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ABSTRACT. Nat,K™-ATPase is a transmembrane protein that transports sodium and potassium ions across
cell membranes during an activity cycle that uses the energy released by ATP hydrolysis. Cardiotonic
steroids (digitalis) inhibit this activity and consequently produce a positive inotropic response in the heart.
To identify the structural features of the steroids that are important for this inhibition, we have tested the
inhibitory properties of 47 cardiotonic and hormonal steroids and developed a three-dimensional quantitative
structure-activity relationship (3D-QSAR) model for the inhibition of N&™-ATPase using comparative
molecular field analysis (CoOMFA). We also developed a 3D-QSAR model for the binding of digoxin to
the murine anti-digoxin monoclonal antibody (mAb) 26-10 because we have previously shown that the
environment of the binding sites of 26-10 and the enzyme are similar (Kasturi et al. @@@Bemistry

37, 6658-6666). These statistically predictive 3D-QSAR models indicate that both binding sites are about
20 A long and have a close fit or complementarity about ghside of the lactone ring of digitalis.
Furthermore, steric bulk about the lactone ring andottseigar may be critical for drug binding. However,

the binding site of Ng K*-ATPase differs from that of mAb in that it has a greater number of electrostatic
interactions along the-sugar, steroid, and lactone moieties. In addition, the availability of the structure
of the 26-10 Fabdigoxin complex (Jeffrey et al. (1998roc. Natl. Acad. Sci. U.S.A. 900316-10314)
enabled us to compare the CoMFA-derived contour maps with the known locations for amino acid residues
comprising the mAbD ligand binding site.

Na',K*-ATPasé is a heterodimeric transmembrane pro- maintenance of the membrane potential for muscle contrac-
tein that transports sodium and potassium ions across celltion and nerve propagation, regulation of cell volume, and
membranes using energy from the hydrolysis of ATP. During transport of other ions, amino acids, neurotransmitters, and
its ion pumping cycle, the protein alternates between an ATP- glucose 1—4).
bound E conformation, with a cytosolic high-affinity cation Digoxin and digitoxin are well-known examples of car-
binding site for sodium ions, and a phosphorylategd E diotonic steroids (digitalis) that bind to the extracellular
conformation, with an extracellular high-affinity site for surface of thex subunit of the enzyme and inhibit its ATPase
potassium ions. Its regulation of Nand K' levels con- activity. In myocardial cells, this inhibition results in the
tributes to many essential cellular processes, including sequential increase of cytosolic sodium and calcium con-
centrations and thereby increases the force of contraction.

t Support for this work came from the American Heart Grant-in- FOr this reason, these two compounds (especially digoxin)
Aid, Southern and Ohio Valley Affiliate (W.J.B.), NIH Grant RO1- are widely used as inotropic agents for the treatment of
06312 (W.J.W), and NIH Training Grant 5 T32 HLO7382 (C.F.; P.l.,  congestive heart failure (CHFBY, Unfortunately, digoxin

A. Schwartz). s :
* To whom correspondence should be addressed. Phone: (513) 558-has a low therapeutic index and can cause toxic efféjs (

2388. Fax: (513) 558-6911. E-mail: William.Ball@uc.edu. such as arrhythmias and ventricular fibrillations. Therefore,
;Un!versity of Cincinnati. _ antigen-binding fragments (Fabs) of sheep anti-digoxin
University of Missouri-St. Louis. antibodies (Abs) are used as antidotes for digoxin overdoses,

1 Abbreviations: 3D, three-dimensional; AO, anthroylouabain; CDR, d anti-di in Ab di linical t it
complementarity determining region; COMFA, comparative molecular 810 @nti-aigoxin Abs are used in clinical assays to monitor

field analysis; Fabs, antigen-binding fragments; H, heavy chaig; IC ~ serum levels of digoxin, 8).
concentration required to reduce enzyme activity by 50%; L, light chain;  Clearly, understanding the structural features of complex

mADb, monoclonal antibody; NaK*-ATPase, magnesium-dependent . - - . 4
and sodium- and potassium-activated adenosine triphosphatase; PCJ,Ormatlon between digoxin and its receptor, N&'-ATPase,

principal components; PLS, partial least squares; QSAR, quantitative OF With anti-digoxin Abs could lead to the development of
structure-activity relationship; rel inh, relative inhibition calculated inotropic drugs with larger therapeutic indices or Abs with

as ratio of 1Go for inhibitor to 1Gs, for digoxin; SDS"PAGE, sodium — greater specificity that could be used as improved antidotes.
dodecyl sulfate-polyacrylamide gel electrophoresis; S coeff,

standard deviation of column values multiplied by the corresponding ~ Digoxin is Compose_d of a C_ardiOt_OHiC St.emid moiety with
equation coefficient. the A—B and C-D rings joined in a cis nonhormonal
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Ficure 1: Structures of the cardiotonic steroids and hormonal steroids. (A) The structure of digoxin (boxed), illustrating ttamsi<is
conformation and selected sugar and lactone ring substitutions from Table 2A. (B) The structure of progesterone (boxed), illustrating the
all-trans conformation and representative hormonal steroids from Table 2B.

envelope configuration, while the-BC rings are joined in a
flattened trans arrangemerfl)( Digoxin also has am,S-
unsaturated lactone ring attached at C-17 and th(&et)-

inhibition of Na*,K*-ATPase. Studies of photoaffinity labels,
chemical modification, andx-subunit chimeras have all
indicated that the binding site resides on the extracellular

D-glycoside-linked digitoxoses attached at C-3 (Figure 1A). surface of thex subunit (0—19). Studies with site-directed
There are many related compounds of plant and animal originand random mutagenesis of the sheep ,K&-ATPaseal
that have substitutions at various positions on the steroid isoform have identified many amino acids that are involved
rings, including different numbers and categories of carbo- with the binding of cardiotonic steroids and the inhibition
hydrates at C-3 and variations in the saturation and size ofof ATPase activity 20—28). Enzyme inhibition studies have
the lactone ring. The importance of these various moieties identified a basic lead structuredA43-androstane3 14-

in forming receptor-ligand complexes is not fully under-

diol) as the minimum moiety required for cardiotonic steroid

stood. Furthermore, little is known about the three- recognition by the enzyme29).

