Based Compounds

name R1 R2 R3 other
digitoxin trisdigitoxose —H —H -
digitoxigenin bisdigitoxoside bisdigitoxose —H —H -
digitoxigenin monodigitoxoside monodigitoxose —H —H -
digitoxigenin —H —H —H -
digoxin trisdigitoxose —OH —H -
digoxigenin bisdigitoxoside bisdigitoxose —OH —H -
digoxigenin monodigitoxoside monodigitoxose —OH —H -
digoxigenin —H —OH —H -
o-methyldigoxin trisdigitoxose —OH —H a-methyl at C-3
of third digitoxose
o,-diacetyldigoxin digitoxose bisdigitoxose —OH —H o,[-bisacetyl at C-3
of third digitoxose
[-acetyldigoxin trisdigitoxose —OH —H o-acetyl at C-3
of third digitoxose
gitoxin trisdigitoxose —H —OH -
gitoxigenin —H —H —OH -
gitoxigenin 3,16-diacetate GBOo— —H —0OCOCH; -
16-acetylgitoxin trisdigitoxose —H —OCOCH; -
lanatoside A monoglucose trisdigitoxose  —H —H —OCOCH; at C-3
of third digitoxose
lanatoside B monoglucose trisdigitoxose ~ —OH —OH —OCOCH; at C-3
of third digitoxose
lanatoside C monoglucose trisdigitoxose ~ —OH —H —OCOCH; at C-3
of third digitoxose
dihydrodigoxin trisdigitoxose —OH —H C-20-C-22 saturated
evomonoside rhamnose —H —H -
neriifolin thevetose —H —H -
thevetin B thevetose gentiobiose —H —H —H
bufalin —H —H —H six-membered lactone
cinobufagin —H —H —0OCOCH; six-membered lactone,
C-14—-C-15 epoxide;~OH at C-5
uzarigenin —H —H —H C-5—-C-10trans
oleandrin oleandrose —H —OCOCH; —H
oleandrigenin —H —H —0OCOCH; —H
prosillaridin A rhamnose —H —H six-membered lactone,
C-4—C-5 double bond
chlormadinone acetate =0 —H —H C-4—C-5and C-6-C-7

double bondsp-OCOCH;,
andp-COCH; at C-17

name R1 R3 R4 other
ouabagenin —H —OH —OH -
ouabain rhamnose —OH —OH -
strophanthidin —H = —H -
strophanthidol —H —OH —H -
cymarin cymarose = —H -
helveticoside digitoxose = —H -
anthroylouabain 9-anthracene carbonyHgamnose —OH —OH —OH -
dihydroouabain trisdigitoxose —OH —OH —OH C-20-C-22
saturated
peruvoside thevetose —H =0 —H -
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Table 1: (Continued)
Other Residues

G0 OH—o OH OH o on 0 OH
O oH 0, oH R
OH
OH
on OH OMe OH OH OMe
OH OH
digitoxose glucose thevetose rhamnose cymarose
CH,OH o OH 0 OH
(0] O OH o o
OH OH |
=
OH OH OMe
OH OH .
gentiobiose oleandrose six-membered lactone

assessment of the importance of the specific type of sugarRIP results of compounds present in both sets revealed good
for binding to the enzyme. The RBA values of the digitoxin- agreement. Interestingly, the RIP values covered a range of
based compounds evomonoside (rhamnose), digitoxigeninonly ~2 orders of magnitude, which is smaller than that seen
monodigitoxoside (digitoxose), and neriifolin (thevetose) for the binding affinity values. Evomonoside (R# 0.06)
differ by a factor of no more than 3, which is a rather small and proscillaridin A (RIP= 0.11) were the most potent
effect. Interestingly, the RBA of the gitoxin-based compound inhibitors, whereas chormadinone acetate (RIR1) and
helveticoside (digitoxose) is almost 2 orders of magnitude dihydrodigoxin (RIP= 7.1) were the least potent compounds.
larger than that of cymarin (Cymarose), whose affinity is Inspection of the RIP/RBA ratio data of Table 2 reveals
comparab!e to thqse of the d|g|t0X|n-based monosaccharldesthose compounds that have an inhibitory potency different
The most interesting observation relates to the large decreas?rom what would be expected on the basis of their bindi
pected on the basis of their binding

in binding affinity upon removal of the rhamnose moiety of - . . :
ouabain%RBA f)c/)r guabagenin 311), which agrees wi)t/h affinity (using ouabain as the standard, RIP/RBAratid).

