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Abstract 

 
Dietary nutrients promote organismal growth via activation of cellular pathways 

that are necessary for cellular growth and division. However, upon conditions of nutrient 

scarcity, organisms ranging from yeast to mammals alter their metabolism to conserve 

nutrients and energy. One of the key cellular events required for sustained growth 

downstream of nutrition is mRNA translation. In order to coordinate cellular and 

organismal growth with nutrient availability, organisms have devised several control 

checkpoints to limit the energy consuming process of translation under starvation. Work 

on mammalian cell lines have shown that mRNA translation is inhibited in response to a 

multitude of stresses including nutritional stress, DNA damage, viral stress, hypoxia and 

oxidative stress.  However, it is unclear as to how an organism in general responds to 

starvation in terms of mRNA translation. I have used polysome gradient analysis in 

developing Drosophila larvae to show that starvation led to a rapid decrease in 

translation, seen as early as 30 minutes after removal of larvae from food. A maximal 

decrease in translation was observed after 6-18 hours of starvation. Using qRT-PCR I 

have looked at the translation profile of 18 individual genes and observed that starvation 

led to a general decrease in translation, irrespective of the starvation-mediated change in 

total transcript levels. Sugars and amino acids have been shown to be important 

regulators of translation in animal cells. I have determined that neither sugars nor amino 

acids were sufficient to maintain translation in larvae removed from food. However, a 

complex diet such as yeast was sufficient to maintain translation in larvae removed from 

food. The majority of work in the field of translation suggest three main signaling 

pathways functioning downstream of nutrition to regulate translation - insulin signaling, 
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TOR signaling and eIF2α signaling. I have shown that TOR signaling is required for 

translation in fed conditions. On the other hand, genetic activation of TOR and/or insulin 

signaling was not sufficient to prevent the starvation-mediated inhibition of translation. I 

have also shown that the eiF2α kinases - GCN2 and PERK were not required for 

starvation-mediated suppression of translation.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 



	   iv	  

Acknowledgements 
 

  

 Firstly, I would like to thank Dr. Savraj Grewal for accepting me as a graduate 

student. I would like to convey my gratitude for his care, support and guidance 

throughout my journey as a graduate student. I would also like to thank him for his 

patience and for taking the time and effort to guide me to be a better person and a better 

scientist. Special thanks go to Dr. Savraj Grewal, Dr. William Brook (University of 

Calgary) and Dr. Shelagh Campbell (University of Alberta), for understanding my family 

situation and helping me to work for some time at the University of Alberta and also for 

allowing my wife Ramya to work temporarily in the Brook lab.  

 

 I thank my very first scientific mentor Dr. Sweta Srivastava, who has taught me 

the basics of scientific thinking, and who advised me to apply to Savraj. My time in 

NCBS with Sweta helped me to understand and effectively read scientific literature. My 

sincere thanks also go to Dr. Kaustubh Rau, who guided me till my trip to Canada. 

 

 My heartfelt thanks go to my parents who have always supported me through the 

difficult periods of my career so far. I dedicate this work to my late uncle Mr. M. 

Dhandapani and my late grandfather Mr. T.D. Muthukumaraswamy who have been an 

inspiration to me. 

 



	   v	  

 I also thank my committee members Dr. William Brook and Dr. Ebba Kurz for 

their help and guidance throughout my PhD. Doing science under your tutelage has been 

a joyful experience. 

 

 I thank all the present and past members of the Grewal lab – Abhishek, 

Byoungchun, Lauren, Liz, Shrivani, Lynne, Mahsa and Shilpa for their support and for 

providing a cheerful lab environment to work with.  

 

I would like to thank my beloved wife ‘Ramya Varadarajan’, who has been the 

pillar of support in pursuing my PhD. I could not have finished my PhD without 

sacrifices on her part and I will be ever thankful to her for being the person that she is. I 

extend my thanks to my in-laws, who have extended their hand of support during our 

times of need in spite of medical complications. 

 

Last but not the least, my daughter Anjali has been the joy of my life so far. She 

has been the shining light in my moments of darkness.  

 

 

 

 

 

 

 
 



	   vi	  

Table of Contents 
 

Abstract ..................................................................................................................... ii 
Acknowledgements....................................................................................................iv 
Table of Contents.......................................................................................................vi 
List of Tables .............................................................................................................x  
List of Figures and Illustrations .................................................................................xi  
List of Symbols, Abbreviations and Nomenclature ...................................................xxi 
 
Chapter 1: Introduction 
1.1 Growth control in response to nutrient availability……………………………..1 

1.1.1 Introduction to the study of cell and organismal growth………........….1 
1.1.2 Protein biosynthesis as a factor regulating cellular growth……....….....2 
1.1.3 Nutritional stress inhibits cellular and organismal growth…….......…...2 

1.2 Drosophila as a model organism to study growth…………….............…….......3 
1.2.1 Growth of Drosophila larvae is nutrient-dependent...…………........….5 
1.2.2 Attainment of critical weight determines the starvation response and  

final body size in Drosophila larvae…………………………………...5 
1.3 Insulin/TOR signaling in the control of cell and organismal growth……….......7 

1.3.1 Nutrient-mediated insulin signaling promotes growth in Drosophila.....8 
1.3.2 Introduction to insulin signaling in Drosophila………………………...10 
1.3.3 FOXO-mediated transcriptional induction of 4e-bp and inr can be  

used as readout for quantification of insulin  
signaling in Drosophila…………………….......................................…....13 

1.4 Introduction to TOR signaling-mediated growth regulation in Drosophila….....14 
1.4.1 Insulin and TOR signaling are parallel pathways that are  

independently activated by nutrition in Drosophila…..…………...…...15 
1.4.2 The translational regulators 4E-BP and S6K are key downstream  

effectors of TOR signaling in the regulation of growth………………..19 
1.4.2.a) The eIF4E binding protein 4E-BP………...…………..….........19 
1.4.2.b) The ribosomal protein S6 kinase - S6K……………….........….20 

1.5 Activation of insulin/TOR signaling is sufficient to promote nutrient  
independent growth in Drosophila .....................................................................21 

1.6 Starvation inhibits translation via activation of GCN2/PERK-  
mediated phosphorylation of eIF2α…………………………………..…….………22 
1.7 Translational regulation in the control of lifespan………………………….…..25 
1.8 Regulation of translation as a mechanism for gene expression changes…..…....27 

1.8.1 Initiation is the rate-limiting step in mRNA translation………..………28 
1.8.2 Translation initiation in eukaryotes………………………………..…...29 
 1.8.2a Regulation of ternary complex formation……………..…...…...29 

1.8.2b 43S pre-initiation complex formation……………..…………....30 
1.8.2c 43S binding to mRNA – 48S pre-initiation complex formation..30 

1.8.3 Translation elongation…………………………………………..……...34 
1.9 Translational control in eukaryotes……………………………….….………....35 
1.10 Aims…………………………………………………………..…………….....36 
 



	   vii	  

 Chapter 2: Materials and Methods 
2.1 General Fly maintenance…………………………………..………………...…37 
2.2 Fly Techniques…………………………………………………………………37 

2.2.1 The GAL4/UAS system………………………………………………..37 
2.2.2 RNA interference or RNAi…………………………………………….39 
2.2.3 Conditional expression – the flip out technique………………….…….40 

2.3 Fly stocks ………………………………………………………………………43 
2.3.1 Wild type……………………………………………………………….43 
2.3.2 Null mutants …………………………………………………………...43 
2.3.3 UAS strains …………………………………………………………….44 
2.3.4 GAL4 strains…………………………………………………...............45 
2.3.5 RNAi strains……………………………………………………………45 

2.4 Fly food and starvation conditions………………………………………….......46 
2.4.1 Fly food ………………………………………………………...……....46 
2.4.2 Egg collection…………………………………………………………..46 
2.4.3 Amino acid starvation…………………………………………………..47 
2.4.4 Nutrient-mediated effects on translation………………………………..47 

2.5 S2 cell culture………………………………………………………………….. 50 
2.5.1 Rapamycin treatment…………………………………………………...50 

2.6 Quantitative real time PCR……………………………………………………..50 
2.6.1 RNA extraction…………………………………………………….…...51 
2.6.2 DNAse treatment……………………………………………………….52 
2.6.3 Reverse transcription: cDNA synthesis………………….………….….52 
2.6.4 Quantitative Real-Time PCR……………………….……………….….54 
2.6.5 Primer design.....…………………………………………………….….55 
2.6.6 List of primers…………………………….………………………....…56 
2.6.7 Data analyses………………………….………………………….….....58 

2.7 Western blotting…………………………………………………….…….…….58 
2.7.1 Lysis………………………………………………………….…….…...58 
2.7.2 SDS polyacrylamide gel electrophoresis (PAGE)………....……..….…59 
2.7.3 Electrophoretic wet transfer…………………………………….….…...61 
2.7.4 Blocking and antibodies…………………………………………......…62 
2.7.5 Immunohistochemistry............................................................................64 
2.7.6 Microscopy..............................................................................................64 
 

Chapter 3: Polysome analysis 
3.1 Introduction to polysome analysis……………………………………….…......65 
3.2 Dissociation of ribosomes – runoff……………………………………….....…67 
3.3 Ribosome runoff under cellular stress………………………………..……...…68 
3.4 Polysome gradient centrifugation………………………………..………....…..68 

3.4.1 Polysome analysis and the polysome profile………..………………....69 
3.5 Artifacts................................................................................................................72  

3.5.1 Aggregation of ribonucleoparticles can mimic polysomes……….…....72 
3.5.2 Method of lysis can alter the polysome profiles significantly.………....75 

3.6 Methods to prevent polysome run-off……………………………………….....75 
3.6.1 Cycloheximide………………………………………………………....75 



	   viii	  

3.6.2 Heparin………………………………………………………………....76 
3.6.3 Rapid cooling/snap-freezing………………….……………………......77 

3.7 Analysis of polysome profiles……………………………………………….....77 
3.8 Interpreting change in amount of polysomes……….……………………….…78 

3.8.1 Inhibition of initiation……………………………………………….....78 
3.8.2 Inhibition of termination…………………………………………..…...79 
3.8.3 Inhibition of elongation…………….…………………………….……79 

3.9 Polysome analysis protocol.................................................................................80 
3.9.1 Solutions and lysis buffer preparation....................................................80 

3.9.1a Polysome buffer (PB)..................................................................80 
3.9.1b Polysome lysis buffer (PLB).......................................................80 
3.9.1c Sucrose solutions.........................................................................81 

3.9.2 Larval lysis.............................................................................................81 
3.9.3 Lysis of Drosophila SL2 cells................................................................83 
3.9.4 Preparing sucrose gradients....................................................................84 
3.9.5 Loading the lysate onto the gradient for ultracentrifugation..................86 
3.9.6 Obtaining polysome profiles and gradient fractionation........................89 
3.9.7 RNA extraction, purification and cDNA synthesis................................91 
3.9.8 qRT-PCR analysis of polysomes............................................................92 

 
Chapter 4: Results 
4.1 Polysome analysis as a measure of translation in growing Drosophila larvae...95 
4.2 mRNA translation is inhibited rapidly upon starvation of Drosophila larvae....95 
4.3 Hallmarks of starvation in Drosophila – induction of Foxo target 4E-BP.........99 
4.4 The starvation-mediated decrease in translation occurs independently of  
        change in ribosome numbers.............................................................................101 

4.4a Starvation does not lead to cleavage of rRNA.........................................102 
4.5 Translation of individual transcripts is decreased upon starvation....................104 

4.5a Ribosome occupancy for the 18 transcripts was only decreased  
marginally, whereas ribosome density decreased by nearly 50% upon  
starvation .........................................................................................................113 
4.5b Rapamycin-mediated inhibition of translation in Drosophila SL2 cells..116 
4.5c IRESs and uORFs in the 5'UTR do not show increased translation  
of their downstream ORFs among the 18 chosen transcripts in  
starved larvae...................................................................................................119 
4.5d Calculation of predicted change in protein synthesis for  
the 18 transcripts..............................................................................................125 

4.6 A yeast-only diet but not a protein-only diet is sufficient to maintain  
translation in-vivo...............................................................................................127 

4.7 A sugar-only and/or protein-only diet did not recapitulate the translation  
observed with fed larvae.....................................................................................127 

4.8 An amino acid-only diet was sufficient to activate insulin  
signaling in larvae............................................................................................133 

4.9 Nutrient-mediated regulation of RNA Pol-I and Pol-III as a  
mechanism of translational control..................................................................135 
4.9.1. Nutrition and TOR signaling regulate dMyc protein levels  



	   ix	  

partly via translational control..........................................................................137 
4.10  TOR signaling is necessary to promote translation in fed conditions, but not  

sufficient to maintain translation upon starvation................................................140 
4.11  Neither 4E-BP knockdown nor S6K activation is sufficient to maintain  

translation under starvation..................................................................................147 
4.12  GCN2 knockdown promotes translation in fed conditions, but insufficient to  

rescue translational suppression under starvation...............................................151 
4.13 Starvation does not appear to increase the phosphorylation of eIF2α in larvae154 
4.14 A combination of GCN2 inhibition and TOR activation was unable to  

maintain translation in starved larvae.................................................................156 
4.15 PERK signaling is not required for starvation-mediated  

inhibition of translation.......................................................................................158 
 

Chapter 5: Discussion 
5.1 Regulation of translational control downstream of nutrition: novel insights......160 
5.2 Translational regulation in fed and starved Drosophila larvae...........................161 

5.2.1 Translation is high in fed Drosophila larvae...........................................161 
5.2.2 Ribosomal densities are found to be high for short mRNAs and low  

for long mRNAs among the 18 transcripts in fed larvae........................162 
5.2.3 Nutrition-mediated translational control in Drosophila larvae...............165 
5.2.4 Starvation-mediated decrease in translation occurred as result of  

decreased translation initiation...............................................................166 
5.2.5 Starvation induced change in translation of the 18 selected transcripts.167 

5.2.5a Starvation leads to a shift in mRNA association from heavy  
to light polysomes.......................................................................167 

5.2.5b Discrete differences observed in translational control  
between starvation of larvae and previous reports from cell  
culture..........................................................................................168 

5.2.5c Regulation of translation of the 18 transcripts by features  
of the 5’UTR...............................................................................169 

5.2.5d Potentiation was not observed for the limited number of  
transcripts assessed using qRT-PCR upon  
starvation of larvae......................................................................170 

5.2.5e Ribosome occupancy is not changed significantly but ribosome  
density decreases by 50% upon starvation of larvae...................171 

5.3 Role of specific nutrients in the regulation of translation in-vivo.......................172 
5.3.1 Nutrient sensing in the regulation of translation in-vivo.........................172 
5.3.2 Amino acids are sufficient to activate translation in mammalian cell  

culture but not in Drosophila larvae.......................................................173 
5.3.3 Amino acids alone are sufficient to activate insulin signaling  

but not translation in larvae.....................................................................174 
5.3.4 Possible nutrients in yeast/food that might activate translation in-vivo..175 

5.3.4a Lipids............................................................................................176 
5.3.5b Odour/taste...................................................................................177 
5.3.5c Indirect detection of yeast via ethanol, glycerol and  

carbonation of diet.......................................................................178 



	   x	  

5.4 Signaling mechanisms in the regulation of translation in larvae.........................179 
5.4.1 Insulin/TOR activation promotes translation in mammalian cell  

culture, but not in Drosophila larvae......................................................180 
5.4.2 GCN2 knockdown promotes translation in fed larvae............................181 
5.4.3 PERK as a possible mediator of translational control in larvae..............182 

5.5 Mechanisms of nutrient-mediated translational control in larvae.......................182 
5.5.1 Role of S6K in translational control in larvae.........................................183 
5.5.2 4EBP-mediated regulation of translation in-vivo....................................184 
5.5.3 Other mechanisms of translational control..............................................184 

 
Conclusions................................................................................................................185 
 
Future directions........................................................................................................186 

 
References..................................................................................................................189 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	   xi	  

List of Tables 

Table 2.1 Amino acid concentrations for feeding of total amino acids or essential  

amino acids to Drosophila larvae..............................................................48 

Table 4.1 Cis regulatory elements in the 5' UTR do not promote translation  

upon starvation of larvae...........................................................................120 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	   xii	  

List of figures and illustrations 

Chapter 1: 

Figure 1.1 Life cycle of Drosophila melanogaster....................................................4 

Figure 1.2 A simplified schematic representation of insulin signaling in  

Drosophila.................................................................................................12 

Figure 1.3 Amino acids activate TOR via Rag mediated lysosome localization......18 

Figure 1.4 Regulation of translation initiation by nutrient signaling in eukaryotes...32 

 

Chapter 2: 

Figure 2.1 The UAS-GAL4 system...........................................................................38 

Figure 2.2 The heat shock flip-out system.................................................................42 

 

Chapter 3: 

Figure 3.1 Polysome gradient centrifugation.............................................................71 

Figure 3.2 The heavy peaks in the polysome profile correspond to polysome peaks  

and not heavy RNA aggregates...............................................................74 

 

Chapter 4: 

Figure 4.1 Starvation led to a rapid decrease in translation.......................................98 



	   xiii	  

Figure 4.2 The decrease in translation at early time points of starvation occurred 

independently of change in ribosome numbers.......................................100 

Figure 4.3 No cleavage of rRNA is observed upon starvation..................................103 

Figure 4.4 Separation of polysomes according to size..............................................105 

Figure 4.5 3-day starvation led to decreased translation of E2F mRNA...................107 

Figure 4.6 Starvation led to a decrease in translation of individual transcripts.........110 

Figure 4.7 Starvation led to a decrease in translation of individual transcripts.........111 

Figure 4.8 Starvation led to a decrease in translation of individual transcripts.........112 

Figure 4.9 More than 80% of the transcripts coding for a single ORF were polysome- 

bound even after starvation, however, the decrease in translation occurred  

due to a decrease in number of ribosomes bound to each mRNA............117 

Figure 4.10.1 Rapamycin treatment led to inhibition of translation in SL2 cells.....118 

Figure 4.10.2a Other transcripts tested show a similar reduction in translation as  

the 18 transcripts selected from the microarray.................................122 

Figure 4.10.2b Other transcripts tested show a similar reduction in translation as  

the 18 transcripts selected from the microarray.................................123 

Figure 4.10.2c Other transcripts tested show a similar reduction in translation as  

the 18 transcripts selected from the microarray.................................124 

Figure 4.11 Predicted change in protein synthesis correlates with the change in mRNA  

levels for the 18 transcripts assessed by qRT-PCR................................126 



	   xiv	  

Figure 4.12 Feeding a yeast-only diet but not a amino acid-only diet recapitulates  

the translation observed in fed and refed larvae.....................................129 

Figure 4.13 Feeding an amino acid-only diet does not recapitulate the translation  

observed in fed and refed larvae.............................................................132 

Figure 4.14a Amino acids are sufficient to activate insulin signaling but not  

sufficient to promote rRNA or tRNA synthesis......................................134 

Figure 4.14b dMyc protein levels are downregulated under starvation in larvae and  

by rapamycin treatment in S2 cells......................................................139 

Figure 4.15 Insulin and TOR signaling are not sufficient to maintain translation  

under starvation.......................................................................................141 

Figure 4.15.1 dp110 overexpression led to exclusion of FOXO from the  

nucleus even in starved larvae...........................................................145 

 

Figure 4.16 Insulin and TOR signaling are not sufficient to maintain translation  

under starvation.......................................................................................146 

Figure 4.17 4E-BP knockout could not maintain translation in  

starved larvae..........................................................................................148 

Figure 4.18 Neither 4EBP knockout nor S6K activation could maintain  

translation in starved larvae....................................................................150 

Figure 4.19 GCN2 knockdown promoted translation in fed conditions but not in  



	   xv	  

starved conditions...................................................................................153 

Figure 4.20 Phosphorylation of eIF2α does not seem to be upregulated in nutrient  

starved larvae..........................................................................................155 

Figure 4.21 Combination of GCN2 inhibition and TOR activation is not sufficient  

to maintain translation under starvation..................................................157 

Figure 4.22 GCN2 knockdown is sufficient to increase translation in fed conditions  

but not in starved conditions...................................................................159 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	   xvi	  

List of Symbols, Abbreviations and Nomenclature 

Symbol/Abbreviation Definition 

40S Small or 40S subunit of eukaryotic ribosome  

4E-BP  Eukaryotic initiation factor 4E binding protein 

5'TOP 5' terminal oligopyrimidine tract 

60S Large or 60S subunit of eukaryotic ribosome 

Akt or PKB Protein kinase B 

AMPK Adenosine monophosphate dependent protein kinase 

DILP Drosophila insulin-like peptide 

dInR/InR Insulin receptor  

dp110 Drosophila 110 kDa subunit protein of PI3K 

dp60 Drosophila 60 kDa subunit protein of PI3K 

eEF1A Eukaryotic translation elongation factor 1A 

eEF2 Eukaryotic translation elongation factor 2 

eIF1 Eukaryotic translation initiation factor 1 

eIF1A Eukaryotic translation initiation factor 1A 



	   xvii	  

Symbol/Abbreviation Definition 

eIF2 Eukaryotic translation initiation factor 2 

eIF2B Eukaryotic translation initiation factor 2B 

eIF2α α subunit of the eukaryotic initiation factor 2 protein 

eIF3 eukaryotic translation initiation factor 3 

eIF4A RNA helicase - eukaryotic translation initiation factor 4A 

eIF4B Eukaryotic translation initiation factor 4B 

eIF4E Eukaryotic translation initiation factor 4E 

eIF4F Protein complex of eIF4A, eIF4G and eIF4E 

eIF4G Eukaryotic translation initiation factor 4G 

ERK Extracellular signal-regulated kinase 

FOXO Forkhead box O 

GABA Gamma amino-butyric acid 

GAP GTPase activating protein 

GCN2 General control of amino acid biosynthesis, 
nonderepressible 2 

GEF Guanine nucleotide exchange factor 



	   xviii	  

Symbol/Abbreviation Definition 

Gigas/Tsc2 Drosophila tuberous sclerosis 2 

GTP Guanosine triphosphate 

GTPase Guanine nucleotide transferase 

IGF Insulin-like growth factor 

IGF-BP Insulin-like growth factor binding protein 

Imp-L2 Imaginal morphogenesis protein – Late 2 

IRES Internal ribosome entry site 

IRS Insulin receptor substrate 

mNSCs Median neurosecretory cells 

mNPY mammalian neuropeptide Y 

PABP 3' UTR Poly (A) binding protein 

PDK1 Phosphoinositide dependent kinase1 

PERK or PEK Pancreatic ER resident kinase or Pancreatic eukaryotic 
initiation factor-2α kinase 

PI3K Phosphatidyl inositol 3 kinase 

PIC Preinitiation complex 



	   xix	  

Symbol/Abbreviation Definition 

PTEN Phosphatase and tensin homolog 

PcG Polycomb group proteins 

PDK1 Phosphoinositide-dependent kinase 1 

PIP2 Phosphatidyl-inositol-4, 5 biphosphate 

PIP3 Phosphatidyl-inositol-3, 4, 5 triphosphate 

Rheb Ras homolog enriched in brain 

RpS6K or S6K Ribosomal protein S6 kinase 

SDR Secreted decoy of insulin receptor 

sNPF Short neuropeptide F 

thor Drosophila 4E-BP 

TOR Target of rapamycin 

TORΔP Drosophila null allele of TOR 

tRNA Transfer RNA 

tRNAi
Met tRNA initiator methionine 

Tsc1 Tuberous sclerosis complex protein 1 



	   xx	  

uORF Upstream open reading frame 

Upd2 Unpaired 2 - a cytokine 

v-ATPase vacuolar H+ - adenosine triphosphatase 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	   xxi	  

Nomenclature 

 
 
Category 

 
Examples 

Proteins  
4E-BP 

Genes  
thor 

Gene symbols  
thor 

Alleles 

 

thor2 

 

 

 

 

 

 

 

 

 

 

 



	   1	  

Chapter 1: Introduction 
 
 
1.1 Growth control in response to nutrient availability 

All living cells need to respond to variations in food availability in order to survive. 

