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Abstract

Various protein kinases are activated in eggs in response to fertilization. We have previously shown that the induction of DNA-

dependent protein phosphorylation activity in the sea urchin eggs is triggered by fertilization. The present study demonstrates that

the activation of a DNA-dependent serine/threonine kinase in unfertilized eggs of Arbacia punctulata can be achieved without

fertilization. Prolonged incubation in seawater resulted in the activation of the eggs with concomitant induction of DNA-dependent

protein phosphorylation activity. The activated eggs when fertilized show a slight increase in the phosphorylation activity 10-min

post-insemination. The activity gradually declines as the first and second cleavages proceed. The cytoplasmic extracts of the

blastulae, gastrulae, and plutei lack the enzyme activity. These findings reveal that not only fertilization but also egg activation

serves as a signal for the induction of a DNA-dependent protein phosphorylation activity in sea urchin eggs suggesting that sperm-

entry is not required for the induction of the enzyme activity. Published by Elsevier Science (USA).

Keywords: Egg activation; DNA-inducible kinase; Early development

DNA-dependent protein phosphorylation has been
reported in various organisms including sea urchins
[1–6]. In mammalian cells, the DNA-dependent protein
kinase (DNA-PK) responsible for this activity is a ser-
ine/threonine kinase that requires double-stranded (ds)
DNA for its activity [7]. The enzyme plays a crucial role
in DNA repair [8] apart from being a player in different
other cellular events such as apoptosis [9]. However, its
participation in embryonic development has not been
extensively investigated. In our previous reports [3,4], we
demonstrated that fertilization acts as a signal for the
appearance of a DNA-inducible kinase activity which
disappears gradually from the cytoplasmic extracts
prepared from the embryos as development proceeds.
Immunocytochemical evidences further supported this
observation by demonstrating the nuclear translocation
of a protein, immunologically identical to the catalytic
subunit (p460) of DNA-PK in the later embryos. All
these observations were strengthened by the use of a
specific peptide substrate and monoclonal antibodies

against the human enzyme that identified a similar
polypeptide in immunoblot analysis of sea urchin egg
extracts. Based on the crucial observation that the cy-
toplasmic extracts of unfertilized eggs did not have
DNA-inducible kinase activity and fertilization resulted
in the induction of the enzyme activity, it was relevant to
explore whether stimuli other than fertilization could
also induce the enzyme activity. This study shows that
prolonged incubation of the unfertilized eggs in seawater
that results in the nuclear envelope breakdown can in-
duce the enzyme activity. The results indicate that the
physiological change(s) associated with the egg activa-
tion is equally a potent signal as fertilization to induce
the activation of a DNA-dependent protein phospho-
rylation activity.

Materials and methods

Unless and otherwise indicated all chemicals were purchased from

Sigma. All the experiments were performed at the Marine Biological

Laboratory (Woods Hole, Massachusetts).

Collection of eggs and embryos: Male and female Arbacia punctulata

were obtained and the gametes were shed in artificial seawater for egg

activation and fertilization. Eggs incubated in artificial seawater did
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not undergo activation at least up to 7 h at 15 �C. Eggs incubated in

natural seawater, henceforth referred to as ‘seawater,’ for 5 h at 15 �C
underwent 85–90% nuclear envelope breakdown. Observing a small

batch of eggs every 30 min under a microscope monitored scoring of

the nuclear envelope breakdown. Embryos at different stages were

collected following fertilization of these activated eggs at various time

intervals.

Extract preparation: Eggs and embryos were harvested by hand

centrifugation. Cytoplasmic extract was prepared following the pro-

cedure of Ballinger et al. [10]. Briefly, the eggs and embryos were ho-

mogenized in a Dounce homogenizer in 50 mM HEPES, pH 7.4,

10 mM EGTA, 40 mM NaCl, 100 mM potassium acetate, 8.56 mM

CaCl2, 2.29 mM MgCl2, and 277 mM glycerol. Centrifugation of the

homogenate was performed (12,000g � 30 min, 4 �C) to separate par-

ticulate components from soluble components.

DNA-dependent protein kinase assay: DNA-inducible kinase activ-

ity was performed as reported earlier using the cytoplasmic extracts as

a source of the enzyme [2,3]. Dephosphorylated a-casein and a specific

peptide derived from p53 (EPPLSQEAFADLWKK) [8] were used as

substrates. A mutant peptide (EPPLSEQAFADLWKK) was used in

the enzymatic assays as a non-specific substrate. To analyze casein

phosphorylation, the phosphorylation reaction products were resolved

on 10% SDS–polyacrylamide gels followed by autoradiography. The

peptide phosphorylation was analyzed by spotting the reaction prod-

ucts on p81 phosphocellulose disks and counting in a scintillation

counter after several washes with 30%, 15% acetic acid and acetone,

respectively. The incorporation of 32P to the peptide substrate was

calculated after subtracting the value obtained from the mutant, non-

specific peptide.

