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SUMMARY

WiLL, PETER C., LONGWORTH, JAMES W., BRAKE, EMILY T. & CooK, JOHN S. (1977)
Analysis of intracellular drug (ouabain) sequestration as a mechanism of detoxifica-
tion. Mol. Pharmacol., 13, 161-171.

The cardiac glycoside ouabain, bound in a brief pulse to growing HeLa cells, is released
over a period of days in a nonexponential manner that indicates heterogeneity of the
dissociation processes. On release, the drug is chromatographically indistinguishable
from authentic ouabain. We describe a model for release as the sum of three first-order
processes: (a) simple dissociation from its membrane binding site [(Na*+K*)-ATPase]
into the medium; (b) sequestration or internalization of the drug, possibly together with
its binding site, as part of membrane turnover; and (c) externalization of the internal-
ized drug. Processes (a) and (b) lead to physiological recovery, and together occur
substantially more rapidly than the sum of processes (a) and (c), which lead to release of
drug from the cell. A program devised by Chandler et al. [(1972) Comp. Biomed. Res., 5,
515-534] is used to compute from drug release data the optimum least-squares fit as well
as the compartment sizes and rate constants for the three processes. The analyses, based
on data from intact cells, yield results that closely resemble those from data obtained
from more disruptive cell fractionation procedures. These results show that ouabain is
neither degraded nor stored in the cell. It can be found free in the cytoplasmic fraction,
but it is not cytotoxic in that location. It is eventually released intact. Thus ouabain is
not converted to an innocuous form by the cell, but rather is translocated to an
innocuous location within the cell, with concomitant physiological recovery of normal
functions at the cell surface prior to drug release.

INTRODUCTION

dissociation of the drug from the cell or
Cellular recovery from the action of PRy &

detoxification of the drug by its modifica-

drugs commonly involves either simple
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tion through cellular metabolism. In addi-
tion, many drugs are known to be taken up
by cells through endocytosis and subse-
quently degraded in secondary lysosomes.
This report presents a simple, quantitative
description of an intermediate recovery
mechanism in which a membrane-active
drug is sequestered in the cell, possibly but
not necessarily via endocytosis, at a site
distinct from its site of action. The drug is
not otherwise metabolized, and is even-
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tually released from the cell in its original
form. The sequestration process is accom-
panied by physiological recovery, although
the unmodified drug itself remains associ-
ated with the cell for a substantial period
of time. This mechanism may be described
by a three-compartment model which dis-
tinguishes recovery from drug release and
accounts for the prolonged release of the
membrane-active drug from the cells by its
uptake and slow circulation through the
cytoplasm.

We have observed this mechanism in
the interaction of the cardiac glycoside
ouabain with HeLa S; cells (1, 2). Ouabain
binds to and inhibits the (Na*+K*)-ATP-
ase (EC 3.6.1.3), which is located almost
exclusively in the plasma membrane of
these cells (3-6). The following evidence
suggests that under appropriate conditions
ouabain binds solely to this enzyme: (a)
the inhibition of K* (or Rb*) influx or
(Na*+K*)-ATPase activity is proportional
to the degree of ouabain binding (4, 7-9);
(b) after rapid binding, ouabain is almost
exclusively located in plasma membrane
fractions of the cell (10); (c) the release of
ouabain from purified plasma membranes
or purified enzyme is commonly observed
to be first-order (11, 12); (d) there is a
limited number of ouabain binding sites,
which correlates well with the estimated
number of ATP-phosphorylated enzyme
molecules (9, 13-15); (e) the dissociation
constant of ouabain for HeLa cells is ap-
proximately 20 nM, which corresponds
well with the K for inhibition of the alkali
cation transport system (9, 16, 17); and (f)
in wild type HeLa cells the Scatchard plot
for binding may be described by a single
straight line (18).

