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ABSTRACT Egg activation is the series of events that transition a mature oocyte to an egg capable of supporting embryogenesis.
Increasing evidence points toward phosphorylation as a critical regulator of these events. We used Drosophila melanogaster to
investigate the relationship between known egg activation genes and phosphorylation changes that occur upon egg activation. Using
the phosphorylation states of four proteins—Giant Nuclei, Young Arrest, Spindly, and Vap-33-1—as molecular markers, we showed
that the egg activation genes sarah, CanB2, and cortex are required for the phospho-regulation of multiple proteins. We show that an
additional egg activation gene, prage, regulates the phosphorylation state of a subset of these proteins. Finally, we show that Sarah
and calcineurin are required for the Anaphase Promoting Complex/Cyclosome (APC/C)-dependent degradation of Cortex following
egg activation. From these data, we present a model in which Sarah, through the activation of calcineurin, positively regulates the APC/
C at the time of egg activation, which leads to a change in phosphorylation state of numerous downstream proteins.

THE cellular events of the oocyte-to-embryo transition are
collectively referred to as egg activation. These events

include the resumption and completion of meiosis, polyade-
nylation and translation of some maternal mRNAs, and the
degradation of other maternal transcripts and proteins (re-
viewed in Horner and Wolfner 2008; Krauchunas and Wolfner
2013). Recently we showed that, in Drosophila melanogaster,
egg activation is also accompanied by a change in phosphory-
lation state of hundreds of proteins (Krauchunas et al. 2012).
Proteomic screens in sea urchin have similarly observed large-
scale changes of the phosphoproteome during fertilization/egg
activation (Roux et al. 2006, 2008).

Several lines of evidence suggest the importance of these
phosphorylation changes in egg activation. First, the phos-
phatase calcineurin and the kinase Ca2+/calmodulin-depen-
dent kinase II (CamKII) are required for egg activation in
multiple species (Tatone et al. 1999; Markoulaki et al. 2003,
2004; Liu and Maller 2005; Madgwick et al. 2005; Hansen
et al. 2006; Knott et al. 2006; Mochida and Hunt 2007;

Nishiyama et al. 2007; Chang et al. 2009; Backs et al. 2010;
Takeo et al. 2010). Second, levels of phospho-MAPKs de-
crease upon egg activation in Drosophila, Xenopus, mice,
and some marine invertebrates (Ferrell et al. 1991; Sanghera
et al. 1991; Shibuya et al. 1992; Kubiak et al. 1993; Sackton
et al. 2007). This dephosphorylation inactivates the MAPKs
and may thus affect phosphorylation levels of MAPK protein
targets present in the egg. Third, Young Arrest (YA) and Giant
Nuclei (GNU), two Drosophila phosphoproteins known to func-
tion immediately after the oocyte-to-embryo transition, are
dephosphorylated upon egg activation (Yu et al. 1999; Renault
et al. 2003). However, much work remains to fully understand
how these phosphorylation changes relate to the events of egg
activation. We are just beginning to identify the repertoire of
proteins that are phospho-modulated, and in most cases we do
not know which upstream proteins regulate these phosphory-
lation changes.

In Drosophila, a small number of genes have been iden-
tified whose action is required for the events of egg activa-
tion. The sarah (sra) gene encodes the Drosophila calcipressin
(or RCAN1), a regulator of calcineurin (Horner et al. 2006;
Takeo et al. 2006, 2010). Calcineurin is a protein phospha-
tase composed of a catalytic A subunit and a regulatory B
subunit (Rusnak and Mertz 2000). Calcineurin and its regu-
lation by calcipressins are conserved across multiple species
(Rusnak and Mertz 2000; Mehta et al. 2009). A role for cal-
cineurin during egg activation has been shown in both
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Drosophila and Xenopus (Mochida and Hunt 2007; Nishiyama
et al. 2007; Takeo et al. 2010). At egg activation in Drosophila,
glycogen synthase kinase 3b (GSK-3b) phosphorylates sra,
which in turn is hypothesized to activate calcineurin (Takeo
et al. 2012). Embryos laid by sra-deficient mothers progress
from the metaphase I arrest of stage 14 mature oocytes, but
rearrest in anaphase of meiosis I. In addition, they have
defects in maternal mRNA polyadenylation and translation
(Horner et al. 2006; Takeo et al. 2006). An identical meiotic
arrest is seen in germline clones lacking calcineurin or GSK-
3b (Takeo et al. 2010, 2012).