dimensional (3D) structure of NeK*-ATPase, the location

The binding of cardiotonic steroids to spontaneous mutants

of the cardiotonic steroid binding site, the causes of the toxic of murine anti-digoxin monoclonal antibodies (mAbs) has
versus the therapeutic effects, or the molecular mechanismalso been studie®(). The structure of two Fabs bound with

of enzyme inhibition.

digoxin or ouabain has been determined with X-ray crystal-

Several approaches are used to characterize the bindindography @81, 32). Further, we have used anthroylouabain
site for the cardiotonic steroids and their mechanism of (AO) and spectroscopic techniques to show that the binding
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site for digitalis on N&,K*-ATPase has a structural environ- The 1G5 values were determined by plotting the percent
ment similar to that on the murine anti-digoxin mAb 26-10 activity as a function of the log [inhibitor]. The data points
(33). Comparison of the information about receptigand were fit with a four-parameter logistic equation, using
complex formation for the enzyme and mAbs may be useful Kaleidagraph (Synergy Software, Reading, PA) in order to
because the ligand presents the same structural features imonitor any variations in the slopes of the inhibition curves.
both cases34). The values for the Hill coefficients were randomly centered
Structure-activity studies of the inhibition of NgK*- at about 1. The relative inhibition (rel inh) values were
ATPase by cardiotonic compounds have generated |argeC&|CU|ated as the ratio of the §@values of the inhibitors to
databases of AG® values 85—37). In this paper, we present  those for digoxin.
a new approach to investigate the interaction of these Training Sets for 3D-QSAR Analysihe training set (i.e.,
compounds with their receptor. Recently, 3D quantitative data set) used to construct the 3D-QSAR model for the
structure-activity relationship (3D-QSAR) models have been inhibition of Na",K*-ATPase by cardiotonic and hormonal
produced with comparative molecular field analysis Steroids was based on our determinations of rel inh values.
(CoMFA) and used to describe receptalirug complexes  The training set for the binding of ligands to 26-10 is based
at a molecular level by correlating the structures of related on the ratio of inhibitory concentration values for 34
ligands with their biological activity38). COMFA has been ~ compounds, determined by a competition radiocimmunoassay

used to examine recepteligand interactions for drug design ~ and reported previously by Schildbach et &0)( To be
and for other QSAR application89—45). consistent with other QSAR studies, the rel inh values were

In this study, we examined the inhibition of N&*- converted so that larger activity values represented more

ATPase by 47 cardiotonic or hormonal steroids and producedPotent inhibitors relative to digoxin. The training set data
a 3D-QSAR model that identifies the steric and electrostatic POINt for each competitor was calculated as log [300Cso
fields of the ligands that are most important to this inhibition. ©f digoxin/ICso of inhibitor)]. For both training sets, the value
We also report that some of the fields that are important for for digoxin is 2 (log 100), and inhibitors with less inhibitory
enzyme inhibition are similar to those that are important for &ffect or lower affinity have lower values.

the binding of ligands to 26-10. In addition, by virtue of the _ TW0 3D-QSAR models were constructed for each receptor.

excellent correlation between these fields and the position FOr the first model in each case (Model ), the data set was
of specific residues in the complementarity determining divided into a training set, for model development, and a
regions (CDRs), as established by X-ray crystallography, we €St Set, for model validation. Th_e _second model (Model I1)

propose that the identification and visualization of these fields W&s constructed after the training and test sets were
for Na*,K*-ATPase will contribute to the determination of ~Combined. _

the binding site for cardiotonic steroids and the mechanism Molecular Modeling.The 3D structure of each compound

of their inhibitory effects.

MATERIALS AND METHODS

Na*,K*-ATPase Isolation and Characterizatioda™,K*-
ATPase was purified from the outer medulla of frozen lamb
kidney using the method of Lane et al6f and had an initial
ATPase activity of~1100 umol mg* h™1. The protein
concentration was determined by the Lowry proceddg (

was built using the molecular fragment library of Sybyl 6.6
(Tripos, Inc., St. Louis, MO) on a Silicon Graphics work-
station. The structure of each cardiotonic steroid was based
on the structure of digoxin, bound to murine Fab 26-10, as
determined by X-ray crystallographydl), and available
(identification number 1IGJ) from the Protein Data Bank
(PDB). The structure of each hormonal steroid was based
on the structure of progesterone, bound to Fab’DB3,
determined by X-ray crystallographyl9), and available

using BSA as the protein standard. A sample from the final (identification number 1DBB) in the PDB. Because Jeffrey

preparation was subjected to SBBAGE (8% gel) and

et al. did not observe any electron density for the two

produced only two protein bands: one at 110 kDa and the terminal digitoxoses in the structure of digoxiB1j, two

other at 55 kDa when stained with Coomassie blue.
Inhibition of Na",K"-ATPase Actiity. The inhibition of
Na,K*-ATPase activity by cardiotonic and hormonal ste-
roids was determined with modifications of a previously
described assay8) using a UVIKON 930 spectrophotom-
eter. Initially, Na',K™-ATPase preparation, without or with
varying concentrations of inhibitor (prepared in ethanol,
methanol, distilled water, or chloroform), was incubated for
30 min at 37°C in the assay mixture (40 nMthistidine, 10
mM MgCl,, 100 mM NacCl, 10 mM KCI, 1 mM phosphoenol
pyruvate (pH 7.3)7~0.3 mM NADH, and pyruvate kinase-
lactic dehydrogenase (pH 7.3)). After the background
NADPH oxidation rate was determined for 10 min, the

digitoxose sugars were added to the PDB structure, using
the molecular fragments library in Sybyl, and the global
minimum-energy conformation was determined. The global
minimum-energy conformation was identified using the
following steps: (1) optimize the geometry of each molecule
to the local minimum-energy conformation using an energy
gradient of 0.001 kcal/(mol A), (2) search all of the rotatable
bonds in 10 increments to locate minimum-energy torsion
angles, and (3) reoptimize the molecules to their lowest
minimum-energy conformation using the bond angles es-
tablished in step two. The energy-minimized digoxin struc-
ture was modified with the (Sybyl) molecular fragments
library to build the remaining cardiotonic steroid structures.

