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ABSTRACT 

PYRUVATE KINASE REGULATES GURKEN TRANSLATION BY REDUCED TOR  

ACTIVITY IN DROSOPHILA MELANOGASTER 

Malachi Andrew Blundon 

Thesis Supervisor: Scott Bruce Ferguson 

 

          Gurken (Grk) expression is required to specify the polarity of the developing oocyte 

during Drosophila oogenesis. Proper localization and translation of grk transcripts is required to 

achieve proper axis specification. gkr translation initiation has been shown to be cap-dependent 

and require the activity of the DEAD-box RNA helicase, Vasa. Vasa activity can be repressed by 

the ATR/Chk2-dependent meiotic checkpoint when DNA double strand breaks (DSBs) persist in 

meiosis. Unrepaired DSBs in oocyte development of spindle-class mutants activate this 

checkpoint and result in inefficient grk translation and loss of dorsal fates. This inefficient grk 

translation is thought to be related to reduced Vasa activity.  

          In a screen for suppressors of the ventralized eggshell phenotype seen in spindle-B
BU

 

mutants, we identified a mutation in the PyK gene. We show that PyK mutations suppress the 

eggshell phenotype independent of the DSB repair delay and Vasa phosphorylation seen in spn-B  

mutants. This suggests that the eggshell phenotype is corrected by overcoming the translational 

block of grk transcripts seen in spindle mutants. PyK has been identified as a member of the 

TOR signaling pathway. Direct inhibition of the TOR kinase with rapamyacin suppresses the 

ventralized eggshell phenotype in spn-B mutant females. PyK modulates TOR kinase activity 

through the TSC1/2 heterodimer. During dietary starvation, TOR activity promotes cap-

dependent translation by restraining the activity of the translation inhibitor eIF4E binding protein 
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(4EBP). We hypothesize that reduced TOR activity promotes grk translation independent of the 

ATR/Chk2 meiotic checkpoint pathway. Recent data indicates that this may be achieved by way 

of IRES-dependent translation initiation of grk when TOR activity is low. This discovery 

suggests flies are able to maintain the translation of developmentally important transcripts such 

as grk during periods of nutrient limitation.  
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CHAPTER 1: INTRODUCTION 

Cancer and human implication 

Cancer is defined by an accumulation of independent mutations that result in 

uncontrolled cell division and invasive growth that may later spread throughout the body. There 

are many environmental and genetic causes of cancer which include are but not limited to 

chemicals, ionizing radiation, infection, heredity, etc. It is speculated that heredity accounts for 5 

to 10 % of all known cancers, which usually originate from a single mutation in one of two 

classes of genes (Anand et al., 2008). Oncogenes are cancer-promoting genes. Mutations in an 

oncogene usually up regulates cell growth, provide protection against apoptosis, and give the 

ability to establish growth in diverse tissue environments. The second class are the tumor 

suppressor genes that positively regulate apoptosis. Mutations in tumor suppressors result in loss 

of normal function, control over the cell cycle, and interaction with protective cells of the 

immune system. Heredity has been observed in many types of cancers such as stomach, breast, 

cervix, colon, pancreas, liver, and lung.  Many important cancer genes have been identified and 

characterized. One such oncogene is Transforming Growth Factor alpha (TGF-α). TGF-α is the 

primary ligand for the epidermal growth factor receptor (EGFR) in many tissues and has been 

shown to be expressed at high levels in many types of cancers (Salomon et al., 1995). This has 

lead to the development of multiple therapies directing toward the inhibition of EGFR function 

(Yang et al., 2001). This study has human implication for understanding the regulation of TGF-α 

mRNA localization and translation using Drosophila melanogaster oogenesis as a model. 
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Drosophila oogenesis 

 Drosophila oogenesis is a powerful model for studying the regulation of mRNA 

translation and localization control. The Drosophila ovary is composed of 15-20 filaments 

known as ovarioles (Figure 1.1A). Each ovariole is an independent egg assembly line where the 

anterior region is at a younger stage of development than the posterior. Each ovariole contains 6-

7 egg chambers at a given time. Egg development is broken into 14 stages; stages 1-6 as early, 

stages 7-10 as mid, and stages 11-14 as late oogenesis (as reviewed in Spradling, 1993; Roth & 

Lynch, 2009).  

 The anterior of the ovariole is called the germarium, which compartmentalizes a self-

renewing pool of stem cells. In region one of the germarium a germline stem cell divides into 

two cells to replenish the stem cell line and to create a cystoblast that will become the subsequent 

oocyte and supporting cells. The cystoblast divides four times creating a 16 cell syncytium 

connected by cytoplasmic bridges called ring canals (Figure 1.1B). One of the two inner cells 

that contain four ring canals will become the oocyte, while the remaining 15 cells become nurse 

cells. The nurse cells will become polyploid and supply the developing oocyte with mRNA, 

proteins, and endomembrane structures such as ER and Golgi. These 16 germline cells are then 

surrounded by an epithelium of follicle cells that participates in signaling with the developing 

oocyte to specify the polarity of the embryo (as reviewed in Spradling, 1993; Roth & Lynch, 

2009).  

 During the midstages of Drosophila oogenesis, the axes of the oocyte are determined by 

the localization of three mRNAs bicoid (bcd), oskar (osk), and gurken (grk) (van Eeden & St 

Johnston, 1999; Riechmann & Ephrussi, 2001). bcd and osk are mRNAs located at specific poles 

of the embryo to help define the anterior/posterior (A/P) axes where bcd is found at high 
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concentrations at the anterior end and osk is found at the posterior end (Kugler & Lasko, 2009; 

Roth & Lynch, 2009). These polar concentrations are maintained throughout the development of 

the egg and early embryogenesis. bicoid specifies the anterior (head and thorax) and oskar 

specifies the posterior (abdomen) regions of the embryo (Van Eeden & St Johnson, 1999). grk 

accumulates in the dorsal-anterior of the developing oocyte and plays a role in establishing the 

A/P axes as well as the dorsal/ventral (D/V) axes of the embryo. However, the role of grk in axis 

specification is mediated by a signaling cascade involving the follicle cells to determine the D/V 

axes (Roth, 2003). 
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Figure 1.1: Oogenesis in Drosophila melanogaster. (A) The ovary is comprised of 12-15 

filaments called ovarioles. (B) After a germ line stem cell leaves the germline niche a 16 cell 

syncytium is created. (C) Proper localization of Grk protein defines the dorsal side of the oocyte. 

(D) A close up representation of the ovariole and various cell types. (E) 2 seperate dorsal 

appendages  are created at the dorsal anterior of the of the egg which is sensitive to grk 

expression (S.B. Ferguson, 2009). 
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Regulation of gurken translation in mid oogenesis 

 One of the best known developmentally important transcripts for Drosophila oogenesis is 

gurken (grk) which is regulated at the level of both localization and translation (Kugler & Lasko, 

2009). The grk gene codes for a Transforming Growth Factor alpha (TGF-α) related ligand to the 

epidermal growth factor receptor (EGFR). During oogenesis, grk  helps establish the (A/P) and 

(D/V) axes of the embryo. grk is transcribed in the nurse cells and transported in a transiently 

silent form until is it properly localized at the posterior of the oocyte. Once Grk protein is 

translated it interacts with EGFR in the somatic follicle cells that surround the oocyte where it 

specifies the posterior fate of the embryo (Schüpbach, 1987). EGFR activation in the posterior 

follicle cells leads to transcription of several target genes of EFG signaling (Morimoto et al., 

1996; Ghiglione et al., 1999; Reich et al., 1999). The final outcome is the induction of the 

posterior follicle cell (PFC) fate as well as the corresponding anterior fate.  

 At stages 7-9, the oocyte nucleus changes its position from the posterior to the anterior of 

the developing egg. The interaction between EGFR and Grk initiates a signal transduction event 

between the posterior follicle cells which then signal back to the oocyte, resulting in the 

rearrangement of the microtubule cytoskeleton (Neuman-Silberberg & Schüpbach, 1994). Prior 

to this relocalization, the oocyte is symmetrical perpendicular to the A/P axis. The cytoskeletal 

rearrangement transports the microtubule organizing center, the oocyte nucleus, and grk mRNA 

to the dorsal-anterior corner of the oocyte (Neuman-Silberberg & Schüpbach, 1994).  When the 

nucleus arrives, its position specifies the anterior side of the oocyte which will later result in the 

dorsal side of the egg. Grk is targeted to the nucleus and a second round of EFG signaling 

occurs, leading to the D/V patterning (Neuman-Silberberg & Schupbach, 1993). Phenotypically, 

the dorsal fate can be observed by two respiratory appendages that extend from the top from the 
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egg (Figure 1.1E; Ghabrial & Ray, 1998). Females who are mutant for grk lay eggs that exhibit 

the default ventral fate and thus do not form respiratory appendages due to an inability to specify 

the dorsal fate (Ghabrial & Ray, 1998).   

 Oocyte polarity is established by the localization and translation of many mRNAs. These 

events are mediated at the level of translation by ribonucleotproteins (RNPs). grk is transcribed 

in the nurse cells and is translationally silent when bound to the heterogeneous nuclear 

ribonucleoproteins (hnRNPs) squid (sqd) and K10 (Norvell et al., 1999; Kelley, 1993; Wieschaus 

et al., 1978; Wieschaus, 1979). The hnRNP family of proteins is identified in RNA processing 

and transport from the nucleus to the cytoplasm (Dreyfuss et al., 1993; Dreyfuss et al., 2002). 

Mutants for sqd and K10 mislocalize grk mRNA along the entire anterior cortex of the oocyte 

resulting in a complete dorsalation of the anterior side (Kelley, 1993; Wieschaus, 1979). Once 

grk is released into the cytoplasm it is transported to the dorsal anterior of the oocyte where the 

translational repression is alleviated (Norvell et al., 1999). 

 Grk protein is translated by another set of hnRNPs, eukaryotic initiation factors (eIFs). 

Cup and Poly-A Binding Protein (PABP) interact with Sqd and are involved in the  

translational regulation of the grk transcript (Clouse et al., 2008). Cup is a protein that is 

homologous to the eukaryotic initiation factor 4E Binding Protein (eIF4EBP) (Wilhelm et al., 

2003). 4E-BP binds to eIF4e which is a 5' G-cap initiation factor used to form the pre-initiation 

complex (PIC) in cap-dependent translation (Clouse et al., 2008). The interactions between Cup 

and eIF3E block the interaction between eIF4E and eIF4G. This block prevents formation of the 

PIC and restrains grk translation en route to the dorsal anterior corner of the oocyte.  In contrast, 

PABP is involved with the translational activation of the grk transcript (Clouse et al., 2008). The 

mechanisms on the translational activation are not fully clear but it is suggested the interactions 
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with eIF4G and PABP compete for binding to eIF4E and create a functional PIC. Mutants for 

cup lay dorsalized eggs as they compromise localization in the cytoplasm and permit ectopic Grk 

expression due to an inability to repress grk mRNA translation during transport (Clouse et al., 

2008). Mutants for PABP result in ventralized eggs due to failed interaction between PABP and 

Encore (enc) resulting in no translation of the grk transcript (Clouse et al., 2008). These data 

correlated with severe perturbation of grk signaling.  

   

Regulation of gurken by Chk2 modification 

The respiratory appendage morphology is sensitive to the expression and localization of 

Grk protein. Mutations that reduce grk translation are female sterile due to an inability to 

correctly pattern the developing oocyte (Neuman-Silberberg & Schüpbach, 1994; Neuman-

Silberberg & Schupbach, 1993). A female-sterile screen for mutations affecting eggshell 

patterning discovered a class of genes involved in DNA repair. This class was identified as the 

spindle class genes. spindle mutant flies lay eggs that display variably ventralized characteristics 

resulting in fusion or elimination of the respiratory appendages as a result of insufficient Grk 

expression. Furthermore because of their inability to repair DNA, double strand breaks (DSBs) 

in the DNA persist after the initiation of meiotic recombination (Ghabrial & Schüpbach, 1999; 

Figure 1.2). This discovery lead to the understanding of a unique pathway that affects grk 

translation in a checkpoint-dependent manner (Figure 1.4.A-B). In wild type females, DSBs are 

formed by Mei-W68 and Mei-P22 and are subsequently repaired by homologous recombination 

(Abdu, Brodsky, & Schüpbach, 2002). This process is facilitated by the spindle class genes, 

okra, spn-A, spn-B, and spn-D. Mutations in spindle genes result in an accumulation and  
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Figure 1.2: Variably ventralized eggshell morphology of eggs laid by spn-B
BU

 mutant 

females. (A) Class 1 show wild type eggs which are represented by two distinct respiratory 

appendages that are properly spaced from one another. (B) Class 2 eggs have two distinct 

respiratory appendages by are fused at the base. (C) Class 3 eggs have either a single respiratory 

appendage or a “Y shape” appendage. (D) Class 4 eggs have no respiratory appendages (S.B. 

Ferguson, 2009). 