Ouabain binds to HeLa cells over a span
of minutes at concentrations of 0.2-1 um
(4, 9, 10), but the drug is released from the
cells very slowly in a nonexponential man-
ner with a half-time of many hours (8, 14,
17-19). Nevertheless, when cells are
treated with the drug to an extent such
that the transport system is only partially
blocked, and the cells are then placed in
ouabain-free medium, physiological recov-
ery is observed long before the cells are
cleared of the drug (9, 17). The experimen-
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tal results of this study indicate that the
loss of ouabain from the plasma membrane
correlates with recovery, and the ouabain
remaining with the cells is sequestered in
the cytoplasm, where it inhibits neither
alkali cation transport nor cell growth.
Other results (10) indicate that the uptake
of ouabain into the cytoplasm is an energy-
dependent process; this uptake may be re-
garded as a defense mechanism of the cells
against toxic compounds.

Preliminary accounts of this work have
been published (10, 20).

MATERIALS AND METHODS

Materials. [G-*H]Ouabain and %RbCl
were purchased from New England Nu-
clear Corporation. Paper chromatography
of the glycoside in several solvent systems
(Table 1) indicated that more than 98% of
the radioactivity migrated in the same
fashion as unlabeled ouabain. Powdered
Eagle’s minimal essential medium with
spinner salts was purchased from Grand
Island Biological Company; gentamicin,
from Microbiological Associates; heat-in-
activated (56° for 30 min) fetal calf serum,
from Kansas City Biological Company;
and HEPES,? from Sigma Chemical Com-
pany. All other chemicals were of reagent
grade or better.

Methods. HeLa S, cells from Dr. J. D.
Regan (Biology Division, Oak Ridge Na-
tional Laboratory) were cultured in sus-
pension using established techniques (9,
21) with Eagle’s medium (22) supple-
mented with 5-10% (v/v) fetal calf serum,
25 pg/ml of gentamicin, 20 mmM HEPES
(pH 7.3), and 2 mM L-glutamine (growth
medium). Periodic examination using ac-
cepted procedures (21, 23, 24) indicated
that the cells were free of contaminating
bacteria, fungi, or mycoplasma. These
cells grew with a generation time of about
27 hr, although growth was sometimes
temporarily slowed in populations heavily
treated with ouabain (see refs. 9 and 17
and below).

Cells were bound with [*H]ouabain in
growth medium at 37° for a sufficient pe-
riod of time to achieve the desired degree

3 The abbreviation used is: HEPES, 4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonic acid.
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TABLE 1
Chromatogrdphic anaiysis of authentic [*H]ouabain and radioactive drug released by or extracted from HeLa
cells
Conditions R,
Butanol-acetic Water (NH,),SO,
acid-water 2 M)
(80:12:30)

Authentic ouabain® 0.56 0.83 0.56
Extract from cells grown 2 days in 10 nM ouabain® 0.55 0.82 0.56
Supernatant from above® 0.56 0.82 0.57
Authentic ouabain® 0.49
2-Propanol-water extract of lyophilized medium containing

only radioactivity released from cells 20-47 hr after pulse

label® 0.49
Authentic ouabain plus heat-killed cells® 0.39 0.58
Authentic ouabain plus medium® 0.37 0.50
Cells pulsed-labeled with [*Hlouabain, washed, and har-

vested 47 hr later® 0.40 0.57
Medium from cells above 0.41 0.55

2 Chromatographed on Whatman No. 1 paper, descending.
b Chromatographed on Whatman No. 3MM paper, descending. The third part of the table, compared with
the second part, reflects the retardation of ouabain in butanol-acetic acid-water when spotted in the

presence of salts and protein.

of labeling (see figure legends for details).
The labeled cells were then harvested by
centrifugation at 500 X g for 6 min at 0-4°,
washed once with cold, ouabain-free
growth medium, and finally suspended in
fresh growth medium at 37° without oua-
bain. Cell concentrations were monitored
using a model B Coulter counter, making
adjustments when necessary for cell vol-
ume changes and coincidence errors (25).
Periodically a known number of cells was
harvested at 3000 x g for 4 min at 0-4° and
suspended in 1 ml of water or 0.1 N NaOH.
In the latter case the base was neutralized
with HCI before counting. Radioactivity
was measured with a Nuclear-Chicago
mark II scintillation counter after the cell
homogenates or other samples had been
dissolved in a toluene-Triton X-100 scintil-
lation solution (26). Corrections for
quenching were performed by the net ex-
ternal standard channels-ratio method
@n.