Another gene that encodes a regulator of Drosophila egg
activation is cortex (cort). Cort encodes a meiosis-specific
Cdc20; Cdc20 is a conserved regulatory component of the
Anaphase Promoting Complex/Cyclosome (APC/C) (Chu
et al. 2001; Pesin and Orr-Weaver 2007). The APC/C is an
E3 ubiquitin ligase that is responsible for degrading a num-
ber of maternal proteins during the oocyte-to-embryo tran-
sition (Pesin and Orr-Weaver 2008). A role for the APC/C in
meiotic progression (and egg activation) is seen in Caeno-
rhabditis elegans, where mutations in Cdc20 or other APC/C
subunits cause fertilized eggs to remain arrested at meta-
phase of meiosis I (Furuta et al. 2000; Golden et al. 2000;
Davis et al. 2002; Shakes et al. 2003, 2011; Yang et al. 2003;
Dong et al. 2007; Kops et al. 2010). APC/C mutations in C.
elegans are also associated with incomplete hardening of the
egg shell, defects in cytoplasmic streaming, and failure to
establish polarity (Furuta et al. 2000; Golden et al. 2000;
Davis et al. 2002; Shakes et al. 2003; Yang et al. 2003; Dong
et al. 2007). In Drosophila, embryos laid by cort mutant
mothers arrest at metaphase of meiosis II (Page and Orr-
Weaver 1996). Similar to sra mutants, embryos laid by cort
mutant mothers have defects in maternal mRNA polyadeny-
lation and translation, as well as defects in mRNA degrada-
tion (Lieberfarb et al. 1996; Tadros et al. 2003).

Two other genes that are required for egg activation in
Drosophila are prage and wispy. The prage gene is also re-
quired for mRNA translation and degradation at the time of
egg activation (Tadros et al. 2003). While the exact cell
cycle arrest point of embryos laid by prage mutant mothers
has not been determined, it has been reported that they do
not complete meiosis (Tadros et al. 2003). Finally, the wispy
gene encodes a cytoplasmic poly(A) polymerase that is re-
quired for polyadenylation and translation of proteins in the
oocyte and embryo (Benoit et al. 2008; Cui et al. 2008).
Meiosis is abnormal in eggs produced by wispy mutants,
and embryos laid by wispy mutant mothers arrest during,
or immediately after, meiosis (Benoit et al. 2008; Cui et al.
2008).

In this study we asked whether the activity of sra, cort,
calcineurin, and/or prage is needed for the phosphorylation
state changes of maternal proteins. Since wispy has a signif-
icant role in oocyte maturation (Cui et al. 2008) in addition
to its role during egg activation, we did not include it in
this analysis. Although mutations in sra, cort, and prage
affect multiple aspects of egg activation, one event that is

independent of their function is the dephosphorylation of
MAPKs (Sackton et al. 2007). This observation led us to
investigate whether other phosphorylation changes rely on
these egg activation genes. We used the changes in phos-
phorylation state of four proteins for which we can observe
different phosphorylation states on gels (GNU, YA, Spindly,
and Vap-33-1) as markers of the phospho-regulation that
takes place during egg activation.

GNU, YA, and Spindly are all dephosphorylated upon egg
activation. GNU is a Drosophila-specific protein that is re-
quired for the assembly of the Pan Gu kinase complex
(Lee et al. 2003), which is essential for chromosome con-
densation and the coupling of S phase and mitosis during
early embryo cell cycles (Renault et al. 2003; Zhang et al.
2004). The Pan Gu kinase complex is also required for trans-
lation of Smaug, a protein that regulates maternal mRNA
degradation during egg activation (Tadros et al. 2007). YA is
another Drosophila-specific protein; it is necessary for pro-
gression through the first embryonic mitosis (Lin and Wolf-
ner 1991; Sackton et al. 2009). YA’s dephosphorylation is
hypothesized to allow it to disassociate from cytosolic bind-
ing partners, permitting it to enter the nucleus where it can
then function (Yu et al. 2002). Spindly is a conserved cell
cycle regulator that was previously shown to act during
mitosis and meiosis (Griffis et al. 2007; Barisic et al. 2010;
Zhang et al. 2010). In mitotic cells, Spindly associates with
the Rod-Zw10-Zwilch complex and is necessary for the
metaphase-to-anaphase transition (Griffis et al. 2007; Chan
et al. 2009; Barisic et al. 2010). We hypothesize that Spindly
may play the same role during meiosis and that dephosphor-
ylation of Spindly may be important for the release from the
metaphase arrest of mature oocytes. In contrast to the other
three proteins, Vap-33-1 is phosphorylated during egg acti-
vation (Krauchunas et al. 2012). While Vap-33-1 is a con-
served protein, its function in the oocyte is currently unknown
in any species.

We find that during egg activation sra and cort contribute
to the phospho-modulation of all four proteins that we
tested. We also find that degradation of Cort, a process that
is dependent on the APC/C (Pesin and Orr-Weaver 2007),
fails to occur in sramutants. In contrast, prage is required for
the dephosphorylation of YA and Spindly, but not for the
phosphorylation changes of GNU and Vap-33-1. Thus, we
propose that sra and cort work in a common pathway that
ultimately regulates the phosphorylation state of many pro-
teins during egg activation, while prage acts downstream or
in a parallel pathway to regulate a smaller subset of proteins.

