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We have previously shown that a metabolite of
NAD™* generated by an enzyme present in sea urchin
eggs and mammalian tissues can mobilize intra-
cellular Ca?" in the eggs. Structural determination
established it to be a cyclized ADP-ribose, and the
name cyclic ADP-ribose (cCADPR) has been pro-
posed. In this study, Ca?* mobilizations induced by
cADPR and inositol trisphosphate (IP,) in sea urchin
egg homogenates were monitored with Ca** indi-
cators and Ca®*-specific electrodes. Both methods
showed that cADPR can release Ca®* from egg ho-
mogenates. Evidence indicated that it did not act
as a nonspecific Ca*-ionophore or as a blocker of
the microsomal Ca?*-transport; instead, it was likely
to be operating through a specific receptor system.
This was supported by its half-maximal effective
concentration of 18 nM, which was 7 times lower
than that of IP;. The receptor for cADPR appeared
to be different from that of IP; because heparin, an
inhibitor of IP; binding, had no effect on the cADPR
action. The Ca** releases induced by cADPR and
IP; were not additive and had an inverse relation-
ship, indicating overlapping stores were mobilized.
Microinjection of cADPR into intact eggs induced
transient intracellular Ca?* changes and activated
the cortical reaction. The in vivo effectiveness of
cADPR was directly comparable with IP; and neither
required external Ca?*. In addition, both were ef-
fective in activating the eggs to undergo multiple
nuclear cycles and DNA synthesis. These results
suggest that cADPR could function as a second
messenger in sea urchin eggs.

Introduction

In a number of cell systems, inositol trisphos-
phate (IP;) has been shown to be a second

Abbreviations: cADPR, cyclic ADP-ribose; EGTA, [ethyl-
ene-bis(oxyethylenenitrilo)]tetraacetic acid; IP;, inositol
1,4,5-trisphosphate.
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messenger for transducing surface-receptor
activation into mobilization of internal Ca?*
stores (Berridge and Irvine, 1989). The enzy-
matic pathway that generates IP; is also known
to be responsible for producing other messen-
ger molecules. The most prominent one is diac-
ylglycerol, an activator of protein kinase C.
Stimulation of protein kinase C by diacylglycerol
results in phosphorylation of a variety of pro-
teins and produces profound effects on various
cellular activities (Nishizuka, 1984). In addition,
at least two of the multitude of metabolites of
IP3, namely, IP, and cyclic-IP;, have been sug-
gested to have second-messenger functions of
their own (Wilson et al.,, 1985; Changya et al.,
1989). Activation of the IP; pathway, therefore,
results in not only mobilization of internal Ca%*
but also turning on a family of cellular processes
through protein phosphorylations by protein ki-
nase C and through generation of other IP;-re-
lated messengers. It thus appears that the IP;
pathway is, perhaps, acting more like a master
switch for general activation of a cell than as a
specific mean for Ca?* mobilization. This raises
the question of whether messenger molecules
more specific for Ca?* mobilization than IP;
could exist.

The sea urchin egg appears to be a good cel-
lular system for addressing this question be-
cause multiple intracellular Ca?* transients oc-
cur during its fertilization and early development
(Poenie et al., 1985). The first of these transients
occurs at fertilization and is triggered by surface
interactions between the fertilizing sperm and
the egg. Similar to other cellular systems, 1P,
has been shown to be involved in transducing
the signal from the sperm receptor on the sur-
face of the egg to mobilization of intracellular
Ca?* stores (Kamel et al., 1985; Swann and
Whitaker, 1986). The source of Ca?* for the later
transients is also internal because it is known
that the early development of the zygote, similar
to fertilization, does not require external Ca?*
(Schmidt et al., 1982). However, in contrast to
the fertilization transient, the subsequent Ca?*
transients occur in the absence of surface-re-
ceptor activation and correlate, instead, with
cellular events that are developmentally pro-
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gramed and are likely to be regulated by an in-
ternal timing mechanism, such as pronucleus
migration, nuclear membrane breakdown, and
mitosis (Poenie et al., 1985). Therefore, the sig-
naling mechanism for these later transients
could be basically different from the surface-
receptor—activated transient that occurs at fer-
tilization.

Using microsomes prepared from sea urchin
eggs as a biological assay for Ca?* activators,
we have identified a metabolite of NAD* that
has Ca?* mobilizing activity (Clapper and Lee,
1985; Clapper et al., 1987). Structural deter-
mination of the metabolite indicated it is a cy-
clized ADP-ribose, and the name cyclic ADP-
ribose (cADPR) has been proposed (Lee et al.,
1989). The enzyme responsible for producing
cADPR was found to be present not only in sea
urchin eggs but also in a wide variety of mam-
malian tissue extracts, suggesting the generality
of the system (Rusinko and Lee, 1989). In this
study we undertake a detailed comparison of
Ca?* mobilizing activities of cADPR and IP; in
sea urchin eggs. Results show that cADPR is
as potent as IP; in mobilizing Ca?* in both mi-
crosomes and intact eggs. Evidence is pre-
sented indicating that both activators release
Ca?* from the same compartment, and yet the
receptors for them appear to be different.

