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ABSTRACT  We have followed the sequestration of Ca’*
by intracellular compartments in sea urchin embryos through
the first cell cycles. To gain biochemical access to these com-
partments, the embryos were permeabilized by brief exposure
to an intense electric fleld. Sequestration was determined as
the retention of tracer, “°Ca, after filtration of allquots on Mil-
lipore filters. The permeablhzed cells sequester Ca?* at a con-
stant rate for at least 20 min, with the followirg characteris-
tics: () ATP is required. (/) Sequestration occurs at Ca®* lev-
els corresponding to those estimated in vivo. (iii) The Ca**
concentration dependence of sequestration and its insensitivity
to mitochondrial poisons imply that the activity derives from a
single, nonmitochondrial transport system. The Ca**-seques-
tering activities of embryos that are permeabiized at successive
stages of the first cell cycle (one-cell stage) progressively in-
crease to 5 times the initial level. The rate of sequestration is
maximal during telophase and, in some populations of zygotes,
is nearly as great throughout prophase. Over the course of the
second cell cycle (two-cell stage), the activity undergoes a 2-
fold oscillation that bears the same temporal relationship to
mitosis as the previous fluctuation.

The hypothesis that cytosolic Ca?* levels undergo cyclical
fluctuation during the cell cycle has been put forth to ac-
count for a- variety of events. A local increase in Ca?* may
regulate the poleward migration of chromosomes via the dis-
assembly of spindle microtubules (see refs. 1 and 2; re-
viewed in ref. 3). There is evidence that thie transition from
metaphase to anaphase i 1s triggered by changing concentra-
tions of intracellular Ca?* (4-6). The inactivation of a pro-
tein responsible for arresting cells in meiotic metaphase has
been attributed to a transient increase in cytosollc Ca’* (7,
8).

The abundant membranous components of the mltotlc
spmdle (reviewed in ref. 9) are known to sequester Ca*™*
vivo (10) and in vitro (11). In many cells, the relative actrvnty
of a Ca®*-activated ATPase, which appears to be associated
with these membranes, differs during specific stages of the
cell cycle (reviewed in ref. 12).

We anticipate that direct measurement of Ca?* levels in
living cells will, in the future, characterize or refute the pro-
posed Ca?* cycles. In the present work, we deal with oscilla-
tions in the activity of the Ca®*-sequestering system of fertil-
ized sea urchin eggs as they proceed through several cleav-
age dw1snons The intracellular transport of Ca* is
measured in embryos that have been permeabilized at suc-
cessive stages of the cell cycle by brief administration of an
intense electric field. Such treatment causes localized dielec-
tric breakdown of the plasma membrane (13-16) without
damaging intracellular membranes (13, 14).
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MATERIALS AND METHODS

All manipulations were done at 18°C, unless otherwise indi-
cated.

Handling of Gametes. Eggs and sperm were obtained from
the sea urchin Lytechinus pictus, after intracoelomic injec-
tion of 0.5 M KCl. Sperm was collected dry at 4°C. Eggs
were shed into natural seawater, concentrated by brief cen-
trifugation at 1000 X g, and resuspended in HCl/seawater,
pH S5, to dissolve the jelly layer. After 3 min, they were
transferred to beakers of natural seawater and were main-
tained in suspension by gentle stirring. Suspensions were
fertilized by introducing a few drops of dilute sperm. Egg
density is defined as the volume fraction of a suspension that
is occupied by packed unfertilized eggs.

Solutions. Except where noted, embryos were permeabi-
lized (see below) in Ca?* sequestration medium (CaS medi-
um): 250 mM K gluconate/250 mM n-methylglucamine (Sig-
ma)/50 mM Hepes/5 mM NaCl/5 mM oxalic acid/2 mM di-
sodium EDTA, plus sufficient MgSO, and CaCl, for 1 mM
free Mg?>* and 1-10 uM free Ca®* (Table 1). The solution is
titrated to pH 7.2 by addition of glacial acetic acid (=190 mM
acetate). CaS medium is osmotically equivalent to sea urchin
cytoplasm, and it approximates normal intracellular concen-
trations of K*, Na*, H*, and Cl~ (20-22).

Permeabilization. The permeabilization chamber was
made by sealing two stainless steel plates across the open
sides of a U-shaped piece of Plexiglas, such that two walls of
the chamber become stainless steel electrodes that are
spaced 1 cm apart. The internal dimensions of the chamber
are 6 X 2 X 1 cm.