Cells have evolved ways to sense nutrients and alter their behavior and metabolism 

accordingly in order to survive during periods of starvation. Unicellular organisms take 

up nutrients in a cell autonomous manner and grow rapidly when nutrients are abundant. 

When the nutrients dwindle, the single-celled organisms switch from anabolism to 

catabolism that enables conservation of energy and resources and thus promotes survival 

under nutrient stress. In the case of multicellular organisms, the same situation calls for a 

more complex strategy. Multicellular organisms coordinate organismal growth with 

nutrient availability using endocrine signaling mechanisms such as insulin/insulin-like-

growth-factor (IGF) signaling.  

 

1.1.1 Introduction to the study of cell and organismal growth 

By definition, cell growth is any increase in cellular mass or size through 

macromolecular biosynthesis. Until the late 1990s, cell growth was thought to be 

associated predominantly with increased proliferation[1].  However, it has become clear 

that cell division and growth, though tightly coupled, are distinct aspects of cell fate[2, 3]. 

Division of a single cell leads to two cells of smaller volume, so in order for a cell or 

organism to grow bigger, growth is essential. Most cells double their mass during each 

division cycle, maintaining a roughly constant size as they proliferate[4]. The control of 

cell growth is also important in the development of multicellular organisms. For example, 

control of growth by means of inter-organ signaling is important to ensure that the limbs 
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and appendages in multicellular organisms are of proportional size. Such inter-organ 

communication is especially important in conditions of nutrient stress, so that all the 

organs in the organism participate concertedly to prevent heterogeneity in size of organs.  

 

1.1.2 Protein biosynthesis as a factor regulating cellular growth 

Individual cells continue to grow until they reach a critical threshold at which 

point they either divide or stop growing. One of the proposed mechanisms for conveying 

cell size thresholds is assessment of protein synthesis rates[5, 6]. For example, inhibition 

of mRNA translation in yeast by sub-lethal doses of cycloheximide (an inhibitor of 

ribosome translocation on mRNA) forces the cells to grow much larger than their actual 

threshold before onset of cell division[7]. Although other factors, such as contact 

inhibition and environmental cues, also play a role, protein synthesis is one of the means 

by which cell size threshold is determined. Protein synthesis is thought to produce 

unstable ‘sizers’ - proteins that communicate cell cycle thresholds to the cell cycle 

machinery. The abundance and activity of sizers such as cyclins and cyclin dependent 

kinases (CDKs), couple translational rates to the cell cycle of eukaryotes[8, 9].  

 

1.1.3 Nutritional stress inhibits cellular and organismal growth 

Nutrients are a prerequisite for cell growth by acting as signaling molecules 

in growth regulatory pathways (discussed in detail in following paragraphs) and as 

building blocks for macromolecular biosynthesis. Work from yeast, worms and flies has 

shown that starvation for macronutrients leads to an organismal growth arrest. This is 

consistent with the idea that macromolecular synthesis cannot persist in the absence of 
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nutrient intake. Multicellular organisms have devised several mechanisms of growth 

control during periods of starvation – including changes in growth factor signaling, inter-

organ communication by means of endocrine signaling and sensing of nutrients by 

specific cells or tissues. These signaling events induce an organism-wide metabolic 

reprogramming to inhibit catabolic activities such as protein synthesis and promote 

anabolic activities to conserve energy and recycle cellular components by means of 

autophagy. Various model organisms from yeast to monkeys have been used in the 

understanding of how nutrients affect growth and lifespan[10].  

 

1.2 Drosophila as a model organism to study growth 

I have used Drosophila melanogaster, the common fruit fly as a model 

organism for studying how nutrients regulate growth. Drosophila has been successfully 

used to study cell and tissue growth over the past couple of decades and classical studies 

have identified the specifics of how cells respond to growth cues within specific organs. 

Studies in flies have identified insulin-like peptides (DILPs) and the target of rapamycin 

(TOR) signaling as two main signaling networks that are activated downstream of 

nutrients and activate pathways that promote cell and organismal growth. The life cycle 

of Drosophila is shown below. 
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Figure 1.1 Life cycle of Drosophila melanogaster (adapted from http://flymove.uni-

muenster.de/) 

 The life cycle of the fruit fly begins when the mother fly lays 0.5mm long eggs 

that hatch after 22-24 hours into first instar larvae. The time points indicated correspond 

to larval growth at 25°C in standard Drosophila diet[11] (see section 2.4). The larvae eat 

and grow bigger and undergo larval molts at 48h and 72h after egg-laying (AEL). 

Between 72-87h AEL the larvae reach a critical size necessary for commitment to 

pupariation. After this period, starvation of larvae does not lead to a growth arrest but 

hastens metamorphosis (entry into pupariation). Metamorphosis begins after 5 days and 

lasts until 11 days AEL after which adult flies eclose out of their pupal cases. 
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1.2.1 Growth of Drosophila larvae is nutrient-dependent  

Drosophila melanogaster is a holometabolous insect – i.e. an insect that has a 

larval and pupal stage prior to the adult stage. Drosophila females lay 50-70 eggs per 

day, which is subject to increase or decrease depending on the nutrient intake. The 0.5 

mm long eggs hatch after 22-24 hours at 25°C. The initial growth period of the hatched 

larvae is partly dependent on the maternal contribution of nutrients and transcripts. The 

larval period (4 days at 25°C) of Drosophila melanogaster is characterized by rapid 

growth that is divided into three instars (instar refers to the developmental stage when the 

larvae outgrow their cuticle and molt – shown in Figure 1.1). After hatching, Drosophila 

larvae increase in mass and volume by up to 200 fold[12] and 1000 fold[13], 

respectively, during the 4 days of larval development. This growth is driven by nutrient 

intake.  In contrast, starvation leads to an organismal growth arrest[14, 15]. Much of this 

growth is driven by growth of endoreplicating tissues such as the fat body, gut, salivary 

gland, malpighian (renal) tubules, trachea and epidermis, which make up the bulk of 

larval tissues[15]. Endoreplication is sensitive to dietary nutrients, particularly to dietary 

amino acids. Starvation leads to an organism-wide block in endoreplication[14]. Mitotic 

tissues/cells such as imaginal discs (larval tissues that differentiate into the adult 

structures such as the eyes, wings, legs and halteres), neuroblasts and histoblasts, 

contribute to increase in body mass by increase in both cell growth and proliferation.  

 

1.2.2 Attainment of critical weight determines the starvation response and 

final body size in Drosophila larvae 

The first and second larval instars take roughly 24-25 hours each at 25°C. 
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Right after the second molt, between 72 and 87 hours after egg-laying (AEL), the larvae 

attain critical weight - the weight threshold sufficient for cessation of feeding and 

commitment to pupariation[16-18]. After commitment to pupariation, metamorphosis is 

no longer dependent on nutrient availability[19, 20]. The final larval size is regulated by 

the growth of the larvae that is achieved from the point of attainment of critical size to the 

cessation of growth. This growth period is called the terminal growth period[21]. 

Starvation or dietary restriction (dilution of food) during the terminal growth period leads 

to precocious entry into pupariation and ultimately leads to smaller adult flies[19, 20]. On 

the other hand, starvation or dietary restriction prior to attainment of critical weight leads 

to a prolonged larval stage until death (in case of complete starvation) or return to food, 

in which case no change in final size is observed. Normally, at the end of the third larval 

instar, the larvae wander away from the food, stop growing and prepare for pupariation at 

at around 96 hours (at 25°C). The timing of the molts, wandering and pupariation are 

determined by secretion of ecdysteroid hormone pulses, the timing of which are in turn 

sensitive to factors such as temperature and nutrient availability[16, 17, 22]. The 

attainment of critical weight is correlated with secretion of juvenile hormone by the 

prothoracic gland. The amount of juvenile hormone secretion is dependent on the size of 

the prothoracic gland, which in turn is regulated by nutrition-mediated insulin and TOR 

signaling[18, 23, 24].  Thus, critical weight and size of the larvae is determined by 

nutrition-mediated regulation of prothoracic gland size and juvenile hormone 

secretion[18, 23, 24]. Larval growth is inhibited periodically during each molt and stops 

finally when metamorphosis begins. Metamorphosis lasts for 6-7 days after which adult 

flies eclose out of their pupal cases. As adult flies do not grow, the final size of the adults 
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is determined by the size at which metamorphosis is initiated[25]. Since the time of 

metamorphosis is regulated by a combination of ecdysone pulses and insulin signaling-

mediated regulation of juvenile hormone secretion, the final size of the flies is also 

regulated by nutrition.  

 

1.3 Insulin/TOR signaling in the control of cell and organismal growth 

Single-celled organisms directly sense the availability of nutrients by cell 

surface receptors; however, in the case of multicellular organisms, most of the cells in the 

organism never come in contact with the outside food and so metazoans have developed 

insulin and TOR signaling as a mechanism to coordinate cell and tissue growth according 

to variations in the external milieu. Both insulin and TOR signaling pathways are 

conserved in metazoans. Both of these pathways are sensitive to nutrient levels and play 

key roles in growth, metabolism and ageing in diverse animals from worms to mammals. 

A combination of genetic and biochemical studies in Drosophila have been used to 

identify and dissect several key components of the Insulin and TOR pathways. These 

studies identified how insulin/IGF signaling (hereafter referred to as just insulin 

signaling) regulates both cell-autonomous growth and systemic growth (endocrine 

regulation of growth) in Drosophila. Work from the Grewal lab has shown that 

insulin/TOR signaling contributes to growth by promoting protein synthesis and 

ribosome biogenesis pathways[26-32]. The following paragraphs introduce Drosophila 

insulin and TOR signaling in more detail. 
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1.3.1 Nutrient-mediated insulin signaling promotes growth in Drosophila 

Most multicellular organisms contain multiple insulin/IGF ligands expressed 

with differential temporal and spatial expression patterns in various tissues. Drosophila 

have 8 known insulin-like peptides or DILPs[33-37], compared to the 40 insulin-like 

peptides in worms[38]. In mammals, the insulin-like peptide (ILP) family diverged into 

two classes of proteins. The first class consists of insulin and the insulin-like growth 

factors IGF1 and IGF2. The second group comprises of relaxins and insulin-like 

hormones. In vertebrates ILPs signal through multiple receptors, whereas in invertebrates 

the insulin-like peptides signal through a single receptor. The DILPs have evolved to 

have diverse functions and respond differently to external cues. The DILPs are predicted 

to be orthologs of mammalian preproinsulin and are shown to bind to the Drosophila 

insulin receptor (dInR or InR), which is the only homolog of the mammalian insulin 

receptor in flies[39]. Unlike mammalian insulin and IGF-1 receptors, dInR contains a 

large extension at the C-terminus that may serve as binding site for SH2 containing 

signaling molecules, and is thereby capable of activation of multiple signaling cascades 

observed in mammalian systems[39]. 

Four of the DILPs – 1,2,3 and 5 are secreted into the hemolymph in an 

endocrine fashion by a set of median neurosecretory cells in the brain (mNSCs, also 

known as the insulin producing cells (IPCs), which are analogous to the vertebrate 

pancreatic β cells [35, 37]. Ablation of the mNSCs in late larval stages leads to growth 

impairment and decreased body size of adult flies, which is rescued by DILP2 

overexpression[37]. DILP2 contributes up to 80% of the DILP gene transcription in the 

mNSCs[40] and is thought to be the most potent stimulator of growth of peripheral 
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tissues among all known DILPs[36, 37, 41]. Nutrition regulates the expression of the 

DILPS -2, -3 and -5 by distinct means. dilps -3 and -5 are transcriptionally downregulated 

under starvation, whereas dilp2 transcript levels remain unchanged[36]. Instead of 

transcriptional control, nutrition stimulates the protein secretion of DILP2 and to some 

extent DILP5, by the mNSCs. Dietary amino acids, particularly leucine and isoleucine 

have been shown to be sufficient to stimulate the secretion of DILP2 and DILP5 from the 

mNSCs into the circulatory system of Drosophila[42], suggesting that nutrition 

stimulates insulin-mediated systemic growth. On the other hand, starvation leads to 

decrease of DILP2 levels in the hemolymph, thereby reducing growth of peripheral 

tissues. The other DILP known to be regulated by nutrition is DILP6, which is normally 

expressed in the gut, a subset of glial cellsof the larvae[43] and the fat-body of wandering 

larvae and pupae[44, 45]. The transcription of dilp6, also known as the non-feeding DILP 

is mediated by ecdysone and also the transcription factor FOXO, which in turn acts 

downstream of nutrition and insulin signaling (see next paragraph). Thus starvation leads 

to the induction of dilp6 transcription in larvae. Starvation triggers the release of DILP6 

and the cytokine Unpaired 2 (Upd2) from the fat body, which in turn inhibit DILP2 

secretion from the mNSCs[46, 47].  In addition, DILP2 secretion from the mNSCs is 

regulated by neurotransmitters such as GABA and serotonin, as well as the neuropeptides 

corazonin, short neuropeptide F (sNPF) and Tachykinin[48-53]. sNPF and its mammalian 

ortholog - neuropeptide Y (mNPY) are neuropeptides produced by specific neurons in 

Drosophila  and the hypothalamus of mice respectively, to regulate food intake and in 

turn regulate body growth. Furthermore, sNPF has been shown to induce DILP secretion 

from the Drosophila mNSCs in response to activation of the extracellular signal-related 
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kinases (ERK) signaling in the mNSCs and in a similar manner mNPY induces insulin 

secretion from the pancreatic β cells of rats[48]. 

 

1.3.2 Introduction to insulin signaling in Drosophila 

A simplified version of the conserved Insulin/PI3K pathway is described as 

follows. The various DILPs bind to a single member of the membrane-bound receptor 

tyrosine kinase family in Drosophila – InR[39, 54]. The DILP-InR binding can act 

locally or in an endocrine fashion depending on the DILP involved. Binding of the DILPs 

to InR, causes receptor oligomerization and autophosphorylation. Once phosphorylated 

InR recruits and phosphorylates the insulin receptor substrates (IRSs) in Drosophila – 

chico and Lnk[55, 56]. The activated InR-IRS complex then recruits the PI3K complex to 

the membrane. The Drosophila PI3K or phosphatidyl-inositol-3 kinase is made of two 

subunits – the 110 kDa catalytic subunit dp110 and 60kDa regulatory subunit dp60, 

similar to mammalian PI3K. The catalytic subunit dp110, upon activation, catalyzes the 

formation of phosphatidyl-inositol-3,4,5 triphosphate (PIP3) from membrane 

phosphatidyl-inositol-4,5 biphosphate (PIP2) and ATP. The Drosophila homolog of the 

tumor suppressor Phosphatase and Tensin homolog (PTEN) also regulates PIP3 levels by 

dephosphorylating PIP3 to PIP2 [57]. The PI3Ks mediate a multitude of cellular 

functions such as glucose homeostasis, cell growth, proliferation, differentiation, motility, 

survival and intracellular trafficking[58]. The PIP3 lipids in turn recruit and 

phosphorylate the pleckstrin-homology (PH) domain containing kinases Akt and PDK1 

(Phosphoinositide-dependent kinase 1). Akt in particular phosphorylates several proteins 

important in the regulation of metabolism including the stress-induced transcription 
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factor FOXO[59] and the Tuberous sclerosis complex 2 protein (Tsc2 or gigas). Flies 

contain single genes that code for InR, Akt, PI3K and FOXO, unlike the mammalian 

system[39, 59-61]. Genetic activation of insulin and PI3K signaling by overexpression of 

positive regulators InR, dp110 or Akt leads to increased cell and organ growth of wing 

discs and fat body clones, whereas overexpression of negative regulators such as PTEN 

or Tsc1/2 leads to cell autonomous decrease in growth in wing discs or fat body clones of 

Drosophila[15, 57, 61-63]. At the organismal level, mutations in dp110 and dp60 are 

larval lethal[62] and loss of InR is embryonic lethal[54]. Overall these results suggest that 

insulin signaling couples nutrient signaling to promote growth in Drosophila. 
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Figure 1.2 A simplified schematic representation of insulin signaling in Drosophila 

 Nutrition promotes systemic release of DILP2 from the Insulin Producing Cells 

(IPCs) of Drosophila. DILP2 binds to the Insulin receptor InR on the cells of peripheral 

tissues, to activate PI3K signaling by a series of phosphorylation events. Activated PI3K 

recruits Akt to the membrane and promotes PIP3-mediated Akt activation. Akt in turn 

phosphorylates and promotes cytoplasmic retention of FOXO. Upon starvation of 

Drosophila larvae when signaling by DILP2/InR/PI3K/Akt is inhibited, FOXO is 

activated and promotes the transcription of 4e-bp, InR and stress response genes. Akt 

phosphorylates and inhibits the GAP activity of TSC2, thereby promoting Rheb 

activation. Activated Rheb GTPase subsequently activates TORC1 signaling, which in 

turn promotes translation via activation of S6K and inhibition of 4E-BP. 
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Figure 1. The insulin/TOR pathway 
Dietary nutrition induces insulin signaling (see Fig.2 ). Insulin activates receptor tyrosine kinases on 
the surface of target cells and thus activate the PI3Kinase/Akt pathway. Akt phosphorylates and 
inhibits TSC1/2 thus relieving the inhibitory activity of  the GTPase activating protein, TSC2, on 
Rheb. Rheb GTPase finally activates TOR. TOR signaling is thought to mediate the transcription of 
many metabolic genes. 
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1.3.3 FOXO-mediated transcriptional induction of 4e-bp and inr can be used as 

readout for quantification of insulin signaling in Drosophila 

FOXO acts as a major regulator of catabolic metabolism and is partly 

responsible for the starvation-induced stress response in worms and flies[59, 64]. 

Phosphorylation of FOXO by Akt inhibits nuclear localization and inhibits its 

transcriptional activity. Upon nutrient deprivation, inhibition of DILP-InR signaling leads 

to decreased phosphorylation of the transcription factor FOXO, a member of the foxhead 

family of transcription factors. FOXO when dephosphorylated is retained in the nucleus 

and acts as a transcription factor for several stress response genes including the 

translational repressor eukaryotic translation initiation factor 4E-binding protein or 4e-bp 

(thor in Drosophila, see section 1.4.2a on TOR signaling)[65]. 4E-BP is one of the well-

characterized downstream regulators of TOR signaling. FOXO activation also 

transcriptionally induces the Drosophila insulin receptor inr[66], which sensitizes the 

cells to reinitiate insulin/PI3K signaling upon return to food. Starvation-mediated FOXO 

activation also activates dilp6 transcription in the fat body of Drosophila, which is 

required for survival and homeostasis during starvation[44]. Thus FOXO activation 

impacts both insulin and TOR signaling pathways. The presence of insulin receptor-

mimics such as the insulin growth factor binding protein (IGF-BP) homolog Imp-L2 

(Imaginal morphogenesis protein – Late 2)[67, 68] and the secreted decoy of insulin 

receptor (SDR)[69], further complicate insulin signaling especially during starvation. 

Though DILP2 and DILP5 release by the mNSCs[42] and levels of circulating DILP2 in 

the hemolymph[70] can be quantified, the binding of Imp-L2 and SDR can decrease 

insulin signaling even with high levels of circulating DILPs. Therefore, the best method 
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to assess insulin signaling is to examine FOXO-mediated induction of 4e-bp and inr 

transcript levels. 

 

1.4 Introduction to TOR signaling-mediated growth regulation in Drosophila 

Target of rapamycin (TOR) signaling is another conserved pathway that is 

activated by nutrients to promote growth in metazoans. TOR was originally identified in 

yeast as a protein that was inhibited by the antifungal macrolide ‘rapamycin’[71, 72]. 

Rapamycin was found to have growth inhibitory and immunosuppressive properties, 

which has been useful in the field of medicine. Subsequently, the conserved components 

of TOR signaling were elucidated. Eukaryotic TOR is a large protein that belongs to the 

phosphatidylinositol 3-kinase-related kinase (PIKK) family. The TOR protein exists as 

two physical functional complexes – TORC1 and TORC2, depending on its binding to 

specific protein partners Raptor and Rictor, respectively. The core components of 

TORC1 include Tor, Raptor and LST8 and the core components of TORC2 include Tor, 

Rictor, Sin1 and LST8.  The rapamycin sensitive component of TOR signaling - TORC1 

is a central regulator of cell growth and has been shown to be sensitive to changes in 

amino acids and energy[73]. TORC2 is rapamycin insensitive and is not regulated by 

amino acid availability[74, 75]. TORC2 is primarily required for the organization of actin 

cytoskeleton. However, a recent report in Drosophila suggests that TORC2 might also 

contribute to the regulation of growth[76]. In the context of this thesis, TOR signaling 

refers to signaling downstream of TORC1. In response to nutrients, particularly amino 

acids, TOR signaling regulates processes such lipogenesis, metabolic gene expression, 

protein synthesis and autophagy[28, 73, 77].   
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TOR null mutations/deletions in Caenorhabditis elegans and Drosophila 

melanogaster cause developmental arrests similar to the phenotypes observed upon 

starvation[78, 79]. Drosophila TOR null larvae (TORΔP) remain viable for about 30 days 

and die without pupating[79]. mTOR-/- mouse embryos resemble embryos starved for 

amino acids in ex-vivo conditions and die post-implantation[80, 81]. Also, inhibition of 

TOR-mediated translational regulation has shown to be important for an increase in 

lifespan of yeast, worms and flies[82-84]. Importantly, activation of TOR signaling in the 

fat-body and muscle of Drosophila larvae is sufficient to promote systemic growth, 

leading to increases in final body size of the flies[29, 31, 32, 85, 86]. 

 

1.4.1 Insulin and TOR signaling are parallel pathways that are 

independently activated by nutrition in Drosophila  

 There are two major ways by which nutrition is proposed to activate TOR 

signaling. The canonical Insulin/PI3K pathway is thought to activate TORC1 via Akt-

mediated phosphorylation of the Tuberous Sclerosis 2 protein (dTsc2 or Gigas). 

Phosphorylation by Akt inhibits the GTPase activating protein (GAP) activity of Tsc2, 

which in turn promotes the GTP-bound activation of the small GTPase Ras homolog 

enriched in brain (Rheb)[87, 88]. The GTPase Rheb activates TORC1 and promotes the 

phosphorylation of its downstream targets. The main effectors of TOR signaling include 

the translational regulators 4E-BP and Ribosomal protein S6 Kinase (RpS6K or simply 

S6K).  

Amino acids are also thought to activate TOR independent of PI3K/Akt/Tsc2 

activity. For example even in the absence of Tsc2, amino acid withdrawal from cell-
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culture medium inhibits TOR signaling, suggesting a parallel mechanism by which amino 

acids activate TOR[89]. The critical step in TOR activation was determined when it was 

shown that the binding of Rheb to the TORC1 complex was regulated by amino acid 

sufficiency[90].  Vast advances have occurred in the determination of how amino acids 

activate TOR signaling in mammalian cells, pioneered by David Sabatini’s group. The 

prevalent model suggests that the Rag GTPases (Rag A, B, C and D[91]) determine 

lysosomal tethering of TORC1 in amino acid rich conditions, where Rheb is normally 

localized, thereby coupling amino acid levels to Rheb induced TORC1 activation[92]. 

When amino acid levels are scarce, TORC1 is no longer recruited to the lysosome, 

thereby preventing activation by Rheb. The Rag GTPases -A and B are regulated by the 

amino acid sensitive GAP activity of the Gator (GAP activity towards Rags) complex 

consisting of Gator1 and Gator2 proteins[93, 94]. The amino acid-mediated activation of 

TORC1 via the dGator complex has been shown to be conserved in flies, using S2 cell 

culture work[93]. A recent report suggests that other cellular stresses including oxidative 

stress and endopasmic reticulum (ER) stress regulate the Gator complex via sestrins – the 

stress induced regulators of AMPK and TOR signaling[95]. Regulation via sestrins 

suggests that multiple stress signals directly target TOR signaling via the Gator complex.  