Paper chromatography of ouabain and
radioactive material from cell cultures was
performed using the solvent systems in
Table 1. Labeled material from cells was
extracted by sonication in ethanol or wa-

ter; more than 95% of the cell-associated
radioactivity was recovered in the ex-
tracts. In certain experiments (see RE-
suLTs) the radioactivity released from the
cells into the medium was recovered by
flash-evaporating the medium and ex-
tracting the residue with 2-propanol-wa-
ter (5:1); more than 85% of the radioactiv-
ity was recovered by this method. Authen-
tic ouabain or extracts were applied to pa-
per strips, which were air-dried at room
temperature and developed in the various
solvent systems. Radioactivity was deter-
mined by cutting the strips into 1-cm seg-
ments, eluting the label with water, and
counting as described above. In every case
more than 90% of the radioactivity was
located in a single peak at the R listed.

K* transport was determined as the oua-
bain-sensitive uptake of ®Rb, measured in
growth medium. Quadruplicate 5-ml sam-
ples of the appropriate suspension were
made 0.1 mM in nonisotopic ouabain, a
concentration which yields almost imme-
diate and complete inhibition of transport.
About 1 min later, these samples and a
quadruplicate set of experimental samples
were each brought to 1 uCi/ml with
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8%RbCl. After 10 min at 37°, the samples
were all rapidly chilled in an ice bath and
centrifuged at 3000 X g for 3 min at 0°. The
supernatants were removed and assayed
for radioactivity; the tubes were drained
and the walls wiped clean; and the cell
pellets were dissolved in 1 ml of 0.1 N
NaOH, neutralized, and assayed for radio-
activity as described above. Since the spe-
cific activity (3Rb:K*) of the medium and
the number of cells in each sample was
known, transport was calculated from the
difference in *Rb uptake between the ex-
perimental and 0.1 mM ouabain-treated
cells. Experimentally, an uptake of 40
nEq/10® cells/hr (see Fig. 4) represents
about 4500 cpm/sample. The ouabain-in-
sensitive influx of ®Rb into control cells is
typically 25% of the total (9).

Plasma membrane ghosts were prepared
by a modification of the method of Atkin-
son and Summers (28). Briefly, this in-
volves gentle (6-10 strokes) homogeniza-
tion with a size B Dounce homogenizer (29)
of cells swollen in a hypotonic medium (15
mM NaCl, 0.5 mm KCl, 0.3 mm MgCl,, and
10 mmM Tris, pH 7.4). Immediately after
homogenization, 0.1 volume of 50% (w/w)
sucrose in 1.5 M NaCl, 50 mm KCl, 30 mm
MgCl,, and 10 mmM Tris (pH 7.4) was added
and mixed thoroughly. The nuclei were
removed by centrifugation at 1000 x g for
30 sec. The membrane-enriched superna-
tant was layered on a discontinuous su-
crose gradient composed of 7 ml of 45%
sucrose and 15 ml of 30% (w/w) sucrose
made up in 0.15 M NaCl, 5 mm KCl, 3 mm
MgCl;, and 10 mm Tris (pH 7.4). During a
20-min centrifugation at 8000 x g, a frac-
tion enriched 10-15-fold in plasma mem-
branes collects at the 30%/45% sucrose in-
terface. Fractions of the gradients were
assayed for radioactivity, enzyme activity,
and, in certain cases, protein (30). The
activity of 5'-nucleotidase (5'-ribonucleo-
tide phosphohydrolase, EC 3.1.3.5) was
measured by the method of Avruch and
Wallach (31) at pH 7.0-7.4 in the presence
of 0.15 m NaCl, 5 mm KCl, 3 mm MgCl,,
and 10 mm Tris and 33 or 100 uMm 5'-AMP
(K ,, approximately 10um).