Materials and Methods

Flies

Drosophila melanogaster stocks were raised on standard yeast–
glucose–agar medium at room temperature on a 12:12-hr
light:dark cycle. To make sarah hemizygotes (Horner et al.
2006), sra687/TM3 (Fbal0175443) were crossed to Df(3R)sbd45,
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mwh1 e1/TM6 (FBst0003678) or sraA426/TM3 (FBal0194825)
were crossed to Df(3R)sbd45, mwh1 e1/TM3. To make cor-
tex hemizygotes (Chu et al. 2001), cortQW55 cn1bw1/CyO,
l(2)DTS5131 (Fbst0004974) were crossed to Df(2L)BSC9,
w+mC/SM6a (FBst0006454). Prage mutants (Tadros et al.
2003) were prage32/prage32 homozygotes obtained from
the prage32/FM6 stock. CanB2 germline clones (Takeo
et al. 2010) were produced by crossing w; P{FRT}2R-G13Can-
B2EP(2)0774/CyO Cy females with P{hsFLP}12, y w/Y; P
{FRT}2R-G13P{ovoD1}2R/CyO Cy males. Progeny from this
cross were heat-shocked at 37� for 2 hr when they reached
approximately the third-instar larval stage. The effects of con-
stitutively active calcineurin (CnAact) in the germline were
tested by expressing UASp-Pp2B-14Dact driven by nanos-
GAL4 (Takeo et al. 2006). In all cases, balancer siblings were
used as controls.

Oocytes, embryos, and protein extraction: Ovaries or stage
14 mature oocytes were obtained from 3- to 5-day-old wild-
type virgin females that had been reared on heavily yeasted
food. Dissection was performed in isolation buffer, a hyper-
tonic solution that does not activate eggs (Page and Orr-
Weaver 1997). Oocytes were dissected in 1-hr blocks of time
and then flash frozen in liquid nitrogen. Ovarian protein was
used for Western blots in which we examined the germline-
specific proteins YA and GNU, because the majority of the
oocytes in ovaries of aged and yeast-fed virgin females are at
stage 14 (mature oocytes), and ovarian somatic cells did not
contain YA or GNU that would interfere with our analysis.
Since Vap-33-1 and Spindly are expressed in somatic cells as
well as in germ cells, for analysis of these proteins we used
extracts of pure hand-dissected oocytes, so that our Western
blots would detect only germline-expressed Vap-33-1 and
Spindly. To obtain embryos, newly eclosed virgin females
were aged on yeasted vials for 3–8 days and then mated
to wild-type males [OregonR P2 (Allis et al. 1977)]. Mated
females were allowed to deposit eggs onto petri plates con-
taining grape juice–agar for 0- to 30-min, 0- to 1-hr, or 0- to
2-hr periods. Eggs were washed off the plates in egg wash
(Karr and Alberts 1986), dechorionated in a 50% sodium
hypochlorite solution for 2 min, and flash frozen in liquid
nitrogen. No differences were seen in Western blot results
between 0- to 30-min, 0- to 1-hr, and 0- to 2-hr samples. All
phosphorylation changes were examined at least once with
0- to 30-min samples. Due to the technical difficulties of
collecting enough material during 0- to 30-min collections,
additional biological replicates were sometimes run with 0-
to 1-hr or 0- to 2-hr samples, as noted. Degradation of Cort
was examined in either 0- to 1-hr or 0- to 2-hr samples.

Samples of 40–100 mature oocytes or activated eggs
were homogenized in protease-inhibiting homogenization
buffer (PIHB) (Monsma and Wolfner 1988) with the addi-
tion of two phosphatase inhibitors (20 mM NaF and 10 mM
b-glycerophosphate) or in extraction buffer (10 mM Tris, pH
7.5, 20 mM NaF, 2 mM EGTA, 10 mM DTT, 400 nM okadaic
acid, and 2% SDS), followed by the addition of an equal

amount of SDS sample buffer. Samples were boiled for
5 min and stored at –80� until use.

Immunoblotting

Proteins were separated on SDS polyacrylamide gels and
subjected to Western blotting analysis as previously de-
scribed (Sackton et al. 2007). Acrylamide percentage was
adjusted based on the protein of interest: 7.5% for YA and
Spindly, 12% for GNU, 10.6% for Vap-33-1 and Cortex. Gels
for Vap-33-1 also contained 25 mM Phos-tag contained 3.5
mM Phos-tag (Wako Pure Chemical Industries, Richmond,
VA) (Kinoshita et al. 2006). Primary antibodies were used
at the following dilutions in 1% milk: rabbit anti-YA, 1:1000
(Liu et al. 1995); guinea pig anti-GNU, 1:5000 [gift of T.
Orr-Weaver (Lee et al. 2003)]; guinea pig anti-Vap-33-1,
1:10,000 [gift of H. Bellen (Pennetta et al. 2002)]; rabbit anti-
Spindly, 1:1000 [gift of R. Vale (Griffis et al. 2007)]; guinea pig
anti-Cort, 1:2000 [gift of T. Orr-Weaver (Pesin and Orr-Weaver
2007)]. HRP-conjugated secondary antibodies were used at
a 1:2000 dilution and visualized with the ECL Plus Western
Blotting Detection system (GE Healthcare, Piscataway, NJ).