  

A B C D 

Ventralization 
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persistence of DSBs outside the germarium, activating a downstream meiotic ATR/Chk2 

checkpoint (Ghabrial & Schüpbach, 1999; Mehrotra & McKim, 2006). Persistent DSBs in spn-

B
BU

 females activate the ATR/Chk2 checkpoint which results in the phosphorylation of Vasa, a 

DEAD-box RNA helicase that is required for translation initiation of grk mRNA (Linder & 

Lasko, 2006). Checkpoint-dependent inhibition of Vasa results in inhibiting grk translation and 

thus determination of the correct dorsal fate (Abdu, Brodsky, & Schüpbach, 2002). Mutating the 

Vasa protein also has strong ventralizing effects on the egg shell phenotype as it is required for 

translation of grk (Abdu, Brodsky, & Schüpbach, 2002; Ghabrial & Schupbach, 1999).  

ATR/Chk2 checkpoint activation exhibited in mutant spn-B females is a result of DSBs 

after meiotic recombination. However, there is an important alternative model that must been 

considered for ATR/Chk2 activation. vasa mutants displays elevated levels of piRNAs in the 

germline during cyst formation in oogenesis (as reviewed in Gustafson & Wessel, 2010). 

piRNAs are important for the silencing of transposable elements. Transposable elements are 

segments of DNA that can move around to different positions in the genome of a single cell. 

These selfish elements can cause mutations in the genome when mobile. Vasa is involved with 

primary biogenesis of piRNAs during oogenesis from a “transposon graveyard” in the fly 

genome (as reviewed in Andre-Senti & Brennecke, 2010). Primary piRNA biogenesis is a linear 

process mediated by precursor transcripts that complex with transposon slicer PIWI proteins ( 

(Brennecke et al., 2007)). Germline piRNAs generated by this process are fed into a ping pong 

mechanism that is required form germ line stem cell maintenance and fertility in several animals 

(Vagin et al., 2004). The central proteins involved in the ping pong mechanisms are two related 

PIWI family proteins, Aubergine (Aub) and Argonaute-3 (AGO3) (as reviewed in Andre-Senti & 

Brennecke, 2010; Brennecke et al., 2007; Harris & Macdonald, 2001; Gunawardane et al., 2007). 
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Aub is guided via antisense piRNA to a sense transcript from an active transposon. Subsequent 

slicer cleavage of the target transcript triggers production of a novel sense piRNA, which is 

loaded into AGO3. The AGO3-piRNA complex in turn cleaves complementary piRNA cluster 

transcripts. This prompts the biogenesis of a novel antisense transcript that is subsequently 

loaded into Aub. The Aub-piRNA complex performs slicer activity once again to reproduce the 

sense piRNA. Aub and AGO3 are presumably catalytic, suggesting the ping-pong cycle 

amplifies silencing-competent piRNAs in the presence of an active transposon element  

(Gunawardane et al., 2007). These two piRNA mechanisms work together to keep the germline 

safe for future generations as disrupting either of these mechanisms results in increased DNA 

damage due to transposon mobility. DNA damage has been observed in the germarium in vasa 

mutants. Therefore, it stands to reason inhibition of Vasa by the ATR/Chk2 pathway may up 

regulate transposon mobility and DNA damage as seen in spn-B mutants. This suggests that Vasa 

phosphorylation seen in our model is a read out of DNA damage – however it is not known at 

this time whether this DNA damage is a result of mutations in spindle genes or an increase of 

transposable element mobility in the genome.  

During normal development as an egg chamber leaves the germarium, the oocyte nucleus 

compacts itself to form a dense region of DNA called a karyosome (Ghabrial & Schüpbach, 

1999; Abdu, Brodsky, & Schüpbach, 2002).  This karyosome is thought to aid in silencing 

transcription from the oocyte nucleus.  vasa, spindle, and piRNA pathways mutants result in a 

failure to compact the nuclear DNA in the developing oocyte leaving it with a  karyosome that 

has a fragmented appearance (Abdu, Brodsky, & Schüpbach, 2002; Lancaster, Cullen, & 

Ohkura, 2007). A malformed karyosome is a phenotype that is shared by both mutations in vasa 

and spn genes although the significance of this data has yet to be elucidated. However, this 
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phenotypic observation hints at the fact that spn mutations affect patterning through Vasa 

(Ghabrial & Schüpbach, 1999; Abdu, Brodsky, & Schüpbach, 2002).  

  

spindle modifiers that restore gurken expression 

 The loss of Grk protein expression in spindle mutants results in an inability to correctly 

specify the dorsal fate and results in an expansion of the default ventral fate of the oocyte. The 

mechanism by which the Chk2 checkpoint pathway regulates the translation of grk has not been 

fully elucidated. Vasa is a target of the Chk2 checkpoint pathway and shares a similar phenotype 

to that of spn-B mutants described above. Phosphorylation of Vasa is correlated with weak grk 

expression although the exact mechanisms by which this repression occurs is not clear. It is 

speculated that Vasa is not directly phosphorylated by Chk2. This was the impetus that led to an 

effort to identify modifiers of the spindle phenotype that may transducer the signal from the 

checkpoint to Vasa. A forward genetic screen identified two alleles in the Insulin/Insulin-like 

Signaling (IIS) pathway that promote grk translation. We identified alleles of the lnk and PyK 

genes that can suppress the ventralized eggshell phenotype in spn-B
BU

 mutant flies (Figure 1.4.C-

D; Ferguson et al., 2012; Blundon & Ferguson, 2010) . The lnk gene codes for a SH2B family 

adaptor protein which regulate intracellular signaling by membrane bound receptor tyrosine 

kinases (RTKs). Lnk is a positive regulator of the IIS pathway that functions at the level of the 

insulin receptor substrate (Slack et al., 2010). The PyK gene codes for Pyruvate Kinase, a key 

glycolytic enzyme. The identification and characterization of the PyK
CA231

 allele is the focus of 

my thesis project.  
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PyK mapped by positional cloning 

 The CA231 fly line was identified as a double mutant for spn-B
BU

 and a random mutant 

gene, later identified as Pyruvate Kinase (PK, PyK), that reduced the severity of the ventralized 

eggshell phenotype seen in spn-B
BU  

mutant flies . The CA231 modifier was roughly mapped to 

the right arm of the third chromosome between the phenotypic markers ebony (e) and claret (cl) 

spanning an 8.6 Mbp region that contained roughly 1100 genes. Positional cloning further 

refined the area, identifying candidate genes for the CA231 mutant line (Figure 1.3.C).  

 Positional cloning is a method in which a gene causing a specific phenotype is identified. 

This technique is useful in predicting the approximate chromosomal location of a mutant gene by 

using gene linkage analysis through association with haplotypes at specific loci of the genome. A 

haplotype is defined by a combination of alleles together on the same chromosome that reflects a 

specific origin.  The haplotype of a chromosome can be uniquely identified using single 

nucleotide polymorphisms (SNPs) across the chromosome which allow one to determine the 

maternal or paternal haplotype at that specific locus (Figure 1.3.C).  

 The fly is a diploid organism containing a genome that is composed of maternal and 

paternal origin. In the flies that we used for mapping, the maternal haplotype contains the spn-

B
BU

 and CA231 mutations, whereas the paternal haplotype is wild type (Figure 1.3.A). Shuffling 

of these haplotypes occur during meiotic recombination, generating hybrid haplotypes that are 

comprised of paternal sequences at some loci and maternal sequences at others. Therefore some 

recombinant flies that were created will contain the maternal CA231 suppressor mutation and 

some that will not. SNPs identified that either create or destroy a restriction enzyme recognition 

site, establishing a restriction fragment length polymorphism (RFLP), are used to determine 

maternal or paternal origin at determined loci (Figure 1.3.C). Many recombinant chromosomes 
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were analyzed to narrow the region that contains the mutation to a small number of genes. This is 

achieved by comparing each cross over event in the hybrid haplotype to whether or not that 

recombinant is a spindle modifier which can be determined by looking at eggshell phenotypes. A 

haplotype map can be constructed for each recombinant fly to establish the cross over events that 

took place. When comparing all of the haplotype maps, the cross over event that took place in 

the non-suppressor with the most maternal haplotype (longest) and in the suppressor with the 

least maternal haplotype (shortest) defines the region containing the CA231 mutation (Figure 

1.3.C). 
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Figure 1.3: Positional cloning technique for the CA231 suppressor. (A) Multiple 

recombinants flies were created using the crossing scheme seen in panel B. Progeny acquire a 

part of the blue maternal haplotype and part of the red paternal haplotype via sexual 

reproduction. Each hybrid haplotype is unique to the individual recombinant line. Males were 

used for DNA genomic preps for PCR amplification, RFLP analysis, and sequencing. Females 

were used to determine the eggshell phenotype. (B) A multistep approach was performed to 
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generate balance CA231, Df recombinant stocks. This involved introducing the 17620 wild type 

haplotype in the CA231 mutant background and backcrossing progeny to the ruPrica line twice. 

(C) Genotyping information can be used to construct haplotype maps for each recombinant 

generated. Intergenic regions can be amplified across an area of interest. Each intergenic region 

contains a RFLP that is present in either the 17620 or CA231 haplotype. Based on whether the 

intergenic piece is cut or not, will provide a quick analysis of the haplotype at that locus. Using 

suppression data collected for each recombinant a longest non-suppressor (recombinant with 

longest maternal haplotype not containing the mutation) and shortest suppressor (recombinant 

with the shortest maternal haplotype containing the mutation) can be identified. These are 

identified as the limiting recombinants and show that the mutation must lie between these two 

points, refining the area of interest for the target mutation. 

 

  



16 
 

 

PyK corrects gurken translation by reduced TOR activity in the IIS pathway 

 Pyruvate Kinase is a key enzyme in the glycoloytic pathway, the central pathway for 

glucose catabolism. The protein catalyzes the conversation of phosphoenolpyruvate into 

pyruvate by the addition of a proton and the loss of a phosphate group, producing ATP from 

ADP. The Drosophila PK gene was cloned in 1999 by Chien et al. who also determined the 

protein sequence and gene structure. Unlike the mammalian PK gene, which codes for four 

isoenzymes, the Drosophila PyK gene produces only one functional enzyme as only a single PyK 

transcript is active in adult flies (Chien et al., 1999).  

 I hypothesize that PyK regulates grk expression by regulation of the activity of Target of 

Rapamycin (TOR) through a kinase intermediate, Adenosine Monophosphate activated Protein 

Kinase (AMPK) (Figure 1.4.D). AMPK can be activated by energy depletion or caloric 

restriction as an negative stress response inhibitor of TOR activation (as reviewed in Tolwer & 

Hardie, 2006).  PyK is responsible for AMP:ATP homeostasis in the cell. The level of ATP is 

inversely proportional to AMP levels. Slight elevated AMP levels during starvation induce the 

activation of AMPK in a dramatic fashion, as the Km for ATP is much higher than the Km of 

AMP (Proud et al., 2002). Activated AMPK interacts with the Tuberous Sclerosis Complex 

(TSC) heterodimer TSC1:TSC2. AMPK phosporylates TSC2 negatively regulating cell growth 

and cell size in human cell culture and mice models (Inoki et al., 2003).  Studies in Drosophila 

have shown that TSC2 acts upstream of TOR (Gao & Pan, 2001; Gao et al., 2002). Down 

regulation of TOR, both by drug or starvation, induces TSC2 phosphorylation and decreases the 

ability of TOR to inhibit eIF4EBP, the Foxo transcription factor, and the insulin receptor (lnR) 

production. In response to TOR inhibition, the Foxo transcription factor transcribes the genes for 

lnR and eIF4EBP which increases their respective protein concentration. Once translated, the lnR 
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is transported to the surface of the cell where insulin is readily available for absorption (Marr II 

et al., 2007). However, also in response to TOR inhibition, high expression of eIF4EBP down 

regulates cap-dependent translation of many transcripts, including grk (Marr II et al., 2007). This 

inhibited mode of translational conserves energy for the cell during times of starvation. 

 Double mutant flies for spn-B and PyK exhibit proper localization and expression of grk 

which suggests that the regulation of the transcript must occur by some other mechanism 

(Blundon & Ferguson, 2010). When TOR is inhibited, transcripts regulated by this pathway like 

lnR can still be translated using IRES-mediated translation (Villa-Cuesta et al., 2010; Marr II et 

al., 2007). I hypothesize that grk can also be translated by an IRES-mediated mechanism and 

preliminary data suggests this is mediated by an as yet unrecognized IRES.  Use of an IRES to 

promote translation would allow grk to bypass the cap-dependent translational block that occurs 

in spindle mutants.  

 

Internal ribosome entry site mediated translation 

 Internal ribosome entry is a mode of translation initiation. This mode is carried out 

through the use of an internal sequence element of the mRNA that recruits the ribosome to a 

region upstream of the coding sequence. The internal ribosome entry site (IRES) is an RNA 

element that is complimentary to a small ribosomal rRNA responsible for ribosome entry. IRES 

are often used by viruses as a means of replication during times when host translation is inhibited 

(as reviewed in Kieft, 2008). The mechanisms defined to knock down host translation can be 

accomplished through a variety of scenarios. Usually it occurs two ways; first the virus will 

make proteases to cleave any translation initiation factors, or the cell up regulates proteins that 

govern the cap-dependent process. During this time of translational repression, the virus genome 
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is still transcribed. The transcripts produced contain an IRES, allowing them to bypass the 

translational block.  

