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ABSTRACT 

 

Egg activation, the transition of mature oocytes into developing embryos, is 

initiated by different external signals in different animals. The signals include sperm 

entry, mechanical stimuli and pH changes. Although these signals are different, one 

response to those signals is well conserved: an increase of intracellular calcium (Ca2+) 

level in the eggs. However, little is known about the molecular pathway downstream of 

the calcium rise that makes up egg activation.    

Egg activation in Drosophila requires Ca2+ signaling. Horner (2006) and Takeo 

et al. (2006) showed that sra, a regulator of calcineurin (CN), has many defects in 

Drosophila egg activation. To dissect the role of CN further, I characterized the 

phenotypes of eggs laid by female expressing a constitutively-active CN (CnAact) in 

Drosophila female germline. I have found that, both cell cycle resumption and MAPK 

dephosphoreylation are affected, although egg shell hardening and polyadenylation 

appears normal. This indicates that different events of egg activation may be controlled 

separately. Because CN is a major transducer of calcium signal that is known to be 

regulated by calmodulin (CaM), I chose to examine CaM and another major target of 

CaM that can be important for Drosophila egg activation: Ca2+/Calmodulin-dependent 

protein kinase II (CamKII). Using transgenic expressed inhibitory peptides, I sought to 

inactivate functions of CaM and CamKII. However, I did not detect any effect on the 

hatchability of those inhibitory lines. There are several explanations. One possibility is 

that Ca2+ triggered egg activation events might not act through CaM-CamKII pathway 

or there are other regulators/molecular pathways that compensate for their functions. 

Alternatively, inhibitor peptides were expressed, but they may not have been present in 

sufficient amounts to inhibit their targets.  

 To understand the upstream regulator genes that control Drosophila activation, 



I began characterizing prage (prg) gene. Prg mutant females lay eggs, but those eggs 

fail to destabilize maternal transcripts and never hatch (Tadros et al., 2003). These 

phenotypes indicate that prg may play a role in Drosophila egg activation. Thus, I 

examined egg activation phenotypes in oocytes and embryos from prg mutant females. 

I showed that VM cross-linking did not occur normally in embryos produced by both 

prg mutant alleles (prg16A and prg32). To find chromosome position of prg gene, Jun 

Cui previously conducted complementation analysis and DNA sequencing. His data 

suspected that CG14801, a possible exonuclease, is prg gene. In this thesis, I 

confirmed that CG14801 corresponds to prg. I assayed expression pattern of prg 

transcripts. The result shows that prg is expressed in adult of both sexes and the 

expression increases throughout embryogenesis.  

In summary, my goal of this thesis is to identify the pathways through which 

calcium signal is transduced into egg activation in Drosophila and to determine the 

molecular targets and genes that involve in the pathway.  
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CHAPTER 1 

 

INTRODUCTION 

 

Mature oocytes differ in many ways from the cells that begin embryogenesis 

(Horner and Wolfner, 2008a; Parrington et al., 2007). The oocyte’s outer coverings 

allow sperm binding and entry. Cell cycles of oocytes are meiotic, with specialized 

regulation to achieve proper chromosome segregation and production of haploid 

gametes (Jones, 2005). Meiosis is arrested at a specific stage, awaiting fertilization to 

modify all these features and to allow development to proceed. Also, many transcripts 

accumulated within the oocytes are not translated. Changes in the egg that allow it to 

transition to a developing embryo, upon fertilization, are known as egg activation 

(Horner and Wolfner, 2008b). 

Egg activation is triggered by an external signal. This signal differs in different 

animals. In vertebrate and some marine invertebrates, activation is initiated by 

fertilization (Kurokawa et al., 2004; Runft et al., 2002). Insects including Drosophila 

do not use sperm to activate eggs; instead, an egg is activated during ovulation or 

when it passes through female reproductive tract (Heifetz et al., 2001; Horner and 

Wolfner, 2008b; Went and Krause, 1974). There are other ways to trigger activation, 

such as changes in pH value and ionic environment in some marine organisms 

(Lindsay et al., 1992; Santella et al., 1999).  

Although the signals for egg activation differ, one downstream response is 

highly conserved: an increased intracellular calcium (Ca2+) levels in the egg (Ducibella 

et al., 2006). The second section of this chapter focuses on the relationship between 

Ca2+ signaling and egg activation. Although how calcium triggers egg activation events 
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is not well understood, the molecular mechanisms of some steps of egg activation have 

been studied extensively. The first section of this chapter focuses on mechanisms of 

specific events of Drosophila egg activation.  

 

1.1 Mechanism of egg activation 

Modification of egg-coverings  

During activation, the outer coverings of the mature oocyte are modified to 

support and protect the future embryo and to prevent polyspermy.  In many animals, 

these modifications occur by cortical granule (CG) exocytosis (Sun, 2003; Tsaadon et 

al., 2006; Wessel et al., 2001). Although Drosophila eggs do not contain CGs, the 

permeability of their vitelline envelopes changes during egg activation preventing 

diffusion-in of small molecules, presumably to protect embryos from external damage.  

Drosophila oocytes are surrounded from outside to inside by a chorion, a waxy 

layer and a glycoprotein-rich vitelline membrane (VM) (Waring, 2000). The proteins 

of VM and chorion are cross-linked when eggs are activated, making impermeable 

barriers that block the entry of small molecules (Heifetz et al., 2001).    

Release of oocyte meiotic arrest  

The regulation of the cell cycles of oocytes during development is very important. One 

hallmark of this regulation is that meiosis arrests before egg activation (Jones, 2005). 

In many vertebrates, such as human, mouse and Xenopus (Fan and Sun, 2004), mature 

oocytes are arrested at metaphase II. In Drosophila, the cell cycle is arrested at 

metaphase I instead. To maintain the arrest in Drosophila, M-phase promoting factor 

(MPF) (cdk2-cyclinB) must be activated by twine, a homolog of Cdc25 (Figure 1.1) 

(Taylor et al., 2004; White-Cooper et al., 1993). Upon activation, Cks30A interacts 

with Cdk1 and binds to MPF, which promotes the phosphorylation of anaphase 

promoting complex (APC) (Swan et al., 2005). APC must be activated to allow the 
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 Figure 1.1 Molecular mechanisms of meiosis arrest and release in 

Drosophila. Maturation-promoting factor (MPF) consists of a cyclin B protein and a 

cdc2 protein. Twine encodes the Drosophila homolog of Cdc25, a protein phosphatase 

that activates MPF. Activated MPF leads to meiotic arrest in Drosophila mature 

oocytes. Upon egg activation, the interaction of MPF and Cdk30A-cdk1 complex 

promotes phosphorylation of anaphase-promoting complex (APC), which further 

degrades and inactivates MPF. 
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release of metaphase I arrest by MPF inactivation. Many molecules are also involved 

in regulating Drosophila cell cycle resumption, such as cortex(cort) and fizzy(fzy), 

which encode members of the Cdc20 family (Page and Orr-Weaver, 1996; Swan et al., 

2005; Swan and Schupbach, 2007). Mutants in those genes results in an earlier cell 

cycle arrest. For example, the majority of eggs from cort (or fzy) mutant females 

resumes meiosis, but re-arrest in metaphase of meiosis II. Also, embryos from double 

mutant cort fzy females arrest with elevated levels of mitotic drivers, including cyclin 

A, cyclin B and cyclin B3, which suggests that APC activity associated with cort and 

fzy is essential for Drosophila meiotic resumption  (Liu and Maller, 2005; Rauh et al., 

2005; Swan and Schupbach, 2007).  

Changes in maternal mRNA populations 

mRNAs and proteins are accumulated in oocytes during oogenesis. Upon 

activation, those maternal mRNA undergo post-transcriptional regulation to support 

embryonic development, until activation of the zygotic genome. Some maternal 

products are marked for degradation and others are targeted to be activated 

(Bettegowda and Smith, 2007; Tadros and Lipshitz, 2005). Maternal mRNAs whose 

products are necessary for early embryogenesis are activated for translation. For 

example, a poly (A) tail is added to the 3’ end (3’ UTR) of bicoid (bcd) mRNA during 

activation of Drosophila oocytes (Paillard and Osborne, 2003). This mechanism 

promotes translation of the bcd mRNA; similar phenomena occur for other maternal 

mRNAs, such as Toll and torso (Driever and Nusslein-Volhard, 1988). mRNAs for 

proteins that are no longer needed are degraded. Those transcripts contain degradation 

signals in the 3’ UTRs, such as an A/U rich element (ARE) and embryo deadenylation 

element in Xenopus, targeting them for elimination (Bashirullah et al., 1999; Giraldez 

et al., 2006; Mishima et al., 2006). Coordinating these post-transcriptional 

modifications during oogenesis and oocyte maturation is important for supporting 
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early embryonic development.  

Changes of protein phosphorylation states  

Mitogen-activated protein kinases (MAPKs), which are normally active when 

phosphorylated, are used to integrate and transduce signals  in many organisms, 

including yeasts, worms, flies and mammals (Brunet and Pouyssegur, 1997). MAPKs 

are involved in oocyte meiotic re-initiation, spindle assembly, metaphase II arrest 

during vertebrate oogenesis (Sun et al., 1999). Sackton et al. (2007) reported that 

MAPK activities change during Drosophila egg activation: the enzymes are active 

(phosphorylated) in mature oocytes, and then are inactivated (dephosphorylated) 

during egg activation (Sackton et al., 2007). Although it is not yet clear how the 

MAPK pathway is regulated to effect egg activation, it is possible that MAPKs 

respond to Ca2+ signals and either directly or indirectly mediate meiotic cell cycle 

arrest (Nebreda and Hunt, 1993).  