Results and discussion

Previously we have shown that a DNA-inducible
protein kinase activity in unfertilized eggs of Arbacia is
undetectable. However, the activity is induced upon
fertilization [3]. Possibilities remained that stimuli other
than fertilization could also induce the enzyme activity.
To explore this possibility, first, optimization of the ki-
nase reaction condition especially the reaction time was
undertaken. Fig. 1 shows that homogenate-catalyzed
DNA-dependent protein phosphorylation activity is
optimal at 30 min. a-Casein (Fig. 1A) and the specific
peptide (Fig. 1B) were maximally phosphorylated after
30 min although the activity was insignificantly different
from 15-, 45-, and 60-min reaction time points. Thus, for
all the experiments, kinase activity assays were per-
formed on the basis of a 30-min reaction time. To
demonstrate the activation of a DNA-inducible protein
kinase by various forms of nucleic acids, homogenate-
catalyzed enzyme assay was performed in eggs and
embryos of Arbacia. Effect of the addition of different
types of nucleic acids and an oligonucleotide on the
activation of the enzyme to phosphorylate exogenously
added a-casein (Fig. 2A) and specific peptide (Fig. 2B)
in the extract was examined. Activation of a kinase ac-
tivity by sonicated double-stranded DNA was observed
in the cytoplasmic extracts prepared from eggs 100 post-
fertilization (Fig. 2). In contrast, addition of equal
amounts (75 ng) of total RNA and single-stranded DNA
that was prepared by boiling the dsDNA for 5 min

followed by quick cooling in ice, did not induce the
enzyme activity as determined by phosphorylation of the
exogenous substrates. A 25-mer single-stranded oli-
gonucleotide was equally inefficient in activating the
enzyme.

The presence of a polypeptide immunologically
identical to the catalytic subunit of the human DNA-
dependent (DNA-inducible) kinase in sea urchin eggs
and the induction of the enzyme activity 10 min post-
fertilization [3,4] led to the assumption that the nuclear
envelope breakdown may be the cause of the activation
of the enzyme. Extracts prepared from the eggs which
were incubated for 5 h in seawater instead of artificial
seawater underwent nuclear envelope breakdown and
showed a DNA-inducible protein phosphorylation
activity (Fig. 3). Under such conditions, approximately
85–90% of the eggs underwent nuclear envelope break-
down. Therefore, the extracts cannot be termed
exclusively cytoplasmic since there is no definitive

Fig. 1. Optimization of reaction time for DNA-dependent protein

phosphorylation activity assay. Cytoplasmic extract was prepared

from fertilized eggs 10-min post-insemination. DNA-dependent pro-

tein phosphorylation assay was performed using a-casein and a specific

peptide as substrates. Adding 75 ng sonicated, double-stranded calf

thymus DNA induced the enzyme activity. The kinase reactions were

terminated at various time intervals between 0 and 60 min. (A) Reac-

tion products where a-casein was used as a substrate were analyzed on

a 10% SDS–polyacrylamide gel and autoradiographed. (B) Reaction

products where a specific peptide was used were spotted onto phos-

phocellulose disks and counted for 32P-incorporation.
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nucleus in these activated eggs. Interestingly, mechanical
breakdown of the nucleus by sonication, in contrast,
does not activate the DNA-inducible kinase activity [4].
It is assumed that the physiological egg activation pro-
cess that is accompanied by several biochemical changes
including activation of several protein kinases [11–15] is
responsible for the activation of DNA-inducible phos-
phorylation activity.

To demonstrate whether the fertilization and pro-
longed incubation in seawater followed a similar pattern
of the induction of a DNA-dependent protein phos-
phorylation activity, eggs incubated in seawater for 5 h
were fertilized by artificial insemination. There was a
slight increase in the enzyme activity as measured 10-min