Results and Discussion

sarah regulates the phosphorylation state of multiple
proteins during egg activation

We took advantage of the fact that different phosphorylation
states can cause different electrophoretic mobilities on poly-
acrylamide gels; amore highly phosphorylated form of a protein
will often have a slower mobility than a less phosphorylated
form of the same protein. GNU, YA, Vap-33-1, and Spindly all
have different electrophoretic mobilities when derived from
wild-type embryos (or unfertilized activated eggs) relative to
their mobilities when derived from wild-type mature (stage 14)
oocytes. These gel mobility differences are abolished when
samples are treated with a phosphatase, showing that the
slower-migrating forms of these proteins are phosphorylated
(Yu et al. 1999; Renault et al. 2003; Krauchunas et al. 2012).
Thus, we compared the electrophoretic mobilities of these four
proteins in mature oocytes and embryos from sra mutants to
determine whether they underwent the typical changes that
are observed upon fertilization.

GNU, YA, Vap-33-1, and Spindly all show normal gel
mobility in oocytes of sramutants (Figure 1A, compare lanes
1 and 3, 5 and 7, 9 and 11, and 13 and 15), but in all cases
lack of sra activity prevents the normal shift in gel mobility
upon egg activation (Figure 1A, compare lanes 2 and 4, 6
and 8, 10 and 12, and 14 and 16). GNU mobility in embryos
laid by sra mutant mothers (hereafter referred to as “sra
embryos”) is comparable to that seen for mature oocytes, rather
than showing the faster gel mobility observed for control em-
bryos (Figure 1A, compare lanes 2 and 4). Similarly, the gel
mobility of Vap-33-1 from sra embryos (Figure 1A, lane 12) is
indistinguishable from its mobility when isolated from mature
oocytes (Figure 1A, lanes 9 and 11). This is in contrast to the
mobility of Vap-33-1 in heterozygous control embryos where
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the majority of the protein is present in the slowest-mobility
band and the band of intermediate mobility is no longer ob-
served (Figure 1A, lane 10). The gel mobilities of YA and
Spindly proteins in sra embryos are intermediate between their
mobilities in mature oocytes and their mobilities in control
embryos (Figure 1A, compare lane 8 with lanes 6 and 7 and
lane 16 with lanes 14 and 15). This intermediate mobility is
consistent with these proteins being phosphorylated at multi-
ple sites (Yu et al. 1999, 2002; Griffis et al. 2007; Barisic et al.
2010) and suggests that dephosphorylation of some, but not
all, of those sites require sra. Thus, YA and Spindly are able to
be partially, but not fully, dephosphorylated in the absence of
sra. We also observe reduced levels of YA in control embryos,
but not in sra embryos, which suggests that the dephosphory-
lated form of YA may be less stable than the phosphorylated
form of the protein. Thus the phosphorylation state of YA may
not only regulate the localization of the protein, but also target
it for destruction once it has performed its function.

Calcineurin is required to regulate the phosphorylation
state of multiple proteins in the same manner as sarah

It has been proposed that the primary role of sra is to regulate
calcineurin (Horner et al. 2006; Takeo et al. 2010, 2012).

Consistent with this, loss of calcineurin function in the oocyte
leads to the same meiotic arrest phenotype as in sra mutants
(Takeo et al. 2010). Here we show that GNU, YA, Spindly, and
Vap-33-1 have the same phosphorylation defects in embryos pro-
duced from germline clones lacking calcineurin as they do in sra
embryos (Figure 1B). Without calcineurin activity, these proteins
fail to change in phosphorylation state upon egg activation.

Since calcineurin activity is required for the phosphory-
lation changes of GNU, YA, Spindly, and Vap-33-1, we tested
whether expression of constitutively active calcineurin
(CnAact) was sufficient to induce any of these phosphoryla-
tion changes in the mature oocyte. Expression of CnAact in
the female germline leads to female sterility and meiotic
defects (Takeo et al. 2006). Instead of maintaining a meta-
phase I arrest, the majority of the stage 14 oocytes from
these females have abnormal nuclei with dispersed chroma-
tin (Takeo et al. 2006). YA is either partially or fully dephos-
phorylated in mature oocytes of female flies that express
CnAact in their germlines (Supporting Information, Figure
S1A, compare lanes 3 and 7 to lanes 1 and 5). This suggests
that either the activity of calcineurin is sufficient to dephos-
phorylate YA or misexpression of calcineurin during oogen-
esis prevents YA from being properly phosphorylated. In