Fertilized eggs (inside fertilization membranes) were col-
lected by brief centrifugation (see above), washed with >50
vol of Ca?*-free seawater (460 mM NaCl/10 mM KCl/27
mM MgCl,/29 mM MgSO,/5 mM Hepes-NaOH, pH 7.8),
then with >50 vol of CaS medium, and finally were resus-
pended to a population density of <1.5% in CaS medium. A
6.1-ml sample of suspension was transferred to the permea-
bilization chamber and was shocked by discharging a 10 uF
capacitor that had been charged to 1500 V by means of an
electrophoresis power supply. Under these conditions, the
embryos initially experience an electric field of 1500 V/cm,
which decreases exponentially to 1/e of this value over 100
usec. Each electric shock produces 2 pores in the plasma
membrane (13). Two additional pores may be induced by a
second shock, applied after the suspension is agitated to re-
orient the cells with respect to the electrodes (13) Having
found that the sequestration of Ca* is optimal in zygotes
with 20 pores (Fig. 1), we applied 10 shocks in our routine
procedure. Polarization of the electrodes was prevented by
reversing their polarity after each capacitor discharge.

*Present address: Department of Cell Biology and Anatomy, Johns
Hopkins University School of Medicine, Baltimore, MD 21205.
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Table 1. Composition of Ca?* buffers

Ca2+ N Caclz . MgSO4, ‘5CaClz N
uM uM mM uCi/ml
10.0 944 5.95 30

3.0 402 6.45 20
2.0 285 6.56 20
1.0 153 6.69 15

Concentrations of free Ca?* and Mg?* were calculated as de-
scribed by Blinks et al. (17), using stability constants from Martell
and Smith (18). We take into account the binding of H*, Ca?*, and
Mg?* to EDTA, gluconate, oxalate, acetate, and ATP. The reader is
referred elsewhere (19) for a more complete discussion. ¥*CaCl, was
from New England Nuclear (23-34 mCi per mg of Ca; 1 Ci = 37
GBg).

The dye 6-carboxyfluorescein readily enters permeabi-
lized embryos but is excluded by intact ones. We have used
this probe to determine that our protocol permeabilizes

100% of the embryos in a suspension and to ascertain that

these remain permeable for at least 25 min (data not shown).
A more detailed description of the permeabilization tech-
nique appears elsewhere (19).

Measurement of Sequestration. Aliquots of suspensions of
permeabilized embryos were mixed with equal volumes of
CaS medium (containing 2X the final concentration of Ca
shown in Table 1) in 20-ml glass vials that had been treated
with Sigmacote (Sigma). Rotary shaking was used to main-
tain uniform suspension. Sequestration was initiated (after 2
min) by addition of MgATP to a final concentration of 2 mM.

Millipore filters (0.22-um pore; type MF) were placed in
25-mm Nuclepore Swin-Lok holders that were machined as
to expose one face of the filter and create a reservoir for
washes (19). The holders were connected to a vacuum, and
the filters were wetted with CaS medium just before use.
45Ca accumulation was monitored by spotting duplicate 0.4-
ml aliquots from the incubating suspensions onto filters, and
immediately washing each with four 1-ml volumes of ice-
cold CaS medium. This regime lowers the radioactivity re-
tained by the filters to a stable plateau (data not shown).
Each filter then was immersed in 5 ml Beta-Blend (West-
Chem Products, San Diego, CA) and was analyzed 2 hr later
in a Beckman LS-8000 liquid scintillation counter.

An additional aliquot of each incubation was sonicated for
30 sec (Branson Sonifier) and was assayed for protein by the
method of Bradford (23), with bovine serum albumin as stan-
dard. Rates of sequestration are expressed as nmol of Ca
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Fic. 1. What number of electrically induced pores is optimal for
Ca?* sequestration? Ten minutes after fertilization, aliquots from a
suspension of embryos were given 1, 5, 10, or 15 electric shocks to
induce 2, 10, 20, or 30 pores in their plasma membrane. Rates of
sequestration were calculated from the increase in 45Ca retained on

Millipore filters over 11 min (10 uM Ca®*).

Proc. Natl. Acad. Sci. USA 82 (1985)

retained by the Millipore filters per min per mg of total egg
protein.

RESULTS

Characteristics of Sequestration. In the presence of ATP,
permeabilized embryos sequester Ca?* at a constant rate for
at least 20 min. The activity is not affected by inhibitors of
the u?take of Ca?* by mitochondria (Fig. 2).