: L P - Compounds with unexpectedly high inhibitory potencies are
an earlier report39). This implies an important contribution ouabagenin, uzarigenin, and bufalin (RIP/RBA ratid 40,

of rhamnose to ouabain binding since it apparently compen- :
sates for an intrinsically unfavored binding of the hydroxyl 42+ and 36, respectively). Compounds that proved to be poor
inhibitors were peruvosided-acetyldigoxin, and neriifolin,

group-rich “genin” moiety of ouabain. The specific ability ;
of rhamnose to enhance binding is also observed upon its2/though the mismatch here was much smaller (RIP/RBA

addition to digitoxigenin, yielding evomonoside, which ratio= 0.31, 0.34, and 0.37, respectively). The identification
produces a substantial 18-fold increase in affinity. of these outliers as well as the illustration of the good

The introduction of hydroxyl groups in positions C-12 and correlation between RIP and RBA for most test compounds

C-16 at the steroid skeleton (digoxin and gitoxin derivatives, ?S visualized in the plot of-log RIP versus-log RBA values

respectively) generally results in a slight reduction in binding '™ Figure 2.

affinity, which is observed consistently, but the effect is ~ Overall, most of the major trends regarding changes in
typically smaller than 1 order of magnitude. If an acetyl RIP as a consequence of structural modification are also
instead of a hydroxyl group is introduced at C-16, this effect observed in the RBA data. Perhaps the most noticeable
is reversed; i.e., the affinity slightly increases. deviation occurs with an increase in the size of the lactone

Other modifications bear little significance for binding to  fing from five to six atoms (digitoxigenin/bufalin and
Na/K-ATPase, such as modifications of thesugar (- evomonoside/proscillaridin A pairs), which improved inhibi-
methyldigoxin, diacetyldigoxin3-methyldigoxin, or acetyl- tory potency but decreased binding affinity. Another differ-
digitoxin), the attachment of an anthracene group to the ence relates to the fact that compared to compounds with
rhamnose moiety of ouabain (anthroylouabain), or the sugar moieties, the genins are about equally or slightly more
reduction of the aldehyde function at C-19 of strophanthidin (in the case of digoxin-based inhibitors) active inhibitors.
to yield strophanthidol. Furthermore, the effects of lactone ring saturation and of

Relatie Inhibitory Potencies of Cardiac Glycosidéssing cis—trans stereochemistry of the C-5C-10 bond are less
an ATPase activity assay, we also determined thgu@lues drastic for activity inhibition than for binding. Whereas a
for Na/K-ATPase activity inhibition (Figure 1C) for the same small increase in RIP upon addition of a hydroxyl group at
selection of cardiotonic steroids under the lower-affinity C-12 is equivalent to the trend observed for the RBAs, no
conditions. For the 3D-QSAR modeling, thest®@alues were clear pattern could be identified for the introduction of
converted to relative inhibitory potencies (RIPs) by dividing functional groups at C-16. Also, as observed for its binding
the 1G5, of each compound by that of ouabain (269104 affinity, the linkage of an anthracene group to ouabain’s
nM, n = 13). The set of compounds tested is an expansion rhamnose moiety (anthroylouabain) results in a minor
of that used in our earlier studg?), and a comparison of  increase in activity.
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Table 2: Experimentally Determined Relative Binding Affinities
and Relative Inhibitory Potencies of Cardiotonic Sterdids