Figure 1 sra, calcineurin, and
cort function in the phospho-
modulation of GNU, YA, Vap-
33-1, and Spindly. Shown are
Western blots of GNU (lanes 1–
4), YA (lanes 5–8), Vap-33-1
(lanes 9–12), and Spindly (lanes
13–16) in ovaries (ov) or mature
oocytes (mo) and embryos (emb)
from heterozygotes (controls)
and hemizygous mutants. Lane
numbers are indicated at the bot-
tom of each gel. For each protein
examined, equal amounts of pro-
tein were loaded into each lane
based on the number of oocytes
and embryos or micrograms of
protein. (A) GNU, YA, Spindly,
and Vap-33-1 have normal mobi-
lities in oocytes of sra mutants
compared to controls. In sra em-
bryos, all four proteins fail to shift
to the mobilities observed in con-
trol embryos. The mobilities of
GNU and Vap-33-1 are indistin-
guishable from those in oocytes,
while YA and Spindly run at in-
termediate mobilities between
those in control oocytes and em-
bryos. (B) Lack of calcineurin ac-
tivity in oocytes and embryos
causes the same mobility pheno-
types for GNU, YA, Vap-33-1,

and Spindly as those seen in sra mutants. (C) GNU, YA, Spindly, and Vap-33-1 have normal mobilities in oocytes of cort mutants compared to controls.
In cort embryos, all four proteins run at mobilities that are more similar to those in oocytes than in control embryos. A significant fraction of GNU protein
remains phosphorylated in cort embryos and YA and Spindly run at intermediate mobilities between those in control oocytes and embryos. The oocyte-
specific band of Vap-33-1 can be seen in cort embryos, although there may also be a slight increase in the fully phosphorylated form of the protein.
Western blots shown are representative of three or more independent replicates.
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addition, we are unable to detect YA in embryos laid by
CnAact-expressing females, supporting the hypothesis that
the dephosphorylated form of YA is less stable than the
phosphorylated form of the protein. We also find that
GNU can be partially dephosphorylated in the ovaries of
females expressing CnAact in the female germline (Figure
S1A, compare lanes 9 and 11).

In contrast to the findings with YA and GNU, the
phosphorylation states of Spindly and Vap-33-1 were un-
affected by the expression of CnAact in mature oocytes and
embryos (Figure S1A). The mobilities of these proteins are
the same in mature oocytes expressing CnAact and control
oocytes (Figure S1A, compare lanes 13 and 15, and 17 and
19). The phosphorylation changes of GNU, Spindly, and
Vap-33-1 that take place at egg activation were also unaf-
fected by expression of CnAact (Figure S1A, compare lanes
10 and 12, 14 and 16, and 18 and 20). One explanation for
why active calcineurin does not induce phosphorylation
changes for Spindly and Vap-33-1 is that other factors, ac-
tive in the embryo, are not yet active in the mature oocyte. If
calcineurin requires other proteins to bind or recruit its tar-
gets, then these additional factors must also be activated for
calcineurin to exert its function. If these proteins are held in
an inactive state in the mature oocyte, then we may fail to
see an effect of constitutively active calcineurin in the oo-
cyte. sra is phosphorylated upon egg activation, and this
phosphorylation is required for its activity (Takeo et al.
2010, 2012). Thus, if sra (or additional unidentified regu-
lators) is required for calcineurin to recognize or bind its
targets, and sra is not active in the mature oocyte, then even
constitutively active calcineurin may not be able to dephos-
phorylate its targets until egg activation.

cortex is required for the phosphorylation state changes
of GNU, YA, Spindly, and Vap-33-1 upon egg activation

Cortex (cort) mutants show defects in multiple egg activa-
tion events (Lieberfarb et al. 1996; Page and Orr-Weaver
1996; Tadros et al. 2003; Pesin and Orr-Weaver 2008).
We tested whether cortex is also required for any of the
phosphorylation changes that take place at egg activation.
We found that embryos laid by cort mutant mothers (“cort
embryos”) have defects in the dephosphorylation of GNU,
YA, and Spindly, as well as in the phosphorylation of Vap-
33-1 (Figure 1C). Similar to what is seen in sra embryos, YA
and Spindly from cort embryos have mobilities intermediate
between the mobilities of the proteins from either oocytes or
control embryos, indicating that partial dephosphorylation
takes place (Figure 1C, compare lane 8 with lanes 6 and 7,
and lane 16 with lanes 14 and 15). Likewise, cort embryos
retain a proportion of their GNU in its phosphorylated form.
But unlike in sra embryos, a significant fraction of GNU pro-
tein is still dephosphorylated in the absence of Cort (Figure
1C, lane 4). In addition, cort embryos retain the mature
oocyte specific phospho-state of Vap-33-1, but also show
a small increase in the slowest-mobility form of the protein
(Figure 1C, lane 12). Thus, the phosphorylation defects in

cort embryos are less severe than those seen in sra or calci-
neurin mutants.

