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The Ca?*/Calmodulin-dependent phosphatase calcineurin is essen-
tial for exit from meiotic arrest at metaphases | and Il in Drosophila
and Xenopus oocytes. We previously found that Sarah, the Dro-
sophila homolog of regulator of calcineurin, acts as a positive reg-
ulator of calcineurin and is required to complete anaphase | of
female meiosis. Here, we undertook biochemical approaches, in-
cluding MS and posttranslational modification analyses, to better
understand the mechanism by which Sarah regulates calcineurin.
A search for phosphorylated residues revealed that Sarah is highly
phosphorylated at Ser100, Thr102, and Ser219 in both ovaries and
activated eggs and that Ser215 is phosphorylated only in activated
eggs. Functional analyses using mutant forms of Sarah showed
that phosphorylation at Ser215, a consensus phosphorylation site
for glycogen synthase kinase 3 (GSK-3$) and its priming kinase site
Ser219, are essential for Sarah function. Furthermore, germ-line
clones homozygous for a null allele of shaggy (Drosophila GSK-
3p) both fail to complete meiosis and lack phosphorylation of
Sarah at Ser215, suggesting that the phosphorylation of Sarah by
Shaggy/GSK-38 is required to complete meiosis. Our findings sug-
gest a mechanism in which Shaggy/GSK-3f activates calcineurin
through Sarah phosphorylation on egg activation in Drosophila.

Posttranslational phosphorylation modification plays impor-
tant roles in regulating the function of proteins in many
aspects of cellular activities. Meiosis is one of the well-charac-
terized processes for which progression is strictly regulated by
protein phosphorylation/dephosphorylation in a spatiotemporal
manner. Although calcineurin is a Ca?*/Calmodulin-dependent
protein phosphatase that is required to complete meiosis during
egg activation in Drosophila and Xenopus oocytes (1-3), little is
known about the molecular mechanism by which calcineurin
itself is activated and regulates downstream signaling pathways
on egg activation.

Calcineurin is a highly conserved and ubiquitously distributed
phosphatase that acts as a heterodimer composed of catalytic A
(CnA) and regulatory B (CnB) subunits, and it is activated by Ca®*
and Calmodulin (4). In addition, recent studies have suggested
new mechanisms of calcineurin regulation by intrinsic calcineurin
binding proteins (5). The regulator of calcineurin (RCAN) family
of proteins is conserved from fungi to humans, and it both stim-
ulates and inhibits calcineurin by binding to CnA (6, 7). In yeast
and mammalian culture cells, the action of RCANS as calcineurin
activators is controlled by protein kinases. The most conserved
region of RCANS, the serine-proline (SP) motif, contains two
serine (Ser) residues that can be phosphorylated by glycogen
synthase kinase 3p (GSK-3p) and its priming kinase MAPK (Fig.
S1A4) (8, 9). Several lines of evidence have shown that phosphor-
ylation at these two Ser sites is required for the stimulatory func-
tion of RCANSs (3, 8, 10). It has also been reported that phos-
phorylated RCANs exhibit decreased affinity for calcineurin and

6382-6389 | PNAS | April 24,2012 | vol. 109 | no. 17

associate with other g)roteins such as 14-3-3 (11) and the E3
ubiquitin ligase SCF?* (12), suggesting a relationship between
RCAN phosphorylation and dissociation of RCAN protein from
calcineurin complexes and/or degradation of RCAN. More re-
cently, a study of mouse RCANTI identified another pathway in
which RCANT1 is phosphorylated by TGFp-activated kinase 1
(TAK1) to induce calcineurin nuclear factor of activated T cells
(NFAT) signaling pathway (13). However, whether RCANs are
phosphorylated in vivo by a regulated process and how calci-
neurin is modulated through phosphorylation are still unclear.
We and others have previously shown that Sarah (Sra), the
Drosophila homolog of RCAN (14, 15), and CanB2, which enc-
odes CnB (3), are essential for completion of female meiosis.
Genetic interactions between sra and calcineurin mutants sug-
gested a role of Sra as the activator of calcineurin (3). We have
also shown that Ser215 and Ser219 (consensus phosphorylation
sites for GSK-3p and MAPK, respectively) are important for Sra
function (3). Here, we extended our analysis to uncover protein
interactions between Sra and calcineurin proteins and the phos-
phorylation profile of Sra. MS analysis identified calcineurin
subunits, including two CnA subunits (Pp2B-14D and CanA-14F)
and a CnB subunit (CanB2) as well as Calmodulin in coimmu-
noprecipitation experiments using Sra as a bait protein. Func-
tional analysis of Pp2B-14D and CanA-14F suggests a redundant
function of these genes in the completion of meiotic progression
after metaphase I. Additionally, posttranslational modification
(PTM) analysis revealed that phosphorylation at Ser215 is a reg-
ulated process that occurs during or after egg activation. A loss of
function mutation in the shaggy (sgg) gene, which encodes Dro-
sophila GSK-3p, caused similar meiotic defects in sra and calci-
neurin mutant eggs, supporting the hypothesis that Sgg/GSK-3p
activates calcineurin during egg activation. Importantly, phos-
phorylation at Ser215 was absent in sgg mutant eggs. Our findings
provide a model in which Sgg/GSK-3p regulates calcineurin ac-
tivity through phosphorylation of Sra during egg activation.

