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ABSTRACT 

The gene gurken (grk) in Drosophila melanogaster is required to establish the 

anterior/posterior and dorsal/ventral axes of the egg. When insulin levels are high such as when 

food is readily available, grk is translated using a common mechanism that requires recognition 

of the 7-methylguanosine cap at the 5’ end of the RNA. Translation of grk requires Vasa activity 

which is inhibited through phosphorylation is spindle-B (spn-B) mutants. It was discovered in our 

lab that Insulin/Insulin-like Signaling (IIS) mutations or inhibition of TOR by rapamycin result in 

increased grk translation in spn-B mutants thereby overcoming this cap-dependent block. Based 

on these data, we hypothesize that the grk 5’ UTR contains an Internal Ribosomal Entry Site 

(IRES). An IRES provides an alternative mechanism of translation that occurs through use of a 

secondary structure in the 5’ UTR in the mRNA. The utility of the IRES is that it allows for 

translation of important mRNA’s even in the absence of canonical cap-dependent translation 

factors. These conditions can arise in nature when insulin levels or nutrient availability is low.  

The presence of an IRES will be explored in vivo through a comparison of transgenic 

reporter lines containing different luciferase reporter constructs. These constructs will be used to 

test the hypothesis that the grk 5’ UTR contains an IRES and examine the effect of nutrient 

limitation, inhibition of TOR, or IIS mutations on grk translation. To localize the IRES within the 

grk 5’ UTR selective deletion mutations will be made in secondary structures identified through 

Selective 2’-Hydroxyl Acylation and Primer Extension (SHAPE) analysis. The activity of these 

reporter lines will be analyzed through assaying these transgenic lines. This will allow for the 

identification of the presence and location of the IRES within the grk 5’ UTR. Here we present 

data demonstrating the activity of reporter constructs that have been generated by fusion with 

the 5’ UTR of grk. Additionally we propose a new technique using GRNA chromatography to 

identify the presence of an IRES as well as important secondary structures needed for IRES 

function using the same reporter constructs. 
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CHAPTER 1: INTRODUCTION 

TRANSLATION 

CAP-DEPENDENT TRANSLATION  

Eukaryotic mRNAs possess a 7-methylguanosine residue (m7G cap or 5’ cap) that is 

added in a unique 5’ to 5’ linkage at the 5’ end of the mRNA. The 5’ cap protects the mRNA 

from degradation from 5’ exonucleases by preventing exposure of the 5’ end. The cap serves 

several functions including nuclear export through recognition of the Cap binding complex 

(CBC) which is involved in pre-mRNA splicing (VISA 1996). The CBC binds exclusively to the 5’ 

cap and upon binding is exported by the nuclear pore complex. This also extends the life of the 

mRNA because when bound by CBC or factors needed for translation, by preventing the 

decapping enzyme from acting.  

The critical function of the 5’ cap is that it marks the location at which the small 

ribosomal subunit (40S) is recruited and serves as a point of translational control. With the 

requisite binding of several eukaryotic initiation factors (eIFs), the small ribosomal subunit is 

recruited to the 5’ cap and scans the untranslated region (UTR). Most notably eIF4E is required 

for cap-dependent translation to occur because it recognizes the 5’ cap and serves several 

functions needed for translation to occur, without it cap-dependent translation cannot occur. 

“Cap-dependent” translation is named for this requisite binding of eIF4E to the m7G cap.  

The first step, for cap-dependent translation, is the binding of eIF4E to the 5’ cap which 

is the rate limiting step of translation (SONENBERG and HINNEBUSCH 2009). eIF4E interacts with 

eIF4A through a scaffolding protein eIF4G, and together form the larger complex that is referred 

to as eIF4F. eIF4A is an ATP-dependent RNA helicase, which unwinds secondary structures 

within the mRNA transcript to facilitate scanning by the preinitiation complex (PIC) of the UTR 



 

(ROGERS et al. 2002). eIF4A activity is enhanced by eIF4B which interacts with the ribosomal 

RNA guiding the 40S ribosome to the single stranded region of mRNA and acts as an anchor 

assisting in formation of the PIC (LÓPEZ-LASTRA et al. 2005) (ROGERS et al. 2002). eIF1A and 

eIF1 are also required for binding to the mRNA as well as scanning. eIF4G, the central 

scaffolding protein for eIF4F, also binds to eIF3 which associates with the 40S ribosomal 

subunit and prevents the 60S ribosomal subunit from binding until translation is ready to begin 

(HENTZE 1997) (PRÉVÔT et al. 2003). Also bound to the 40S ribosome is the ternary complex of 

initiator met-tRNAi attached to eIF2-GTP. Together these eIFs, met-tRNA, and 40S ribosome 

assemble at the 5’ cap and form the PIC.  

The PIC then scans from the 5’ end and upon reaching the AUG start codon the 60S 

ribosome joins the 40S subunit. Before translation can begin eIF5 is required to induce GTP 

hydrolysis of eIF2-GTP releasing eIF2-GDP after it places the met-tRNA in the P-site of the 

small ribosomal subunit (DAS and MAITRA 2001). However, eIF5 is prevented from doing this by 

eIF1 until the PIC reaches the start codon. When the anti-codon of the met-tRNAi binds to the 

start codon it changes the complex conformation releasing eIF1(UNBEHAUN et al. 2004). This 

allows for eIF5 to function, leading to the release of eIF2 which leads to the release of eIF3 as 

well. Another protein called eIF5B mediates joining of a 60S (large) ribosomal subunit to the 

40S (small) ribosomal subunit, forming the translation competent 80S ribosomal subunit (LEE et 

al. 2002) (PESTOVA et al. 2000). The 80S complex then translates the coding sequence. 

Although there are many eIFs involved, this process begins with the binding of the cap which is 

required for translation to commence.  



 

  

FIGURE 1: The 43s complex binds to the 5’ cap through its interactions with eIF4F and scans the 5’ UTR. Upon 

reaching the start codon eIF5 hydrolyzes and releases eIF2-GTP moving the Methionine tRNA into the P site. The 

large ribosome assembles with the small ribosomal subunit forming and eIF1, eIF1A, eIF5, and eIF3 are released. 

eIF4 and eIF4B are released as well and translation can begin. 



 

IRES MEDIATED 

An alternative mechanism of translational initiation is by way of an Internal Ribosomal 

Entry Site (IRES). This mechanism bypasses the requirement for eIF4E and recognition of the 

5’ cap by recruiting the ribosome more directly to the start of translation (PELLETIER and 

SONENBERG 1988) (JACKSON 2005). Different physiological conditions can lead to inhibition of 

cap-dependent translation such as nutrient limitation/starvation. One way some mRNAs escape 

this repression is through use of a secondary structure within the mRNA called an IRES. An 

IRES allows the 40S ribosomal subunit to be recruited directly to the vicinity of the initiation 

codon by complex secondary and tertiary structures within the 5’UTR (JACKSON 2005). These 

structures direct non-canonical interactions between the IRES and components of the canonical 

translation factors (such as the eIFs) (HELLEN 2009). Sometimes translation is aided with the 

help of IRES trans-acting factors (ITAFs) which are non-canonical factors that may have a 

variety of cellular functions but do not participate in initiation of cap-dependent translation 

(KOMAR and HATZOGLOU 2011). These characteristics allow for mRNAs containing an IRES to 

be regulated by multiple mechanisms favoring IRES mediated translation under conditions when 

cap-dependent translation is compromised. It is no surprise then that IRES mediated translation 

has been found to be important in conditions that require the translation of specific mRNAs 

despite cellular stress or the inability to translate in a cap-dependent manner (MARR et al. 2007).  

Chemical and enzymatic profiling of cellular IRESs has revealed they often include stem 

loops and pseudoknots but lack any conserved structural motif outside of this (LÓPEZ-LASTRA et 

al. 2005). The sequence, structure and required initiation factors vary from IRES to IRES 

requiring each to be experimentally determined. More often than not, an IRES is located within 

the 5’ UTR upstream of the initiation codon but some have been found within the coding 

sequence resulting in a truncated peptide sequence.  



 

A prime example of cap-independent translation that has been well studied, is utilized by 

the insulin receptor mRNA which contains an IRES (MARR et al. 2007). This acts to sensitize the 

cell to insulin and insulin like peptides when are limited and allows for rapid uptake when 

nutrients are again available (MARR et al. 2007). When cap-dependent translation is suppressed 

IRES containing mRNAs become more competitive for the available ribosomes and eIFs. This 

elegant mechanism demonstrates the importance of nutrient sensing and how cap-

independent/IRES translation allows for expression of genes in limiting times. IRES mediated 

translation is often found in genes important for cell-fate decisions under a variety of conditions.  

PROTEIN SYNTHESIS 

It is important for cells to regulate protein synthesis. One way this can be done to stop 

global translation in the cell is through phosphorylation of eIF2. eIF2 is essential for protein 

synthesis functioning together with GTP and Met-tRNAi which form a ternary complex. eIF2 

itself contains 3 subunits (α, β, and γ) and is regulated by phosphorylation and guanine 

nucleotide exchange (KIMBALL 1999). The α subunit is the target of phosphorylation by a 

number of kinases acting as a result of cellular stress, such as the presence of dsRNA which 

can signal infection by a virus (KIMBALL 1999) (GARCÍA et al. 2007a). When eIF2α is 

phosphorylated there is an increased affinity for eIF2B (GEF) but eIF2B cannot function when 

the α subunit is phosphorylated. The increased affinity therefore inhibits eIF2B activity through 

sequestration. Because eIF2B is less prevalent than eIF2 it can be completely inhibited even if 

only a portion of eIF2α is phosphorylated. When this occurs all translation comes to a halt. 

 Alternatively the cell can specifically halt cap-dependent translation and this is done by 

inhibiting eIF4E. In nature this can occur under nutrient limiting conditions, when food is scarce, 

to conserve energy. This sort of regulation acts through the insulin signaling pathway. When 

insulin signaling is active 4EBP does not inhibit eIF4E due to inhibitory phosphorylation b TOR 



 

(RAPLEY et al. 2011) (Figure 6). Conversely when insulin signaling is low this allows 4EBP to 

bind and inhibit eIF4E from associating with the 5’ cap, thereby preventing formation of the pre-

initiation complex and attachment of the ribosome. Translation is halted from occurring in a cap-

dependent manner thereby conserving energy. The only transcripts which can escape this 

repression are then mRNA transcripts containing an alternate mode of translation initiation that 

occurs in cap-independent manner such as through the use of an IRES. 