Na,K*-dependent ATPase reaction was started with the A global minimum-energy conformation was also determined

addition of ATP to achiee a 5 mMconcentration. All of

for thevetin B because the-b glycosidic bonds created a

the inhibitors decreased the activity of the enzyme to 90% twisted carbohydrate chain. Similarly, the progesterone
or greater, and incubation times up to 60 min did not increase structure was modified to build the additional steroid

the potency of inhibition beyond that achieved with the 30
min preincubation.

structures. Finally, all of the structures were energy-
minimized using the Tripos force field with a distance-
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Ficure 2: Inhibition of Na",K*-ATPase by various cardiotonic
steroids: bufalin %), digoxigenin monodigitoxosél), digoxigenin
bisdigitoxose #), digoxin @), and gitoxin ). Error bars represent
the standard deviation of-% data points.

dependent dielectric functiom & eor, whereeo = 1) and a
convergence criterion of 0.001 kcal/mol energy difference
between successive iterations. The Gasteilyarsili method
was used to calculate the atomic partial chargs8).(
Although there can be rotation about the glycoside (C-3, O)
and lactone-cardenolide (C-17 to C-20) bonds and some of
the compounds may assume alternate steroid ring A con-
formations b1), we assumed the energy-minimized confor-
mation for each compound with each receptor. We evaluatedFGURE 3: _Ligand alignment used in 3D-QSAR studies for (A)
the contour maps, with the understanding that a C-3 or C-17 N& K™-ATPase and (B) mAb 2610.

rotation may have occurre®?).

Comparatie Molecular Field Analysis (COMFA) Align-  principal components (PCs), which are linear combinations
ment.To align the compounds, we matched the B and C of the original descriptor variables. The cross-validated
rings (C-5 to C-14) of each cardiotonic and hormonal steroid (termedq?, hereafter; eq 2) shows how well the model-

to the corresponding atoms in digoxin, using a least-squarespredicted values match the observed values,
fit. Therefore, the B and C rings, joined in trans, served as

the scaffolding of the pharmacophoric elements. The aligned 2 _ . _ 2 _ 2
compounds used for the model of the inhibition of T\ - =1 [z(y Yored /Z(y Yimead | (2)
ATPase are shown in Figure 3A, and those for the model of

26-10 ligand complex formation are shown in Figure 3B. wherey, Ypres andymeanrepresent each observed value, each
Next, each compound was independently placed in a 3D grid predicted value, and the mean descrlgtor value, respectively
with 2 A spacing intervals. A carbon probe with an®sp (3_9)' An ac_c_eptable Iqwer limit fo_r thee value for a model
configuration and a+1.0 charge was placed at each grid With the ability to predict the activity of untested c;)mpounds
intersection, and the steric (van der Waals 6-12) and IS 9-40 with values 0:40.5 being predictive and® > 0.5

electrostatic (Coulombic) energies between the probe andbemg strongly pre(_jictive4(1). The final .3D'QSAR model
compound were calculated for each intersection. The calcu-¥as deétermined with the LOO-determined number of PCs

lated energies greater than 30 kcal/mol were truncated toand without cr.os's-valldatlor?. ,Thé value (eq 3) ,ShOWS the
this value B1). goodness of fit (|.e_3., the validity of _the_ correlation between
PLS-QSARPartial least-squares (PLS) regression was usedthe calculated steric and electrostatic fields and the log value)
to analyze the CoMFA results by correlating variations in ) 5 ,
the observed rel inh values with variations in the steric and =130 YD Y~ Ymead ] )
electrostatic fields of the corresponding compound. The
analysis generates a linear equatigg)( wherey, Yea, andymeanrepresent each observed log value,
) ) o each predicted log value based on the final 3D-QSAR
Biological activity=k + a§ + bS + ...+ m§ + equation, and the descriptor mean value, respectively2An
ng, + ...+ zE, (1) > 0.9 is considered to be internally self-consisteti)(

The initial 3D-QSAR models developed for N&*-
wherek is a constanta—m are the coefficients for the steric ~ ATPase inhibition included the entire 34 rel inh values, but
(S parameters, and—z are the coefficients for the electro- this model did not meet an acceptable criteigd ¢ 0.4;
static €) parameters. A PLS cross-validation procedure r? > 0.9). The removal of the two compounds (helveticoside
(“leave-one-out”; LOO) combined and reduced the large and strophanthidin) with the largest residuals from the sets
number of steric and electrostatic field descriptors to a few produced ag? value of 0.439, and the removal of a third
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compound, acetylstrophanthidin, gave a value of 0.514. As (bufalin, cinobufagin, and proscillaridin A) with their six-

a compromise between a smaller data set or highealue, membered rather than five-membered unsaturated lactone
we chose to delete just two compounds from Models | and rings, linked at C-1j3. Bufalin was 29-fold more potent than

Il (see footnote e in Table 2A). Further testing indicated digoxin and was the most effective inhibitor.

problems with our sample of helveticoside, and discussion The least potent inhibitors were two hormonal steroids:
of its results have been deleted. The initial 3D-QSAR model chlormadinone acetate and d-hydroxyprogesterone-17-

for digoxin binding to 26-10 used all the available data and acetate-3Q-carboxymethyl)oxime (rel inh values of 8.4 and
did meet theg? andr? target values. Therefore, this model 320, respectively), and none of the other 12 hormonal steroids
became the final Model II. (as well as cholesterol) showed any activity with the enzyme