Results

Sra Associates with Calcineurin Subunits in Vive. To investigate the
interaction of calcineurin with Sra in vivo, we created an Sra
overexpression construct tagged with a 3xFLAG sequence at the
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C-terminal end (Sra-FLAG). Sra-FLAG is functional, because
its overexpression by a germ line-specific nos-GAL4 driver res-
cued both the female sterility and the meiotic phenotype seen in
sra®© mutants; 95.6% of the laid eggs were able to complete
meiosis (n = 45). Both Sra-FLAG and a nontagged Sra (for a
negative control) were overexpressed by nos-GAL4 in an sra®®
null mutant background to eliminate endogenous Sra.

The Drosophila development of the egg chamber in the ovary
is subdivided into 14 stages. The release of meiotic arrest is one
of the processes triggered by egg activation. In Drosophila, egg
activation occurs when mature oocytes at stage 14 are ovulated
through the oviduct, and it is independent of fertilization (16—
18). To determine whether the interaction between Sra and
calcineurin differs before and after egg activation, we examined
both ovaries and activated eggs. Activated eggs were collected
from females mated with spermless males (Methods). As a con-
sequence, they undergo the normal egg activation processes but
are not fertilized, and they do not enter mitosis. Protein extracts
were immunoprecipitated with FLAG affinity beads and ana-
lyzed by Multidimensional Protein Identification Technology
(MudPIT) (19) to search for Sra-interacting proteins. As shown
in Table 1, a statistical analysis of four or five independent
datasets using a Power Law Global Error Model (PLGEM) (20)
revealed that two CnA subunits, Pp2B-14D and CanA-14F, and
a CnB subunit, CanB2, were significantly more abundant in both
ovary and activated egg samples containing Sra-FLAG than in
the control samples containing nontagged Sra (P < 0.05). These
findings are consistent with our previous expression analysis by
RT-PCR that showed that these three genes are expressed in
ovaries and early embryos (15). We also identified Calmodulin in
the Sra immunoprecipitates at high abundance levels in both
ovaries and activated eggs (Table 1). Because Calmodulin binds
to the well-defined Calmodulin binding site of CnA and because
Sra/RCAN does not possess this domain (4), it is likely that
Calmodulin was identified through the association with Pp2B-
14D and CanA-14F in our experiments. Furthermore, there were
no significant differences in the abundance of calcineurin pro-
teins and Calmodulin between two biologically different stages
(see below), suggesting that Sra forms a stable complex with
calcineurin regardless of whether egg activation occurs.

Pp2B-14D and CanA-14F Double KO Mutants Fail to Complete Female
Meiosis. We previously showed that loss of CanB2 in germ-line
cells results in a meiotic arrest phenotype at anaphase I as seen in
sra®® mutants, indicating a role of calcineurin in meiotic pro-
gression after metaphase I arrest (3). To examine whether muta-
tions in the catalytic subunit CnA also affect meiotic progression,
we tested null mutants of CanA-14F and Pp2B-14D. Females ho-
mozygous for either CanA-14F or Pp2B-14D KO allele are viable
and fertile (21). These two genes are located next to each other on
the X chromosome and are thought to be generated by local gene
duplication (22), suggesting that they might have redundant
functions. Therefore, we created a KO allele that ablates both
genes (CnA““°) by homologous recombination (Methods). Be-
cause CnA%© homozygotes were larval lethal, we performed
germ-line clone analysis to determine whether female meiosis is
affected in this mutant. Mature oocytes generated by CnA“<?
germ-line clones had a normal metaphase I chromosome config-
uration (Fig. 1 A and B). However, the mothers bearing CnA%?
germ-line clones were sterile, and the eggs exhibited a meiotic
arrested phenotype at anaphase I (Fig. 1C and Table 2). These
meiotic defects were rescued in 97.3% of the eggs by over-
expression of WT Pp2B-14D (Pp2B-14D"") in the female germ
line. In contrast, expression of a catalytically inactive mutant form
of Pp2B-14D, which has an amino acid substitution at His217 to
glutamine (Pp2B-14D'?"79) (23), could not rescue the meiotic
phenotype in CnA“? (Table 2), showing the requirement of
phosphatase activity for the function of CnA. Thus, CanA-14F and
Pp2B-14D are indeed functionally redundant, and calcineurin ac-
tivity is essential for meiotic progression from metaphase I arrest.

Sra Is Phosphorylated in Vivo. The stimulatory function of RCANs
in calcineurin signaling is regulated by their phosphorylation (8,
10, 13). Our previous study showed that two serine residues,
Ser215 and Ser219, within the SP motif of Sra are necessary for
Sra function. To examine if these residues and other Ser/Thr/Tyr
residues in Sra are indeed phosphorylated in vivo, we carried out
PTM analysis (SI Methods). As shown in Table 3, three residues
(Ser100, Thr102, and Ser219) were phosphorylated in 50% or
more spectra in the ovary. Thr196 and Thr246 were also phos-
phorylated, but the modified proportion was low (less than 1%).
Interestingly, Sra seems to have a different phosphorylation

Table 1. Identification of Sra-interacting proteins by MudPIT MS analysis
dNSAF ratio
PLGEM dNSAF average Sra-FLAG: control
Activated egg
Ovary Sra- Sra-FLAG/ Activated egg
FLAG/control control Ovary' Sra-FLAG Sra-FLAG Control*

Protein dNSAF  Detected  dNSAF  Detected dNSAF  Detected Activated
name* STN Pvalue STN Pvalue average of four  average of five average  of four Ovary egg
Sra 1.74 1.09E-05 1.69 1.39E-05 5.37E-02 4 4.52E-02 5 0 0 Undefined Undefined
CanB2 1.31 5.80E-04 1.42 242E-04 1.05E-02 3 1.37E-02 5 0 0 Undefined Undefined
Pp2B-14D 1.18 1.41E-03 1.18 1.29E-03 5.60E-03 3 5.26E-03 4 3.90E-05 1 143.5 134.8
CanA-14F 1.25 8.87E-04 0.91 6.70E-03 5.93E-03 4 1.15E-03 3 0 0 Undefined Undefined
Calmodulin  1.47 1.78E-04 1.32 5.24E-04 2.92E-02 3 1.53E-02 4 5.05E-04 2 57.9 30.4

Protein extracts from ovaries and activated eggs expressing WT nontagged Sra (control) or FLAG-tagged Sra (Sra-FLAG) were immunoprecipitated by FLAG
affinity beads and analyzed by MS (S/ Methods). The data were statistically analyzed by PLGEM (20). dNSAF, distributed normalized spectral abundance factor;
PLGEM, Power Law Global Error Model; STN, signal to noise ratio.