  



 

DROSOPHILA OOGENESIS 

Oogenesis occurs in a structure called an ovariole. A typical ovary contains about 16 

ovarioles (SPRADLING 1993). The ovariole is like an assembly line for egg production. Each 

ovariole contains several germline stem cells at the anterior end in a structure called the 

germarium. The germline stem cell then undergoes an asymmetric division, producing one 

daughter cell to renew itself, and another which is termed the cystoblast. Somatic stem cells 

divide to form an epithelium that envelops the germline to form an egg chamber. As the egg 

chamber moves posteriorly it continues to develop and new egg chambers are created forming 

a series of egg chambers, or follicles, connected to one another at successively older levels of 

development moving towards the posterior (Figure 2). When the cystoblast divides it does so 4 

times, but incompletely so that the 16 cells remain connected via cytoplasmic bridges or ring 

canals (Figure 3) (SPRADLING 1993). Egg chambers do not develop in a closed system. One of 

the cells containing four ring canals will become the oocyte (egg) while the remaining 15 cells 

become nurse cells (SPRADLING 1993). The nurse cells do not divide again but grow and 

undergo polytenization and nourish the oocyte with mRNA and proteins. As the 16 cell cysts 

move posteriorly the egg chamber becomes surrounded by approximately 1000 follicle cells 

which participate in development (SPRADLING 1993). 

The completed egg is covered with an eggshell called the chorion and contains 2 

respiratory appendages at the anterior end on the dorsal side. Sperm are able to enter the egg 

for fertilization through a micropyle also located at the anterior end. Development of the egg 

chamber is divided into 14 stages and nutritional resources play a large part in development. As 

a result, when nutrients are scarce the ovaries can be nearly undetectable due to their small 

size or take up more than half the body weight when fed a moist yeast diet (DRUMMOND-

BARBOSA and SPRADLING 2001). If nutrients are unavailable egg chambers will only reach stage 

8. A unique characteristic of Drosophila oogenisis is that it involves intense and necessary 



 

interactions between the germ cells and somatic cells. This is in contrast to many species which 

segregate the germ cells from the somatic cells early in development.(SPRADLING 1993)(ROTH 

and LYNCH 2009)  

 

FIGURE 2: Above is a picture taken of an ovariole. On the left (the anterior) the germarium contains the stem 

cells that give rise to the egg chambers which develop as they move posteriorly. Within the egg chamber the 

oocyte is the cell located at the most posterior and is surrounded by nurse cells and follicle cells. As the egg 

chamber develops Grk (shown in red) localizes to the anterior dorsal corner of the oocyte. 

 

FIGURE 3: Diagram of 16 cell cyst. Above is a diagram of the cyst and interconnections or cytoplasmic bridges 

created by incomplete division which has been reproduced from (SPRADLING 1993) and according to the 

standard nomenclature. The first division produces 2 daughter cells (cells 1 or 2) which are unique in that they 

are the only two cells with 4 cytoplasmic bridges. It is not known how this is determined but one of these cells 

will become the future oocyte, and the rest will become nurse cells. 



 

GURKEN 

Polarity is a universal theme seen throughout biology and is necessary for proper 

development in metazoans. Establishing and maintaining polarity often requires tight control of 

both transcription as well as translation within a cell. This is illustrated by a well characterized 

and developmentally important protein in Drosophila melanogaster called Gurken (Grk) 

(NEUMAN-SILBERBERG and SCHUPBACH 1994). Grk is TGF-α homologue (NEUMAN-SILBERBERG 

and SCHÜPBACH 1993) and an important ligand for the epidermal growth factor receptor (Egfr) 

that is required for proper axis formation in the developing oocyte. Grk signaling first specifies 

the posterior fate during early oogenesis through interactions with the EGFR receptor Torpedo 

(GONZÁLEZ-REYES et al. 1995) (HAWKINS et al. 1997). This triggers a reorganization of the 

microtubule network causing the nucleus to relocate towards the anterior of the cell. Grk then 

moves to the anterior dorsal of the cell(HAWKINS et al. 1997). It is packaged by the nurse cells 

into translationally silent heterogeneous ribonucleoproteins (hnRNPs) and transported to the 

anterior dorsal corner of the oocyte where it is subsequently translated, signaling the overlying 

follicle cells to specify the dorsal fate during mid oogenesis (THIO et al. 2000). Without this 

signaling the cell, a follicle cell adopts a ventral fate by default. Through its closely regulated 

interaction with the Egfr, which is not localized, in the overlying follicle cells Grk specifies the 

axes of the cell and stimulates production of respiratory appendages and dorsal fate in the 

subsequent embryo. When this localization becomes disrupted or when grk is translated 

improperly the phenotype is easily seen as these respiratory appendages do not form properly 

(NEUMAN-SILBERBERG and SCHUPBACH 1994). Absence of Gurken results in a deformed egg 

(and embryo) that lacks all dorsal structures (Figure 4). The egg becomes ventral in all 

directions perpendicular to the A/P axis.  

  



 

SPINDLE-B 

Mutations in the spindle-B gene affect Grk translation. This female sterile mutation 

results in eggs that are ventral in all directions perpendicular to the A/P axis because of to 

insufficient Grk expression (ABDU et al. 2002). This is somewhat unexpected as the spindle-

class genes are responsible for repairing DNA double stranded breaks induced during 

homologous recombination however it is the inability to repair these DSBs that activates a 

meiotic checkpoint which affects Grk production (Figure 5) (ABDU et al. 2002). The persistence 

of DSBs leads to activation of a meiotic checkpoint and the phosphorylation of Vasa (ABDU et al. 

2002).  Vasa is an eIF4A related RNA helicase whose inactivation is suspected to be 

responsible for the mutant phenotype. It is known that the helicase activity of Vasa and its 

interaction with eIF5B (JOHNSTONE and LASKO 2004) is needed for canonical cap-dependent 

translation of Grk. vasa mutants like spn-B mutants are also female sterile and lay eggs with a 

similar ventralized phenotype (TOMANCAK et al. 1998).  

 

  



 

 

FIGURE 4: Above are pictures of eggs with varying levels of ventralization due to lack of grk expression as 

compared to the wild type egg. spn-B
BU

 flies lay many eggs of varying in the degree of ventralization (V2, V3, V4) 

but all are a result of inefficient grk translation.  

 

FIGURE 5: On the left Wild Type Oregon R flies show proper localization of Grk (shown in red) to the anterior 

dorsal corner of the oocyte. On the left it can be observed that spn-B
BU

 flies do not produce similar levels of Grk. 

  



 

THE IIS PATHWAY 

Nutrient availability is one of the most important factors in determining cell growth and 

protein production. The IIS pathway is a key sensor in detecting nutrient availability and is highly 

conserved amongst metazoan organisms (GAROFALO 2002). In the presence of insulin or insulin 

like peptides (a result of nutrient availability) the insulin receptor (INR) is activated. This signals 

a cascade of protein interactions that result in inhibition of the 4EBP which allows for eIF4E to 

initiate translation. Therefore whenever the IIS pathway or TOR is inhibited, bulk cap-dependent 

translation is inhibited. When this occurs the ribosomes cannot interact with transcripts in a cap-

dependent manner and become free to participate in IRES mediated translation (FERGUSON et 

al. 2012)(MARR et al. 2007). A summary of this pathway can be seen below in Figure 6. 

Regulation of grk translation is quite intricate and many signaling pathways influence this 

process. Interestingly, the egg shell phenotype associated with the loss of grk laid by flies that 

are homozygous mutant for spn-B, can be rescued through disruption of the IIS/TOR pathway 

(FERGUSON et al. 2012). When insulin and insulin like peptides are scarce, the IIS pathway acts 

to stop cap-dependent dependent translation and the importance of this pathway in regulation of 

grk is supported by evidence showing that a nutrient limited diet as well as inhibition of a 

downstream protein in this pathway called Target of Rapamycin (TOR) rescues the egg shell 

phenotype in spnBBu mutants (FERGUSON et al. 2012). 

  



 

SUPER FIGURE 

 

FIGURE 6: Insulin signaling leads to phosphorylation of the insulin receptor substrate (IRS or Chico and Link) 

(SLACK ET AL. 2010)(WERZ ET AL. 2009) and continues through to the activation of phosphatidylinosoitol-3 

kinase (PI3K) and phophoinositide-dependent kinase 1 (PDK1), finally activating Akt kinase. Akt then does two 

things; it phosphorylates the Forkhead-box-binding protein (dFOXO) family of transcription factors, sequestering 

them in the cytoplasm inactivating them and preventing dFOXO from directing transcription of dFOXO target 

genes, but Akt also modifies the target of rapamycin (TOR) protein which then can act on the eukaryotic 

translation initiation factor 4E-binding protein (4EBP) phosphorylating and inactivate it (RUGGERO AND 

SONENBERG 2005). When 4EBP is inactivated, eIF4E can participate in cap-dependent translation. When active 

4EBP represses cap-dependent translation but IRES mediated translation may still occur. Rapamycin, metformin, 

Link 



 

and dietary restriction all act to repress cap-dependent translation through their downstream effect on TOR 

activity. 

MODES OF SUPPRESSION 

In addition to dietary restriction and Rapamycin feeding, other modes of suppression 

have been evaluated. For example mutations in mei-W68 or mei-P22 prevent the initiation of 

DSBs and thereby avoid the checkpoint which results in Vasa phosphorylation (Figure 6). 

These mutations are sufficient to suppress the ventralized phenotype seen in eggs laid by spn-

BBU females but recently a suppressor which does not suppress these DSBs was identified 

through an EMS screen on the 3rd chromosome. The gene responsible was mapped to the lnk 

gene and these lnk mutants are unique in that the DSBs persist and the meiotic checkpoint 

remains activated (FERGUSON et al. 2012).  

It was shown in Ferguson et al. 2012 that Lnk does not affect the Egfr directly so as to 

sensitize the cells to Grk signaling but does so through another mechanism. The Lnk protein 

has been identified as a positive regulator of the IIS/TOR (SLACK et al. 2010) pathway operating 

at the level of Chico (WERZ et al. 2009) and through disruption of this pathway Grk expression is 

restored. lnk, chico double mutants are lethal which is also suggestive of its importance in this 

pathway. lnk mutants are phenotypically small likely due to the decreased efficiency of the IIS 

pathway and also female sterile. 