COMFA Contour Maps.The steric and electrostatic (Table 2B). Therefore, we focused our attention on the
COMFA SD x coeff contour maps, generated with each 3D- cardiotonic compounds, while the two hormonal steroids that
QSAR model, identify the regions around the ligands where did inhibit the enzyme had the most complex chemical
a change in the field parameters affects the ligand inhibition additions at the C-17 position and these modifications likely
or binding activity. Specifically, at each lattice point, the Mimic some structural aspects of the lactone ring of the
SD of each field value at that point and the corresponding cardiotonic steroids. If the lactone double bond is saturated
equation coefficient are multiplied together. If the product (dihydrodigitoxin), the inhibitory potency is reduced 5-fold.
is higher than 80% or lower than 20% of all the calculated These results, together with the results of the bufadienolides,
products, the point is color-coded and plotted. Green and Suggest that the lactone ring plays an important role in the
yellow indicate regions where increased steric bulk corre- inhibition of the enzyme. o
sponds to an increase or decrease in the activity, respectively. Interestingly, and contrary to the broad range of affinities
Red and blue indicate regions where an increase in theobserved for the interactions of cardiotonic steroids with

ligand’s negative charge corresponds to an increase orseveral murine anti-digoxin mAb8Q, 32), the rel inh values
decrease in the activity, respectively. for most of the cardiotonic steroids were within a single order

Reagents and Inhibitorhe inhibitors were obtained from (_)f ma_gmtude _O.f _each o_the_r. The(ef_ore, _the enzyme shows
the following companiesti-acetyldigoxin, 16-acetylgitoxin, little f|ne—speC|f|C|_ty of _bmdmg_. Within this narrow range,
dihydrodigitoxin, and evomonoside from Indofine (Somer- SO™M€ of th? .card|ot.qn|c_ster0|ds can be gfoupeq acco.rd_lng
ville, NJ); cymarin, lanatoside B, and uzarigenin from Pfalz to t.he spemﬁc mod|f|cat|0r]s on their steroid moiety. Digi-
and Bauer (Waterbury, CT); digitoxigenin bisdigitoxose, toxigenin (no ?“gﬁrs)’ which Iapk_s the hydroxyl found at
digitoxigenin monodigitoxose, and digoxigenin bisdigitoxose C-12 on d|gOX|gen_|n, ha_s the minimurm number of substit-
from Roth Karlsruhe, Germany; digoxigenin monodigitoxose uents on Fhe sye_r0|d. moiety af.‘d is 4-fold more potent Fhan
from Glaxo-Wellcome (Research Triangle Park, NC); acetyl- digoxigenin. Digitoxin, neriifolin, and evomonoside, with
digitoxin, 17-hydroxyprogesterone-17-acetateC3-garboxy- different sugars at C-3, all have similar strong |_nh|blyory
methyl)oxime, acetylstrophanthidin, aldosterone, androster- eﬁe_cts (rel inh values of 0-30.2). Two addlt!Oﬂ_(:ﬂ_dlgltOXl- )
one, bufalin, chlormadinone acetate, cholesterol, cinobufagin, 3€nin-related compounds have reduced inhibition values:

corticosterone, cortisone, dehydrocortisone, dehydroisoan—thevetin .B’ With sugars joined_ﬂg instgad of .17 4, and
drosterone, digitoxigenin, digitoxin, digoxigenin, digoxige- uzarigenin, with a flattened AB ring junction (rel inh values

nin-3,12-diacetate, digoxin, dihydroouabaifi;estradiol, of 0'8): '.rhe_fact.that uzarigenin is only 4-fold less effective
gitoxigenin, gitoxin, helveticoside, hydrocortisone, lanatoside than d|g|tQX|gen|n suggests that the presence of the lactone
C, neriifolin, oleandrin, ouabagenin, ouabain, prednisolone- ring and cis cqnformanon of theﬂ)_rlngs, “’ﬁher than the
21-acetate, prednisolone-21-hemisuccinate, progesteronef:'s_Co_mc_Ormatlon of the AB rings, is most important for
proscillaridin A, strophanthidin, testosterone, and thevetin 'tS Inhibitory effect. L

B from Sigma-Aldrich Co. (St. Louis, MO). All other buffers A”‘?thef group, the g|toxm-_rela_1te_d compounds, have
and chemical reagents were purchased from Sigma Chemicapubstitutions at C-16, and their inhibitory potencies depend

Co. on the modifications. Gitoxigenin is 6-fold less potent than
digitoxigenin, while oleandrin, 16-acetylgitoxin, and gitoxin
RESULTS AND DISCUSSION (one oleandrose or three digitoxoses at C-3) are 1-, 3-, and
9-fold less potent than digitoxin.
Characterization of N§K*-ATPase InhibitorsWe de- The final group of ouabagenin- and strophanthidin-related

termined the ability of 47 cardiotonic and hormonal steroids compounds is more soluble than either digoxin or digitoxin
to inhibit the Na- and Kt-dependent ATPase activity of and used most frequently in research studies. The additional
Na,K*-ATPase ¢1/1 isoform). The structures of some of hydroxyls at C-1, C-5, C-11, and C-19 on ouabagenin reduce
the compounds are illustrated in Figure 1, and then all are the potency 9-fold when compared to digitoxigenin, while
fully described in parts A and B of Table 1. Representative the addition of an hydroxyl at C-5 and a keto group at C-19
activity inhibition curves are presented in Figure 2, and the on strophanthidin reduce the potency 2-fold.