compound name RBA RIP RIP/RBA
ouabain 1.0G: 0.37 1.00+ 0.49 1.00
digoxin 2.13+1.02 2.06+ 1.16 1.04
digoxigenin 1.25+0.84 1.25+0.58 1.00
bisdigitoxoside
digoxigenin 0.829+ 0.148 1.0 0.15 0.778
monodigitoxoside
digoxigenin 111+ 6.7 0.805+ 0.399 13.8
bufalin 5.05+ 2.35 0.142+ 0.574 35.5
strophanthidin 10.4-2.9 1.42+0.10 7.31
ouabagenin 31% 152 2.21+ 0.04 140
gitoxin 3.82+0.83 1.17+£0.71 3.27
digitoxin 0.514+ 0.256 0.61: 0.17 0.841
digitoxigenin 2.19+0.70 0.515+ 0.096 4.25
oleandrin 0.3310.091 0.858t 0.076 0.386
gitoxigenin 16.2£ 6.2 0.746+ 0.049 21.7
thevetin B 7.25+ 3.19 1.75+ 0.05 4.14
chlormadinone 147+ 41 209+ 7.2 7.05
acetate
cinobufagin 2.75t 0.56 0.144+ 0.016 19.1
anthroylouabain 0.44% 0.129  0.893t 0.757 0.503
helveticoside 39.5-9.7 241+ 0.6 1.63
digitoxigenin 0.448+0.129  0.223+ 0.026 2.01
bisdigitoxoside
digitoxigenin 0.358+0.116  0.174+ 0.096 2.06
monodigitoxoside
16-acetylgitoxin 3.35£1.51 0.7314+ 0.109 4.58
gitoxigenin 2.78+2.23 0.724+ 0.729 3.84
3,16-diacetate
o-methyldigoxin 3.3+ 2.44 1.50+ 0.977 2.21
a,f-diacetyldigoxin ~ 2.25+ 0.80 1.84+ 1.32 1.22
strophanthidol 25.610.2 1.40+ 0.19 17.9
lanatoside A 0.72% 0.317 1.10+ 0.09 0.655
evomonoside 0.12F 0.047 0.0607 0.0273 2.03
dihydrodigoxin 146+ 14 7.10+1.00 20.6
uzarigenin 57.424.4 1.364+ 0.302 42.2
oleandrigenin 0.40% 0.059  0.555t+ 0.095 0.726
lanatoside C 2.5%20.93 1.97+0.19 131
peruvoside 0.24#40.049  0.798+ 0.054 0.309
proscillaridin A 0.446+ 0.258 0.11H40.016 4.01
neriifolin 0.138+ 0.059  0.371 0.009 0.372
cymarin 0.4670.103  0.927 0.314 0.504
f-acetyldigoxin 1.310.19 3.90+ 0.423 0.336
dihydroouabain 22.%9.9 241+ 1.44 9.52
lanatoside B 9.0& 3.68 0.843+ 0.108 10.7

a Relative binding affinity (RBA) and relative inhibitory potency
(RIP) are defined as the ¥gvalue for a compound divided by the
corresponding 16 value obtained for ouabain. Values are averages
and standard deviations of three or more experimental tfidlke
deviation for the RBA of ouabain is the standard deviation of adhIC
values for this compound.

Development of CoMSIA Models Describing Relati
Binding Affinities and Inhibitory Potencies of Cardiac
Glycosides.For a detailed and rigorous analysis of the
interactions that mediate binding specificity and inhibitory
activities, we developed 3D-QSAR models using CoMSIA.
The quality of the models for binding benefited significantly
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Ficure 2: Correlation between experimentally determined binding
affinities and inhibitory potencies of 37 cardiac glycosides. The

three compounds with the highest RBA/RIP mismatches are
identified and marked with arrows.

L

properties may therefore be poorly predicted by the 3D-
QSAR models.

The PLS algorithm in SYBYL determined that three
components were sufficient for the modeling of ligand
binding, whereas the modeling of activity inhibition required
five components. Further, the RBA values predicted by the
binding model deviated from actual RBA values by a factor
of no more than 10, while the predicted RIP values never
differed from the actual ones by a factor of more than 3.
Other parameters indicative of the quality of the models, such
as the cross-validated correlation coefficieng)(and the
conventional correlation coefficient.(,), were found to be
within acceptable ranges [Supporting Information (Table 3)].

The CoMSIA model for cardiac glycoside binding indi-
cated comparable relative contributions from the steric,
electrostatic, and hydrophobic fields (12, 20, and 15%,
respectively) and, interestingly, a large, dominant contribu-
tion from the two H-bond fields (combined, 52%). As a
comparative method, though, COMSIA addresses oatia-
tionsin a given compound’s property, such as the binding
affinity, but does not quantify the nature of the overall driving
force for binding. Therefore, the dominance of H-bonds only
pertains to the fine-binding specificity of Na/K-ATPase, and
it is not necessarily the principal driving force for cardiac
glycosides’ binding to the enzyme. The relative field
contributions for the inhibition model were comparable to
those for the binding model (8, 25, 17, and 49% for steric,
electrostatic, hydrophobic, and combined H-bond fields,

from the removal of helveticoside from the original data set egpectively).
of 37 observations. For unknown reasons, helveticoside \odel validation was carried out by predicting the

displayed both a lower binding affinity and inhibitory potency

activities of external test compounds unknown to the models

than expected from its structure. In the case of ATPase and showed that the developed models were capable of
inhibition, chlormadinone acetate was excluded from the predicting the RBAs or RIPs of unknown compounds within
model for similar reasons. As the only compound without a 1 order of magnitude. It is also important that the statistical
lactone component at C-17, chlormadinone acetate is strucparameters obtained while excluding the test compounds

turally distinct from all the other tested inhibitors, and its

were similar and thus independent of the selection of
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DISCUSSION