 

1.2 Calcium signaling and egg activation 

Increases in the intracellular level of free Ca2+ during egg activation are 

observed in many animal species (Ducibella et al., 2006; Stricker, 1999). This common 

event can ensure the initiation and progression of normal development (Berridge et al., 

2003; Lee et al., 2006). For example, in mammals, the fertilizing sperm triggers 

oscillatory Ca2+ waves that trigger egg activation events, including CGs exocytosis, 

pronuclear (PN) formation, cell cycle release and secondary polar body extrusion 

(Ducibella et al., 2002; Halet et al., 2003). Those findings raise the importance of 

exploring what signals trigger Ca2+ changes (upstream) and how Ca2+ leads to egg 

activation events (downstream).   
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The signaling upstream of the Ca2+ oscillation is often regulated by 1, 4, 5-

inositol triphosphate (IP3) in mammals (Miyazaki et al., 1993).  IP3 is a secondary 

messenger molecule produced when phospholipase C (PLC) hydrolyzes 

phosphatidylinositol 4,5-bisphosphate (PIP2). Upon fertilization, IP3 levels increase, 

along with the Ca2+ rise. When agonists of IP3 are injected into mammalian eggs, Ca2+ 

is released and oscillations are increased (Miyazaki, 1988). The mammalian sperm-

specific PLCζ causes intracellular Ca2+ release by catalyzing the production of IP3 

(Figure 1.2). Ca2+ is released through the IP3 receptor, IP3R-1, which is located in the 

membrane of the endoplasmic reticulum (ER) (Krizanova and Ondrias, 2003; Swann 

et al., 2006). This Ca2+ oscillation triggers mammalian egg activation events, including 

resumption and completion of meiosis, blockage of polyspermy and translation of 

maternal mRNAs (Ajduk et al., 2008). 

Ca2+ in oocytes and eggs regulates downstream proteins through a variety of 

signaling pathways. In mouse and Xenopus, a Ca2+/Calmodulin-dependent protein 

kinase II (CamKII) has been reported to be necessary for activating several 

downstream events, such as modifying the vitelline membrane (VM) to block 

polyspermy and changes in mRNA and protein populations (Ducibella et al., 2002; 

Markoulaki et al., 2004; Schultz and Kopf, 1995; Tatone et al., 2002). A working 

model is presented that integrates evidence to suggest a relationship of upstream Ca2+ 

to the protein kinase (CamKII) and the downstream egg activation events in mammals 

(Figure 1.3) (Ducibella and Fissore, 2008). In brief, increased Ca2+ binds CaM, which 

activates CamKII. CamKII mediates down-regulation of maturation M-phase 

promotion factor (MPF), releasing cell cycle arrest. In Xenopus, the modulation of the 

phosphatase calcineurin (CN) activity has also been shown to be essential for 

processing of egg activation (Mochida and Hunt, 2007; Nishiyama et al., 2007). The 
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 Figure 1.2 Ca2+ signaling pathway during mammalian fertilization. The 

binding and fusion of a sperm with oocytes introduces PLCζ into the egg’s cytoplasm. 

PLCζ hydrolyzes PIP2 and produces InsP3 (IP3). IP3 binds to IP3 receptor, IP3R, on 

endoplasmic reticulum (ER) to release internal stored Ca2+. Ca2+ activates the 

downstream pathways by binding to calmodulin (CaM) (green pathway). In 

echinoderms, NADDP activates membrane Ca2+ channels which allow the entry of 

external Ca2+ (red pathway). Figure modified from Whitaker (2006). 
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 Figure 1.3 Relationship between upstream Ca2+ signals and downstream 

egg activation events in mammal. This is a simplified version of the Ca2+ signaling 

model presented by Ducibella and Fissore (2008). These Ca2+-dependent mechanisms 

regulate the activities of protein kinases/phosphatases, which promote downstream 

events of egg activation. For example, CamKII regulates cell cycle resumption through 

the inhibition of MPF. CG exocytosis is modulated by MLCK, CamkII and 

synaptotagmin. The detailed relationships and interactions between those 

molecules/pathways are still unknown. Abbreviations: CaM: calmodulin, CamKII: 

Ca2+/CaM-dependent protein kinase II, CN: calcineurin. PLC: phospholipase C, ER: 

endoplasmic reticulum, MAPK, MAP kinase, PKC: protein kinase C, SOC: store-

operated channels. MLCK: myosin light chain kinase, CG: cortical granule, BPS: 

block to polyspermy. Emi2, early mitotic inhibitor 2, APC/C: cyclosome, MPF: 

maturation promoting factor. Figure modified from Ducibella and Fissore (2008).
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CN level, which changes independent of CamKII, is transiently increased immediately 

after the Ca2+ addition to Xenopus egg extracts. 

Though those studies indicated the role of Ca2+/CaM regulated protein kinase 

and phosphatase in modulating egg activation events in mammals, it is not clear that if 

the Ca2+ signal is transduced only through CamKII and CN pathways or coordinates 

with other pathways to regulate activation. Also, the Ca2+-dependent signaling 

mechanisms that cause egg activation events in Drosophila are yet to be fully 

understood.   

Mechanical stimulation activates Drosophila oocytes in vitro. In addition, 

exogenous calcium is essential for Drosophila egg activation in vitro (Horner and 

Wolfner, 2008a). Mature Drosophila oocytes cannot be fully activated in the absence 

of Ca2+ or when treated with the Ca2+ chelator BAPTA (1,2-Bis(2-aminophenoxy) 

ethane-N,N,N′,N′-tetraacetic acid tetrapotassium salt). Drosophila mutants in the sarah 

(sra) gene, which encodes calcipressin, a regulator of CN, lay eggs defective in many 

aspects of egg activation (Horner et al., 2006; Takeo et al., 2006). CN regulated cell 

cycle completion of Drosophila has been shown to be stimulated by the 

phosphorylation of sra (Takeo et al., 2010). Before activation, CN is kept inactive by 

the inhibitory binding of SRA (Figure 1.4 A). During Drosophila female metaphase 

arrest, SRA is sequentially phosphorylated by MAPK and GSK-3β, respectively. 

Phosphorylated SRA is then released from CN, once the eggs are activated. CN 

activation is triggered by binding of Ca2+/CaM, which dephosphorylates unknown 

substrates to allow the egg to resume meiosis and maybe also catalyze other activation 

events. Figure 1.4 B summarize a model for how sra overexpression suppresses CN.  

Given that sra only partially affects activation processes in Drosophila, I think 

the calcium signaling pathways, other than only the involving CN, may also be 
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Figure 1.4 Model of calcineurin regulation by SRA/RCN. (A) During 

Drosophila female meiotic arrest, calcineurin (CN) is inactivated by sra binding. Two 

serine residues of sra were sequentially phosphorylated by MAPK and GSK-3β 

pathways, respectively. These phosphorylations are essential to release sra. Upon 

activation, CN is activated by Ca2+/CaM binding, which dephosphrylate unknown 

substrate(s) to allow the cell cycle resumption. (B) overexpression of sra inhibits 

active CN. This provides a model of how sra overexpression suppresses CnAact 

phenotypes. Figure adapted from Takeo et al. (2010) 
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involved in Drosophila egg activation. Very little is known about the involvements and 

interactions of Ca2+-dependent molecules in Drosophila egg activation, so far only CN 

has been identified to be important. But studies in other organisms, such as mouse and 

Xenopus, focus on another Ca2+-depent protein kinase: CamKII. Both CN and CamKII 

are highly conserved Ca2+ effectors and are strictly regulated by CaM. However, there 

is no direct evidence in Drosophila to suggest that CaM and CamKII are involved in 

egg activation. It is also not clear if there is any relationship between these molecules 

in Drosophila egg activation. In this thesis, I examine the roles of all three Ca2+ signal 

players, CaM, CN and CamKII, in Drosophila egg activation (Chapter 2).  

 

1.3 The female-sterile mutant: prage (prg) 

Several Drosophila genes have been identified as regulating egg activation. These 

genes include cortex (cort), grauzone (grau) and sarah (sra) and wispy (wisp) (Cui et 

al., 2008; Horner et al., 2006; Page and Orr-Weaver, 1996; Tadros et al., 2003; Takeo 

et al., 2006). Eggs laid by females mutant in any of these genes proceed to normal (or 

relatively normal; wisp) mature oocyte stage before activation, but are defective in egg 

activation events later on. Cort encodes a Drosophila CDC20 which up-regulates the 

activity of anaphase-promoting complex/cyclosome (APC/C) and releases the meiotic 

cell cycle arrest upon activation (Chu et al., 2001; Pesin and Orr-Weaver, 2007; Swan 

and Schupbach, 2007). Grau encodes a transcription factor required for cort expression. 

Mutations in cort, like mutants in grau, cause abnormal metaphase arrest in meiosis II 

(Chen et al., 2000; Harms et al., 2000; Lieberfarb et al., 1996; Page and Orr-Weaver, 

1996; Swan and Schupbach, 2007). As noted above, sra encodes calcipressin, which is 

a regulator of the calcium-dependent phosphotase calcineurin. Eggs from sra mutants 

are defective in many aspects in egg activation (Horner et al., 2006; Takeo et al., 2010; 
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Takeo et al., 2006).  As described above, maternal mRNAs and proteins that are 

deposited into the developing oocyte regulate early development. Some of these 

maternal transcripts are activated by poly(A) addition; some are degraded during early 

embryogenesis. The eggs laid by wisp mutant mothers fail to destabilize those 

maternal transcripts (Tadros et al., 2003). Wisp encodes a cytoplasmic poly(A) 

polymerase (PAP) in the GLD-2 family, which regulates poly(A) tail length in eggs. 

Mutants in wisp result in eggs with several egg activation defects, including early cell 

cycle arrest and failure of bicoid mRNA polyadenylation and translation (Benoit et al., 

2005; Brent et al., 2000; Cui et al., 2008). WISP is needed for poly(A) tail elongation 

of maternal mRNAs, including bicoid, Toll and torso. However, it is not yet known 

how wisp activity is coordinated in terms of regulation by Ca2+ or regulation 

downstream activation events. 

Prg is a female-sterile mutant that was identified in the same screen as wisp. 

Eggs from prg mutant females have defects in mRNA translation, degradation and cell 

cycle completion, but the exact timing of their cell cycle arrest is still unknown.  Prg 

was first mapped to 1B4-1E2, a region that contains around 180 predicted genes 

(Tadros et al., 2003). Jun Cui further narrowed down the prg region to 1B10-13 by 

complementation testing with deficiencies from the Exelixis collection (Artavanis-

Tsakonas, 2004; Bonds et al., 2007; Parks et al., 2004). The endpoints of the 

deficiencies localized prg to a region containing 15 genes. Jun further found that only 

one deficiency, Df(1)BSC719/Binsinscy, failed to complement both prg16A and prg32 

mutant alleles. This narrowed the list of candidate genes for prg to only 10 genes. Jun 

sequenced both prg mutants in these 10 genes, and found that both prg16A and prg32 

have molecular lesions in CG14801, a predicated exonuclease, suggesting that this 

could be the prg gene. In Chapter 3, I further describe complementation analysis with 
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P-element insertion lines from the Bloomington Stock Center that confirmed the 

CG14801 as prg. Also, I report characterization of additional phenotypes of embryos 

of prg mutant females.   