*Other calcineurin subunit proteins CanA1 and CanB and Sgg were not identified as interactors of Sra at statistically significant levels of P < 0.05. CG32667
was identified as a protein with abundance that was statistically significant in the Sra-immunoprecipitates from both ovaries and activated eggs. However,
the dNSAF values for this protein were substantially lower than the values of the proteins listed, and attempts to confirm the interaction of hemagglutinin
(HA)-tagged CG32667 with Sra/calcineurin complexes by immunoprecipitation were unsuccessful.

"Because the ovary samples were collected from whole ovaries rather than being isolated from developed oocytes, our data should include a small fraction of
proteins from germ-line cells at earlier stages.

*Combined data from two independent control (nontagged Sra) datasets from ovary and activated egg samples were analyzed.
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Fig. 1. Pp2B-14D and CanA-14F double KO (CnA?%®) mutants fail to com-
plete meiosis. (A and B) Metaphase | arrest is normal in mature oocytes from
CnA¥° germ-line clones (GLCs). (C) Laid eggs from CnA%%° GLCs exhibit an
arrested anaphase | chromosome configuration. Chromosomes (A-C) and
spindles (A'-C’) are stained with DAPI and anti-a-tubulin antibody, re-
spectively, and the merged images are shown in A”-C". (Scale bars: 5 pm.)

profile in activated eggs than ovaries. Phosphorylation levels at
Ser100, Thr102, and Ser219 were lower in activated eggs than
those levels observed in ovaries (21%, 52%, and 46% reduction,
respectively). Moreover, three residues (Ser67, Ser72, and
Ser215) were phosphorylated only in activated eggs, although
phosphorylation levels at these sites were relatively low (2-8%).
Ser219 is thought to be the priming kinase site for Ser215 phos-
phorylation based on previous phosphorylation analyses in other
organisms and the high homology of the SP motif among RCANs
(8, 9), and Ser215 phosphorylation indeed occurs after eggs are
activated; therefore, it is likely that Ser215 is phosphorylated by
a regulated process that is induced during or after egg activation.

Phosphorylation at Ser100, Thr102, Ser215, and Ser219 was
also detected by Western blot analyses. We used the Mn?*
phosphate binding tag (Phos-tag) system applied to the 1D SDS
gel electrophoresis (24) to separate phosphorylated species of
Sra-FLAG. As shown in Fig. 2, multiple bands with different
mobilities were detected (Fig. 2). By testing mutant forms of Sra-
FLAG (Sra™'-FLAG), we were able to map the positions of
each phosphorylated species of Sra-FLAG. The middle two
bands indicate phosphorylation at least at Ser219, because they
are absent when this site is mutated to alanine (Ala) (Fig. S1 B
and C). The slower of these middle bands seems to represent
additional phosphorylation at Ser100 and Thr102, and the fastest
doublet signal at the bottom of the blot likely indicates phos-
phorylated forms at Ser100 and/or Thr102, because these signals
were absent when either or both of these residues was mutated to
Ala (Fig. S1C). More importantly, Ser215 phosphorylation was
detected as the slowest migrating signal, which was confirmed by

observations that it was detected only in activated eggs and was
absent in eggs expressing Sra>*'>*-FLAG (Fig. 2). Overall, it is
clear that Sra is phosphorylated in vivo.

Phosphorylation of Ser215 and Ser219 Is Required for Sra Function.
To understand the significance of phosphorylation at the identi-
fied sites, we first determined whether these eight Ser/Thr resi-
dues are conserved in human RCANs. Comparison of amino acid
sequences between Sra and three human RCANs (hRCAN1-3)
shows that only Ser215 and Ser219 in Sra and their corresponding
residues in hRCAN1-3 are identical among all four proteins (Fig.
S1A). A threonine at the corresponding position of Thr196 of Sra
is present in hRCAN2, but phosphorylation at Thr196 was ob-
served at only 0.86% in ovaries (Table 3). The other five Ser/Thr
residues in Sra are not conserved within hRCAN1-3.

Although five of eight residues identified by PTM search un-
dergo low levels of phosphorylation, it is possible that the phos-
phorylated state is transient and rapidly converted to a dephos-
phorylated state. Thus, we mutated all of the eight Ser/Thr resi-
dues individually to Ala and tested if expression of mutant form of
Sra-FLAG transgenes in the germ line could rescue the meiotic
phenotype seen in sra®® mutants. To avoid the possibility that
expressing these constructs at different levels caused by positional
effects of the insertion sites affects our quantitative phenotypic
analysis, we created UASp-sra™'-FLAG transgenic lines using the
®C31-mediated site-specific integration system (SI Methods) (25,
26). As mentioned above, the meiotic phenotype insra™"~ eggs was
rescued by germ line-specific expression of Sra"V'-FLAG. To our
surprise, all mutant constructs (except the mutations at Ser215
and Ser219) were also able to rescue the meiotic phenotypes of
sra®® eggs (88-100%) (Table 3). These results suggest that phos-
phorylation at any of these six residues is not required for Sra
function in completion of female meiosis. We also tested a mutant
at Ser199 (Fig. S14) that might correspond to a TAK1 phos-
phorylation site, Ser136 of mouse RCANT1 (13), although phos-
phorylation at this residue was not identified in either ovaries or
activated eggs by PTM analysis. Expression of Sra%'*** rescued
the meiotic defect in sra®? mutants (86.2%, n = 65), suggesting
that TAK1-mediated phosphorylation of Sra is not involved in
calcineurin activation in Drosophila oocytes.