 Further evidence, indicating the importance of the IIS/TOR pathway in suppression of 

the spnBBU phenotype as mentioned previously, can be seen by feeding the flies a nutrient 

limited diet or inhibiting TOR activity directly through rapamycin feeding (Figure 6). Both act to 

suppress the phenotype by restoring grk expression but fail to prevent the DSBs from 

accumulating so Vasa remains phosphorylated unable to participate in PIC scanning of the 5’ 

UTR. Pyruvate kinase (Pyk) has also been implicated in this pathway. Pyk acts in glycolysis to 

generate ATP and when it is mutated ATP levels will fall mimicking starvation. This results in 



 

increased activity of AMP-kinase (AMPK), which results in the inhibition of TOR (Figure 6). 

Feeding of metformin can also suppress the eggshell phenotype in spnBBU through its activation 

of AMPK supporting the importance of Pyk.  

When IIS signaling or TOR activity is disrupted this reduces cap-dependent translation 

through the activity through the activity of the 4EBP. Because TOR can no longer inhibit 4EBP, 

it binds eIF4E preventing the assembly of the pre-initiation complex. This frees up ribosomes in 

the cell because they are no longer capable of binding to mRNAs so they accumulate in the 

cytoplasm. This allows them to more easily participate in alternative, cap-independent 

translation such as for transcripts containing an IRES. With the data showing multiple modes of 

suppression that affect the IIS/TOR pathway it provides a reasonable basis to hypothesize that 

the grk mRNA contains an IRES. 

PROPOSAL OF A NEW APPROACH: GRNA CHROMATOGRAPHY 

 The dual luciferase reporter assay has been used to validate IRES presence in 

Drosophila in the past, and although a reliable tool the time required to generate fly lines, 

mutations, and test activity of the reporters under different conditions is labor intensive and time 

consuming. Here we propose a new approach for testing the presence of an IRES using an in 

vitro approach utilizing GRNA chromatography. 

 GRNA is an affinity chromatography technique that uses an in vitro transcribed RNA as 

bait. This technique was originally designed to characterize what proteins from a lysate bound to 

a particular RNA bait (CZAPLINSKI et al. 2005). Remembering the purpose of an IRES is 

recruitment of the ribosome and initiation complex, the same GRNA method can be used to 

quantify how efficiently a particular transcript recruited the translation initiation complex. This 

would be a potentially quick in vitro way to assess if a transcript suspected of contain an IRES 

was capable of recruiting the ribosome in a cap-independent manner.  



 

 To test this technique the grk 5’ UTR’s ability to recruit the ribosome was measured in 

the presence of an Adenosine cap. This prevents recognition by eIF4E and therefore only 

allows ribosomal binding if the presence of an IRES allows it. Reverse transcription can then be 

performed on the RNA obtained from the pull down and quantified through qPCR. The quantity 

of rRNA is normalized to the 5’ UTR of the bait mRNA. The positive and negative controls used 

were the dINR 5’UTR and reverse grk 5’UTR respectively. The expectation is that a transcript 

lacking an IRES will have little to no rRNA present while an IRES containing mRNA will have 

significantly more. For good measure each of these constructs were also tested with Anti-

Reverse Cap Analog (ARCA) versions which do not prevent eIF4E binding.   



 

CHAPTER 2: METHODS 

CONSTRUCTION OF PLASMIDS 

 

FIGURE 7: Diagram summarizing the lineage of constructs used for the generation of transgenic lines in the Dual 

Luciferase Assay Reporter system. For more detail see Appendix. 

The plasmid and primer descriptions can be found in Appendix A and B recpectively.  

Above is a diagram summarizing the cloning of the reporter constructs used in this experiment.  

The starting point for generating our reporter constructs was pSF34 cloned by Scott Ferguson. 

A gift from the Gavis lab which contained the nanos 5’ UTR controlling translation of firefly 

luciferase was used to clone pSF34 containing the grk 5’ UTR sequence and 3’ UTR. This 

plasmid did not contain the grk promoter so it was necessary to clone a plasmid that did in order 

to generate a transgene that accurately reflects gurken expression. To do this, primers SF553 & 

SF547 were designed and used to amplify the grk promoter from genomic DNA. Restriction 

enzymes NheI and BssHII were then used to cut and paste the grk promoter upstream of the 



 

grk 5’ UTR. The sequence of the new plasmid pSF38 was confirmed through sequencing the 

transgene which was performed by GENEWIZ. 

Next the Drosophila insulin receptor (dINR) 5’ UTR was isolated from Oregon-R wild 

type fly cDNA. Using RNAzol RT the RNA was isolated and reverse transcription was performed 

using SF569 as the first strand synthesis primer at 5 different concentrations; 20 µM, 10 µM, 5 

µM, 2.5 µM, and 1.25 µM. The samples were incubated with reverse transcriptase at 42° for 50 

minutes. The enzyme was inactivated by heating to 70°C for 15 minutes and then chilled on ice. 

RNase H was added to each sample and incubated at 37°C for 20 minutes to remove any RNA 

template and leave only cDNA. The cDNA was then PCR amplified with SF563 and SF555 to 

isolate the dINR UTR. The sample with the best efficiency was selected which was the reaction 

using 5 µM of SF569. A phosphate group was added to the 5’ end through treatment with PNK 

to generate a blunt 5’ end and a restriction digest with BamHI was performed leaving a sticky 

end at the 3’ end. The pSF38 plasmid was cut with BmgBI (leaving a blunt end) and BamHI 

which removed the grk 5’ UTR and allowed the dINR 5’ UTR to be ligated into the plasmid 

taking its place. The result was the generation of pSF45 which contained a transgene 

substituting the dINR 5’ UTR for the grk 5’ UTR.  

The grk 5' UTR was PCR amplified from pSF38 with JM1 and JM2, primers which added 

the opposite restriction sites reversing the grk 5’ UTR orientation which was then cut with BssHII 

& BamHI and ligated back into pSF38 which was cut with the same. The new plasmid, pSF100, 

contained the reverse grk 5’UTR in place of the grk 5’ UTR. Then pSF38, pSF45, and pSF100 

were each cut with BamHI and KpnI which removed FF luciferase. Then the renilla Luciferase 

coding sequence which was amplified with JM3 and JM4 was also digested with BamHI and 

KpnI and ligated into pSF38, pSF45, and pSF100 creating pSF102, pSF104, and pSF106 

respectively. 



 

 Finally the transgenes in pSF38, pSF45, pSF100, pSF102, pSF104, and pSF106 were 

amplified using primers SF546 and SF567, cut with XhoI and NotI and ligated into plasmid pattB 

which was cut with the same. The resulting plasmids pSF51, pSF53, pSF101, pSF103, pSF105 

and pSF107 respectively were verified for sequence integrity through sequencing done by 

GENEWIZ. 

GENERATION OF TRANSGENIC LINES AND BALANCE OF TRANSGENIC FLY LINES 

The attB φC31 recombination site (VENKEN et al. 2006) in pattB allows for targeted 

integration into the genome of a line of Drosophila melanogaster with the corresponding attP 

φC31docking site. The plasmid pattB used in this experiment, created by Michelle Calos, 

contains an attP40 φC31 recombination site as well as a gene for ampicillin resistance. Once 

the six transgenes were cloned into pattB the six constructs were sent to Genetic Services, Inc. 

where they were injected into attP40 φC31 drosophila embryos for integration whose docking 

site is located on the 2nd chromosome. The pSF{transgene}>attP40 larvae were sent back to the 

lab and allowed to mature. Female virgins and male drosophila were collected and separately 

crossed to a small number of flies from a balancer stock. 

 
FIGURE 8: Above is shown the mechanism by which the ΦC31 integration works. The integrase is specific for the 

attB site present in the plasmid and the attP site located on chromosome 2 in the fly. Once integration occurs 

both sites are broken and the transgene, in this case a reporter construct, cannot be excised by the integrase. 



 

This insures each integration is site specific and that expression of the reporter is not subject to position effects 

associated with random integration. 

The transgenes contain a marker for red eyes while the balancer stock has white eyes, 

so each cross was brooded three times and examined for progeny with peachy eyes which 

indicated the transgene was present. Males and females identified with peachy eyes from a 

single transgenic parent were then crossed to the opposite gender from the same line that also 

had peachy eyes to generate a balanced stock.  

Generation of Balanced Stock of Transgenic Flies 

♂                    X ☿    
 

   
 

♂    
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$ ♂☿   
               

   
 

The crossing scheme above shows that all males injected with the transgene were 

crossed to virgin females with white eyes and Star/CyO and from this cross males with peachy 

eyes (due to the w+ marker) were selected and crossed again to Star/Curly females with white 

eyes. A stock of flies was then created through crossing males and females containing the 

transgene over Curly.  

The grk-Firefly luciferase and dINR-Firefly luciferase reporters were the first generated 

and were subsequently tested for activity and compared to Oregon R (OR), wild type, flies. 

Females were age matched and fed a high protein diet of yeast paste over 3 days. Without a 

renilla luciferase reporter the Firefly luciferase was normalized to total protein concentration of 

the ovarian lysate. This was experiment was repeated again once all three Firefly lines had 



 

been generated and compared the effect of a 5μM rapamycin yeast paste diet to those fed a 

yeast paste diet without the drug. 

 

Generating Transgenic Cross For Luciferase Assay 
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Once all the stocks were generated the Firefly containing reporters were crossed to each 

renilla reporter as seen above. The resulting females (identified through straight wings) 

generated from these crosses were age matched and fed a diet of yeast for 3 days before being 

analyzed. Three sets of ovaries were dissected in phosphate buffered saline (PBS) and 

resuspended in 1X Passive Lysis Buffer (PLB) from a single genotype to generate each 

biological replicate. One set was analyzed through the dual reporter luciferase assay 

immediately while another set was placed at -80°C and analyzed a week later to evaluate the 

effect of storage on the assay system. 

 

  



 

Generation of Transgenics Reporters with spnBBU 
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The balanced transgenics then underwent the following cross as seen above to generate 

a balanced stock containing both the reporter transgene as well as spnBBU. Finally, flies 

homozygous for the Firefly transgene (identified through straight wings) and homozygous for 

spnBBU (identified through stripe) were crossed to each renilla line homozygous for the 

transgene and homozygous for spnBBU (as seen below). The resulting females were then 

analyzed through the dual reporter assay. Again 3 sets of ovaries were dissected per biological 

replicate in PBS and resuspended in 1X PLB. One set was analyzed through the dual reporter 

luciferase assay immediately while another set was placed at -80°C and analyzed a week later 

to evaluate the effect of long term storage on the assay system. Unfortunately not all 

combinations were possible due to the difficulty in isolating female flies homozygous for both 

mutations as well as an apparent lethality for homozygosity in the pSF107 line. 