  

1.4 Conclusion 

Egg activation is a complex and delicate process that enables the embryo to 

develop properly. It involves many pathways and molecules. Studies have focused on 

the Ca2+ signals that trigger activation and on kinases that are necessary for subsequent 

events (Figure 1.3). However, the link between these upstream signals and the 

downstream molecules that carry out activation is still unknown. My elucidation of the 

players and mechanisms in egg activation can be important in understanding the basis 

of their developmental transition.   

 

1.5 Thesis outline   

The purpose of present study was to identify the regulators/effectors that 

modulate egg activation and to explore the molecular activation pathway in Drosophila 

melanogaster. Part of my research concerned the sra/CN pathway. In Chapter 2, I 

examine three major downstream Ca2+ molecules that can be important for regulating 

Drosophila egg activation events. I first tested the effects of constitutively-active CN A 

subunit (CnAact) on Drosophila egg activation. I used the standard assays for testing 

egg shell hardening, meiosis resumption, bicoid polyadenylation and MAPK 

dephosphorylation (Cui et al., 2008; Horner et al., 2006). My results show that CN acts 

in some but not all activation events, suggesting the pathways that control those events 
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may be divergent, and that same effect differs in sra mutant versus CnAact. For 

example, sra mutant affects cell cycle and polyadenylation, while CnAact mutant has 

defects in cell cycle and MAPK regulation. My results confirm the involvement of CN 

in Drosophila egg activation. 

Because calmodulin (CaM) is the major modulator of CN, it is probably the 

upstream regulator of CN in modulating Drosophila egg activation (Horner et al., 2006; 

Takeo et al., 2006). I attempted to inhibit CaM and another CaM target, CamKII, using 

transgenic expression inhibitor peptides, but did not see abnormalities in egg activation. 

Possible explanations for this negative result will be discussed in the same Chapter. 

In Chapter 3, I began to characterize the prg gene, which is necessary for egg 

activation. I used complementation tests to confirm that CG14801 as prg gene. To 

assay expression pattern of prg, I performed RT-PCR for prg mRNA. Transcripts of 

prg were detected in both male and female adult flies, and expression increases 

throughout embyogenesis. I further characterized the prg effects in egg activation. 

Eggs lacking PRG function are abnormal in VM protein cross-linking, since most such 

embryos do not become bleach resistant. Further examinations are in the process to 

help dissect the mechanism that control egg activation.    
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CHAPTER 2 

 

CALCIUM SIGNALING PATHWAY IN DROSOPHILA EGG ACTIVATION 

 

2.1 Introduction 

Egg activation is a critical cellular event required to initiate development of a 

fertilized egg. It leads to the transition of fertilized mature oocytes into developing 

embryos. It is initiated by external signals. These signals are different in different 

animals. In most animals, such as vertebrates and most marine invertebrates, the 

fertilizing sperm triggers egg activation. In insects, however, egg activation is 

triggered by passage of the egg through the female reproductive tract (Heifetz et al., 

2001). Despite the diversity in initial triggers for activation, one response to those 

signals is well conserved: an increase of intracellular free calcium (Ca2+) levels in the 

egg. These changes in Ca2+ concentration are both necessary and sufficient for at least 

two egg activation events in mammalian eggs: cell cycle completion and cortical 

granule release (Chang et al., 2009). However, little is known about the molecular 

pathway downstream of the calcium rise that signals egg activation.  

Calmodulin (CaM), the calcium binding protein, plays a pivotal role in 

regulating cellular response of Ca2+ signaling in all eukaryotic cells (Andruss et al., 

2004). Increased Ca2+ levels in cells enhance the binding of Ca2+ to CaM, resulting in 

conformational changes of CaM. The activated CaM then triggers its downstream 

signal transducers. In mammals and Xenopus, two major CaM targets that have been 

reported to regulate parts of egg activation events are Ca2+/CaM-dependent protein 

kinase II (CaMKII) and calcineurin (CN) (Chang et al., 2009; Takeo et al., 2010).  

Calcineurin (CN) is a highly conserved phosphatase that responds strictly to the 

Ca2+ signal and CaM activity (Rusnak and Mertz, 2000). It is composed of two 
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subunits: the catalytic A subunit (CnA) and the regulatory B subunit (CnB). In 

mammals and yeast, regulators of calcineurin (RCNs) bind to CnA, and act as CN 

inhibitors when they were overexpressed (Fuentes et al., 2000; Kingsbury and 

Cunningham, 2000; Sanna et al., 2006). However, some studies suggested that RCN 

can be both activator and inhibitor of CN: it facilitates CN at low concentration, while 

it inhibits CN when it is overexpressed (Hilioti et al., 2004; Mehta et al., 2009). 

Previous study showed that egg activation in Drosophila requires calcipressin, an RCN 

(Horner et al., 2006; Takeo et al., 2006). Eggs of sarah (sra) mutant females, which 

lack calcipressin, are defective in many aspects of egg activation. Takeo et al. (2010) 

demonstrated that sra is required to positively regulate CN and promotes female 

meiosis in Drosophila, since the phenotypes of dominant-negative CnA mutants 

(CnADN) are enhanced when sra activity was reduced (Takeo et al., 2010). Although 

how RCNs regulate CN in terms of egg activation is unclear, these results indicate the 

importance of the role of CN and its regulators in triggering downstream pathways of 

egg activaion. Given that CN is essential for egg activation in Drosophila (Horner et 

al., 2006; Takeo et al., 2006), we hypothesize that CaM-CN pathway could also be 

important.  

Another major target, and transducer, of calcium regulation is CamKII. 

Previous studies also uncovered a relationship between cell cycle resumption and 

CamKII regulation in vertebrates (Lorca et al., 1993). Using Xenopus egg extracts, 

Lorca et al. found that the inactivation of MPF and destruction of cyclin protein were 

controlled by CamKII activity. Constitutively-active CamKII mouse eggs triggered 

several egg activation events even in the absence of an elevated Ca2+ level (Knott et al., 

2006). CamKII is also required for CG exocytosis and polyadenlyation in mouse, since 

the inhibition of CamKII blocks these processes (Atkins et al., 2004; Tatone et al., 

1999). Whether Drosophila CamKII has similar importance in egg activation is 
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unknown. Therefore, the CaM-CamKII pathway is another candidate for studying egg 

activation in Drosophila. Standard genetic assays cannot be used to examine the roles 

of CaM and CamKII in Drososphila egg activation, as will be presented in the Results 

and Discussion in this Chapter.     

To continue dissecting the role of CN in triggering the egg activation, I have 

characterized phenotypes of eggs laid by females expressing CnAact in the germline. 

As noted above, Drosophila CN is composed of two subunits, CnA and CnB. In 

Drosophila, three genes encode CnA (CanA1, Pp2B-14D and Can-14F) and two genes 

encode CnB (CanB and CanB2). Takeo et al. (2006) showed that only Pp2B-14D, 

Can-14F and CanB2 are expressed in early embryos and ovaries, and presumably 

function in female germline (Takeo et al., 2006). CnAact was created from Pp2B-14D 

by inserting a stop codon at C terminal part of the gene, which results in an active form 

of CnA (Takeo et al., 2006). I report here that many molecular aspects of egg 

activation events are blocked in CnAact eggs, although membrane cross-linking and 

polyadenylation of maternal mRNAs occur normally. This indicates that CN is 

involved in Drosophila egg activation and different events of egg activation may be 

controlled independently. To determine the role of CaM and CamKII, I assessed the 

female hatchability by using inhibitors to block their functions in eggs. I was unable to 

detect effects of expression of these inhibitors in female hatchability; possible 

explanations for my results will be discussed. 

 

2.2 Materials and Methods 

Fly stocks: All Drosophila melanogaster stocks were raised on yeast-glucose-

agar medium at room temperature (23±2°C) in a 12 hr light: 12 hr dark day circle. 

Either the P2 strain of Oregon R or w1118 was used as the wild-type stock. A stock 

yielding CnAact transgenic flies, nanos-GAL4 (nos-GAL4), UASp-Pp2B-14Dact /TM3, 



22 
 

was kindly provided by Satomi Takeo and Toshiro Aigaki, Tokyo Metropolitan 

University, Japan. Transgene expression was driven with either nos-GAL4 (Van Doren 

et al., 1998) or maternal  tubulin-GAL4 (mat-GAL4; line 7062 from Bloomington 

Stock Center) (Hacker et al., 1997). In addition, our lab previously generated 

transgenic lines to express inhibitor peptides for CaM or CamKII: 1) “KA” inhibitor 

peptide sequence for CaM (VanBerkum and Goodman, 1995): 

QKDTKNMEAKKLSKDRMKKYMARRKWQKTGHAVRAIGRLSS. 2) “Ala” 

inhibitor peptide sequence for CamKII (Griffith et al., 1993): 

RSTVASMHRQEAVDCLKKFNARRKLKGA. Our lab moved sequences encoding 

each peptide into the germline expression vector pUASP (Rorth, 1998) and generated 

stable homozygous transgenic lines for these. To drive peptides in oogenesis, I crossed 

these flies either to nos-GAL4 or mat-GAL4 and hatchability of the eggs laid by those 

progeny was examined. 

In vitro egg activation: The protocol of in vitro egg activation is modified 

from Page and Orr-Weaver (1997). Stage 14 mature oocytes were dissected from 

ovaries of 3-5 days old virgin females in hypertonic Isolation Buffer (IB); eggs in IB 

remain inactivated. The dissected oocytes were then incubated in hypotonic Activation 

Buffer (AB) for 25 min to activate the eggs (AB was removed and replaced with fresh 

AB every 5 min). Activated oocytes were then selected in 50% bleach (Page and Orr-

Weaver, 1997).      