Another method by which amino acids signal to TORC1 is via the vacuolar H+ - 

adenosine triphosphatase (v-ATPase). v-ATPase activates TORC1 by promoting the 

tethering of the Rag-GTPases to the lysosome, via the ragulator complex in both 

mammalian cells and Drosophila S2 cells[96]. The v-ATPase interaction with the 

ragulator complex was found to be sensitive to amino acid levels in the lysosomal lumen. 

The above experiments provide evidence to show that insulin and TOR signaling are 
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activated in parallel, in response to dietary amino acids in Drosophila. However, it is 

unknown whether starvation of Drosophila larvae leads to any significant change in  

intracellular amino acid levels to induce Gator and v-ATPase-mediated inhibition of 

TORC1.  
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Figure 1.3 Amino acids activate TOR via Rag-mediated lysosome localization 

Rheb is normally localized on the lysosomal membrane. A) During starvation, 

inactive TORC1 is diffused throughout the cytoplasm. B) Amino acids inhibit the GAP 

activity of the Gator1, which promotes Rag A/B/C/D-mediated recruitment of TORC1 to 

the lysosome. v-ATPase promotes recruitment of the Rag GTPases to the lysosome via 

lysosomal amino acid-mediated stimulation of the Ragulator complex. The activity of this 

pathway has been shown to be conserved in Drosophila S2 cells[93, 96], however the 

role of this pathway during starvation of Drosophila larvae is unclear. 
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1.4.2 The translational regulators 4E-BP and S6K are key downstream 

effectors of TOR signaling in the regulation of growth 

Research over the years has identified mRNA translation as one of the key 

cellular processes regulated by TOR signaling. 4E-BP and S6K-mediated regulation of 

translation has been shown to be critical for TOR-mediated cell growth in mammalian 

cells[97]. Discussed below are some of the key findings from flies regarding the 

importance of 4E-BP and S6K in cell and organismal growth. 

 

a) The eIF4E binding protein 4E-BP 

4E-BP is a conserved translational repressor that inhibits cap-dependent 

translation via binding to the translation initiation factor eukaryotic initiation factor 4E 

(eIF4E) and preventing eIF4E-binding to another translation initiation factor eIF4G [98, 

99]. Like most of the insulin pathway components, flies only have single homologs for 

both S6K and 4E-BP. For a detailed description of 4E-BP function, refer to the section on 

translation initiation (section 1.8.2c). In fed/amino acid replete conditions TOR signaling 

is generally high, leading to hyper-phosphorylation of d4E-BP in larvae/cells. 

Mammalian 4E-BP1 may be phosphorylated on at least 7 sites[100]. Out of these sites 

Thr37 and Thr46 are the priming phosphorylation events for the sequential 

phosphorylation of Thr70 followed by S65 phosphorylation, after which eIF4E is 

completely released. Of the seven phosphorylation sites, the 4 key sites Thr37, Thr46, 

Thr70 and Ser65 are identical in Drosophila[101]. Expression of wild-type 4E-BP in the 

Drosophila wing imaginal disc (an epithelial structure that eventually develops into the 

adult wing structure) did not lead to any change in cell size, probably due to inhibition of 
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4E-BP by activated TOR signaling. However, a mutant version of 4E-BP resistant to 

TOR-mediated phosphorylation led to decreased cell size suggesting that 4E-BP regulates 

cell size in Drosophila[102]. Similarly expression of d4E-BP in the eye and wing of 

Drosophila is sufficient to suppress the increased growth seen by overexpression of PI3K 

and Akt in these tissues[102].  Also, the loss of 4E-BP partially rescues the growth 

suppression seen in the imaginal discs of some polycomb group (PcG) mutant flies[103].  

The PcG mutant flies have been shown to have small imaginal discs and part of the 

decrease in their size has been shown to be via PcG-mediated transcriptional induction of 

4e-bp. 

 

b) The Ribosomal protein S6 Kinase - S6K  

S6K is the other well-characterized downstream target of TORC1 signaling. 

TOR-mediated phosphorylation of S6K leads to its activation in metazoans[100, 104]. In 

addition, PDK1-mediated phosphorylation of S6K at Thr389 (Thr398 in Drosophila) is 

required for S6K activation in both mammals and Drosophila[100, 104]. Upon activation,  

S6K phosphorylates various substrates including ribosomal protein S6 (RpS6), eEF2 and 

eIF2B. Generally S6K phosphorylation serves as a good readout of TOR activity. Adult 

Drosophila as well as mice displayed decreased body size upon knockout of dS6K and 

S6K1 respectively[105, 106]. Furthermore, dS6K overexpression was sufficient to rescue 

the growth and viability of hypomorphic TOR mutant flies[79]. Early studies in 

mammalian cell lines suggested that S6K phosphorylation correlated with increased 

translation of mRNAs containing 5’ terminal oligopyrimidine tracts (5’TOPs)[107]. 

5’TOP is a cis-regulatory element with a 5’ terminal cytidine residue followed by a 
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stretch of 4-14 uninterrupted pyrimidine residues, which regulate the translation of the 

downstream open reading frame[108]. Generally 5’TOPs are found in mRNAs that 

encode ribosome biogenesis genes, particularly ribosomal proteins (RPs)[108]. 

Rapamycin treatment or amino acid starvation leads to decrease in translation of these 

5’TOP mRNAs[108].  However, further studies showed that amino acids and growth 

factors are able to activate translation of 5’TOP mRNAs even in S6K-/- mammalian cells 

suggesting that S6K is not required for regulation of 5’TOP mRNAs[109, 110]. One of 

the ways by which TOR regulates ribosome biogenesis is via regulation of translation of 

5’TOP containing transcripts. 

These studies on 4E-BP and TOR indicate that translation plays an important 

role in the control of cell and organismal growth in Drosophila. Moreover, research from 

our lab has identified ribosome biogenesis and tRNA synthesis as focal points of 

regulation for TOR-mediated cell and organismal growth in Drosophila[26-32]. 

 

1.5 Activation of insulin/TOR signaling is sufficient to promote nutrient 

independent growth in Drosophila  

The previous paragraphs stress the role played by insulin and TOR signaling 

in the regulation of cellular and organismal growth. Importantly, mosaic activation of 

both insulin and TOR signaling as clones in the fat body promotes endoreplication and 

growth in the absence of dietary nutrients in Drosophila larvae[15, 87, 88]. Furthermore, 

ectopic activation of insulin and TOR signaling in specific organs during starvation led to 

lethality/decreased survival of Drosophila larvae, suggesting that inhibition of insulin and 

TOR signaling is required for maintenance of homeostasis and survival[15].  Inhibition of 



	   22	  

autophagy, which in turn is negatively regulated by TOR signaling leads to starvation 

sensitivity[111]. Furthermore, 4E-BP null Drosophila larvae are sensitive to starvation 

and oxidative stress, suggesting that TOR and 4E-BP-mediated translational control is 

important for survival during stress[112, 113]. The common theme from the above-

mentioned results is that insulin and TOR signaling can drive endoreplication and growth 

even under nutritional stress. mRNA translation, cellular growth and cell division (in this 

case endoreplication) are facets of cellular development that are tightly intertwined. 

Indeed, research over the years has identified translation downstream of nutrition-

mediated insulin and TOR signaling as a critical regulator of ageing and lifespan in 

worms, flies and mice[82-84, 114]. 

 

1.6 Starvation inhibits translation via activation of GCN2/PERK-mediated 

phosphorylation of eIF2α  

Amino acids and glucose can also regulate translation independently of 

insulin/TOR signaling via eIF2α-mediated ternary complex (eIF2-GTP-tRNAi
Met) 

formation (discussed in section 1.8.1). Ternary complex formation is required for 

translation initiation and amino acids and glucose regulate this critical step via activation 

of the 2 conserved eiF2α kinases – GCN2 (General control of amino acid biosynthesis, 

nonderepressible 2) and PEK (or PERK – pancreatic ER resident kinase or pancreatic 

eukaryotic initiation factor-2α kinase)[115, 116]. Mammals have two additional eIF2α 

kinases – PKR, which is activated upon viral stress and HRI (heme-regulated eIF2α 

kinase), which is activated upon heme stress usually in erythroid cells. Homologs for 

only GCN2 and PEK have been identified in Drosophila so far.  
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Upon starvation, lack of amino acids for aminoacylation of tRNAs (binding 

of cognate amino acids to tRNAs) leads to uncharged tRNAs, which bind and activate the 

kinase GCN2 in cells ranging from yeast to mammals. GCN2 contains a tRNA binding 

domain related to the histidyl-tRNA synthetase (HisRS) that promotes binding to non-

aminoacylated tRNAs (uncharged tRNAs)[117]. Binding of the uncharged tRNAs to 

GCN2 induces the phosphorylation of eIF2α on ser51 (ser50 in Drosophila)[115, 118-

121]. Phosphorylated eIF2α locks the eIF2 protein in a GDP bound state thus preventing 

GTP hydrolysis and formation of ternary complex. PERK is originally activated by the 

unfolded protein response or UPR and is also activated when protein glycosylation is 

inhibited in the absence of glucose[116, 122]. Also PERK has shown to be activated upon 

starvation of mammalian cells, due to inhibition of the PI3K/Akt/mTOR pathway. A 

study has shown that Akt phosphorylates PERK (at Thr799 in mammalian cells), which 

inhibits its catalytic activity and ability to phosphorylate eIF2α in U87 human cells as 

well as Drosophila Kc167 cells [123]. Similarly, PTEN was shown to activate PKR-

mediated phosphorylation of eIF2α. Interestingly this activation of PKR was independent 

of the phosphatase activity of PTEN[124]. These studies suggest that both GCN2 and 

PERK might be activated during starvation of Drosophila larvae, thereby leading to 

inhibition of translation initiation.  

At the organismal level, GCN2-null mice are viable without any obvious 

change in growth[125]. However amino acid depletion failed to activate eIF2α signaling 

in the tissues of GCN2-null mice[126, 127] and GCN2-null tumors with poor 

vascularization and which were thus deprived of nutrients were resistant to 

apoptosis[128]. Interestingly, polysome profiling of the hippocampal extracts of GCN2-
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null mice showed increased translation as compared to control mice, suggesting an 

increase in bulk translation in the brains of these mice[129]. These mice were found to 

have defects in learning and memory. Importantly, GCN2 signaling is activated in the 

brains of Drosophila (larvae and adults) and rats subjected to deprivation of even a single 

essential amino acid[130, 131].  

PERK is the major eiF2α kinase, particularly in secretory tissues of humans. 

PERK mutations in humans, results in a condition called Walcott-Rallison syndrome, 

which is characterized by an early onset of diabetes and a severe loss of β-cell mass[132]. 

Similarly, PERK-null mice were born with normal pancreas, but soon lost their β-

cells[133]. The loss of β-cells in PERK-null mice, were shown to occur as a result of 

apoptosis induced by the loss of PERK. Both GCN2 and PERK phosphorylate eIF2α to 

promote autophagy during amino acid starvation[134]. Similarly both PERK and GCN2 

were shown to phosphorylate eIF2α during hypoxia and lead to G1 cell cycle arrest and 

this phosphorylation was shown to be required for survival from hypoxia-induced 

apoptosis of mouse embryonic fibroblasts[135].  In contrast, hypoxia treated PERK or 

GCN2 null MEFs underwent apoptosis and had suppressed G1 arrest[135]. 

Overexpression of PERK in the eye discs of Drosophila had severe growth defects in the 

eyes, possibly due to apoptosis [136]. No null mutants have been reported for GCN2 and 

PERK in flies, therefore RNAi has been used to examine the effects of GCN2 and PERK 

using the UAS-GAL4 system. Overall, nutrition-mediated translational control has the 

participation of three major pathways – insulin signaling, TOR signaling and eIF2α 

signaling. 
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1.7 Translational regulation in the control of lifespan 

Regulation of translation serves not only to modulate cell, tissue and 

organism size, but also in the regulation of organismal lifespan. Inhibition of mRNA 

translation has been shown to promote lifespan in organisms such as yeast, worms, flies 

and mice[137]. Several studies in worms have shown that decreasing the proteins 

involved in the translation machinery, for example translation initiation factors such as 

eIF4E, eIF4G, eIF2 and eIF2B and thus decreasing mRNA translation extends 

lifespan[82, 138]. A similar extension of lifespan was observed upon reducing the 

expression of TOR or S6K in worms. There are several arguments for the role of 

translation in lifespan. One school of thought suggests that protein synthesis is a highly 

energy consuming process and therefore lifespan is thought to be enhanced by reducing 

energy consumption and promoting efficient usage of energy. Some evidence for this lies 

in the finding that reduced TOR signaling and 4E-BP activation respectively promote 

lifespan in yeast and flies by increasing the synthesis of mitochondrial electron transport 

chain proteins and promoting the efficiency of mitochondrial function[114, 139]. 

However, reduced mRNA translation is found to extend lifespan even in worms with 

lowered respiration[140]. Therefore it is not clear whether translation of mitochondrial 

proteins is causal for enhanced lifespan or not. Another school of thought suggests that 

decreasing the rate of protein synthesis lowers the incidence of misfolded proteins or 

aberrant proteins (aggregated, cross-linked)[140]. Such damaged proteins inhibit normal 

cellular functions and are usually cytotoxic in nature. It is therefore possible that lower 

translation rates lead to lower cytotoxic products and thus promotes cellular and 

organismal lifespan from yeast to mice. Mitochondrial-derived peptides (MDPs) are a 
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relatively new set of stress signals that are released during mitochondrial 

dysfunction[141, 142]. It is possible that MDPs might be regulated at the level of 

translation upon cellular stress. Humanin, the first discovered MDP, was shown to be 

released upon mitochondrial dysfunction[141, 142]. Intracellular humanin is known to 

promote cell survival in a cell autonomous manner by binding to IGFBP-3, BAX and t-

Bid. MDPs have also been shown to function in an endocrine manner as they have been 

observed in human plasma and are known to promote cytoprotective activities upon 

binding to two cognate receptors. Interestingly, circulating humanin levels were found to 

significantly decrease with age in mice and humans.  

 

1.8 Regulation of translation as a mechanism for gene expression changes 

A wide variety of techniques such as microarrays and RNA sequencing have 

been used so far to study the changes in the transcriptome to predict cellular and 

organismal responses to diseases, stress or drugs. However, the proteome rather than the 

transcriptome determines cellular responses to extrinsic signals. Confirmation of this 

observation comes from a quantitative study of gene expression in mammalian cells, 

which suggests that cellular abundance of proteins is predominantly controlled at the 

level of translation with lower correlation to mRNA levels and least correlation to protein 

degradation[143]. Not only is translational regulation essential for survival during stress, 

it is a very rapid mediator of gene expression changes and this rapidity allows strategies 

to combat stress even before changes due to mRNA synthesis and nuclear export can take 

place[144]. The term translational control has been in use since 1968[144]. The history of 

the study of translation is discussed in more detail in chapter 3. Two mRNAs present in 
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equal quantities may be translated at completely different rates depending on their 

respective translation efficiencies [144]. The term ‘translational control’ can thus be 

defined as the change in rate or efficiency of translation of one or more mRNAs. Though 

post-translational mechanisms are also important for determining cell fate, translational 

control has proven to be very highly correlated with the cellular proteome.  

 

1.8.1 Initiation is the rate-limiting step in mRNA translation 

Translation of an mRNA is accomplished in three distinct steps that are 

sequentially executed – initiation, elongation and termination. Each step is regulated by 

its own translation factors. These three steps (for eukaryotes) can be briefly explained as 

follows. In the canonical model of translation initiation, the 40S ribosome binds to the 5’ 

cap of the mRNA and initiates scanning of the mRNA for the start codon. This single 

step is regulated by a large number of translation factors and regulatory proteins and 

proves to be the rate-limiting step in translation of mRNAs (explained in more detail 

below). Upon recognition of start codon, the 60S subunit binds to the mRNA-40S 

ribosome complex, creating a functionally active 80S ribosome capable of translation. 

The 80S ribosome initiates translation at the start codon with the initiator methionine, 

binding to the P site. At this point, elongation factors are required for amino acid delivery 

to the A site and translocation (when the amino acid in the A site translocates to the P site 

and the next codon becomes available for codon recognition at the A site). After the 

addition of each amino acid by the respective aminoacyl-tRNA, a peptide bond is formed 

between the P and A-site amino acids and elongation factors assist with translocation of 

the mRNA by 3 bases. This allows the next codon to be available for recognition by its 
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cognate aminoacyl-tRNA in the A site. The same process continues until the stop codon 

is reached. At this point, translation termination factors or release factors are required for 

recognition of stop codon and release of completed polypeptide. Since translation control 

is regulated maximally at the step of initiation, I shall be focusing on the detailed 

explanation of translation initiation in the next few paragraphs. 

 

1.8.2 Translation initiation in eukaryotes 

The rate of initiation of an mRNA can be calculated based on the number of 

ribosomes translating an mRNA (polysome size) and the ribosome transit time (the time 

required by a ribosome to traverse the length of the protein-coding region[144]. A more 

detailed description of polysome analysis - the technique used to study translation is 

given in Chapter 3. Using polysome analysis, an elegant study using chick embryos 

demonstrated that the rate of initiation (1 event per 6.5 seconds) was much slower than 

the rate at which initiation site was cleared for initiation (every 2 seconds)[145]. Thus 

initiation was determined to be the rate-limiting step in translation. Given below are the 

different steps in translation initiation that can be regulated by nutrition. 

 

1.8.2a Regulation of ternary complex formation  

 The 40S ribosome only binds to the 5’ cap of mRNAs when complexed with 

several translation initiation factors and the ‘ternary complex’ consisting of the 

translation initiation factor eIF2, guanosine triphosphate (GTP) and the tRNA initiator 

methionine (tRNAi
Met). The eIF2 protein is made up of 5 subunits - the α, β, γ, δ and ε 

subunits and is conserved in yeast, flies and mammals[146, 147]. The GTP loading of 
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eIF2 is mediated by the translation initiation factor 2B (eIF2B), which acts as a guanine 

nucleotide exchange factor (GEF) [147].  eiF2Bε the catalytic subunit of eIF2 is 

phosphorylated and activated by amino acids independently of TOR and p-eIF2α 

signaling[148]. This phosphorylation is lost upon starvation. Additionally GTP loading of 

eIF2 is also negatively regulated by starvation-mediated activation of GCN2/eIF2α 

signaling in several model systems ranging from yeast to mammals. An additional level 

of complexity apart from eIF2α phosphorylation exists in the formation of ternary 

complex. A study in yeast deduced that the levels of cellular tRNAi
Met is limiting for 

ternary complex formation[149]. Similarly, overexpression of tRNAi
Met in cell lines and 

in Drosophila was sufficient to promote translation and growth at the cellular and 

organismal level respectively[30]. It has been shown in our lab that nutrition promotes 

growth via RNA polymerase III-mediated transcription of tRNAi
Met in Drosophila[30]. 

Thus nutrients activate ternary complex formation and thus translation initiation by 

activation of eIF2B, inhibition of eIF2α phosphorylation and induction of tRNAi
Met.  

 

1.8.2b 43S pre-initiation complex formation 

The 40S and 60S ribosome subunits remain as a separable pool in the 

cytoplasm, and the 60S subunit can normally bind to the 40S subunit only after the latter 

has already bound to an mRNA. The binding of mainly eIF3 and also eIF1 and eIF1A 

with the 40S subunit prevents the association of the two ribosome subunits. eIF3, eiF1 

and eIF1A also have a role in dissociation of the 80S complex after a round of 

translation[150, 151]. The complex containing 40S-eIF3-eIF1-eIF1A and eIF5 then binds 

to eIF2-GTP and tRNAi
Met to form the 43S pre-initiation complex (43S PIC)[117, 152, 
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153]. The ternary complex is the main intermediate step in 43S PIC formation that is 

regulated by nutrition-mediated signaling. 

 

1.8.2c 43S binding to mRNA – 48S pre-initiation complex formation 

The m7GpppN 5’ cap of the mRNA (7-methylguanosine linked to the first 

nucleotide N) is specifically recognized and bound by the cap-binding translation 

initiation factor eIF4E[154]. eIF4E binds to two other factors eIF4A (RNA helicase that 

unwinds RNA for scanning by the ribosome) and eIF4G. The eIF4E-4A-4G complex also 

known as eIF4F, has increased affinity to the mRNA 5’cap and also has increased 

helicase activity[154-157]. The eIF4F complex bound to the mRNA and the 43S PIC 

gives rise to the 48S pre-initiation complex, which is primed to initiate translation upon 

recognition of the start codon AUG. Also, eIF4G binds to the poly A binding protein 

which is normally bound to the polyA tail of the mRNA[158]. The eIF4G-PABP binding 

leads to circularization of the mRNA, which recycles the 40S ribosomes on the same 

mRNA and thus promotes translational efficiency[158-160]. Scanning of the ribosome is 

dependent on the activity of eIF1 and eIF1A. Scanning continues until recognition of start 

codon by base-pairing with tRNAi
Met-bound 40S ribosome. When the start codon is 

recognized, eIF5 stimulates the GTPase activity of eIF2 so that eIF2-GTP is converted to 

eIF2-GDP+ATP and this initiates the release of eIF1 and eIF3. This allows the binding of 

the 60S subunit mediated by eIF5B and completes the initiation process along with 

release of other eIFs. 

Nutrients play a big role in the regulation of 48S PIC formation, especially 

the formation of eIF4F complex. In the absence of nutrients, the eIF4E-binding protein 
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4E-BP is activated due to inhibition of TOR signaling[144]. Active 4E-BP binds to the 

cap-binding protein eIF4E and prevents its interaction with eIF4G[98]. Thus, blocking 

eIF4F formation prevents eIF4G-PABP mediated circularization of mRNAs and 

decreases the efficiency of translation. Since eIF4F-mediated unwinding of mRNA 

secondary structures is inhibited during starvation, mRNAs with short 5’UTRs and fewer 

secondary structures are translated more effectively as compared to mRNAs with long 

and highly structured 5'UTR[114, 161, 162]. 
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Figure 1.4 Regulation of translation initiation by nutrient signaling in eukaryotes 

 Both insulin/TOR signaling and eIF2α signaling, function downstream of nutrients, 

particularly amino acids, to regulate translation in eukaryotes. Nutrients promote insulin 

signaling-mediated activation of Akt in peripheral tissues. Akt promotes TORC1 

activation by inhibition of GAP activity of Tsc1/2 complex. One of the ways by which 

TORC1 promotes translation initiation is via phosphorylation (activation) of S6 kinase 
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(S6K). S6K is thought to promote translation via activation of eIF4B, which stimulates 

the RNA helicase activity of eIF4A. Nutrients also promote the formation of 43S pre-

initiation complex (40S, eIF2-GTP, tRNAi
Met and other eIFs) in 2 ways. One is via 

phosphorylation-mediated activation of eIF2B, which hydrolyses GDP-eIF2 to GTP-

eIF2. Secondly amino acids/glucose inhibit the activation of the kinases GCN2 and 

PERK respectively. GCN2 and PERK inhibit the activity of eIF2B via phosphorylation of 

eIF2α. So starvation leads to decreased 43S pre-initiation complex formation. The 43S 

PIC binds with eIF4F (eIF4E-eIF4A-eIF4G) to form the 48S PIC. The 48S PIC is 

recruited to the mRNA 5'cap via the cap-binding activity of eIF4E. Also eiF4F promotes 

circularization of mRNAs by eiF4G binding with PABP, which increases the efficiency 

of translation. Another way by which TOR signaling promotes translation is by inhibition 

of the translational repressor 4E-BP. Upon starvation, 4E-BP binds to eIF4E and prevents 

the interaction of eIF4E with eIF4G, which inhibits the ability of 48S PIC to recognize 

the 5’cap; inhibits the RNA unwinding activity of eIF4A and prevents the circularization 

of the transcript. The arrows with question marks represent signaling nodes that have not 

been confirmed in Drosophila. 
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1.8.3 Translation elongation 

 Translation elongation depends mainly on the activity of two elongation 

factors (eEF1A and eEF2) and also the availability of aminoacyl-tRNAs. Amino acids are 

delivered to the decoding site or A-site of the ribosome, based on recognition of cognate 

codon base pairing by the eukaryotic translation elongation factor eEF1A. Stable base 

pairing of the codon with the amino acid then leads to the formation of a peptide bond 

between the amino acids in the P site and the A site. The ribosome subunits then rotate 

relative to each other in preparation of translocation[163, 164]. Then eEF2 or elongation 

factor 2 promotes binds to the rotated ribosome and GTP hydrolysis of eEF2 promotes 

translocation so that the amino acids in the P site and A site are shifted to the E site (exit) 

and P site respectively, and the A site occupies the next codon. The ribosomes then rotate 

again back into the closed conformation to prepare for a fresh round of elongation.  