 The viral IRES mechanism has been better characterized than the cellular IRES function, 

which has no clear proposed mechanism. Hepatitis C virus-related IRES mimics a tRNA and 

internalizes in the P-site of the 40S ribosomal without mRNA scanning (Hellen & Sarnow, 

2001). This IRES does not require the help of any eukaryotic initiation factors. Another example 

is the picornavirus IRES. The picornavirus IRES attracts the 40S subunit through a high affinity 

eIF4G binding site (Hellen & Sarnow, 2001). Many of these viral IRES require additional 

proteins called IRES trans-acting factors (ITAFs) to mediate their function. However, the role of 

these ITAFs has yet to be identified.  

 The eukaryotic cell also uses IRES to increase translation of certain mRNAs during 

mitosis and programmed cell death. In mitosis, the cell dephosphorylates eIF4E, blocking 

translation by means of a failed pre-initiation mRNA loop. Once the cap-dependent translation is 

knocked down the translational machinery is diverted to an IRES within the transcript (as 

reviewed in Kozak, 2005). In programmed cell death, eIF4G is cleaved by viruses, decreasing 

translation. The host cell recognizes a lack of eIF4G and activates genes for apoptosis. The 

transcripts the apoptotic genes contain an IRES which allows them to be translated despite the 

lack of eIF4G.  

 Currently, there is no structural information published about grk containing an IRES. 

Preliminary data suggests the possibility of an IRES in the 5' UTR of the grk transcript (Figure 

1.5). The translational competence of ovarian extracts can be measured using a grk-firefly 

luciferase reporter. The inefficient translation of grk in spn-B
BU 

ovaries is recapitulated by this in 

vitro system. In an in vivo system, mutant spn-B
BU

 ovarian extract translate about 50 % less of 
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the grk reporter than that of wild type (Ferguson, 2010).  spn-B
BU

 flies that are fed rapamycin can 

suppress the ventralized eggshell phenotype by reduced TOR activity (Ferguson et al., 2012). 

Ovarian extract from spn-B
BU

 flies fed rapamycin translated the grk transcript three times more 

efficiently than when the mutant flies were fed just DMSO (Ferguson, 2010). These data suggest 

that grk is being translated by a mode independent of cap-dependent translation during reduced 

TOR activity. 
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Figure 1.4: grk transcript regulation. (A) During meiotic recombination double strand breaks 

(DSBs) are generated by mei-P22 and mei-W68. These breaks are then repaired by homologous 

recombination which requires genes of the spindle-class including spn-A, spn-B, spn-D and okra.  

When these breaks are repaired in time, grk in translated and normal development occurs. (B) 

Females that are mutant for spindle-class genes lay eggs that are variably ventralized.  This is 

due to inefficient translation of grk mRNA.  Females mutant for spn-B
BU

 cannot repair the DSBs 

effectively which results in the activation of Chk2
 
. When Chk2 is activated the DEAD-box RNA 

helicase, Vasa, is phosporylated and down regulated. Vasa activity is required for efficient grk 

translation. (C-D) I have identified an allele in the PyK gene that can suppress the ventralized 

eggshell phenotype in spn-B
BU 

mutant flies. This mutation suppresses TOR activity, which 

results in inhibition of cap-dependent translation. A mutation in PyK mimics starvation due to 

low ATP counts. This low ATP concentration activates AMPK, subsequently activating TSC2. 

The activation of TSC2 results in a reduction of TOR activity. Reduced TOR activity has been 

associated with decrease cap-dependent translation and upregulated IRES-mediated translation. 

It is thought that the grk translation activity is being promoted by a previously unrecognized 

IRES. Use of an IRES to promote translation would allow grk to circumvent the block in cap-

dependent translation that occurs in spindle mutants.  

 

  



22 
 

 

Summary 

 The human implications of this study are to understand the regulation of TGF-α mRNA 

localization and translation. TGF-α is the human homolog of an important Drosophila 

development morphogen called Grk. Regulation of grk occurs both at the level of translation and 

localization. grk is regulated by the Chk2 meiotic checkpoint pathway which is activated in 

response to DNA damage. When Chk2 is activated, Vasa is phosphorylated, cap-dependent 

translation is inhibited, and development is interrupted. The translational inhibition is thought to 

be as of a result of the down regulation of Vasa, but not directly. This led the Schüpbach lab to 

conduct a genetic screen to identify other targets of the checkpoint pathway upstream of Vasa. 

This screen for genetic modifiers of the spn-B phenotype identified a new pathway that promotes 

grk translation. We propose that the IIS pathway uses TOR to down regulate cap-dependent 

translation and up regulate IRES-mediated translation during times of nutrient deprivation.  It is 

by this mechanism that we hypothesize grk translation is restored in double mutants for spn-B 

and PyK. The work performed in this study will help elucidate the regulation of a growth factor 

that is upregulated in many cancers. 
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CHAPTER 2: METHODS 

Primer design for SNP identification 

 Several primers were designed throughout the project for positional cloning, sequencing, 

and gene cloning purposes. Primers were targeted to intergenic regions for positional cloning 

because single nucleotide polymorphisms (SNPs) are found more prevalent in these regions. 

Intergenic regions are not subjected to significant selective pressure. Primers were developed 

under 3 strict conditions. First, the primer is 20 base pairs in length. Second, an equivalent 

GC:AT ratio is present. Last, a CG “clamp” is at the 3’ end each primer. A complete primer list 

can be found in Appendix A. 

 

Isolation of genomic DNA in Drosophila 

 It was routinely necessary to isolate genomic DNA from fly strains to analyze genotypes 

for positional cloning, sequencing, and gene cloning (Ferguson).  A single homozygous male 

was placed in a 1.5 mL microcentrifuge tube with 50 µL of homogenization solution (10 mM 

Tris [pH 8.3], 1 mM EDTA [pH 8.0], 25 mM NaCl, 10 mg/ml Proteinase K). The tube was 

transferred to ice and the fly was ground up using a pestle. The sample was incubated at 37 °C 

for 1 hour. The tube was transferred to boiling water for 2 minutes to stop the digestion reaction. 

The sample was spun down for 2 minutes and the supernatant was transferred to a clean 1.5 mL 

microcentrifuge tube. 1 µL of this sample is appropriate for amplification in a 24 µL reaction by 

PCR. 

 

Genomic PCR amplification 

 Multiple 1,500 bps intergenic regions were amplified in many CA231/17620 recombinant 
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fly lines to assess the haplotype at each locus. A primer master mix was made for each forward 

and reverse primer pair (Appendix A). Each primer was resuspended to create a 50 µM solution. 

The equation used to calculate the dilutions:  

 rimer nmol

     
     L   

  
 
  L

   
        L 

Using 1 µL of each primer and 94 µl of water, a master mix containing 500 nM for each primer 

was produced. PCR reactions were prepared using 24 µL of the respective master mix and 1 µL 

of CA231/17620 recombinant DNA template with a dehydrated PCR bead (GE Healthcare Life 

Sciences). For difficult templates, temperature gradients, primer concentration gradients, and 

DNA template concentration gradients were used to aid in proper amplification. 

 

Creation of CA231, 17620 recombinant flies 

 18 successful CA231, 17620 recombinant fly lines were created and analyzed for 

positional cloning. Many crosses took place in order to produce stable recombinant fly stocks 

containing both the CA231 mutation and 17620 P-element on the same chromosome. The first 

step involved introducing the white eye gene (w) on the X chromosome to the genetic 

background of the CA231 mutant flies.  

Cross #1: Homozygous 17620 females x CA231/TM3, Sb males 

 Heterozygous CA231 males were selected for using the stubble marker and white eye 

marker. Males were crossed to females homozygous for 17620 and the white eye gene (Figure 

2.1). The purpose of this cross was to acquire the CA231 chromosome and the 17620 

chromosome in the same genetic background of the fly.  
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Cross #2: CA231/17620 females x ruPrica/TM3, Sb males 

 As progeny of the previous cross, heterozygous females for CA231/17620 were selected 

for using the w
+
 P-element marker (confers pigmented “peachy” eyes). These females were 

crossed to heterozygous ruPrica/TM3, Sb males (Figure 2.1.) The ruPrica chromosome contains 

the recessive markers stripe and ebony and the dominant marker, Prickly. The mother will 

recombine the CA231 and 17620 haplotypes during meiotic crossing over in gamete production 

producing progeny that will contain the spn-B mutation and 17620 P-element on the same 

chromosome.  ales containing this recombinant chromosome will then be isolated “over” the 

ruPrica test chromosome. 

 

Cross #3:  ruPrica/TM3, Sb females x CA231,17620/ruPrica males 

 Males were selected for stripe, ebony, w
+
 (P-element), and Prickly markers. The position 

of the stripe gene is slightly distal to the spn-B gene. Therefore we confidently selected for flies 

that contained the spn-B mutation when the fly displayed stripe phenotypically. The ebony 

mutation was selected for to limit the identified recombinants to between ebony and the P-

element 17620. Selected males were independently crossed to heterozygous ruPrica/TM3, Sb 

females (Figure 2.1). By backcrossing each unique genotype to this line, the TM3, Sb balancer 

chromosome is reintroduced into the fly line. The balancer prevents the unique recombinant 

chromosome from undergoing meiotic recombination again. Heterozygous female and male 

progeny were selected for using the w
+
 and Sb markers and were crossed together to create a 

balanced fly stock. Each balanced stock contained a unique CA231, 17620 recombinant 

chromosome. 
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Figure 2.1: Creation of CA231, Df recombinants. The first cross was to introduce the paternal 

wild type 17620 P-element haplotype and maternal spn-B
BU

 haplotype together. In the second 

cross, virgins of the heteroallelic combination were crossed to ruPrica males to recombine the 

two haplotypes. Recombinant males were crossed to ruPrica virgins to reintroduce the balancer. 

Heterzygous male and female progeny were collected for balanced stocks. 
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Sequence analysis of genomic PCR 

Dideoxy sequencing of intergenic regions was performed by Genewiz, Inc. (Genewiz, 

2010). Forward sequences of both CA231 and 17620 were compared to one another via pairwise 

BLAST. SNPs were identified in amplified regions that created or destroyed a restriction enzyme 

recognition site, establishing a unique RFLP. Conformation of the SNP was provided through 

electropherogram analysis. Sequences containing the SNP were analyzed through NEBcutter for 

RFLPs (New England Biolabs, Inc., 2010).  

Identified RFLPs were used to assess the haplotype at each respective loci of a 

CA231/17620 recombinant fly. Each PCR product was subjected to a restriction digest using the 

identified restriction enzyme for each locus (Appendix B). Restriction enzyme master mixes 

were prepared using NEB guidelines (New England Biolabs, Inc., 2010). 15 µl of master mix 

was transferred to a separate tube with 5 µl of each PCR reaction product. Each tube was 

incubated at the optimal temperature for each enzyme for one hour to allow a complete digest 

(New England Biolabs, Inc., 2010). Each sample was subjected to gel electrophoresis for one 

hour at 110 V.  

 

Eggshell determination of recombinant stocks 

 Throughout the project, it was necessary to determine the eggshell phenotype of multiple 

fly lines. Homozygous females from each fly line were placed in a condo lane with Oregon R 

males and inverted on apple juice plates stamped with yeast paste, for 7 days (Figure 2.2). On 

days 4 – 7, eggs were counted and scored to determined spindle phenotype suppression (Figure 

1.2). Eggshell suppression data was used with the SNP recombinant information to determine the 

location of the CA231 mutation.  
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Figure 2.2: Eggshell phenotype determination technique. (A) The condo apparatus consists of 

19 plastic chambers as depicted by the aerial view on the left. On the right is a side view of the 

condo. As seen, the bottom side is flat, which is open. Not to scale. (B) Once the condo is filled 

with flies, the open side of the condo is sealed using an apple juice plate stamped with yeast 

paste as seen on the left. The right is an under view, looking through the apple juice plate. The 

females inside each lane remain isolated from one another and they will lay their eggs in their 

designated area. A new plate is used every day, for seven days. Eggs are counted on days 4 - 7.  
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Positional cloning of the CA231 suppressor mutation 

1
st
 refinement: positional cloning 

 DNA was isolated as described above from homozygous CA231, 17620 recombinant 

males from each fly stock produced. Genomic PCR described above was used to amplify 

individual loci containing a RFLP along an 8.6 Mbp region (1122 genes) on the right arm of the 

third chromosome known to contain the CA231 suppressor mutation (Table 2.1). Samples were 

subjected to a restriction digest specified for the RFLP at that locus (Table 2.1). Haplotypes at 

each locus were determined using the RFLPs produced by each genotype. Recombinant 

haplotype maps were constructed for each recombinant fly. The haplotype of the longest non-

suppressor and shortest suppressor were identified at 95B1-2 and 96B, respectively. The region 

containing the CA231 mutation was refined to a 1.8 Mbp region containing 225 genes. 