Results

Mobilization of Ca®* in egg homogenates
measured by fluo 3

Sea urchin egg homogenates were prepared as
described in the Methods section and incubated
at 17°C for 2-3 h with ATP for loading of the
Ca?* stores. Release of Ca?* from these stores
was monitored using various fluorescent Ca?*
indicators (quin 2, fura 2, indo 1, and fluo 3) with
similar results. For most of the experiments
presented in this study, fluo 3 was chosen be-
cause its dissociation constant was closer to
the steady state levels of the ambient Ca®* con-
centration of the homogenates and thus pro-
vided the most sensitive response to Ca®*
changes. As shown in Figure 1, addition of
cADPR to egg homogenates elicited a rapid
change in fluo 3 fluorescence, indicating Ca®*
release from the microsomes (trace a). This was
followed by a slower reuptake of the released
Ca?*. The homogenate then became desensi-
tized to cADPR because no release was seen
with a further addition of cADPR, although most
of the Ca?* had been resequestered. The de-
sensitization was specific for cADPR because
addition of an unrelated Ca?* activator such as
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IP; (Figure 1a) or ionomycin (data not shown)
could still trigger Ca?* release. The desensiti-
zation appeared to be a general characteristic
of the egg microsomes because we have pre-
viously observed that large doses of IP; can also
induce similar desensitization specific to itself
(Clapper and Lee, 1985; Clapper et al., 1987).
The requirement of specific functioning of the
microsomes ruled out the possibility that the
cADPR induced response was due to some
artifactual interactions between cADPR and
fluo 3.

If cADPR indeed induced Ca?* release from
the microsomes, it should be possible to elim-
inate the response by increasing the Ca?*-buff-
ering power of the homogenate. This was done
by adding [ethylene-bis(oxyethylenenitrilo)]tet-
raacetic acid (EGTA) to the homogenate fol-
lowed by enough Ca?* to bring the fluorescence
back to the original level (trace b in Figure 1).
This procedure increased the Ca?*-buffering
power of the homogenate without altering its
steady state Ca®* concentration and greatly di-
minished the cADPR-induced response. Further
increase in Ca®* buffering power practically
eliminated the response (trace c of Figure 1).

The Ca?*-releasing activity of cADPR is heat
labile. Addition of heated cADPR (10 min in boil-
ing water) at the same dosage as in trace a did
not elicit any Ca®* release, and only partial re-
lease was seen with a second addition (trace d
of Figure 1). Complete destruction of its activity
was seen with a 20-min heating in boiling water.
As shown in trace e of Figure 1, addition of even
five times the dosage of the unheated control
did not produce any release. It is therefore ob-
vious that the cADPR-induced response could
not be due to contaminating Ca?* in the sample.
This set of control experiments provides strong
evidence that the fluorimetric assay was indeed
monitoring specific Ca®* release from the mi-
crosomes. As further support, we repeated the
same set of control experiments using a Ca?*
electrode to monitor the Ca?* release and ob-
tained similar results.

Mechanism of cADPR-induced Ca?* release

Possible mechanisms of how cADPR induces
Ca?* release were investigated. Figure 2 shows
results indicating cADPR did not release Ca?*
through blocking of the microsomal Ca?*-trans-
porting mechanism. We have previously shown
that the microsomal Ca?* transport required
ATP and could be blocked by its removal (Clap-
per and Lee, 1985). Addition of an exogenous
ATPase; Apyrase, to hydrolyze all the ATP in
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Figure 1. Measurements of Ca?* release in egg homogenates. Release of Ca®* in egg homogenates was monitored fluo-
rimetrically using the indicator fluo 3. A 0.2-ml aliquot of 2.5% egg homogenate was used for each of the experiments shown.
Additions were as follows: (a) first addition of cADPR, 0.29 uM; second addition of cADPR, 0.57 uM; IP3, 1 uM. (b) EGTA, 25
uM; Ca, 6.25 uM; cADPR, 0.29 uM. (c) EGTA, 0.1 mM; Ca, 25 uM; cADPR, 0.29 uM. (d) cADPR was heat inactivated in boiling
water for 10 min (heated cADPR), and each addition was 0.29 uM. (e) cADPR was heat inactivated in boiling water for 20
min (Heated cADPR). The first three additions of heated cADPR were 0.29 uM each, and the last one was 0.57 uM. cADPR

was added to a final concentration of 0.29 uM.

the homogenate produced only a slow release
of Ca?* after an initial lag period of ~60 s (trace
ain Figure 2). In contrast, cADPR always elicited
a rapid Ca?* release whether it was added be-
fore (traces d and e in Figure 2) or at various
times after (traces b and c in Figure 2) the ad-
dition of Apyrase. Doubling the Apyrase con-
centration did not increase the rate of Ca2?*
leakage as shown in trace c of Figure 2, indi-
cating that ATP removal by Apyrase was not a
rate-limiting factor. Comparing traces a and ¢
of Figure 2, however, it can be seen that the lag
periods before the beginning of Ca?* leakage
from the microsomes was shortened at the
higher Apyrase concentration. Normally, the
cADPR-induced release was followed by Ca®*
reuptake (traces d and e). In the presence of
Apyrase, although cADPR-induced release oc-
curred as usual, the reuptake process was
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completely blocked (traces b and c). Further-
more, addition of Apyrase during the reuptake
process blocked its progress after a lag of about
60 seconds and then was followed by Ca?*
leakage as shown in trace e of Figure 2.