It is not very clear how elongation factors regulate growth. One clue lies in a 

study that showed that eEF1A2 hyperactivation (due to increased copy number) acts as a 

proto-oncogene in mouse B cell tumors and promoted growth of these tumors[165]. 

Another study shows that eEF2 kinase (eEF2K) is activated by AMPK (AMP-dependent 

protein kinase) upon nutrient deprivation in C. elegans and in mammalian tumor cell 

lines[166]. Activated eEF2K in turn phosphorylates eEF2 and inhibits the translocation 

step of elongation.  

Finally eukaryotic release factor1, the only mammalian release factor 

promotes recognition of stop codon (all three stop codons – amber-UAG, ochre-UAA and 

opal-UGA) and releases the nascent peptide. Binding by eIF3, eIF1 and eIF1A separates 

the 40S and 60S subunit from the functional 80S complex. The 40S subunit bound to 
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eIF3-eIF1-eIF1A remains bound to the mRNA and continues scanning. Thus, in fed 

conditions, the time taken for 40S ribosome binding to the 5'cap is bypassed by virtue of 

the circularization of the mRNA. 

 

1.9 Translational control in eukaryotes 

Upon induction of stress cues such as starvation, translational control can 

vary in order to mediate changes in:  

1. bulk translation (eg. cap dependent translation),  

2. translation of a select group of mRNAs based on factors such as miRNA 

binding or RNA binding proteins and/or 

3. translation of individual mRNAs based on several factors such as mRNA 

localization, aminoacyl-tRNA pool, amino acid pool, codon bias and cis-

regulatory elements in the 5’ and 3’ UTRs of mRNAs including upstream 

open reading frames (uORFs), internal ribosome entry sites (IRESs), 

RNA binding-proteins, miRNA binding and mRNA secondary 

structures[167]. 

Deprivation of glucose and amino acids in the medium of eukaryotic cells in 

culture leads to global decreases in protein synthesis as well as targeted 

suppression/activation of specific classes of mRNAs[168, 169]. The global changes in 

translation in response to nutritional stress in mammalian cells are generally mediated by 

signaling through the insulin/TOR and GCN2/eIF2α pathways. Similarly, several groups 

have described the kind of translational changes observed in response to starvation and 

dietary restriction in model systems such as yeast, worms, flies, mice and rats. However, 
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it is not very clear what are the nutritional requirements, i.e. the exact 

macro/micronutrients required for promoting translation at the organismal level. 

Similarly, work in mice and rats have only addressed the regulation of translation in 

individual organs such as muscles, liver and brain in response to dietary restriction and 

starvation.  

 

1.10 Aims 

I chose to study the role of translational control in the regulation of nutrition-

mediated growth in Drosophila larvae. I wished to ascertain whether nutrition-mediated 

translational control acts on a global level or at the level of 4E-BP-mediated translation 

seen previously during dietary restriction[114]. To do this, I performed polysome 

analysis on fed and starved larvae. Secondly I wanted to test the components of food 

essential for translational control in-vivo. I have performed polysome analysis on larvae 

fed with sugar, amino acids or amino acids + sugar. Thirdly I wanted to examine the 

specific pathways - insulin/TOR signaling and eIF2α signaling that might couple 

nutrition signaling to translation in growing Drosophila larvae. To test the role of insulin 

signaling and TOR signaling, I have overexpressed dp110 and Rheb ubiquitously in 

larvae using the flip-out technique. Also, I have tested the polysome profiles of 4E-BP 

null larvae and S6KTE overexpressed larvae to test if either 4E-BP or S6K can function 

downstream of nutrition to regulate translation. 
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Chapter 2: Materials and Methods 

 

2.1 General Fly maintenance  

  All stocks were maintained and propagated at 18°C in plastic vials or 

bottles in the standard fly food (described in 2.4) and transferred to fresh food every 

generation. For experimental use however, they were grown at 25°C unless otherwise 

specified.  

 

2.2 Fly Techniques: 

2.2.1 The GAL4/UAS system 

The GAL4 – UAS system was developed by Andrea Brandt and Norbert 

Perrimon, and is unique to Drosophila melanogaster (Figure 2.1)[170]. The system is 

derived from the yeast galactose operon and has two components – The GAL4 

transcriptional activator protein and the upstream activation sequence (UAS). Any 

transgene can be expressed downstream of an UAS site, which is an enhancer that binds 

the yeast GAL4 transcription activator protein. The GAL4 in turn can be expressed in a 

desired tissue of interest, at a desired time point during development by placing the 

GAL4 sequence downstream of a promoter that is known to be active in the cells/tissues 

of interest, in the desired time frame. Normally the GAL4 and UAS transgenes are 

carried by different fly strains and their combination can be obtained by crossing the two 

strains together and the progeny gives rise to a fly expressing the UAS transgene in the 

cells/tissues where the GAL4 is expressed. The GAL4/UAS system is well suited for both 

gain-of-function and loss-of-function studies. 
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Figure 2.1 The UAS-GAL4 system 

The yeast transcriptional activator ‘GAL4’ is used to regulate gene expression in 

Drosophila by binding to the 17bp upstream activating sequence (UAS) placed upstream 

of a gene of interest[171]. The GAL4 gene is usually inserted by random or targeted 

transposition into the Drosophila genome to generate enhancer trap lines that express 

GAL4 under the control of genomic enhancers. By crossing the flies carrying the 

enhancer-GAL4 to flies that carry the UAS transgene, the gene of interest can be 

expressed in a specific tissue at a specific time point depending on the choice of enhancer 

driving the GAL4. For example, a fly containing a UAS-GFP when crossed to a fly 

expressing an eye-specific GAL4 gives rise to progeny that express GFP only in the eye. 

The gene driven by the UAS can be a protein coding gene or an inverted repeat designed 

to produce RNA interference against specific transcripts. 
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2.2.2 RNA interference or RNAi 

RNAi provides a powerful reverse genetics tool to study and analyze gene function in-

vivo. After the discovery of RNA interference by Fire and Mello[172], double stranded 

RNA has been used to induce RNA interference in a wide range of organisms. Unlike C. 

elegans, RNAi delivery via feeding is not a viable way to induce interference in 

Drosophila; however, RNAi can be introduced into the pre-cellular blastoderm embryos 

or as transgenes. RNAi via injection has the limitation of being transient and non-

heritable[173]. Contrastingly, transgenic RNAi has been widely used to study gene 

function in somatic tissues.  Importantly, Drosophila RNAi is cell autonomous, and it can 

be used in the study of cell/tissue specific gene function, when combined with the 

GAL4/UAS system. In Drosophila, inverted repeats are commonly expressed under the 

control of a UAS to induce RNA interference. The inverted repeats are transcribed to 

form extended hairpin RNA or hairpin loop that gets cleaved by the Dicer-2/Argonaute-2 

pathway to generate siRNAs (short interfering RNAs), which eventually participate in 

sequence-specific gene silencing[174].  One of the major sources of variability between 

different RNAi lines targeting the same gene is caused by the method of transgenesis– P-

element based transformation, where the transgenic constructs are integrated into random 

positions in the genome, i.e., due to position effect variegation or due to disruption of 

other genes creating off-target hits. To resolve this issue, a phiC31-mediated site-specific 

recombination/integration approach was used to integrate the RNAi constructs into 

specific sites in the genome, preselected for optimal expression – the TRiP system[175]. I 

have used three RNAi lines - two RNAi lines targeting GCN2 (TRiP and NIG) and a 

single line targeting PERK (TRiP).  
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2.2.3 Conditional expression – the flip out technique 

The heat shock flip out technique is a combination of two systems – 1) heat shock 

induced gene expression developed by Golic et al. [176] and 2) the flip-out technique 

developed by Struhl and Basler [177]. Conditional expression can be obtained when a fly 

containing a transgene placed downstream of a hsp-70 heat shock promoter is heat 

shocked, i.e. shifted from 25°C to 37°C for a defined time period[176]. The heat shock 

promoter has low constitutive activity and is strongly induced by heat shock in virtually 

all tissues of the fly[176]. However, the heat shock induced expression is transient and is 

non-heritable. To avoid this issue, heat shock induced expression was used in 

combination with the flip-out technique. The yeast recombinase flp normally catalyzes 

recombination between homologous 700 bp target sites termed flip recombination targets 

(FRTs). When FRTs are arranged as direct repeats flanking a segment of DNA, flp-

mediated recombination leads to excision of the intervening DNA and joining of the 

sequences on either side of the FRTs (Figure 2.2) [176]. The Actin>CD2>GAL4 cassette 

is a transgenic construct containing the GAL4 sequence and the Actin promoter 

intervened by the CD2 gene and a transcriptional stop sequence, flanked by FRTs. Using 

the Actin>CD2>GAL4 cassette, Pignoni and Zipursky devised a method of conditional 

expression to study clonal expression of transgenes[178]. They obtained clones 

expressing GAL4 that were induced by ‘flipping out’ the interrupting CD2 gene and the 

stop sequence from the Actin>CD2>Gal4 cassette. By combining heat shock induced flp 

expression with flip-out of the interrupting CD2 gene, GAL4 was expressed in heat-

shock induced cells in a constitutive and heritable manner only in the cells in which the 

stop sequence had been flipped out. Normally, a heat shock of about 15-30 minutes 
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induces a mosaic expression of the transgene; however, heat shock for longer time (1.5-2 

h) allows expression in a majority of cells in the larvae. Ubiquitous overexpression of 

dp110 and Rheb from embryogenesis leads to larval lethality[15, 179]. I have used heat 

shock induced conditional expression of dp110 and Rheb to avoid this lethality. 
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Figure 2.2: The heat shock flip-out system 

The flip out system was used to express the desired genes of interest (Rheb, dp110) 

conditionally upon heat shock. Normally, the intervening CD2 marker followed by the 

transcriptional stop sequence prevent GAL4 expression. However, upon heat-shock of 

larvae, flp induces a recombination event, which excises the CD2 gene and the 

transcriptional stop sequence, allowing GAL4 expression in the cells that have had a 

heat-shock response. For my experiments, 48-hour-old larvae were heat shocked for 1.5-2 

hours and after 24 hours of expression; 72-hour larvae were used for polysome analysis. 
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2.3 Fly Stocks  

2.3.1 Wild Type: 

 The majority of the experiments on starvation of larvae were performed using the 

wild type strains - w1118 and yw. Feeding of different nutrition sources – agar, agar + 

yeast, agar + sugar, agar + casamino acids, agar + essential amino acids, agar + peptone 

and agar + total amino acids was performed using w1118 larvae. 

 

2.3.2 Null Mutants: 

w; torΔ6B/CyO, Kr-GAL4, UAS-GFP; + – The TOR kinase null mutant was 

generated by imprecise excision-mediated deletion of the start codon and the amino 

terminal 902 codons by Tom Neufeld’s lab in 2000 [79]. Since the homozygous null 

mutant is lethal, the strain was maintained as a heterozygote using a second chromosome 

CyO balancer containing Kruppel-GAL4 (Kr-GAL4) and UAS-GFP. Casso et al. 

modified the CyO balancer by the insertion of P-elements carrying Kr-GAL4 and UAS-

GFP, to help identify heterozygous larvae[180]. The homozygous tor null larvae (non-

GFP) were selected under a GFP microscope (Zeiss Stereo Discovery V8 microscope) 

upon hatching and used for experiments.  

 

y,w; thor2; + – Thor2 is a homozygous loss of function mutant for the translational 

repressor 4E-BP (eukaryotic translation initiation factor-4E binding protein). It was 

generated by the imprecise excision of a P-element insertion, resulting in the deletion of 

5’UTR by Bernal and Kimbrell [181]. The Thor2 mutant flies are comparable in body 

weight and developmental rate to wild-type flies. However, the Thor2 flies are sensitive 
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to stress conditions such as starvation, oxidative stress and bacterial infection[112, 113, 

181].	  

 

2.3.3 UAS Strains:  

 

w; UAS-dS6KTE; + – This is one of the three constitutive active variants of the 

Drosophila S6 Kinase generated by Barcelo et al.[182]. One of the potential 

phosphorylation sites - Thr398 has been substituted for glutamic acid, which 

constitutively activates dS6K. dTOR has been implicated in the phosphorylation of S6K 

T398 and the phosphorylation of its equivalent, T389, is highly correlated with S6K 

activity in mammals [183, 184].    

 

y,w,hs-flp122; UAS-dp110WT; + – The dp110WT transgene contains the cDNA 

encoding the catalytic p110 subunit of the wild type phosphatidylinositol 3-kinase of 

Drosophila melanogaster[61]. Since, ubiquitous overexpression of dp110 using da-GAL4 

led to lethality[15, 179], I used a heat shock induced conditional expression (see 2.2.2).  

 

y,w,hs-flp122; UAS-dRheb; + and y,w; UAS-Rheb – Drosophila Rheb is the 

conserved small GTPase that activates TOR signaling. We used 2 stocks with Rheb on 

either the 2nd or 3rd chromosome. Like with dp110, ubiquitous overexpression of Rheb 

using da-GAL4 led to lethality[15, 179], so I used a heat shock induced conditional 

expression (see 2.2.3). The first line that contained the hs-flp was used to flip-out Rheb 

using the heat shock flip-out technique (see section 2.2.3). 



	   45	  

 2.3.4 GAL4 Strains 

da-GAL4: This is a synthetic construct containing the daughterless (da) promoter 

and first intron, ligated with a pGATB plasmid, which in turn was ligated into a pW5N 

plasmid and transposed into the third chromosome of a w1118 recipient, where the 

daughterless (da) gene promoter drives expression of GAL4[185]. daughterless is a 

nuclear protein that is broadly expressed throughout the organism (larvae, pupae or fly) 

during development[186]. It is a commonly used driver to induce ubiquitous expression. 

 

w;+; actin>CD2>GAL4, UAS-GFP – The heat shock cassette, is described in 

section 2.2.3.  

 

2.3.5 RNAi strains:  

w;+;UAS-Tsc1-IR/Sb-TM6B,dfd-eYFP – Tsc1 or tuberous sclerosis 1 is a tumor 

suppressor gene that is part of tuberous sclerosis complex with Tsc2. The tuberous 

sclerosis complex functions as a GTPase activating protein and inhibits the small GTPase 

Rheb. The UAS-Tsc1-IR on the third chromosome was obtained from the Vienna 

Drosophila Resource Center. The transgene was maintained in a heterozygous manner 

using a third chromosome balancer (Sb-TM6B chromosome). To enable sorting of 

homozygous UAS-Tsc1-IR larvae (non-eYFP), eYFP was driven directly downstream of 

the deformed (dfd) promoter[187]. 

 

w;+;UAS- GCN2-IR and y,w,hs-flp122;+;UAS-GCN2-IR – The general control 

non-derepressible 2 is a conserved serine/threonine protein kinase that phosphorylates 
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and inhibits the eukaryotic translation initiation factor eIF2α in response to amino acid 

deficiency. Two GCN2-RNAi lines were used in the translation experiments, one from 

the Transgenic RNAi Project stocks from Bloomington (Stock# 35355) and one from the 

National Institute of Genetics, Kyoto stock center (Stock ID: 1609R-2).  

 

w;+;UAS-PEK-IR – The Drosophila pancreatic endoplasmic reticulum resident 

kinase (PERK or PEK) is a serine/threonine kinase that phosphorylates the alpha subunit 

of eukaryotic translation-initiation factor 2 (eIF2), leading to its inactivation and thus to a 

rapid reduction of translational initiation and repression of global protein synthesis[188]. 

dPEK has also been shown to have elongation factor-2 kinase (eEF2K) activity, which 

phosphorylates and inhibits eEF2K and thus translation elongation[188]. The PEK RNAi 

line from one of the Transgenic RNAi Project stocks from Bloomington (Stock# 35162) 

was used for the polysome experiments.  

 

2.4 Fly food and starvation conditions 

  2.4.1 Fly food: 150 g agar, 1500 g cornmeal, 315 g yeast, 675 g sucrose, 1875 g 

D- glucose, 240 mL propionic acid per 34.5 L water. The volume of water was changed 

to 32.5 L during summer due to higher relative humidity and lesser evaporation rates. 

 2.4.2 Egg collection: Eggs were collected from adult flies for a period of 4-6 

hours on grape juice agar plates supplemented with yeast paste. After completion of 22 

hours after the start of egg collection, the plates were cleared of larvae. The larvae that 

hatched thereafter were transferred to vials (50 larvae per vial to avoid overcrowding). 
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Grape juice agar plates: 250mL “Minute Maid” grape juice, 2.5% w/v (25g) sucrose, 

0.15% w/v (1.5g) antifungal agent nipagin (methyl 4-hydroxy benzoate, Sigma), 2.25% 

w/v (22.5g) agar, 750mL water. 

 2.4.3 Amino acid starvation: Larvae were grown on fly food until 72h post egg 

collection and floated on 20% sucrose (w/v), 1X PBS (pH 7.4). The larvae were serially 

washed with fresh 20% sucrose-PBS until cleared of food particulates and transferred to 

petri dishes containing fresh 20% sucrose-PBS. This process was done within the span of 

10-15 minutes as longer periods out of food leads to a starvation response, leading to 

decrease in translation. For prolonged starvation, fresh 20% sucrose was replaced each 

day.  

10XPBS- 13.7 mM (80 g) NaCl, 26.8mM (2 g) KCl, 100mM (14.4 g) of Na2HPO4 and 

18 mM (2.4 g) of KH2PO4 were dissolved in 800ml of water and brought to a pH of 7.4 

and then made up to 1L using double distilled water. 

 2.4.4 Nutrient-mediated effects on translation: To determine the effects of 

nutrients on translation, the larvae were floated on 20% sucrose-PBS, quickly cleared of 

food particulates and transferred on to one of the following (50 larvae per vial): 

Yeast only-15% (w/v) yeast in 1X PBS, 0.5% w/v agar 

Agar only – 1X PBS, 0.5% (w/v) agar 

Agar + sugar - 2.11% (w/v) sugar, 7.3125% (w/v) dextrose in 1X PBS, 0.5% (w/v) agar 

Agar + Total amino acids (TAA)– My amino acid mix, highlighted in Table 2.1 was 

dissolved in the 100X-MEM Non-essential amino acid solution with 10X PBS and the 
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pH brought to 7.4 using 5N NaOH to attain the final concentrations and solidified using 

0.5% (w/v) agar. 

Agar + Peptone – 15% (w/v) peptone in 1X PBS, 0.5% (w/v) agar. 

Agar + Total Amino Acids + Sugar – TAA + 2.11% (w/v) sugar, 7.3125% (w/v) 

dextrose in 1X PBS, 0.5% (w/v) agar. 
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Essential	  amino	  acids	  

Hunt’s	  
Amino	  Acid	  

mix	  
g/L	  

Piper’s	  Yeast	  
Amino	  Acid	  mix	  

g/L	  

Michelli's	  
Amino	  acid	  

mix	  
g/L	  

My	  Amino	  
Acid	  mix	  

g/L	  

(F)	  L-‐Phenylalanine	   0.787	   0.917	   0.940	   0.917	  
(H)	  L-‐Histidine	   0.605	   0.678	   0.470	   0.678	  
(K)	  L-‐Lysine	   1.150	   1.737	   2.780	   1.737	  
(M)	  L-‐Methionine	   0.484	   0.339	   0.580	   0.339	  
(R)	  L-‐Arginine	   0.484	   1.422	   1.670	   1.422	  
(T)	  L-‐Threonine	   1.210	   1.295	   0.900	   1.295	  
(V)	  L-‐Valine	   1.694	   1.337	   1.280	   1.337	  
(W)	  L-‐Tryptophan	   0.303	   0.439	   0.740	   0.439	  
(I)	  L-‐Isoleucine	   0.551	   1.160	   0.810	   1.160	  
(L)	  L-‐Leucine	   0.366	   1.640	   1.320	   1.640	  
(G)	  L-‐Glycine	   1.936	   1.083	   0.430	   0.750	  
(A)	  L-‐Alanine	   2.118	   1.588	   1.110	   0.890	  
(N)	  L-‐Asparagine	   1.029	   0.841	   0.530	   1.320	  
(D)	  L-‐Aspartic	  Acid	   1.029	   0.841	   0.530	   1.330	  
(E)	  L-‐Glutamic	  Acid	   1.513	   1.821	   1.200	   1.470	  
(P)	  L-‐Proline	   0.908	   0.563	   0.900	   1.150	  
(S)	  L-‐Serine	   1.150	   0.759	   0.980	   1.050	  

(C)	  L-‐Cysteine	   0.030	   0.264	  
0.43(L-‐
Cystine)	   0.264	  

(Y)	  L-‐Tyrosine	   0.420	   0.840	   0.810	   0.840	  
(Q)	  L-‐Glutamine	   1.513	   1.821	   1.200	   1.821	  
 
Table 2.1 Amino acid concentrations for feeding of total amino acids or essential 

amino acids to Drosophila larvae 

 Columns 2, 3 and 4 represent the amino acid concentrations designed by 3 

different groups – Hunt, et al. [189], Micchelli et al. [190] and Piper et al.[191]. Column 

5 represents the amino acid concentrations designed for my amino acid feeding 

experiments.  I have followed the essential amino acid concentrations described by Piper 

et al. and followed the non-essential amino acid concentrations as per the 100X Non-

essential amino acid mix from Gibco Life Technologies-catalog No: 11140-050 

(highlighted in green). The final pH for the total amino acid mix was brought to 7.4 using 

1X PBS and 5N NaOH. 
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2.5 SL2 cell Culture: 

 Drosophila SL2 cells (a kind gift from Dr. Edan Foley) were cultured at 25°C in 

Schneider’s medium (Gibco) supplemented with 10% fetal bovine serum (Gibco), 100 

U/ml penicillin and 100 U/ml streptomycin (Gibco). 

2.5.1 Rapamycin Treatment 

At 90% confluency, cells were treated with either 20 nM rapamycin (Calbiochem) 

in DMSO (Sigma) or DMSO alone for 3 hours prior to polysome analysis (See Chapter 

4.5b). 

2.6 Quantitative Real Time PCR: 

Four or five groups of 6-10 larvae per condition (72 hours post egg collection) 

were snap frozen in 1.5 ml centrifuge tubes on dry ice and used for Q-PCR. The food 

quality was found to vary due to factors such as variability in yeast batch, agar batch, 

humidity, water evaporation rates and water content of food and thus affected the growth 

rate of larvae. Hence, the larvae were collected at 72 hours or 80 hours post egg 

collection, depending on their growth. For starvation experiments, the 72h (or 80h) larvae 

were starved for the designated time point (30min – 4 days).  For the larvae that were 

starved for short term (30min – 6h), the control fed larvae were also lysed at the same 

time as the starved larvae. However, for long-term starvation (18h- 4days), the control 

larvae were lysed at the 72h (or 80h)-time point (Figure 4.1). Each experiment was 

independently repeated at least 3 times. 
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2.6.1 RNA extraction:   

Total RNA was extracted using TRIzol (Invitrogen - TRIzol extraction involves RNA 

extraction using guanidium thiocyanate-phenol-chloroform extraction) as shown below: 

1. 250µl TRIzol was added to the frozen larvae and the larvae were crushed and 

contents lysed using a motorized pellet pestle designed for use with a 1.5ml 

centrifuge tube. 