Sra®?>A failed to restore the female fertility of sra“” homo-
zygotes, and all laid eggs from nos > sra’?>! in sra®© females
exhibited an arrested phenotype at anaphase I or II, which was
seen in sra®? eggs. SraS?!'** expression resulted in partial rescue
(26.2%) and induced multiple meiotic spindles in 73.8% of eggs
(Table 3). These results are consistent with our previous obser-
vations using randomly inserted P-element lines (3). We hypoth-
esized that if phosphorylation at Ser215 and Ser219 is important
for Sra function, the mutants in which Ser residues are converted
to phosphomimetic residues, glutamic acid (Glu, E) or aspartic
acid (Asp, D), may behave differently from Ala mutants. There-
fore, we generated transgenic lines expressing SraS?!°E, SraS?15P,
Sra®?'%E "and Sra®*'°® mutant variants and tested them for their

Table 2. CnA subunits are required in the germ line for completion of meiosis

Maternal genotype

Arrested anaphase | (%)

Meiosis completed* (%) Other phenotypes (%) Nt

CnA* GLC 0

CnA%k° GLC 100
CnA9© GLC + nos > Pp2B-14D"" 2.6
CnA9° GLC + nos > Pp2B-14D"?'7° 97.3

100 0 78
0 0 29
94.8 2.6 38
0 2.78 37

GLC, germ-line clone.

*Embryos with a signal of the rosette structure (Methods) or undergoing synchronous mitotic nuclear division were categorized.

"Number of eggs examined for each genotype.

*One egg appeared to be in the normal process of meiotic completion, because it contained a DAPI-stained nucleus undergoing

pronuclear fusion and three polar bodies in interphase.

50ne egg showed a meiotic arrested chromosome configuration at anaphase Il.
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Table 3.
Ovary

Identification of phosphorylation sites of Sra by PTM analysis

Activated egg

No. of spectra

No. of spectra

Rescue by A

Residue position Modified Total Modified (%) Modified Total Modified (%) NetPhos score* substitution (%)"
Ser67 0 32 0 7 130 5.38 0.37 87.9
Ser72 0 59 0 4 191 2.09 0.97 97.6
Ser100 96 117 82.05 42 65 64.62 0.99 100

Thr102 64 117 54.70 17 65 26.15 0.48 100
Thr196 2 361 0.55 0 133 0 0.17 97.1
Ser215 0 148 0 6 75 8.00 0.90 0

Ser219 99 148 66.89 27 75 36.00 0.94 26.2
Thr246 1 116 0.86 1 76 1.32 0.86 93.2

A total of three or four independent datasets from three different enzymatic digestions of ovary and activated egg samples were analyzed as described in
Methods. The total numbers of distributed spectra and sequence coverage for Sra were 1,297 spectra and 93.5% in ovaries and 1,134 spectra and 93.8% in

activated eggs, respectively.

*The NetPhos (version 2.0) score indicates the probability of phosphorylation at each Ser/Thr residue, with increasing probability as the value tends to 1.0 (36).
TSra™-FLAG constructs were expressed by nos-GAL4 in an sra“® background. Percentage of eggs that completed meiosis is represented; 23-44 eggs were

examined for each genotype.

ability to rescue the meiotic phenotype of sra“. The expression of
Sra’*'%E or Sra®*'P increased levels of the rescue from the ob-
served 26.2% with Sra®?'* t0 71.9% (n = 57) and 60.0% (n = 40),
respectively, suggesting that these forms do act as phosphomi-
metic proteins and that phosphorylation of Ser219 is important
for Sra function. Intriguingly, Sra®*'*F and Sra%*'>" were not able
to rescue the meiotic phenotypes of sra“? (0%, n = 44 and 36,
respectively). Although it is possible that the substitutions of Ser
to Glu/Asp at Ser215 might not fully mimic phosphorylations or
might adversely affect conformation of Sra to be functional, we
favor the possibility that phosphorylation at Ser215 has to occur at

IP: FLAG, WB: FLAG, Phos-tag gel

Activated
Ovary egg

Activated
Ovary egg

pS215/pS219
(+ other sites)

pS219

(+ other sites):t - - :

pS100/pT102: M S S S — i f—

CFLEF & F& &
& & &) o

CcIP - +

Fig. 2. Srais phosphorylated at multiple sites in vivo. Separation of affinity-
purified Sra-FLAG proteins on the Phos-tag gel followed by Western blot
analysis. WT Sra-FLAG and Sra>2">A-FLAG (S215A) were overexpressed by nos-
GAL4, and protein lysates from ovaries and activated eggs were immuno-
precipitated with FLAG affinity beads. The bands, which include Ser219
phosphorylation, migrate slightly faster when Ser215 is substituted to Ala for
unknown reasons (Fig. S1B). Asterisks indicate nonspecific signals. The upper
nonspecific signals appear in all samples treated with CIP (Fig. S4 B and D).
Because the lower nonspecific signals are detected in samples both with and
without CIP, they seem to be caused by cross-activity of the anti-FLAG anti-
body with other unknown proteins present in immunoprecipitated samples.