Ca** does not accumulate in the absence of ATP and the
nonfilterable “’Ca in this case probably represents ATP-in-
dependent Ca?* binding to membranes, proteins, etc. Such
an interpretation is supported by the observation that ATP-
dependent Ca®* accumulation extrapolates to an identical
initial value (Fig. 2).

Apparently, the mitochondria of permeabilized embryos
produce sufficient ATP to fuel a low level of Ca?* sequestra-
tion by other intracellular compartments, because some “*Ca
accumulates in the absence of a preexisting pool of ATP (in-
cubation with 2 mg of apyrase per ml), so long as mitochon-
dria are not poisoned (Fig. 2).

The Ca?* concentration dependence of sequestration
obeys Michaelis—-Menten kinetics (Fig. 34), suggesting that
a single transport enzyme is responsible. A double reciprocal
plot of the data (Fig. 3B) indicates that uptake is 50% active
at 2.8 uM Ca’* and predicts a threshold for sequestration
(5% activity) at 0.1 uM Ca®*. This threshold is similar to
recent measurements of resting cytosolic Ca?* in a variety of
cells (24-29), including estimates in sea urchin eggs (30). We
have observed an almost identical Ca?* dependence for se-
questration in unfractionated homogenates of Strongylocen-
trotus purpuratus embryos (ref. 19; unpublished observa-
tions).

Intactness of Permeabilized Embryos. Because permeabi-
lized zygotes sequester Ca®* at a slower rate than do homog-
enized ones (Fig. 4), we have asked whether the electric
shocks damage their sequestering system by comparing Ca?*
transport in homogenates prepared from permeabilized and
intact (not permeabilized) embryos. These activities are very
similar (Fig. 4), suggesting that the permeabilization proce-
dure has not damaged those elements ultimately responsible
for the sequestration of Ca?*.

The fertilization membrane does not exclude ions and
small molecules (M;, <1000) and, therefore, is not expected
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F16.2. Sequestration requires ATP and (at 2 uM Ca?*) does not
include mitochondrial uptake. Seventy-five minutes after fertiliza-
tion, embryos were permeabilized, divided into four poftions, and
mixed with “*Ca-containing CaS medium (2 uM Ca?*). Apyrase (2
mg/ml) was immediately added to two portions (a and a); the other
two portions received 2 mM MgATP 2 min later (@ and 0). © and A
contained inhibitors of mitochondrial Ca?* transport: 10 uM FCCP
(carbonylcyanide p-trifluoromethoxyphenylhydrazone) and 20 ug of
oligomycin per ml (Sigma). Apyrase (7 units of ATPase per mg) was
purchased from Sigma. One unit of activity liberates 1.0 umol of P;
per min at pH 6.5 at 30°C.
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F1G. 3. Ca?* concentration dependence of sequestration. Embry-
os were permeabilized 13 min after fertilization (1 uM Ca?*). Ali-
quots of the suspension were mixed 1:1 with CaS medium formula-
tions that contained “*Ca and appropriate concentrations of CaCl,
and MgSO, to give 1 mM Mg?* and 1 (w), 2 (@), 3 (0), or 10 uM (a)
Ca?* after mixing. Rates of uptake in B are determined by linear
regression analysis of data in A. Ky, = 2.8 X 107 M Ca?*; Vpyey =
1.0 nmol of Ca/(min X mg of protein).

to undergo dielectric breakdown in an electric field. Rather,
it should remain intact and confine macromolecules that may
leak through the permeabilized plasma membrane. Analysis
of cell-free supernatants from a permeabilized suspension in-
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FiG. 4. The permeabilization protocol does not functionally
damage the Ca?*-sequestering system. Embryos were washed and
resuspended in CaS medium (2 uM Ca2*) 75 min after fertilization.
One-third of the suspension was homogenized (glass, Dounce-type
homogenizer), and 2/3 was permeabilized. One-half of the permea-
bilized suspension then was homogenized. *°Ca and ATP were add-
ed to all three suspensions, and sequestration was monitored. Per-
meabilized embryos (a) sequester Ca* 27% as rapidly as homoge-
nized ones (@), while those that are homogenized after permeabiliza-
tion (m) are 84% as active as the control.

Proc. Natl. Acad. Sci. USA 82 (1985) 2391

dicates that the fertilization membrane retains >97% of total
egg protein for at least 20 min after permeabilization (data
not shown).