Table 2.1: Loci information for first refinement 

Primer sets RFLP 

haplotype 

Enzyme CA231 

pattern 

17620 

pattern 

Fwd: CACACAGTCGGAGGAAATCG 

Rev: AAACACAGACACTCACACGC 

17620 Cac8I 116, 230, 

306, 615 

116, 230, 

302, 562 

Fwd: CTGCTCGTTTCCGGGAATCG   

Rev: CTGTTCACTGGGTTTCTAGC 

CA231 BfaI 205, 230, 

404, 443 

435, 845 

Fwd: TGAATATACCCTCTGCTAGG   

Rev: TGGACACGTGACACTTGTGG 

17620 ScaI 1495 482, 1026 

Fwd: AATGTTGTTGGCTCAGTCGC   

Rev: TAGCATTACCGTTTGCCAGC 

CA231 EcoRV 389, 1196 1585 

Fwd: TCGCACACTGCAAGTAATCG  

Rev: TCGCACACTGCAAGTAATCG 

17620 TaqI 367, 995 363, 377, 

622 

 

 

2
nd

 refinement: positional cloning 

 Another RFLP analysis was performed to further refine the region for the CA231 

mutation. PCR was used to amplify specific loci containing a RFLP along newly refined 1.8 
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Mbp region, between cytolocation 94A-95B2 (Table 2.2). Samples were subjected to a 

restriction digest specified for the RFLP at that locus (Table 2.2). Haplotypes at each locus were 

determined using the RFLPs produced by each genotype. Recombinant haplotype maps were 

constructed for each recombinant fly. The haplotype of the longest non-suppressor and shortest 

suppressor were identified at 94A5 and 94B3, respectively. The region contained the CA231 

mutation was refined to a 156 Kbp region containing 47 genes. 

Table 2.2: Loci information for second refinement 

Primer sets RFLP 

haplotype 

Enzyme CA231 

pattern 

17620 

pattern 

Fwd: CACACAGTCGGAGGAAATCG 

Rev: AAACACAGACACTCACACGC 

17620 Cac8I 116, 230, 

306, 615 

116, 230, 

302, 562 

MB1/MB2 CA231 BfaI 200, 340, 

500, 900 

340, 1000, 

1200 

MB9/MB10 17620 TaqI 200, 300, 

315, 360  

200, 240, 

300, 360 

Fwd: CTGCTCGTTTCCGGGAATCG   

Rev: CTGTTCACTGGGTTTCTAGC 

CA231 BfaI 205, 230, 

404, 443 

435, 845 

 

 

3
rd

 refinement: deficiency complementation 

 A deficiency complementation experiment was conducted to further refine the 156 Kbp 

region and possibly identify candidate genes for the CA231 mutation. 3 deficiency lines were 

ordered from Bloomington Stock Center. Deficiency recombinants were created as described 

above substituting the 17620 line with the respective deficiency line (Figure Table 2.3). The 

eggshell phenotype was determined for each deficiency recombinant fly line by 

complementation with CA231. Complementation of the CA231 mutation results in eggs 

exhibiting the spindle phenotype. This is because a wild type copy of the mutation is 

compensating for the mutant allele. If complementation occurs, the mutation is not in the 
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deficient region. In contrast, non-complementation indicates that the region deleted in the 

deficiency contains the gene mutated in the CA231 suppressor. We identified Df(3R)Exel6190 as 

the smallest non-complementing deficiency. This region contained 7 full genes and 1 partial 

gene.  

Table 2.3: Complementation genotypes tested 

Mutant line Complementation 

Df(3R)Exel6190 No 

Df(3R)BSC511 No 

Df(3R)Exel6191 Yes 

Pyk
DG05605

 No 

 

 

Identification of PyK: sequencing and mutation complementation  

 The 8 remaining candidate genes were sequenced. PCR was used to amplify the 8 gene 

region in homozygous spn-B
BU

 and CA231 males. Point mutations were manually compared 

between the two genotypes using pairwise BLAST (NCBI). No point mutations were found that 

were indicative of EMS mutagenesis. Two deficiency lines were identified that did not 

complement the CA231 mutation, the Df(3R)Exel6190 deficiency displayed better suppression 

than BSC511 deficiency. PyK was only partially removed gene in the Df(3R)Exel6190 

deficiency line. A mutant allele of PyK was ordered from Bloomington Stock Center (Table 2.3). 

Mutant spn-B
BU

, PyK recombinants were created as described above substituting the 17620 line 

with the mutant PyK line and spn-B
BU 

mutants.  The mutant PyK allele was substituted in for the 

17620 fly line. Mutant spn-B
BU

, PyK recombinants were backcrossed to the CA231 line and 

female progeny were used for eggshell determination as described above. Non-complementation 

of this PyK mutant revealed PyK as the mutant gene in the CA231 fly line. 
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Expression of PyK transcription in CA231 

 No bona fide point mutation was discovered in the PyK
CA231 

allele. However, non-

complementation supported PyK as the mutant gene in the CA231 fly line. Since no mutation 

was located, we turned our attention to PyK mRNA expression levels. We achieved this by using 

nested reverse transcription PCR. 

RNA isolation from Drosophila ovaries 

 20 homozygous PyK
CA231

 and spn-B
BU

 ovaries were dissected in 1x PBS and transferred 

to a 1.5 mL microcentrifuge tube. The ovaries were ground up in 500 µL RNAzol (Molecular 

Research Center, Inc.). 200 µL of nuclease free water was added to the tube and the sample was 

inverted for 15 seconds. The tube was incubated at 25 °C for 15 minutes. The sample was spun 

down for 15 minutes at max speed. 500 µL of the supernatant was transferred to a new 1.5 mL 

microcentrifuge tube. 250 µL of 75 % ethanol was added to the newly transferred sample and 

inverted 5 times. The tube was incubated again at room temperature for 10 minutes. The sample 

was spun down at max speed for 10 minutes. The supernatant was discarded and the pellet was 

washed in 500 µL of 75 % ethanol. The tube was spun down at max speed for 2 minutes and the 

supernatant was discarded. The pellet was washed once more using 500 µL of 75 % ethanol. The 

supernatant was removed and the sample was spun down a final time at max speed for 5 minutes. 

Any residual ethanol left was discarded after the centrifugation. The pellet was resuspended in 

45 µL of water and incubated for 5 minutes at 50 °C. A 1:100 dilution of each sample was 

prepared for quantification. RNA was quantified using spectrophotometry at 260 nm. The 

equation to convert ABS at 260 nm to concentration is: 

                 ng  L     
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First strand synthesis of cDNA 

1.5 μg of PyK
CA231

 and spn-B
BU

 RNA samples were prepared using nuclease free water to 

a total volume of 15 µL. Two primers were used for PyK first strand synthesis. MB103 (5'-

AATTGCCTATAGGGAACTGG-3') flanked the 3’ end of PyK, MB131 (5'-

ACCCCAACATAAACGTGGCG-3') flanked the middle of the gene in the second intron.  

SF542 (5'- ATGCCTCGAGATGGCCGAGAACAAGCAAGTGG-3' ) was used for lnk first 

strand synthesis by binding a portion of the 3
rd

 exon in the lnk gene. 1 µL of each primer at 10 

µM was added to independent samples. Samples were incubated for 10 minutes at 70 °C and 

immediately moved to ice. While still on ice, the following reagents were added to the samples: 

2 µL 10x PCR buffer, 2 µL 25 mM MgCl2, 1 µL 10 mM dNTPs, 2 µL 0.1 M DTT. The samples 

were incubated at 42 °C for 4 minutes. 1 µL of Superscript IIRT (Invitrogen) was added to each 

sample. Samples were incubated at 42 °C for 50 minutes. The reaction was terminated by heating 

the samples up to 70 °C for 15 minutes. The samples were transferred to ice again and 1 µL of 

RNase H (Invitrogen) was added to each tube and incubated at 37 °C for 20 minutes.  

 

PCR amplification of first strand cDNA 

Three regions were targeted for amplification designated PyK-exon (1712 bps), PyK-

intron (702 bps), and lnk-exon (499 bps), respectively. The PyK-exon was amplified using 

primers MB128 (5'-AAAAATCTGTGTGGCAGTCG-3') and MB125 (5'- 

GTGAGAGAAGTTCATGCGCG-3'). The PyK-intron was amplified using primers MB128 and 

MB123 (5'-GAAAAACGCAAAGCTGTCGC-3'). The lnk-exon was amplified using primers 

Lnk seq 2 Fwd (5'-GTCTGCAGACAGTGCTTTGG-3') and SF523 (5'-

ATCCGAAGTGCCGCCCGATT-3').  C  samples were prepared using    L of cD   with  8 
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 L K D  C  mi  (   L      C  buffer, 3  L  g  4,    L d T s,    L       forward 

primer,    L       reverse primer,     L nuclease free water, and    L K D polymerase). 5 

µL of PCR products were run on a 1.5 % agarose gel at 110 V for 50 minutes. 

 

Cloning of PyK rescue construct 

 A rescue construct was created containing a wild type allele of PyK. PyK was cloned by 

amplifying a 7283 bp fragment from Oregon R genomic DNA. PyK was cloned in two pieces. 

The first 1/3 of the locus was amplified using MB138 (5'-

ACGTGGATCCGCAAGACATCTGCTTGAAGG-3') and  MB129 (5'- 

CTTCTTGCAACTGCACACGC-3'), with a primer concentration  of 250 nM and an annealing 

temperature of 58 °C.  This amplicon was cloned into the pTIGERv2.0 vector (Ferguson) using 

BamHI and NheI (Appendix B). 10 µL of clean PCR product and 3 µL of the pTIGER vector 

were digested with 4 µL water (12 µL for pTIGER), 2 µL 10x Buffer 4, 2 µL 10x BSA, 1 µL 

BamHI and 1 µL NheI. Digested products were purified using a Clean and Concentrate 5 column 

(hereafter designated as CnC) according to the manufacturer’s instructions (Zymo Research). 

The two products were ligated together using 10 µL of digested PCR product, 2 µL of digested 

pTIGER vector, 5 µL water, 2 µL 10x ligase buffer, and 1 µL T4 DNA ligase that was incubated 

for 1 hour at room temperature; creating plasmid number pSF50 (Appendix C). pSF50 was 

transformed into E. coli by heat shock. 10 µL of pSF50 was transferred to a 1.5 mL 

microcentrifuge tube containing frozen RbCl competent TG1 E. coli cells. The sample was 

mixed gently and incubated for 10 minutes on ice. The cells were heat shocked for 2 minutes at 

37 °C. 900 µL of LB broth was added to the sample and was shook at 37 °C for 1 hour. A 1:1 

and 1:10 dilution of the cells were spread on 50 µg/mL LB Amp plate and incubated for 12-16 
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hours overnight. The next day 8 individual colonies were grown up and mini prepped by 

manufacturer's recommendation (QIAGEN). Cleaned and concentrated mini preps were subject 

to restriction digest using BamHI and NheI for verification of proper cloning. Each reaction 

contained 14 µL water, 2 µL sample, 2 µL 10x buffer 4, 2 µL 10x BSA, 1 µL BamHI and 1 µL 

NheI.  Reactions were incubated at 37 °C for 1 hour. 10 µL of digested products were run on a 

1.0 % agarose gel at 110 V for 50 minutes.  

 The 3’ 2/3 of the locus was amplified using MB128 (5'-

AAAAATCTGTGTGGCAGTCG-3') and MB139 (5'-

ATCGTCTAGAACGATGCGAAGATCATGTCC-3’), with 250 nM primer concentration and 

61 °C annealing temperature. The PCR product was cloned into pSF50 using NheI and XbaI with 

the same procedure as described above (Appendix B).  A few modification of the above 

procedure were used to successfully clone the last 2/3 of the locus into pSF50.  The first 

modification was 2 µL CIP added to the ligation reaction when cloning the PCR product into 

pSF50. This prevented the vector from closing on itself as NheI and XbaI are cohesive. The 

second modification was before the digestion of the PCR product and pSF50. The amplified PCR 

products were run on a 0.7 % agarose gel at 100 V for 50 minutes and extracted from the gel 

using QIAQuick gel extraction kit (QIAGEN). Samples liberated from the gel were used for 

transformation in RbCl TG1 E. coli cells as described above. The final construct, pSF54, was 

sent off for microinjection. The transgenic flies received will help provide supporting evidence 

for the PyK mutation in the CA231 fly line. 
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Immunohistochemistry of H2Av histone in Drosophila ovaries 

Collecting eggs for 2° Ab preabsorption 

 In order for proper H2Av histone staining, the McKim lab suggested to preabsorb the 

primary antibody they generously donated (McKim et al.). An apple juice plate was brought to 

room temperature and streaked with yeast paste. The yeast paste was allowed to dry. A bottle of 

Oregon R flies were transferred to a red solo cup and flipped over the apple juice plate. The solo 

cup was taped for security and placed in a dark environment. After 30 minutes the flies were 

discarded and the eggs were washed off the plate into a filter apparatus (500 mL flask, funnel, 

and small screen placed inside the funnel). The funnel was then transferred to a 15 mL conical 

tube. The eggs were washed off the screen with water into the conical tube. The water was 

aspirated off and the tube was filled with 50 % bleach and rocked for 1.5 minutes. The bleach 

solution was removed and the sample was incubated in a heptane-methanol (1:1) solution and 

rocked for 5 minutes. The eggs were allowed to settle and the top heptane layer was aspirated 

off. The tube was topped off with methanol and incubated for 15 minutes on a nutator. The eggs 

were then washed in 1x PBS for 15 minutes. The eggs were then blocked with BAT-NGS 

(Appendix D) for 1 hour. The eggs were transferred to the primary stock solution and rocked 

overnight at 4 °C. 