2. Another 250µl of Trizol was added to the homogenate and incubated for 5 

minutes. 

3. 100µl of chloroform was added to each sample and the tubes were shaken 

vigorously until the contents were uniformly distributed, after which the samples 

were left undisturbed for 2-3 minutes. 

4. The samples were centrifuged at 12000 X g for 15 minutes at 4°C. The 

centrifugation led to the separation of a colorless aqueous phase containing RNA, 

an interphase containing DNA and a pink organic phase containing proteins and 

lipids. 

5. 225µl of the aqueous phase layer was carefully transferred without disturbing the 

interphase into a clean 1.5ml centrifuge tube.  

6. 250µl of isopropanol was added to the aqueous layer, shaken vigorously for 15 

seconds to allow mixing and incubated for 10 minutes at room temperature. 

7. The samples were then centrifuged at 12000 X g for 10 minutes at 4°C. 

8. The supernatant was carefully aspirated out leaving the RNA pellet intact.  

9. The pellet was washed once more with 75% ethanol to remove traces of metal 

ions. The tubes were then centrifuged at 7500 X g for 10 minutes at 4°C. 
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10. The pellet was allowed to dry for 5-10 minutes after which it was re-suspended 

in 200 µl of DNAse and RNAse-free water (Invitrogen). 

 

2.6.2 DNAse treatment: 

To avoid carry over of any residual DNA present in the aqueous phase to the PCR 

reaction, the re-suspended RNA solution was treated with a DNAse (Ambion) as follows. 

1. 44µl of RNA samples were aliquotted into PCR tubes. 

2. A master mix containing 5µl DNAse buffer and 1µl DNAse for each sample was 

prepared and 6µl of the mix was aliquotted per sample. 

3. The tubes were spun down briefly and kept in a thermal cycler at 37°C for 20 

minutes after which they were kept at 4 degrees for 10 minutes. 

4. To remove the DNAse, 5ul of the DNAse inactivation reagent (Ambion) was 

added. The reagent contains beads that specifically bind to the DNAse and 

inactivate it. 

5. After the contents were mixed and incubated for 2 minutes, the beads were 

centrifuged down at 10000rpm for 2 minutes.  

6. 25-30µl of supernatant was carefully aspirated out without disturbing the beads 

and transferred to clean 1.5ml centrifuge tubes. 

 

2.6.3 Reverse transcription: cDNA synthesis 

 DNAse treated RNA samples (concentration > 1ng/µl) were reverse transcribed as 

follows using the Superscript III reverse transcriptase (Invitrogen). First strand synthesis 

was achieved using random primers (Invitrogen). The following steps were used for a 
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reaction volume of 20µl per sample. 

1. 4µl of DNAse free RNA were aliquotted into a PCR tube. 

2. Master mix 1: 1µl of Random Primers (3µg/µl), 1µl of dNTP mix (10mM – 

Invitrogen) and 6µl of DNAse, RNAse free water (Invitrogen) were mixed 

and aliquotted -8ul per RNA sample. 

3. The contents of the tube were collected and mixed together by a brief 

centrifugation. 

4. The samples were then kept in a thermal cycler (Bio-Rad) at 65°C for 5 

minutes and quickly transferred to ice. 

5. Master mix 2: 4µl of 5X first strand synthesis buffer (Invitrogen - 250 mM 

Tris-HCl, pH 8.3 at room temperature; 375 mM KCl; 15 mM MgCl2), 0.1 M 

DTT), 2µl of 0.1M Dithiotreitol (DTT), 1µl of RNAseOUT (Invitrogen - 

40U), 1µl of Superscript III reverse transcriptase (Invitrogen - 200U) were 

added and mixed gently. 8µl of the mix was aliquotted in to the sample tubes. 

6. The contents of the tube were collected and mixed together by a brief 

centrifugation. 

7. The samples were then kept in a thermal cycler and incubated at 25°C for 10 

minutes, 42°C for 50 minutes and finally 70°C for 15-30 minutes to inactivate 

the reaction. 

8. The cDNA samples were then diluted to 200µl using DNAse, RNAse free 

water (Invitrogen) and kept at 4°C for short-term use or at -20°C for long-term 

storage. 
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2.6.4 Quantitative real-time PCR 

 Real-Time PCR quantification was used to assess relative percentage change (fold 

change relative to the amount of a control transcript such as tubulin) in transcript levels 

between different samples. The PCR was performed using the Bio-Rad MyiQ detection 

system and analyzed using the iQ5 software. The reactions were run using Taq 

polymerase (Invitrogen).  SYBR green (Molecular Probes) was used for double stranded 

DNA detection and correction for technical variability. Fluorescein (Affymetrix) was 

used as a passive reference dye to correct for variations due to pipetting errors or 

instrument based errors. The PCR mix was set based on the manufacturer’s protocol for a 

30µl of PCR reaction: 

1µl of cDNA template (concentration greater than 1ng/µl) 

9µl of Primers (10µM left and 10µM right primers) 

1µl dNTP mix (10mM each of dATP, dTTP, dGTP and dCTP) 

0.9µl of MgCl2 buffer (50mM – provided with Taq polymerase) 

3µl of 10X PCR buffer (200 mM Tris-HCl (pH 8.4), 500 mM KCl – provided with Taq 

polymerase) 

0.3µl SYBR green (Invitrogen 100X solution) 

0.2µl Fluorescein (Invitrogen 150X solution) 

0.15µl Taq polymerase (Invitrogen 5 U/µl) 

15.075µl DNAse, RNAse free water. 
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PCR conditions were as follows: initial denaturation for 5 min at 95°C; followed by 40 

cycles of  

denaturation- 30 sec at 94°C,  

annealing- 30 sec at 59°C,  

and extension- 1 min at 72°C.  

This was followed by the procedure for the melt curve that involved 81 cycles, where the 

temperature was incremented after each cycle by 0.5°C for 30 seconds, from 45 to 95°C. 

 

2.6.5 Primer design 

Primers were designed using the Primer-BLAST tool from NCBI - 

'http://www.ncbi.nlm.nih.gov/tools/primer-blast/', which uses a combination of Primer3 

(primer designing software[192]) and Basic Local Alignment Search Tool (BLAST), to 

design primers specific to a particular target sequence [192, 193]. The primer3 software 

allowed design of suitable primers with parameters such as similar melting temperatures 

(Tm= 60°C + 3), balanced G/C content (40% <GC content <70%), low self-

complementarity, low pair complementarity and low hairpin structures. The main 

advantage that Primer BLAST has over other primer-designing tools is that by using 

BLAST, the tool predicts non-specific binding to off-target sequences. This tool helped 

prevent artefactual errors due to primer dimers and non-specific binding to off-target 

sequences. The primers were ordered from Eurofins MWG Operon, Inc. To confirm 

whether the Tm of the primers fell within desired range, the oligo analysis tool provided 

by Operon was used (http://www.operon.com/tools/oligo-analysis-tool.aspx). 
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2.6.6. List of primers 

Primer	  

name	  
Forward	  Primer	  (5'	  to	  3')	   Reverse	  Primer	  (5'	  to	  3')	  

β-‐tubulin	   ATTTTCACCCGCTTTCCAAC	   GATACTTGTGGTCCTTCTGCTG	  

4E-‐BP	   AGCTAAGATGTCCGCTTCAC	   AAAGCCCGCTCGTAGATAAG	  

InR	   GCTGCATCTCCTGTCGAAAT	   CGTTGGACAGTGGGTGATAC	  

dilp6	   CGATGTATTTCCCAACAGTTTCG	   AAATCGGTTACGTTCTGCAAGTC	  

18S	   CTCATATCCGAGGCCCTGTA	   ACGAACGTTTTAACCGCAAC	  

28S	   CGCTACGTCCGTTGGATTAT	   CAATGCAAATTGCCCCTTAT	  

GCN2	   AAGATGGGCAGGCAGATTC	   TATGCCAGTGTAGGCGATG	  

PERK	   GAGTGCCTGGAATACAAATGC	   TGCCCAAGTAGATGGATGG	  

ETS	   GCTCCGCGGATAATAGGAAT	   ATATTTGCCTGCCACCAAAA	  

ITS	   TGAATGTGAAAAACGAAGAGAAA	   CCAAGATTTTTCTATTTCCGAATC	  

tRNA	  iMet	   AGAGTGGCGCAGTGGAAG	   AGAGCAAGGTTTCGATCCTC	  

tRNA	  L3	   CGACCTTCGCGTTATTAGCA	   GGCCCATTAGCTCAGTTGGT	  

tRNA	  I	   CGACCTTCGCGTTATTAGCA	   GGCCCATTAGCTCAGTTGGT	  

dMyc	   TTGAACCAACAGCAACTGGA	   ACCGTCATCGGAGTCACTAT	  

RpS9	   AAACCTGCTCGGTTGAATTG	   TTGTTGCGCAGACCATACTC	  

Sug	   CGTCAAGACCTTCAAGCACA	   GGGCTCATTGTTGGAGTCAT	  

RpL6	   CTCTGTACCGCCTGAAGGAC	   AGGAGGCCTTGCTCTTCTTC	  

RpS20	   ACGGTGCAAAGAACCAGAAC	   AGTCTTACGGGTGGTGATGC	  
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Primer	  

name	  
Forward	  Primer	  (5'	  to	  3')	   Reverse	  Primer	  (5'	  to	  3')	  

FOXO	   GCCTGGAGGTGCTCAATAAC	   GTGGCCAGCGGTATATTGAT	  

mRpL16	   GCAGCCGATCACTAAGAAGG	   ACCTCAACGAACTCGCACTT	  

CG7224	   AAGTGTAACTGCGACTAAGAAGC	  	   GTTTGTCTGGTCACGGATTG	  	  

CG8745	   TCTGTCCGTTTGCTTCTTCG	  	  	  	   CGAGAGTGATAACATCCTGAC	  	  

LK6-‐B	   CGGTACTAATCTCACATAAACG	   CCGACGAAAACGAAAACGAC	  	  

CG5955	   AAGATTGTTTGCGGGCTCTC	   CTATCTGGCTTGTAGGTCAC	  	  	  

Cht5	   CGAGAAACTGAATGTGAACGAC	  	  	   TGCCTCCTTATTGATGTAGGTG	  

CG6459	   GATGGATTCGCCGTAAAACTG	  	   GGCTTGCTTCTCATTTCACC	  	  

Obst-‐A	   ATTTTGGACTCGGGGTCTG	   GGCGTTCCGTTGTTAGTTTAG	  

CG1368	   TGAAAACGCAGAAACCTCAAC	  	   GACATACGACTGCTGGATG	  

CG9466	   TGTTTGTGGCTATGAGTCTTGC	  	   ATCAACGGTCTTCAGCCAG	  	  	  	  

RpL1	   TGGCCTCATCAAACATCAAA	   AAAAGGTTTGCCAACGTCAC	  

E2F	   CTTCCTCTGCCATGACACCT	   TATTCAGGCTGGGACTGCTT	  

RpS9	   AAACCTGCTCGGTTGAATTG	   TTGTTGCGCAGACCATACTC	  

RpS30	   GAGGAATTCAGCCTCGATTG	   AGCATGGGAATGTTGAGGTC	  
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2.6.7 Data analyses 

Q-PCR data were analyzed using the comparative CT method (2-ΔΔCT) [194]. 

Threshold cycle (CT) is the PCR cycle in which the fluorescence signal of the reporter 

(SYBR green) crosses a threshold set in the linear range of amplification. The relative 

quantity of a treatment sample with respect to a standard control sample is determined by 

the dCT or ΔCT calculation. The normalization was then performed by calculation of 

ddCT values, where dCT of the treatment sample was subtracted from the corresponding 

dCT values of the control sample for an invariant housekeeping gene such as β-tubulin. β-

tubulin was selected for normalization with starvation as it was found to have least 

change in transcript levels with different time points of starvation, compared to a fed 

sample.  

 

2.7 Western blotting: 

 

2.7.1 Lysis 

 For each experiment, a minimum of three replicates of 72-80 hour (post egg 

collection) larvae were snap-frozen on dry ice (6 larvae per replicate). The larvae were 

then lysed 

1. by boiling the samples directly in 2X Laemmli’s sample buffer and mechanically 

ground using a motorized pellet pestle, until a clear lysate was obtained.  

2. or lysed using 100µl of the low salt buffer  (described below) and mechanically 

ground using a motorized pellet pestle. 
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The samples were then heated to 95°C for 5 minutes. Then the sample was 

centrifuged at 15000rpm for 15 minutes and the supernatant used for further 

experiments. In the case of boiling directly in 2X Laemmli buffer, the samples 

were immediately loaded onto an SDS-PAGE gel. 

 

2X Laemmli buffer: 65.8 mM Tris-HCl pH 6.8, 2.1% (w/v) SDS, 26.3% (w/v) glycerol, 

0.01% (w/v) bromophenol blue and freshly added β-mercaptoethanol to a final 

concentration of 355mM. 

 

Low salt buffer: 25mM Tris-HCl pH 6.8, 150mM NaCl, 7X Protease Inhibitor cocktail 

(Promega), 1mM sodium orthovanadate, 5mM sodium fluoride, 1% Triton X-100, 0.5% 

sodium deoxycholate. 

 

2.7.2 SDS Polyacrylamide Gel Electrophoresis (PAGE) 

The following protocol was followed: 

1. The 1.5mm glass plates and spacer were cleaned with double distilled water (DD 

water). 

2. A 10% separating layer (approximately 3/4 height of gel plates) was made using: 

2.5mL 4X lower buffer (1.5 M Tris-HCl, pH 8.8, 0.4% SDS), 3.33mL 30% (w/v) 

acrylamide (29:1 acrylamide to bisacrylamide - Omnipur), 200µl 10% ammonium 

persulfate (Sigma), 15µl TEMED, 3.955 mL double distilled water.  The contents were 

mixed gently in a 50ml falcon tube and poured between the plates, avoiding formation of 
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air bubbles. The percentage of acrylamide was varied depending on the molecular weight 

of protein to be probed. 

3. A layer of immiscible isopropanol was added to prevent oxidation of the separating 

gel. 

4. After 15-20 minutes, the isopropanol was washed off using tap water and the water was 

drained.  

5. A 5% stacking gel was then made using: 1.25mL 4X lower buffer (0.5 M Tris-HCl, 

pH6.8, 0.4% SDS), 0.833 mL 30% Acrylamide (Omnipur), 100µl 10% Ammonium 

persulfate (SIGMA), 15µl TEMED, 2.8 mL DD water.   The contents were mixed in a 

15ml falcon tube and poured quickly over the separating gel and a spacer was kept on 

top.  

6. The Bio-Rad SDS-PAGE apparatus was assembled with 400ml of running buffer (see 

below).  

 

7. Appropriate amount of sample (10 - 30µg protein – for samples lysed using low salt 

buffer and 10 -20µl of sample volume for samples lysed using 2X Laemmli buffer) was 

loaded onto the gel along with an appropriate prestained protein ladder marker.  

8. The apparatus was then run at a constant voltage of 70V until the ladder reached the 

bottom of the gel. 
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10X Laemmli Running Buffer- 30.3g Tris (0.1 M), 144g glycine (0.768 M), 10g SDS 

was dissolved in 800 mL litre and made up to 1L. 

2.7.3 Electrophoretic wet transfer 

The following protocol was used: 

1. The nitrocellulose membrane, 4 pieces of Whatmann paper and two sponges were 

soaked in 1X Laemmli transfer buffer. 

2. The transfer cassette was immersed in 1X Laemmli transfer buffer and assembled 

as follows: 

- Black side (side facing cathode) of cassette was kept facing down. 

- One Sponge and 2 Whattman papers was placed on top of the black side of 

cassette, avoiding air bubbles. 

- The gel was carefully removed from the spacer plate and placed gently on top 

of the Whattman paper. 

- The nitrocellulose membrane was gently placed on top of the gel. 

- 2 Whattman papers and a sponge were gently placed on top of the membrane. 

- A clean, dry test tube or roller was used to gently roll any air bubbles out of 

the above setup. 

- The cassette was closed and placed in the transfer cartridge, with the black 

side of the cassette facing the cathode. 

3. A pre-frozen ice pack was added to the side and a magnetic stirrer was used to 

keep uniform cooling of the transfer setup. 

4. The tank was filled with 1X Laemmli transfer buffer and the electrophoretic 

transfer was performed overnight at 40V in a cold room. 
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5. Once transfer is complete, the nitrocellulose membrane was washed in 1X TBST 

and stained with Ponceau S (0.1% w/v Ponceau S in 5% v/v glacial acetic acid) 

for 5 minutes on a rocker. 

6. The membrane was then serially washed with double distilled water until non-

specific staining was washed off and clear bands were visible. This allowed 

confirmation of roughly equal loading and integrity of protein sample. Also, this 

allowed the membrane to be cut in 2 (or more) parts, based on the protein bands, 

in order to probe for proteins of interest. 

7. The Ponceau S stain was removed by washing 3X in 1X TBST. 

1X Laemmli transfer buffer: 3.03g Tris, 14.4g Glycine was dissolved in 700ml of 

double distilled water. The volume was made up to 800ml with more double 

distilled water. 200ml of methanol was added to make up the volume to 1L. The 

buffer was kept in a cold room and cold buffer was used for the transfer. 

 

10X TBS (Tris buffered Saline) stock – 24.23g (200mM) Tris pH 7.4, 80g (1.37) 

M NaCl dissolved in 800ml double distilled water and made up to 1l. It was then 

autoclaved and stored at room temperature. 

 

1X TBST (TBS + Tween20) – 50ml of 10X TBS was diluted to 500ml using DD 

water and 1ml of Tween20 (0.2% v/v). 

 

2.7.4 Blocking and antibodies:  

Some antibodies (eg. Cell Signaling) required blocking with 5% bovine serum 
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albumin (BSA) and most others were blocked with 5% milk powder. The nitrocellulose 

membrane was rocked with 5% BSA/5% milk powder dissolved in 1X TBST for 1 hour. 

 

The following primary antibodies were used in the study: 

 

 Type Dilution Source 

Anti-βTubulin 
Mouse 

monoclonal 
1: 1000 

E7, Drosophila 

Hybridoma Bank. 

Anti-phospho-

eIF2α 
Rabbit polyclonal 1:1000 AbCAM 

Anti-total eIF2α Rabbit polyclonal 1:1000 Cell Signaling 

Anti - dMyc 
Mouse 

monoclonal 
1:50 

Drosophila 

Hybridoma Bank 

 

The following secondary antibodies were used in the study: 

 Dilution Source 

Goat anti-mouse 

HRP 
1: 10000 Cedarlane 

Goat anti-Rabbit 

HRP 
1:10000 Cedarlane 
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2.7.5 Immunohistochemistry 

1. 72h starved larvae were inverted using fine forceps in ice cold 1× PBS.  

2. Inverted larvae were quickly fixed in 8% paraformaldehyde for 40 minutes, washed in 

1× PBS-0.1% Triton X-100 (PBST), blocked for 2 hours at room temperature in 1× 

PBST with 5% foetal bovine serum (FBS). All the washing and incubation steps were 

performed within the 1.5ml centrifuge tubes. 

3. The larvae were incubated overnight with FOXO antibody (a kind gift from Dr. Marc 

Tatar) at 1:500 dilution in 1X PBST at 4°C on a rocker. 

4. The next morning the larvae were washed thrice for 15 minutes each with 1X PBST 

and incubated with Alexa 568 tagged anti-rabbit secondary antibody at 1:4,000 dilution 

in 1X PBST for 2 hours, at room temperature.  

5. The larvae were again washed thrice for 15 minutes each with 1X PBST. 

6. The larvae were incubated with 1:10000 dilution of Hoechst 33342 (Invitrogen) in 1X 

TBST for 5 minutes and washed thrice with 1X PBST. 

6. The fat bodies were isolated from these larvae using fine forceps and mounted on glass 

slides with cover slips using Vectashield (Vector Laboratories Inc., CA) mounting media. 

2.7.6 Microscopy 

Fat body images were obtained using a Zeiss Stereo Discovery V8 microscope using 

Axiovision software. Microscopy and image capture was performed at room temperature 

and captured images were processed using Photoshop CS5 (Adobe). 
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Chapter 3: Polysome Analysis 

 

3.1 Introduction to polysome analysis 

Polysome analysis uses density gradient centrifugation (see 3.2) to separate 

and analyze transcripts according to their degree of translation. This experimental 

approach was first applied to the analysis of protein synthesis in bacteria in 1959[195].  

 

 Ribosomes were first observed as dense particles or granules using 

electron microscopy by George Emil Palade in the 1950s[196]. The word ribosome was 

coined later in 1958 by Richard Roberts[197]. Based on the fact that magnesium 

stabilized ribonucleoparticles (RNPs – only later they were identified as functional 

subunits of a ribosome) from E. coli[198], yeast[199] and plants[200], Tissières and co-

workers used prokaryotes to show 70S RNP (equivalent to the eukaryotic 80S ribosome) 

dissociated into 30S and 50S subunits at low magnesium concentrations and vice versa at 

higher concentrations of magnesium[201]. It was also elucidated that eukaryotes had 

bigger RNPs – a 40S smaller subunit, a 60S larger subunit and the 80S RNP [199, 200]. 

Even though the ribonucleoparticles were recognized, it wasn’t very clear how they 

contributed to translation until the 1960s. Sucrose gradient centrifugation (explained in 

section 3.2) then allowed the subsequent developments in the understanding of how 

ribosomes are involved in translation. Sucrose gradients allowed the purification of the 

70S RNPs, which was identified by Tissières et al. as the site of active translation[201].  
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After the conceptualization of  “messenger RNA” proposed by Jacob and 

Monod[202], several groups saw that RNA co-sedimented with the ribosomal RNPs and 

identified that the presence of mRNA was essential for the aggregation of ribosomes[203-

205]. They further proposed that these aggregates must be polymers of ribosomes[204, 

205]. Polyribosomes or polysomes were subsequently identified by Warner et al., as two 

or more 80S ribosomes traversing an mRNA, translating the nucleotide sequence to the 

corresponding amino acid sequence[206]. The number of polysomes on an mRNA 

reflects the initiation, elongation and termination rates and is a measure of the efficiency 

of translation of the particular transcript under given conditions[207]. Using viral RNA as 

messenger it was inferred that the small ribosomal subunit bound the initiator methionine 

iMet (known at that time as formylmethionyl tRNA or fMet) and the mRNA to form the 

30S initiation complex, which was later joined by the larger subunit to form the 70S 

complex, and a similar mechanism was observed for eukaryotes with 40S, 60S and 80S 

complexes respectively[208-210]. Over the years additional findings have added key 

regulatory steps to this basic model of translation. 

 

 During the infancy of translation studies, obtaining good quality 

polysomes was very difficult mainly due to RNAse-mediated degradation of mRNAs, 

which meant that all the polysomes were converted into monosomes (40S and 60S). 

Another key factor that determined the low quality of the polysomes obtained during the 

early 1960s were the harsh methods of cell disruption, which resulted in artificial 

fragmentation of polysomes. Gentler disruption of cells by digestion of bacterial cell 

membrane using lysozyme, yielded lysates containing > 60% polysomes, a feat which 
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was never achieved before[211, 212]. Mangiarotti and Schlessinger used mutant cells that 

had weak cell membranes susceptible to osmotic stress and developed methods of lysis 

that yielded only polysomes and subunits (no 70S)[213]. They thus concluded that 

ribosomes released at the end of translation of an mRNA are spontaneously dissociated 

into a pair of subunits[213]. This was later determined to be artifactual. Now we know 

that 80S or 70S ribosomes can be formed from the individual monosomal subunits in-

vitro even without the mRNA (when eIF3, the translation factor which prevents 

premature binding of 40S to 60S is limiting). It was reported that cellular stress led to the 

formation of vacant ribosomes – i.e. 80S or 70S ribosomes formed in the absence of 

mRNAs. 