Bleach assay: Bleach assay is also called Vitelline membrane hardening assay 

(Horner et al., 2006). Basically, the proteins within vitelline membrane become cross-

linked in activated eggs. This change makes eggs resistant to lysis by bleach since the 

small HClO3 molecules cannot get through the VMs. In contrast, the VMs of 

unactivated oocytes are cross-linked and thus can be penetrated by bleach. Unactivated 

eggs incubated in 50% bleach lyse within 2 min. Embryos from females 3-5 days after 
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mating with wild-type Oregon R P2 males were collected on grape juice-agar media. 

The embryos then washed off from media plates with egg wash buffer (0.4% NaCl, 0.2 

% Triton X-100). The collected embryos were placed into 50% bleach for 2 min and 

rinsed with water. The number of bleach resistant and lysed eggs was recorded. 

  Immunostaining of ovaries and embryos: Laid eggs were obtained as 

previously described (Horner et al., 2006). The dechorionated embryos were fixed in 

methanol/heptane. Fixed embryos were stored in 4°C in methanol. Fixed eggs were 

rehydrated in 1XPBST (1XPBS with 0.1% Triton X-100) with 5 min wash each for 

three times, prior to immunostaining. Ovaries from aged females were dissected and 

fixed in 4% fresh paraformaldehyde. A monoclonal mouse anti-α-tubulin (Sigma, St 

Louis, MO) antibody containing 5µg/ml RNAase (Roche Applied Science, 

Indianapolis, IN) was used at a 1:400 dilution in PBST, ovaries or embryos were 

incubated with this antibody, at 4°C overnight. The eggs were washed in PBST three 

times for 5 min each the next day. Then secondary antibody, Alexa Fluor 488-

conjugated goat anti-mouse antibody (Invitrogen, Carlsbad, CA, USA) was added, at a 

dilution of 1:200 in PBST, for 2 hr in dark at room temperature. Eggs were washed in 

PBST five times. During the last wash, propidium iodide (Invitrogen) at a 

concentration of 10µg/ml was added to stain the DNA. Stained eggs were mounted on 

glass microscope slides in 75% glycerol containing 940 mM n-propyl gallate. Samples 

were analyzed using confocal microscopy [Leica TCS SP2 system equipped with an 

argon-krypton laser and coupled to a Leica DMRBE microscope (Leica Microsystems, 

Germany)]. 

Western blot analysis: Samples were collected for western blotting and 

prepared as described in (Horner et al., 2006). Samples were lysed in 20 µl protease 

and phosphatase inhibiting homogenization buffer and 20 µl of sample buffer was then 

added. Samples were run on 10.6% polyacrylamide gels. The proteins we transferred 
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to memberanes for western blot and  incubated with anti-pERK (1:1,000), anti-p38 

(1:500), anti-pJNK (1:250), anti-total ERK (1:1,000) and anti-tubulin (1:10,000) 

(Sigma) according to procedures in Sackton et al. (2007). Blots were incubated with 

Secondary antibody, and processed for visualization with either ECL or ECL+. Signal 

intensity was quantified and adjusted using image J (http://rsbweb.nih.gov/ij/). 

Poly (A) tail assay: Oocytes from 20 aged virgin females (control and CnAact 

expressing) were dissected and collected for each sample. 500-1000 embryos for the 

desired period of time were collected as described above. Total RNA was extracted 

with TRIzol (Invitrogen). PCR-based PAT assays were conducted as described in (Cui 

et al., 2008). Poly(A) tails of mRNAs were saturated by incubating in the cocktail with 

20 ng 5’-phosphorylated oligonucleotide p(dT)18. The p(dT)18 was ligated together in 

the presence of 10 units (Weiss) of T4 DNA ligase (Fermentas, Glen Burnie, MD) to 

generate a complementary copy of the poly(A) tail. The poly(A) tails were then ligated 

with poly(T) when adding 200 ng oligo(dT)12-anchor. The mRNAs were reversed 

transcribed to synthesize PAT cDNA. PCR was used to detect the length of poly(A) tail 

of the mRNA. Sequence of primers for bicoid and oligo(dT)12-anchor were described 

as (Salles and Stricker, 1995). PCR products were run on 1.5 % agarose gel.  

Hatchability assay: Virgin females of inhibitor peptide (IP) (nos-/ mat- GAL4; 

UASP-IP), and w1118 males were collected. For a hatchability assays, 3-5 day-old 

females were mated with desired males in a vial. The male was removed after mating, 

the female was allowed to lay eggs for 24 hr. Females were transferred into new vials 

every 24 hr for 5-10 days. The number of eggs and the number of progeny was scored.  

RNA preparation and RT-PCR: Samples were collected as described above, 

and homogenized in 1 ml Trizol Reagent (Invitrogen). 0.25 ml choloroform was added 

to the samples, which were then shaken vigorously, and incubated for 3 min at room 

temperature. After centrifugation for 15 min at 12,000 rpm, 4 C, supernatants were 
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mixed with equal volumes of isopropanol, and then incubated at room temperature for 

15 min. RNA was precipitated by another 12,000 rpm centrifugation at 4 C for 20 min, 

washed with 75% ethanol and stored at -20 C before use. The total RNA was treated 

with 1 µl DNAase for 30 min at 37 C (Promega, Madison, WI, USA) to remove 

genomic DNA. The amount and quality of the total RNA were determined by 

measuring the absorbance at 260 nm and 280 nm with a NanoDrop 2000c 

spectrophotometer (Thermo, Waltham, MA, USA). 

For cDNA synthesis, 5 μg of total RNA was reverse transcribed in a final 

volume of 20 μl containing 0.5 mM dNTPs, 2.5 μM oligo (dT)18, 5 mM dithiothreitol, 

and 200 units superscript reverse transcriptase III (Invitrogen) for 50 min at 42 C and 

followed an 15 min incubation at 70 C. For PCR amplification, 1 μl cDNA was used 

as template in a 25 μL final reaction volume containing 0.25 mM dNTP, 1.25 units 

Gen-Taq polymerase (Genemark, Taipei, Taiwan), and 0.2 μM of each primer. The 

primer sets for the PCR of inhibitor peptides were:  

UASp forward: 5’- GGCAAGGGTCGAGTCGATAG -3’ 

K10 reverse: 5’- TGGTGCTATGTTTATGGCGC -3’ 

Ala forward-3: 5’- GGCCGTGGACTGCCTGAA -3’ 

KA reverse-2: 5’- CCTCCTATTGCTCGGACAGC -3’ 

rp4 forward: 5’- AGTATCTGATGCCCAACATCG -3’; reverse 5’- 

TTCCGACCAGGTTACAAGAAC -3’  

PCR for rp49 was used as the internal control to evaluate the relative amounts of 

cDNA. 

Genomic DNA extraction: The protocol was based on the method described by 

(Baker, 1983). 10 male flies were collected and stored on ice. 100 μl of grinding buffer 

was added, and the flies were ground with a pestle. Another 100 μl grinding buffer was 

then added, while the samples were kept on ice. Samples were then incubated at 70 C 
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for 30 min, and then centrifuged for 2 min at 7500 rpm. 100 ul supernatant was then 

mix with 35 μl 8M KOAc and put on ice for 30 min. Samples were centrifuged for 10 

min at full speed. To the supernatant 150 μl isopropanol was added and mixed gently 

by inverting the tubes for several times at room temperature, for 5 min. Pellets were 

precipitated by 10 min centrifugation at full speed. The pellets were rinsed with 70% 

ethanol and then centrifuged for 1 min at full speed. Supernatants were removed and 

water was added to pellets immediately. Dissolved pellets incubated at 65 C with 1 μl 

RNAase A for 20 min. 1 μl genomic DNA was used for PCR. The amplicons were all 

sequenced (Cornell Life Science Core Laboratories Center) to make sure that the 

insertions encoded the desired peptide fragments. 

Statistics: All data are presented as means ± SE. Statistical significance of 

differences among mean values was tested using an analysis of variance (Chi-square 

analysis). 

 

2.3 Results and Discussion 

Vitelline membrane protein cross-linking in eggs from CnAact mutant occurs 

normally 

Although CnAact mutant females lay eggs, those eggs never hatch. To examine 

the underlying defects in those eggs, I examined several egg activation events. The 

morphologies of CnAact mutant ovaries and laid eggs appear normal. To investigate 

vitelline membrane (VM) protein cross-linking, 0-2 hr eggs laid from either CnAact/+ 

(mutant) or TM3/+ (sibling control) females were collected on the grape juice-agar 

media. The number of eggs was scored before and after 2 min incubation in 50% 

bleach. The egg coverings of Drosophila become impermeable to bleach upon 

activation, so bleach-treated activated eggs remain intact and do not lyse. In contrast, 

eggs that are not activated properly will lyse within 2 min in 50% bleach.  
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In this experiment, 97.5% of TM3/+ (N=499) eggs were resistant to 50% 

bleach. 96.2% of CnAact/+ (N=788) eggs were also resistant to bleach. Thus, VM 

proteins appear to cross-link normally in CnAact/+ mutants relative to control, since the 

difference between control and CnAact mutants is not statistically significant (X2=0.009, 

p>0.05, Figure 2.1 and Table 1). This result is consistent with observation of normal 

bleach-resistance in eggs of sra mutants, indicating that VM cross-linking may not 

regulated by CN. It also agrees with previously studies that VM modification can 

occur independently of other known egg activation events, such as bcd mRNA 

translation and other maternal transcripts’ degradation (Page and Orr-Weaver, 1996; 

Tadros et al., 2003; Tadros and Lipshitz, 2005).          

Embryos from CnAact mutant females arrest early  

To further investigate the defect that causes the eggs of CnAact females to fail to 

hatch, I examined another aspect of egg activation: cell cycle progression. I used 

immuofluorescence microscopy to image and assay the phenotypes of these eggs. 

TM3/+ control and CnAact mutant virgin females were mated to w1118 wild type males, 

and 0-2 hr and 2-4 hr laid eggs were collected. Eggs were fixed and stained with the 

mouse anti-α-tubulin antibody to reveal the spindles, and with propidium iodide to 

visualize the chromosomes.  