Diffusion of Calcium into Permeabilized Embryos. As de-
scribed, we routinely incubated permeabilized embryos with
45Ca containing CaS medium for 2 min before adding ATP.
That Ca®?* equilibrates between the medium and cytosol
within this period is shown by incubating permeabilized sus-
pensions with 4°Ca for 2, 5, and 10 min. As Fig. 5 illustrates,
all three incubations result in nearly identical rates of se-
questration, implying that Ca®>* has equilibrated within 2
min.

Ca?* equilibrium largely is maintained during sequestra-
tion, because external calcium enters permeabilized embry-
os approximately as rapidly as it is compartmentalized. We
measured rates of sequestration in media in which the
Ca/EDTA ratio remained constant, while the concentration
of both varied 20-fold. In this way, the rate at which calcium
entered the permeabilized zygotes increased 20-fold. In re-
sponse, sequestration was stimulated only 1.7-fold (data not
shown). Together with the results of Fig. 5, this experiment
suggests that the concentration of Ca?* near the sequester-
ing compartments of permeabilized embryos is very similar
to that of the medium throughout our experiments.

Sequestration Activity During the Cell Cycle. Whereas the
rate at which Ca?" is sequestered in permeabilized embryos
is constant for at least 20 min after permeabilization (see
above), the activities of embryos that are permeabilized at
different stages of the cell cycle are not identical. (The mitot-
ic stages to which we now refer were identified by micro-
scopic observation of fixed samples, as described in the leg-
end to Fig. 6.)

Over the course of the first cell cycle (one-cell stage), the
rate of sequestration (measured without oxalate at 1 or 2 uM
Ca’*) increases S-fold. It is maximal during telophase (Figs.
6 and 7) and, in some populations of zygotes, is nearly as
great throughout prophase (Fig. 6). During the second cell
cycle (two-cell stage), the activity undergoes a 2-fold oscilla-
tion that bears the same temporal relationship to mitosis as
the previous fluctuation (Figs. 6 and 7). Because of asyn-
chrony in the population, these changes are likely to occur
more rapidly and to be of greater magnitude in individual
embryos.

DISCUSSION

If cell cycles include cycles of Ca?* concentration in the cy-
toplasm, we might expect to find cyclical changes in the ac-
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FiG. 5. Equilibration of Ca?* across the plasma membrane after
permeabilization. Seventy minutes after fertilization, embryos were
permeabilized and incubated with “*Ca for 2 (e), 5 (a), or 10 (®) min
before 2 mM MgATP was added to initiate Ca®* uptake (2 uM
Ca?*). Broken line represents sequestration that is supported by en-
dogenous ATP (cf. Fig. 2).
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FiG. 6. Ca®* sequestration ip embryos permeabilized at succes-
sive stages of the first two cell cycles. An aliquot of embryo suspen-
sion was permeabilized every 7 or 9 min, and its Ca?*-sequestering
activity was measured immediately (without oxalate) at2 uM Ca?*.
[When oxalate is omitted, 1.88. less MgSO, is used in the CaS
medium formulations (Table 1).] At the same time, additional ali-
quots of intact (not permeabilized) embryos were fixed in ethanol/a-
cetic’acid (3:1), to quantitate breakdown of the nuclear envelope
with Nomarskl optics, or to observe phase-contrast images of con-
densed chromosomes after staining- with orcein. Rates of sequestra-
tion are determined from the différence in triplicate Millipore filtra-
tions perforrtned 12 min apart. Two expenments are shown. MI, first
mitosis (73 min, metaphase; 80 min; anaphase; 87 min, telophase);
MII, second mitosis. Embryonic development and measurements of
Ca?* transport took place at 18°C.

tivity of the system by which Ca is sequestered. The Ca?*-
sequestering system in sea urchin eggs is known from studies
on live embryos (10) and isolated mitotic spindles (11), and it
has been visualized cytochemically at the electron micro-
scopic level (31). We have characterized it in some detail in
l&omogenates (19) in a study that will be published else-

here

Turning to permeabilized cells for a more realistic look at a
process that cannot yet be measured in living cells, we find
that the maximum rates of sequestration of Ca’* are lower
than those given by homogenates, by a factor of 4. Two pos-
sible criticisms of the permeabilized system are eliminated.
(/) The experiment illustrated in Fig. 4 shows that the per-
meabilization procedure has not damaged the sequestratnon
mechanism itself, (ii) The expenment illustrated in Fig. §
shows that the permeabilization is adequate; the plasma
membrane is no longer a barrier to equilibrium between in-
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Fic. 7. Ca?* sequestration in embryos permeabilized at succes-
sive stages of the first two cell cycles An aliquot of embryo suspen-
sion was permeabilized every 12 min and, as described in Fig.6, was
assayed for Ca?*-sequestering activity in the presence of 1 uM Ca®
(no oxalate). Embryonic development and measurements of Ca?
transport took place at 16°C.
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tracellular and extracellular Ca®*.