The cyclic structure of cADPR, with its two
negatively charged phosphate groups (Lee et
al., 1989), resembles the structure of an iono-
phore. However, the fact that it can induce de-
sensitization in the microsomes (trace a in Fig-
ure 1) argues against its functioning as an
ionophore permeabilizing membranes nonspe-
cifically. Indeed, addition of cADPR to desen-
sitized microsomes did not release more Ca?*,
even when the microsomal Ca?*-transport sys-
tem was blocked by ATP removal with Apyrase
(trace e of Figure 2).

The desensitization, however, did suggest
that cADPR may be operating through a specific
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receptor system. This is supported by the very
low half-maximal effective concentration of
cADPR. Figure 3 compares directly the dose-
response curves of cADPR and IP5, which were
constructed using the same egg homogenate
preparation. The half-maximal concentration of
cADPR was ~ 18 nM, which was 7 times lower
than the 130 nM of that of IP;. From four other
homogenate preparations, the half-maximal
concentration of cADPR was found to be be-
tween 10 and 50 nM and was always less than
that of IP; when measured in the same prepa-
ration. The maximal Ca?* released by the two
activators was about the same and was ~30%
of the total ionomycin-releasable Ca?".

It has been established that IP; is operating
through a specific receptor protein of 260 kDa
(Supattapone et al., 1988) and that heparin is a
competitive inhibitor of IP; binding to this re-
ceptor (Worley et al., 1987). It is therefore of
interest to see if heparin can block the action
of cADPR. Traces a and b in Figure 4 show the
Ca?* release induced by a maximum dose of
cADPR and IP; respectively. The amount re-
leased was again similar. Addition of 50 ug/ml
heparin to the homogenate resulted in partial
block of the IPs-induced Ca?* release (trace c).
Increasing heparin concentration increased the
inhibition (trace d), and, at 187 ug/ml of heparin,
the IP;-induced release was completely blocked
(trace e). No inhibition was seen, however, on
the cADPR-induced release (trace e). Both the
rate and the amount of Ca2* release were very
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Figure 2. Effects of removal
of ATP on Ca®* release. Egg
homogenates were prepared
as described in the Methods
section except that the enzy-
matic system for regenerating
ATP was not included. The fi-
nal ATP concentration in the
homogenates was 0.5 mM. A
0.8-mi aliquot of 2.5% egg
homogenate was used in each
experiment shown. ATP re-
moval was effected by the ad-
dition of Apyrase (Apy), a
general ATPase, to hydrolyze
the ATP in the homogenates.
Additions were as follows: (a)
Apy(1), 1 unit/ml of Apyrase.
One unit of Apyrase will hy-
drolyze 1 umol of ATP per min
at pH 6.5 at 30°C. (b) Apy(1),
1 unit/ml of Apyrase; cCADPR,
71 nM. (c) Apy(2), 2 units/ml
of Apyrase; cCADPR, 71 nM. (d)
cADPR, 71 nM. (e) Each ad-
dition of cADPR was 71 nM;
Apy(1), 1 unit/ml Apyrase.

similar to the control (trace a). This result indi-
cates that the Ca?*-release system activated by
cADPR is likely to be different from that of IP5.

Also shown in Figure 4 is the inverse pattern
of Ca®* release induced by IP; and cADPR as
the heparin concentration was increased. At 50
ug/ml heparin, IP; released ~2 nmol of Ca?*,
and subsequent addition of cADPR released
about the same amount (trace c). At 100 ug/ml
of heparin, IP; release was reduced to ~1 nmol,
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Figure 3. Comparison of the dose-response curves for
cADPR and IP;. Ca?* release from 2.5% egg homogenates
(0.8 ml) was measured fluorimetrically using indo 1 instead
of fluo 3.
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Figure 4. Insensitivity of the
cADPR-induced Ca** release
to heparin blockage. Ca?* re-
lease from egg homogenates
was measured fluorimetrically
using fluo 3. A 0.8-ml aliquot
of 2.5% egg homogenate was
used in each of the experi-
ments shown. The following
additions were made when
indicated: cADPR, 0.14 uM;
IP3, 0.5 uM; H(50), 50 ug/ml
heparin; H(100), 0.1 mg/ml
heparin; H(187), 0.187 mg/ml 4}
heparin.