Computations were performed on an
IBM 360/91 computer.
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RESULTS

Drug release from whole cells. Figure 1
is a set of drug release curves, plotted on
semilogarithmic coordinates, for cells
treated to different extents with [*H]-
ouabain. It is known from separate
measurements (data not shown) that the
cells used in this experiment had a total of
about 9 X 10° ouabain binding sites per
cell. The binding sites were either about
two-thirds saturated (open circles) or one-
fifth saturated (solid circles) with ouabain
at the time the cells were resuspended in
normal growth medium from binding me-
dium. Earlier work (9, 17) has shown that
under these conditions the number of bind-
ing sites titratable with a second saturat-
ing challenge returns to control levels in
5-8 hr, and that the transport capacity and
K* content of the cells are restored to con-
trol levels within the same time period,
even though most of the drug bound in the
initial challenge is still cell-associated.
Points of particular interest to this study
are that the drug release curve of Fig. 1 is
not linear on semilogarithmic coordinates,
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F1G. 1. Ouabain release from HeLa cells
[3H]Ouabain was bound to different extents to
two populations of cells, which were then returned
to their normal growth medium; drug release was
followed for the next 30 hr. Control cells (not shown)
had 9 x 10° ouabain binding sites per cell. @, 6.5 x
10° sites/cell bound at zero time; O, 1.7 x 10° sites/
cell bound at zero time.
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indicating heterogeneity of the release
process, and that although the absolute
values are very different, the two sets of
data may be adequately fitted to a single
curve starting from a common zero-time
point. Therefore the proceesses underlying
drug release can be treated as independent
of the extent of initial binding.

The finding that cells recover from the
effects of ouabain while radioactivity is
still associated with them might be due to
metabolism of the drug to an inactive but
still labeled product. This possibility was
tested by chromatographing the radioac-
tive material (a) extracted from cells 47 hr
after the start of the drug release process,
(b) released into the medium from the cells
in the interval between 20 and 47 hr after
binding, or (c) extracted from cells grown
continuously in low concentrations of oua-
bain for 72 hr. The chromatography was
performed with a number of solvent sys-
tems (Table 1). In every case the material
found at the R listed was in a single peak
that comprised more than 90% of the radio-
activity on the entire chromatogram, in-
cluding the origin and front. Since a
chemical alteration of ouabain would be
expected to change its partitioning in at
least one of these solvent systems, and
since no such change was observed, it is
concluded that the labeled material associ-
ated with the cells and that released by the
cells into the medium is authentic oua-
bain.

Three-compartment model for drug
release. Using earlier observations (9, 17)
and drug,release curves similar to that in
Fig. 1, we have represented the handling
of ouabain by the cells in terms of a three-
compartment model (Fig. 2). The upper
compartments represent the cell mem-
brane and cytoplasm; together these com-
prise the whole cell. The third compart-
ment is the medium in which the cells are
suspended. After the cells are briefly chal-
lenged with ouabain, then washed free of
radioactive medium and any loosely asso-
ciated drug, all of the radioactivity is
bound to the (Na*+K*)-ATPase, presum-
ably the catalytic subunit, on the external
surface of the cell (32-34). The labeled
drug, corresponding to inactivated sub-
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Fi1G. 2. Model of release of ouabain from HeLa
cells

X, [*Hlouabain-labeled sites on the plasma mem-
brane (Mb). The arrows describe the movement of
the label into the cytoplasmic compartment (Cy) and
the medium (Med) by either internalization (int),
dissociation (diss), or externalization (ext).

units, is represented by the X in the dia-
gram. Since ouabain does not bind cova-
lently to the (Na*+K*)-ATPase, any ra-
dioactive material on the surface may be
expected to dissociate and return to the
medium with a characteristic rate con-
stant kg4,. Simultaneously a second, paral-
lel pathway operates for removal of oua-
bain from the surface by some active cellu-
lar process that takes the drug into the
cytoplasmic compartment. This is repre-
sented in the model as an internalization
process that proceeds with the character-
istic rate constant k,,. The model requires
no explicit assumptions as to the nature
of this process. It could be, for example, a
mechanism that removes only the ouabain
from the surface, leaving an active (Na*+
K*)-ATPase. Alternatively, the entire en-
zyme subunit, with the ouabain bound to
it, may be internalized as part of a mem-
brane turnover process in which the in-
ternalized protein is replaced by a new,
fully active molecule. What is required,
in order to account for all the data, is that
the internalization be associated with re-
covery of function at the surface. The in-
ternalization of ouabain increases the
amount of drug in the cytoplasmic com-
partment. Once there, the drug eventually
escapes back into the medium. This latter
process appears very complex, but it may
be characterized simply as externalization
with a rate coefficient k., for the rate-
limiting process.