Generating Homozygous spnBBU Females for Luciferase Assay 
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LUCIFERASE ASSAY 

For all luciferase assays, females that had eclosed within the last 3 days were added to 

either apple juice plates with moist yeast paste or apple juice plates and moist yeast paste both 

containing 5µM rapamycin and grown for three days. On the third day, the ovaries from each 

female fly were extracted in PBS and rinsed before being added to an eppendorf tube 

containing 1x Passive Lysis Buffer (PLB) from the Promega Dual Luciferase Reporter Assay 

System kit. The PLB (80µL) was used to homogenize 3-5 pairs of ovaries which were 

thoroughly ground with a pestle. Then 20µL of the ovarian lysate was added to 100µL of 

predispensed LARII (firefly Luciferase substrate), briefly vortexed and allowed to react for 1 

minute. The luciferase activity was then measured using a luminometer taking a reading over 3 

seconds. For lines containing both Firefly and renilla reporters 100 µL of Stop & Glo Reagent 

provided in the kit was added and renilla activity was measured over 3 seconds.  

For lines containing only one transgene only Firefly luciferase activity was measured. 

These lines were normalized to the total protein of the ovarian lysate. The total protein 

concentration for each biological replicate was determined using a qubit fluorometric 

quantitation. 

  



 

GRNA CHROMATOGRAPHY 

OVARIAN EXTRACT  

Approximately 95 pairs of ovaries were dissected in PBS with 0.1% Trition x-100 on ice 

over 90 minutes from Oregon R flies fed yeast containing 5 μM rapamycin for 4 days. 

Rapamycin fed flies will have enhanced IRES-mediated translation and therefore ribosomes 

should be more available to bind to any IRES structures in the 108 (grk), 109 (reverse grk) and 

110 (dINR) transcripts. The ovaries were rinsed twice with a 1:1 solution of PBS and Buffer A 

(10mM HEPES with 5mM DTT added at point of use), then 2 more times with Buffer A alone. 

The ovaries were then ground with a pestle to rupture the membranes and the cellular debris 

was pelleted centrifuging for 10 minutes at 4°C. The supernatant was mixed with 1/9 volume of 

buffer O (100mM HEPES, 1M KOAc with 50mM DTT at point of use) and spun an additional 10 

minutes at 4°C and the supernatant and yolk layers were removed and aliquoted into 6 equal 

volumes for the pull down.  

GENERATION OF GRNA BAIT TRANSCRIPTS 

The p6xE2-2xNut plasmid (a gift from Kevin Czaplinski) contains a T3 promoter and Nut 

Box-B sequence which binds the Nut Box sequence of RNA. The grk 5’UTR, reverse grk 5’ 

UTR, and dINR 5’ UTR (108,109 and 110) transcripts were cloned upstream of the Nut Box-B 

sequence and downstream of the T3 promoter. First each template was linearized with NotI in 

order to do run off transcription and then the RNA transcripts to be used as bait were 

transcribed in vitro using the T3 phage RNA polymerase. Each bait construct was co-

transcriptionally capped with either a 7mGpppG cap analogue Anti-Reverse Cap Analog 

(ARCA) which ensures 100% of transcripts are translatable, or an ApppG which will protect the 

5’ end from degradation, but is incapable of binding eIF4E as shown below in Figure 9. 



 

 

 

FIGURE 9: The ARCA cap shown in orange is capable of recruiting the ribosome in the traditional cap-dependent 

manner which can be seen in more detail in FIGURE 1. The adenosine cap shown in blue however does not allow 

the assembly of the require eIFs and therefore the 40S ribosome is prevented from binding. 

GST FUSION PROTEIN 

 The following was adapted from Czaplinski et al 2005. Expression of the GST-λN fusion 

protein requires co-expression of rare tRNAs in order to be expressed in E. coli so Rosetta 

competent cells from Novagen were used. An overnight culture (5mL) was transformed with 

pGλH2 and 500 µL was then added to 2 separate 2 L Erlenmeyer flasks containing 500 mL of 

LB media and grown to an O.D.600 of 0.4 at 30°C at which point it was induced with 1mM IPTG 

for 2 hours. Cells were then centrifuged and resuspended in 7.5 mL of lysis buffer (50mM Tris 

pH 8.0, 500 mM NaCl, 5% glycerol and complete protease inhibitor tablet) Triton X-100 at 0.1% 

and 1 mM DTT were added as well. Lysis was performed by sonication and the cells were spun 

at 26,000 x g for 20 minutes. The supernatant was added to 4 mL packed volume of glutathione 

sepharose which was equilibrated in lysis buffer and allowed to oscillate. After 1 hour the 

sepharose beads were washed with lysis buffer and subsequently eluted in lysis buffer 

containing 20mM glutathione. The eluate was dialyzed against 1.5 L of 50mM Tris pH 8.0, 

250mM NaCl, 20% glycerol and 0.5 mM DTT overnight at 4°C. The protein concentration was 

then measured through the use of qubit fluorometric quantitation and diluted to 350 μg/mL 

frozen in aliquots of 1 mL at -20°C. 

  



 

 

FIGURE 10: Diagram of GRNA technique showing how the mRNA is bound to a sepharose bead through the N-

protein interaction with the Nut box sequence and GST- glutathione interaction of the fusion protein. 

AFFINITY CHROMATOGRAPHY 

 The GRNA Buffer is made with 50mM Tris at pH 8.0, 50 mM NaCl, 1.5 mM MgSO4, 

1µg/mL Heparin, 2 mM DTT, 0.05% NP40, 0.1 mg/ml tRNA, 10% glycerol (v/v) and protease 

inhibitor. The sepharose was agitated and 175 µL of beads were washed three times with 1mL 

of GRNA buffer (without heparin and tRNA). Then 625 µL of GRNA buffer was added to the 

beads and 175 µg of the GST-λN protein. This was then dispensed across six columns. The 

columns were spun for 60 seconds at 3,000 rpm and the flow through was discarded. Then 1mL 

of GRNA buffer was added and spun to remove any unbound material. Another 100 µL of 

GRNA buffer was added as well as 100pmoles of the RNA bait transcript and incubated at 4°C 

with end over end mixing for 1 hour. The columns were then spun at 3,000 rpm for 60 seconds 

and the flow through was kept to verify saturation of the sepharose. 

 The beads were washed again with 1 mL of GRNA buffer and then 1/6 volume of 

ovarian lysate was added to each column as well as 500 µL GRNA buffer. The columns were 

incubated at room temperature with end over end mixing for 45 minutes and then spun to 

remove any unbound ribosomes and washed two times with 1mL of GRNA buffer. The GST 

bound complexes were then incubated for 10 minutes with 300 µL of 20 mM Glutathione in 

GRNA buffer without heparin and tRNA, and eluted. 



 

LICL PRECIPITATION 

Before reverse transcription could be performed the eluates were precipitated with 2 M 

LiCl on ice at 4°C overnight to purify the RNA away from contaminating heparin. Samples were 

then spun at 12,000g for 15 minutes at 4°C and pellets were washed twice with 70% ETOH 

which was kept at -20°C until its use. The samples were allowed to dry on the bench and 

resuspended in molecular biology grade water and stored at -20°C.  

 QPCR  

cDNA was synthesized from the samples used in the GRNA pull down using the Biorad 

iScript™ cDNA Synthesis Kit.  Primers for the grk 5’ UTR (SF635 and SF636), reverse grk 5’ 

UTR (SF635 and SF636), and dINR 5’UTR (SF637 and SF638) were designed using the 

PrimerQuest tool by Integrated DNA Technologies (www.idtdna.com/primerquest). The primers 

used for the ribosome (18s Fwd qPCR and 18s Rev qPCR) were borrowed from Ponton et al. 

(PONTON et al. 2011) 

Using the iTaq™ Universal SYBR® Green Supermix from Biorad, qPCR was performed 

on the samples and standard curves were generated for the grk 5’ UTR (this data was used for 

the rev grk UTR as well), dINR 5’ UTR and the ribosome. Standard curves were performed 

analyzing a 100 fold dilution series of cDNA for each of these starting at 5 picograms in a 20μL 

reaction. Primer concentration was held at 500nM. 

For each pull down sample, primer concentration was held at 500nM while cDNA 

concentration was adjusted to 5pg in a solution for a 20μL reaction. Temperature optimization 

was performed and 59°C was found to be the optimal annealing temperature. The protocol for 

the qPCR can be seen below. 

http://www.idtdna.com/primerquest


 

 

FIGURE 11: Protocol for qPCR. 

  



 

CHAPTER 3: RESULTS 

DATA AND ANALYSIS OF LUCIFERASE ASSAY 

ASSAY ONE 

 Luciferase assay one was performed on wild type OR flies as well as homozygous 

pSF51 and homozygous pSF53 transgenics. Luciferase activity was normalized to total protein 

of the ovarian lysate. The results showed that our negative control produced almost no 

luciferase activity, at least when compared to the transgenics, which was expected. Interestingly 

the activity of pSF53 was nearly 3x as high as the activity of pSF51. The only difference 

between the constructs is the untranslated region they contain. pSF51 contains the grk 5’ UTR 

suspected of containing an IRES while the pSF53 construct contains the dINR 5’ UTR known to 

contain a potent IRES. This may explain the more robust expression of Firefly luciferase in the 

pSF53 transgenics. 

 

FIGURE 12: As expected OR has the lowest activity, effectively zero, which is expected because it does not 

contain a reporter construct. pSF51 and pSF53 which are both being translated under cap-dependent conditions 

have almost a three-fold difference between them. Data shown in Table 1. 
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ASSAY TWO 

Assay two like the first assay is normalized to total protein concentration. This time all 

three homozygous versions of the Firefly reporter (pSF51, pSF53, and pSF101) were compared 

and the effect on expression of a yeast and 5μM rapamycin diet was evaluated for each. The 

results of this assay showed a modest decrease in luciferase activity for the grk 5’UTR-firefly 

reporter when fed 5μM rapamycin while the dINR positive control showed an increase. Most 

unexpectedly the negative control, the reverse grk reporter shows almost no activity whatsoever 

(Figure 13).  

The problem with normalizing to protein for this experiment is rapamycin may affect total 

protein concentration as it prevents translation from occurring in a cap-dependent manner. 

However this may demonstrate a problem with the negative control as its expression even 

under cap-dependent conditions is substantially lower than the other reporters. As for the dINR 

positive control, it is known to function in both cap-independent and dependent conditions and 

its activity is more congruent with what is expected. The relative increase may be artificial and in 

fact due to a lower protein concentration that is the result of rapamycin. 