Takeo et al.

egg activation for Sra protein to function properly. These obser-
vations support the idea that phosphorylation at Ser219 and
Ser215 of Sra plays a critical role in calcineurin activation.

Our previous studies that used P-element transgenic lines with
random insertion sites showed that expression of Sra>*'> in the
presence of endogenous sra dominantly prevents meiotic pro-
gression, resulting in low levels of egg hatchability, and that the
lethality is enhanced by reducing the dose of endogenous sra gene
in sra®“/+ heterozygotes (3). In other words, Sra>*'>* acts as an
antimorphic protein. We, thus, examined whether phosphomi-
metic mutants of Sra cause similar antimorphic effects. Expression
of Sra>?"®A in a WT background containing two copies of the
endogenous sra gene did not induce significant levels of embryonic
lethality (Fig. S24), suggesting that the expression level of the
transgenes integrated into the attP40 site is lower than the ex-
pression level of the transgenic lines used in our previous study (3).
Regardless of this weaker phenotypic effect in the presence of two
copies of endogenous sra, reducing the dose of sra by one-half
resulted in 8% egg hatchability (Fig. S24), and meiotic defects
similar to those defects seen in sra and calcineurin mutants were
observed (Fig. S2B). In contrast, we did not observe such strong
antimorphic effects in sra“°/+ heterozygotes when Ser215 was
mutated to Glu or Asp (Fig. S24). As we previously observed (3),
mutations at Ser219 caused relatively lower egg hatchability in
sra®C/+ heterozygotes than in the WT background, suggesting
subtle antimorphic effects. However, there was no significant
difference in hatch rates between Ala, Glu, and Asp substitutions
of Ser219 (Fig. S24). Furthermore, the mutant forms with the
substitutions at both Ser215 and Ser219 acted similarly to those
forms with a single substitution at Ser215 (Fig. S24). These results
show that substituting Ser215 to an unphosphorylatable Ala resi-
due causes the strongest antimorphic effect, supporting the critical
role of phosphorylation of Ser215 in regulation of Sra function.

Sgg/GSK-3p Is Essential for Completion of Female Meiosis. Our find-
ings that the GSK-3p consensus site Ser215 of Sra is phosphor-
ylated during or after egg activation and that the phosphorylation
is essential for Sra function suggested a possible role of GSK-3
in female meiosis. Western blot analysis using the anti-GSK-3
antibody revealed that Sgg, the Drosophila homolog of GSK-38, is
expressed in both WT ovaries and activated eggs (Fig. 34). We
next addressed if Sgg is required for meiotic progression in Dro-
sophila females and analyzed sgg mutant phenotypes. sgg”’? and
5gg”"%” have been widely used as genetically null alleles of the sgg
gene, whereas sgg”’?’ is known to be the only protein null allele
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DAPI Tubulin DAPI/Tubulin

Mature oocytes

Laid eggs

sgg” GLC

Sgg is required for completion of meiosis and phosphorylation of Sra at Ser215. (A) Sgg proteins are expressed in ovaries and activated eggs in WT.

Protein lysates from w'’’® (WT) and three alleles of sgg mutants were analyzed by Western blot with anti-GSK-3 and anti-a-tubulin (for loading control)
antibodies. The faint signals of Sgg in sgg mutant eggs could be caused by contamination of a small proportion of survived ovo®’-"®-bearing eggs that have
one copy of the sgg* gene (Methods) or nonspecific signals. (B and C) Metaphase | arrest is normal in mature oocytes from sgg®’? (B) and sgg®’ (C) GLCs. (D
and E) sgg mutants fail to complete meiosis. Laid eggs from sgg®’? (D) and sgg°’ (E) GLCs show a meiotic arrested anaphase | chromosome configuration.
Chromosomes (B-E) and spindles (B'-E’) are stained with DAPI and anti-a-tubulin antibody, respectively, and the merged images are shown in B"-E". (Scale
bars: 5 um.) (F) Sra phosphorylation at Ser215 is absent in sgg eggs. Lysates from the WT and sgg mutants, all of which overexpress Sra-FLAG, were
immunoprecipitated with FLAG affinity beads and analyzed by Phos-tag/Western blot. The slowest band (arrow) is absent in sgg eggs, suggesting that Sgg
phosphorylates Sra at Ser215. The amount of WT samples loaded for both CIP-treated and nontreated is one-fifth of sgg samples, because Sra-FLAG proteins
are more abundant in the input and immunoprecipitation samples in the WT (Fig. S4). Asterisks indicate nonspecific signals.

(27). In addition, we tested a molecularly mapped deficiency
strain Df(1)ED6584 (sgg™) that uncovers a genomic region 3A9-
3B1 and deletes three genes (sgg, HLH3B, and CG2652). Because
these three alleles do not produce viable homozygotes in adults,
we performed germ-line clone analysis. Expression levels of Sgg
protein were strongly reduced in activated eggs from germ-line
clones of all three sgg alleles compared with WT (Fig. 34). An
early study in which mitotic recombination was induced by X-ray
and embryonic phenotypes were determined by histological sec-
tions stained with methylene blue reported that embryos from sgg
germ-line clones exhibited disordered cellularization which was
rescued by zygotic expression from the paternal sgg™ chromosome
(28), suggesting that completion of female meiosis is not affected
in sgg mutants.

Table 4.