 

3.2 Dissociation of ribosomes – runoff 

Ribosome runoff occurs when translational elongation continues in the 

absence of initiation. If elongation continues during the inhibition of initiation, the 

translating ribosomes traverse the length of the mRNA and are dissociated once the stop 

codon is reached. There are two categories of 80S ribosome obtained by ribosomal runoff 

at low salt concentrations – 1) the mRNA bound ribosomes which are the predominant 

form of monosomes and the vacant 80S ribosomes that are not bound to any 

mRNA[201]. These vacant 80S ribosomes are sensitive to high salt concentration unlike 

the mRNA-bound 80S ribosomes [214]. The same holds true for prokaryotic 70S 

ribosomes. The 80S (or 70S) ribosomes dissociate into individual subunits at 0.8 M 

KCl[214] or 0.7 M NaCl[117] only when they are not associated with an mRNA.   There 

are other instances when the polysome profiles indicate runoff. For example degradation 
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of mRNA by RNAses, mimics runoff ribosomes and shows decreased polysome content 

and increased monosome contents.  

   

3.3 Ribosome runoff under cellular stress: 

 The normal steady state of growing cells includes both ‘vacant’ and 

mRNA bound monosomes. However, induction of cellular stresses in bacteria by 

treatment of actinomycin D or puromycin, starvation of sucrose, deprivation of an 

essential amino acid[215], deprivation of pyrimidine[216] and slow cooling of cells[217], 

results in the decrease in polysomes concomitant with an increase in the prokaryotic 70s 

peak. Similarly runoff leads to the accumulation of eukaryotic 80S ribosomes partly 

made of the vacant 80S ribosomes[218]. It was then determined that the ‘vacant’ 70s and 

80S ribosomes but not the mRNA-bound monosomes were dissociated into the respective 

individual subunits by the dissociation factor or DF. Different DFs were identified for 

prokaryotes and eukaryotes. The eukaryotic DF was later determined to be the translation 

factor eIF3, which is known to prevent premature joining of the 40S and 60S subunits.  

 

3.4 Polysome gradient centrifugation 

 Density gradient centrifugation or velocity centrifugation has been used to 

separate molecules on the basis of their buoyant density, to study ribosome structure and 

function for more than 50 years. Macromolecules upon ultracentrifugation, sediment into 

denser parts of the gradient until they attain equilibrium, i.e. until the centrifugal force of 

the molecule being sedimented and the opposing buoyant force of surrounding sucrose 
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solution is equal. Larger and denser macromolecules will sediment into denser portions 

of the gradient (bottom) whereas smaller molecules will be retained at the top.  

 

3.4.1 Polysome analysis and the polysome profile 

Polysomes can be separated using sucrose gradient centrifugation based on the 

number of ribosomes bound to an mRNA, as each additional ribosome adds to the density 

of the polysomes. The relative amounts of ribosomal subunits, monosomes and 

polysomes can be visualized by passing the contents of the sucrose gradient through a 

continuous optical density (OD) reader. The OD corresponding to the RNA in the RNPs 

from the top of the gradient through to the bottom is drawn on a chart as the “polysome 

profile”. Thus the polysome profile consists of peaks corresponding to the RNA present 

in the 40S small subunit, the 60S large subunit, the monosomes and the individual 

polysome peaks (2n, 3n, 4n, 5n, 6n and 7n) respectively. The number of polysomal peaks 

resolved depends on the type of gradient used (i.e. the maximum and minimum 

concentrations of the sucrose and the steepness of the gradient). In my polysome profile I 

have been able to resolve up to 7n (heptameric ribosomes), after which the peaks are too 

close together to be resolved. Polysome analysis can further be extended to study the 

translation of individual transcripts by collecting fractions from sucrose gradients, 

followed by qRT-PCR, Northern blotting or Western blotting. The maximum polysome 

number varies for each transcript depending on the 5’UTR characteristics and length of 

the open reading frame (ORF) being translated. So small transcripts being translated to 

maximal capacity and have no further space for any more ribosomes on the mRNA can 

appear to be similar to large transcripts being sub-optimally translated (see Fig 4.5 – 
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translation of short mRNAs 4E-BP and CG7224). More recent developments include 

ribosome profiling; where a ribosome protection assay (30 nucleotide area of the mRNA 

protected from RNAse was shown to be bound to ribosomes) is combined with 

sequencing of the ribosome protected mRNA fragments and provides high throughput 

nucleotide-level information of the ribosomes active in a cell at a given time[219]. The 

advantage of combining RNAse protection assay with sequencing of the mRNA 

fragments enables the identification of translation start sites, their distribution and the 

speed of translating ribosomes[220].  For example, using ribosome profiling it was 

discovered that many upstream open reading frames (uORFs) were translated based on 

the ribosome-protected fragments obtained from these uORFs present on the 5’UTRs of 

mRNAs[219]. 
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Figure 3.1: Polysome gradient centrifugation 

Step 1. Polysome lysate containing ribosome bound mRNAs treated with cycloheximide 

were first centrifuged at 37000 rpm for 150 minutes. This separated the sub-polysomes 

(40S, 60S and 80S-bound mRNAs) and the polysomes (≥ 2  ribosomes per mRNA) based 

on their differential densities.  

Step 2. The contents of the gradient were then passed through a continuous OD reader – 

ISCO –UAS6, which recorded the OD254nm values corresponding to the RNA present 

from the top to the bottom of the gradient. A representative profile is shown above with 

the peaks from top of the gradient to bottom (peaks corresponding to Triton X, 40S, 60S, 

80S, 2,3,4,5,6… ribosomes). Peaks above 6 ribosomes merge together and so cannot be 

separated. The height of the polysome and sub-polysome peaks denotes the degree of 

translation at the time of lysis.  

Step 3. The contents of the 12 ml gradient after coming out of the OD reader were then 

separated into 12 equal fractions of 1 ml each. The RNA from the fractions was then 

extracted, purified and used for qRT-PCR analysis of individual mRNAs. 

15%$
sucrose$

45%$
sucrose$

Subpolysomes$$$$$$$$$$$$$$$$$$$$$

Polysomes$
(associated$with$highly$
translated$mRNAs)$

The$individual$peaks$in$the$
polysomes$are$the$RNA$associated$

with$2,3,4,5$….$ribosomes$

Lysate$containing$
ribosomes$bound$to$
mRNAs$

OD$254nm$

40S$$
60S$$

80S$$

polysomes$

SubN
polysomes$

1$$2$$3$$4$$5$$6$$7$$8$$9$10$11$12$

37,000$rpm$

1.$UltracentrifugaSon$of$larval$
lysate$in$a$sucrose$gradient$

2.$Contents$of$the$gradient$passed$through$a$
conSnuous$OD$reader$

mRNA$80S$ribosome$

3.$SeparaSng$the$12ml$gradient$into$12$
fracSons$1ml$each$aUer$measuring$the$OD$of$
the$gradient$

AbsporpSon$peak$corresponding$to$
Triton$XN100$



	   72	  

3.5 Artifacts 

 Polysome profiles vary depending on the source of cells/tissues used. Also even 

within the same cells/tissues the profile can vary, as polymerization of ribosomes on an 

mRNA is found to vary with differing lysis conditions such as salt concentration, pH, 

temperature, magnesium concentration and RNA integrity.  Ribosome loading on to 

mRNAs can also vary due to intrinsic factors such as availability of ribosomal subunits, 

active translation factors, charged tRNAs, ATP and GTP.  Although the method of 

polysome gradient analysis is quite challenging, when the factors mentioned above are 

kept constant between samples, the profiles obtained can be very consistent. Some of the 

common artifacts that arise during the lysis are discussed below.  

 

 3.5.1 Aggregation of ribonucleoparticles can mimic polysomes 

  The peaks obtained in the polysome profiles only represent RNA present 

in RNPs of variable molecular mass. Thus heavy ribonucleoparticles (RNP) may 

aggregate and sediment in the gradient according to their molecular mass. Aggregates of 

ribonucleoparticles are usually formed even in the absence of Mg2+ ion when 40S joining 

with 60S subunit is inhibited. However, polysomes dissociate into 40S and 60S subunits 

in the absence of magnesium ion. In order to confirm that the RNA present in the peaks 

corresponding to the sub-polysomes and polysomes belong to translating ribosomes, I 

centrifuged the polysome lysate in a gradient without magnesium. To demonstrate this, 

72h larvae were lysed using the polysome lysis buffer (containing MgCl2) and loaded on 

to gradients made using polysome buffer that lacked MgCl2 (Figure 3.2). As predicted, 

the profiles obtained from such a gradient produced only 3 peaks  - the first peak 
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proportional to the Triton X-100 in the lysate and then the second 40S peak and the third 

60S peak. Thus, it is clear that the heavier peaks observed in the polysome profiles are 

truly polysomal in nature. Another method of assessing the polysomal nature of the heavy 

peaks is to block initiation using drugs such as puromycin, which causes premature 

release of the unfinished polypeptide followed by subunit dissociation. 
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Figure 3.2: The heavy peaks in the polysome profile correspond to polysome peaks 

and not heavy RNA aggregates 

 The two profiles shown above are obtained from the same polysome lysate 

ultracentrifuged in 2 different gradients. The lysate was obtained from fed 72h 

Drosophila larvae. The polysome profile from gradient 1 containing 10 mM MgCl2 

(black profile), showed a normal polysome profile from fed larvae. The polysome profile 

obtained from gradient 2 without MgCl2 (blue profile), showed only the peaks 

corresponding to Triton X-100, 40S and 60S. Since the heavy peaks in the polysome 

profile appear to be sensitive to magnesium chloride, it can be inferred that these peaks 

are truly polysomal in nature. 
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3.5.2 Method of lysis can alter the polysome profiles significantly 

• High shear stress -Lysis conditions that induce high shear stress such as grinding 

with alumina, produce only 70S (in prokaryotes) ribosomes and subunits as the 

polysome strands are artificially fragmented to give monosomes[211, 212].  

• Triton X-100  – These days it is common to lyse cells/tissues using detergents such 

as Triton-X100. Lysis using a detergent such as Triton X-100 does not lead to 

alteration of subunits, monosomes or polysomes. However, Triton X-100 and similar 

compounds exhibit a substantial absorbance at 254nm. Since Triton X-100 does not 

get sedimented with the RNA to the lower parts of the gradient, the first peak 

detected in the polysome profile, corresponds to the amount of Triton X-100 in 

sample and thickness of the peak varies with sample volume [207] (see figure 3.1 

and 3.2).  In order to balance the rotor, equal weights have to be loaded on to the 

samples by topping up with lysis buffer. Due to the change in volume, the same 

sample can have different width of the first peak (see first peak of blue and black 

profiles in figure 3.2). This change in peak width is commonly observed throughout 

my polysome profiles. However, it does not affect the actual polysome peaks.  

 

3.6 Methods to prevent polysome run-off 

 Researchers over the years have made several modifications to the 

polysome analysis protocol to prevent ribosome runoff. 

1. Cycloheximide: Ribosomal runoff is a common occurrence during the lysis of 

cells/tissues. To prevent this, a polysome stabilization agent such as the antibiotic 

cycloheximide has been widely used. Cycloheximide binds to the 60S ribosomal subunit 
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of translating polysomes and inhibits translation elongation[221, 222]. By using 

cycloheximide, the ribosomes are locked in their respective positions on the transcripts 

during the time of lysis. This prevents the ribosomes from polysome runoff. 

Cycloheximide thus provides a snapshot in time of the translational status of the 

cells/tissues being lysed. Alternatively, formaldehyde-mediated crosslinking of the 

ribosomes on to the mRNAs has been used to study translation[223]. 

 

2. Heparin: Even if the positions of the ribosomes on the transcripts are arrested, mRNA 

degradation due to RNAses converts polysomes into monosomes as the mRNA linking 

the different 80S subunits is degraded by RNAses leaving only single ribosomes bound to 

fragments of RNAse protected mRNA. RNase-mediated mRNA degradation is a 

common problem during lysis. To prevent this, heparin, an anionic polysaccharide has 

been used as a non-specific RNAse inhibitor[224]. Heparin is routinely used to stabilize 

translational complexes pretreated with cycloheximide. Although heparin functions as an 

excellent non-specific RNAse inhibitor, it also binds and inhibits RNA polymerase 

activity. 30µg/ml of heparin is sufficient to inhibit >90% activity of reverse transcriptase 

activity[225]. Since qRT-PCR requires heparin-free mRNA, lithium chloride 

precipitation has been widely used to precipitate RNA without precipitating heparin[226]. 

Ethanol precipitation with sodium acetate or sodium chloride has been used to precipitate 

RNA free from lithium chloride[226]. Another disadvantage with heparin is that it 

mimics RNA and binds non-specifically to translation initiation factors[227, 228]. 

However, this did not affect my experiments, as they were not aimed at studying the 

binding of translation initiation factors to ribosomes. 
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3. Rapid cooling/ snap freezing: Since slow cooling of cells has been shown to 

induce ribosome runoff, snap freezing lysates on dry ice or liquid nitrogen provides an 

easy solution to prevent runoff[216]. 

 

3.7 Analysis of polysome profiles 

Due to the fact that the monosome peaks contain an unknown percentage of 

vacant 80S, only polysomes are considered to be actively translating ribosomes[207]. 

When performing polysome analysis, ratios of particular peak areas are calculated in 

order to determine the proportion of translation machinery actively engaged in 

translation[207]. For example, parameters such as ribosome occupancy and ribosome 

density are used to measure the degree of translation of individual transcripts. Ribosome 

occupancy is the percentage of a particular transcript bound to polysomes. In my 

polysome profiles, the sub-polysomes were found in fractions 1-4 and the polysomes 

were found in fractions 4-12. I have already used qRT-PCR to determine the percentage 

of a transcript ‘x’ in each fraction. Using the data from qRT-PCRs, the percentage of the 

transcript x in fractions 4-12 gives the ribosome occupancy for transcript x. 

Ribosome occupancy = 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒  𝑜𝑓  𝑡𝑟𝑎𝑛𝑠𝑐𝑟𝑖𝑝𝑡  𝑥  𝑖𝑛  𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛  𝑖!"
!!!   

Ribosome density is the number of ribosomes bound per 100 nucleotides of the 

coding sequence (ORF) of the mRNA. Ribosome density for a specific mRNA is 

calculated as  

xden  = !"#$%&  !"  !"#$%&'$  !!  !"#$  !"#$%&'(
!"#$%!  !"  !"#$%&  !"#$"%&"  !"  !"#$  !

 *100[229], 

Where xden is the ribosome density for mRNA ‘x’, peak fraction is the fraction 

containing the highest percentage of mRNA. 
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3.8 Interpreting change in amount of polysomes 

 Changes in polysome levels have been attributed predominantly to changes in 

initiation and to some extent – elongation. For example, an increase in polysome number 

can be due to an increase in rate of initiation or a decrease in rate of elongation. However, 

when the increase in polysomes is concurrent with an increase in protein synthesis, then it 

can be concluded that initiation must have been stimulated. On the other hand, decrease 

in polysome numbers upon stress has mostly been associated with decreased initiation. 

The only absolute method to determine the role of elongation is to measure the transit 

time of ribosomes on an mRNA and thus elongation rates[145]. 

 

 Described below is a description of how the polysome profiles will be affected 

when each of the three steps of translation are inhibited: 

3.8.1 Inhibition of initiation: A decrease in initiation leads to accumulation of 

monosomes (80S) and individual subunits, and a concurrent decrease in polysomes. An 

example of this is seen upon amino acid deprivation of cells[215]. If the inhibition of 

initiation is performed after ribosome runoff (eg. by hypertonicity), the decrease in 

polysomes would be enhanced or no effect would be observed. Inhibitors such as 

harringtonine produce similar results[230]. 

 

3.8.2 Inhibition of termination: If termination is inhibited, ribosomes will 

accumulate on the mRNAs to form heavier polysomes, yet protein synthesis will 

decrease. Even after runoff, inhibition of termination would allow increased formation of 

polysomes. Trichodermin, which is a termination inhibitor, shows similar results[231]. 
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3.8.3 Inhibition of elongation: If elongation is inhibited, the rate of ribosome 

movement will slow down, as will the rate of protein synthesis; yet there will be no 

change in polysome to monosome (P/M) ratios. However, after artificially induced 

ribosome runoff, inhibition of elongation will show decreased polysome formation, as the 

first ribosome remains locked at the methionine. Elongation inhibitors such as emetine, 

anisomycin and cycloheximide show similar results[230]. 

In my experiments, translation after runoff cannot be performed. This is due to the 

simple fact that lysis of Drosophila larvae disrupts and dilutes the concentrations of 

translation factors and other building blocks of protein synthesis. Secondly, heparin non-

specifically binds to several translation factors and prevents them from binding to 

mRNAs.  

 

3.9 Polysome Analysis Protocol: 

The protocol for obtaining polysome lysates, centrifugation to separate polysomes and 

sub-polysomes and RNA extraction and purification steps are given below. 

  

3.9.1 Solutions and lysis buffer preparation: 

a) Polysome Buffer (PB): 

25mM Tris pH 7.4 at 4°C 

10mM MgCl2 

250mM NaCl 
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b) Polysome Lysis Buffer (PLB): The following reagents were added to the 

polysome buffer according to their respective final concentrations indicated. 

• Triton-X 100 – 1% (v/v) 

• Sodium deoxycholate – 0.5% (w/v) 

• Dithiotreitol (DTT) – 0.5mM 

• Cycloheximide - 100µg/ml (w/v) 

• Heparin – 1mg/ml w/v (100µg/ml was used for lysis of SL2 cells) 

• Protease inhibitor cocktail (Complete mini – Roche) – dissolved to make 1X 

• Sodium fluoride – 5mM 

• Sodium orthovanadate – 1mM (alternatively can add phosphatase inhibitor 

PhosSTOP from Roche instead of Sodium fluoride and orthovanadate) 

• RNase inhibitor (Ribolock - Fermentas) – 100-200 Units/ml of lysis buffer 

• Phenylmethylsulphonylfluoride (PMSF) – 2.5µM (added just prior to douncing 

the larvae, as PMSF is highly unstable in water) 

 

c) Sucrose solutions:  

• 15% w/w sucrose solution: i.e., 15.9 g sucrose dissolved per 100ml of PB. 

Prior to making a gradient, cycloheximide and heparin were added to a final 

concentration of 100 µg/ml and 1 mg/ml respectively. 

• 45% w/w sucrose solution: i.e., 54.12 g sucrose dissolved per 100ml of PB. 

Prior to making a gradient, cycloheximide and heparin are added to a final 

concentration of 100 µg/ml and 1 mg/ml respectively. 

• 70% w/v sucrose solution: 70 g sucrose dissolved per 100ml of PB. 
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d) Reagents for RNA precipitation from polysome fractions: 

• For RNA precipitation from the fractions collected: 10% SDS, 5M NaCl, 

100% ethanol 

• For purifying RNA from fractions: TRIzol (Invitrogen), chloroform, 

isopropanol, 75% ethanol 

• For removing heparin from samples: 4M LiCl, (in 10mM Tris pH 6.8, 10mM 

EDTA), 5M NaCl, 100% ethanol and 75% ethanol 

  

3.9.2 Larval Lysis: 

1.  Fresh PLB (minus PMSF) was prepared and kept on ice, along with a Dounce 

homogenizer and clean 1.5ml centrifuge tubes.  

2.  200 72h fed/starved larvae or larvae fed on alternate medium (agar, agar + sugar, 

agar + amino acids, agar + peptone) were washed and rinsed with 20% sucrose 

dissolved in 1X PBS. 20% sucrose is used to separate the larvae from the food as 

larvae float in the sucrose solution whereas the food particles sink. 

  For the fed larvae, care was taken to float the larvae out of the food using 20% 

sucrose and lyse them within 10-15 minutes; to avoid starvation-mediated suppression of 

translation (see Results). The floating larvae were quickly collected using a Pasteur 

pipette and were repeatedly rinsed with fresh 20% sucrose until all visible food particles 

were removed.  

  The starved larvae were floated in 20% sucrose for the specified amount of time 

(30 minutes-3days). Since, all food particles were previously removed, only a brief rinse 
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with 20% sucrose was needed for the starved larvae, before moving on to step 3. For 

larvae that were starved for more than a day, the sucrose was changed afresh each day. 

 For the larvae fed on sugar, amino acids or peptone, the larvae were individually 

picked up using forceps after flotation on 20% sucrose and transferred to the respective 

medium. This again needed to be done quickly. As transferring 200 larvae took between 

30-40 minutes, the larvae were transferred in batches of 4, 50 larvae per vial. The larvae 

were then kept in the medium for 2h (unless specified otherwise) and then floated out 

using 20% sucrose. Since some agar particles can be mixed in with the sucrose solution, 

the larvae were quickly rinsed several times until most of the agar pieces were removed. 

 

3. The clean larvae were collected using a fresh Pasteur pipette and deposited on to 

the pre-cooled Dounce homogenizer. The excess sucrose was aspirated out using 

a 1ml pipette. 

4. The larvae were then lysed in 700 µl of ice cold PLB and 3.5 µl of PMSF, using 

the Dounce homogenizer. 

 72h larvae were first lysed using Pestle A, which has a larger gap between the 

Dounce and the pestle. As the lysis proceeded, the feel of resistance decreased 

indicating that the larvae were crushed. Then to get a finer lysate, pestle B, which had 

a tighter fit to the Dounce was used. The larvae were repeatedly crushed using 

multiple strokes, until no more resistance was felt. 

5. The lysate was then transferred to the pre-cooled 1.5 ml centrifuge tube and 

centrifuged at 15000 rpm for 20 minutes at 4°C. 
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6. The supernatant was collected using an insulin syringe, carefully avoiding the 

pellet and the floating lipid content, and transferred to a freshly labeled 1.5 ml 

centrifuge tube. 

NOTE: Only about 550-600 µl of supernatant can be obtained without allowing 

any fat/lipid content to mix. 

7. The lysate was snap frozen on dry ice and stored until used on the gradient at -

80°C. Even lysates stored for >6 months showed consistently similar polysome 

profiles 

 

3.9.3 Lysis of Drosophila SL2 cells: 

 At 90% confluency, SL2 cells were treated with control (DMSO) or Rapamycin 

(20 nM) for 3 hours. 10 minutes prior to lysis, the cells were incubated with 100 

µg/ml of cycloheximide in PBS. Then they were lysed with the pre-cooled polysome 

lysis buffer. The buffer used for SL2 cells did not require high heparin unlike whole 

larvae and so only 100µg/ml heparin was used instead of the 1mg/ml heparin used for 

larval lysis. 

 

3.9.4 Preparing sucrose gradients: 

 There are 3 different ways by which sucrose gradients are typically created. One 

is by sequentially overlaying lower concentrations of sucrose on a solution of higher 

concentration in a centrifuge tube (for example, a 5ml 10-50% sucrose gradient can be 

made with 1ml each of 50%, 40%, 30%, 20% and 10% sucrose, in the same order). The 

discontinuous gradients thus created are usually frozen and stored in -80 (or freezer) until 
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required and thawed 8 to 24h before use at 4°C[232]. During the thawing process they 

diffuse to create a linear gradient. The second method is to use a gradient mixer, which 

mixes solutions of 2 different concentrations, which are gradually mixed to create the 

gradient. Alternatively, diffusion in horizontal centrifuge tubes can be used to create the 

gradients[233]. Similar to the second technique this technique uses 2 solutions of high 

and low sucrose concentrations, however multiple gradients can be prepared at the same 

time using this method and more importantly all the gradients produce identical 

profiles[233].  The third method was found most suitable for my polysome experiments 

and is described below. For preparing 11.5ml (+ 400-500µl sample) gradients, the 

following protocol was used for polysome analysis. 