ICso values obtained under our ATPase assay conditions were The importance of the sugar moiety can be specifically
0.6 uM for digoxin and 0.14uM for digitoxin. Because evaluated by examining selected combinations of cardiotonic
digoxin is the cardiotonic agent most widely used in the steroids. The most common sugar is digitoxose. If three
United States, it served as our reference compound, and thaligitoxoses are added to digitoxigenin, digoxigenin, and
observed rel inh values (Kgvalues relative to digoxin) for  gitoxigenin, the inhibitory potency of each compound
all the compounds are presented in Tables 2A and 2B. It (digitoxin, digoxin, and gitoxin) actually decreasesZtfold.
should be noted that digoxin was not one of the better However, if rhamnose is added to digitoxigenin or ouabage-
inhibitors. The most potent inhibitors were the bufadienolides nin, the inhibitory potencies increase 2-fold, while thevetose,
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Table 1: Structural Characteristics of Cardiotonic and Hormonal Steroids
(A) Cardiotonic Steroids
substitutions at steroid positions
cardiotonic steroid i 36 58 1lo 123 163 178 19
Digoxigenin Base
digoxin tri-p-digitoxose —OH
o-acetyldigoxin trip-digitoxosé —OH
lanatoside C see Figure 1A —OH
12-acetyldigoxif tri-n-digitoxose —OCOCH;
dihydrodigoxir? tri-p-digitoxose —OH saturated
digoxigenin bis- bis-b-digitoxose —OH
digitoxose
digoxigenin mono- p-digitoxose —OH
digitoxose
digoxigenin —OH —OH
dihydrodigoxigenif —OH —OH saturated
3-epidigoxigenif o-OH° —OH
digoxigenin-3,12- —OCOCH —OCOCH;
diacetate
Digitoxigenin Base
digitoxin tri-p-digitoxose
acetyldigitoxin (.3, 2:1) tri-p-digitoxosé
dihydrodigitoxin trin-digitoxose saturated
digitoxigenin bis- bis-p-digitoxose
digitoxose
digitoxigenin mono- p-digitoxose
digitoxose
evomonoside L-rhamnose
neriifolin L-thevetose
thevetin B 1 thevetose 1(2 sugar)
gentiobiose
digitoxigenin —OH
acovenoside A —OH 6-deoxy-30-methyl-
L-talose
uzarigenin (trans A/B ring) —OH o-H
Bufalin —OH six-membered
cinobufagin —OH —OH —OCOCH; six-membered
cinobufagin 14—15S-epoxide
proscillaridin A L-rhamnose 45 double bond six-membered
Gitoxigenin Base
gitoxin tri-p-digitoxose —OH
diginatir? tri-p-digitoxose —OH —OH
gitaloxigenir? —OH -—OCHO
gitaloxirP tri-p-digitoxose —OCHO
16-acetylgitoxin trip-digitoxose —OCOCH;
gitoxigenin-3-acetate —OCOCH; —OH
gitoxigenin-3,16- —OCOCH; —OCOCH;
diacetate
gitoxigenin —OH —OH
gitoxigenin mono- p-digitoxose —OH
digitoxosé
lanatoside B see Figure 1A —OH
strospeside p-digitalose —OH
oleandrigenin mono- p-digitoxose —OCOCH;
digitoxosé
oleandrin oleandrose —0OCOCH;
oleandrigenih —OH —OCOCH
strophanthiddl —OH —OH —OH
strophanthidin —OH —OH =
acetylstrophanthidin —OCOCH; —OH =
cymarin cymarose —OH =
helveticoside p-digitoxose —OH =
ouabain —OH L-rhamnose —OH —OH —OH
dihydroouabain —OH L-rhamnose —OH —OH saturated —OH
ouabagenin —OH —OH —OH —OH —OH
(B) Hormonal Steroids
substitutions at steroid positions
4t05,5t06,
hormonal steroid 3 or 6 to 7 double bonds 6 Bl 17 18
androsterone o-OH none =
dehydroisoandrosterote p-OH 5-6 =
progesterone = 4-5 [-COCHs
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Table 1 (Continued)
(B) Hormonal Steroids

substitutions at steroid positions

4t05,51t06,
hormonal steroid 3 or 6 to 7 double bonds 6 yinl 17 18

chlormadinone acetate =0 4-5;6-7 —Cl o-OCOCH; f-COCHg
170-hydroxyprogesterone- NOCH,CO,H 4-5 0o-OCOCH;, -COCH;

17-acetate 3-

(O-carboxymethyl)oxime
testosterone =0 4-5 p-OH
corticosterone =0 4-5 —OH [-COCHOH
aldosteron® =0 4-5 —OH p-COCHOH =0
dehydrocortisorie =0 1-2;4-5 = a-OH; 5-COCH.OH
prednisolone-21-acetate =0 1-2;4-5 —OH o-OH; f-COCH,OCOCH;
prednisolone-21-hemisuccinate =0 1-2;4-5 —OH o-OH; f-COCHOCO(CH,).COO
hydrocortisone =0 4-5 —OH o-OH; f-COCHOH
cortisone =0 4-5 = a-OH; 5-COCH.OH
cholesterol B-OH 5-6 B-CH(CHg)(CH2)3:CH(CHs)2
p-estradid —OH aromatic A ring -OH

a2 or  —OCOCH; on terminal digitoxose C-3 Analogues used only in Margolie’s lab data s&b)( ¢ Note o orientation.? Prasterone In
equilibrium with hemiacetal formed by C-11 hydroxyl and C-18 carboXyrednisoned Note: no methyl on C-10.

when added to digitoxigenin, has no effect. We can also potency) that is contained within the green area. There is
examine the effect of adding different sugars to the same also a green region near the lactone ring that is consistent
aglycone. There is little effect in adding a single digitoxose, with the result that bufalin-related compounds were the most
rhamnose, or thevetose to digitoxigenin (rel inh of 0.18); potent inhibitors. The small yellow regions scattered about
the rel inh values of the glycoside compounds are 0.22, 0.099,the steroid’s C and D rings show regions where the fit

and 0.17, respectively. Also, the addition of a single between the inhibitor and the enzyme may already be optimal
cymarose sugar (forming cymarin) to strophanthidin has no and any increase in bulk, especially about C-16 and the C-18
effect. methyl group, decreases the ability of the ligand to inhibit

Development of a 3D-QSAR Model for Inhibition of the enzyme.
Na',K"-ATPase by DigitalisNext, we determined whether The red regions in the electrostatic (lower) contour map
CoMFA could generate a 3D-QSAR model for the interaction (Figure 5A) are located about the ligand from tesugar
of cardiotonic and hormonal steroids with NK™-ATPase, ring and its C-3 link, along the steroid and especially around
despite the relatively narrow range of activities. For Model the lactone ring. The red regions highlight areas where an
I, we used the rel inh values of 28 compounds and randomly increased electronegativity on the ligand should increase
excluded (16-acetylgitoxin, acetylstrophanthidin, lanatoside inhibition. There are three blue regions where a decrease in
C, and thevetin B) so that they could serve as test compoundslectronegativity of the ligand should increase inhibition; two
for the model. Model | ¢ = 0.500;r2 = 0.967 using five are located near the sugar, and one region is found above
PCs) predicted the relative inhibitory values withirn30% the hydroxyl at C-12.