Ca Release (n mol)

whereas the cADPR-induced release was in-
creased to ~3 nmol (trace d). Finally, when IP3-
induced release was completely blocked by
heparin, cADPR was able to release ~4 nmol
of Ca?* (trace e). The total release in all three
cases was constant at ~4 nmol. It appears that
when the IPs-sensitive release was reduced by
heparin, more Ca?* was left for cADPR to re-
lease. Partial release of Ca?* from the micro-
somes could be induced by the use of submax-
imal concentration of either activator instead of
heparin blockage. Again, if the initial release by
one activator was small, the subsequent release
by a maximal dose of the other activator was
large, and vice versa (data not shown). This in-
verse relationship between Ca?* release in-
duced by cADPR and IP; is consistent with both
activators releasing Ca®?* from overlapping
stores.

If cADPR and IP; released Ca2* from overlap-
ping stores, one would expect their effects to
be nonadditive. This was found to be the case,
as shown in Figure 5. In these experiments a
Ca?* electrode was used to monitor Ca®* re-
lease. This was to avoid the possibility of sat-
urating the indicator with potentially large
amounts of Ca®* released by both activators.
Figure 5 shows that a maximal dose of IP; and
cADPR each released ~8 nmol of Ca®*. When
both were added together, the amount of re-
lease was only slightly higher than each alone,

Vol. 1, February 1990
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indicating nonadditivity. From four similar ex-
periments, the amount of Ca?' released by
cADPR alone was 106 + 7.1% (+SE) of that re-
leased by IP;. With both added together, the
release was only 137 + 6.2% of IP; alone, in-
stead of 206% if they were additive. The last
tracing in Figure 5 shows a control experiment
where addition of a 21-times-more-concen-
trated ADP-ribose, a hydrolysis product of
cADPR (Lee et al., 1989), did not produce any
Ca?* release.

Mobilization of Ca®* in intact eggs

Results presented above establish that cADPR
is a potent activator of Ca2* release from egg
microsomes. To show that cADPR can actually
mobilize Ca?* from live eggs, we used microin-
jection to introduce it into the eggs. The intra-
cellular Ca?* was measured with a fluorescent
indicator, indo 1, which was microinjected into
the egg. A silicon-intensified target television
camera was used to monitor the fluorescence
from the egg. The fluorescence intensity at 405
nm and 485 nm was sampled alternately using
a rotating wheel filter changer. The egg was
then impaled with a second micropipette con-
taining 10 M of cADPR in the injection buffer.
The lower panel of Figure 6 shows the time
course of fluorescence intensity changes at the
two monitored wavelengths. At the time indi-
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cated by the arrow in the top panel, 10 pl of 10
uM cADPR was injected into the egg using a
pressure pulse. This resulted in a rapid decrease
in fluorescence at 485 nm and a concomitant
increase in fluorescence at 405 nm. After
reaching the peak, the fluorescence intensities
at both wavelengths gradually returned to their
respective basal levels. To correct for autoflu-
orescence, an adjacent egg, not loaded with
indo 1, was also monitored at the two wave-
lengths and is shown on the lower panel as
background. The upper panel in Figure 6 shows
the ratio of the intensity at the two wavelengths
after the background was subtracted. Injection
of cADPR induced a transient increase of the
ratio from a basal value of ~0.2 to a peak of
~0.8 and was followed by a gradual decline to
the original value. Calibration using Ca-EGTA
buffers indicated that a ratio of 0.2 and 0.8 cor-
responded to free-Ca?* concentrations of ~0.2
uM and 1 uM, respectively. Visual inspection of
the injected egg afterward showed that the
cortical reaction had occurred, providing fur-
ther evidence that cADPR did release Ca?* in
the egg.

Figure 7 compares the dose-response rela-
tionships of cADPR and IP; using the cortical
reaction as an indicator of intracellular Ca?*
change. Eggs were microinjected with 10 pl of
various concentrations of the two activators and
scored for full or partial cortical reaction. The
reaction was scored as full if the fertilization

284

ADPR

Figure 5. Nonadditivity of
Ca** release induced by
cADPR and IP;. Ca?* re-
lease was measured using a
Ca?*-specific minielectrode.
A 0.5-ml aliquot of egg ho-
mogenate (2.5%) was used
in each of the experiments
shown. The following addi-
tions were made when in-
dicated: IP3, 1 uM; cADPR,
0.58 uM; IP; + cADPR, 1 uM
IP; and 0.58 uM cADPR
added together; ADP-ribose
(ADPR), 12.5 uM.

membrane completely surrounded the egg and
partial if only part of the egg was surrounded.
As can be seen from the figure, cCADPR was as
effective as IP; in inducing the cortical reaction.
The half-maximal doses for the two activators
were both at ~10 pl of 4 uM. Because the in-
jection volume was ~1.5% of the cell volume,
the half-maximal concentration in the egg
should be ~60 nM, assuming uniform distri-
bution. This was in the same range as deter-
mined in the homogenate system. At 10 pl of
10 uM of either activator, 80-100% of the in-
jected eggs underwent full or partial cortical re-
action. On the other hand, none of the 16 eggs
injected with 10 pl of 1 uM of either activator
had cortical reaction. This served as a good
control, showing that the injection buffer and
the process of microinjection did not cause any
Ca?* changes in the eggs. Other control injec-
tions (10 pl) performed were as follows: 1 mM
NAD™, 10 out of 10 showed no reaction; 50 uM
ADP-ribose, 3 out of 3 showed no reaction; 30
uM heat-inactivated cADPR (30 min in boiling
water), 9 out of 9 showed no reaction. Finally,
a blind experiment was performed. Coded sam-
ples containing either 30 uM of cADPR or 30
uM of heated cADPR were used. The result was
seven out of seven injected with cADPR gave
full cortical reaction, whereas six out of six in-
jected with heated cADPR did not react.