The finding that GNU, YA, Spindly, and Vap-33-1 all require
both sra and cort for their phosphorylation changes upon egg
activation suggests that sra and cort might work in a common
pathway to regulate the phosphorylation of these, and possibly
other, proteins. That the defects in cort embryos are not as
complete as in sra embryos led us to propose that cort acts
downstream of sra. However, it is important to note that the
cort mutation is a single point mutation and though it has
been proposed to be a functional null, it is possible that this
allele retains some function (Chu et al. 2001; Pesin and Orr-
Weaver 2007). In addition, the canonical Cdc20, fizzy, is also
present in the Drosophila oocyte and embryo (Swan and
Schüpbach 2007). Both of these factors could contribute to
our finding that the defects in phosphorylation changes are
less severe in cort embryos than in sra embryos.

sarah is required for Cort degradation after
egg activation

Our hypothesis that sra acts upstream of cort is supported by
the fact that in Xenopus, Cdc20 is dephosphorylated during
egg activation and this dephosphorylation requires calci-
neurin (Mochida and Hunt 2007). Drosophila Cort, a meio-
sis-specific Cdc20, is degraded by the APC/C upon egg
activation (Pesin and Orr-Weaver 2007). We looked at
whether Cort is degraded in sra embryos. We found that
sra is required for complete Cort degradation after egg ac-
tivation (Figure 2). In control embryos, Cort is present at
,45% of the levels observed in control mature oocytes and
the lower band of the doublet is completely absent. In con-
trast, in sra embryos the amount of Cort protein is .70% of
the amount observed in sra mature oocytes and the lower
band of the doublet is still present (Figure 2A). We also
found that Cort degradation is incomplete in the absence
of calcineurin (Figure S2), supporting the model that sra
regulates Cort degradation through the activation of calci-
neurin. Additionally, we found that when calcineurin is con-
stitutively active in the female germline, Cort is nearly
undetectable in the ovary or mature oocytes (Figure S1B).

Since the degradation of Cort is dependent on the
function of the APC/C, this could mean that the APC/C is
not fully functional in the absence of sra or calcineurin. sra
could regulate APC/C activity through Cort or other subu-
nits of the complex. In such a model, regulation of the APC/
C by both sra and Cort could explain the overlapping
requirements of sra and cort for the phospho-regulation of
GNU, YA, Spindly, and Vap-33-1. Alternatively, sra could
regulate Cort stability by targeting it for degradation. Our
finding that Cort is not present in CnAact oocytes suggests
that calcineurin activity is sufficient to activate the APC/C
and leads to our model that calcineurin positively regulates
APC/C activity at egg activation.

If our hypothesis is correct that cort acts downstream of
sra, the defects observed in sra embryos might then be due
to misregulation of the APC/C and at least one other
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protein/pathway to result in the complete sra phenotype.
This scenario would also imply none of the four proteins
that we analyzed (GNU, YA, Spindly, and Vap-33-1) are di-
rect targets of calcineurin. Alternatively, it is possible that
calcineurin directly dephosphorylates GNU, YA, or Spindly
and that cort (through the APC/C) is necessary to inhibit the
kinase(s) that phosphorylate these proteins in the oocyte.

prage is required only for a subset of phosphorylation
changes at egg activation

We next asked whether prage acts in the same pathway as
sra and cort to regulate the phosphorylation states of GNU,
YA, Spindly, and Vap-33-1 during egg activation. We find
that YA and Spindly have the same mobilities in embryos
laid by prage mutant mothers (“prage embryos”), as is ob-
served for prage mature oocytes (Figure 3, compare lanes 7
and 8, and 15 and 16), although for YA this is a slightly
lower mobility than seen for YA from control oocytes (Figure
3, compare lanes 15 and 16 with lane 13). Thus, like sra and
cort, prage is required for dephosphorylation of YA and
Spindly during egg activation. In addition, the failure to
dephosphorylate both proteins is more complete than in
either sra or cort embryos where intermediate mobilities
were observed.

In contrast, prage does not regulate the phosphorylation
states of GNU and Vap-33-1, as the mobilities of GNU and
Vap-33-1 from prage embryos are indistinguishable from
those observed for these proteins from control embryos (Fig-
ure 3, compare lanes 2 and 4, and 10 and 12). These results
show that there are at least two subsets of phosphorylation
changes that are regulated during egg activation, prage-depen-
dent and prage-independent. These findings also suggest
that prage works downstream of, or in parallel to, the sra-
cort pathway to regulate the prage-dependent subset of
phosphorylated proteins. If prage were upstream of sra
and cortex, we would expect that prage would also be re-
quired for the phosphorylation changes of GNU and Vap-33-
1 that take place at egg activation. Consistent with prage
being downstream of or parallel with sra and cort, we find
that Cort is degraded in prage embryos (Figure 4). In control