of their log(100/rel inh) values. These results demonstrated peyelopment of a 3D-QSAR Model and Contour Map for
that a statistically predictive 3D-QSAR model could be pigoxin Binding to mAb 26-1Because we have previously
generated. used spectroscopic methods to show that there are similarities
The final 3D-QSAR Model Il ¢ = 0.439;r?> = 0.949 between the digitalis binding sites of the enzyme and mAb
using five PCs) utilized 32 compounds (Figure 4A). An 26-10 @3), we also determined whether binding affinity data,
illustration of the aligned structures of the inhibitors is shown already available from studies by Schildbach et 20)(for
in Figure 3A, and a plot of the correlatior? between the  26-10 could be used to generate a 3D-QSAR model. Initially,
calculated and the observed log(100/rel inh) values is we generated 3D-QSAR Model ¢§{ = 0.595;r%> = 0.951
presented in Figure 4A. The CoMFA generated contour mapsusing five PCs) with CoMFA using the binding data for 31
for the steric and electrostatic fields are shown in Figure inhibitors, while excluding three compounds (acovenoside
5A, with digoxin inserted for reference. The steric field A, gitoxigenin-monodigitoxose, and oleandrin) as test com-
contribution to the model was 44%, while the electrostatic pounds. This initial model was able to predict the rel inh
field contribution was 56%; thus, the electrostatic interactions values of the test compounds within 12%, 4%, 43% of their
make the larger contribution to the model. observed log(100/ratio of inh conc.) values, respectively.

The contour maps visualize the areas of the steric and For the final model Il ¢Z = 0.629;r?> = 0.948 using five
electrostatic fields that are most important for explaining the PCs), we used all 34 compounds and obtained an excellent
variation in enzyme inhibition by this series of compounds. predictive model. The contributions from the steric and
The addition of steric bulk to the region about thesugar electrostatic fields were 58% and 42%, respectively. These
that is indicated by the green area in the upper contour mapresults indicate that steric interactions contribute the most
of Figure 5A improves the inhibitory ability of the ligand. to the variation in ligand binding affinities and are essentially
The fact that the addition of digitoxose, in contrast to other the reverse of those in the N&K™-ATPase model, where
sugars tested, decreased ligand potency probably accountthe steric components were only 44%. The reduced role for
for the presence of the yellow contour region (decreasing electrostatic interactions between digoxin and 26-10 is
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Table 2: Relative Inhibition Values of Cardiotonic and Hormonal Steroids

(A) Relative Inhibition Values of Cardiotonic Steroids for Sheep Kidney Ka-ATPase and Ratio of Inhibitory Concentrations
of Cardiotonic Steroids for Cardiotonic Steroids for Binding to Murine mAb 26-10
sheep kidney murine mAb 26-10

cardiotonic steriods Na,K*-ATPase rel inh ratio of inhibitory concentratiofis
12-acetyldigoxin nél 160
a-acetyldigoxin 1.4+ 0.005 nd
acetyldigitoxin 0.414+0.04 nd
16-acetylgitoxin 0.65: 0.08 150
3-epidigoxigenin nd 4
acetylstrophanthidin 0.2¢ 0.01 2
acovenoside A nd 2
bufalin 0.034+ 0.004 nd
cinobufagin 0.14+ 0.004 nd
cymarin 0.39+ 0.03 1
diginatin nd 2
digitoxigenin 0.18+ 0.02 2
digitoxigenin bisdigitoxose 0.15 0.01 nd
digitoxigenin monodigitoxose 0.22 0.02 nd
digitoxin 0.24+ 0.04 1
digoxigenin 0.78+0.13 2
digoxigenin-3,12-diacetate 1210 750
digoxigenin bisdigitoxose 0.63 0.06 1
digoxigenin monodigitoxose 0.44 0.02 1
digoxin 1.0+ 0.1 1
dihydrodigitoxin 1.1+ 0.1 nd
dihydrodigoxigenin nd 1700
dihydrodigoxir{ nd 1300
dihydroouabain 1.20.1 nd
evomonoside 0.092 0.005 3
gitaloxigenin nd 150
gitaloxin nd 30
gitoxigenin 1.0+ 0.004 13
gitoxigenin-3,16-diacetate nd 36000
gitoxigenin-3-acetate nd 12
gitoxigenin monodigitoxose nd 4
gitoxin 2.2+0.2 5
helveticoside 19 1° 1
lanatoside B 0.8&-0.04 nd
lanatoside C 1.302 nd
neriifolin 0.17+ 0.005 2
oleandrigenin nd 17000
oleandrigenin monodigitoxose nd 770
oleandrin 0.35£ 0.01 740
ouabagenin 1.6 0.07 50
ouabain 1.6t0.1 35
proscillaridin A 0.13+ 0.002 nd
strophanthidin 0.3 0.07 2
strophanthidol nd 2
strospeside nd 5
thevetin B 0.8+ 0.05 nd
uzarigenin 0.76t 0.05 nd

(B) Relative Inhibition Values of Hormonal Steroids for Sheep Kidney Ka-ATPase
sheep kidney

hormonal steroids Na",K*-ATPase rel inh
aldosterone nid
androsterone ni
chlormadinone acetate 8.4+ 0.1
cholesterol ni
corticosterone ni
cortisone ni
dehydrocortisone ni
dehydroisoandrosterone ni
p-estradiol ni
hydrocortisone ni
prednisolone-21-hemisuccinate ni
prednisolone-21-acetate ni
progesterone ni
17-a-hydroxyprogesterone-17-acetate€-¢arboxymethyl)oxime 326160
testosterone ni

aValues are the average values from 2 to 9 independent experiments, and the error is the average 8®efti@mmce0. ° nd, not determined.
d Referenceé8. € These compounds were left out of the final model (see téxtlues are the average values from 2 to 9 (average 2.5) independent
experiments, and the error is the average deviation of those valngso inhibition at concentrations1 uM.
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Ficure 4: Comparison of the observed and calculated values for
the (A) rel inh of Na,K*-ATPase and (B) ratio of inhibitory
concentrations (inh concn) for 26-10.

