mals (ten eye swabs) and five TK™-in-
oculated animals (ten eye swabs) (Table
2, left).

The isolation of similar amounts of
TK* and TK~ HSV from eye swabs but
decreased amounts of TK~ HSV in gan-
glion homogenates suggests that TK-
virus may not be transmitted via the tri-
geminal nerve to the ganglion as effi-
ciently as TK™ virus or, more likely, that
TK~ virus may not survive or replicate
as well as TK* virus in ganglionic neu-
rons. These results indicate that HSV-in-
duced TK may play a role in viral patho-
genesis in neural but probably not in
nonneural tissues and that the presence
of the TK gene in HSV may be important
in the pathogenesis of natural HSV infec-
tion of ganglion neurons.

The TK* HSV phenotype was found
to be important in in vitro infection of
nondividing cells (3), and may be analo-
gous to infection in vivo in nondividing
cells, that is, neurons. While TK~ HSV
was easily isolated from ocular tissues
where many dividing or potentially di-
viding cells are present, TK~ HSV was
not isolated from ganglion tissue. Non-
*neuronal supporting and sheathing cells
are capable of division, but for virus to
reach these cells, it probably must first
pass through ganglionic neurons. While
the role of other possible defects in the
TK~ viruses cannot be excluded, our re-
sults indicate the probable importance of
the HSV TK* phenotype in infection of
the trigeminal ganglion.
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Digitalis Genin Activity: Side-Group

Carbonyl Oxygen Position Is a Major Determinant

Abstract. The Na*,Kt-adenosine triphosphatase-inhibiting activity of digitalis
genins and their analogs is a function of side-group carbonyl (C=0) oxygen position.
For each 2.2 angstroms that this oxygen is displaced from its position in digitox-
igenin, activity drops by one order of magnitude. This quantitative relation re-
solves previously proposed models which have attempted to describe the molecular
basis of genin activity. A multidisciplinary (crystallographic, conformational energy,
synthetic, biological) approach to structure-activity relations is described.

Digitalis preparations remain a major
therapeutic modality in the management
of cardiovascular disease. The pharma-
cological effects of the digitalis glyco-
sides [digoxin (1) and digitoxin (2)] and
their genins [digitoxigenin (3) and di-
goxigenin (4)] appear to be the result
of inhibition of membrane-bound Na*,
K*-adenosine triphosphatase (Na*, K*-
ATPase) (/, 2).

An array of often conflicting models
has been proposed to describe the chem-
ical and geometric characteristics that
determine the capacity of a given genin
to inhibit the Na*,K*-ATPase (3). How-
ever, the activity of a number of modi-
fied genins has been unexplained by, or
is inconsistent with, important portions
of these models. For example, aldehyde
5 was predicted to be up to 123 times
more active than digitoxigenin, on the
basis of proposed models, but it was
found to be slightly less active (¢). The
C20 stereoisomers 8 and 9 were unex-
pectedly found to have greatly different
activities (5, 6). The glucose glycoside
actodigin (AY-22,241) with an unusual
genin lactone linkage (7) has been of in-
terest because of its unpredicted rapid
reversibility of Na®,K+-ATPase inhibi-
tion and toxicity (7). Finally, although it
has been presumed that the 148-hydrox-

yl group enhances inhibition of Na*,
K*-ATPase, the 14-anhydro analog 8
was found to be more active than the
148-hydroxyl analog 6 and its C20 ste-
reoisomer (8, 9).

A multidisciplinary approach, includ-
ing x-ray crystallography, conformation-
al energy calculations, organic synthesis
and Nat,K*-ATPase inhibition studies,
has been used to find the straightforward
relation between genin structure and ac-
tivity which we report. Nine genins (3 to
11) (Fig. 1) differing widely in construc-
tion, stereochemistry, and geometry
were selected for study (/0). In com-
pounds 3 to 7 and 11, C14 is tetrahedral
and (except for 6) C20 is planar. The re-
verse is true for 8 and 9. In 10, C14 and
C20 are both planar. Aldehyde 5 is illus-
trative of the group of active genins that
do not have a lactone ring for a side
group. Six have the presumably impor-
tant 148-hydroxyl, and three do not. The
genin portion (7) of AY-22,241 was in-
cluded in our study, as was strophanthi-
din (11), with its additional oxygen sub-
stituents on C5 and C19.

Although the steroid backbone of
these molecules is quite rigid, the 178
side group can rotate about the C17-C20
bond. In order to explore this conforma-
tional freedom, relative conformational
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1 Digitoxose,

2 Digitoxoses

3 H
4 H
5 H
6 H
7 H

Fig. 1. The genins digitoxigenin 3 and its analogs 5 to 10, digoxigenin (4), and strophanthidin (11)
were studied. The naturally occurring glycosides, digoxin (1) and digitoxin (2) are shown for

comparison.

Fig. 2. (A) Top and side views of the superimposed A, B, and C rings of analog 9 and digitoxi-
genin (3) obtained from FiTMOL (/4). The x-ray crystallographically observed conformations of
the lactone rings and distance between carbonyl oxygens are shown. (B) The relative calculated
potential energies for 9 (dashed line) and 3 (solid line) obtained from caMSEQ (/1) for rotation of
the C17 side group. The observed x-ray crystallographic conformations of 9 and 3 are indicated.
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energies were calculated with a version
of the cAMSEQ (/1) program, which was
specially modified to be used in con-
junction with the NIH PROPHET comput-
er system (/2).