The fact that the grk reporter does not show a significant decrease is promising but 

without a negative control the result is difficult to interpret. One could speculate that perhaps the 

grk IRES is not as powerful as the dINR but the results are further confounded by the fact that 

these measures have been normalized to protein and not another reporter.  

  



 

 

FIGURE 13: Summarized here are the results of the luciferase assays. Flies fed a yeast only diet are shown in 

blue while the flies fed a 5μM rapamycin and yeast diet are shown in red. Data shown in Table 2. 
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ASSAY THREE 

 In this assay each of the Firefly reporter transgenic stocks were crossed to the pSF103 

(grk) renilla transgenics. The same was done for the stock of transgenics containing the spnBBU 

allele. Luciferase assays were then performed on the
     

      
, 

     

      
, and 

      

      
 females and 

compared to the 
     

      
, 

     

      
, and 

      

      
 females that were also homozygous for spnBBU. The 

results of this assay can be seen below in Figure 14. spnBBU is known to reduce the expression 

of gurken through its effect on Vasa. Because each of these transcripts contain the grk promoter 

the loss in activity for each for 
     

      
 was expected as well as 

     

      
. Unexpectedly the negative 

control again shows no change and nearly zero expression in both the wild type and 

homozygous spnBBU background. 

 

FIGURE 14: Above is the comparison between pSF51, pSF53, and pSF101 normalized to pSF103 in a wild type 

and spnB
BU

 background. Data shown in Table 3. 
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ASSAY FOUR 

 To analyze the effect of storage at -80°C the same experiment was performed as above 

on the same lines a week later. The results below were consistent with those shown in Figure 

14 and any differences were not statistically significant. 

 

FIGURE 15: Above is the comparison between pSF51, pSF53, and pSF101 normalized to pSF103 in a wild type 

and spnB
BU

 background after a week at-80°C. Data shown in Table 4. 
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ASSAY FIVE 

 In this assay, similar to assay three, each of the Firefly reporter transgenic stocks were 

crossed to the pSF105 (dINR) renilla transgenics. For this assay only 2 biological replicates for 

each genotype were used. Luciferase assays were performed on the 
     

      
, 

     

      
, and 

      

      
 

females. This has been the only time that the pSF101 negative control has shown comparable 

expression to the other reporters, but is still nearly  fold lower than the forward grk construct. 

The results of this assay can be seen below in Figure 16. 

 

FIGURE 16: Above is the comparison of pSF51, pSF53, and pSF101 normalized to pSF105 in a wild type 

background. Data shown in Table 5. 
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GRNA TECHNIQUE 

After dialysis was performed to verify the presence of our protein it was run on an SDS-

PAGE gel and stained for total protein. This yielded a single band at the expected molecular 

weight ~30 kDa in size verifying the presence and purity of our fusion protein (as seen below). 

 

FIGURE 17: Above is the gel verifying the presence of the GST-λN protein approximately 30kDa in size at 4 

successive 10 fold series dilutions.  

 In order to quantify the bait RNA (grk, and dINR 5’UTR) and rRNA pulled down in the 

chromatography technique we generated a standard curve for the rRNA and each bait (as seen 

below). First cDNA was synthesized and then the qPCR was performed. The accuracy of these 

curves is supported by the R2 value which meets the MIQE guidelines.  



 

 

 

 

FIGURE 18: Standard Curves generated for the grk 5’ UTR, INR 5’ UTR, and Ribosome. qPCR was performed on 

serial dilutions of cDNA quantified by qubit fluorometric quantitation.  
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CHAPTER 4: DISCUSSION 

LUCIFERASE ASSAYS 

 The result of the luciferase assays failed to prove or disprove the hypothesis that the 

gurken mRNA contains an IRES within its 5’ untranslated region. The results are inconclusive 

due to a problem with the negative control. The negative control contains the reverse sequence 

of the gurken 5’ UTR which has not been under any selective pressure to evolve an IRES. 

However, because a key characteristic of an IRES is complex secondary and tertiary structures 

it is possible the reverse grk sequence contains such structures that make navigating the UTR 

more difficult and reduce the translational efficiency of the PIC. It is also possible that the 

reporter constructs which contain the grk promoter are outcompeting the endogenous grk 

mRNA for transcription factors. However because this effects one line much more severely than 

the others this is less likely. 

 Another possibility is that the reverse sequence is causing RNA interference. The 

reverse sequence of the grk 5’ UTR is perfectly complementary to the 5’ UTR of grk which 

would allow for complementary base pairing between the two strands (Figure 19) forming 

double stranded RNA (dsRNA). Eukaryotic cells have many complex ways of controlling gene 

expression, and it is possible that introduction of this rev-grk 5’ UTR-luciferase mRNA is acting 

to silence or degrade the endogenous grk mRNA through its ability to form dsRNA.  



 

 

FIGURE 19: A) Comparison of the grk 5’ UTR and reverse grk 5’UTR oriented 5’ to 3’. B) We see the reverse grk 5’ 

UTR oriented 3’ to 5’ which illustrates that it is capable of binding to the forward gurken transcript. A and T 

nucleotides have been highlighted in red to help illustrate this. 

Symmetrical transcription and dsRNA are typically characteristic of viral infection (KIBLER 

et al. 1997). Early detection by the host depends on the ability to recognize such pathogen-

associated-molecular-patterns (PAMPs). dsRNA can be recognized a few ways, one of which is 

by Toll-like receptor 3 (TLR3) which activates key transcription factors to promote an antiviral 

response through a signaling cascade acting on the dsRNA dependent-protein kinase R (PKR), 

an effector protein which becomes activated and shortly thereafter binds the dsRNA (GARCÍA et 

al. 2007a).  

PKR is a serine-threonine kinase with two dsRNA binding domains which becomes 

activated when binding dsRNA greater than 30 nucleotides. Complex DNA viruses such as 

vaccinia virus, or herpes simplex virus (HSV) have open reading frames that produce 

overlapping mRNA transcripts capable of forming dsRNA responsible for PKR activation 

(GARCÍA et al. 2007). Upon binding of dsRNA, PKR phosphorylates eIF2-α which inhibits global 

protein translation (in an effort to halt viral translation). PKR is associated primarily the 40S 

ribosomal subunit which allows for it to be activated in response to limited stimuli. PKR can then 

lead to liberation of NF-κB through adapter protein interactions inhibiting IkBa (the NF-κB 

inhibitor) via phosphorylation. These interactions with eIF2α and NF-κB have been implicated in 

PKR-induced apoptosis and perhaps at least partially, offer an explanation for the very poor 

health of our lines containing the rev-grk-luciferase reporters. Flies homozygous for either the 

Firefly or renilla rev-grk-luciferase reporters do not live for more than a day after eclosing. For 

A 

B 



 

this reason we are currently generating a new negative control using the tubulin 5’UTR which 

has been shown not to contain an IRES. 

GRNA 

 The GRNA technique successfully pulled down ribosomal RNA but did not work in the 

way we had hoped. The qPCR protocol has been optimized for amplification and the three 

standard curves were successfully generated. However the samples used sat at -20°C for an 

extended period of time and it is possible there was some degradation. To ensure that the 

beads are being fully saturated with RNA we will repeat the experiment and will collect the flow 

through and measure the RNA concentration to verify it’s presence at the step preceding the 

addition of the ovarian lysate containing our ribosomal RNA. Also additional wash steps will be 

added to ensure that the unbound ribosome is washed away before the elution. 

  



 

CHAPTER 5: FUTURE DIRECTIONS 

CROSSES FOR TRANSGENIC LINES TO BE ANALYZED 

 Ultimately the desired goal is to generate transgenic lines that contain both a firefly 

luciferase reporter and a renilla luciferase reporter. Currently this has been done for each line 

with the exception of the tubulin 5’ UTR (firefly and renilla versions). All three firefly luciferase 

homozygous transgenic lines will be crossed to each of the three homozygous renilla luciferase 

lines. The progeny of this cross cannot be maintained but are used to compare the relative 

expression of the different reporters. The relative expression of these reporter constructs will be 

observed in lines homozygous for a mutation in spnBBU with and without the lnk suppressor 

mutation. Activity will also be monitored in our unknown suppressor CA231. Additionally we can 

monitor the effect of the drugs rapamycin and metformin as well as observe the effects of 

nutrient limitation which will cause down regulation of cap-dependent translation, on these 

different lines. 

LUCIFERASE ASSAYS 

The renilla luciferase reporter will be used as the control. The relative signals from each 

reporter will be analyzed using a Dual-Luciferase Assay kit and a luminometer. This assay 

allows direct comparison of our transgenics through the level of reporter expression in ovarian 

lysates quantified using the Dual-luciferase assay. The effects of mutations in the insulin 

signaling pathway or inhibition of TOR by rapamycin on reporter expression will be monitored. 

Both have the effect of inhibiting cap-dependent translation and promoting IRES utilization. The 

control and experimental results will be statistically analyzed to determine if the grk 5 UTR 

directs more robust translation than the cap-dependent 5 UTR. These data will allow us to 

conclude as to whether or not grk contains an IRES as hypothesized. Below is the crossing 

scheme or pairing of transgenes that will allow for this evaluation each containing an 



 

experimental, positive or negative control normalized to a single renilla transgenic. We have 

chosen to normalize to dINR 5’UTR-renilla because dINR levels remain robust in cap-

dependent and independent conditions. 

 

FIGURE 20: Each firefly reporter will be crossed and directly compared to a renilla reporter containing the 

Drosophila insulin receptor UTR. 

SUPPRESSOR CROSSES 

 In order to validate IRES presence in the 5’ UTR of grk flies homozygous for spn-BBU as 

well as a suppressor (pyk, CA231, lnk) will be evaluated. To do this the renilla and firefly 

reporters will be crossed such that one copy of each is present in the flies and luciferase activity 

will be measured. 

Initial Cross Required for Suppressor Crosses 

♂    
               

               
 
           

      
 X ☿    

  

   
 

  

      
 

$♂☿ 
  

   

 
 
               

   
 

  

      
 



 

 Above is the crossing scheme for the 6 transgenic lines denoted as YFG. This cross is 

necessary so that we can generate our suppressor lines. Below the line’s use in the following 

crosses can be seen in blue. 