 

Whole mount preparation with Buffer A solution 

 5-8 homozygous females (spn-B
BU

, CA231, mei-P22, and Oregon R) were put on dry 

yeast and incubated at 25 °C for 3 days. Ovary pairs were dissected from females in Robb's 

media (Appendix D). Each ovary was combed using tweezers to separate each individual 

ovariole and remove the ovariolar sheath. Ovaries were fixed in 1 mL Buffer A fix solution 
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(Appendix D) and rocked for 9 minutes. The ovaries were allowed to settle for 1 minute and the 

fixative solution was aspirated off. The samples were washed with 1 mL BAT solution 

(Appendix D) for 15 minutes. Ovaries were blocked overnight using 1 mL BAT-NGS solution 

(Appendix D) at 4 °C. The next day the blocking solution was discarded and the ovaries were 

transferred to a 1 mL microcentrifuge tube. The samples were incubated with 500 µL primary 

antibody solution (1:1000 rabbit γ-H2Av antibody, 1:60 Orb Ab 1, 1:60 Orb Ab 2 in BAT-NGS) 

overnight at 4 °C. On the third day, the primary antibody solution was removed and the samples 

were washed 3 times with 1 mL BAT-BSA (Appendix D) for 30 minutes. Ovaries were then 

reblocked using 1mL BAT-NGS for 15 minutes. The blocking solution was discarded and the 

samples were incubated with 1 mL secondary antibody solution (1:1000 AlexaFluor 488-α-

rabbit, 1:1000 AlexaFluor 546-α-mouse, 2 μg/mL Hoescht DNA dye in BAT-NGS) overnight at 

4 °C. On the final day, the secondary antibody solution was removed and the ovaries were 

washed with 1 mL BAT for 45 minutes. The ovaries were washed one final time using 1mL 1x 

Buffer A solution (Appendix D). Ovaries were transferred to a glass slide where they were 

separated into individual ovarioles and the larger egg chambers were removed. The final sample 

product was mounted in Aquapolymount. 

 

Immunohistochemistry of Gurken protein in Drosophila ovaries 

 5-8 homozygous females (spn-B
BU

, CA231, and Oregon R) were put on dry yeast and 

incubated at 25 °C for 3 days. Ovary pairs were dissected from females in Robb's media. Each 

ovary was combed using tweezers to separate each individual ovariole and remove the ovariolar 

sheath. Ovaries were kept on ice until ready to fix. Samples were fixed for 20 minutes at room 

temperature in 4 % paraformaldehyde and heptane (1:3).  Samples were rinsed and washed 3 
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times (20 minutes for each wash step) with 0.3 % PBST (Appendix D). The samples were then 

blocked in 0.3 % PBST + 2.7 % BSA overnight at 4 °C. The next day, the samples were washed 

3 times with 0.3 % PBST for 20 minutes apiece. 1 mL of the Gurken primary antibody solution 

(1:10 mouse monoclonal ID12 in 0.3 % PBST + 2.7 % BSA) was added to the samples and 

rocked overnight at 4 °C. On the third day the primary antibody was discarded and the samples 

were rinsed 3 times with 0.3 % PBST following with 3 washes with 0.3 % PBST for 20 minutes 

apiece. 1 mL of the secondary antibody solution (1:1000 AlexaFluor-α-mouse, 1:1000 

AlexaFluor 546-α-mouse conjugated to phalloidin, 1:1000 Hoescht DNA dye in 0.3 % PBST) 

was added to the samples and incubated overnight at 4 °C. On the final day, the samples were 

rinsed 3 more times and then washed 3 times for 20 minutes apiece with 0.3 % PBST. Ovaries 

were transferred to a glass slide where they were separated into individual ovarioles. The final 

sample product was mounted in Aquapolymount. 

 

Western blot of Vasa Phosphorylation in Drosophila ovaries 

5 pairs of ovaries from each genotype were placed in a 1.5 mL microcentrifuge tube and 

ground up with 200 uL of 2X SDS-sample buffer (125 mM Tris [pH 6.8], 4 % SDS, 20 % 

glycerol, and 200 mM DTT). Protein mixes were subjected to a SDS-PAGE for separation using 

a 3.9% stacker gel and 7 % resolving gel (pH 6.8 and 8.8 respectively). After separation, the 

samples were transferred to a Hybond nitrocellulose membrane for 3 hours at 25 V. Samples 

were prestained with Ponceau S for transfer verification. After verification of transfer, the 

Ponceau S was washed away from the membrane using blocking buffer (10 % solution of nonfat 

dry milk, 10 mM Tris [pH 7.5], 150 mM NaCl, and 0.05 % Tween-20). The membrane was 

blocked using blocking buffer overnight at 4 °C. After blocking, the blocking buffer was 
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discarded and a 1:3,000 dilution of rabbit anti-Vasa primary antibody in blocking buffer was 

added to the membrane and incubated overnight at 4 °C. The primary antibody solution was then 

removed from the membrane. The membrane was washed three times, at 20 minutes apiece, 

using 0.3 % TBST to wash away any unbound primary antibody. A 1:5,000 dilution of horse 

anti-rabbit secondary antibody conjugated to horseradish peroxidase (HRP) in blocking buffer 

was added to the membrane and incubated for 4 days at 4 °C.  The membrane was washed three 

more times to remove any excess secondary antibody. The membrane was then transferred to a 

Pierce ECL Plus Western Blotting Substrate solution for five minutes and was mounted between 

two laminate sheets. Chemiluminescence was analyzed using a SynGene Imager.  
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CHAPTER 3: POSITIONAL CLONING OF PYK
CA231 

Positional cloning approach 

As previously described, spindle mutants exhibit a loss of Grk protein expression which 

results in an inability to correctly specify the dorsal fate of the oocyte. The Chk2 checkpoint 

pathway regulates grk translation during development of the oocyte. The mechanism by which 

the Chk2 checkpoint pathway regulates the translation of grk has not been fully elucidated. Vasa 

is a target of the Chk2 checkpoint pathway and shares a similar phenotype to that of spn-B 

mutants as described above. Phosphorylation of Vasa is correlated with weak grk expression 

although the exact mechanisms by which this repression occurs is not clear. It is speculated that 

Vasa is not directly phosphorylated by Chk2. This led to an effort to identify modifiers of the 

spindle phenotype that may overcome the signal from the checkpoint pathway. The goal of this 

thesis was to identify and characterize the CA231 spindle modifier. My approach to identify the 

CA231 modifier used SNP recombinant mapping, genomic sequencing, and deficiency 

complementation.  

 

Identifying suppressors and non-suppressors 

 Each of the 18 spn-B
BU

, PyK
CA231

, 17620 recombinant lines described in chapter 2 was 

screened for suppression of the ventralized eggshell phenotype (Figure 3.1.2.B). 5 recombinants 

were identified as suppressors while 2 were identified as non-suppressors. Most of the 

recombinants had a cross over event extremely distal or proximal to spn-B
BU

 and therefore were 

uninformative.  Recombinants 5 and 12 did not lay any eggs. Recombinants 8 and 18 were non-

suppressors with only 35 % wild-type eggs and 20 % class 4 ventralized eggs being laid by rec 

#8, and only 12 % wild-type eggs and 35 % class 4 ventralized eggs being laid by rec #18. 
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Recombinants 9, 13, 15, 16, and 17 are suppressors as they exhibited recovery of the wild-type 

phenotype and significant reduction of the class 4 ventralized phenotype. Rec #9 produced an 

average of 30 % wild-type eggs with only an average of 5 % class 4 ventralized eggs. Rec #13 

yielded 45 % wild-type eggs and 7 % class 4 ventralized eggs. Rec #15 recovered the ventralized 

phenotype by producing just over 50 % wild-type eggs and 1 % class 4 ventralized eggs. Rec #16 

yielded about 38 % wild-type eggs and 2 % class 4 ventralized eggs. Rec #17 suppressed the 

ventralized phenotype the best with almost 98% wild-type eggs and 0 % class 4 ventralized eggs 

laid.  
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Figure 3.1.1: Positional cloning approach of the CA231 suppressor. The search began 2004 

when the Schupbach lab roughly mapped each spindle suppressor to the right arm of the third 

chromosome. This is roughly an 8.6 Mbp region containing 1,122 genes. The first refinement 

started with the Molecular Genetics 2010 Lab. In a joint effort, we were able to refine the area of 
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interest to a 1.8 Mbp region. This area contained about 225 genes. I continued the search the 

following summer in 2010 where I was able to refine the area to a 47 gene region, about 156 

Kbps in length. The Fall 2010 Genetics Lab and I conducted a deficiency complementation 

analysis to roughly locate the CA231 suppressor. Through sequencing, I was able to locate them 

mutation to the PyK locus. 
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Recombinant genotyping 

 DNA was isolated from spn-B
BU

, PyK
CA231

, 17620 recombinant males. Specified 

intergenic loci were amplified using PCR (Table 2.1 and 2.2). For first and second round 

refining, samples were subjected to restriction digestion specified by the RFLP at that locus. I 

also did manual sequence comparison for loci that did not contain any convenient RFLP 

restriction sites. For each locus, the RFLP will be present in either haplotype, providing a quick 

identification method for mapping. For example in Figure 3.1.3, PCR-RFLP analysis provides a 

specific banding pattern that distinguishes between the CA231  and 17620 haplotypes. An 

intergenic region (3R: 18170026..18171326) was amplified from genomic DNA of all 18 

recombinants flies. Each amplified product was digested using BfaI. The first two lanes are the 

control parental lines, followed by each recombinants' haplotype at this locus. Recombinants 1, 

2, 4, 7, 10, 11, and 14 displayed the same pattern as the CA231 control line. Recombinants 3, 5, 

6, 8, 9, 12, 13, 15, 16, 17,  and 18 exhibited the 17620 haplotype. This type of analysis was 

performed at multiple loci to refine the area of interest. From those data I constructed haplotype 

maps that identified the limiting recombinants as #17 and #18 and refined the target area of the 

suppressor mutation between coordinates 3R:17768188..18628222 (Figure 3.1.2). 
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Figure 3.1.2: Mapping information for the CA231 suppressor. (A) Chromosome maps were 

constructed from genotype information. The maternal haplotype is in blue and the paternal 

haplotype is in red. Green indicates areas of uncertainty. Yellow indicates the refinement region. 

The cross over event was determined in CA231, Df  male lines. The limiting recombinants 17 

and 18 refined the area to a 47 gene region in two steps.(B-C) The ventralized eggshell 

phenotype exhibited by CA231, Df females lines. Suppression was determined by the recovery of 

the wild type eggshell phenotype (blue) and reduction of class 4 ventralized phenotyped (purple).  

It was determined that recombinant 17 and 18 were the limiting recombinants for the second 

refinement. 17 was determined as the shortest suppressor and 18 was the longest non-suppressor. 
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Location of the CA231 suppressor 

 I took a multistep approach to mapping the CA231 mutation. This four step approach 

included two refinements using a combination of PCR-RFLP and comparative sequence 

analyses; one refinement using deficiency complementation; and finally Sanger sequencing of 

candidate genes (Figure 3.1.1). Genotype information was used to construct haplotype maps for 

each recombinant. Using this information in combination with the eggshell phenotype data, one 

can refine the area of interest where the mutation lies.  

For the first refinement, most of the crossing over occurred between cytolocations 94A 

and 95B1-2 (Figure 3.1.2.A). Recombinants 9, 13, 15, 16, and 17 represent the shortest CA231 

haplotypes that retain the suppressor. This indicates that the mutation must lie somewhere 

proximal to the SNP at 95B1-2 (Figure 3.1.1). Recombinants 8 and 18  are the longest CA231 

haplotypes that are not suppressors, indicative that that mutation must be somewhere distal to the 

SNP at 94A. Therefore the region of suppressor was located between the SNPs located at 94A 

and 95B1-2, which contained roughly 224 genes (Figure 3.1.1).  

 For the second round of mapping, most of the crossing over was between loci MB1/MB2 

and MB3/MB4 (Figure 3.1.2A). Recombinants 17 and 18 were identified as the limiting 

recombinants for this refinement (Figure 3.1.2.C). Recombinant 17 was identified as the shortest 

suppressor, whereas 18 was the longest non-suppressor. MB1/MB2 was subjected to BfaI digest 

while MB3/MB4 sequences were compared manually to determine the hapoltype. This data 

suggested the region of the suppressor was between the SNPS located at MB1/MB2 and 

MB3/MB4 (Figure 3.1.1.). This region was narrowed down to a 156 Kbp region containing 

roughly 47 genes.  

 The third refinement involved using deficiency lines to generally locate the suppressor 
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among the remaining 47 candidate genes. spn-B
BU

, Df recombinants were made and backcrossed 

to the CA231 line for genetic complementation analysis (Table 2.3 & Figure 3.3). Two 

deficiency lines, Df(3R)BSC511 and Df(3R)Exel6190, were determined to not complement the 

CA231 mutation. Of the two, Df(3R)Exel6190 was the smallest non-complementing deficiency. 