Maternal genotype Arrested anaphase | (%)

sgg is essential for completion of female meiosis

Meiosis completed* (%)

Our analysis using a flippase-dominant female sterile technique
(29) revealed that sgg mutants show meiotic defects; 29.2% of
sgg”’? eggs were able to complete meiosis, and the remaining
70.8% exhibited abnormal meiotic defects (Table 4 and Fig. S3).
However, most of the laid eggs from mothers bearing sgg’’? and
sgg” germ-line clones failed to complete meiosis properly, whereas
metaphase I arrest seemed normal in the mature oocytes (Fig. 3
B-E and Table 4). Indeed, the majority of sgg mutant eggs (86.4%
in sgg”’? and 91.9% in sgg”) showed an anaphase I-arrested
chromosome configuration identical to the one observed in sra
and calcineurin mutant eggs (Fig. 3 D and E and Table 4). Over-
expression of the WT sgg™ transgene rescued the defects seen in
sgg eggs from all three alleles (Table 4). These results contradict
the general understanding that sgg”’?” is the null allele of the sgg

and show that sgg”’?” is, in fact, a hypomorphic allele at least with

Other phenotypes (%) Nt

sgg* GLC 0
sgg®’? GLC 86.4
sgg”’ GLC 91.9
sgg”’?” GLC 0
5gg°"? GLC + nos > sgg"’" 0
sgg”’ GLC + nos > sgg"V" 0
sgg”'?” GLC + nos > sgg"/" 0

100 0 78
9.1 4.5% 22

0 8.17 37
29.2 70.8% 24
93.8 6.2" 48
100 0 63
100 0 49

GLC, germ-line clone.

*Embryos with a signal of the rosette structure (unfertilized) or undergoing synchronous mitotic nuclear division were categorized.

"Number of eggs examined for each genotype.

*One egg contained an anaphase | spindle and a signal of the rosette structure.
YTwo eggs showed an arrested chromosome configuration at meiotic anaphase Il, and one egg contained a monopolar meiotic spindle.

SFig. S3.

'"Two eggs contained three meiotic spindles or three signals of the rosette-like structure.
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respect to the female germ line. It is possible that sgg”’?” produces
a small amount of functional Sgg proteins that are sufficient to
allow meiotic progression beyond anaphase 1. Additionally, be-
cause the sgg transgene rescued the meiotic defect in sgg™ eggs,
we conclude that HLH3B and CG2652 are not essential for
completion of female meiosis. Most importantly, the fact that loss
of sgg function results in the same meiotic phenotype as sra and
calcineurin mutants strongly suggests a role for sgg in calcineurin
regulation.

Sgg/GSK-3p Is Required for Phosphorylation of Ser215 in Sra. We
next examined whether Sgg is required for phosphorylation of
Ser215 in Sra. We took advantage of the Phos-tag gel and ana-
lyzed the phosphorylation pattern of Sra in sgg mutants. The
phosphorylation profile in the ovary did not seem to differ be-
tween control and sgg mutants, although mutations in sgg likely
affect the stability of Sra protein (Fig. S4 A-C). However, it is
clear that the slowest migrating band that represents Ser215
phosphorylation is absent in activated eggs from sgg germ-line
clones (Fig. 3F and Fig. S4D). Thus, although we did not de-
termine that Ser215 is the direct phosphorylation target site of
Sgg, Sgg is required for Ser215 phosphorylation.

Sra Is Associated with Calcineurin After Egg Activation. One possible
explanation for the dominant negative effect of SraS*'>* is that
phosphorylation of Sra at Ser215 releases its physical interaction
from calcineurin complexes to allow calcineurin activation. To
test this hypothesis, we examined whether the protein interaction
between Sra and calcineurin changes before and after egg acti-
vation. Reciprocal immunoprecipitation experiments using pro-
tein lysates from both ovaries and activated eggs expressing Sra-
FLAG and CnA-myc revealed that Sra does not dissociate from
CnA after egg activation. Also, the levels of interaction between
Sra and CnA were unaltered when Ser215 was mutated to Ala
(Fig. S5A). In agreement with these results, analysis of MudPIT
data showed no significant difference in abundance of any cal-
cineurin subunits and Calmodulin that were coimmunoprecipi-
tated with Sra%'-FLAG or Sra>*'>A-FLAG (Fig. S5B). These
observations show that phosphorylation of Sra does not dra-
matically change the physical association between Sra and cal-
cineurin complexes on calcineurin activation, but rather, we
propose that Sra phosphorylation functions to modify the con-
formation and activity of calcineurin (Discussion).

Discussion

The calcineurin signaling pathway is involved in a number of bi-
ological responses and implicated in pathogenesis of diseases
such as schizophrenia, Down syndrome, and Alzheimer’s disease
(4, 30-32). However, the mechanism by which calcineurin activity
is modulated by endogenous regulators in vivo is poorly under-
stood. In this study, we presented evidence strongly supporting a
model in which the temporally controlled phosphorylation of Sra/
RCAN by Sgg/GSK-3p plays an essential role in calcineurin ac-
tivation and completion of female meiosis in Drosophila.

Calcineurin Activity Is Essential for Completion of Meiotic Exit from
Metaphase I. We showed by MS analysis that Sra forms a complex
with three calcineurin subunit proteins (Pp2B-14D, CanA-14F,
and CanB2) in ovaries and activated eggs. Functional analysis of
CnA genes revealed that the catalytic activity of calcineurin is
essential for meiotic progression after the release from meta-
phase I arrest. Because a single mutant of either Pp2B-14D or
CanA-14F does not show meiotic defects and expression of Pp2B-
14D is alone sufficient for the rescue of meiotic arrest phenotypes
of CnA%°_ these two CnA genes function redundantly in the
female germ line.