In Drosophila embryogenesis, the two meiotic divisions of the eggs nucleus are 

completed 25 min of egg activation. Male and female pronuclei are formed and 

together enter into mitotic cell cycle. After around 9 syncytical mitotic divisions, some 

nuclei start to move peripherally toward the oocyte membrane; a few stay centrally to  

form vitellophages. About 1.5 to 2 hr after, the peripheral blastoderm nuclei become 

very clear and discernible. In Figure 2.2A and 2.2B, most of the control embryos 

progress normally through syncytical divisions and show normal orderly blastoderm 

nuclei localization. In contrast, very few eggs from CnAact/+ females process into 
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          Figure 2.1 Presence of constitutively-active form of calcineurin A subunit 

(CnAact) does not affect vitelline membrane (VM) cross-linking. Embryos from 

CnAact females have normal bleach resistance compare with control. The control here 

is embryos laid by TM3/+ siblings of CnAact females. Numbers are listed in Table 1. 

(p>0.05, Chi-square analysis).  
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Table 1 In vivo VM egg-covering hardening. 0-2 hr eggs were collected from 

either control or mutant females. The eggs were then put into 50% bleach for 2 min. 

Percentage indicates the number of eggs that resistant to bleach. (X2=0.009, p>0.05) 
 

 

 

 

 

 

 

 

 

Female genotype No. of Eggs Resistant to bleach Percentage 

TM3/+ 512 499 97.5 

CnAact /+ 815 788 96.2 
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mitotic stages. 47/53 of 0-2 hr CnAact embryos were arrested during meiotic stages and 

did not undergo any mitotic division (Figure 2C and 2D, Table 2). The other 6/53 

embryos appeared to complete meiosis but showed defects in syncytical divisions 

(Figure 2D and 2E, Table 2). To verify the arrest in later stages, I also examined 2-4 hr 

laid eggs from both control and mutant mothers (Table 2). Consistent with what I 

observed in 0-2 hr eggs, eggs laid by control females developed as expected for 2-4 hr 

embryos: most were undergoing division and gastrulation. In contrast, none of the eggs 

laid by CnAact females progressed into gastrulation.  These indicate that mutant eggs 

fail to undergo mitotic division, and these defects probably affect early meiotic stages.    

 Polyadenylation of bicoid mRNA is normal in CnAact mutant embryos 

Eggs from sra mutant females fail to fully polyadenylate bicoid (bcd) mRNA 

(Horner et al., 2006). Therefore, I wanted to determine whether direct regulation of CN 

also modulates the poly(A) tails of Drosophila maternal mRNAs such as bcd during 

egg activation. Translation of bcd mRNA upon egg activation is necessary for the 

anterior development of Drosophila embryos (Driever and Nusslein-Volhard, 1988). 

Maternal bcd mRNA remains untranslated in mature oocytes; upon activation, the 

length of bcd mRNA poly(A) tail is extended and BCD translation can occur (Salles et 

al., 1994; Surdej and Jacobs-Lorena, 1998).  

To determine if CnAact mutant affects polyadenylation of maternal bcd mRNAs, 

I used a PCR-based poly(A) test (PAT) (Salles et al., 1994) to detect the length of 

poly(A) tail before and after egg activation. Ovaries and 0-2 hr embryos were collected 

from CnAact/+ mutant females. Eggs from sibling females with one copy of the TM3 

balancer chromosome (TM3/+) were used as controls. In TM3/+ control ovaries, the 

bcd poly(A) tail is about 70 nt long; upon activation, its length increases to about 140 

nt (Figure 2.3). The smeared bands in embryos are because they are a mixture of 

embryos from different stages, which contain different poly(A) tail lengths (Cui et al., 
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2008). Bcd poly(A) tail lengths of these embryos from CnAact/+ mutant females show 

no difference from controls: the bcd poly(A) tail length also changes from ~70 nt in 

ovaries to ~140 nt in activated eggs.  

These results contrast with those reported for embryos from sra mutant females, 

which shows defective poly(A) tail elongation (Horner et al., 2006). This indicates that 

sra may not solely act as an inhibitor of CN in modulating poly(A) tail extension, 

because if sra inhibits CN, then the phenotypes of eggs laid by a CnAact mutant should 

be similar to those laid by a sra null mutant. It is difficult to interpret my finding of 

polyadenlyation modulation in both sra and CnAact eggs upon activation. Also, our 

present understanding of CN in Drosophila egg activation cannot fully explain how 

sra/CN regulates the extension of poly(A) tail. Mochida and Hunt (2007) postulate that 

CN activity transiently increases after Ca2+ injection and then decreases around the 

time of activation in Xenopus, suggesting that it is critical to regulate CN activity. The 

model presented by Takeo et al. (2010) indicates that phosphorylation states of sra 

affect activation and inhibition of CN. Therefore, I hypothesize that SRA functions as 

both inhibitor and activator of CN. In sra null mutant, CN cannot be properly 

regulated to control polyadenylation, thus causes inability of poly(A) tail elongation 

and maternal mRNA translation (Figure 2.4A); in contrast CN in CnAact eggs is 

activated all the time, and at high level. Thus, sra may act to inhibit/balance CN 

activity, and bring it back to a normal level, which then allows the progression of 

poly(A) tail elongation upon egg activation (Figure 2.4B). This simplified model does 

not exclude the involvement of other mechanisms/pathways, it simply providing one 

possible explanation for poly(A) tail regulation. The exact mechanisms of how the CN 

signal, and sra, relate to poly(A) tail extension upon egg activation, including what 

other molecules are involved in this regulation, is likely to be more complicated and 

awaits further exploration.                                       j          
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          Figure 2.2 Meiotic cell cycles of CnAact embryos are arrested. 

Immunostaining of microtubules (Green, stained with anti-α-tubulin) and DNA (Red, 

stained with propidium iodide). (A) 0-1 hr control embryos undergo mitotic divisions, 

and blastoderm nuclei were arranged in an orderly fashion under the plasma membrane. 

(C and E) fertilized eggs from CnAact /+ mutant mothers were defective in mitotic cell 

cycle progressions. (B, D and F) images zoom in from (A, C and E), respectively. The 

majority of eggs from CnAact /+ mothers have no blastoderm nuclei as in (C) and (D). 

For (E) and (F), mutant eggs appear to complete meiosis, but somehow defect in 

syncytial divisions. Numbers are listed in Table 2. Scale bar: 10 µm.    
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Table 2 Cell cycle arrest in developmental stages of 0-2 and 2-4 hr eggs. 

Laid eggs were collected and fix from either control or mutant females. The eggs were 

then stained with propidium iodide and mouse anti-α-tubulin. Stages were assayed 

based on embryo configuration and chromosome states.  
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          Figure 2.3 bicoid mRNA polyadenylation appears normal in embryos from 

CnAact mutant females. Total RNA was extracted from ovaries and 0-2 hr embryos 

from female flies of the indicated phenotypes. TM3/+, the sibling control. The changes 

of poly(A) tail lengths were examined with PCR-based PAT assays as described in the 

text. Tails lengths were estimated based on molecular size marker. Poly(A) tail length 

of bcd mRNA in CnAact (left) appears the same as in control (right).   
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Figure 2.4 A model for poly(A) tail regulation by CN activity in sra and 

CnAact mutants. (A) Null mutations in sra gene cause the inability to activate or 

repress CN. The failure of CN regulation during Drosophila egg activation leads to 

inability of poly(A) tail extension and mRNA translation. (B) In CnAact mutants, CN is 

activated all the time. However, a normal poly(A) tail addition upon activation was 

observed, suggesting that CN activity may be reduced/regulated by sra (or by other 

signaling pathways) to a normally functional level before or upon egg activation. And 

this inhibitory regulation is essential for modulation of Drosophila polyadenylation.    
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MAPK is dephosphorylated prematurely in mature oocytes of CnAac t mutant   

In Drosophila, levels of active- (phosphorylated-) forms of Mitogen-Activated 

Protein Kinase (MAPK) are highly elevated in mature oocytes. The 

activity/phosphorylation levels decrease upon activation without changing total 

amount of MAPK protein (Sackton et al., 2007). There are three MAPKs in 

Drosophila: extracellular signal-related kinase (ERK), Jun N-terminal kinase (JNK) 

and p38. ERK, JNK and possibly p38 all show dephosphorylation upon egg activation. 

The changes of MAPK activities between mature oocytes and activated embryos 

suggest that MAPK plays an important role in regulating Drosophila egg activation.  

Studies in sea urchin eggs show that inactivation of MAPK activity is linked to, 

and likely caused by, activation of a phosphatase (Kumano et al., 2001), and there are 

at least two phosphatases involved in MAPK inactivation in Xenopus (Sohaskey and 

Ferrell, 1999). Though those phosphatases remain unidentified, there is some evidence 

suggesting association between the phosphatase calcineurin (CN) and the MAPK 

pathway. For example, the activation of CN leads to dephosphorylation of p38 in 

mouse heart (Lim et al., 2001). It is still unclear how CN interact with MAPK, but CN 

may act to dephosphorylate MAPK as it does for mammalian nuclear factors of 

activated T cells (NFATs) (Aramburu et al., 1998; Gwack et al., 2007; Jain et al., 1993). 

If so, the constitutively expressed CN should prematurely dephosphorylate (inactivate) 

MAPK regardless upstream signals. Therefore, I asked whether MAPK 

phosphorylation was affected in CnAact mutant, and whether this affects and causes 

egg activation in Drosophila oocytes.   

To determine if CnAact affects MAPK activity at or before egg activation, I 

examined the amount of phospho-ERK in oocytes or embryos of CnAact-expressing 

females, relative to oocytes or embryos of the TM3/+ control sibling females. In the 

TM3/+ control, levels of phospho-ERK are high in mature oocytes and low in 
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activated eggs, consistent with the decrease of MAPK activity upon activation reported 

by Sackton et al. (2008) (Figure 2.5A). In contrast, levels of phospho-ERK in CnAact 

mutant mature oocytes are low, approximately at levels comparable to those in control 

embryos; the levels of phospho-ERK do not differ between mutant mature oocytes, 

mutant embryos and control embryos (Figure 2.5A and Figure 2.5B). This suggests 

that ERK (MAPK) is prematurely dephosphorylated in oocytes by constitutively-active 

CN in CnAact females, and thus that activation of CN normally play a role in down-

regulating ERK (MAPK) activity during oogenesis. Unfortunately, I was unable to 

obtain clear results for the phospho-levels of JNK or p38 (CnAact and control) (data not 

shown). 