This region contained 7 full genes and 1 partial gene. PyK was only partially removed in the 

Df(3R)Exel6190 deficiency line. This led me to believe that the suppression differences between 

to the two deficiency lines was because of the complete absence of the PyK gene in the  

Df(3R)Exel6190 line compared to most of the coding region remaining intact in the 

Df(3R)BSC511 line. A deficiency complementation with another mutant PyK allele revealed the 

CA231 mutation was pyruvate kinase (Figure 3.3.D).  spn-B
BU

, PyK
CA231

/ spn-B
BU

, PyK
DG05605

 

females demonstrated strong suppression laying 75 % wild-type eggs in comparison to females 

homozygous for spn-B
BU

, which laid roughly 35 % wild-type eggs. 
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Figure 3.1.3: Example genotyping of locus MB1/MB2, BfaI. 18 CA231, Df recombinant lines 

were genotyped as various loci. In this example, genomic PCR amplified an intergenic region 

along the using primers MB1 and MB2 to determine the haplotype at that specific locus. This 

was done by indentifying intergenic regions that contained SNPs that created a RFLP different 

between the two haplotypes. The CA231 line (lane 1) contains the RFLP that cuts the intergenic 

region differently from the 17620 line (lane 2). Based on the banding patterning, one can easily 

assess the genotype of the recombinant at that locus. A complete haplotype map can be 

constructed from information at many loci across the targeted refinement area. 
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CHAPTER 4: CHARACTERIZATION OF PYK
CA231 

PyK RNA expression is knocked down in spn-B
BU

, PyK
CA231 

mutants 

 Deficiency complementation mapped the CA231 mutation to the PyK locus on the right 

arm of the third chromosome. The PyK
CA231

 mutation was originally identified as a single G to A 

substitution in the first intron of the coding region of the PyK gene. This mutation was thought to 

be an intronic SNP that results in a frameshift mutation due to generation of an inappropriate 

RNA splice acceptor site. To test this, a reverse transcription experiment was performed on total 

ovarian RNA. From the RNA, three cDNAs were produced (Figure 3.2.A). Three regions were 

targeted for amplification designated PyK-exon (1712 bps), PyK-intron (702 bps), and lnk-exon 

(499 bps) (Figure 3.2.A). “PyK-exon” targeted the second exon, second intron, and part of the 

third exon in the PyK gene whereas “PyK-intron” amplified only the second exon and part of the 

second intron as well. lnk-exon was used as a positive control and amplified a part of the lnk 

locus. I targeted the third exon to amplify. If a splice error is occurring, one would assume that 

PyK-intron would only show product for spn-B
BU

, PyK
CA231

 while PyK-exon would show for 

both spn-B
BU

 and spn-B
BU

, PyK
CA231

 with a visible size variance. In spn-B
BU 

females, PyK-exon, 

PyK-intron and lnk-exon all correctly amplified as a band was identified for each corresponding 

amplified product (Figure 3.2.B). To our surprise in spn-B
BU

, PyK
CA231

 females, only the lnk-

exon control transcript amplified (Figure 3.2.B). This suggests that the mutation found in spn-

B
BU

, PyK
CA231

may be causing destabilization and destruction of the PyK RNA or that there is an 

additional mutation in the promoter that is blocking transcription. The mechanism(s) by which 

this occurs is unknown.  
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Figure 3.2: PyK expression is knocked down in spn-B
BU

, PyK
CA231

 mutants.
 
(A-B) The 

designed approach to see RNA expression in the PyK and lnk loci. A single primer was used to 

created cDNA of each gene (red primer: MB103 in A; green primer: MBSF522).  Three regions 

of interest were amplified from the two cDNAs produced that targeted specified introns and 

exons. PyK-intron is in the brown shaded region amplified by MB128 (blue forward primer) and 

MB123 (orange reverse primer). PyK-exon is in the combined brown and blue shaded region 

amplified by MB128 (blue forward  primer) and MB125 (blue reverse primer). lnk-exon is the 

pink shaded area amplified by Lnk seq fwd 2 (magenta forward primer) and SF523 (magenta 

reverse primer). (C) Electroseparation of the three targeted regions. The absence of PyK-exon 

and PyK-intron DNA in spn-B
BU

, PyK
CA231 

flies suggest that the RNA is not stable in the CA231 

fly line. Therefore the mRNA is degraded and cDNA cannot be retrieved. This is not exhibited in 

the spn-B
BU

 control. The lnk locus produced cDNA and amplified the correct corresponding 

product confirming the validity of the test. 
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PyK rescue construct 

 A rescue construct was created to confirm the PyK mutation in the CA231 suppressor 

line. The PyK locus was roughly 7.2 Kpbs in length and therefore merited a 2 step cloning 

strategy. The first amplicon was a 2883 bp piece cloned into the pTIGERv2 plasmid developed 

by Dr. Ferguson. The fragment and vector were digested with BamHI and NheI and were ligated 

together to create pSF50 (Figure 3.3A). This was confirmed during restriction digestion analysis 

(Figure 3.2B). pSF50.6 was positive for proper cloning of the first amplicon fragment and was 

confirmed by sequencing. A 2883 fragment was observed, indicative of the PyK insert. Digested 

vector displayed a band around 10, 200 bps, and undigested vector remained at the top of the gel 

at roughly 13,000 bps. The second fragment was a 4386 bp cloned into the pSF50.6 vector from 

the first round. NheI and XbaI were used to digest both the fragment and pSF50.6 to create the 

final PyK rescue construct, pSF54 (Figure 3.3.A). This was also confirmed by restriction digest 

analysis (Figure 3.3.B). Multiple samples tested positive for proper cloning of the second 

fragment. Digested vector was shown above the ladder with a size of about 13,014 bps. The PyK 

insert was identified at 4,000 with a size of 4,386 bps. The final product was sent off for 

sequencing. Sequencing analysis identified no mutations were introduced during the cloning 

process (data not shown). pSF54 is currently being microinjected.  
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Figure 3.3: PyK rescue construct. (A) The pTIGERv2 construct map is on the left and the 

complete PyK rescue construct is on the right. The PyK gene was inserted into the pTIGERv2 

vector in a two pieces. The first piece was inserted using BamHI and NheI restriction enzymes. 

The second piece was assembled using NheI and XbaI restriction enzymes. The complete 

construct is roughly 17,000 bps. The construct contains AMP R for cloning, w+ for transgenic 

purposes. (B) The gel for the first insert is on the left and the gel for the final construct is on the 

right. For the first insert, 6 colonies were screened for the insert. It was revealed that only the last 

colony, pSF50.6 contained the proper insert. The complete construct was located by screening 11 
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colonies. All but the first three colonies showed the correct banding pattern that corresponds to 

the proper insert size. 
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spn-B
BU

, PyK
CA231 

mutants suppress the spindle phenotype by restoring Grk protein 

expression 

The eggshell defect seen in spn-B
BU 

females  is due to weak grk expression (Ghabrial & 

Ray, 1998; Neuman-Silberberg & Schupbach, 1993). CA231 showed strong suppression of the 

spindle phenotype despite being mutant for spn-B
BU

 as well (Figure 3.4.D). The CA231 mutation 

was positionally cloned and mapped to the PyK locus as described above. The PyK
CA231

allele 

was tested in trans to the Df(3R)BSC511 and Df(3R)Exel6190 deficiencies, as well as with a 

transposon integration allele, PyK
DG05605

. The PyK
DG05605

 allele is a P{wHy} insertion in the first 

intron of the coding sequence found in the plus orientation (3R:18,194,870..18,194,870 [+]). 

Homozygous and heterozygous allelic combinations produced similar levels of suppression with 

almost 90 % wild-type eggs being laid by spn-B
BU

, PyK
CA231

 double mutants, almost 70 % wild-

type eggs laid by spn-B
BU

, PyK
CA231

/ Df(3R)Exel6190 flies, and almost 80 % wild-type eggs laid 

by spn-B
BU

, PyK
CA231

/ Df(3R)BSC511 flies. Heteroallelic spn-B
BU

, PyK
CA231

/PyK
DG05605

 yielded 

strong suppression as females laid ~75 % wild-type eggs in comparison to females homozygous 

for spn-B
BU

, which laid roughly 35 % wild-type eggs (Figure 3.4.D). The loss of PyK activity 

was able to suppress the ventralized eggshell phenotype. However eggs laid by spn-B
BU

, 

PyK
CA231

 females did not hatch and therefore not viable.  

The suppression of spn-B
BU

 is a result of restored Grk protein levels in mid-oogensis 

(Figure 3.4.A-C). OR, spn-B
BU

, and spn-B
BU

, PyK
CA231

 ovaries were fluorescently stained for Grk 

protein. OR ovaries show specific Grk protein localization and translational intensity in the 

dorsal-anterior corner of the developing oocyte. spn-B
BU 

mutants express a significant lower 

intensity of Grk protein but still experience localization of what little protein is produced. It is 

observed that spn-B
BU

, PyK
CA231

 double mutants retains the translational intensity as well as 
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partial localization.  
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Figure 3.4: PyK mutations suppressor dorsal-ventral patterning defects in eggs laid by spn-

B
BU

 females. Mutations in spn-B result in variable ventralized eggs laid by homozygous females. 

(A-C) The ventralized eggshell phenotype suppression is due to a rescue of Grk protein 

expression in the developing oocyte. Grk is stained green; F-actin is red; DNA is shown in blue. 

Scale bars: 25 µm. (D) The ventralized eggshell phenotype exhibited by spn-B
BU

 females is 

suppressed by mutations in PyK
CA231 

and several heteroallelic combinations with PyK
CA231

and a 

deficiency. 
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spn-B
BU

, PyK
CA231 

mutants suppress the spindle phenotype independent of Chk2 

 In the germarium, Mei-W68 and Mei-P22 generate DSBs when inducing meiotic 

recombination (Mehrotra and McKim, 2006). These DSBs can be detected by immunostaining of 

phosphorylated  is  v (γ-H2Av). In wild-type flies, DSBs are initiated in both the nurse cells 

and pro-oocyte nuclei and are subsequently repaired before entering region 3 of the germarium 

(McKim et al., 2002). Mutations in the spindle genes exhibit a delay in the formation of DSBs 

until region 3 of the germarium and prevents subsequent DNA repair until stage 4 in the ovariole 

(Jang et al., 2003). The disappearance of H2Av foci beyond stage 4 has not been explained. It 

could be as a result of a compensatory pathway repairing the DNA by other means such as non-

homologous end joining (NHEJ), or if the stain decreases in signal while the DSBs remain. 

Regardless, the persistence of DSBs activates the Chk2 meiotic pathway and inhibition of Grk 

protein expression. If spn-B
BU

, PyK
CA231 

mutants have restored grk expression due to DSB repair, 

the other ovarian phenotypes seen in spn-B
BU

 would also be suppressed. These phenotypes would 

include karysome malformation and Vasa phosphorylation. 

To determine the prevalence of DSBs, I stained ovaries for γ-H2Av. spn-B
BU

 ovaries 

displayed breaks in region 3, whereas double mutant spn-B
BU

, mei-P22
CA1215

flies did not exhibit 

any staining due to a deficiency in producing DSBs (Figure 3.5.B,D). These results are consistent 

with previously published observations (Jang et al. 2003). In spn-B
BU

, PyK
CA231

mutants, γ-H2Av 

foci remain prevalent in  region 3 and well into later stages of the vitellarium. This is indicative 

of inefficient DSB repair and therefore the PyK mutation does not compensate for the loss of 

spn-B function by promoting DNA recombination / repair. I also examined karyosome 

morphology in mid-oogenesis (Figure 3.5.F-H). In spn-B
BU 

oocytes the karyosome is fragmented 

in comparison to the intact phenotype exhibited in wild type oocytes. Introducing the PyK 
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mutation into the spn-B
BU 

 background did not correct the karyosome phenotype.  

Persistent DSBs active the Chk2 checkpoint, which subsequently phosphorylates Vasa 

resulting in weak grk expression. To determine the phosphorylation state of Vasa, ovarian 

protein extracts were immunoblotted with anti-Vasa antibodies in OR, spn-B
BU

, and CA231 lines 

(Figure 3.5.E). The bands show a 75 kD protein which is consistent with the molecular weight of 

the Vasa protein. OR shows Vasa not phosphorylated, whereas spn-B
BU

 shows slower Vasa 

mobility due to phosphorylation. This is consistent with wild type ovaries repairing DSBs after 

crossing over. spn-B
BU

 mutants cannot repair DSBs and therefore, activate the Chk2 meiotic 

checkpoint, which in turn phosphorylates Vasa. The spn-B
BU

, PyK
CA231

 double mutant also 

displays this upward shift characteristic, providing evidence that Vasa is also phosphorylated in 

this genetic background. These data suggest that spn-B
BU

, PyK
CA231

 suppresses the spindle 

phenotype either downstream of Vasa or by another as yet unidentified pathway. 
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Figure 3.5: PyK suppression does not affect DNA repair or spindle  phenotypes. (A-D) 

Immunostaining of γ-H2Av foci (green) in germaria, which is indicative of DNA damage. 

Individual cysts in the germiarum are stained red showing the formation of the oocyte in region 

  . D   is shown in blue. γ-H2Av foci appear in region 2A in wild type germaria. When the 

oocyte reaches region 2B and 3 (arrowheads) the DNA damage is repaired and the foci are 

resolved. In spn-B
BU

 germaria, γ-H2Av foci persist throughout stage 4. The absence of foci in 

spn-B
BU

, mei-P22
CA1215

 is consistent with no DNA damage. mei-P22 is involved with the initial 

DNA damage. spn-B
BU

, PyK
CA231

 ovarioles e hibit γ-H2Av foci out to stage 3, a similar 

observation seen in spn-B
BU

 germaria. (E) Western blot of Vasa protein from total ovarian 

extracts. The phosphorylated mobility shift of Vasa from spn-B
BU

, PyK
CA231

 is retained, similar 

to the effect seen in spn-B
BU

. (F-H) A confocal section of the karyosome from mid-stage egg 

chambers. Chambers were stained with Hoechst 33342. The karyosome fails to properly 

condense in spn-B
BU

, PyK
CA231

 oocytes. This is a similar phenotype seen in spn-B
BU

 oocytes. 