3D-QSAR-Based Description of the Cardiac Glycoside
Binding Site of Na/K-ATPaseThe scope of 3D-QSAR
methodologies is the correlation of physical, chemical, or
biological properties of compounds with their three-
dimensional structures. Although initially developed for the
de nao design of novel drugs, 3D-QSAR models have also
provided accurate descriptions of liganekceptor interac-
tions where the three-dimensional structure of the receptor
was unknown 22, 36, 41, 45). CoMFA and CoMSIA are
widely used 3D-QSAR methods that express the structure
of compounds in terms of molecular fields and link variations
in compound activities with changes in the interaction
energies in three-dimensional spad®)( Compared to the
older and more widely used steric and electrostatic COMFA
fields (43), CoMSIA facilitates a more comprehensive
Ficure 3: Alignment of the cardiac glycoside structures used for ana}IyS|s c.)f the types of Ilgaﬁdeceptor |nt9ract|ons involved
CoMSIA modeling. For visual clarity, only heavy atoms are shown. PY including hydrophobic and H-bond field23).

(A) “Top view” with respect to the steroid moiety. (B) Side view. The steric contour map for cardiac glycoside binding to
As a reference, digoxin is shown as a ball-and-stick model. Na/K-ATPase (Figure 5A) reveals a green area about the
observed - log RBA o-sugar, which indicates that the presence of steric bulk here

increases ligand binding affinity. This is a reflection of the
binding affinities peaking for the monosugar derivatives in
the compound series that systematically vary the number of
% carbohydrates. Likely, the enzyme’s binding site about this
‘ region is lined by amino acids that are capable of engaging
°.% in attractive van der Waals interactions with the inhibitors.
01 o o On the other hand, the yellow contours about thsugar

e ') indicate a sterically restricted area of interaction that is most
e 6% T likely partially occupied by amino acids of the enzyme as

-2 -1 0 1

1 | relative binding affinity °

cardiac glycosides with three versus two sugar residues
display a somewhat lowered binding affinity.
ouabain The contours in Figure 5C indicate electrostatic interac-
r 1= 042 tions that are dominated by a large blue area between the
2 lactone ring and the steroid C-16 atom in which an increase
in positive charge favors ligand binding. This contour is
likely a consequence of the reduction in binding affinity
relative inhibitory potency o . observed upon introduction of hydroxyl groups at C-16 of
1 7 R the steroid. In addition, there is a small red area at the lactone
) ring in the proximity of the carbonyl group. Here, the
. presence of negative charge on the ligand improves binding
and is likely the result of attractive electrostatic interactions
y between the carbonyl oxygen and positively charged coun-
. T"o terparts of the Na/K-ATPase, such as protonated nitrogen
o

predicted - log RBA

atoms on Lys, Arg, Pro, and His side chains.
As suggested by the yellow hydrophobic contours (Figure
ouabain c 6A), the presence of polar groups in positions C-1 and C-19
o r =093 at the steroid ring is detrimental to high-affinity binding. As
o a consequence, ouabagenin, strophanthidin, and strophanthi-
-1 0 1 dol display relatively low affinities. Interestingly, ouabain
and cymarin, which also bear polar groups in these positions,
still have high affinities. As discussed above, this is probably

binding affinities (A) and inhibitory potencies (B) on a double- duet' tol a Cogn[:;]ertljsattlon f%r thﬁﬂ lof?k'r: atfrf]m'ty .by thbelrt
logarithmic scale. Empty circles indicate test set compounds that parucular carbonhydrate resiaue. Mostlikely, the region abou

were excluded from the training set. C-1 and C-19 of the binding pocket is lined by residues such
as Phe, Trp, Leu, lle, or Val, giving this area a hydrophobic
character. The gray contour about titesugar, on the other
molecules assigned to the test set [Supporting Information hand, describes a region where polar groups on the ligand
(Table 3)]. The final models whose contour maps are shown improve binding. This emphasizes the importance of the
in Figures 5-7 were derived by including all compounds presence of at least one carbohydrate moiety for high binding
(36 for binding and 35 for inhibition models). affinity.

predicted - log RIP
e)

observed - log RIP
Ficure 4: Correlation between CoMSIA-predicted and actual
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Ficure 5: Orthographic views of the steric and electrostatic COMSIA contour maps for ligand binding (A and C) and enzyme inhibition

(B and D). The structure of digoxin is displayed as a reference. Activity increases upon addition of steric bulk on the cardiac glycoside in
the green areas and decreases upon addition of steric bulk in the yellow areas (A and B). Activity increases upon addition of positive charge
on the cardiac glycoside in the blue areas and decreases upon addition of positive charge in the red areas (C and D). Contour cutoff level
of 88:12.