Figure 2 Cortex is not degraded in sra embryos. (A and B) Western blot
showing Cort (A, doublet) and actin loading control (B) in mature oocytes
(mo) and embryos (emb) from sra heterozygotes (controls) and sra hemi-
zygous mutants. Equal amounts of protein were loaded into each lane
based on the number of oocytes and embryos. Levels of Cort appear
similar in control and sra oocytes, but remain high in sra embryos com-
pared to controls. (C) Levels of Cort for the Western blot shown in A were
quantified by normalizing to actin. Numbers on the x-axis correspond to
the lane numbers in A. Results shown are representative of three inde-
pendent biological replicates. While the high levels of Cortex in sra em-
bryos relative to control embryos were repeatedly seen in all three
independent replicates, the decreased levels of Cortex in sra oocytes
relative to control oocytes were unique to the replicate shown.

Figure 3 prage is required for YA and Spindly dephosphorylation, but
not for phospho-modulation of GNU or Vap-33-1. For each protein exam-
ined equivalent amounts of protein were loaded into each lane. No differ-
ences are seen in GNU (lanes 1–4) or Vap-33-1 (lanes 9–12) mobilities
between prage mutant and control mature oocytes (mo) or between prage
embryos and control embryos (emb). The mobilities of YA (lanes 5–8) and
Spindly (lanes 13–16) in prage embryos are the same as those seen in prage
oocytes. These proteins fail to shift to the mobilities seen in control embryos.
Western blots shown are representative of three or more independent rep-
licates. Lane numbers are indicated at the bottom of each gel. The grey lines
mark the mobilities of the different protein phospho-states.
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embryos, Cort is present at �50% of the levels observed in
mature oocytes and in prage embryos we also observed 50%
of the levels observed in mature oocytes (Figure 4B). How-
ever, the lower band of the Cort doublet is still observed
(although highly reduced) in prage embryos, whereas it
is absent from control embryos. Thus, we cannot rule out the
possibility that prage plays a role in the regulation of the
APC/C.

Conclusions

Large-scale phosphorylation changes are observed at the
time of egg activation/fertilization in Drosophila (Krauchu-
nas et al. 2012) and in sea urchins (Roux et al. 2006, 2008).
In Xenopus and mouse, phosphorylation regulators such as
CaMKII and calcineurin are critical effectors of egg activa-
tion events (Tatone et al. 1999; Markoulaki et al. 2004; Liu
and Maller 2005; Madgwick et al. 2005; Hansen et al. 2006;
Knott et al. 2006; Mochida and Hunt 2007; Nishiyama et al.
2007; Chang et al. 2009; Backs et al. 2010). However, we
still have a limited understanding of which genes and enzymes
regulate the phosphorylation changes at egg activation.

We examined the role of three Drosophila egg activation
genes, sra, cort, and prage, in regulating the phosphorylation
state of four proteins: GNU, YA, Spindly, and Vap-33-1. We
find that sra is required for all four of these proteins to
change in phosphorylation state upon egg activation. Since
we observe an identical phenotype in calcineurin-deficient
germline clones, the effects we observed are most likely due
to the misregulation of calcineurin in the absence of sra
function.

The fact that GNU fails to be dephosphorylated in sra
mutants begins to link phosphorylation changes with func-
tional consequences. GNU acts within the PNG kinase com-
plex (Lee et al. 2003), which is necessary for the translation
of Smaug upon egg activation (Tadros et al. 2007). It has
been shown previously that Smaug is not translated in sra
embryos (Cui et al. 2008); however, no mechanism for how
sra affects Smaug translation had been proposed. If GNU
dephosphorylation is required for its activity, our finding
that GNU is not dephosphorylated in sra embryos provides
one possible explanation for why Smaug translation requires
sra function.

We find that cort also regulates the phosphorylation state
of GNU, YA, Spindly, and Vap-33-1, although cort mutants
show a less severe phenotype in this trait than do sra em-
bryos. We also show that the degradation of Cort requires
sra. From these data we propose a model (Figure 5) in
which sra and calcineurin act upstream of cort (and the
APC/C), as well as additional unknown factors, to regulate
the phosphorylation state of multiple proteins. In contrast,
prage regulates only a subset of these phosphorylation
changes; YA and Spindly fail to be dephosphorylated in
prage embryos, but GNU and Vap-33-1 are unaffected by
a lack of prage. In addition, we find that Cort is still de-
graded in the absence of prage. Therefore, we hypothesize
that prage acts downstream of, or in parallel to, sra and cort

as an additional regulator of only a subset of the sra-cort
targets. Additional work will be necessary to clarify where
prage acts in relation to this pathway.