consistent with_tht_a conclusion of Jef_frey et 3|1Xthe_1t shape_ FiGURE 5: 3D-QSAR maps for (A) NaK+-ATPase and (B) mAb
complementarity is largely responsible for the high affinity 26-10. The colored areas are the regions where the addition of steric
of 26-10 for digoxin. They found no hydrogen bonds or salt bulk increases (green) or decreases (yellow) the activity. Also shown
links that contribute to complex formation. are regions where incree_ls_e in electronegativity increases (red) or
The steric (upper) contour map (Figure 5B) for 26-10 decreases (blue) the activity.
shows a large green region that sweeps aroundxt@d of digoxin (<1 nM) for 26-10 @0) and despite the overlap-
middle (3) sugar. This reflects the fact that the addition of ping but nonidentical test sets, the steric (upper) contour maps
tridigitoxose (or monodigitoxose or monorhamnose) to for Nat,K*-ATPase (Figure 5A) and 26-10 (Figure 5B)
digitoxigenin, digoxigenin, gitoxigenin (or strophanthidin or appear similar. Both contour maps have large green regions
ouabagenin) improves the affinity of the ligane-2-fold. about theo. sugar and the lactone ring and a yellow region
The addition of tridigitoxose to gitaloxigenin improves the on the side of the lactone and steroid D ring. In our
affinity 5-fold, and impressively, the addition of monodigi- previous studies, results for both the enzymé and 26-
toxose or mono-oleandrose to oleandrigenin improves the 10—AO complexes showed that the anthroyl moiety, possibly
affinity 22- to 23-fold, respectively. There is also a green substituting for thgs sugar is not exposed to solvent. Rather,
region near the lactone. The yellow region beneath theit binds in a hydrophobic environment and has close
lactone ring shows an area where there is a close fit betweennteractions with tryptophan residue(s). In addition, AO has
the ligand and mAb, and the addition of bulk in this region an improved binding affinity with 26-10 over that of ouabain.
decreases the affinity. These results reflect the dramatic 1300- However, the electrostatic (lower) contour maps of 26-10
and 1700-fold reduction in binding affinity of dihydrodigoxin  (Figure 5B) and Na,K*-ATPase are different. For 26-10,
and dihydrodigoxigenin that is probably due to the reorienta- there are a few scattered regions about digoxin where
tion of the lactone ring upon saturation. In addition, there is increased electronegativity decreases its binding. For the
a 3000-fold reduction in binding affinity when an acetate enzyme, there are several sites aboutdhgugar, steroid,
group is added at C-16 (gitoxigenin-3,16-diacetate). and lactone where an increased electronegativity enhances
Encouragingly, despite the more than 1000-fold difference binding. Both maps do, though, show that the addition of
between the Ig value (0.6uM) for inhibition of enzyme electronegativity near the lactone ring improves both ligand
activity by digoxin (low-affinity conditions) and high affinity ~ binding to 26-10 and its inhibition of the enzyme.
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the red and blue areas on the electrostatic map). For digoxin
(digitoxin and gitoxin), there is only a-23-fold decrease in
affinity if the three digitoxoses are removed. However, for
oleandrin, there is a-20-fold decrease. If the inclusion of
an acetate group at C-16 changes the orientation of the ligand
in the binding site, then an increased interaction (although
weak) with thea sugar may occur.

While no residues of the crystallized Fab were found to
form hydrogen bonds with digoxin, the distances in the
crystal structure may not be the precise distances for the fully
solvated complex. There are several residues (e.g., Tyr-L36
and Asn-L34) that are close to O-21 and O-23 that have the
potential to account for the electrostatic interactions indicated
by the red region near the lactone if there is a slight change
in its orientation. The blue regions near the steroid’s A ring
and C-12 could reflect the decreased affinity for ouabain and
12-acetyldigoxin. In the future, as we obtain additional
information, this type of modeling should be able to lead to
the prediction of the amino acids of N&*-ATPase that
are likely to interact with digitalis.

In this work, we have used CoMFA to generate, for the
first time, a 3D-QSAR model and contour maps for the
inhibition of Na",K*-ATPase by cardiotonic and hormonal
steroids. Although a number of investigations of digitalis
structure-activity relationships for the inhibition of ATPase
activity (26, 36, 52—54) have been performed, none of these
studies employed a method of data analysis that was capable
of correlating the results to specific chemical properties of
the ligands or visualizing the structural features that are
important for the receptetligand interactions. In addition,
we generated a 3D-QSAR model and contour maps for the
binding of ligands to 26-10. This model has enabled us to
visualize the structural features of the ligands that are
important for binding to mAb and to predict the activities
of untested compounds.

The 3D-QSAR contour maps for digoxin inhibition of
Na',K*-ATPase do allow us to make some preliminary
predictions of the enzyme’s digitalis binding site. Currently,
there are two prominent models for the cardiotonic steroid
binding site on Na,K™-ATPase: the Repke mode?)(that
places the bound ligand within the membrane at the interface
of two o subunits formed by adjacent H1 and H2 trans-
membrane (TM) segments and the Lingrel modlthat

Ficure 6: Comparison of the 3D-QSAR contour maps with the
corresponding regions of the Fab 26-idigoxin complex: (A)
steric contour plot and (B) electrostatic contour plot.

We have been able to further investigate the mfgand
interactions by aligning the digoxin molecule in our CoMFA
contour maps with digoxin in the crystal structure of Fab
26-10-digoxin complex 81). This superimposes the contour
maps on the residues in the complementarity determining

regions (CDRs) of Fab 26-10 (parts A and B of Figure 6)
and allows us to compare the location of the contour fields
with the known locations of residues comprising the binding
site Interestingly, the steric contour map indicates that

places bound digoxin across the extracellular exposed
portions of theo. subunit.