LNK LINES 

 Each of the following lines are mutant for the SH2B adapter encoded by lnk. CR642 is a 

suppressor mutation of spnBBU mutants identified through positional cloning of flies from an 

EMS screen on the 3rd chromosome as the gene lnk. It contains both the lnk and spnBBU 

mutation. SBRGC350 is the CR642 mutation without the spnBBU mutation. Both lines of flies 

(CR642 and SBRGC350) will be crossed as can be seen below with CA231 and SBRGC350 

analyzed for luciferase activity. Because the only difference between the two is presence of 

spnBBU mutation this can give some added insight into possible IRES function of the grk 5’UTR 

when compared to one another as well as our wild type control line. In addition a third lnk 

mutation Lnk7478 not identified from a random EMS screen but through a selectively made 

insertion mutation of P{XP} using FLP-FRT recombination will be tested to further validate our 

results. 

  



 

SPN-BBU, LNK
CR642 

♂    
               

   
 

  

   
 X ☿   

 

   
 
     

    
 

$♂☿ 
               

   
 
     

   
 

♂    
                       

   
 

     

      
 X ☿   

                       

   
 

     

      
 

♀    
                       

                       
 
     

     
 

 

LNK
SBRGC350 
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LNK
D7478
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CA231 

 CA231, like CR642 is double mutant for spnBBU but the suppressor gene is unknown.  

CA231 was identified through and EMS screen for suppressors of spnBBU and whose mutation 

was roughly mapped to the right arm of the third chromosome. The function of CA231 appears 

to be functioning to reduce cap-dependent translation and will be tested under several 

conditions including nutrient limitation. 
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SHAPE ANALYSIS AND SELECTIVE MUTATION/DELETIONS 

RNA molecules typically fold back on themselves to create three dimensional structures 

which may or may not serve biological functions. An IRES contains defined structural elements 

that allow the ribosome to assemble around. We can use Selective 2’-Hydroxyl Acylation and 

Primer Extension (SHAPE) to determine the structures within the mRNA. This information can 

be used to determine the IRES shape within the grk 5’ UTR. SHAPE is an approach used to 

map this structure. (Merino et al. 2005) 

In RNA, the 2’ position is nucleophilic but is also sensitive to the influence of the 

adjacent 3’ phosphodiester group. This means when the RNA nucleotide is unconstrained, or 

more flexible the 2’ position is free to interact with electrophiles. By adding a hydroxyl selective 

electrophile such as N-methylisatoic anhydride (NMIA), only the flexible nucleotides will be 

bound. These reactive nucleotides can then be identified by blocking primer extension in a 

reverse transcription reaction. Selective deletions, mutations and covariant mutations can then 

be made based on these data to determine if they play a functional role in IRES activity.  Below 

if Figure 22  a map of the deletions and selective mutations can be visualized.  Deletions and 

mutations should disrupt the function of the IRES if the secondary structure plays a role in 

recruiting the small ribosome.  The covariant mutations should be able to rescue the original 

mutations by restoring the structure and these will be tested using the dual luciferase assay 

system. 

 

  



 

 

FIGURE 21: Above are two stem loops identified through SHAPE analysis just upstream of the grk AUG start 

codon which may have possible IRES function. 

 

FIGURE 22: Above is the sequence including the two stem loops identified in Figure 15 aligned to the sequences 

of the selective mutations being made in the reporter constructs highlighted in red. Changes in nucleotide 

sequence are highlighted with the corresponding change while deletions are represented by a hyphen. 

  



 

CHAPTER 5: APPENDIX 

 

Genotype 
Sample 

[Protein] 
μg/mL 

RLU 
   

         
 

 
Genotype Sample 

[Protein] 
μg/mL 

RLU 
   

         
 

 
Genotype Sample 

[Protein] 
μg/mL 

RLU 
   

         
 

OR 1.A 4915 176 0.036 
 

pSF51 1.A 5950 66895 11.243 
 

PSF53 1.A 4245 148003 34.865 

  1.B 4915 160 0.033 
 

 (grk) 1.B 5950 69365 11.658 
 

 (dINR) 1.B 4245 127123 29.947 

  1.C 4915 161 0.033 
 

  1.C 5950 69221 11.634 
 

  1.C 4245 133142 31.364 

  2.A 6300 156 0.025 
 

  2.A 6500 61360 9.440 
 

  2.A 2975 102260 34.373 

  2.B 6300 183 0.029 
 

  2.B 6500 63682 9.797 
 

  2.B 2975 89239 29.996 

  2.C 6300 168 0.027 
 

  2.C 6500 64733 9.959 
 

  2.C 2975 83810 28.171 

  3.A 6350 185 0.029 
 

  3.A 5500 41856 7.610 
 

  3.A 5100 136078 26.682 

  3.B 6350 197 0.031 
 

  3.B 5500 49628 9.023 
 

  3.B 5100 132834 26.046 

  3.C 6350 195 0.031 
 

  3.C 5500 49064 8.921 
 

  3.C 5100 135438 26.556 

      AVG  186.3 
 

       AVG 51320 
 

       AVG 122040 

TABLE 1: Here is the data used to calculate the average firefly activity in relative light units (RLUs) normalized 

to total protein concentration of ovarian lysate. Sample number indicates the biological replicate while sample 

letter denotes the technical replicate. Three biological and technical replicates were performed for wild type OR 

flies, pSF51 flies containing the grk 5’ UTR -Firefly luciferase reporter, and pSF53 containing the dINR 5’ UTR -

Firefly luciferase reporter. 

  



 

 

Fed 
Yeast Protein 

μg/mL 
Firefly 

RLU 

Average 
   

      
 

   

         
 

Average  
   

         
  

Yeast w/ 
5μM 

Rapamycin 

Protein 
μg/mL 

Firefly 
RLU 

Average 
   

      
 

   

         
 

Average  
   

         
 

51A 4250 30,974 31684.0 7.455   
 

51A 7650 91,027 92304.3 12.066   

 (grk)   31,026       
 

 (grk)   94,317       

    33,052       
 

    91,569       

51B 6230 120,383 123525.7 19.828   
 

51B 7770 99,644 103883.0 13.370   

 (grk)   125,519       
 

 (grk)   108,060       

    124,675       
 

    103,945       

51C 5700 120,368 119761.3 21.011   
 

51C 5920 86,276 86097.7 14.544   

 (grk)   120,487       
 

 (grk)   80,766       

    118,429     16.098 
 

    91,251     13.326 

53A 2740 64,238 65140.3 23.774   
 

53A 5080 169,203 170325.3 33.529   

 (dINR)   66,144       
 

 (dINR)   170,698       

    65,039       
 

    171,075       

53B 4210 126,457 122680.7 29.140   
 

53B 3300 169,479 163986.0 49.693   

 (dINR)   121,832       
 

 (dINR)   164,287       

    119,753       
 

    158,192       

53C 4460 95,750 93878.0 21.049   
 

53C 3100 122,685 122033.3 39.366   

 (dINR)   92,607       
 

 (dINR)   115,492       

    93,277     24.654 
 

    127,923     40.862 

101A 8040 1,223 1216.0 0.151   
 

101A 6740 1,072 1311.0 0.195   

 (rev-grk)   1,238       
 

 (rev-grk)   1,534       

    1,187       
 

    1,327       

101B 6090 1,197 1241.0 0.204   
 

101B 6280 1,520 1517.0 0.242   

(rev-grk)   1,229       
 

 (rev-grk)           

    1,297       
 

    1,514       

101C 6310 1,848 1793.7 0.284   
 

101C 7040 1,624 1583.3 0.225   

(rev-grk)   1,733       
 

 (rev-grk)   1,535       

    1,800     0.213 
 

    1,591     0.220 

TABLE 2: Above is the data collected for homozygous transgenic flies containing the pSF51 (grk 5’UTR-firefly), 

pSF53 (dINR 5’ UTR-firefly), and pSF101 (rev grk 5’UTR-firefly) reporters. These flies were fed a yeast paste diet 

(left) or a yeast paste diet with 5μM rapamycin (right) for 3 days before the assay. Three biological replicates 

containing 5 sets of ovaries (A, B and C) were measured three times being technical replicated thrice. Luciferase 

activity was averaged for each technical replicate then again for each biological replicate. Protein concentration 

was measured once for each biological replicate and averaged. Luciferase activity was then normalized to the 

average total ovarian protein concentration. 

 

  



 

Wild Type Biological Replicate RLU1 RLU2 Ratio 
 

SindleB Mutants Biological Replicate RLU1 RLU2 Ratio 

     

      
 

1 81969 14492 5.656 
 

     

      
 
      

      
 

1 32669 11573 2.823 
       

           
 

2 69423 13163 5.274 
 

       

           
 
      

      
 

2 16920 6139 2.756 

 3 39840 12729 3.130 
 

 3 37620 13453 2.796 

     Average 4.687 
 

     Average 2.792 

     

      
 

1 230547 16631 13.862 
 

     

      
 
      

      
 

1 140890 12640 11.146 

        

           
 

2 230806 14523 15.892 
 

        

           
 
      

      
 

2 147917 13046 11.338 

 3 220928 15880 13.912 
 

 3 151182 12381 12.211 

     Average 14.556 
 

     Average 11.565 
      

      
 

1 560 11544 0.049 
 

     

      
 
      

      
 

1 1319 11496 0.115 
          

          
 

2 589 10368 0.057 
 

          

          
 
      

      
 

2 968 10889 0.089 

 3 672 5956 0.113 
 

 3 1060 11777 0.090 

     Average 0.073 
 

     Average 0.098 

TABLE 3: Data for Figure 14. Each biological replicate contained ovarian lysate from three sets of ovaries of the 

specified genotype. No technical replicates were performed. 

 

Wild Type A Week 
After Storage at -

80°C 

Biological 
Replicate 

RLU1 RLU2 Ratio 
 

spnBBU Mutants a Week 
After Storage at -80°C 

Biological 
Replicate 

RLU1 RLU2 Ratio 

     

      
 

1 8307 3284 2.530 

 

     

      
 
      

      
 1 31957 9763 3.273 

       

           
 2 40564 12582 3.224 

 

       

           
 
      

      
 2 4101 5232 0.784 

 3 81079 12283 6.601 

 
 3 34047 12146 2.803 

     Average 4.118 

 
     Average 2.287 

     

      
 

1 212789 13575 15.675 

 

     

      
 
      

      
 1 139961 11768 11.893 

        

           
 2 221708 15172 14.613 

 

        

           
 
      

      
 2 128210 12708 10.089 

 3 273299 18485 14.785 

 
 3 132502 10450 12.680 

     Average 15.024 

 
     Average 11.554 

      

      
 

1 673 13053 0.052 

 

     

      
 
      

      
 

1 912 11539 0.079 
          

          
 2 760 12710 0.060 

 

          

          
 
      

      
 2 916 10525 0.087 

 3 1081 7038 0.154 

 
         

     Average 0.088 

 
     Average 0.083 

TABLE 4: Data for Figure 15 measured a week after storage at -80°C. Each biological replicate contained ovarian 

lysate from three sets of ovaries of the specified genotype. No technical replicates were performed. 