 This result raises the question about the relationship between CN and MAPK 

regulation. Takeo et al. (2010) shows that CN is positively regulated by sra in 

Drosophila (Takeo et al., 2010). In one simple hypothesis, if sra activates CN, and CN 

causes MAPK dephosphorylation, then I should not get MAPK dephosphorylation in 

sra mutants; in contrast, I should get premature inactivation of MAPK in CnAact 

mutants. My result of CnAact mutants agrees with this hypothesis and suggests that CN 

is responsible for MAPK dephosphorylation. Intriguingly, Sackton et al. (2007) 

presented data against this hypothesis: These authors found that sra does not affect 

MAPK levels during Drosophila egg activation. Therefore, the regulation of MAPK 

could be more complicated. For example, If sra sometimes activates CN, and 

sometimes represses it (or other pathways are redundant for sra/CN regulation), then 

the inactivation of sra may not have any effect on MAPK regulation. As noted earlier, 

CamKII is associated with at least one egg activation event in Xenopus (Lorca et al., 

1993). It is possible that Drosophila CamKII may coordinate with CN and also plays a 

role in MAPK dephosphorylation (Figure. 2.6). In this model, embryos from sra 

mutants would have normal MAPK phosphorylation/ dephosphorylation patterns 
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because CamKII compensates for CN function during egg activation; while in CnAact 

mutants, constitutively-active CN leads to dephosphorylation of MAPK even before 

egg activation.  

 

Inhibitors of CaM and CamKII did not affect female fertility       

In egg activation studies, two proteins that are regulated by Ca2+-CaM are of 

particular interest: the protein phosphatase calcineurin (CN) and the Ca2+/calmodulin-

activated kinase II (CamKII) (Griffith, 2004).  As discussed above, CN is important for 

several egg activation events in Drosophila (Horner et al., 2006; Takeo et al., 2006), 

and in Xenopus (Mochida and Hunt, 2007). CamKII has been shown to be essential for 

several egg activation events in mouse and Xenopus as well (Ducibella et al., 2006). 

Vanessa Horner (unpublished data) obtained preliminary data suggesting that CamKII 

activity might increase upon egg activation in Drosophila. She assessed the amount of 

phospho-T287, which is a conserved residue on CamKII that is auto-phosphorylate 

itself when CamKII is activated. Using antibody specific to that site, she found that 

pT287 levels increased upon activation. Calmodulin (CaM) is pivotal in regulating 

both CN and CamKII. Therefore, study of the roles of CaM and CamKII is necessary 

for understanding how Ca2+ functions in Drosophila egg activation. 

Several genetic approaches can normally be used to explore the function of 

genes in egg activation. For CaM and CamKII, however, there are many difficulties 

with these approaches. First, null mutations in both CaM and CamKII genes are lethal. 

Both proteins are involved in many different molecular processes throughout the life of 

the organism (Johnson et al., 2002; Wang et al., 2003). To obtain a phenotype, one 

would need clones in the germline. However, there are problems for germline clonal 

analysis. Drosophila has only one CamKII gene but it is located on chromosome 4 

(Andruss et al., 2004). Chromosome 4 is very tiny and no FLP site has been 
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          Figure 2.5 Change in levels of phospho-ERK levels during Drosophila egg 

activation. The levels of active (phospho‑) forms of ERK and ERK protein levels 

(total ERK) were examined with western blotting. Total ERK protein is an internal 

loading control. TM3/+ are the siblings of the CnAact mutant females used here, and 

serve as controls. In control, levels of active ERK decrease when the oocytes are 

activated and transition into embryos (compare 3rd lane and 4th lane of Fi.g A). 

Phospho-ERK levels are severely decreased in mutant oocytes compared with control 

oocytes (compare 1st and 3rd lanes of Fig A), and there is no significant change of 

active ERK levels between mutant oocytes and embryos (compare 1st and 2nd lanes of 

Fig. A).  B, quantification of phosphor-ERK levels relative to total ERK activity. Data 

are presented as means ± SE. Western blots were scanned and were analyzed by Image 

J software. Levels of phospho‑ERK were normalized to total ERK. Results shown are 

the average of four biological repeat experiments. Levels of phospho-ERK show 

around 6-fold decrease during the transition from control oocytes to control embryos. 

However, the levels of phospho-ERK stay the same, and low, in both CnAact mutant 

oocytes and embryos. Moreover, in mutant oocytes or embryos, levels of phospho-

ERK are as low as the control embryos, indicating that CnAact mutant affects the states 

of phosphorylation of MAPK pathway.  
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Figure 2.6 A diagram for proposed MAPK dephosphorlation regulation by 

Ca2+ signaling pathways in Drosophila. SRA activates CN during female meiosis 

(Takeo et al. 2010). Upon egg activation, Ca2+/CaM , together with sra, bind to and 

activates CN, which leads to the dephosphorylation of MAPK (ERK). In sra mutants, 

CN cannot be positively regulated by sra, which may keep CN silent at egg activation. 

However, in this model a Ca2+/CaM triggered CamKII pathway compensates for CN, 

in the regulation of MAPK, leading to normal MAPK activity. In CnAact mutants, CN 

activity is high before or after egg activation. The overall signaling causes a premature 

dephosphorylation of MAPK in CnAact mature oocytes.        
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engineered within it. Thus germline clonal analysis has not been possible for CamKII. 

One gene in Drosophila encodes CaM (Doyle et al., 1990), and germline clones of a 

null mutant were created by Andruss et al. (2004) using FLP-dominant female sterile 

technique (Perrimon et al., 1996). Surprisingly, they found that CaM-deficient 

germline clones do not totally eliminate CaM from early embryos (Andruss et al., 

2004). The authors hypothesized that this could due to movement of CaM into 

germline cells from other cells. Thus, no CaM mutant germline clones could be 

obtained. I sought to use a different approach to test the role of CaM and CamKII in 

the germline - expressing peptides that inhibited of those proteins.  

CaM is the major intracellular receptor of Ca2+. It contains four EF-hand motifs, 

which bind to Ca2+ ion. After Ca2+ binding, a conformational change causes 

hydrophobic methyl groups on CaM’s methionine residues to become exposed. These 

hydrophobic surfaces bind to Basic Amphiphilic Helices (BAA helices) on the target 

protein and remove autoinhibitory domains from the target proteins’ catalytic site. The 

interactions are critical for activation of CaM’s target proteins (Weinstein and Mehler, 

1994). Studies showed that synthetic peptides analogs of this regulatory domain of 

CaM are effective inhibitors of CaM activity (McCarron et al., 1992; VanBerkum and 

Means, 1991). VanBerkum and Goodman (1995) generated a transgene that expressed 

one of such peptides, kinesin-antagonist (KA), in Drosophila that binds to and blocks 

CaM. They showed that KA disrupted CaM binding to target proteins in Drosophila 

neurons (VanBerkum and Goodman, 1995). So, to inhibit CaM in oocytes, we sought 

to express KA in the germline.   

CamKII is a major substrate of CaM which is composed of an N-terminal 

catalytic domain, a regulatory domain, and an association domain. The catalytic 

domain is autoinhibited by its regulatory domain until the activation by 

Ca2+/calmodulin. Once activated by Ca2+/calmodulin, CamKII autophosphorylates 
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itself (Lisman, 1985). Peptide analog of this autoinhibitory domain were created in 

Drosophila based on mouse CamKII α-subunit: alanine (Ala) inhibitory peptide 

(Griffith et al., 1993). This peptide was shown to inhibit CamKII action in neurons, by 

Griffith lab (Griffith et al., 1993). So, to inhibit CamKII, we sought to express Ala in 

oocytes.  

Before I joined the Wolfner lab, they had acquired flies carrying UAS-KA and 

UAS-Ala from M. VanBerkum and L. Griffith, respectively. An undergraduate, Kritika 

Kumar and three graduate students (K. Sackton, J. Cui and V. Horner) had used PCR to 

move the sequences from pUAST to germline expression vector pUASP, and they had 

generated transgenic flies carrying the UASP-peptide expression constructs. They 

produced three independent UASP-KA and nine UASP-Ala lines. I mated females 

from those lines with males carrying either nos-Gal4 or maternal tubulin (mat)-Gal4 

germline-specific drivers; I obtained similar levels of germline expressions with both 

drivers (Figure 2.7A). I used RT-PCR to examine expression of the peptide-encoding 

RNA in all 12 lines. I found that all CamKII lines exhibit and express Ala inhibitory 

peptide (expression data shown in Figure 2.7A and B). However, only two of the three 

CaM lines (CaM 27A and CaM 25A) appeared to express the KA fragment (data not 

shown). Unfortunately, both lines expressed an RNA encoding a truncated KA peptide, 

having only 20 a.a. compared with full length 41 a.a. (KA peptide: 

QKDTKNMEAKKLSKDRMKKYMARRKWQKTGHAVRAIGRLSS; truncated KA 

shown by the underline). As expected by those not expressing full KA sequence and 

thus likely not inhibiting CaM, CaM27A and CaM25A did not affect female 

hatchability (Figure 2.7A and Figure 2.8). All nine CamKII inhibitor lines that express 

fully Ala inhibitory peptides, showed no effect on Drosophila female hatchability as 

well (Figure 2.7B and Figure 2.8). This negative result could due to many reasons:  

First, the CamKII pathway may not be involved in Ca2+ triggered egg activation events. 
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Figure 2.7 Presence of CaM and CamKII inhibitory peptides. (A) Inhibitor 

peptide (IP) females were mated with either nos-Gal4 (nos) or maternal tubulin-Gal4 

(mat) males. Total RNA was extracted from the ovaries of 3-5 day-old female progeny. 

mRNA were reversed transcribed into cDNA for PCR analysis. Rp49 is a positive 

control for cDNA quality. w1118 x mat was used as a negative control for IP. Three 

CaM-inhibitory (UASP-KA) lines (25A, 27A and 30B) driven by two different drivers 

were tested, as indicated on the figure. Lines 25A and 27A show KA expression, but 

these expressions are incomplete in their sequences. The primer set used for examining 

KA peptide was UASPf and KAr (Green). Sequences of primers were listed in the text. 