The H-bond donor contour map (Figure 7A) provides, for carbonyl groups of ouabagenin, strophanthidin, or stro-
the first time, evidence for favorable interactions between phanthidol in these positions. Likewise, the orange contours
H-bond-donating hydroxyl groups located in the proximity about the ring oxygen of thg-sugar in Figure 7A are likely
of substituents at C-4on the a-sugar and corresponding a result of the successive reduction in binding affinity upon
acceptor groups on the enzyme. This result reflects the highaddition of more carbohydrate moieties to thsugar. Taken
binding affinities displayed by compounds with one sugar together, the shape of the H-bond contour maps and the
moiety versus the corresponding genin and the slightly lower relative dominance of the H-bond fields over the other
affinities of compounds whose sugar Chydroxyl groups CoMSIA fields stress the importance of thecarbohydrate
are part of a glycosidic bond and therefore prevented from moiety for high-affinity binding by Na/K-ATPase. These
engaging in H-bonds. Additional favorable interactions results appear to conflict with an earlier site-directed mu-
involving H-bonds are depicted in the H-bond acceptor map tagenesis study4d, 45) that had ruled out interactions
(Figure 7C), which suggests H-bonds between the ring between the-carbohydrate moiety and side chains of amino
oxygen of theo-sugar and H-bond donor groups in the acids on the H¥H2 loop. But, it should be noted that this
enzyme’s binding site. The purple area in the proximity of report was based solely on the determination of ATPase
C-1 and C-19 in Figure 7A is indicative of unfavorable activity inhibition, and the results may therefore not be
interactions between the enzyme and the hydroxyl or relevant for high-affinity ligand binding.




CoMSIA of Cardiac GlycosideNa/K-ATPase Interactions Biochemistry, Vol. 44, No. 2, 200507

Ficure 6: Orthographic view of the hydrophobic CoMSIA contour maps for ligand binding (A) and enzyme inhibition (B). The structure
of digoxin is displayed as a reference. Activity increases with an increase in the hydrophobic character of the cardiac glycoside in the
yellow areas and decreases with an increase in the hydrophobic character in the gray areas. Contour cutoff level of 88:12.

Finally, it should be noted that the CoMSIA maps display changes ambiguous. Therefore, binding affinity and inhibi-
contours in all regions about the ligand that were probed by tory potency are not necessarily expected to follow the same
structural modifications (Figure 2). This implies that the trends. Furthermore, potassium ions are present in the activity
digitalis binding site of Na/K-ATPase interacts with all major assays because they are required for transport activity and
components of digoxin and must therefore be at least largethey act as competitive inhibitors of cardiac glycosides,
enough to accommodate molecules the size of digoxin which, reducing the affinities of the latter and destabilizing the E
in an extended conformation, measures 27 A in length. P, conformation.