  



 

Wild Type 
Biological Replicate(#), Technical 

Replicate (letter) 
RLU1 RLU2 Ratio 

51/105 1A 46861 613321 0.0764 

       

            
 1B 41144 574347 0.0716 

 
1C 43525 624584 0.0697 

 
2A 21616 300998 0.0718 

 
2B 24894 335543 0.0742 

 
2C 13005 319749 0.0407 

   
Average 0.0727 

53/105 1A 68306 354629 0.1926 

        

            
 1B 72582 332642 0.2182 

 
1C 96969 440600 0.2201 

 
2A 201238 409181 0.4918 

 
2B 81045 402734 0.2012 

 
2C 91924 409906 0.2243 

   
Average 0.2328 

101/105 1A 1326 582599 0.0023 

          

           
 1B 1230 443256 0.0028 

 
1C 1091 504060 0.0022 

 
2A 748 619773 0.0012 

 
2B 694 603986 0.0011 

 
2C 1707 500360 0.0034 

   
Average 0.0404 

TABLE 5: Data for Figure 16. Two biological replicates and three technical replicates were performed for each 

assay. 

  



 

A: PLASMID LIST 

PLASMID 
NUMBER 

PLASMID NAME 
PARENT 
VECTOR 

CONSTRUCTION 

p6xE2-2xNut       

pA58       

pattB       

pGλH       

pSF33 
pA58-grk 5' UTR - Luciferase - 

Tub3' UTR 
pA58 

PCR with SF528 & SF529 and clone into the HindIII / 
BamHI site (Replaces the nos 5' UTR) 

pSF34 
pA58-grk 5' UTR - Luciferase - 

grk 3' UTR 
pSF33 

PCR with SF530 & SF531 and clone into pSF33 cut 
with KpnI / SacI (Replaces the tubulin 3' UTR) 

pSF38 
pA58-grk promoter & 5' UTR - 

Luciferase - grk 3' UTR 
pSF34 

SF553 & 547 were used to amplify the grk promoter 
from genomic DNA. This PCR product was cut with 
NheI and BssHII and pasted into pSF34 cut with the 

same. 

pSF45 
pA58-grk promoter & dInR 5' 
UTR - Luciferase - grk 3' UTR 

pSF38 

dInR 5' UTR driven by the grk promoter and 3' UTR. 
dInR was reverse transcribed from total Oregon R 
RNA using SF569 for first strand synthesis. SF563 

and SF555 were used to amplify the UTR from the 1st 
strand reaction. PCR product was PNK treated at the 

5' end (Blunt) and cut with BamHI at the 3' end. pSF38 
was cut with BmgBI and BamHI and the grk 5' UTR 

was swapped for the dInR UTR. 

pSF51 
pattB - grk promoter & 5' UTR - 

Luciferase - grk 3' UTR 
pSF38 

Amplified from pSF38 with SF546 and SF567. Cut 
with XhoI and NotI and pasted into pattB cut with the 

same 

pSF52 
pA58-grk promoter & dInR 5' 
UTR - Luciferase - grk 3' UTR 

pSF38 

Prime RT reaction with SF555 for first strand 
synthesis. Amplify from cDNA with SF564 & SF555. 
Kinase product with PNK. Cut product with BamHI. 

Clone into pSF38 cut with BssHII, blunt with MBN, cut 
with BamHI. Removes grk 5' UTR and replaces with 

InR 5'UTR. 

pSF53 
pattB - grk promoter, dInR 5' 

UTR - Luciferase - grk 3' UTR 
pSF45 

Amplified from pSF45 with SF546 and SF567. Cut 
with XhoI and NotI and pasted into pattB cut with the 

same 

pSF100 
pA58-grk promoter & Rev 5' 

UTR - Luciferase - grk 3' UTR 
pSF38 

Amplified the grk 5' UTR from pSF38 with JM1 & JM2. 
Cut the product with BssHII & BamHI and cloned into 

pSF38 cut with the same. This reversed grk's 
orientation from pSF38. 



 

pSF101 
pattB - grk promoter & Rev 5' 
UTR - Luciferase - grk 3' UTR 

pSF100 
and pattB 

Amplified the transgene construct from pSF100 with 
SF46 and SF67. Cut the product and with XhoI and 
NotI and cloned into pattB (which was cut with the 

same). 

pSF102 
pA58-grk promoter & 5' UTR - 
renilla Luciferase - grk 3' UTR 

pSF38 

pSF38 was cut using BamHI and KpnI (which 
removed FF luciferase) while renilla Luciferase coding 

sequence was amplified with JM 3 and JM4 adding 
BamHI and KpnI sites for ligation into pSF38. 

pSF103 
pA58-grk promoter & grk 5' 

UTR - renilla Luciferase - grk 3' 
UTR 

pSF102 

Amplified the transgene construct from pSF102 with 
SF46 and SF67. Cut the product and with XhoI and 
NotI and cloned into pattB (which was cut with the 

same). 

pSF104 
pA58-grk promoter & dInR 5' 

UTR - renilla Luciferase - grk 3' 
UTR 

pSF45 

pSF45 was cut using BamHI and KpnI (which 
removed FF luciferase) while renilla Luciferase coding 

sequence was amplified with JM 3 and JM4 adding 
BamHI and KpnI sites for ligation into pSF45. 

pSF105 
pA58-grk promoter & dInR 5' 

UTR - renilla Luciferase - grk 3' 
UTR 

pSF104 

Amplified the transgene construct from pSF104 with 
SF546 and SF567. Cut the product and with XhoI and 

NotI and cloned into pattB (which was cut with the 
same). 

pSF106 
pA58-grk promoter & Rev 5' 

UTR - renilla Luciferase - grk 3' 
UTR 

pSF100 

pSF100 was cut using BamHI and KpnI (which 
removed FF luciferase) while renilla Luciferase coding 

sequence was amplified with JM 3 and JM4 adding 
BamHI and KpnI sites for ligation into pSF100. 

pSF107 
pA58-grk promoter & Rev 5' 

UTR - renilla Luciferase - grk 3' 
UTR 

pSF106 

Amplified the transgene construct from pSF106 with 
SF46 and SF67. Cut the product and with XhoI and 
NotI and cloned into pattB (which was cut with the 

same). 

pSF108 p6xE2-2xNut - grk 5' UTR 
p6xE2-
2xNut 

Amplified the grk 5' UTR from pSF107 using SF528 & 
SF604. Cut with HindIII and SpeI and clone into 

p6xE2-2xNut cut with the same. 

pSF109 p6xE2-2xNut - rev grk 5' UTR 
p6xE2-
2xNut 

Amplified the grk 5' UTR from pSF33 using SF605 & 
SF606. Cut with HindIII and SpeI and clone into 

p6xE2-2xNut cut with the same. 

pSF110 p6xE2-2xNut - InR 5' UTR 
p6xE2-
2xNut 

Amplified the InR 5' UTR from pSF45 using SF563 & 
SF607. Cut with SpeI (5' end left blunt) and clone into 
p6xE2-2xNut cut with HindIII, blunted with Mung Bean 

nuclease, CnC, and cut with SpeI. 

  



 

PLASMIDS 

PRECURSOR/WORKING PLASMIDS 

 



 

 

 

 



 

 

 

 

 

  



 

PATTB PLASMIDS FOR TRANSGENICS 

 

 

 

 



 

 

 

 

 



 

B: PRIMER LIST 

NAME SEQUENCE LOCATION DESCRIPTION 

18S Fwd GAAGTATGGTTGCAAAGCTGA 

 

Fwd primer used to verify presence 
of the 40S ribosome 

18S Rev TGTTGTAAGTACTCGCCACA 

 

Rev primer used to verify presence 
of the 40S ribosome 

18S Fwd 
qPCR 

CTGAGAAACGGCTACCACATC 

 

Fwd qPCR for dINR 5' UTR 

18S Rev 
qPCR 

ACCAGACTTGCCCTCCAAT 

 

Rev qPCR for dINR 5' UTR 

JM1 ATGCGGATCCAACAAGACCTAAAATCAAAGTGG 

 

Fwd primer for amplification of grk 
UTR adding BamHI restriction site 

JM2 ATGCGCGCGCCATTGGAAAACGCTTGGG 

 

Rev primer for amplification of grk 
UTR adding a BssHII restriction site 

JM3 ATCGGGATCCGATCCAAATGACTTCGAAAGTTTATGA 

 

Fwd primer for amplification of 
Renilla Luciferase adding BamHI 

restriction site 

JM4 ATCGGGTACCTTATTGTTCATTTTTGAGAAC 

 

Rev primer for amplification of 
Renilla Luciferase adding KpnI 

restriction site 

JM5 ATCGTTGAAGCGAAGGTTGTGGAT 

 

Fwd Primer for the sequencing of 
pSF101 and subsequent constructs 

within pattB sequence 

JM6 ATCGGAAAATGCTTGGATTTCACT 

 

Rev Primer for the sequencing of 
pSF101 and subsequent constructs 

within FF luciferase sequence. 

SF528 ATGCAAGCTTAGTCTCTTTTCCGACGTGCG 2L 
Fwd primer to amplify grk 5' UTR 

with HindIII site for cloning 

SF530 ATGCGGTACCGATTTAGAATTTGATTTGGAAACAATTTGG 2L 
Fwd primer to amplify grk 3' UTR 

with KpnI site for cloning 

SF531 ATGCGAGCTCGAATGTTTTAATTCTGTTTCGAGTCG 2L 
Rev primer to amplify grk 3' UTR with 

SacI site for cloning 

SF546 AGTCCTCGAGTCAGGACATAGGCCGTGTCATCAG 

 

Fwd primer for grk promoter with 
XhoI site 

SF547 TGGAGCTGCTATATGGCCTG 

 

Rev primer for grk promoter 

SF553 AGTCGCTAGCCAGGACATAGGCCGTGTCATCAG 

 

Fwd primer for grk promoter with 
NheI site 

SF555 AGTCGGATCCATTGCGGTGTTTCTATTCG 

 

Rev primer for dInR 5' UTR with 
BamHI site 



 

SF569 CTGCTGCCATATCGTTTTCC 

 

RT primer for dInR 5' UTR 

SF563 GGCTTGTCCGGGTGTGTGAG 

 

dInR RA transcript fwd primer 

SF564 CAGTGTTTCACGCGATTTCG 

 

dInR RB transcript fwd primer 

SF567 ATGCGCGGCCGCGAATGTTTTAATTCTGTTTCGAGTCG 2L 
Fwd primer to amplify grk 3' UTR 

with NotI site for cloning. 