In testing this model, our primary con-
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cern is the number of molecules in a given
volume of cell suspension that move from
one compartment to another. Such move-
ments should appropriately be described
by their first-order rate coefficients, since
the latter are a measure of the probability
that a given molecule will move within a
fixed time period. It is thus necessary to be
concerned only with the number of mole-
cules within a compartment and not, for
the first analysis, with growth-associated
changes in size of the compartment. In
other words, to compute the number of
membrane-bound ouabain molecules in 1
ml of suspension, it is not necessary to
correct for the concomitant cell growth. In
a subsequent analysis, concerned with the
density or concentration of ouabain mole-
cules on the cell surface, growth will have
to be taken into account.

The rate at which ouabain molecules are
lost from the cell surface is the sum of the
dissociation and internalization processes:

dXwmp
dt

= —(kaissXmp) — (RineXmp) (1)

= —(kaiss + Rint) Xmp (1a)

where Xy, is the number of membrane-
bound ouabain molecules in a given vol-
ume of cell suspension. From the assump-
tions given, it is clear that the negative of
this expression is a statement of the phys-
iological recovery rate of the initially in-
activated enzyme molecules.

The movement of ouabain through the
cytoplasmic compartment may be de-
scribed as

dXcy
dt
where X ¢, is the number of ouabain mole-

cules associated with the cells but not on
the cell surface. The sum of Egs. 1 and 2,

= +(kchMb) - (kextXCy) (2)

dX,

%ﬁm = —(kaiss Xmp) — (kextXCy) 3)
describes the loss of ouabain from the
cells. Its integral, with the boundary con-
dition that X ¢, .- = 0, is the drug release
curve:
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Xomb + ey, ¢ _ Xomwy, t=0
Xoww + cyr =0 (Raiss + Rind — Rext

'{(kdlu - kext) exp [_(kdlss + kint)t]
+ klnt exp (_kextt)}

This result is in the form of the sum of two
decaying exponentials, the experimental
variables being time and the amount of
ouabain on the membrane at zero time.
As observed in Fig. 1, if we normalize this
initial value to 1.0, drug release data
starting at very different absolute values
can be described by a single curve.

To fit the drug release data to Eq. 3 it is
necessary to compute k;,, and to estimate
Xy at the various time points. These esti-
mations, as well as the over-all fitting of
Eq. 3 to the drug release data, have been
facilitated by the use of a program
(CRICF) originally written by Chandler
et al. (35) for the solution of sets of stiff
differential equations describing parallel
and sequential enzymatic reactions. This
program fits, by the least-squares
method, sets of drug release data to the
model in Fig. 2, and in so doing makes a
“best” estimate of the three rate coeffi-
cients and the number of ouabain mole-
cules in the three compartments as a
function of time. The results of such an
analysis are illustrated in Fig. 3A, and
the computed rate constants are given in
Table 2. It is apparent that the curvilin-
earity of drug release from intact cells
may be described by a set of statements:
The drug dissociates directly from the
surface into the medium, but the uptake
of the drug into the cell is a somewhat
faster process. Conversely, the loss of
ouabain from the cell cytoplasm is very
slow. After 12 hr of recovery, therefore,
most of the drug is still associated with
the cell even though very little is on the
surface and physiological recovery is
nearly complete. At still longer times,
virtually all of the loss takes place by the
slowest pathway, that of externalization.
In other words, k;m > kdls.s > kexg.