post-fertilization (Fig. 3). The eggs incubated in artificial
seawater for 5 h did not show the DNA-inducible
a-casein phosphorylation (Fig. 3A). In the extracts pre-
pared from the eggs incubated in seawater for 5 h,
a-casein (Fig. 3A) and the specific peptide (Fig. 3B) were
phosphorylated even without fertilization. In this batch
of eggs, a-casein phosphorylation increased 1.2-fold in
fertilized eggs compared to that in the pre-fertilized eggs.
The apparent slight increase in the enzyme activity could
be attributed to the breakdown of nuclear envelopes of
the eggs (10–15%) that did not respond to seawater-
induced activation but were activated upon fertilization.
At this point, it is conceivable that physiological pro-
cesses associated with egg activation rather than sperm-
entry are sufficient to induce the DNA-dependent
protein phosphorylation activity. In Fig. 3A, a-casein
was phosphorylated after 100 of fertilization even in the
absence of dsDNA in the reaction. The trend continued
through 50- and 103-min post-fertilization. However,
there was no such dsDNA-independent a-casein phos-
phorylation visible blastula stage onward. The results
indicate that some other protein kinase(s) was activated
as well 10-min post-fertilization. This assumption is
consistent with the specific peptide phosphorylation as-
say (Fig. 3B) where the other activated kinase(s) could
not phosphorylate the specific substrate. With further
developmental progress, there was a gradual loss of
cytoplasmic enzyme activity that was observed after 500

and 1030 post-insemination when the first and second
cleavages occurred. The activity was barely detectable
blastula stage onward. This pattern of change in
the enzyme activity is consistent with the results re-
ported earlier in embryos obtained by fertilizing the
non-activated eggs [3] which could be due to the nu-
clear translocation of the enzyme during later develop-
ment [4].

In an earlier report, we demonstrated that microin-
jection of an antibody against the regulatory subunit of
the human DNA-dependent protein kinase (DNA-PK)
arrested cell division of the sea urchin eggs [6]. The
results suggested a potentially important role of the
DNA-dependent protein kinase during sea urchin
development. The role of DNA-PK in DNA repair and
apoptosis has been emphasized in mammals [8,9]. Dur-
ing a longer incubation in seawater the passive unfer-
tilized eggs could undergo apoptosis and therefore an
endogenously protective operation by activating the
DNA-inducible protein kinase could in part act as a
survival signal. Here, this study identifies that prolonged
incubation in seawater can be a stimulus to induce
DNA-inducible kinase activity that might be present in a
cryptic form in the non-activated eggs. The mechanism
of activation of the enzyme is, at present, not known.
Additionally, several other agents that result in the
nuclear envelope breakdown, for e.g., calcium iono-
phores need to be tested in terms of consequential

Fig. 2. Double-stranded DNA but not RNA, single-stranded DNA or

oligonucleotide induces a protein kinase activity in Arbacia egg ex-

tracts prepared 10-min post-fertilization. A 15-ll reaction required

10ll crude egg extract (approximately equivalent to 12 eggs), 15lg

dephosphorylated a-casein (A) or the specific peptide (B) as substrates,

2 mM MgCl2, and 130lM ATP. The reaction was carried out at 15 �C
and started by adding 10lCi of [32P]ATP (6000 Ci/mmol) (NEN, Du

Pont). The phosphorylation reaction product ð1llÞ was analyzed on a

10% polyacrylamide gel. The activity was induced in crude extracts by

adding 75 ng sonicated double-stranded DNA (dsDNA), total RNA,

and single-stranded DNA (ssDNA) from calf thymus as well as a

23-mer single-stranded oligonucleotide. Dephosphorylated a-casein

was used as the exogenous substrate (arrow).
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DNA-inducible kinase activation. Post-translational
modification of the enzyme subunits following egg ac-
tivation that could modulate the enzyme activity is an-
other possibility that needs to be investigated. Whether

specific inhibition of the DNA-inducible protein kinase
activity would prevent egg activation and therefore
further development of Arbacia would be of interest to
the developmental biologists.

Fig. 3. (A) Autoradiogram shows variation in DNA-inducible protein phosphorylation activity during embryonic development. Cytoplasmic extracts

from eggs and embryos were prepared. A 15-ll reaction required 10ll cytoplasmic extract (approximately equivalent to 12 eggs or embryos), 75 ng

sonicated calf thymus DNA, 15lg dephosphorylated a-casein as substrate, 2 mM MgCl2, and 130lM ATP. The reaction was carried out at 15 �C
and started by adding 10lCi of [32P]ATP (6000 Ci/mmol) (NEN, Du Pont). The phosphorylation reaction ð1llÞ was analyzed on a 10% poly-

acrylamide gel. Arrow indicates the position of phosphorylated a-casein. Absence and presence of dsDNA in the extract are indicated by ) and +,

respectively. (B) DNA-dependent protein kinase activity of cytoplasmic extracts prepared from eggs and embryos of Arbacia. Kinase reactions were

set up exactly as described above except that a specific peptide derived from p53 was used as a substrate for parallel reactions. Reaction products were

spotted unto p81 phosphocellulose paper disks, which were washed successively with 30% acetic acid, 15% acetic acid (three times), and then acetone.

Scintillation counting quantitated the 32P incorporated on the dried filters.
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