Therefore, the Na/K-ATPase digitalis binding pocket is  There is though considerable correlation between the two
considerably larger than that of other digitalis-specific property values (RBA and RIP) and an overall resemblance
“receptors”, such as mouse and human anti-digoxin mono- of the contour maps for binding and inhibition (Figures#.
clonal antibodies. The latter have been shown to interact There are, however, some distinct differences. The most
primarily with the cardenolide moiety of cardiac glycosides, noticeable difference is visible in the steric parts of the
with the carbohydrates entirely or partially solvent-exposed contour maps (Figure 5A,B), which show, for activity
and not involved in ligand binding3@, 33, 46). inhibition, a favorable green area about the lactone ring. This
3D-QSAR-Based Comparison of Cardiac Glycoside Bind- feature is noticeably absent in the map for ouabain binding.
ing versus Inhibition of Na/K-ATPase Aciiy. Despite This difference results from the enhanced inhibitory potency
considerable research efforts, the exact mechanisms ofbut lowered binding affinity upon enlargement of the five-
cardiac glycoside binding and inhibition of Na/K-ATPase membered lactone ring.
remain elusive. Lingrel and co-workers({ 13) proposed Whereas the exact locations and size of the contours vary
an inhibition model that postulates the involvement of the to some extent, there is good agreement between the
two hairpin loops connecting transmembrane helices 1 andelectrostatic (Figure 5C,D) and hydrophobic (Figure 6)
2 (H1-H2 loop) and 5 and 6 (H5H6 loop). According to contour maps for binding and inhibition. An exception is
the model, these two loops are believed to have different the presence of a gray contour region at the “right” side of
functions. The HE+-H2 loop is primarily responsible for the  the lactone ring (Figure 6B). This region is closest to polar
specific recognition of cardiac glycosides. Once bound to atoms of the bufadienolides and provides an additional
the enzyme, the cardiac glycoside then exerts its inhibitory rationale for the enhanced inhibitory potency of this group
activity by interacting at some point during the catalytic cycle of compounds.
with the H5-H6 loop and restricting its flexibility, a crucial In Figure 7, the H-bond donor map for activity inhibition
property required for Na/K-ATPase function. If correct, this shows an unfavorable area close to C-14, whereas the ligand
model implies that our measured binding affinities are binding map shows unfavorable areas in the proximity of
primarily a reflection of interactions between cardiac gly- C-1 and C-19. This is explained by the higher sensitivity of
cosides and the HiH2 loop, whereas the inhibitory poten- the binding affinity to introduction of hydroxyl groups about
cies mainly describe the interactions of the glycosides and C-1 and C-19 (ouabagenin), whereas the inhibitory potency
the H5-H6 loop. While ligand binding to the &, form of values are more sensitive to modifications at C-12. For the
Na/K-ATPAse has the fastest on-rate and is believed to be same reasons, the H-bond acceptor map for inhibition shows
accompanied by minor conformational changes, enzyme an unfavorable orange area about C-12 whereas the binding
inhibition under turnover conditions is the result of interac- maps display none. Taken together, the areas in which
tions with the inhibitor aany point during the catalytic cycle, = CoMSIA locates exclusively inhibition interactions (lactone
making the contributions of the resultant conformational ring and C-12) may indicate the portion of the cardiac
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Ficure 7: Orthographic view of the H-bond donor and the H-bond acceptor CoMSIA contour maps for ligand binding (A and C) and
enzyme inhibition (B and D). The structure of digoxin is displayed as a reference. Activity increases with the presence of H-bond acceptor
groups on theeceptorin the cyan areas and decreases with the presence of H-bond acceptor groups in the purple areas (A and B). Activity
increases with the presence of H-bond donor groups ometteptorin the cyan areas and decreases with the presence of H-bond donor
groups in the orange areas (C and D). Contour cutoff level of 88:12.

glycosides that interact with the H3H6 loop of the enzyme.  agreement, although the CoMSIA map is less fragmented.
Likewise, the region about C-1 and C-19 could be primarily This is an important and commonly observed feature that
involved in interactions with the HiH2 loop. results from the use of Gaussian functions rather than of

Despite Over|apping but nonidentical Compound sets and Lennard-Jones and Coulomb pOtentialS which both have very
the use of a different 3D-QSAR methodology, a comparison steep distance dependenci@s, (24).
of the steric and electrostatic CoMSIA contour maps for  The compound that deserves special mention is ouabagenin
activity inhibition shows good agreement with those of our because of the magnitude of its disparity between its binding
previous CoMFA studyZ?). The favorable steric contours and inhibition properties in comparison to those of ouabain.
(green) are very similar, and the only difference relates to The large drop in ouabain’s binding affinity upon removal
the unfavorable (yellow) region about thesugar in the of rhamnose is in sharp contrast to the small decrease in
CoMSIA map. This is attributed to the fact that our earlier inhibitory potency. A possible explanation is that under
CoMFA study did not include as many structural variations Mg?*/P; binding conditions only inhibitor binding to the;E
in this area and was unable to recognize interactions at thisconformation of Na/K-ATPase is monitored. In contrast, the
location. The electrostatic maps are also in qualitative turnover conditions of the ATPase activity assay allow for
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interactions between the inhibitor and the receptor in all structural locations where differences in binding or inhibition
enzyme conformations (E&nd B) of the catalytic cycle. If, may occur.

for some reason, the binding affinity of the enzyme for

ouabagenin in the Fbut not B conformation were compa- ACKNOWLEDGMENT

rable to that of the other compounds, the high inhibitory  \ye thank Purabi Dey for technical assistance and Dr.

potency would be the consequence because once boundpayid Stanton for valuable discussions regarding the model-
ouabagenin would still block the interconversion of inter- ing of cardiac glycoside structures.

mediates. Clearly, more research is needed to understand
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