The Ca?' mobilized by cADPR and IP; was
from internal stores because both activators

CELL REGULATION
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Figure 6. Intracellular Ca?* changes induced by cADPR.
The egg was first injected with the Ca?* indicator indo 1
and then impaled by another micropipette containing 10
uM cADPR in the injection buffer. The lower panel shows
the intensity measurements at 405 nm and 485 nm of the
loaded egg as well as the background. The upper panel
shows the calculated fluorescence ratio. At the time indi-
cated, a 10 pl of 10 uM of cADPR was injected into the egg.

were equally effective in inducing a cortical re-
action in the presence or absence of external
Ca?*. This is shown in Figure 8. Eggs were
washed three times in Ca®*-free seawater con-
taining 1 mM EGTA and resuspended in either
the same medium or in regular seawater con-
taining 10 mM Ca?*. The eggs were then in-
jected with 10 pl of either 5 uM of cADPR or 3
uM of IP; and scored for cortical reaction. As
can be seen from the figure, 90-100% of the
injected eggs showed partial or full cortical re-
action whether external Ca?* was present or
not. The batch of eggs used in this experiment
appeared to be slightly more sensitive to IP;
than cADPR, as more partials were scored with
cADPR.

Parthenogenetic egg activation induced by
cADPR and IP;

Time lapse video-microscopy was used to ob-
serve subsequent development of eggs injected
with either cADPR or IP;. Figure 9, A-E, is a
series of photographs taken directly from the
video screen at various times after injection.
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Figure 7. Comparison of dose-response of cADPR and
IP; microinjected into eggs. Eggs were microinjected with
10 pl of the indicated concentration of cADPR or IP; and
scored for cortical reaction. The number on top of each bar
indicates the total number of eggs injected with that par-
ticular concentration.

Three eggs are shown. One was injected with
10 pl of 20 uM cADPR (labeled c), one was in-
jected with 10 pl of 20 uM IP; (labeled i), and
one was fertilized (labeled f). At 29 min after
injection (Figure 9A), nuclei in all three eggs
were clearly visible (indicated by arrows). The
nuclei in the fertilized egg and the one injected
with cADPR disappeared at 59 min after injec-
tion (Figure 9B), indicating that nuclear mem-
brane breakdown had occurred. The one in-
jected with IP; underwent cortical contraction

[ «ca
(5] <a

Cortical Reaction (%)
3

Fuopmu' " Partial
CADPR (5UM)

rE——
IP3 (M)

Figure 8. Independence of the effects of cADPR and IP,
on external Ca®*. Eggs were incubated in the presence or
absence of external Ca?* and microinjected with 10 pl of
either 5 uM of cADPR or 3 uM of IP;. Full and partial cortical
reactions were scored. The number on top of each bar in-
dicates the total of eggs injected under that condition.
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Figure 9. Parthenogenetic activation induced by cADPR and IP;. A-E. Time-lapse video-micrographs of eggs injected either
with 10 pl of 20 uM cADPR (labeled c) or with the same dose of IP; (labeled i). Also shown in the same field is a fertilized
egg (labeled f). Arrows indicate positions of the nuclei. Times after injection are shown in the lower righthand corners as
hour:minute. F. A fluorescence micrograph of the eggs at 6-1/2 h after injection. The eggs were stained with a DNA dye,
Hoechst 33342 (0.1 mM in seawater), to reveal the chromosomal materials. G. Another fluorescence micrograph of eggs
injected with 10 pl of 20 uM cADPR (labeled c). For comparison, two unfertilized eggs (labeled u) and an embryo at the four-
cell stage can be seen in the same field. The nuclei of the unfertilized eggs had a characteristic ringlike appearance. Some
sperm nuclei can be seen scattered in field. H. A fluorescence micrograph of an egg injected with 10 pl of 50 M ADP-ribose
as control (left). The egg was stained 6 h after the injection, and the nucleus showed ringlike staining similar to unfertilized

eggs. A multicell embryo is seen to its right. The magnification of this micrograph is two times that of A-G.

and the cell appeared wrinkled. The nucleus was
still visible. Nuclear membrane breakdown oc-
curred in this egg 30 min later (Figure 9C), and
the cell smoothed out. During the same period
the fertilized egg had divided and the nucleus
in the cADPR-injected egg reappeared. Al-
though none of the injected eggs divided, they
did undergo a cycle of nuclear membrane
breakdown and reformation.