SF604 ATGCACTAGTCATTGGAAAACGCTTGGG 2L 
Rev primer to amplify grk 5' UTR with 

SpeI site for cloning. Remake of 
SF529 with SpeI. 

SF635 TCTAAACGATCGAGGGATCGA 

 

Fwd qPCR for grk 5' UTR 

SF636 CACAAGGAGATGCAAGTGTG 

 

Rev qPCR for grk 5' UTR 

SF637 CAATCTCAACCTCTCTGGTCTAC 

 

Fwd qPCR for dInR 5' UTR 

SF638 CTGCCTTGGCACTTTCTTTC 

 

Rev qPCR for dInR 5' UTR 

 

  



 

C: DNA MODIFYING ENZYME LIST 

DNA MODIFYING/RESTRICTION ENZYME RECOGNITION SITE 

BamHI 5'-G*GATCC-3' 

BmgBI 5'-CAC*GTC-3' 

BssHII 5'-C*TCGAG-3' 

HindIII 5'-A*AGCTT-3' 

KpnI 5'-GGTAC*C-3' 

Mung Bean Nuclease Removes ssDNA in a step wise manner 

NheI 5'-G*CTAGC-3' 

NotI 5'-GC*GGCCGC-3' 

PNK Phosphorylates the 5’ end of DNA 

SacI 5'-GAGCT*C-3' 

SpeI 5'-A*CTAGT-3' 

XhoI 5'-C*TCGAG-3' 

* : Restriction Enzyme Cut Site 

 

 

  



 

WORK CITED 
ABDU U., BRODSKY M., SCHÜPBACH T., 2002   Activation of a meiotic checkpoint during 

Drosophila oogenesis regulates the translation of Gurken through Chk2/Mnk. Curr. Biol. 

CB 12: 1645–1651. 

CZAPLINSKI K., KÖCHER T., SCHELDER M., SEGREF A., WILM M., MATTAJ I. W., 2005   

Identification of 40LoVe, a Xenopus hnRNP D Family Protein Involved in Localizing a 

TGF-β-Related mRNA during Oogenesis. Dev. Cell 8: 505–515. 

DAS S., MAITRA U., 2001   Functional significance and mechanism of eIF5-promoted GTP 

hydrolysis in eukaryotic translation initiation. Prog. Nucleic Acid Res. Mol. Biol. 70: 207–

231. 

DRUMMOND-BARBOSA D., SPRADLING A. C., 2001   Stem Cells and Their Progeny Respond to 

Nutritional Changes during Drosophila Oogenesis. Dev. Biol. 231: 265–278. 

FERGUSON S. B., BLUNDON M. A., KLOVSTAD M. S., SCHÜPBACH T., 2012   Modulation of gurken 

translation by insulin and TOR signaling in Drosophila. J. Cell Sci. 125: 1407–1419. 

GARCÍA M. A., MEURS E. F., ESTEBAN M., 2007a   The dsRNA protein kinase PKR: Virus and 

cell control. Biochimie 89: 799–811. 

GARCÍA M. A., MEURS E. F., ESTEBAN M., 2007b   The dsRNA protein kinase PKR: Virus and 

cell control. Biochimie 89: 799–811. 

GAROFALO R. S., 2002   Genetic analysis of insulin signaling in Drosophila. Trends Endocrinol. 

Metab. TEM 13: 156–162. 

GONZÁLEZ-REYES A., ELLIOTT H., ST JOHNSTON D., 1995   Polarization of both major body axes 

in Drosophila by gurken-torpedo signalling. Nature 375: 654–658. 



 

HAWKINS N. C., BUSKIRK C. VAN, GROSSNIKLAUS U., SCHÜPBACH T., 1997   Post-transcriptional 

regulation of gurken by encore is required for axis determination in Drosophila. Dev. 

Camb. Engl. 124: 4801–4810. 

HELLEN C. U. T., 2009   IRES-induced conformational changes in the ribosome and the 

mechanism of translation initiation by internal ribosomal entry. Biochim. Biophys. Acta 

1789: 558–570. 

HENTZE M. W., 1997   eIF4G--A Multipurpose Ribosome Adapter? Science 275: 500–501. 

JACKSON R. J., 2005   Alternative mechanisms of initiating translation of mammalian mRNAs. 

Biochem. Soc. Trans. 33: 1231–1241. 

JOHNSTONE O., LASKO P., 2004   Interaction with eIF5B is essential for Vasa function during 

development. Dev. Camb. Engl. 131: 4167–4178. 

KIBLER K. V., SHORS T., PERKINS K. B., ZEMAN C. C., BANASZAK M. P., BIESTERFELDT J., 

LANGLAND J. O., JACOBS B. L., 1997   Double-stranded RNA is a trigger for apoptosis in 

vaccinia virus-infected cells. J. Virol. 71: 1992–2003. 

KIMBALL S. R., 1999   Eukaryotic initiation factor eIF2. Int. J. Biochem. Cell Biol. 31: 25–29. 

KOMAR A. A., HATZOGLOU M., 2011   Cellular IRES-mediated translation: the war of ITAFs in 

pathophysiological states. Cell Cycle Georget. Tex 10: 229–240. 

LEE J. H., PESTOVA T. V., SHIN B.-S., CAO C., CHOI S. K., DEVER T. E., 2002   Initiation factor 

eIF5B catalyzes second GTP-dependent step in eukaryotic translation initiation. Proc. 

Natl. Acad. Sci. 99: 16689–16694. 



 

LÓPEZ-LASTRA M., RIVAS A., BARRÍA M. I., 2005   Protein synthesis in eukaryotes: the growing 

biological relevance of cap-independent translation initiation. Biol. Res. 38: 121–146. 

MARR M. T., D’ALESSIO J. A., PUIG O., TJIAN R., 2007   IRES-mediated functional coupling of 

transcription and translation amplifies insulin receptor feedback. Genes Dev. 21: 175–

183. 

NEUMAN-SILBERBERG F. S., SCHUPBACH T., 1994   Dorsoventral axis formation in Drosophila 

depends on the correct dosage of the gene gurken. Dev. Camb. Engl. 120: 2457–2463. 

NEUMAN-SILBERBERG F. S., SCHÜPBACH T., 1993   The drosophila dorsoventral patterning gene 

gurken produces a dorsally localized RNA and encodes a TGFα-like protein. Cell 75: 

165–174. 

PELLETIER J., SONENBERG N., 1988   Internal initiation of translation of eukaryotic mRNA 

directed by a sequence derived from poliovirus RNA. Nature 334: 320–325. 

PESTOVA T. V., LOMAKIN I. B., LEE J. H., CHOI S. K., DEVER T. E., HELLEN C. U., 2000   The 

joining of ribosomal subunits in eukaryotes requires eIF5B. Nature 403: 332–335. 

PONTON F., CHAPUIS M.-P., PERNICE M., SWORD G. A., SIMPSON S. J., 2011   Evaluation of 

potential reference genes for reverse transcription-qPCR studies of physiological 

responses in Drosophila melanogaster. J. Insect Physiol. 57: 840–850. 

PRÉVÔT D., DARLIX J.-L., OHLMANN T., 2003   Conducting the initiation of protein synthesis: the 

role of eIF4G. Biol. Cell 95: 141–156. 

RAPLEY J., OSHIRO N., ORTIZ-VEGA S., AVRUCH J., 2011   The mechanism of insulin-stimulated 

4E-BP protein binding to mammalian target of rapamycin (mTOR) complex 1 and its 

contribution to mTOR complex 1 signaling. J. Biol. Chem. 286: 38043–38053. 



 

ROGERS G. W. Jr, KOMAR A. A., MERRICK W. C., 2002   eIF4A: the godfather of the DEAD box 

helicases. Prog. Nucleic Acid Res. Mol. Biol. 72: 307–331. 

ROTH S., LYNCH J. A., 2009   Symmetry breaking during Drosophila oogenesis. Cold Spring 

Harb. Perspect. Biol. 1: a001891. 

RUGGERO D., SONENBERG N., 2005   The Akt of translational control. Oncogene 24: 7426–7434. 

SLACK C., WERZ C., WIESER D., ALIC N., FOLEY A., STOCKER H., WITHERS D. J., THORNTON J. 

M., HAFEN E., PARTRIDGE L., 2010   Regulation of Lifespan, Metabolism, and Stress 

Responses by the Drosophila SH2B Protein, Lnk (B Lu, Ed.). PLoS Genet. 6: e1000881. 

SONENBERG N., HINNEBUSCH A. G., 2009   Regulation of translation initiation in eukaryotes: 

mechanisms and biological targets. Cell 136: 731–745. 

SPRADLING A., 1993 The Development of Drosophila melanogaster. Cold Spring Harbor 

Laboratory Press. 

THIO G. L., RAY R. P., BARCELO G., SCHÜPBACH T., 2000   Localization of gurken RNA in 

Drosophila Oogenesis Requires Elements in the 5′ and 3′ Regions of the Transcript. 

Dev. Biol. 221: 435–446. 

TOMANCAK P., GUICHET A., ZAVORSZKY P., EPHRUSSI A., 1998   Oocyte polarity depends on 

regulation of gurken by Vasa. Dev. Camb. Engl. 125: 1723–1732. 

UNBEHAUN A., BORUKHOV S. I., HELLEN C. U. T., PESTOVA T. V., 2004   Release of initiation 

factors from 48S complexes during ribosomal subunit joining and the link between 

establishment of codon-anticodon base-pairing and hydrolysis of eIF2-bound GTP. 

Genes Dev. 18: 3078–3093. 



 

VENKEN K. J. T., HE Y., HOSKINS R. A., BELLEN H. J., 2006   P[acman]: A BAC Transgenic 

Platform for Targeted Insertion of Large DNA Fragments in D. melanogaster. Science 

314: 1747–1751. 

VISA N., 1996   A nuclear cap-binding complex binds Balbiani ring pre-mRNA cotranscriptionally 

and accompanies the ribonucleoprotein particle during nuclear export. J. Cell Biol. 133: 

5–14. 

WERZ C., KÖHLER K., HAFEN E., STOCKER H., 2009   The Drosophila SH2B family adaptor Lnk 

acts in parallel to chico in the insulin signaling pathway. PLoS Genet. 5: e1000596. 

  

 