 

• 12-24 hours prior to centrifugation of polysome lysates, clean 14 X 89mm 

Beckmann polyallomer centrifuge tubes were stood upright on a Styrofoam 

support. 

• In each tube, 6ml of 45% w/w sucrose (see 3.3.1) was overlaid gently with 5.5.ml 

of 15% w/w sucrose (see 3.3.1). The solutions were aspirated and dispensed 

gently to prevent the two solutions from mixing using a suction dispenser 

and10ml pipette. 

• The tube was then covered and wrapped with parafilm and brought to a 4°C room. 

• From this point the gradient was kept at 4°C until its contents were measured by 

the continuous OD reader. 
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• The tubes were slowly brought to a horizontal position (30-40 seconds per tube) 

to increase surface area and promote diffusion. During the tipping of the tubes, 

care was taken that the two layers don’t mix together due to shaking. 

• The diffusion was allowed for 4-5 hours, with 4h 30mins being the standard time 

used for experiments. The length of time for diffusion was shown to be dependent 

on the diameter of the tube and the concentration difference[233].  After the 

diffusion time period, the tubes were slowly (30-40 seconds per tube) put upright 

to give an approximately linear gradient. 

• The upright gradients were kept overnight at 4°C until the polysome lysate was 

loaded on top of the gradients and centrifuged. Longer storage of gradients made 

the gradient shallower and highest and lowest percentages of the sucrose solutions 

wouldn’t remain the same. For example a gradient made using 15-45% sucrose 

might become 20-40% sucrose due to prolonged diffusion. 

 

3.9.5 Loading the lysate onto the gradient for ultracentrifugation: 

 Loading the lysate onto the gradient gently without allowing the sample to mix 

with the top of the gradient was essential to obtain reproducible and good quality 

polysome profiles. When comparing the polysome profiles of two samples, equal 

amounts of ribosomes were required to be loaded into the respective gradients. Since, 

rRNA and tRNAs make up to 95% of the total RNA in eukaryotes[234], measuring and 

loading equal total RNA was used as a proxy for loading equal number of ribosomes. The 

following procedure was followed in order to do so: 

1. The SW41 rotor and its swinging buckets were pre-cooled overnight at 4°C. 
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2. The frozen lysates were thawed on ice and the samples mixed well prior to 

measuring RNA concentration. At the same time, the ultracentrifuge was cooled 

down to 0°C. 

 The actual centrifugation step was done at 4°C. To place the buckets containing 

the gradients into the centrifuge, the cooling had to be turned off. During this time, the 

centrifuge warmed up to around 10°C. However, precooling to 0°C, brought up the 

temperature to only around 6°C, which was slowly brought to 4°C while undergoing 

centrifugation. 

3. A NanoDrop UV-Vis spectrophotometer was used to measure RNA 

concentration. 

4. Heparin depending on the source used can have RNA contaminants, which can 

add to the concentration of RNA and so PLB was used as blank instead of water. 

The additional RNA was not found to have any effect on the polysome profiles. 

5. Based on the RNA concentration of the lysate, 250-300µg of RNA per sample 

was loaded gently on top of each gradient. Depending on the concentration, the 

volume of lysate loaded on to the gradient varied between 150-500µl per 

sample. 500µl was the maximum that could be loaded, without the contents of 

the gradient spilling over during the process of centrifugation. 

 

The amount of sample loaded onto the gradient determined the sensitivity setting 

for the continuous OD reader (ISCO UA-6). The sensitivity was selected such that the 

maximum and minimum OD points for a particular profile (excluding the TX-100 peak) 

fell within the scale of the chart connected to the OD reader. If the sensitivity was too 
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high the OD reading went beyond the scale of the chart. If the sensitivity was too low the 

polysome profiles were too short, which meant that the difference in profiles between 

control and experimental sample was less obvious. 250-300µg of RNA worked well at a 

sensitivity of 2. 125-250µg worked well at a higher sensitivity of 1. 50-125µg worked 

well at even higher sensitivity of 0.5. These settings were determined using fed polysome 

samples. However when using starved larval lysates, the height of the sub-polysomes 

(40S, 60S and 80S) increased. This meant that even if a high sensitivity (0.5 and 1) was 

used for lower RNA amounts, the sub-polysome peaks went beyond the chart limit. 

Keeping all this in consideration, 250-300µg of RNA was used as the standard amount of 

RNA loaded into the gradients throughout my experiments.  

Based on the OD readings, a decrease in concentration of total RNA was found 

upon starvation of larvae (personal observation). The decrease was less prominent at 

early time points of starvation such as 30 minutes and 2 hours. However, 3-day starvation 

led to a decrease in RNA concentration by almost 40-50%.  Because of this some 

experiments could not be performed with 250µg of RNA, and in such cases, the 

sensitivity of continuous OD reader (ISCO UA-6) is increased. This led to a slightly 

different kind of polysome profile, with the sub-polysome peaks going slightly off the 

chart. However, the result obtained was the same. 

6. To load equal volumes of the different samples, the concentrations of the sample 

lysates were equalized using the polysome lysis buffer (PLB) or polysome 

buffer (PB). 
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NOTE: Since lower volume of lysate meant lower concentration of Triton X-100 in 

the gradient, the volume of the lysate loaded determined the thickness and width of 

Triton X-100 peak (1st peak in the polysome profile -see Fig 3.1). 

7. After removing the parafilm, the gradients were carefully placed in the swinging 

buckets for the SW41 rotor in an upright position. 

NOTE: Care was taken to have the O-rings in the swinging bucket well lubricated 

with vacuum grease. If the O-rings were dry, the polyallomer centrifuge tubes 

sometimes crumpled during the centrifugation. 

8. Equal amounts of RNA and if possible equal volumes of the lysates were loaded 

onto each respective gradient. 

9. To balance the ultracentrifuge rotor, the buckets with the sample were weighed 

and the weights were equalized by addition of polysome buffer (PB). 

NOTE: Addition of water instead of PB dilutes the magnesium concentration 

and could lead to dissociation of polysomes. 

10. The bucket lids were carefully screwed on and placed carefully in the 

precooled SW41 rotor. The rotor was then slowly placed in the pre-cooled 

ultracentrifuge and then centrifuged at 37000rpm for 150 minutes at 4°C. 

 

3.9.6 Obtaining polysome profiles and gradient fractionation: 

 The polysome profiles were obtained using a combination of 2 pieces of 

equipment - 1) a ISCO UA-6 continuous OD reader and 2) a mechanical pump to push 

the contents of the gradient into the continuous OD reader at a constant flow rate. The 
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following procedure was used to obtain the polysome profile and sequentially collect 

fractions of the gradient -  

1. The ISCO UA-6 UV lamp was turned on 20 minutes prior to obtaining the 

polysome profiles. To do this the switch for the lamp was turned from “Standby” 

to “Operate”. 

2. The apparatus was run once with water to check for any blockages created by 

sucrose left over from the previous run. 

3. The apparatus was then calibrated for each run to set the baseline for air (similar 

to blanking) (based on the UA-6 baseline adjustment procedure in section 2 of 

the instructions manual). 

Calibration can also be done using 30% sucrose solution or polysome buffer. 

However, I found that calibration with air was easier and did not change the results. Also 

calibration needs to be done separately for each sensitivity setting. 

4. Then 70% sucrose was drawn into the mechanical pump, and connected to the 

needle of the piercing apparatus. Any air bubbles if present in the tubing would 

move quickly through the gradient and disturb its contents. To avoid this the air 

bubbles in the tubing were removed by turning on the pump, and pushing the 

70% sucrose out till no air bubbles emerged from the needle.  

5. The gradient was then attached to the apparatus and pierced. The pump was 

turned on and pumping speed was kept constant at 1.5 ml/min. The chart speed 

was adjusted to 60. The tracing pen was then brought down to the graph and the 

trace for the polysome analysis was started.  
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6. After passing through the OD254 detector, the contents of the gradient were 

collected in fractions of 0.5 ml in twenty four 1.5 ml centrifuge tubes containing 

1/100 volumes (5 µl) of 10% SDS. 

 There was a time lag between the time when the contents started coming out of 

the pump and when the pump was turned on. The contents of the gradient started 

coming out of the tubing only a few seconds after the pen started moving upwards 

on the chart. If the time that the pen started moving upwards was taken as the 

starting time, the point at which 1/3rd of the total fractionation time was reached 

represented the time by which all the sub-polysomes were collected (fractions 1-8 

of the 24 tubes).  The time point at which the second 2/3rds of the total 

fractionation time was reached represented the time taken to collect the light 

polysomes (fractions 9-16). The remaining fractions 17 -24 contained the heavy 

polysomes (see Results section 4.5).  

SDS was used to denature the proteins bound to the mRNA so that RNA could be 

separated and purified for downstream processing. 

7. The tubes were stored until further processing at -80°C. 

 

3.9.7 RNA extraction, purification and cDNA synthesis 

The RNA extraction procedure for the fractions has been slightly modified from the total 

RNA extraction procedure described in the methods section. This is due to the negatively 

charged heparin, which gets precipitated along with the RNA. Heparin has been known to 

inhibit RNA polymerase activity (see 3.6.2 Heparin), and so additional steps were added 

to remove Heparin from the pellets. 
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1. The 24 fractions were thawed on ice and 1/50 volumes of 5M NaCl (10µl) and 

2.5 volumes of 100% ethanol were added. The contents were shaken and the 

RNA precipitated overnight at -20°C. 

2. The fractions were then spun at 16,000 g for 20 minutes at 4°C. The supernatant 

was removed and the pellet re-suspended in 100-150µl of DNAse, RNAse free 

water (Invitrogen). 

 Due to a high amount of heparin and TX-100, the pellets from fraction 1-8 did not 

dissolve directly in TRIzol (Invitrogen - guanidium isothiocyanate+phenol). Therefore, 

the pellets were re-suspended in water and a motorized pellet pestle was used to mix and 

dissolve the contents of the pellet. 

3. 500µl of TRIzol (Invitrogen - guanidium isothiocyanate+phenol) was then added 

to the centrifuge tubes and the contents mixed by shaking. After 3 minutes, 

100µl of chloroform was added and the contents were mixed well. The tubes 

were then centrifuged at 12,000 g for 15 minutes at 4°C. To convert 24 tubes 

into 12 tubes, 325 µl of the aqueous phase from the 12 pairs of tubes were 

combined into 12 clean centrifuge tubes.  

4. 500 µl of Isopropanol was added and the contents were mixed together and left 

at room temperature for 10 minutes. Then the tubes were centrifuged at 12,000 g 

for 10 minutes at 4°C. 

5. The pellet was re-suspended in 250 µl of RNase free water. Then an equal 

volume of 3M LiCl was added and the contents were mixed and kept overnight 

at -20°C to precipitate the RNA. 
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This step removed any heparin present in the pellet and is required to prevent heparin-

mediated inhibition of reverse transcription. 

6. The tubes were then centrifuged on the next day at 13,000 rpm for 15 minutes.  

7. The pellets were washed with 75% Ethanol, dried and re-suspended in about 100 

µl of DNAse, RNAse free water (Invitrogen).  

8.  The RNA was then treated with DNAse and reverse transcribed as mentioned in 

the methods section 2.6.2 and 2.6.3.  

9. Then the percentage of a particular mRNA in each fraction was estimated using 

quantitative real time PCR. 

 

3.9.8 qRT-PCR analysis of polysomes: 

 qRT-PCR was used to evaluate the percentage of a particular transcript in each of 

the 12 fractions. Based on the association of transcript with heavy (fractions 9-12) and 

light polysomes (fractions 5-8), the degree of translation of a particular transcript was 

assessed. 

 

1. The qRT-PCR protocol as discussed in the methods section was followed, 

except for slight modifications. 

2. Since the RNA content was diluted by the volume of the gradient (12 ml), and 

not all fractions contained equal amounts of mRNAs, higher concentrations of 

both the RNA (re-suspended in 100 µl water instead of 200 µl water) and cDNA 

(1:3 or 1:4 dilution instead of a 1:10 dilution of the RT reaction) samples were 

used. 
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Failing to use highly concentrated cDNA led to the absence of amplification in 

certain fractions - usually fractions 1-4 and sometimes fractions 11 and 12. This also 

meant that only primers of high specificity were effective for use in qRT-PCRs, as ones 

with lower specificities went out of linear range in some of these fractions. Such primers 

were not used for further experiments. Therefore the primers were designed with 

stringent care to provide specificity and avoid primer dimers. In unavoidable cases, more 

of the RNA and cDNA were used for the reverse transcription and qPCR respectively. 

3. The protocol used for qPCR was the same as the one described in the methods 

section 2.6.4. 

4. The data analysis was performed using the comparative CT method (2-ΔCT), 

however no average CT was obtained, since no replicates were run. Instead the 

lowest CT value of the 12 fractions was used as reference (i.e. the fraction 

containing the highest amount of RNA was set to 1). So the (2-ΔCT) method 

allowed the calculation of fold change with respective to the fraction containing 

the highest amount of RNA. In order to calculate the relative percentage of a 

transcript x within the 12 fractions, the fold changes were added up to give a 

value “y”.  

y =  2(∆!"#)!"
! , where ‘n’ is the fraction number and ΔCTn refers to the CT value 

of the transcript x in fraction n. 

 

The percentage of the transcript in fraction n was then calculated as: 

Percentage of transcript x in fraction n = 2-(ΔCT)n
 / y* 100 
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Because of the large sample numbers (1 PCR plate could be used to run only 4 

primers) and large cDNA volume per reaction, it was impractical to use replicates, given 

that the RNA samples could only be used for a limited number of times. However, when 

the same primer was run again, the data were reproducible. 

5. For each transcript, a chart was drawn with the data points corresponding to the 

percentage of each fraction, in fed and starved conditions respectively. Relative 

to fed conditions, a decrease in percentage of transcript in the heavier fractions 

(9-12) and a corresponding increase in the lighter fractions (5-8) or sub-

polysomal fractions (1-4) would indicate a decrease in translation upon 

starvation. On the other hand, an increase in percentage of the transcript in the 

heavier fractions would indicate an increase in translation upon starvation. 
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Chapter 4: Results 

 

4.1 Polysome analysis as a measure of translation in growing Drosophila larvae 

 The main goal of my thesis was to examine how mRNA translation is regulated 

downstream of nutrition in growing Drosophila larvae. I have used polysome analysis to 

analyze the changes in translation mediated by nutritional stress in larvae. Several studies 

from mammalian cell culture and also from organisms such as yeast, worms and mice 

indicate that nutrient deprivation leads to a pronounced decrease in translation[229, 235, 

236]. Drosophila larvae are an ideal system to study translation and growth, as the larvae 

are highly responsive to nutrition and arrest their growth in the absence of nutrients. I 

have shown here that translation is inhibited very early upon starvation. Furthermore I 

have attempted to establish how dynamic this decrease in translation is upon starvation  – 

i.e.; 1. how much time is required for such a decrease in translation,  

2. what are the specific dietary nutrients that activate translation in larvae and  

3. what are the signaling pathways that mediate this nutrient specific activation of 

translation?  

 In order to explore these questions, I compared the polysome profiles of fed 

larvae, with those of starved larvae.  

  

4.2 mRNA translation is inhibited rapidly upon starvation of Drosophila larvae 

 To examine nutrient-mediated regulation of translation, I performed polysome 

gradient analysis on 72h (±4h) fed and starved Drosophila larvae at 25°C. Due to 

variation in food quality from batch to batch, larvae sometimes grew slower and in such 
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cases, the larvae were lysed at 80±4h. The polysome profiles are a measure of translation 

and decreased height of the polysomal peaks indicates decreased translation. To remove 

larvae from food, excess 20% sucrose (in 1X PBS) was added at 72 hours after egg 

collection and the food swirled around with a spatula, until larvae floated to the top of the 

20% sucrose.  In order to establish how translation is altered in response to starvation, the 

floating larvae were quickly washed with fresh 20% sucrose until all food particles were 

removed. Starvation was achieved by floating the larvae on 20% sucrose PBS in petri 

dishes at 25°C for the respective time period (30 minutes to 4 days)[14]. For longer time 

points of starvation, the larvae were transferred to fresh 20% sucrose PBS each day. After 

the starvation time period was completed the larvae were lysed for polysome analysis. A 

minimum of 3 replicates were performed to determine the results in all polysome 

experiments. The decrease in translation was observed as a decrease in polysome height 

concurrent with an increase in height of the sub-polysome peaks (40S, 60S and 80S peaks 

– Figure 4.1). This data is consistent with the idea that starvation leads to polysome run-

off and/or inhibition of translation initiation. Polysome run-off is generally observed 

under stress, when translation elongation continues during the inhibition of translation 

and the translating 80S ribosomes can dissociate into the individual 40S and 60S subunits 

or remain as mRNA unbound 80S ribosomes [214, 218]. Due to variation in food 

conditions (dryness, hardness, dilution), larvae were found to grow fast (4.5 days to 

pupation) or slow (up to 6 days to pupation). Such variation in growth rate probably led 

to subtle variations in the height of the sub-polysome and polysome peaks between the 

fed larvae from different batches of food. In my observation, the larvae growing slower 

had higher amount of sub-polysomes than the faster growing larvae of same age. 
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Suppression of translation was seen as early as 30 minutes post starvation (Figure 

4.1). The decrease in translation was observed across all the time points of starvation 

from 2h – 4 days (Figure 4.1), however the time points after 18 hours showed substantial 

reduction and the least amount of polysomes were obtained at 18h, 24h, 72h and 96h post 

starvation (Fig 4.1). Experiments were only done until 3 or 4 days of starvation, as I 

wanted to avoid larval lethality as a confounding factor in the decrease of translation 

observed upon starvation.  
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Figure 4.1. Starvation led to a rapid decrease in translation 

 The polysome profiles are the continuous OD readings obtained for the wild type 

(yw1118; +; +) fed (black) and starved (red) larval lysates on 15-45% sucrose gradients, 

from top to the bottom of the gradient (minimum n of 3). For starvation, larvae were 

floated on 20% sucrose PBS. A decrease in translation was noted upon starvation - 

observed as the decrease in height of the polysome peaks and a concurrent increase in 

sub-polysomal peaks. The profiles were aligned horizontally based on position of the 

polysome peaks and the vertical alignment was done based on the lowest position of the 

profile curve near the end of the gradient. The peaks obtained are in the following order: 

sample peak (Triton X-100), 40S, 60S, 80S, 2n, 3n, 4n, 5n, 6n, 7n and the peaks >7n are 

close enough that they can’t be resolved with the current sucrose gradient conditions, 

where n refers to the number of 80S ribosomes. The final peak obtained at the bottom, 

corresponds to the interphase between 45% and 70% sucrose. Upon starvation, 

sometimes the 40S and 60S ribosomes were close which led to merging of the two peaks 

and they appeared as a single peak, as in the profiles showing 2h and 6h starvation. 
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4.3 Hallmarks of starvation in Drosophila – induction of Foxo target 4E-BP 

 Translational control serves as an early response to starvation. In order to validate 

a starvation response, especially at early time points, another hallmark of starvation was 

necessary. One of the well-studied factors activated upon starvation is the transcription 

factor FOXO, which is normally inhibited by insulin signaling (See introduction section 

1.3.3). I used qRT-PCR to measure the starvation-mediated induction of 4e-bp[237], one 

of the well-known transcriptional targets of FOXO[65]. 4E-BP served as a positive 

control to confirm a starvation response, especially at early time points of starvation (30 

minutes and 2 hour starvation). 4E-BP was induced up to 15 fold at 2 hours (Fig 4.2). 

Induction of 4E-BP indicates that insulin signaling is inhibited as early as 30 minutes post 

starvation. Therefore, I concluded that transcriptional and translational responses to 

starvation are induced at similar time frames. 
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Figure 4.2 The decrease in translation at early time points of starvation occurred 

independently of change in ribosome numbers 

 The 18S and 28S rRNA levels indicate the relative levels of 40S and 60S 

ribosomes in the larvae respectively.  Change in 18S and 28S rRNA levels between refed 

and starved (30min, 2h, 6h, 1d, 2d and 3d) wild type larvae (w1118;+;+), was assessed 

using qRT-PCR. Induction of 4E-BP mRNA levels was used as a confirmation for a 

starvation response. The data represent the relative fold change in the respective 

transcripts upon starvation and was normalized using b-tubulin levels. The above 

experiment was performed with 5 technical replicates with six 72h larvae per replicate (n 

of 2). The error bars represent standard error of the mean (SEM). 
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4.4 The starvation-mediated decrease in translation occurs independently of change 

in ribosome numbers  

 When performing polysome analysis, it was essential to load equal amounts of 

ribosomes on to the gradients to normalize for change in number of ribosomes due to 

starvation. Since more than 80% of the total cellular RNA consists of rRNA, I quantified 

the total RNA in the lysates using a nanodrop UV-Vis spectrophotometer as an indirect 

measure of ribosome levels. While taking OD readings on the nanodrop, I observed that 

starvation normally led to a decrease in concentration of total RNA. Moreover, reports in 

yeast suggest that amino acid starvation leads to a rapid and selective degradation of both 

40S and 60S subunits – a process known as ribophagy[238]. Ribophagy has not been 

reported in Drosophila, and so it is unclear how rapidly ribosome numbers can change 

upon starvation. In a similar scenario, protein-deprived rat livers have been shown to 

have decreased levels of rRNA as compared to protein-fed rats, with degradation of 

rRNA decreasing rapidly during the first two days of starvation, after which synthesis 

rates and degradation rates both decrease leading to an overall slow but continuous loss 

of liver rRNA [239, 240].   

 Since starvation led to a rapid decrease in translation in Drosophila (Figure 4.1), I 

wanted to test if this decrease was due to a decrease in ribosome numbers available for 

translation. The levels of the 40S and 60S ribosomes can be indirectly measured by the 

amount of 18S and 28S ribosomal RNA (rRNA) in fed and starved conditions. I used 

qRT-PCR to estimate the 18S and 28S rRNA levels in 72 hour fed larvae or larvae 

starved for 30 minutes, 2 hours, 6 hours, 1 day, 2 days or 3 days respectively. My results 

indicate that neither 18S nor 28S rRNA levels decrease appreciably until larvae were 
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starved for a day or more (Figure 4.2), suggesting that the decrease in translation seen 

early upon larval starvation (30 minutes, 2h and 6 hour starvation) occurs in absence of 

any change in ribosome numbers.  Future studies may suggest if the decrease in 18S and 

28S rRNA seen after 1 day of starvation, is due to ribophagy. Alternatively, the decrease 

in ribosome number could simply be due to decreased rRNA synthesis. 

 

4.4a Starvation does not lead to cleavage of rRNA 

While OD and qRT-PCR measurements indicate changes in levels of rRNA, they 

cannot be used to verify the integrity of rRNA. Ribotoxic stress, caspase activation and 

glucose starvation have been shown to induce cleavage of 28S rRNA by different 

mechanisms[241-243]. Starvation might induce a stress response possibly affecting 

cleavage of rRNA in larvae, though there have been no reports to show any stress-

induced cleavage of rRNA in Drosophila. To test the integrity of rRNA, total RNA 

purified from fed and starved larvae was run on a native agarose gel. In Drosophila, the 

28S rRNA is cleaved so that the cleavage products run close to the 18S band[244]. 

Similar to this observation, the main bands observed were the pre-rRNA band, the 18S 

band (includes the cleaved 28Sa and 28Sb bands) and the 5S rRNA band (Figure 4.3). 

Starvation did not lead to cleavage of the rRNA as clear bands corresponding to 18S 

rRNA were obtained with little or no smear found beneath the 18S band (Figure 4.3). 

