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Ca’?*-Induced Ca®* Release in Sea Urchin Egg
Homogenates: Modulation by Cyclic ADP-Ribose

ANTONY GALIONE,* HON CHEUNG LEE, WILLIAM B. Busa

Calcium-induced calcium release (CICR) may function widely in calcium-mediated
cell signaling, but has been most thoroughly characterized in muscle cells. In a
homogenate of sea urchin eggs, which display transients in the intracellular free
calcium concentration ([Ca>*];) during fertilization and anaphase, addition of Ca®*
triggered CICR. Ca?* release was also induced by the CICR modulators ryanodine
and caffeine. Responses to both Ca®>* and CICR modulators (but not Ca** release
mediated by inositol 1,4,5-trisphosphate) were inhibited by procaine and ruthenium
red, inhibitors of CICR. Intact eggs also displayed transients of [Ca®*]; when
microinjected with ryanodine. Cyclic ADP-ribose, a metabolite with potent Ca®*-
releasing properties, appears to act by way of the CICR mechanism and may thus be
an endogenous modulator of CICR. A CICR mechanism is present in these nonmuscle
cells as is assumed in various models of intracellular Ca>* wave propagation.

XTRACELLULAR SIGNALS INDUCE OS-
cillations of [Ca®>*]; or propagated
waves of intracellular Ca®* release in
various nonmuscle cell types. The classic
example of such complex spatiotemporal
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behavior of [Ca®>*]; during cell signaling is
observed during fertilization of the egg. In
sea urchin, starfish, fish, and frog eggs,
fertilization elicits a single propagated wave
of increased [Ca®*]; starting at the site of
sperm entry and sweeping in a regenerative
fashion across the egg at about 10 wm/s (7).
Hamster eggs display both Ca®>* waves and
a series of periodic transients of [Ca®*]; after
fertilization (2). The [Ca®*]; transient or
transients at fertilization regulate the meta-

bolic and developmental activation of the
egg (3). Other nonmuscle cell types also
display oscillatory or propagated [Ca®*];
transients in response to calcium mobilizing
hormones or Ca®* itself (4, 5). Calcium-
induced Ca®* release (CICR), whereby an
increase in the concentration of extravesicu-
lar free Ca®* triggers Ca®" release from
intracellular stores, has been characterized in
muscle fibers and sarcoplasmic reticulum
(SR) vesicles (6, 7). CICR is mediated by
the ryanodine receptor (8, 9) and may func-
tion in producing both Ca®>* waves and
oscillations (10, 11) by acting in concert
with inositol 1,4,5-trisphosphate (IP;)-me-
diated Ca®* release. Pharmacological agents
that modulate CICR include the stimulators
caffeine and ryanodine and the inhibitors
procaine and ruthenium red (6, 12), but no
endogenous modulating compounds (other
than adenosine nucleotides) have yet been
reported. We now report direct evidence for
and characterization of a CICR mechanism
(distinct from the IP;-mediated release
mechanism) in sea urchin egg homogenates.
Also, we present evidence suggesting that
CICR occurs in the intact cell. Further,
cyclic adenosine diphosphate (ADP)-ribose
(cADPR), which is a metabolite of nicotin-
amide adenine dinucleotide (NAD™) and is
present in homogenates of urchin eggs (13)
and various mammalian cells (14), was found
to modulate the urchin egg CICR mecha-
nism.’ Like IP;, cADPR triggers calcium mo-
bilization and egg activation in urchin eggs
(15).

Homogenates of sea urchin eggs supple-
mented with an adenosine triphosphate
(ATP)-regenerating system, mitochondrial
inhibitors, and the calcium-reporting dye
fura 2, sequester added Ca®"* into vesicular
stores in an ATP-dependent manner and
release Ca®>* in response to nanomolar con-
centrations of either cADPR or InsP; (Fig.
1) (15). Such homogenates display desensi-