Scale bars: 2 µm. 
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CHAPTER 5: DISCUSSION AND FUTURE DIRECTIONS 

 Grk expression is required to specify correct polarity of the oocyte during Drosophila 

oogenesis (Neuman-Silberberg & Schupbach, 1993). Proper localization and translation of the 

grk transcript is required to achieve proper axis specification. gkr translation initiation is 

primarily cap-dependent and requires the activity of the DEAD-box RNA helicase, Vasa (Linder 

& Lasko, 2006). Mutations in vas display weak grk expression. Vasa activity is thought to be 

negatively regulated by the ATR/Chk2-dependent meiotic checkpoint when DNA DSBs persist 

after meiosis. spn-B
BU

 mutants show DSBs beyond stage 4 in oocyte development. As a 

consequence, the ATR/Chk2 checkpoint is activated resulting in inefficient grk translation and 

loss of dorsal fates (Ghabrial & Schupbach, 1999; Mehrotra & McKim, 2006). Inefficient grk 

translation in these spindle mutants could be related to reduced Vasa activity.  

          A forward genetic screen performed by the Schüpbach lab identified suppressors that 

corrected the ventralized eggshell phenotype seen in spn-B
BU

 mutants. I mapped the CA231 

suppressor, to the PyK locus. spn-B
BU

, PyK
CA231

 double mutants lay more wild type eggs than 

spn-B
BU

 due to restored grk expression. This restored grk expression is independent of the DSB 

persistence and Vasa phosphorylation phenotypes seen in spn-B mutants. In addition, spn-B
BU

, 

PyK
CA231

 double mutants flies do not correct the karyosome phenotype seen in spn-B
BU

 females. 

This suggests that PyK  does not correct the eggshell phenotype by preventing the translational 

block imposed by the ATR/Chk2 pathway. 

 PyK has been identified as a positive regulator of the TOR signaling pathway (Towler & 

Hardie, 2007). Our lab has demonstrated that direct inhibition of the TOR kinase with 

rapamyacin can suppress the ventralized eggshell phenotype in spn-B or vas mutant females 

(Ferguson et al., 2012). It is by this pathway that I hypothesize PyK can modulate TOR kinase 
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activity to restore grk expression. When nutrients are low, TOR is inhibited resulting in reduced 

cap-dependent translation by promoting the activity of the translation inhibitor eIF4E binding 

protein (4EBP) (Marr II et al., 2007). I suggest that reduced TOR activity seen in spn-B
BU

, 

PyK
CA231 

double mutants can promote grk translation independent of the ATR/Chk2 meiotic 

checkpoint pathway. Preliminary data from our lab shows that this may be achieved by way of 

IRES-dependent translation initiation of grk when TOR activity is low. This mechanism would 

be evolutionarily favored for flies that are able to maintain the translation of developmentally 

important transcripts such as grk during periods of nutrient limitation. 

   

Proposed model of restored gurken translation independent of Vasa suppression           

 When nutrients are abundant, cap-dependent translation is the primary mode of protein 

synthesis. Vasa helicase activity facilitates 43S Pre-Initiation Comple  ( IC) scanning of the  ’ 

UTR, allowing it to navigate secondary structures. After the AUG codon is identified, Vasa-

eIF5B interactions promote joining of the 60S subunit to form the complete 80S ribosome 

structure. spn-B
BU

 mutants inhibit grk translation by phosphorylating Vasa due to ATR/Chk2 

checkpoint activation. This thought to disrupt the scanning of the PIC and subsequent subunit 

joining at the initiation AUG codon. The effect of this weak grk expression is a failure to 

correctly specify the dorsal side of the developing egg chamber in mid oogenesis. As a result, the 

eggs laid by spn-B mutant females lack a proper dorsal aspect and have an expanded ventral 

domain. It has been demonstrated that reduced TOR activity in a spn-B mutant background 

permits grk translation independent of Vasa activity (Ferguson et al., 2012). Despite the 

inhibition of cap-dependent translation initiation and increased 4EBP activity, grk translation 

persists in spn-B
BU

, PyK
CA231

 flies. grk translation may be initiated at an Internal Ribosomal 
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Entry Site (IRES) in the grk  ’ UT  under low nutrient conditions. Mutations in PyK affect the 

balance of ATP and AMP levels. Flies mutant for PyK may exhibit low levels of ATP, 

mimicking starvation. Starvation stimulates IRES translation of grk. This allows the female fly to 

continue to properly pattern the developing oocyte even when oogenesis slows during times of 

low food supply.  

 

Future direction of the project 

 A lot was accomplished during my investigation of the CA231 spindle suppressor. I 

successfully mapped the defect in CA231 to the PyK locus and have developed a rescue 

construction that is currently en route for microinjection. A great deal of evidence suggests that 

CA231 is a mutation in the PyK gene, however the rescue construct will provide the final 

confirmation of this hypothesis. I anticipate that this rescue construct will complement the 

mutant PyK allele and revert the eggshell phenotype back to a ventralized form.  

 In the short term, the direction of the project will focus on showing the relationship of 

PyK in the TOR insulin signaling pathway. The analysis can be done quickly by drug trials and 

traditional genetic crosses as described in the following sections.  

 

Suppression of the spindle phenotype by Metformin 

 I hypothesize that mutations in PyK elevate AMP levels because of reduced ATP levels. 

The elevation of AMP can activate a kinase called AMPK which subsequently reduces TOR 

activity. This drives a switch in the translational mode to favor an IRES-directed mechanism, 

thereby restoring grk expression. It would be interesting to see if grk expression can be restored 

by directly activating AMPK. This can be done by introducing the drug Metformin to spn-B
BU
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flies and staining their ovaries for the Grk protein. Metformin is an antidiabetic drug  used to 

activate AMPK to improve hyperglycemia in diabetic patients (Kirpichnikov et al., 2002).  The 

drug would be administered orally for 7 days. During the 7 day period, spn-B
BU

  and vas
-
 females 

will be fed the drug dissolved in yeast paste at various concentrations and the eggshell phenotype 

will be determined by egg count. The mechanism by which Metformin activates AMPK is 

unclear other than the drug is known to increase cytosolic AMP levels (Zhang et al., 2007). By 

feeding females mutant for spn-B or vas Metformin, one should see restored grk expression and 

wild type eggs if indeed PyK mutations suppress the eggshell defect in spn-B flies by activating 

AMPK. 

 

gig{w
+
}, spn-B

BU
, PyK

CA231 
triple mutant cross 

 When PyK is mutated, AMPK is activated due to an equilibrium shift from ATP to AMP. 

Activation of TSC2 by AMPK results in reduced activity of TOR due to inhibition of Rheb. 

Reduced TOR increases 4E-BP activity which inhibits cap-dependent translation. Consequently 

ribosomes are liberated from their translational duties and the concentration of free ribosomes 

increase. As extra free ribosomes become available IRES-mediated translation is upregulated. 

We hypothesize that it is this mechanism that the grk transcript employs to overcome the 

checkpoint translational block.  

 To address whether the CA231 fly line is also suppressing the eggshell phenotype by this 

pathway, triple mutants of spn-B, PyK, and gig (dTSC2) can be created (Figure 4.1). By mutating 

TSC2, the effect of the PyK mutation will be negated as TSC2 is downstream of PyK. Removing 

this kinase target from the pathway liberates Rheb from TSC2 control, allowing TOR to remain 

active. Activated TOR inhibits 4E-BP, upregulating cap-dependent translation and 
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downregulating IRES-mediated translation. However, the spn-B mutation will continue to inhibit 

Vasa, therefore cap-dependent translation will not occur. As a result, grk should not be translated 

and the phenotype of the eggs would revert back to ventralized, possibly in a more severe form. 
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Figure 4.1: Creation of gig{w+}, spn-B
BU

, PyK
CA231 

mutant recombinants. The first cross is to 

introduce the gig mutation into the CA231 mutant background.  In the second cross, heteroallelic 

virgins from the previous cross are cross to males homozygous for e and sr. In the next cross, 

triple mutant recombinant males are crossed back to the CA231 line to reintroduce a balancer. 

Heterozygous male and female progeny will be collected to create a balance stock. Flies that 

have the mutant gig gene are homozygous lethal. Therefore, there will never be homozygotes in 

the balance stock. In order to determine the eggshell phenotype, we must generate females that 

are homozygous for spn-B
BU

 and PyK
CA231

 and heterozygous for gig{w+}. A single mutant allele 

of gig is sufficient to create the phenotype.  
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AMPK
-
; spn-B

BU
, PyK

CA231
 triple mutants cross 

 A redundant experiment should be performed with triple mutant females containing an 

AMPK mutation (Figure 4.2). TSC2 is activated when phosphorylated by AMPK. AMPK is 

activated by elevated levels of AMP which is occurs when PyK is dysfunctional (Inoki et al., 

2003; Lee et al., 2010).  By mutating AMPK, the effect of the PyK mutation will also be 

reversed. By removing AMPK, TSC2 cannot be properly activated. As previously described 

above, TOR will be upregulated and subsequent cap-dependent translation will remain active. 

The spn-B
BU

 mutation will prevent cap-dependent translation from occurring, and therefore grk 

expression will be weak again. I hypothesize that the ventralized eggshell phenotype will recur in 

these flies.  

 

 The long term future direction of the project has already started its transition in the lab. 

Our attention has turned to the investigation of IRES-mediated translation of the grk transcript in 

two spindle suppressors, lnk  and PyK. Preliminary data discussed above provides evidence of 

IRES-mediated translation initiation in spn-B mutants that are fed Rapamycin. Our lab has 

successfully developed an in vivo assay that will allows us to assess the mode of translation 

under different nutrient conditions. For more information on this project please refer to Gabriel, 

2012.  Our lab is also working on developing a new fluorescent technique that will allow one to 

see protein:protein or protein:RNA interacts spatially in real time. For more information on the 

fluorescent technique please refer to Gangloff, 2012 and Watson, 2012. These experiments will 

provide important information to elucidate the translational mechanisms that govern the grk 

transcript . Finally, there is a joint effort from the Molecular Genetics 2012 Lab and the 

Advanced Experimental Biochemistry 2012 Lab to determine the structural features of the 5' 
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UTR of the grk transcript by SHAPE analysis. This SHAPE experiment allows us to see features 

that may contribute to IRES functions. Although the technique needs to be optimized, there has 

been some success in identifying some structural characteristics of the first 100 nucleotides of 

the grk mRNA. Early data from these experiments in combination with the data presented above 

suggests that there is an IRES in the 5' UTR of grk that is being used under low nutrient 

conditions. This will be investigated further by introduction mutations in the UTR of the grk 

transcript to see what effect disruption of the structure detected in the SHAPE experiments has 

on the IRES activity.  
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Figure 4.2: Creation of AMPK
-
,  spn-B

BU
,  PyK

CA231
 triple mutant recombinants.  This 

recombinant is tedious to produce because the AMPK gene is located on the X chromosome 

while both spn-B
BU

 and PyK
CA231

 are located on chromosome 3. In order to produce a triple 

mutant recombinant for AMPK
-
, spn-B

BU
, and PyK

CA231
, a double balanced stock must be 

produced. The first two crosses are focusing on the X chromosome and is balanced by the FM7 

balancer. Males that are hemizygous for the balancer are crossed to virgin spn-B
BU

, PyK
CA231

 

females.  This cross introduces the two balancers together; FM7 balancing  the X and TM3, Sb 

balancing the 3rd chromosome. Male progeny from the first cross will be back crossed to virgin 

spn-B
BU

, PyK
CA231

 females. This is to introduce the spn-B
BU

, PyK
CA231

 allele into the hemizygous 
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FM7 background and have it properly balanced by the TM3, Sb balancer. The remaining crosses 

are focusing on the 3
rd

 chromosome.  Males that have both balancers and the spn-B
BU

, PyK
CA231

 

allele will be crossed to virgins heterozygous for the mutant AMPK gene and the FM7 balancer. 

This will transfer the TM3, Sb balancer allele into the heterozygous AMPK
-
/FM7 background. 