The permeabilized cells may well be preserving molecular
or structural factors that regulate sequestration in the living
cell. It is worth recalling that we retain nearly all diffusible
macromolecules by permeabilizing embryos within their fer-
tilization envelopes. These envelopes allow the free passage
of jons and small molecules but not of macromolecules that
would be highly diluted by homogenization.

Structural changes of the Ca-sequestering system durlng
the cell cycle have been discussed by a number of authors
who propose (9, 32, 33), with some evidence (10, 11, 34, 35),
that the system is concentrated in the very abundant mem-
branes of the mitotic apparatus. The cycles of sequestering
activity in our permeabilized cells could be influenced by the

h;mgmg disposition of Ca-sequestering' membranes during
interphase and mitosis.

Consistently, a peak in the rate of Ca?* sequestration is
observed shortly after peak breakdown of the nuclear enve-
lope (mitotic telophase). In contrast, uptake is relatively in-
active at metaphase (Figs. 6 and 7). In some populations of
embryos, a second peak of sequestering activity coincides
with prophase. This peak decreases concomitant with the
onset of nuclear envelope breakdown (F1g 6). It may be sig-
nificant that these relative maxima of Ca®>* sequestration are
seen at times when immunofluorescence studies show the
largest arrays of astral microtubules (36, 37). The size of the
mitotic asters increases throughout anaphase and is greatest
during telophase. The “streak stage,” or “interphase aster”
of the first cell cycle (one-cell stage) reaches maximal pro-
portions during prophase.

Since our method measures the net accumulation of tracer
4Ca, changmg rates of accumulatron may reflect fluctua-
tions in the rate at which Ca?* is sequestered or released.
The degree to which release influences rates of accumulation
depends on the dilution of sequestered tracer by “°Ca inside
the sequestering compartments.

In the presence of S mM oxalate (cf. Figs. 1-5), ¥Ca is
released at only 5% of the rate at which it accumulates (un-
published data); thus, we selectively measure sequestration.
We have determined rates of accumulation throughout the
cell cycle without using oxalate (Figs. 6 and 7) in order to
approximate more closely conditions within the living em-
bryo. Under these conditions, tracer is released 21%-38% as
rapidly as it accumulates. This variation in the rate of re-
lease, however, does not explain most of the fluctuation in
the rate of accumulation, and the latter truly can be called a
sequestration cycle (unpublished data). The observation that
oxalate greatly slows the rate at which tracer is released indi-
cates that the active accumulation of Ca%* by the sequester-
ing compartments is working against an efflux that depends
on the concentratlon of ionized Ca within the compartments.

The Ca? —sequestermg ‘activity that we describe may de-
rive from the mitotic C-ATPase, which appears to be assocx-
ated with intracellular membranes in a wide variety of orga-
nisms (reviewed in ref. 12). Both activities oscillate during
the cell cycle and are most actlve during mitosis.

If there are cycles of Ca®* concentration during cell cy-
cles, they may be driven by changes in the activity of Ca®*
sequestermg systems. The main outcome of the present
work is evidence that cell cycles can contain cycles of Ca?
sequestering activity. In the case of the sea urchin embryo,
which does not grow, the cell cycles can be referred to as
mitotic cycles. The permeabilization method gives access to
the sequestering system for purposes of measurement and
characterization. This method should be useful for studying
other events that cannot be measured in living cells.

Note Added in Proof. Recently, ca?t sequestratron has been de-
scribed for an isolated cytoplasmic fraction in cultured mammalian
cells and sea urchin embryos (38). Although the properties of this
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system differ somewhat from those reported here, its activity under-
goes a similar oscillation during the cell cycle.

We are grateful to Chris Patton for photography, illustrations, and
construction of apparatus, and to Dr. David Epel for kindly sharing
laboratory facilities. We thank Drs. M. Poenie and J. Zimmerberg
for helpful discussions and Arlene Daniel for the preparation of this
manuscript. Our study was supported by National Science Founda-
tion Grant PCM-8104467. This work was submitted by F.A.S. in
partial fulfillment of the requirements for the degree of Doctor of
Philosophy at the University of California, Berkeley.
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