Two hours after injection, the nucleus in the
IPs-injected egg reappeared, and the fertilized
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egg had gone through a second division (Fig-
ure 9D). Thirty min later the nuclei of both in-
jected eggs disappeared again (Figure 9E). The
nuclear cycling continued on in the injected
eggs for many hours. At 6-1/2 h after in-
jection, the cells were stained with a fluo-
rescent DNA dye (Hoechst 33342) to visual-
ize the chromosomes. As shown in Figure
9F, both injected eggs showed large quan-
tities of highly fluorescent chromosomal ma-
terial.

CELL REGULATION



Figure 9G shows the result of another exper-
iment comparing the DNA-staining pattern of
cADPR-injected eggs with unfertilized eggs and
embryos. The pronuclei of unfertilized eggs (la-
beled u) showed only faint, ringlike staining. In
contrast, nuclei of eggs injected with cADPR
were larger and showed intense solid staining
similar to the four-cell embryo. The nuclear
staining of the injected eggs was not as exten-
sive as shown in Figure 9F because the staining
was done at 3 h 45 min after the injection in-
stead. A few sperm nuclei can be seen scattered
in the field. Figure 9H shows an embryo adjacent
to a control egg injected with 10 pl of 50 uM of
ADP-ribose. The staining was done 6 h after the
injection, and the egg still showed the ringlike
staining characteristic of an unfertilized egg.
The magnification of this micrograph was higher
than Figure 9, A-G.

In a series of experiments, a total of 15 eggs
were injected with cADPR, and 13 of them went
through multiple nuclear cycles. All of them also
had large amount of chromosomal materials in-
tensely stained by the DNA dye. One of the 15
injected eggs lysed, and only one was not ac-
tivated, even though it had cortical reaction and
went through the first nuclear membrane
breakdown. Of the three eggs that were injected
with IP5, all underwent parthenogenetic acti-
vation. On the other hand, none of the six con-
trol eggs injected with ADP-ribose was acti-
vated. It is therefore clear that cADPR not only
can mobilize intracellular Ca?* and induce cor-
tical reaction, it can also parthenogenetically
activate the egg to undergo multiple cycles of
DNA synthesis.

Discussion

Two different methods were used in this study
to measure Ca?* mobilization in the egg ho-
mogenate system. The first one was a fluori-
metric method using Ca?* indicators. Most of
the experiments presented here used the newly
available indicator fluo 3, although we have pre-
viously used other indicators such as quin 2,
fura 2, and indo 1 (Clapper and Lee, 1985, Clap-
per et al., 1987, Lee et al., 1989; Rusinko and
Lee, 1989). The fact that four structurally dif-
ferent indicators all report similar results argues
against the possibility that the cADPR-induced
response was due to some artifactual interac-
tions with the Ca?* indicators. The second
method we used was a Ca?*-specific minielec-
trode. This method was technically more de-
manding, but it provided us with a completely
independent way for verifying the results ob-
tained with indicators.
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Using these two methods, we showed that
the cADPR-induced response was due to Ca?*
because it could be eliminated by increasing
specifically the Ca?*-buffering power of the ho-
mogenate. That the Ca?* did not come from
contamination in the cADPR sample was shown
by the fact that heating could destroy its activity.
The Ca?*, therefore, had to be released from
the microsomes. cADPR could release Ca?*
from the microsomes by inhibiting the Ca?*-
transport mechanism. This was not likely be-
cause blocking the transport by removal of ATP
induced only slow leakage of Ca?* instead of
the rapid release seen with cADPR. The pos-
sibility that cADPR was acting like a Ca?* ion-
ophore was also ruled out because a large dose
of cADPR did not simply release all microsomal
Ca?*, as would be expected of a general iono-
phore, but induced specific desensitization to
itself instead. Other unrelated activators, such
as |P; or ionomycin, could still release Ca?* from
the microsomes. This indicated that the release
requires specific functioning of the microsomes
and suggested that cADPR may be operating
through a receptor system. This is supported
by the very low half-maximal effective concen-
tration of cADPR. Indeed, the measured value
of 18 nM was 7 times less than that of IP; mea-
sured in the same egg homogenate preparation.

The possibility that cADPR is acting on the
same receptor as IP; was investigated by
blocking the IP;-induced Ca?* release with hep-
arin, a competitive inhibitor of IP; binding to its
receptor (Worley et al., 1987). It was found that
cADPR was fully active even when the IP; effect
was completely blocked. This indicated that ei-
ther cADPR was acting on a completely sepa-
rate receptor system or that cCADPR actually has
a much higher affinity for the IP; receptor than
heparin or IP; itself. The latter possibility can
be ruled out because a large dose of cADPR did
not block the IP; effect but instead desensitized
the microsomes to itself only. Therefore, it can
be concluded that there are at least two sepa-
rate systems for mobilizing internal Ca?* in sea
urchin eggs.