No difference detected between two germline specific drivers. (B) The same 

experiment with CamKII IP lines. The figure shows only two out of nine CamKII-

inhibiotry (UASP-Ala) lines driven by mat driver. The primer set used for examining 

Ala peptide was Alaf and K10r (Red). Sequences of primers were listed in the text.   
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 Figure 2.8 Assay of Drosophila hatchability in CaM and CamKII 

inhibitory peptide lines.  Inhibitory peptide (IP) virgin females (nos-GAL4; UASP-

KA or Ala) or control w1118 virgin females were mated with w1118 males. Single mated 

females were transferred into individual new vial every 24 hr for 5 days. Eggs laid by 

those females were scored after each transfer, and progenies were also counted. 

Hatchability rate was calculated by the formula: number of progeny/numbers of eggs. 

w1118 is a positive control. There is no significant difference in hatchability of eggs 

between IP lines and control. The experiment was repeated with the maternal tubulin-

GAL4 driver, and results from that experiment were like those shown here. N=6. 
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Alternatively, other regulators or molecular pathways may also act redundantly with 

CamKII and may thus compensate for any inhibitions of CaM and CamKII. Third, Ala 

peptides may not have been expressed at a sufficient level to totally block CamKII 

function. This is likely because a low level inhibition of Ala peptide (~15-25%) was 

detected previously (Griffith et al., 1993). CamKII pathway is critical for many 

molecular processes, so the inhibitory level may not be enough to disrupt CamKII’s 

function. Thus, remaining CamKII could still respond to Ca2+ signaling and to regulate 

downstream mechanisms.        

 

2.4 Conclusion 

I have shown that eggs laid by CnAact-expressing mothers are defective in 

several but not all aspects of Drosophila egg activation events, suggesting that some 

Ca2+ signals for activation are probably partially transduced through 

calmodulin(CaM)-calcineurin(CN). I showed that CN is necessary for cell cycle 

completion and likely for dephosphorylation of MAPK upon egg activation. However, 

poly(A) tail extension of bcd mRNA is not affected in CnAact mutants, even though 

mutations of a CN regulator, sra, affected their polyadenlyation. CnAact mutations 

cause an early cell cycle arrest in Drosophila. Although the stage of the arrest is still 

unclear, immunofluorescence data suggest that the majority of egg laid by CnAact 

mutant do not process beyond the syncytical stage and do not undergo mitotic division. 

Levels of active- (phospho-) ERK are dramatically low in CnAact mutant oocytes, 

suggesting the possible role of activated CN to prematurely inactivate ERK in oocytes, 

and the normally high levels of MAPK activity seen in oocytes require active 

repression of CN at this stage.  

Though a recent study showed that CamKII inhibits CN in rat heart muscle in 

vitro (MacDonnell et al., 2009), the relationship between these two pathways in 
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modulating Drosophila egg activation needs to be studied further. I tried to inhibit 

CaM and CamKII functions in the female germline using inhibitor peptide-expressing 

lines generated previously by our lab. I showed that the CaM lines expressed mRNA 

for a truncated peptide that might not be a good inhibitor, and the correct lines would 

need to be created by using this method to study CaM. For CamKII, I showed that 

although the expressed transgene was of correct sequence, there was no hatchability 

effect of its expression. Thus, further experiments will be needed to determine whether 

CamKII (or CaM) play roles in egg activation. 
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CHAPTER 3 

 

IDENTIFICATION AND CHARACTERIZATION OF PRG GENE IN 

DROSOPHILA EGG ACTIVATION 

 

3.1 Introduction 

During oogenesis, oocytes undergo meiosis and develop into mature oocytes. 

Egg activation triggers the initiation of embryogenesis, including cell cycle 

progressing and DNA synthesis. Early embryonic development requires the products 

of maternally-loaded RNAs, but translation of most maternal RNAs is masked during 

late oogenesis. Other maternal transcripts are destabilized and degraded during early 

embryogenesis, allowing the zygotic products to take control of embryo development 

(Tadros et al., 2003).        

In Drosophila, maternal transcripts that are destabilized during embryogenesis 

(Bashirullah et al., 1999; Edgar and Datar, 1996), include Hsp70, twine and nanos. 

Maternally-loaded Smaug (SMG) protein, an RNA-binding protein, mediates most of 

the destruction of maternal RNAs in early Drosophila embryos (Tadros et al., 2007). 

After being activated by Pan Gu kinase, SMG binds to its target transcripts, which 

contain a cis-element SMG-recognition site. SMG recruits CCR4/POP2/NOT-

deadenylase complex to these transcripts, causing the transcripts’ deadenylation. 

However, the details of the process are unclear at the molecular level (Tadros and 

Lipshitz, 2009).  

To dissect the process of maternal mRNA destabilization, Tadros and Lipshitz 

(2003) mounted a genetic scressn for X-linked mutations that prevented destabilization 

of maternal mRNAs. The screen identified genes involved in RNA metabolism. One of 

these genes, wisp, was subsequently shown to encode a poly(A) polymerase that is 
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essential in late oogenesis and for egg activation. This Chapter concerns the identity of 

another gene identified in that genetic screen: prage (prg).  

Embryos from prg mutant mothers fail to destabilize maternal transcripts. 

These embryos get fertilized but never hatch. Since these phenotypes suggest that prg 

must be defective in egg activation, I started to characterize egg-activation phenomena 

in embryos produced by mutant females in either of two prg alleles (prg16A and prg32). I 

found that eggs from prg mutant mothers do not cross-linked properly.  

Because my data, and data from Tadros et al. (2003) and from Jun Cui (Thesis 

2010) indicated that the prg protein likely played a role in egg activation, it was 

important to know the identity of the prg gene’s product. The prg gene had been 

mapped to a relatively large range (1B4-1E2) of the X chromosome by Tadros et al. 

(2003). Jun Cui then narrowed down the position of prg by complementation analysis 

with prg mutants and deletions within the 1B4-1E2 region. Finally, he narrowed down 

the prg-containing region to one that contained only 10 genes. He sequenced each of 

these genes in the prg16A and prg32mutant strains. One gene, CG14801, which encodes 

a predicted exonuclease, contained lesions in both mutant strains, and both mutations 

encoded truncated versions of CG14801. This suggested that prg corresponded to this 

gene. According to the latest annotation of the Drosophila genome from Flybase 

(http://www.flybase.org), CG14801 transcript contains six predicted isoforms with 

alternative splicing at the 5’ end. Both prg alleles have single base pair changes in the 

common exons near the 3’ end of the transcript which are shared by all six isoforms. I 

report here complementation tests with a P-element insertion into CG14801 that 

confirm that this gene is prg. I then determined prg expression by RT-PCR, showing 

that it is expressed in adults of both sexes and developing embryogenesis. Finally, I 

report my efforts to generate an anti-PRG antibody, which I plan to use to examine 

PRG protein expression and, if possible, its localization. 
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During oocyte maturation, polyadenylated mRNAs are stabilized by forming a 

closed loop, which binds 3’ poly(A) tail to the 5’ cap-binding complex (Tadros and 

Lipshitz, 2005). The interaction can be disrupted by deadenlyation of transcripts 

during oocyte maturation, resulting in uncapping of the mRNAs. Such mRNAs will be 

targeted for degradation by a 5’ to 3’ exonuclease. Alternatively, mRNAs can also be 

degraded by a 3’ to 5’ exonuclease after deadenylation. In Xenopus, deadenlyation was 

found to be regulated by xPARN, a deadenylase that homologue of human PARN 

(Copeland and Wormington, 2001; Dehlin et al., 2000). Drosophila, however, doesn’t 

have a PARN homolog, and it is suggested that another deadenylase (CCR4) plays an 

analogous role (Semotok et al., 2005; Tadros et al., 2007). It is not very clear whether 

other mechanisms/molecules are involved in maternal mRNA destabilization in 

Drosophila egg activation. The finding and characterization of prg gene as a possible 

RNA exonuclease may shed light on the mechanism of maternal mRNA degradation in 

Drosophila.  

 

Materials and Methods 

Fly stocks: Oregon-R P2 and w1118 were used as wild type stocks. prg16A/FM6 

and prg32/FM6 (Tadros et al., 2003) were kind gifts from W. Tadros and H. Lipshitz 

(Hospital for Sick Children, University of Toronto, Canada). Deficiency strains 

Df(1)BSC719/Binsinscy and three P-element insertion lines, P{Mae-

UAS.6.11}CG42666GG01337, P{EPgy2}CG42666EY21466  and P{XP}CG42666d10828 

(Bloomington Stock number CG14630, CG19337 and CG22483, respectively) were 

ordered from the Bloomington Stock Center (Indiana University). 

Df(1)BSC719/Binsinscy virgin females were crossed with FM7c males to get 

Df(1)BSC719/FM7c flies for maintaining the stock.  

Complementation test: Virgin females from each desired P-element insertion 
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strain were crossed with prg males. Fertility of female progeny carrying P{Mae-

UAS.6.11}CG42666GG01337/prg, P{EPgy2}CG42666EY21466/prg and 

P{XP}CG42666d10828/prg were scored for complementation test.  

RNA extraction and RT-PCR: Total RNA was extracted from 3-5 day old adult 

males, adult females and 0-2, 2-4, 4-6 hr embryos collected. cDNA was synthesized as 

described in Chapter 2. RT-PCR was performed to determine the expression patterns of 

prg transcripts. The primer sets for the PCR were:  

prg forward  5’- ATGGAGCAAATAACGAACTACTTCG -3’; reverse 5’- 

TCAGTCCGTCGTGGTAGTTG -3’  

19337 forward 5’- GGGCGGGTAGTGGAGATA -3’; reverse upper 5’- 

TCGGCTGTAAACGATGCT -3’; reverse lower 5’- AGCGAATGCTCTGCGTGT -3’ 

rp49 forward 5’- AGTATCTGATGCCCAACATCG -3’; reverse 5’- 

TTCCGACCAGGTTACAAGAAC -3’  

PCR for rp49 was used as the internal control to evaluate the relative amounts of 

cDNAs. 

prage antibody preparation: A polyclonal anti-PRG antibody was generated 

following the procedure in (Cui et al., 2008). A full length cDNA clone of CG14801 

was obtained from Drosophila Gold Collection (Stapleton et al., 2002). I generated an 

entry clone with this full length cDNA and verified its sequence. I then moved the prg 

cDNA, in frame into the protein expression vectors pDEST15 and pDEST17. This was 

all done by using the Gateway entry cloning system (Invitrogen). The expression 

clones generated fusion proteins contain N-terminal Glutathione S-transferase (GST) 

or 6xHis, respectively, and prg sequences C-terminal. The fusion proteins were 

verified as having gel mobilities close to expectation, with predicted molecular 

weights of 114.7 kDa in pDEST15 vector and 89.6 kDa for PRG in the pDEST17 

vector. The GST fusion protein was either gel purified (Monsma and Wolfner, 1988) or 
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column purified using glutathione beads (Guan and Dixon, 1991), and then used to 

immunize rabbits (Cocalico Biologicals Inc., Reamstown, PA). Once these antisera are 

received, PRG-specific antibodies will be affinity purified from antisera as described 

in Cui et al. (2008) by using 6XHis PRG. If that is not possible, then following the 

procedure of Bertram et al. (1996), serum will first be run through a Sepharose 4B 

column (sigma) coupled with GST protein, to remove anti-GST and anti-PRG will then 

be purified over a column with GST-PRG fusion protein. The purified anti-PRG 

antibody will be titrated in a dilution series, and checked for specificity by testing for 

gel mobility differences of PRG16A and PRG32 related to wild type.  