0

g 5 min
£
+ 2
N
©
O o0+ ~
t t
cADPR 1Py

Fig. 1. Ca®* release induced by eADPR and-IP;
in egg homogenates measured fluorometrically
with fura 2. Addition of cADPR (20 nM, final
concentration) elicited a large rapid Ca®* release,
which was then resequestered. IP; (100 nM)
subsequently triggered a similar release, which
was also resequestered. The absolute amount of
Ca®* released is indicated on the ordinate. Breaks
in the record occurred during additions to the
cuvette. Abbreviations: cADPR, cyclic ADP-ri-
bose; IP;, inositol 1,4,5-trisphosphate. See (30)
for methods.
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Fig. 2. Characterization of
caffeine- and ryanodine-in-
duced Ca" release. (A) The
rate and magnitude of caf-
feine-induced release was
dose dependent over the
range 1-10 mM (final con-
centration) in homogenates
previously treated with 1
pM IP;. (B) Ryanodine
(100 pM) induced releases
of similar magnitude but
with much slower kinetics
in homogenate previously
treated with 1 uM IP;. (C)
After addition of a submax-
imal (1 mM) dose of caf-
feine, this same dose of ry-
anodine triggered rapid
Ca?* rclcase.g%D) Ca%* l:e- tt ey
lease in response to caffeine CAF
po
(10 mM) was completely in-
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hibited by either procaine (1 mM) or ruthenium red (30 M), without significant effect on IP;-induced
(1 uM) release. The two traces shown are from two different portions of the same homogenate.
Abbreviations: CAF, caffeine; RY, ryanodine; Proc, procaine; RR, ruthenium red.

tization to subsequent additions of the same
agent (that may be due to lack of breakdown
of the agents added) but neither agent cross-
desensitizes the homogenate to the other
agent, suggesting that the cADPR- and
InsP;-sensitive release mechanisms are dis-
tinct (15, 16).

Pharmacological modulators of CICR
triggered large Ca®* releases in homoge-
nates of sea urchin eggs at concentrations
similar to those effective in muscle cells and
preparations of SR. The kinetics of Ca®*
release were also similar to those seen in
muscle cells (Fig. 2, A and B). As observed
in cells expressing the cloned skeletal muscle
ryanodine receptor (17), caffeine-induced
release (10 mM) was fast (time to 90% of

Fig. 3. CICR in egg ho-
mogenates. (A) Addition of
Ca?* (2 nmol) elicited char-
acteristic instantaneous in-
crease in concentration of
free Ca?*; that Ca?* was
rapidly - sequestered. ~Caf-
feine (1 mM) then triggered
a small release, after which
one addition of Ca’* (2 ol
nmol) elicited a large Ca®* t 1
release, while a further addi- Ca
tion (2 nmol) was without
effect. (B) The kinetics and
magnitude of increase in
concentration of free Ca*
after Ca®>* (2 nmol) was

N ©

~—
4min

Ca 2+ (nmol) >

7‘"

added differed in normal ho-

mogenates (bottom trace) 10
and homogenates previously 6 E
treated with caffeine (1 3

mM) (top trace). (C) In the
presence of phosphate (120

octa_t

Ca 2* (nmol)
L . 9 —

full response was 20 + 3 s; average + SEM,
N = 5) while ryanodine-induced release
(100 M) was significantly slower (270 %
30 s, N = 5). However, when ryanodine
was added after a submaximal dose of caf-
feine (which, alone, caused only a small slow
Ca?* release, Fig. 2A) the rate of release was
enhanced (to 60 = 8 s, N = 4; Fig. 2C);
This result is consistent with experiments on
SR indicating that caffeine can open CICR
channels in SR and that ryanodine binds
preferentially to the already open channel
and locks it in this conformation (9). The
pharmacological inhibitors of CICR in SR,
procaine and ruthenium red, also inhibited
the response of egg homogenates to caffeine
while the response to IP; was unaffected

CAF
treated

Ca 2+ (nmol)

mM, substituted for an equal amount of potassium gluconate), five (top trace) but not two (bottom
trace) sequential additions of Ca®* (2 nmol) elicited a slow Ca®* release about 1 min after sequestration

of the final addition.
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(Fig. 2D). Thus, the putative CICR and
IP;-mediated release mechanisms appear to
be functionally distinct, as was suggested by
the observation of ryanodine- and caffeine-
induced release in homogenates desensitized
to IP; (Fig. 2, A and B).