The question of whether these two systems
release Ca?* from different storage compart-
ments was investigated next. Three lines of ev-
idence suggest that the two activators release
Ca?* from substantially overlapping stores.
First, the amounts of Ca?* released by the two
were not additive. In fact, adding both together
to the egg homogenate gave only 20-30% more
Ca?* release than each individually. Second, the
amounts of Ca?* released by the two activators
are inversely related. If the Ca?* released by one
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activator was small either because of the use
of a submaximal dose or heparin blockage, sub-
sequent release by a maximal dose of the other
activator would be large, and vice versa. The
total amount of releasable Ca®* remained rel-
atively constant. Third, we have previously
shown that both cADPR- and IPs-sensitive mi-
crosomes co-purified in a Percoll gradient and
were well separated from the mitochondria
(Clapper et al., 1987). All this evidence indicates
that there is substantial overlap of the Ca?*
stores for the two activators.

Measurements of the marker enzyme distri-
bution showed the cADPR- and IP;-sensitive
Ca?* stores co-purified with glucose 6-phos-
phatase, suggesting they may be part of the
endoplasmic reticulum network (Clapper and
Lee, 1985; Clapper et al., 1987). It is conceivable
that this extensive internal membrane network
could contain more than one receptor for Ca2*
mobilization. Indeed, one can envision that var-
ious receptors could be distributed nonuni-
formly along the network, with specific recep-
tors concentrated on special regions. This could
account for our observation that a small portion
of the Ca?* release was apparently from non-
overlapping stores. Indeed, we found that when
cADPR and IP; were added together, there was
20-30% more Ca?* released than for each
alone. This small portion of nonoverlapping
stores could be due to a pinching off of some
of these special regions during homogenization,
forming noncommunicating vesicles containing
mainly one type of receptor. An attractive ad-
vantage of regional concentration of receptors
is that it would allow spatially localized release
of Ca?* from the network. Indeed, striking spa-
tial inhomogeneity of Ca?* mobilization has been
observed in sea urchin eggs (Eisen et al., 1984)
as well as in various other cell types (Connor,
1986; Sawyer et al., 1985).

To demonstrate that cADPR is active in live
cells, we used microinjection to introduce it into
intact eggs. Control injections were done with
heat-inactivated cADPR, NAD* (the precursor
of cADPR), or ADP-ribose (the hydrolysis prod-
uct of cADPR). None of these produced any
cortical reaction. Indeed, a blind experiment,
using coded samples of heat-inactivated cADPR
and cADPR, showed conclusively that only
cADPR was active. Comparison of the dose-re-
sponse with that of IP; indicated that it was as
effective as IP; in inducing the cortical reaction.
The sources of Ca?* for the two activators were
internal because both were active in the ab-
sence of external Ca?*. In addition to inducing
intracellular Ca%* changes and the cortical re-
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action, both cADPR and IP; were also effective
in activating the eggs to undergo multiple cycles
of nuclear membrane breakdown and DNA syn-
thesis. It is clear, therefore, that cCADPR is active
not only in the egg homogenate but can actually
mobilize Ca?* in live eggs as well as induce par-
thenogenetic activation.

Results presented in this study clearly estab-
lish the existence of a Ca®*-release mechanism
in the eggs that is completely separated from
the IP;-dependent system. The fact that this re-
lease mechanism can be triggered effectively
by a natural metabolite of NAD* strongly sug-
gests that it has physiological relevance. This
is further strengthened by our previous finding
that the enzyme responsible for synthesizing
cADPR is present not only in sea urchin, an in-
vertebrate, but also in all mammalian tissues
we have investigated, including human platelets
(Rusinko and Lee, 1989). The conservation
of the enzyme activity throughout evolution
strongly suggests that the metabolite should
have an important biological function. That this
function is likely to be mobilization of Ca?* is
indicated by the fact that cADPR was at least
as active as IP3, the only known second mes-
senger for Ca?*. Judging from the importance
of Ca?* in regulating various cellular functions,
it is perhaps not surprising that there would be
more than one second-messenger system for
mobilizing the internal stores. Evidence we have
accumulated so far suggests that cADPR could
be one such messenger.

Methods

Egg homogenate preparation

Homogenates were prepared from Lytechinus pictus eggs
as described previously (Clapper et al., 1987). Briefly, the
eggs were washed once in artificial seawater, twice in Ca?*-
free seawater containing 1 mM EGTA, twice in Ca?*-free
seawater without EGTA, once with the homogenization
buffer (2560 mM N-methylglucamine, 250 mM potassium
gluconate, 20 mM 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid, and 1 mM MgCl,; pH titrated to 7.2 with acetic
acid) and resuspended with the same medium to 10% (v/
v). The following additions were made: 25 ug/ml of leupeptin,
20 ug/ml of aprotinin, 100 ug/ml of soybean trypsin inhibitor,
4 units/ml of creatine kinase, 1 mM ATP, and 8 mM phos-
phocreatine. Homogenization was performed in a Dounce
homogenizer with an “A’"’ pestle. The homogenates were
centrifuged for 10 s (13 000 X g, 4°C) in a microfuge (model
235A, Fisher). The supernatant was collected and stored
frozen at —70°C until use.