In addition to the curvilinearity of over-
all drug release, the solution to this
model predicts (a) that after 12 hr approx-
imately half the initially bound ouabain

(3a)
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will be in the cytoplasmic fraction, (b)

|that ouabain will be lost from the mem-

brane fraction according to first-order ki-

inetics with a half-time of about 4 hr, and

(c) that the cells will show approximately
85% recovery of transport in 12 hr. Predic-
tion (c) is derived from prediction (b) and
the assumption that every ouabain mole-
cule lost from the membrane represents
either directly or indirectly the recovery
of the transport-enzyme activity that it
had inhibited.

To test these predictions quantita-
tively, we isolated plasma membranes
and measured the membrane-bound drug
compared with the total cell-associated
drug.* In such experiments HeLa cells
were bound with ouabain to the desired
extent, and the cells were then washed
free of unbound drug and returned to
growth medium. A sample was taken im-
mediately to measure the number of drug
molecules per cell. At the same time a
parallel sample was taken and chilled to
prevent both dissociation and internaliza-
tion, and a membrane-rich fraction was
prepared as described in MATERIALS AND
METHODS. This preparation required ap-
proximately 45 min, during which time
less than 1% of the initially bound oua-
bain dissociated. The ratio of [*Hlouabain
to the activity of 5'-nucleotidase was
taken as a quantitative measure of the
concentration of ouabain on the cell sur-
face. Similar samples were taken after
the cells had been incubated for some
hours in the growth medium. In these
samples the distribution of 5'-nucleotid-

' ase in the sucrose gradients did not
| change appreciably from the initial pat-

tern (10), but the cell-associated ouabain
moved from the membrane-rich fraction
on the lower shelf of the gradient into the
upper parts of the gradient, where the
cytosol enzymes and virtually all other
organelles of the cell (except nuclei) are
found.

In these experiments the cells grow
with a generation time 7; the growth rate

4 An account of the turnover of ouabain binding
sites and the subcellular locations of internalized
ouabain, based on cell fractionation studies, will be
published in detail elsewhere.
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FiG. 3. Analysis of drug release curve (upper
curves: “total cell”), separting loss from membranes
and gain followed by loss in a nonmembrane cell
compartment ("cytoplasm”)

Note that the upper curves are plotted on semi-
logarithmic coordinates, and the lower curves, on
arithmetic coordinates. A. Analysis from whole cell
data (points same as @ in Fig. 1) according to the
model in Fig. 2, showing computer-calculated, time-
dependent quantities of ouabain expected in the
membrane and cytoplasm compartments. B. Experi-
mentally determined distribution of [*H]ouabain
among the same compartments. The content in the
membrane compartment was measured as the ratio
of [*Hlouabain to 5'-nucleotidase as described in the
text. - - -, correction for cell growth (see Eq. 5),
giving the fractional quantity of initially bound oua-
bain in the membrane compartment.

depends on experimental conditions and
is monitored in each case. With growth,
5'-nucleotidase is constantly being in-
serted into the growing membranes, and
a decreasing ratio of [*H]ouabain to 5'-
nucleotidase reflects not only the process
described in the model but dilution with
new 5’-nucleotidase as well. The amount
of marker enzyme on the surface mem-
branes of the cells in 1 ml of the suspen-
sion may be estimated by the usual
growth equation:

N = N2 or In (N}Zo) = (g)t (4)

Since the integral of Eq. 1a is
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In (ﬁ—) = —(Kaiss + kit (1b)

XMb,t:O
the specific activity in a growing popula-
tion may be obtained by dividing Eq. 1b
by Eq. 4:

Xw/N
1 . LS
" (XMb.t=0/Nl=0) (5)

= _(kdlss + Rine + lnTZ)t

If the growth rate is known, the third
term in parentheses can be computed,
and the sum of the other two terms can be
estimated from the experimentally deter-
mined rates of change in the [*HJouabain
to 5'-nucleotidase ratio in the mem-
branes.