Direct evidence for a CICR mechanism
(that is, Ca®™ release in response to addition
of Ca?*, rather than pharmacological
agents) was obtained under two conditions:
(i) In the presence of a submaximal dose of
caffeine, addition of 0.2 to 3.0 nmol of Ca®*
triggered Ca®* release of 3.3 + 0.6 nmol,
(N = 6) (Fig. 3, A and B). This effect was
abolished by addition of either procaine (1
mM) or ruthenium red (30 uM) (18). Re-
lease of Ca®* in SR in response to caffeine
may be due to sensitization of CICR to low
concentrations of Ca®>* (6). (ii) In the pres-
ence of high concentrations of phosphate,
microsomes that had been treated with five
(10-nmol) applications of Ca*>* displayed a
large slow release about 1 min after .seques-
tration of the last addition (Fig. 3C). Such
spontaneous Ca>* release has been observed
in both cardiac muscle and in SR vesicles
treated with Ca®* in the presence of phos-
phate and may be triggered by a supra-
threshold concentration of Ca?* within the
lumen, which occurred because phosphate, a
precipitating anion, increases the capacity of
the SR to store Ca®* (19).

The CICR mechanism also appears to be
active in the intact egg. Microinjection of 10 pl
(about 1.6% of the egg volume) of ryanodine

-(10 mM) into the unfertilized egg elicited large

Ca®* transients (Fig. 4). As detected with the
fluorescent Ca2* indicator indo-1, the emis-
sion ratio (405 to 485 nm) increased from 0.32
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Fig. 4. A large [Ca®*]; transient in intact sea
urchin eggs elicited by microinjection of ryano-
dine. Ryanodine (10 mM) was dissolved in a
buffer containing 0.5 M KCl; 0.1 mM EGTA,
and 10 mM Hepes (pH 6.7). An injection volume
of about 1.5% of egg volume triggered a large
[Ca%*]; transient (solid line) like that seen at
fertilization, while an equal volume of vehicle
alone yielded a small artifact (dashed line). These
records are representative of seven experiments on
the eggs of two urchins. The techniques were
described (15).
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Fig. 5. Effects of cCADPR on
the same Ca* release mech-
anism modulated by caffeine
and ryanodine. (A) After
Ca®* release stimulated b

caffeine and ryanodine (1
mM and 100 pM, respec-
tively), the homogenate was
desensitized to further addi-
tions of caffeine (10 mM)
and cADPR (1 pM), but
not to IP; (1 pM). (B)
Identical response to a re-
versed order of additions,
was also observed. (C) Both
procaine and ruthenium red
(1 mM and 30 pM, respec-
tively) inhibited cADPR-
but not IP;-induced releases

1
CAF IP,

at concentrations approximating their median effective concentrations (ECso) (20 nM or 100 nM,
respectively). The control (without inhibitors) for this experiment is shown in Fig. 1. The two traces
shown here and the trace in Fig. 1 were from three different portions of one preparation of homogenate.

+0.02 t0 0.78 = 0.05, (N = 3), immediately
after injection of ryanodine, and from 0.31 +
0.03 t0 0.36 = 0.02 (N = 3) after injection of
vehicle alone. Ratios of 0.2 and 0.8 correspond
to free Ca®>* concentrations of 200 nM and 1
MM, respectively, in Ca>*-EGTA calibration
buffers. Microinjection of 10 pl of ryanodine
(10 mM) triggered egg activation (as judged
by cortical granule exocytosis) in five of nine
eggs injected, and 10 pl of 20 mM ryanodine
activated all eggs tested (N = 8). None of ten
eggs injected with vehicle alone were activated.
Thus, the intact cell possesses a ryanodine-
sensitive release mechanism like that observed
in homogenates. Injections of caffeine (10 pl of
0.1 M, final concentration in the egg ~1.6
mM) activated only two of ten eggs. However,
caffeine concentrations =3 mM are required to
elicit release of large amounts of Ca®* in egg
homogenates (Fig. 2A) and in muscle (12).
Such doses were not achieved in these studies
because of solubility limitations.