The final cross is take virgin females that are heterozgyous for AMPK
-
/FM7; +/TM3, Sb and 

back crossing them one final time to the males that are hemizygous for FM7 and heterozygous 

for spn-B
BU

, PyK
CA231

/TM3, Sb. This will transfer the spn-B
BU

, PyK
CA231

 allele into the 

background heterozygous for AMPK
-
/FM7. Double balance male and female recombinants will 

be collected to produce a balanced stock.  
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APPENDIX A - PRIMER LIST 

Name Sequence Arm Description 

MB1 AGGTGGCCATAAATCCAAGC 3R SNP Searching 

MB2 AGATCCTACTCGTCAGAGGG 3R SNP Searching 

MB3 TCATTCCCTCATTCACTCGG 3R SNP Searching 

MB4 TTGTGAATCGCCACCTAACG 3R SNP Searching 

MB5 TCAATGCTTGCACAGCCTCG 3R SNP Searching 

MB6 GTTAGTAGGCAGCCAAACGG 3R SNP Searching 

MB7 TAGTCTCCAGTAATAGCTCG 3R SNP Searching 

MB8 ATTGGTGTGCTTTATGGCCG 3R SNP Searching 

MB9 TATAGATCGCGCTCTTAGCC 3R SNP Searching 

MB10 TACGAACCATTTTAGCTGCC 3R SNP Searching 

MB11 TGCGACATTTTTGCGTTGGC 3R SNP Searching 

MB12 AAAGTGTGAAGTTCGCGCGG 3R SNP Searching 

MB13 AATTTCTATGGCCCCGGACG 3R SNP Searching 

MB14 ATCTTCGCCTCGCATTTTGC 3R SNP Searching 

MB15 CTTGCATTGCATAAGCGGCG 3R SNP Searching 

MB16 GAACTTCTGAACGTGGCAGC 3R SNP Searching 

MB21 CTGGAAATAAATTGGAGTGC 3R SNP Searching 

MB22 AGGTGACTGTCAGACATGCC 3R SNP Searching 

MB23 CGCTTTTTGCCATCTTCCCG 3R SNP Searching 

MB24 CTAAAAATTGCCCCATACCG 3R SNP Searching 

MB25 CGCTTGCTCTGATTGTTAGC 3R SNP Searching 

MB26 GAGGTACGTCACTGGTAAGG 3R SNP Searching 

MB27 GTCATTGCATGTGCTTTCGG 3R lqrf exon 1 fwd 

MB28 TCAGAAAACTTGGGGCGTGG 3R lqrf exon 1 rev 

MB29 TTGAGTTTACGGAATGTCCC 3R lqfr exon 2-4 fwd 

MB30 GTTGAGGCTGGAAGGTTTGG 3R lqfr exon 2-4 rev 

MB31 TACAATGATGGCGACTATCG 3R lqfr exon 4-5 fwd 

MB32 CCGATTGGAAAATGTTGCCG 3R lqfr exon 4-5 rev 

MB33 CCATTCACCAAAGCATGCCC 3R lqfr exon 6.1 fwd 

MB34 TGTTTTTAGGCAAGCAGCGG 3R lqfr exon 6.1 rev 

MB35 GCACTTTGTCCTACAGTGCG 3R lqfr exon 6.2 fwd 

MB36 CCTCCTCCTGTTGAAATTCG 3R lqfr exon 6.2 rev 

MB37 AGTTCCACACGGATAACTCC 3R lqfr exon 6.3 fwd 

MB38 TTACCTAATGAGTCCGTGGC 3R lqfr exon 6.3 rev 

MB39 TCACCAAGTAGCCGCATTCG 3R lqfr exon 7 fwd 

MB40 ATACTTTGGAGGGTATTCCC 3R lqfr exon 7 rev 
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MB41 GGATTCGTTAGCACAACGCG 3R nop56 exon 1 fwd 

MB42 GGGTAAGCTACCTGCTTTGC 3R nop56 exon 1 rev 

MB43 CCTTATCCAACTGATCCAGC 3R nop56 exon 2-3 fwd 

MB44 GTTGATGAAAGTGCGAGAGG 3R nop56 exon 2-3 rev 

MB45 TCATCCACAATCACGGCAGC 3R sequencing primer 

MB46 GTCGCTTCAGACTAGATTGG 3R sequencing primer 

MB47 TCAGCTGATCCTCACAAGGC 3R sequencing primer 

MB48 CATAAGATCGCCATTGGTGG 3R sequencing primer 

MB49 TGCTGTGATTCTGCTGCTGC 3R sequencing primer 

MB50 AAGGTGCAAATCCAGCCAGC 3R sequencing primer 

MB51 TGCTCCGTTTCCATTACTGG 3R Sequencing primer for 

nop56 

MB52 ATGCATTCGATGGATAGCCG 3R SNP Searching 

MB53 CAAACATCTTTCACCAGCGC 3R SNP Searching 

MB54 CACGAACACGCACACATACG 3R SNP Searching 

MB55 TAGCGTGACTTTCATCGAGC 3R SNP Searching 

MB56 TCACAGCCATTCACAATGCG 3R SNP Searching 

MB57 ATCACTTGACTGCTGCTTGG 3R SNP Searching 

MB58 TGATGGCCAAGTTAGGCAGC 3R Sequencing primer 

MB59 CACTTGAGAGTTAATGTGCC 3R SNP Searching 

MB60 GCACCAAAACAGACAGCTGG 3R SNP Searching 

MB61 ACAGCTGTAAAGTTTCAGCC 3R Sequencing primer 

MB62 TTCCTTGGCAAAACAAAGGC 3R Sequencing primer 

MB63 GCATCGATTACCAGGCTAGC 3R Sequencing primer 

MB64 ACTCATTCCATTCCGGATGG 3R Sequencing primer 

MB65 CATCGATTACTCGTGCTACC 3R sar1 fwd 

MB66 CTCACTTGGATGCAGTGTGG 3R Sequencing primer 

MB67 TGGCAAAACCACACTCTTGC 3R Sequencing primer 

MB68 TGGGTTTCATTCAAGCTCGG 3R sar1 rev 

MB69 TTTCGGAATCGGGGACTTGG 3R CG5382 fwd 

MB70 TGTCAGCTGGTTGCCAATCG 3R CG5382 rev 

MB71 GAACTTGAGTCGAAATGCGC 3R Sequencing primer 

MB72 TATCGGTTGCGGGTGATTGG 3R Sequencing primer 

MB73 GATCAAACATCGTGAAATCC 3R Sequencing primer 

MB74 AGCTGCCTTAAAATGAGTGC 3R Sequencing primer 

MB75 ACCACTCAACACTCAAAACC 3R Sequencing primer 

MB76 AAGCTTACTGCCCGGAATGC 3R Sequencing primer 

MB77 TGGAGATCTTTCCCAACGCC 3R Sequencing primer 

MB78 CTATAAGGATTCGACCTCCG 3R PSR fwd 
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MB79 GGAGGAGCTTGAATTGCTGG 3R Sequencing primer 

MB80 CCAAAGTTGTCACGCAAGTG 3R Sequencing primer 

MB81 CTTCATCTTCATCTTGACGC 3R Sequencing primer 

MB82 TTTTCATTGAGAGCCAGGGC 3R muted/CG7071 fwd 

MB83 TCAAAAACTCCACCTCGTCC 3R PSR rev 

MB84 AACTGGACACGGAAGTCAGC 3R Sequencing primer 

MB85 GCTAGCCTGCAATTCGAACG 3R Sequencing primer 

MB86 TCACTGCCAAGTCTTTCTGC 3R Sequencing primer 

MB87 TATCTTATGGCCTGGCTGGG 3R Sequencing primer 

MB88 ATGCTCATGCTACTCCTCCG 3R Sequencing primer 

MB89 CCCAGTGTGACCAATAAGCG 3R Sequencing primer 

MB90 CATCATCCTGCAGCAGATGC 3R Sequencing primer 

MB91 GAAACAGTTGCTTGAAATGC 3R Sequencing primer 

MB92 GTAAGTGCCTAATCTTGACC 3R Sequencing primer 

MB93 GTTTTTGCTCTCCTGGAAGC 3R Sequencing primer 

MB94 GCACCACATAGTCATCCAGG 3R Sequencing primer 

MB95 GCGGTACTGTGAGAAGTTCG 3R Sequencing primer 

MB96 AGTGGGATCTCTGAAGTACG 3R Sequencing primer 

MB97 CGCAAAGTCAACAAGGGAGG 3R Sequencing primer 

MB98 TCTGGACTTGACTTCCCTCG 3R muted/CG7071 rev 

MB99 AATGGCCTTCAGACTGCTGC 3R Sequencing primer 

MB100 AAGGTTAATCTGGCGGAGGC 3R Sequencing primer 

MB101 ACTTGCACAAACCCATTTCC 3R Sequencing primer 

MB102 ATTGCATGACTTCACCAGGG 3R PyK exon 3-5 fwd 

MB103 AATTGCCTATAGGGAACTGG 3R PyK exon 3-5 rev 

MB104 TCTGATATCGGGCCAACTCG 3R PyK exon 1-2 rev 

MB105 TTAAAGCTTTCCGAAGACCC 3R PyK exon 1-2 fwd 

MB106 GAACTTGTGGATAAAGGACG 3R Sequencing primer 

MB107 GCACAATAGCATATCTTGATCC 3R Sequencing primer 

MB108 GAATCCTTGCCTACCTCG 3R Sequencing primer 

MB109 AGGAATTCCTGGAGAAGGGC 3R Sequencing primer 

MB110 TACCATCGATGCCTCTCACG 3R Sequencing primer 

MB111 ATTGCTCTGTGACGACGACG 3R Sequencing primer 

MB112 TCGTAATGGATCGTTGAACC 3R Sequencing primer 

MB113 GCAACAAGAAACCCTACGCG 3R Sequencing primer 

MB114 GGGTATATTCAAGGGTATGC 3R Sequencing primer 

MB115 GGTTACATACTACCCGTTCG 3R Sequencing primer 

MB116 CATCAGCGAATTCTGCAGCG 3R Sequencing primer 

MB120 TAAAGCTTTCCGAAGACCCC 3R PyK exon 1-2 fwd 
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MB121 ATACCCTAACTCCCTTCGCG 3R Sequencing primer 

MB122 CATACTGACATCACGTGTCC 3R Sequencing primer 

MB123 GAAAAACGCAAAGCTGTCGC 3R PyK-intron rev - 

cDNA 

MB124 CGCCATAATCAGTTGGCTGG 3R Sequencing primer 

MB125 GTGAGAGAAGTTCATGCGCG 3R PyK-exon rev - cDNA 

MB126 TTGAACCGCTGTAAACTTCC 3R Sequencing primer 

MB127 ATTTTGAAGCTCGGGTCTGC 3R Sequencing primer 

MB128 AAAAATCTGTGTGGCAGTCG 3R Fwd primer for PyK 

genomic rescue w/ 

NheI site for cloning      

PyK-intron/exon fwd - 

cDNA 

MB129 CTTCTTGCAACTGCACACGC 3R Rev primer for PyK 

genomic rescue w/ 

NheI site for cloning 

MB130 TGAAAAATGATTGGTGCGGC 3R Sequencing primer 

MB131 ACCCCAACATAAACGTGGCG 3R Pyk-intron/exon first 

strand primer 

MB132 TGGAGATGTAGTCGCTGTCC 3R Sequencing primer 

MB133 GACAGTAAAGGTGAACTCGC 3R Sequencing primer 

MB134 CGTTTCGCAGCTTTTGTCGG 3R Sequencing primer 

MB135 CATTTGCAGAAAGCGCAGGC 3R Sequencing primer 

MB136 ATGCCATGTGGCATTTGTCC 3R Sequencing primer 

MB137 AGCTAATCCCTAATCCAACC 3R Sequencing primer 

MB138 ACGTGGATCCGCAAGACATCTG

CTTGAAGG 

3R Fwd primer for PyK 

genomic rescue w/ 

BamHI site for 

cloning 

MB139 ATCGTCTAGAACGATGCGAAG

ATCATGTCC 

3R Rev primer for PyK 

genomic rescue w/ 

XbaI site for cloning 

MB140 CATTTCCAAGATCGAGAACC 3R Sequencing primer 

MB141 TGATCTCGTCCAGGTTGTGC 3R Sequencing primer 

SF523 ATCCGAAGTGCCGCCCGATT 3R lnk exon rev - cDNA  

SF542 ATGCCTCGAGATGGCCGAGAA

CAAGCAAGTGG 

3R lnk-exon first strand 

primer 

Lnk Seq 2 Fwd GTCTGCAGACAGTGCTTTGG 3R lnk-exon fwd - cDNA  
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APPENDIX B - RESTRICTION ENZYME LIST 

Restriction enzyme Recognition site Buffer activity 

BamHI  '…G*G TCC…3' B1: 75%  

B2: 100%  

B3: 100%  

B4: 100% 

BfaI  '…C*T G..3' B1:75%  

B2: 50%  

B3: 10%  

B4: 100% 

Cac8I  '…GC * GC..3' B1: 50%  

B2: 75%  

B3: 100%  

B4: 100% 

EcoRV  '…G T* TC…3' B1: 50%  

B2: 75%  

B3: 100%  

B4: 50% 

NheI  '…G*CT GC…3' B1: 100%  

B2: 100%  

B3: 10%  

B4: 100% 

ScaI  '… GT* CT..3' B1: NR  

B2: NR  

B3: 100%  

B4: NR 

TaqI  '…T*CG …3' B1: 50%  

B2: 75%  

B3: 100%  

B4: 100% 

XbaI  '…T*CT G …3' B1: 0%  

B2: 100%  

B3: 75 %  

B4: 100% 

B1: NEBuffer 1 

B2: NEBuffer 2 

B3: NEBuffer 3 

B4: NEBuffer 4 

*: Restriction enzyme cut 

NR: Not recommended 
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APPENDIX C - PLASMID LIST 

Plasmid 

# 

Plasmid 

name 

Parent 

Vector 

Construction 

pSF50 pTIGER - 5' 

PyK 

Fragment 

pTIGER Amplified with MB129 & MB138, cut with BamHI and 

NheI and clone into pTIGER cut with the same 

pSF54 pTIGER - 

PyK Genomic 

Rescue 

Construct 

pSF49 Amplified final fragment of PyK with primers MB128 

& MB139, cut with XbaI and SphI and clone into pSF49 

cut with the same. 
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