With the crystallographic coordinates
(/3) as a starting point, the energy was
evaluated at 10° rotation steps of the 173
side group, with the use of the non-
bonded and electrostatic potential built
into the program. No differences were
found in the locations of minima or in the
shape of the curve when solvent (that is,
water) interactions were included in
these calculations. The result was a plot
of potential energy for each genin illus-
trated by the plots for 3 and 9 in Fig. 2B.
In each case, the crystallographically ob-
served conformation was at a potential
energy minimum calculated by this
method. In agreement with previous
crystallographic observations (6, 9) more
than one energy minima for digitoxigenin
(3), digoxigenin (4), and strophanthidin
(11) were found. Since all these studies
showed an excellent correlation between
the observed crystallographic con-
formation of the genins with their calcu-
lated energy minima in solution, the
crystallographically determined atomic
positions of each genin were used in sub-
sequent measurements.

The PROPHET procedure FITMOL (/4)
was used to superimpose the structurally
similar portions of the steroid backbone
of genins 4 through 11 on the corre-
sponding portion of the most active gen-
in in the series, digitoxigenin (3). In
every case, the average separation be-
tween the corresponding atoms in the su-
perimposed portions of the two mole-
cules was less than 0.1 A. Figure 2A
shows the superimposition of digitoxi-
genin (3) and genin 9 obtained in this
manner. The distance between atoms
such as the carbonyl oxygens was calcu-
lated by FiITMOL and is shown in Fig. 2A
for 3 and 9.

The I, (molar concentration for 50
percent inhibition) in vitro Na't ,K*-
ATPase inhibitory activities of the gen-
ins were determined with the use of rat
brain Nat,K*-ATPase (E.C. 3.6.1.3), the
preparation and assay of which have
been reported (15, 16). Rat brain enzyme
was used in these studies for two rea-
sons: (i) the preparation of high activity
enzyme is easy and (ii) the sensitivity of
most heart and brain enzyme prepara-
tions is of the same order (/6). The I,
ranges for the poorly water-soluble gen-
ins 9 and 10 were extrapolated from their
dose-response curves at concentrations
where they were completely soluble.
Each genin was first incubated with the
enzyme for 10 minutes, that is, mixing
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steroid, enzyme, and media lacking K+
before the addition of KCl to maximize
inhibitory effects (/7).

Comparison of relative carbonyl oxy-
gen separations obtained from FITMOL
and Na*,K*-ATPase-inhibiting activi-
ties revealed a striking correspondence.
For each 2.2 A that this atom is dis-
placed from that of digitoxigenin, activi-
ty drops by one order of magnitude. A
simple linear regression model was used
to test the relation between carbonyl ox-
ygen separation and Na*,K+-ATPase I5,.
The nine points were found to fit the line
shown in Fig. 3 (/8):

log I;, = +0.457 D — 6.47

where D = carbonyl oxygen separation
in angstroms.

r2 = .994

For test of the regression relationship,
P = .0001. The linear nature of the
relationship illustrated in Fig. 3 also sug-
gests that Nat,K*-ATPase preferen-
tially binds to low energy conformers of
each genin.

This simple relationship provides an
explanation for the lower-than-predicted
4) activity of aldehyde 5 (opening the
lactone ring moves 022); the greater ac-
tivity of the 20(R) form 8 than that of its
20(S) stereoisomer 9 [changing C14 from
tetrahedral, as with 3, to planar as with 8
and 9 moves 023, but this move is par-
tially compensated for by the 20(R) ste-
reochemistry]; and the genin contribu-
tion to the modified biological activity of
AY-22,241 (the genin 7 being a weak
Na*,K*-ATPase inhibitor because of its
unusual O21 position). The better activi-
ty of 14-anhydro 8 than that of either
14B3-hydroxyl 6 or its C20 stereoisomer
suggests that the 148-hydroxyl group
may not be directly contributing to
Nat*,K*-ATPase inhibition as much as
previously believed (3, 19).

It has also been assumed in previous
models that the side-group carbon-car-
bon double bond plays an active role, in
Nat,K*-ATPase inhibition (3). It would
appear from Fig. 3 that this double
bond’s primary role is a passive one—
keeping the carbonyl oxygen pointed in
the appropriate direction for maximal
Na*,K*-ATPase effect. This has been
confirmed in separate chemical and bio-
logical studies in which the two C20 ste-
reoisomers of dihydrodigitoxigenin have
been characterized and tested for
Nat,K*-ATPase inhibition (8).

The role of the stereochemistry rela-
tion between rings A and B on carbonyl
oxygen position and a structural correla-
tion of unusual Na*,K*-ATPase inhib-
itors, such as prednisolone bisguanyl-
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Fig. 3. Correlation between carbonyl oxygen
position relative to digitoxigenin (3) and
Nat,K*-ATPase inhibiting activity. (@) Is,
measured; (O) I, extrapolated from lower
concentrations in which the analog was com-
pletely soluble in the enzyme media.

hydrazones (3) await further study.
However, our results clarify and simplify
the molecular pharmacology of digitalis
genins (/9).
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