In our previous model (3), we proposed that calcineurin is
activated on egg activation, although no evidence for Ca**

Takeo et al.

increase in oocytes on egg activation has been reported in Dro-
sophila so far. However, surprisingly, we found that Calmodulin
is associated with calcineurin complexes both before and after
egg activation. It has been thought that the activation of Cal-
modulin by Ca** binding abrogates the autoinhibitory function
of CnA, allowing the association of the substrates with the cat-
alytic domain and full calcineurin activation (5). The identifica-
tion of Calmodulin in Sra-containing calcineurin complexes
raises another possibility that calcineurin may be already active
in ovaries. Because it has been shown by in vitro experiments
that the SP motif of RCANSs can be dephosphorylated by calci-
neurin (8, 9), Sra phosphorylation at Ser215 might be blocked by
calcineurin in ovaries. Perhaps, calcineurin signaling might be
regulated by a more complicated interplay among Sra/RCAN,
calcineurin, Sgg/GSK-3p, and other proteins (see below).

Mechanism for Calcineurin Regulation by Sra Phosphorylation. We
performed comprehensive and quantitative identification of
in vivo phosphorylation sites of Sra; we found that three residues
(Ser100, Thr102, and Ser219) were highly phosphorylated in both
ovaries and activated eggs and that Ser215 is phosphorylated only
in activated eggs. Although the phosphorylation of Ser100 and
Thr102 is not required for Sra function in completion of female
meiosis, phosphorylation at Ser215 and Ser219 is essential. One
possible explanation for the low levels of phosphorylation at
Ser215 (8%) in activated eggs is that its phosphorylation state is
transient. Alternatively, Ser215 phosphorylation in a small frac-
tion of overexpressed Sra might be enough to fulfill the role as the
calcineurin regulator.

How does Sra phosphorylation regulate calcineurin? Based on
our findings, we suggest the following model for calcineurin acti-
vation by Sra. Before eggs are activated, the association between
calcineurin and Sra is sufficiently tight that other substrate pro-
teins are not accessible to calcineurin, which might explain the
inhibitory function of Sra on enzymatic activity of calcineurin. This
inhibition model is supported by the fact that SraS2'>* acts as a
strong antimorphic allele of Sra, but Sra®?!°F and Sra%?!*" do not.
Our biochemical analyses suggest that Sra is associated with the
calcineurin complex even after egg activation, and thus, a simple
model that Sra phosphorylation allows its dissociation from cal-
cineurin complexes is unlikely. Instead, Ser215 phosphorylation
might cause a conformational change of calcineurin complexes by
which Sra exposes the catalytic domain of calcineurin to other
specific substrates. The timing of Ser215 phosphorylation needs to
be accurate, because the phosphomimetic variants were not able
to rescue the meiotic phenotypes of sra mutants. This model for
stimulation of calcineurin by Sra phosphorylation is in excellent
agreement with the hypothesis from studies in yeast (10).

How Is Sgg/GSK-3p Activated During Egg Activation? GSK-3, which
includes GSK-3a and GSK-3p, is a highly conserved Ser/Thr
kinase and mediates a wide range of signal transduction cascades
in response to many cellular stimuli, including Wnt, insulin, and
growth factors (33). We here presented direct evidence that Sgg/
GSK-3p is essential for meiotic progression after metaphase I
arrest. Also, the meiotic phenotypes of sgg mutant eggs were
identical to sra and calcineurin mutants, and Sra phosphorylation
at Ser215 was absent in sgg eggs. However, Ser219, the consensus
site for priming phosphorylation recognized by GSK-3p, was al-
ready phosphorylated in the ovary. Our findings suggest that Sgg/
GSK-3p functions as the upstream trigger of calcineurin activa-
tion through Sra phosphorylation.

In many vertebrate oocytes, a transient increase of Ca>* acti-
vates the Ca”*/Calmodulin-dependent Ser/Thr kinase CaMKII at
fertilization and releases metaphase II arrest. In Xenopus oocytes,
calcineurin is also activated by Ca>* increase and plays important
roles in meiotic exit and entry into mitosis (1, 2), whereas calci-
neurin seems not to be essential for metaphase II exit in mice
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(34). In Drosophila, however, metaphase I arrest is released at the
time of ovulation and independently of fertilization (16, 17). Two
possible triggers, hydration and mechanical stimuli, are thought
to induce egg activation when mature oocytes pass through the
oviduct (18). Sgg/GSK-3p may be the downstream effector acti-
vated by these stimuli.

Conclusions

Our proteomic approaches combined with genetic analyses pro-
vide important insights into the molecular mechanism of calci-
neurin regulation in the female germ line. MS analysis was not
able to identify Sgg and other proteins that were evidently en-
riched in Sra/calcineurin (Table 1), suggesting that the interaction
between kinase/phosphatase and their substrates is transient,
which is known for many other enzymes and their substrates.
Additional biochemical analyses and the identification of other
components, such as calcineurin substrate(s) and the kinase that
phosphorylates Ser219 of Sra, will likely reveal the regulatory
network of calcineurin signaling and its function in completion of
Drosophila female meiosis.

Methods

Fly Stocks. w’’"® was used as the WT strain. sra®, UASp-sra, and nos-GAL4:
VP16 have been described previously (15). Two alleles of sgg mutants,

5gg®'2, which has an inversion breakpoint in the middle of the sgg gene, and

sgg”'%’, which was generated by ethyl methanesulfonate (EMS)-induced mu-
tagenesis (but the lesion has not been identified), were obtained from Pat
Simpson (University of Cambridge, Cambridge, UK) (27). Df(1)ED6584, UAS-
sgg, P{FRT}'®A, and P{FRT}'** P{hsp70-FLP}' ovo®'"8/C(1)DXIY stocks were
obtained from the Bloomington Drosophila Stock Center. Methods for

generating transgenic constructs are described in S/ Methods.