 

3.2 Results and Discussion 

  Vitelline membranes do not cross-link properly in prg mutant eggs 

prg mutant females are sterile. I began to characterize the activation 

phenotypes with standard assays presented in Chapter 2. The morphologies of 

dissected mutant ovaries and laid eggs are normal compare with wild type. To test 

whether the vitelline membrane (VM) cross-links normally in eggs from prg mutant 

females, eggs laid from mated mothers were collected for 2 hr time intervals, and these 

in vivo activated eggs were used for bleach assay. After a 2 min incubation in 50% 

bleach, cross-linked eggs become resistant to bleach, while non-cross-linked eggs lyse 

within 2 min incubation. Around 50% eggs laid by homozygous prg females fail to 

undergo VM cross-linking compare to those of heterozygous controls (detail as shown 

in Table 3).  

In addition, I generated fusion proteins expressing full length PRG, which I 

purified and sent to immunize rabbits for making polyclonal anti-PRG. This generation 

will help us further examine prg during Drosophila egg activation. For example, the 

presence of PRG proteins in different embryonic stages can be examined, and the 
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Table 3 Eggs laid from prg mutant females undergo VM hardening at 

significantly lower levels than control. 0-2 hr eggs were collected from either ORP2 

control or prg mutant females. The eggs were incubated in 50% bleach for 2 min. 

Numbers in parentheses indicate percentages, and where appropriate + SE. (** 

p<0.001)  

 

Female 
genotype 

Resistant/Total 
# of eggs (1) 

Resistant/Total 
# of eggs (2) 

Resistant/Total 
# of eggs (3) 

Sum 

Resistant/Total

prg16A/FM6  26/26 (100) 

                      **  

50/53 (94.3) 

                      **

40/42 (95.2) 

                     ** 

106/111         

(95.5 + 3) 

prg16A/prg16A 7/12 (58.3) 10/23 (43.5) 21/45 (46.7) 38/80 

(47.5 + 7.8) 

prg32/FM6 65/67 (97) 

                      **

32/32 (100) 

                     ** 

56/59 (94.9) 

                      ** 

153/158 

(96.8 + 2.6) 

prg32/prg32 19/33 (57.6) 22/38 (57.9) 18/34 (52.9) 59/105 

(56.2 + 2.8) 

 

(1) X2 = 12.5, p < 0.001 ; prg32: X2 = 25.6, p < 0.001  

(2) X2 = 27.7, p < 0.001; prg32: X2 = 17.5, p < 0.001  

(3) X2 = 24.5, p < 0.001; prg32: X2 = 23.4, p < 0.001  
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effect of mutations in wisp and other egg activation mutants on PRG translation can be 

determined. If the antibody permits, we can also determine PRG’s subcellular 

localization.  

CG14801 corresponds to the prg gene  

As described in introduction, Jun Cui showed that CG14801, the predicted prg 

gene, encodes a protein that contains a conserved exonuclease domain (Flybase) 

(Figure 3.1). In addition, mutants in prg alleles, prg16A and prg32, give rise to truncated 

proteins that lack the exonuclease domain. This is due to single base pair changes of 

prg alleles in the common exon regions near the 3’ end of the transcript which are 

shared by all six isoforms (CG14801-PA shown in Figure 3.1 corresponds to protein 

product of CG42666-PA CDS in Supplementary Figure A.1). These results suggest that 

PRG might be a exonuclease whose activity might mediate maternal transcripts 

degradation during egg activation, and that the failure of this degradation in prg mutant 

embryos (Tadros et al., 2003) is likely due to nonfunctional PRG exonuclease.  

To confirm that prg gene corresponds to CG14801, Rebecca Zuckerman and I 

carried out complementation tests of prg mutations, with P-element insertions in 

CG14801. We tested for complementation between both prg mutant alleles (prg16A and 

prg32) and three P-element insertion lines which are available from Bloomington Stock 

Center. Two insertions, P{Mae-UAS.6.11}CG42666GG01337 (Mae) and 

P{EPgy2}CG42666EY21466 (EPgy2),  failed to complement for both prg mutant alleles. 

However, P{XP}CG42666d10828 (XP) unexpectedly complemented both prg alleles. I 

confirmed, by RT-PCR with primers specific to XP line, that this line had an insertion 

in CG14801 (Figure 3.2). Based on Flybase, CG14801 contains six predicted isoforms 

(PE, PB, PD, PF, PC, PA). The insertions of Mae and EPyg2 are disrupted in all six 

isoforms, suggesting the universal effects of these two lines; however, XP is only 

inserted into one gene isoform (PE) (Supplementary Figure A.1). The simplest 
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Figure 3.1 Schematic representation of prg alleles (by Jun Cui). Wild-type 

CG14801 gene (isoform A) encodes a protein of 761 a.a. prg16A and prg32 have 

nonsense mutations in the coding region that results in truncated protein of 72 a.a. and 

373 a.a. respectively. 
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Figure 3.2 Presence of insertion, P{XP}CG42666d10828, in CG14801. 

Gnomic DNA was extracted from ten 3-4 day old adult males and used for PCR 

analysis. rp49 as an internal control for evaluating the relative amounts of cDNAs. 

Three different combinations of prg primers shown in the simplified diagram (upper) 

were used to detect prg transcripts: P1&P2 - test for the presence of CG14801 gene; 

P1&P3 - test for the presence of P-element insertion; P1&P3 - negative control. 

P{XP}CG42666d10828 was shown to located in the predicted site, suggesting the 

existence of the insertion.       
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Supplementary Figure A.1 A map of P-element insertions relative to prg 

gene (CG14801) structure. CG42666 is the symbol synonym of CG14801. Six 

isoforms (PE, PB, PD, PF, PC and PA) are shown in different lengths for both 

transcripts and cDNAs (CDS). The insertion sites of three P-element strains 

(P{XP}CG42666d10828, P{Mae-UAS.6.11}CG42666GG01337 and 

P{EPgy2}CG42666EY21466) are shown in a left to right order on the map (blue arrow 

head). P{XP}CG42666d10828 only inserted into one gene isoform (PE) as described in 

the text. Map modified from Flybase (http://flybase.org/). Protein product of 

CG42666-PA corresponds to CG14801-PA shown in Figure 3.1 (black arrow), 

suggesting that prg alleles are truncated in all six isoforms.  
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explanation is that XP insertion does not eliminate function of CG14801 gene, if some 

isoforms are still expressed normally and produce functional PRG protein. Whether 

functions of CG14801 isoforms can compensate for each other needed further study, 

but the results from Mae and EPgy2 insertion lines confirm that CG14801 is the prg 

gene.  

Gene expression pattern of prg 

Adult flies and embryos in different stages were collected and immediately 

subjected to total RNA preparation as described above. Presence of prg mRNA was 

determined by RT-PCR by method described in Chapter 2. The results show a 

ubiquitous expression of prg mRNA in both male and female adult flies, and a gradual 

increase in level during embryogenesis (Figure 3.3). Here I focus on prg gene in 

Drosophila female germline, so the role of male transcripts won’t be explored further.    

3.4 Conclusion 

In summary, Jun and I have shown that CG14801 is prg, and thus encodes a 

possible RNA exonuclease. Previous studies suggest the essential role of exonucleases 

in regulating mRNA degradation in eukaryotes (Kushner, 2004; Meyer et al., 2004). 

Specific sequences in the 3’ UTR can target cytoplasmic mRNA for deadenylation, 

followed by either exosome (3’ to 5’) degradation or exonuclease (5’ to 3’) 

decapping/degradation (Houseley and Tollervey, 2009).  

RNA exonuclease 1 (REXO1) is a 3’ to 5’ exonuclease which belongs to the 

REXO1/REXO3 family. REXO1 is required for RNA editing and maturation in yeast 

(Frank et al., 1999; Nariai et al., 2005; van Hoof et al., 2000). However, REXO1 

homolog in human and mouse have no detectable function (Tamura et al., 2003). As 

noted above, the RNA degradation mechanisms are somehow different in different 

organisms. For example, CCR4 deadenylase was found to act in both Drosophila and 

yeast, but not in mouse or human. Therefore, it is likely that RNA exonuclease prg 
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Figure 3.3 Expression patterns of prg transcripts. Total RNAs were 

extracted from 3-5 day old wild-type male and female adult flies or laid embryos with 

desired time. mRNAs were reverse transcribed into cDNA for PCR assay as described 

above. rp49 as an internal positive control. prg transcripts were expressed in all 

samples examined. The amount of transcripts increased throughout the embryogeneiss.   
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may also play a role in RNA editing or RNA decay in Drosophila as that in yeast. 

Though very little is known about the mechanism of mRNAs 

destabilization/degradation in Drosophila egg activation, the deadenylation was shown 

to be responsible for the elimination of over 1600 maternal transcripts, and is essential 

for maternal-to-zygotic transition (Tadros et al., 2007). Therefore, the study of prg may 

help us to understand how this RNA exonuclease acts to affect Drosophila egg 

activation. 

I found that prg is expressed in both adult males and females, and that its 

expression gradually increased with embryonic development. In conjunction with data 

from Tadros et al., my results show that prg defective in at least two egg activation 

events, maternal transcript degradation and VM eggshell hardening. Future 

identification of other egg activation events in prg mutant will help clarify prg’s role in 

Drosophila egg activation.     
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