Ca?*-release assays

Homogenate (10%) was thawed in a 17°C water bath and
then diluted in half with the homogenization medium. After
incubating at 17°C for 2 h, the homogenate was diluted
again in half to 2.5% with the homogenization medium con-
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taining half the concentrations of ATP, creatine kinase, and
phosphocreatine as described above. The Ca?* indicator
(either indo 1 or fluo 3) was added to a final concentration
of 2-3 uM. After another 1 h of incubation at 17°C, the
homogenates were ready for use.

Fluorescence was measured at 490-nm excitation (5-nm
slit) and 535-nm emission (5-nm slit) for fluo 3; 360-nm ex-
citation (5-nm slit) and 485-nm emission (10-nm slit) for indo
1. The cuvette was maintained at 17°C with a circulating
water bath and its content continuously mixed with a mag-
netic stirring bar. The volume of homogenate used was 0.8
ml unless indicated otherwise. Ca?* released from the ho-
mogenate was calibrated with the addition of a known
amount of Ca?*.

Ca?*-specific minielectrodes were made and used as de-
scribed previously (Clapper and Lee, 1985). Briefly, pieces
of tubing with an inner diameter of 2 mm were dipped into
a mixture containing 10 ul of Ca?* electrode cocktail (Fluka)
and 60 ul of 12% (w/v) polyvinyl chloride dissolved in tet-
rahydrofuran. After drying, electrodes were filled with a
buffer containing 90 mM KCI, 10 mM EGTA, 5 mM CaCl,,
10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid,
pH 7.29. The reference electrode (MERE1, World Precision
Instruments) was filled with 3M KCI. The homogenates (0.5
ml) were maintained at 17°C during measurement.

Procedures for microinjection

Procedures for microinjection were as described previously
(Rusinko and Lee, 1989). Briefly, a pressure pulse from a
Pneumatic Pico-Pump (WPI) were used to delivered 10 pl
of fluid into the impaled egg. The ejection volume was cal-
ibrated before and after the injection by measuring the di-
ameter of the droplet ejected into a drop of silicon oil. The
initial clearing of organelles during the injection monitored
by video-microscopy was also used to estimate the injection
volume. The injection volume was ~ 1.5% of the egg volume,
which was measured to be ~684 pl. The injection buffer
contained 0.5 M KCI, 0.1 mM EGTA, 10 mM 4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonic acid, pH 6.7, and various
concentrations of cADPR or IP;. The temperature was
maintained at between 17 and 20°C with a circulating bath.

Intracellular Ca?* measurements

Intracellular Ca?* changes were monitored with the Ca?*
indicator indo 1. Ten picoliters of 10 mM indo 1 in the in-
jection buffer was microinjected into the eggs, giving a final
concentration of ~150 uM of indo 1. The eggs were excited
at 360 nm, and the emission fluorescence was alternately
selected at 405 nm and 485 nm with the use of a rotating
wheel filter changer. The loaded egg was viewed with a 20X
objective and was impaled by another micropipette con-
taining various substances to be injected. Temperature was
maintained at between 17 and 20°C with a circulating water
bath. Fluorescence was monitored with a silicon-intensified
target camera (RCA TC1030/H), and the images were cap-
tured with a frame grabber (PCVISIONplus, Imaging Tech-
nology). Normally, quantitative measurements were done
on two areas in the field and each was of 10 X 10 pixels.
One measuring area was put on the injected egg and the
other on an adjacent egg which was not injected. Measure-
ments from the latter were used for background correction.
Fluorescence intensities of all the pixels in the measured
areas were averaged. After subtracting the background
readings, the ratio of the average intensity at the two wave-
lengths was calculated. To calibrate the response of indo
1, fluorescence ratios were measured using the same sys-
tem on droplets of Ca-EGTA buffers containing 120 uM of
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the indicator. These buffer droplets of the size of an egg
were formed by ejecting the buffers into a drop of silicon
oil. A ratio of 0.2 and 0.8 corresponded to a free-Ca?* con-
centration of ~0.2 uM and 1 uM, respectively.

Materials

Sea urchins (Lytechinus pictus) were obtained from Marinus,
Inc., Long Beach, CA. The metabolite, CADPR, was prepared
by incubating NAD* with sea urchin egg extracts and purified
by high-performance liquid chromatography procedures as
described previously (Lee et al., 1989). Concentrations were
determined by absorbance at 254 nm and an extinction
coefficient of 14 300 (Lee et al., 1989). The concentration
of contaminating Ca?* in the cADPR sample was measured
by the fluo 3 method to be ~1.4% of the cADPR concen-
tration. IP; was purchased from Calbiochem and stock so-
lutions were made by weighing out 1-2 mg of material. The
concentration was then verified with an organic phosphate
assay (Hess and Derr, 1975). Indo 1 and fluo 3 were from
Molecular Probes. Apyrase and heparin (MW 4000-6000,
H5765) were from Sigma.
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