1118

Generation of the CnA”® Mutant. The CnA®® mutant was generated by
sequentially performing ends-out gene targeting of Pp2B-14D and CanA-14F
as previously described (21). A miniwhite gene flanked by loxP sequences in
the Pp2B-14D"° (w*) line was removed by crossing with nos-Cre flies, and
the Pp2B-14DX® (w) stock was established. The gene targeting for CanA-14F
was then carried out against Pp2B-14DKO (w) chromosomes.

Germ-Line Clone Analysis. Germ-line clones of CnA?%© and sgg mutants were
produced by the flippase-dominant female sterile technique (29). The muta-
tion (mut) was recombined on the P{FRT}'** chromosome, and P{FRT}'** mut/
FM?7 B females were crossed to P{FRT}'9 P{hsp70-FLP}' ovoP™"8/Y males. Third
instar larvae were heat-treated two times for 2 h at 37 °C, and the eclosed B*
females were then crossed to WT males. We noticed during egg collection that
there were a few laid eggs that did not fully develop. They appeared to be
ovoP’"8.bearing escapers, because such eggs were observed from the females
that were not heat-treated as well, and they were morphologically distin-
guishable from sgg mutant eggs in immunostaining experiments.

Immunostaining. Immunostaining of mature oocytes and eggs was performed
as previously described (3). Images were collected under a DeltaVision decon-
volution microscope system (Applied Precision) equipped with an Olympus
1670 inverted microscope and high-resolution CCD camera. Images were ac-
quired with the PlanApo N 60x/1.42 oil objective lens with 1.5x auxiliary
magnification at 0.2-pm intervals along the z axis that was deconvolved using
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the softWoRx v.3.5.1 software and analyzed using the softWoRx Explorer
v.1.3.0 (Applied Precision). Eggs that contained only a rosette structure were
viewed like those eggs that had completed meiosis. These eggs were probably
either the eggs that failed to be fertilized or the eggs that were laid from
unmated females.

Hatchability Test. Eggs from females 2-4 d after mating with WT males were
collected on grape juice-agar media, and the hatchability of embryos was
determined after 24 h or later; 200-1,000 eggs were scored for each geno-
type. Hatch rates were analyzed by t test, and 95% confidence intervals are
shown in the graphs.

Immunoprecipitation. Ovaries from females mated with WT males were dis-
sected in Robb’s buffer (55 mM NaOAc, 8 mM KOAc, 20 mM sucrose, 2 mM
glucose, 0.44 mM MgCl,, 0.01 mM CaCl,, 20 mM Hepes, pH. 7.4) containing
1% BSA. Activated eggs from the cross of virgin test females with sterile
males (sons of tudor that were made from the cross of tud’ homozygous
females and WT males) (35) were collected at every 2 h, dechorionated in
50% bleach, and washed with embryo wash buffer (140 mM Nacl, 0.03%
Triton-X100); 30-50 ovaries and 20-30 pL packed activated eggs were used
for each immunoprecipitation to analyze phosphorylation of Sra-FLAG and
the interaction between Sra-FLAG and CnA-Myc, and 120-200 ovaries and
>100 pL packed activated eggs were used for each immunoprecipitation
followed by MudPIT. The samples were homogenized with a lysis buffer (50
mM Tris-HCl, 150 mM NacCl, 0.5% Nonidet-P40, 0.5% Triton X-100, 1 mM
PMSF, protease inhibitor mixtures, pH 8.0). Lysates were cleared by centri-
fugation two times at 20,817 x g for 15 min at 4 °C. Protein concentrations
were measured using a Quick Start Bradford Protein Assay (Bio-Rad Labo-
ratories) to normalize amounts of total proteins for immunoprecipitation.
Lysates were added to EZview Red ANTI-FLAG M2 Affinity Gel (Sigma-
Aldrich) and mixed for >2 h at 4 °C. The beads were washed with 50 mM
Tris-HCl (pH 8.0), 150 mM Nacl, and 0.1% Triton X-100 five times for 5 min at
4 °C. Proteins were eluted with 150 ng/uL 3xFLAG peptide (Sigma) in tris-
buffered saline (TBS) by incubating for 30 min at 4 °C. Inmunoprecipitation
using anti-Myc antibody (A-14; Santa Cruz Biotechnology) was performed
as previously reported (3). Methods for subsequent proteomic analyses are
described in S/ Methods.

Western Blot. Calf intestinal alkaline phosphatase (CIP) treatment was per-
formed in 1x NEBuffer 3 with the addition of 10 units CIP (NEB) for 30 min at
37 °C. Protein samples were run on 10% SDS-acrylamide gels. For phos-
phorylation analyses, we added Phos-tag (Wako) and MnCl; to a final con-
centration of 100 pM for each in the separation gels and followed the
manufacturer’s procedures. The primary antibodies used were mouse anti-
FLAG (M2, 1:1,000; Sigma-Aldrich), rabbit anti-Myc (9E10, 1:200; Santa Cruz
Biotechnology), mouse anti—a-tubulin (DM1A, 1:1,000; Sigma-Aldrich), and
anti-GSK-3 (4G-1E, 1:500; Millipore). Immunoactivity was detected using
alkaline phosphatase-conjugated anti-mouse 1gG secondary antibody (Jack-
son ImmunoResearch) and the nitroblue tetrazolium and 5-bromo-4-chloro-
3-indolyl phosphatase (Invitrogen) reagents.
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