Test of predictions. Cells were briefly
treated with [*H]Jouabain, returned to
growth medium, and sampled as de-
scribed at appropriate intervals. Owing to
the number of manipulations required, a
limited number of points could be taken
in a single experiment, but these were
adequate to test the argument (Fig. 3B).
The upper curve depicts total cell-associ-
ated ouabain, decreasing in a curvilinear
manner similar to that seen in Fig. 3A.
Since virtually all the initially bound
ouabain is on the surface of the cell, the
zero-time points for cell-associated and
membrane-associated drug are taken as
equal. The [*H]ouabain to 5'-nucleotidase
ratio in the membrane falls rapidly,
reaching 15% of its initial value in 12 hr.
The negative slope of this line, with ¢, =
4.1 hr, is 0.016 hr~'. Since these treated
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cells were growing with a generation time
of about 40 hr during the experiment, the
sum of (ki + kgs) may be calculated
from Eq. 5 to be 0.15 hr~'. The line with
this negative slope is indicated by dashes
in the figure. The difference between the
upper curve and the dashed line corre-
sponds to our formal definition for the
quantity of cytoplasmic (i.e., associated
with cells but not membranes) ouabain,
and is indicated in the lower part of the
figure. Note that at 12 hr this value was
predicted to reach 48%, with a half-rise
time of 2.4 hr. Experimentally the value
is 41% at 12 hr, with a half-rise time of
approximately 2.8 hr. Considering that
these are separate experiments, done on
different days, the correspondence be-
tween predictions (a) and (b) derived from
Fig. 3A and the data obtained in Fig. 3B
is qualitatively excellent and quantita-
tively satisfactory.

It is important to note that these half-
rise times for the cytoplasmic fraction are
not the same measure as the half-times for
internalization given in Table 2. The latter
assume a steady state and are calculated
simply from —In 0.5/k,,. The former is a
function of the interaction of all three
translocations and is short because the
membrane-bound ouabain available for in-
ternalization falls rapidly in the early
hours of the observations.

Prediction (c) is substantiated in Fig. 4.
The upper part of the figure again shows
cell-associated and membrane-associated
drug after pulse binding. The line drawn
through the latter is first-order, with a
half-time of 5.0 hr. In this case the ouabain

TABLE 2

Rate constants for ouabain dissociation, internalization, and externalization computed from drug release
curves and measured in fractionation experiments

Values are separate determinations.

Translocation Computed Measured
k th2 k tye
hr! hr hr! hr
Dissociation from membrane 0.07, 0.07 10, 10
Internalization 0.13, 0.13 5.2,5.2 0.09, 0.10°
Sum of dissociation + internalization 0.20 3.5 0.14, 0.15 4.6, 5.0
Externalization 0.015, 0.03 25, 50 0.01-0.03° 25, 70°

2 Estimated from the measured initial rise in the cytoplasmic compartment, as in Fig. 3B (lower).
® Estimated from tails (after 15 hr) of drug release curves, as in Fig. 1.
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binding sites were nearly saturated at the
outset of the experiment and growth was
markedly inhibited, to the point that no
significant correction need be applied to
estimate (k45 + ky,). That value is in this
case 0.14 hr~', compared with the com-
puted prediction of 0.20 hr~' (Table 2). The
extensive binding was deliberately permit-
ted to facilitate the simultaneous measure-
ment of transport inhibition and its recov-
ery (Fig. 4, lower). At zero time, *Rb
transport was inhibited by the ouabain to
less than 15% of the control value, but in
10 hr it recovered to a value equal to the
initial control, with a half-time of 3.9 hr.
As in the model, this recovery rate corre-
sponds more closely to decrease of mem-
brane-associated drug rather than to loss
of cell-associated drug. That transport re-
covers somewhat more rapidly than oua-
bain is lost from the surface, eventually
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Fi1G. 4. Ouabain release and recovery of alkali
cation transport

The upper curves show, on arithmetic coordi-
nates, ouabain binding and release from whole cells
and cell membranes; the latter curve as drawn is
first-order. The lower curves depict *Rb transport in
this same population of cells. Note that the half-
time for transport recovery (3.9 hr) corresponds to
that for drug loss from membranes (5.0 hr) but not
from whole cells (13.6 hr).
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exceeding the initial control, is due to the
facts that the severely inhibited cells lose
K* and gain Na*, and that the enhanced
intracellular Na* is itself a stimulus to
transport until new steady-state ion con-
centrations are achieved (9).