Whereas the CICR mechanism is func-
tionally distinct from that activated by
InsP;, cADPR-induced release appeared to
act by the CICR mechanism. Homogenates
treated with ryanodine and caffeine were
desensitized not only to subsequent addi-
tions of these agents but also to cADPR,
although IP; could still trigger a large Ca®*
release (Fig. 5A). Similarly, cADPR desen-
sitized the homogenates not only to itself
but also to caffeine and ryanodine, without
affecting the response to IP; (Fig. 5B).
Inhibitors of CICR abolished the response
to cADPR but had little effect on IP,-
mediated release (Fig. 5C). Finally, treat-
ment of the homogenate with a subthresh-
old dose of cADPR (5 nM, which alone
caused no detectable Ca®* release) increased
the rate of Ca®* release in response to
ryanodine (100 uM) (to 53 = 45, N = 4),
as did subthreshold concentrations of caf-
feine (see above). These observations sug-
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gest that caffeine, ryanodine, and cADPR all
activate the same mechanism, CICR, which
is distinct from that activated by IP;. How-
ever, high concentrations (up to 10 pM) of
cADPR appeared not to mobilize Ca**
from SR in caffeine-sensitive, glycerinated
skeletal muscle fibers from rabbit, because
these fibers failed to contract in response to
cADPR (20). These cells may have different
isoforms or modes of regulation of ryano-
dine receptors; the skeletal muscle ryanodine
receptor may interact with a voltage sensor
to effect excitation-contraction coupling (8),
but depolarization does not trigger Ca®*
release in the sea urchin egg.

The sea urchin egg has a CICR mecha-
nism like that in muscle cells that is func-
tionally distinct from the IP;-sensitive
mechanism of Ca®* release. This mechanism
may function in the normal physiology of
the cell. Both procaine and ruthenium red
block activation of sea urchin eggs (21) and
an IP;-independent Ca®* release mecha-
nism in intact Lyftechinus eggs appears to
function in fertilization (22). An alternative
model in which an autocatalytic cycle of
Ca®*-induced IP; production and IP;-me-
diated Ca®* release might solely propagate
the wave was based in part on the ability of
neomycin to inhibit both IP; production
and wave propagation (23). However, in the
SR neomycin also inhibits CICR (19).
CICR was suggested not to exist in sea
urchin eggs (22), on the basis of studies
employing Ca®* microinjection or artificial-
ly stimulated influx of Ca®>* across the plas-
ma membrane. However, CICR can display
both Ca?*-dependent activation and inacti-
vation, giving rise to a complex dependence
of CICR on both the amount of Ca®* used
in triggering the response and the rate of
change of the extravesicular concentration of
Ca?* (24):

CICR might function in producing calcium

waves and oscillations seen in numerous non-
muscle cell types (10, 11). Such Ca®* release
may be modulated by cAADPR, an endogenous
metabolite in numerous tissues. In the sea
urchin egg homogenate, cADPR was effective
at concentrations 10° times lower than the
pharmacological modulator caffeine. Caffeine
releases Ca®* in neurons (25), chromaffin cells
(26), and pancreatic (5) cells, and opens an
IP;-insensitive Ca®>* channel in pancreatic ER
vesicles (27). Ryanodine-binding proteins oc-
cur in liver and brain (28), and ruthenium red
blocks a Ca®* release mechanism in lacrimal
gland (29). Thus, CICR may occur in many
nonmuscle cells and function (perhaps in con-
cert with IP;-mediated Ca®* release) in pro-
ducing complex spatiotemporal patterns of cal-
cium signals.
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510-nm emission, and 5-nm bandpasses; as appro-
priate, ratios of the 340 nm to 380 nm fluorescence
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itored at 340 nm accuratcly reflected changes in the
concentration of Ca®*. Basal concentrations of
Ca?* were typically 100 nM. All measurements were
conducted at 24° + 0.5°C; similar results were
observed in experiments at 17°C. Test agents were
added in volumes not exceeding 10 pL with vigor-
ous mixing. Calcium release was calibrated by se-
quential additions of known amounts of CaCl, to
comparable portions without allowing time for re-
sequestration between additions. The total available
sequestered Ca®* was measured by release with
ionomycin (5 wM) and was nearly constant in