The full length of the digoxin molecule is approximately
30 A (2), but our contour plots show that the steric and

increased bulk in a region about thesugar that appears to  electrostatic fields surrounding the ligands that are important
lie outside the binding pocket contributes to the binding to enzyme inhibition cover approximately 20 A (from the
interactions. This likely results because the sugars can rotatdactone ring to thex sugar). This is the same distance that
around the glycosidic bonds and generate several secondarfRepke et al. suggest is the depth (19 A) of the digitalis
sites of interaction, such as with Val-H56, but not necessarily binding cleft @). Although the crystal structure of N&K™*-
establish any single position that is detected in the X-ray ATPase is not known, the structure of the closely related
crystallographic imaging. This interaction is absent for calcium pump of the sarcoplasmic reticulum has been
aglycone binding to the mAb. The yellow region near C-16 determined by Toyoshima et ab%). The calcium pump has
predicts the observed decrease in the affinity of mAb for 10 TM a-helical segments, and the grouping of these
oleandrin (acetate at C-16) and for dihydrodigoxin and segments in the TM domain has a diameter of approximately
dihydrodigitoxin, which have saturated and reorientated 40 A. This size could easily include a cardiotonic binding
lactone rings. The model shows an Asn-H35 near this region, site with a diameter of 20 A on the extracellular surface.
which would restrict an increase in steric bulk and provide Thus, on this issue our contour plots for Nid™-ATPase
partial charges for interaction with the ligand (indicated by are compatible with either model.
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In the crystal structure of the 26-3@ligoxin complex 81),
the lactone of digoxin fits deeply into a binding pocket with
the a sugar residing at the edge of the entrance andsthe
and terminal {) sugars extending out into the solvent. This
orientation gives the two terminal sugars considerable
flexibility. We predict a similar orientation for the binding
site of digoxin on N&,K*-ATPase. However, this model
does not rule out the possibility of some protein interactions
with the 8 andy sugars.

Overall, though, our results appear more consistent with
the Lingrel model. Repke proposes that a series of five
hydrophobic residues along the surface of a side of each of
the H1 and H2 TM segments interact with the lactone and
steroid rings forming the binding site. This should generate
steric interactions along the length of the aglycone on both
its a. and sides. Instead, we observe the steric interactions
to be restricted to the sugar and lactone and the electrostatic
interactions to occur along the length of the entire ligand
molecule. Also, random mutagenesis has thus far not
indicated that any of the hydrophobic H1 and H2 TM
residues are involved. Furthermore, there is only one Trp in

the a-subunit H1 segment (W99), and it seems more likely 17.

that one or more of the Trps (W308, W883, W887, and
W899) of the H3-H4 and H7H8 extracellular loops would

4.

5

6.
7.

8.

9.
10.
11.
12.
13.
14.
15.

16.

Biochemistry, Vol. 41, No. 4, 20020147

Blanco, G., and Mercer, R. W. (1998m. J. Physiol. 275
F633-F650.

. The Digitalis Investigation Group (199K) Engl. J. Med. 336

525-533.

Repke, K. R. H. (1997prug Discaery Today 2110-116.
Antman, E. M., Wenger, T. L., Butler, V. P., Haber, E., and
Smith, T. W. (1990)Circulation 81, 1744-1752.

Butler, V. P., and Chen, J. P. (196/7j)oc. Natl. Acad. Sci.
U.S.A. 5771-78.

Go, K., Kartha, G., and Chen, J. P. (198@}a Crystallogr.
B36, 1811-1819.

Forbush, B., lll, Kaplan, J. H., and Hoffman, J. F. (1978)
Biochemistry 173667-3676.

Rossi, B., Vuilleumier, P., Gache, C., Balerna, M., and
Lazdunski, M. (1980). Biol. Chem. 2559936-9941.
Jargensen, P. L., Karlish, S. J. D., and Gitler, C. (19B2)
Biol. Chem. 2577435-7442.

Forbush, B., lll. (1983Furr. Top. Membr. Transp. 1967—
201.

Hall, C. C., and Ruoho, A. E. (198%urr. Top. Membr.
Transp. 19 265-270.

Goeldner, M. P., Hirth, C. G., Rossi, B., Ponzio, G., and
Lazdunski, M. (1983Biochemistry 224685-4690.

Ishii, T., and Takeyasu, K. (199BJoc. Natl. Acad. Sci. U.S.A.
90, 8881—-8885.

Blostein, R., Zhang, R., Gottardi, C. J., and Caplan, M. J.
(1993)J. Biol. Chem. 26810654-10658.

18. Antolovic, R., Linder, D., Hahnen, J., and Schoner, W. (1995)

Eur. J. Biochem. 22761—67.

account for our observed interactions of Trps of the enzyme 19 antolovic, R., Schoner, W., Geering, K., Canessa, C., Rossier,

with the anthroyl group of AO than would W99.

Finally, it will be informative to develop an analogous
3D-QSAR model for digoxin binding to NaK™-ATPase
under high-affinity binding conditions of MgP; or Na'-
Mg?*ATP in the absence of any cycling of the enzyme
through its well-known different conformations and the
absence of K which decreases the enzyme'’s affinity for
digoxin and sodium. Under these binding conditions,dhe

affinity of digitalis about 20-fold, for both digitalis-sensitive
and digitalis-insensitive (rodent enzyme) forms of the enzyme
(56, 57). For digitalis-sensitive forms of the enzyme, digoxin
binding essentially becomes irreversible under high-affinity
conditions. These studies, plus the completion of our ongoing

efforts to generate 3D-QSAR models for digoxin binding to  28.

several of our human sequence mAbs that can be aligned

with their determined amino acid sequences, should give us 29-

considerably more insight into the structural requirements
for “receptor” binding of digitalis. The 3D-QSAR results
should correlate with, but in their methodological approach
be independent of, the structutractivity relationship infor-
mation derived from site-directed mutagenesis studies of
Na",K*-ATPase.
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