DISCUSSION

An important advantage of the com-
puter analysis described here, insofar as
its conclusions can be independently sub-
stantiated, is that the drug release data
are obtained with intact cells. The corre-
spondence of these results to results ob-
tained with the more disruptive cell frac-
tionation methods mutually enhances the
value of both approaches.

As is consistent with its size and low
octanol/water partition coefficient (0.02 at
37°), ouabain does not enter the HeLa cell
by passive permeability or as a conse-
quence of its proximity to the surface when
it dissociates from its membrane binding
site. We find that the uptake of ouabain
into the cytoplasmic compartment of the
HeLa cell is an active, ATP-requiring
process (data not shown; see footnote 4),
although this result is at variance with the
reported passive uptake of ouabain by
Burkitt lymphoma cells (36). Once inside
the cell, ouabain does not affect the trans-
port of alkali cations at the plasma mem-
brane, because the ouabain binding site is
not internally exposed (5, 37, 38) and be-
cause the high intracellular concentration
of free K* would in any case be an effective
inhibitor of ouabain binding to the (Na* +
K*)-ATPase (10). That intracellular oua-
bain is ineffective as a cytotoxic drug is
also attested by the finding that 12-15 hr
after extensive binding to the cell surface,
with concomitant inhibition of growth as
well as transport, the intracellular concen-
tration may exceed 0.1 uM and yet rates of
both transport and growth will have re-
turned to normal levels. The ouabain re-
leased from the cells does not again influ-
ence HeLa transport or metabolism, be-
cause the cellular compartment is rela-
tively so small that the medium concentra-
tion does not again exceed approximately
0.1 nM, which is two orders of magnitude
below the K; of ouabain for these cells
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Under conditions in vivo, however, it is
conceivable that the loss of cardiac glyco-
sides from cells could lead to a plasma con-
centration as high as 1 nM (39-41), which
could be significant with respect to other
tissues in which the K is very low, as is
the case with the human red cell (42, 43),
or under conditions in which these drugs
are not metabolized (44).

It is well known that many drugs, espe-
cially membrane-reactive ones, are taken
up via endocytosis into secondary lyso-
somes (45-48). Material so incorporated
appears to undergo one of several fates.
Nonmetabolizable materials like sucrose,
dextran, or polystyrene latex are incorpo-
rated into phagolysosomes and can remain
there indefinitely (49). More commonly,
the membrane-reactive agent is taken into
secondary lysosomes, degraded, and re-
leased as small molecules. The acetylcho-
line receptor-specific a-bungarotoxin is an
example of this. ['**I]Bungarotoxin binds
irreversibly to the acetylcholine receptor
on the surface of muscle cells and, follow-
ing internalization of the binding site, the
radioactive label appears within a few
minutes or hours as monomeric[!?%]]-
iodotyrosine in the medium (50). In an
unusual case, the membrane ligand Rici-
nus communis agglutinin (RCAy,) binds to
the surface of SV3T3 cells, is taken up in
an endocytic vesicle, and is released, pre-
sumably by vesicle breakdown, into the
cytoplasm without the formation of a sec-
ondary lysosome (51). The released ligand
exerts its toxic effects by binding to cyto-
plasmic ribosomes, to which it has access
by this uptake mechanism.

The handling of ouabain as described
here differs from the above in that al-
though ouabain is not degraded, it also is
not stored; it can be found free in the cyto-
plasmic fractions but is not cytotoxic in
that location; and it is eventually released
intact.

The significance of this study is not in
describing the precise mechanism by
which the drug is removed from its site of
action, but rather in defining the fact that
it can be removed and sequestered. Thus it
is not converted to an innocuous form but
rather is translocated to an innocuous lo-

WILL ET AL.

cation within the cell, with the conse-
quence of physiological recovery of normal
functions at the cell surface.
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