Conserved Sequence and Structural Elements
in the HIV-1 Principal Neutralizing Determinant:

Further Clarifications

It has come to our attention that some
researchers are attempting to use nucleotide
sequences encoding the HIV-1 principal
neutralization determinant (PND) (1) and
related information submitted by us to Gen-
Bank and to the Human Retroviruses and
AIDS Database to measure variability
among HIV-1 viruses infecting a single in-
dividual (intra-individual variation). Such
analyses presume the generation of, through
molecular cloning and nucleotide sequenc-
ing, an accurate representation of the genes
encoding different viruses present in the
individual at the time the sample is taken.
For several reasons, the nucleotide sequence
data supporting the conclusions of our anal-
ysis could be misleading if they are used to
reach conclusions about " intra-individual
HIV-1 variation. These reasons are as fol-
lows:

1) It is possible that a subset of the
infectious virus genomes present in the in-
fected PBMCs were preferentially amplified
during culturing.

2) The oligonucleotide primers used for
PCR amplification in our study may have
hybridized more efficiently to the envelope
gene of a subset of viral genomes.

3) The list of amino acid sequences
shown in our figure 1 includes only amino
acid sequences that differed in each PCR
product and amino acid sequences occurring
more than once from each PCR product
(sibling sequences) that were not included
or identified in the list of sibling sequences
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and sibling relationships submitted to the
Human Retroviruses and AIDS Database.

4) Because our study involved working
with samples from a large number of infect-
ed individuals, many viral samples were cul-
tured and the DNA was extracted and PCR
amplified in parallel. It is possible that con-
tamination occurred between such samples
from different individuals or from exoge-
nous sources such as the HIV-1 IIIB isolate
that was being used for other projects in
several laboratories involved in our study.
For example, there are nine sequences (num-
bers 166, 169, 170-175, and 225 in our
figure 1) that are identical or similar to
IIIB-like sequences. In addition, there are
instances in which sibling sequences differed
significantly (for example, sequences 115,
174, and 201; 151 and 225; and 175, 224,
and 229). These sequences are therefore
either from individuals that are infected with
significantly different HIV-1 viruses or there
was contamination of these virus or DNA
preparations. In view of these uncertainties,
samples that gave rise to IIIB like sequences
or sibling sets with significant sequence het-
erogeneity are being re-examined. We there-
fore do not recommend the use of the
LaRosa sequence set for analyzing intra-
individual variation until the conclusion of
this re-examination.

The focus and conclusions of our study
were the identification of conserved ele-
ments (both sequences and predicted sec-
ondary structures) in the PND to aid in the

similar portions of homogenate (averaging 1.3 pM).
IP; was from Calbiochem, ryanodine was from
Calbiochem or a gift of Merck, Sharp & Dohme,
and cADPR was prepared from mammalian brain
homogenates (13). Addition of vehicle (DMSO or
water for ryanodine, ethanol for ionomycin, and
water for other agents) had no effect on the fura-2
signal in homogenates. All figures are representative
of experiments repeated at least three times.
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design of immunogens able to elicit antibod-
ies that neutralize a large percentage of
HIV-1 virus isolates. There are at least three
ways to compile the amino acid sequences
we obtained. The first includes all duplicate
sequences obtained from PCR products
from different individuals and does not in-
clude duplicate sequences obtained from the
same PCR product, The second is that in
which all sequences are included, and the
third is that in which no duplicate sequences
are included. We chose the first method so
that we would not overestimate the occur-
rence of conserved PND sequences by in-
cluding the large number of identical sibling
sequences we had obtained. Regardless of
the method used to compile the sequences,
and therefore regardless of whether any pos-
sible contamination occurred, the conclu-
sions of our study are unchanged; the con-
sensus PND sequence is unchanged; a single
amino acid occurred at PND positions 11,
14, 16, 19, 20, 21, 22, 23, and 25 in 80% or
more of the sequences, and the frequency of
occurrence of each of the sequences listed in
our table 1 was not significantly altered.
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