Thus, we have shown a link between known egg
activation genes and phospho-regulation during egg activa-
tion and have begun to place these genes into a common
pathway. It is possible that the interactions that we report
act to regulate critical kinases or phosphatases that act on
YA, GNU, Vap-33-1, and Spindly. Some of these target
enzymes are suggested by sequences within the proteins we
assayed. For example, both GNU and YA contain predicted
MAPK sites (Yu et al. 1999, 2002; Renault et al. 2003; Zhang
et al. 2004). YA is also phosphorylated at a predicted GSK-3
site (K. L. Sackton and M. F. Wolfner, unpublished data) and
Spindly contains seven consensus Cdk1 sites (Griffis et al.
2007). Since MAPK activity decreases normally in sra and
cort embryos (Sackton et al. 2007), either there are addi-
tional kinases that phosphorylate GNU or activation of at
least one phosphatase is required for the dephosphorylation
of GNU.

Our data are also consistent with an alternative in-
terpretation: that the phosphorylation changes of GNU,
YA, Spindly, and Vap-33-1 might require progression past
a particular stage of the meiotic cell cycle. As losses of sra,
CanB2, prage, and cort all result in cell cycle arrest prior

Figure 4 Cortex degradation is independent of prage. (A and B) Western
blot showing Cort (A, doublet) and actin loading control (B) in mature
oocytes and embryos from prage heterozygotes (controls) and prage
hemizygous mutants. Equal amounts of protein were loaded into each
lane based on the number of oocytes and embryos. Total levels of Cort
appear similar between control and prage oocytes and between prage
and control embryos. However, the lower band of the Cortex doublet can
still be observed, although at highly reduced levels, in prage embryos
while it is completely absent from control embryos. (C) Levels of Cort
for the Western blot shown in A were quantified by normalizing to actin.
Numbers on the x-axis correspond to the lane numbers in A. Results
shown are representative of three independent biological replicates.
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to the completion of meiosis (Page and Orr-Weaver 1996;
Tadros et al. 2003; Horner et al. 2006; Takeo et al. 2006,
2010), the eggs laid by these mutants could arrest prior to
the stage at which the phosphorylation changes are trig-
gered. The earlier arrest of sra mutants compared to cort
mutants may also explain why the phosphorylation defects
seen in sra mutants are more severe than those seen in cort
mutants. However, the earlier arrest of sra mutant embryos
still suggests that sra and calcineurin act prior to cort. In
addition, the requirement of both sra and cort for the phos-
pho-regulation of all four proteins examined indicates that
these genes are working in the same regulatory network.

Changes in the phosphorylation state of many proteins at
once can rapidly alter molecular and cellular properties and
evidence suggests that phosphorylation changes are a key
aspect of egg activation (reviewed in Krauchunas and Wolfner
2013). Therefore, it is important that we figure out the
pathways that lead to the global phosphorylation changes
taking place at this time. We have shown that the conserved
proteins, calcineurin and Cdc20, are upstream of multiple
phosphorylation events during egg activation. The changes
in phosphorylation could potentially affect the activity or
localization of the target proteins. They could also affect
the stability of those proteins, marking them for degrada-
tion, or regulating the APC/C and/or the proteasome. Our
finding that mutation of the APC/C subunit Cort affects
these phosphorylation changes, in addition to the defects
in protein degradation observed by others (Pesin and Orr-
Weaver 2007; Swan and Schupbach 2007), suggests a poten-

tial link between phosphorylation and protein degradation
in cell cycle progression and other egg activation events. By
understanding how proteins work together to alter the phos-
phoproteome of the oocyte, we will gain important insight
into how the events of egg activation are coordinated to
achieve the oocyte-to-embryo transition.
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Figure S1   (A) YA and GNU are not fully phosphorylated in oocytes expressing constitutively active calcineurin (CnAact) and YA 
appears to be degraded in embryos expressing CnA

act.  The variability in the extent to which YA is dephosphorylated in CnAact 
oocytes is likely due to variable expression of the CnAact protein from the transgene.  The mobilities of Vap‐33‐1 and Spindly are 
normal in oocytes and embryos expressing CnA

act.  (B) Cort protein (arrow) is not present in ovaries (ov) or mature oocytes (mo) 
expressing CnA

act.  Equal amounts of protein were loaded into each lane based on the number of oocytes and embryos.  TM3 
are balancer sibling controls.  Results shown are representative of 2 or more biological replicates.  
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Figure S2.   (A) Western blot showing Cort (arrow) in mature oocytes and embryos produced by germline clones lacking 
calcineurin and heterozygous controls.  Equal amounts of protein were loaded into each lane based on numbers of oocytes or 
embryos.  Levels of Cort appear similar in oocytes with or without calcineurin, but remain high in embryos lacking calcineurin 
compared to controls.  Non‐specific cross‐reactive is marked by *. (B) Levels of Cort were quantified for the Western blot 
shown.  Band intensities were normalized to the *cross‐reactive.  Numbers on the x‐axis correspond to the lane numbers in (A).  
TM3 are balancer sibling controls.  Results shown are representative of 2 or more biological replicates.  

 