This suggests that rRNA cleavage is not induced upon nutrient starvation of larvae. More 

detailed analysis on agarose gel in denaturing conditions can show a more accurate 

picture of how the rRNA behaves upon starvation. 
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 Figure 4.3 No cleavage of rRNA is observed upon starvation 

Purified RNA samples from wild type larvae (w1118;+;+) - fed and starved for 30 min, 

2h, 6h, 24h, 48h and 72h (n of 2) were separated using agarose gel electrophoresis (1% 

agarose, TAE). In Drosophila, the 28S band is cleaved into two fragments 28Sa and 28Sb 

that migrate similarly to the 18S rRNA[244]. The bands indicated depict the pre-rRNA, 

18S rRNA (includes the cleaved 28Sa and 28Sb bands as well) and 5S rRNA. 

Importantly, no degradation was observed in the form of smaller bands or a smear below 

the 18S rRNA, at all time points of starvation.  
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4.5 Translation of individual transcripts is decreased upon starvation: 

 In order to observe the starvation-induced change in translation of specific 

transcripts, i.e. transcripts derived from a single gene, I fractionated the gradient into 12 

equal parts of 1ml each and calculated the percentage of the transcript of interest in these 

fractions. Since I pumped and collected the contents of the gradient at a uniform flow 

rate, based on the width of sub-polysome and polysome peaks obtained from the profiles, 

I could roughly calculate that fractions 1-4 contained the sub-polysomes (40S, 60S and 

80S, Figure 4.4). Similarly I estimated that fractions 5-8 contain light polysomes (roughly 

2-7 ribosomes) and fractions 9-12 contained the heavy polysomes (>7 ribosomes, (Figure 

4.4).  
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Figure 4.4 Separation of polysomes according to size 

 The volume of the gradient along with the sample was made up to 12ml. After the 

measurement of OD the contents of the gradient were fractionated into 12 fractions. The 

sub-polysomes (40S, 60S and 80S) were collected within the first 4 fractions. The second 

4 fractions contained the light polysomes (mRNAs bound to 2-7 ribosomes) and the last 4 

fractions contained the heavy polysomes (mRNAs bound to >7 ribosomes). Changes in 

mRNA content within the sub-polysomes, light polysomes and heavy polysomes indicate 

whether translation is increased or decreased.  
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 Ribosomal protein (RP) mRNAs have been previously shown to decrease in 

translation upon nutrient withdrawal, whereas translation of transcripts such as actin 

showed no change[245]. However, based on all the qRT-PCRs for the various transcripts 

that I have performed, I could conclude that starvation on 20% sucrose decreased not 

only the translation of TOP mRNAs, but also the translation of almost all mRNAs that I 

assessed by qRT-PCR. Exceptions include 4e-bp and cg7224 transcripts, both of which 

showed were translated to relatively similar level compared to fed condition.    

 

My first experiments for qRT-PCRs on individual transcripts were performed in 3 

day starved larvae. I first tested the translation of ribosomal protein L1 (RpL1). TOR 

signaling has been known to positively regulate the translation of ribosomal proteins. 

Therefore upon starvation (when TOR signaling is inhibited), the translation of ribosomal 

protein mRNAs is expected to decrease. As predicted, the translation of RpL1 was 

decreased upon starvation, as evidenced by the decrease in percentage of mRNA in the 

heavier polysomes (fractions 9-12) upon starvation (Figure 4.5). Similarly the translation 

of the transcription factor E2F was found to decrease upon 3d starvation. On the other 

hand 4E-BP did not show decreased translation upon starvation (Figure 4.5). This part of 

my data was my contribution towards an article in ‘Nature’ by Zielke et al. who showed 

that the transcription factor E2F coupled nutrition to endoreplication[246] and my data 

helped prove that nutrition regulated E2F by promoting its translation. 
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Figure 4.5: 3 day starvation led to decreased translation of E2F mRNA 

This data was my contribution towards an article in ‘Nature’ by Bruce Edgar’s 

lab, which demonstrated that E2F was an important factor that coupled nutrient signals to 

endoreplication[246]. My data above demonstrated that one of the mechanisms by which 

E2F might be regulated is via translational control of E2F. I showed that E2F translation 

decreased upon starvation (shift of mRNA from heavier fractions to lighter fractions) 

similar to the positive control RpL1. Ribosomal proteins have been characterized to be 

translationally downregulated upon TOR inhibition. 4E-BP on the other hand did not 

show any substantial change in translation. The experiment was repeated thrice and the 

representative images are displayed here. The y-axis represents the percentage of each 

mRNA in the fractions and the x-axis represents the fraction number.  
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In order to explore further into the effects of starvation, I chose to analyze the 

translation of 18 specific transcripts.  These 18 transcripts (Fig 4.6A, 4.7A and 4.8A) 

were chosen based on previous microarray analyses performed by Li et al. to study 

starvation-mediated genome-wide transcript changes in larvae[28].   These transcripts 

were chosen such that six each had increased, decreased or unchanged (little or no 

change) transcript levels upon starvation in the microarray and qRT-PCR. The reason for 

choosing these specific transcripts was to test if starvation of Drosophila larvae led to 

potentiation, i.e. homodirectional changes in mRNA levels and translation[247]. 

Potentiation had been widely observed with specific stress conditions that inhibited the 

translation of Saccharomyces cerevisiae, particularly amino acid starvation and 

rapamycin treatment[247, 248]. Firstly, I confirmed the results of the microarray with 

qRT-PCR and found good agreement between my data and the microarray (Fig 4.6A, 

4.7A and 4.8A). I isolated total RNA from 72h fed and 18h starved larvae and performed 

qRT-PCRs on the total RNA to check if the levels of the 18 transcripts followed the trend 

seen in the microarray. 18 hours was chosen as the time point, as most of the 

transcriptional changes seen in larvae were shown to occur after 12-24 hours of 

starvation[28]. I wanted to see the effects on individual mRNAs in a similar time frame. 

The transcripts unchanged in the microarray – dMyc, foxo, mrps29, mrpl16, rps20 and 

rpl16 showed slight variations but were mostly unchanged (Fig 4.6A). The transcripts 

upregulated in the microarray – inr, 4e-bp, lk6-b (b isoform), sug, cg7224 and cg8745 

were all upregulated upon starvation for 18 hours (Fig 4.7A). The transcripts that were 

shown to be downregulated in the microarray – cg5955, cg6459, cht5, cg9466, obst-A 

and cg1368, mostly showed a decrease of more than 50% upon starvation for 18 hours 
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(Fig 4.8A). The exception was cht5, which showed only a 30% decrease. To compare the 

translation of these 18 mRNAs in fed versus 18 hour-starved larvae; I performed qRT-

PCRs on the fractions. Since only 18 mRNAs were analyzed, this cannot be compared to 

an extensive transcriptome-wide analysis. However, I could determine the general 

translation status of probed mRNAs and assess the correlation between changes in total 

transcript levels versus changes in their translation.  

My data indicates that irrespective of the change in mRNA levels, translation of 

the 18 transcripts always decreased with 18h starvation (Figures 4.6, 4.7 and 4.8). This 

indicated that potentiation was not observed upon translation of larvae for the 18 

transcripts. 
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Figure 4.6 Starvation led to a decrease in translation of individual transcripts  

A) qRT-PCR results of 6 transcripts whose total levels showed negligible change upon 

starvation of wild type larvae (w1118;+;+) for 18 hours. Grey bars/lines represent fed 

condition and blue bars/lines represent 18h-starved condition. B) the relative amount of 

an mRNA, eg. dMyc  mRNA in each fraction expressed as the percentage of the total 

amount of dMyc mRNA present in the polysome gradient, as measured by qRT-PCR. 

Starvation led to decreased association of mRNAs with heavier polysomes. Most mRNAs 

were tested and repeated at least 6 times with a few transcripts repeated up to 4 times. 

The error bars represent SEM.  
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Figure 4.7 Starvation led to a decrease in translation of individual transcripts  

A) qRT-PCR results of 6 transcripts whose total levels were increased, upon starvation of 

wild type larvae (w1118;+;+) for 18 hours. Grey bars/lines represent fed condition and red 

bars/lines represent 18h-starved condition. B) the relative amount of an mRNA, eg. InR 

mRNA in each fraction expressed as the percentage of the total amount of InR mRNA 

present in the polysome gradient, as measured by qRT-PCR. Starvation led to decreased 

association of mRNAs with heavier polysomes. Most mRNAs were tested and repeated at 

least 6 times with a few transcripts repeated up to 4 times. The error bars represent SEM. 
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Figure 4.8 Starvation led to a decrease in translation of individual transcripts  

A) qRT-PCR results of 6 transcripts whose total levels were decreased, upon starvation of 

wild type larvae (w1118;+;+) for 18 hours. Grey bars/lines represent fed condition and red 

bars/lines represent 18h-starved condition. B) the relative amount of an mRNA, eg. Cht5 

mRNA in each fraction expressed as the percentage of the total amount of Cht5 mRNA 

present in the polysome gradient, as measured by qRT-PCR. Starvation led to decreased 

association of mRNAs with heavier polysomes. Most mRNAs were tested and repeated at 

least 6 times with a few transcripts repeated up to 4 times. The error bars represent SEM. 
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4.5a Ribosome occupancy for the 18 transcripts was only decreased marginally, 

whereas ribosome density decreased by nearly 50% upon starvation 

Ribosome occupancy and density are two parameters that determine the degree of 

translation of individual transcripts. Ribosome occupancy can be defined as the 

percentage of mRNAs that are actively translated, i.e. bound to polysomes. I have already 

used qRT-PCR to determine the percentage of a transcript ‘x’ in each fraction. Using the 

data from qRT-PCRs, the percentage of the transcript x in fractions 4-12 gives the 

ribosome occupancy for transcript x. 

 

Ribosome occupancy = 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒  𝑜𝑓  𝑡𝑟𝑎𝑛𝑠𝑐𝑟𝑖𝑝𝑡  𝑥  𝑖𝑛  𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛  𝑖!"
!!!   

 

 My results indicated that fed larvae had a very high ribosomal occupancy of 

>90%. For example the ribosome occupancy in fed conditions for dMyc was nearly 97% 

(Fig 4.9A). Starvation led to only a slight decrease in ribosomal occupancy, indicating 

that starvation did not abolish translation completely, rather the decrease in translation 

was due to ribosome numbers bound to the mRNAs (see – Ribosome density data - 

Figure 4.9B).  

 

Experiments using mammalian cell lines have previously shown that ribosomal 

occupancy for ribosomal protein mRNAs (Rp-mRNAs) - 66%, was lower compared to 

other cellular housekeeping mRNAs like actin- 91%[249]. Furthermore, conditions that 

inhibited growth have been shown decrease ribosomal occupancy of mammalian Rp-

mRNAs by up to 86% compared to 26% ribosomal occupancy of housekeeping gene 
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mRNAs[249]. Unlike the cell line data [249], my results indicate that fed larvae have 

high ribosomal occupancy for all 18 mRNAs (around 90%). However, similar to the 

findings of Meyuhas et al; I observed that the ribosomal occupancy of the two ribosomal 

proteins RpL6 and RpS20 decreased by 20-30%, whereas the ribosomal occupancy of the 

other 16 transcripts only decreased to by 5-10%.  Since I have only looked at the 

translation of 18 transcripts, a transcriptome-wide analysis would indicate whether all the 

ribosomal proteins have decreased ribosomal occupancy upon starvation. If this proves to 

be true, then my data would confirm the idea that ribosomal protein translation might be 

one way by which ribosome biogenesis is regulated by nutrients.   
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Figure 4.9 More than 80% of the transcripts coding for a single ORF were 

polysome-bound even after starvation, however, the decrease in translation 

occurred due to a decrease in number of ribosomes bound to each mRNA. 

A) and B) represent the ribosome occupancy (percentage of mRNA bound to 

polysomes i.e. mRNA in fractions 5-12) and the ribosome density (number of ribosomes 

bound per 100 nucleotides of an ORF), as measured by qRT-PCR of fed(grey) and 18h 

starved (blue, red and green) wild type larvae (w1118;+;+) larvae . The ribosome 

occupancy and density values were calculated using the average values (n of 4-6) of the 

% transcript bound to each fraction of the polysome gradient. 
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The other parameter that indicates the efficiency of translation of individual 

mRNAs is ribosome density. Ribosome density is the number of ribosomes bound per 

100 nucleotides of the coding sequence (ORF) of the mRNA. Ribosome density for a 

specific mRNA is calculated as  

xden  = !"#$%&  !"  !"#$%&'$  !"  !"#$  !"#$%&'(
!"#$%!  !"  !"#$%&  !"#$"%&"  !"  !"#$  !

 *100[229], 

Where xden is the ribosome density for mRNA ‘x’, peak fraction is the fraction containing 

the highest percentage of mRNA among the 12 fractions.  

 

The ribosome densities varied between 0.1 and 1 for the 18 transcripts in fed 

conditions (Fig 4.9B). However upon starvation the ribosome densities for all the 

mRNAs except 4E-BP and CG7224 decreased upon starvation for 18 hours (Fig 4.9B). 

This confirms that starvation leads to a decrease in number of ribosomes bound to each 

mRNA.  

 

4.5b Rapamycin-mediated inhibition of translation in Drosophila SL2 cells  

The TOR inhibitor rapamycin has been shown to inhibit translation in cell 

culture[250, 251] and in organisms such as yeast[252], worms[253], flies[254] and 

mice[137]. Rapamycin treatment has been shown to mimic starvation-mediated inhibition 

of cell growth. I wanted to determine whether the results obtained with larvae could be 

replicated upon TOR inhibition using rapamycin. To do this, I treated confluent SL2 cells 

in 90mm petri dishes with 20 nM Rapamycin[245] or an equivalent volume of DMSO 

(control) for 3 hours. 10 minutes prior to lysis 100 µM cycloheximide was added in PBS 

to the cells to prevent ribosome runoff during lysis. The cells were then lysed in the 
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polysome lysis buffer (100 µg/ml Heparin instead of the 1 mg/ml used for Drosophila 

larvae) and polysome analysis was performed. Rapamycin treatment led to a decrease in 

height of polysomes (Figure 4.10.1 A) similar to the observations in starved larvae 

(Figure 4.10.1 B-E) 

Interestingly, preliminary observations showed that ribosomal proteins RpS9 and 

RpS30 had very low ribosomal occupancy in Drosophila SL2 cells in control conditions 

(Figure 4.10.1 F), similar to the observations made by Meyuhas et al[249]. Although, the 

SL2 cell data was performed only once, it was more similar to the data obtained using 

serum deprived or TOR inhibited mammalian cell lines[109, 255, 256]. Also, rapamycin 

treatment decreased the ribosomal occupancy of the 2 ribosomal proteins but did not 

affect the occupancy of dMyc and 4E-BP (thor). (Figure 4.10.1 F).  
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Figure 4.10.1 Rapamycin treatment led to inhibition of translation in SL2 cells 

Polysome profiles obtained from confluent 90 mm petri dishes of SL2 cells 

treated with 20 nM rapamycin or an equivalent volume of DMSO control for 3 hours (n 

of 1). B to E) qRT- PCR was performed on the cDNA obtained from DMSO or 

rapamycin treated SL2 cells for dMyc, RpS9, RpS30 and 4E-BP. Rapamycin treatment 

led to a decreased association of mRNAs with heavy polysomes. 4E-BP like in starved 

larvae, showed minimal shift towards lighter polysomes upon rapamycin treatment.  F) 

The qRT-PCRs indicate that Rp-mRNAs have a low ribosomal occupancy as shown in 

mammalian cells, which is further decreased upon rapamycin treatment. Ribosomal 

occupancy for non-Rp-mRNAs remained high in both control and rapamycin treated 

cells. 
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4.5c IRESs and uORFs in the 5'UTR do not show increased translation of 

their downstream ORFs among the 18 chosen transcripts in starved larvae 

Several cis acting elements within the 5’UTR of the mRNAs have been shown to 

activate/maintain translation of downstream ORFs under nutrient limitation in 

mammalian cells and in Drosophila melanogaster[118, 162, 167, 257, 258]. These 

elements include, but are not restricted to unstructured 5’UTRs (i.e. low secondary 

structures such as hairpins and loops) with low free energy of folding and Internal 

Ribosomal Entry Sites (IRESs). IRESs allow ribosome binding to designated IRES 

sequences rather than the 5’cap and are predicted to promote translation of downstream 

ORFs even when ribosome binding to the 5’cap of the mRNAs is inhibited in conditions 

such as starvation [259-261]. Similarly, Nahum Sonenberg’s group predicted that 

mRNAs with complex secondary structures in the 5’UTR required eIF4E-eIF4A-

mediated unwinding of the RNA to translate downstream ORFs. Their group further 

demonstrated that under conditions that generally inhibit eIF4E activity, the translation of 

the mRNAs with long and structured 5’UTRs was inhibited compared to mRNAs with 

short and unstructured 5’UTRs[162, 262].   However, starvation of Drosophila larvae did 

not promote translation of mRNAs with putative IRESs (dFOXO and dInR) or mRNAs 

with short and unstructured 5’UTRs (See Table 4.1) Moreover qPCRs performed for 

other transcripts (20 other transcripts tested, though mostly only a single replicate was 

performed - Figure 4.10.2, 4.10.3, 4.10.4 and 4.10.5) showed a decrease in polysome 

association upon starvation, suggesting a decrease in bulk translation. The best way to 

test if starvation leads to a global decrease in translation would be to combine polysome 

analysis with microarray analysis of the transcripts present in the fractions. 
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 Isoforms CDS	  
length 

5'UTR	  
length 

5'UTR	  
minimum	  
free	  energy	  
Kcal/mol 

uORF IRES 
Ribosome	  Density 

Fed 18h	  
Starved 

dMyc b 2154 627 -‐125.6 1 NA 0.371 0.162 

 
a 2154 631 -‐114.5 1 NA 

  Rpl6 a 732 46 -‐2.5 No NA 0.683 0.273 

 
b 789 46 -‐2.5 No NA 

  Rps20 
 

363 90 -‐15.2 No NA 0.964 0.551 
FOXO f 1869 549 -‐103.2 1 1 0.321 0.161 

 
b 1842 807 -‐170.6 5 NA 

  
 

c 1842 416 -‐73.7 No NA 
  

 
g 1869 291 -‐54.4 No NA 

  
 

h 1860 416 -‐73.7 No NA 
  mRpl16 a 732 91 -‐9.9 1 NA 0.820 0.410 

 
b 732 91 -‐9.9 1 NA 

  mRps29 
 

1179 77 -‐9 No NA 0.594 0.297 
InR a 6435 1128 -‐225.7 7 1 0.109 0.070 

 
b 6435 1118 -‐260.9 7 1 

  
 

c 6435 419 -‐107.8 2 1 
  

 
d 6435 485 -‐114 2 1 

  CG7224 a 357 167 -‐22.6 No NA 0.980 0.840 

 
c 357 244 -‐39.4 1 NA 

  CG8745 
 

1485 214 -‐33.8 No NA 0.404 0.236 
LK6-‐B b 3273 519 -‐109.3 1 NA 0.183 0.107 
Sug a 1155 72 -‐8.4 No NA 0.606 0.260 

 
b 969 383 -‐118 3 NA 

  4E-‐BP a 354 182 -‐34.8 No NA 0.989 0.989 

 
b 354 94 -‐10.5 No NA 

  CG5955 
 

1104 68 -‐11.8 No NA 0.725 0.317 
Cht5 

 
1788 130 -‐26.4 No NA 0.391 0.196 

CG6459 
 

792 106 -‐14.5 No NA 0.884 0.442 
Obst-‐A a 714 123 -‐26.5 No NA 0.980 0.490 

 
b 714 123 -‐26.5 No NA 

  CG1368 
 

561 71 -‐9.4 No NA 1.070 0.624 
CG9466 a 2949 67 -‐12.8 No NA 0.203 0.119 

 
b 2949 67 -‐12.8 No NA 

    

Table 4.1 Cis regulatory elements in the 5' UTR do not promote translation upon 

starvation of larvae 

Shown above are the various parameters -CDS length, 5'UTR length, 5'UTR 

minimum free energy of folding, uORF, IRES and the ribosome densities of each 

transcript in fed and 18h starved wild type larvae (w1118;+;+). These cis regulatory 

sequences noted above, such as 5’UTR minimum folding energy, upstream ORFs and 
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putative IRESs, did not alter the decrease in ribosome density seen upon starvation. The 

isoforms shown are the mRNAs that are produced from the same genomic locus but are 

different in their transcription start sites (TSSs), protein coding sequences and or UTRs. 

Previous studies in several model organisms from yeast to mammals have shown that 

ribosome densities are inversely correlated to the length of the coding sequence [219, 

229, 263-266]. Similar to their findings, long ORFs such as InR, FOXO, CG1368 and 

LK6-B were found to have low ribosome densities (n of 4-6). 
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Figure 4.10.2a Other transcripts tested show a similar reduction in translation as 

the 18 transcripts selected from the microarray 

 qRT-PCR was performed on the RNA from the 12 polysome fractions obtained 

from 72 h fed and 6 h starved wild type larvae (n=1) for RpL30, RpS23, CG5932, LK6-

A, CG32302 and Lcp65Af. These qRT-PCRs indicate that the translation of individual 

mRNAs also decrease upon starvation for 18 hours. 
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Figure 4.10.2b Other transcripts tested show a similar reduction in translation as 

the 18 transcripts selected from the microarray 

 qRT-PCR was performed on the RNA from the 12 polysome fractions obtained 

from 72 h fed and 6 h starved wild type larvae (n=1) for 18S rRNA, Tif1A, RpL1, eIF4E, 

Hid and Actin. These qRT-PCRs indicate that the translation of individual mRNAs also 

decrease upon starvation for 3 day or 4 day starvation. 
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Figure 4.10.2c Other transcripts tested show a similar reduction in translation as the 

18 transcripts selected from the microarray 

 qRT-PCR was performed on the RNA from the 12 polysome fractions obtained 

from 72 h fed and 6 h starved wild type larvae (n=1) for dS6K, TBP, Modulo, RpS6, 

RpS9 and RpL12. These qRT-PCRs indicate that the translation of individual mRNAs 

also decrease upon starvation for 3 day starvation. 
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 4.5d Calculation of predicted change in protein synthesis for the 18 transcripts 

Using the ribosomal occupancy and ribosomal density data for each mRNA, the 

translational control exerted on each mRNA by starvation was calculated as follows: 

 

Translational control exerted on mRNA ‘x’ upon starvation, Tst = 𝑬𝒙𝒔𝒕  ∗𝒙𝒐𝒄𝒄  𝒔𝒕  ∗𝒙𝒅𝒆𝒏𝒔𝒕  
𝑬𝒙𝒇𝒆𝒅  ∗  𝒙𝒐𝒄𝒄𝒇𝒆𝒅  ∗  𝒙𝒅𝒆𝒏𝒇𝒆𝒅

 

[229, 263, 267-269]. 

Where Exfed is the rate of elongation of mRNA ‘x’ in fed conditions, Xoccfed is the 

ribosomal occupancy of mRNA x and Xdenfed is the ribosomal density of mRNA x. Est, 

Xocc st   Xdenst represent the respective values in 18h starved larvae. The concentration of 

amino acids in the hemolymph of Drosophila larvae has been shown to decrease by 

around 50% upon 20h starvation [270]. Therefore assuming that the elongation rate 

decreases by half upon starvation the equation can be then written as  

 

Tst = 𝒙𝒐𝒄𝒄  𝒔𝒕  ∗𝒙𝒅𝒆𝒏𝒔𝒕  
𝟐∗𝒙𝒐𝒄𝒄𝒇𝒆𝒅  ∗  𝒙𝒅𝒆𝒏𝒇𝒆𝒅

  

The overall change in synthesis of protein X - Pst, which is a function of the mRNA 

concentration, can then be calculated as: 

Pst = Fold change in concentration of mRNA 'x' upon starvation * Tst [263] 

The change in protein synthesis of each of the 18 transcripts is shown in Figure 4.11.  

Both the unchanged and downregulated transcripts had a decrease in protein synthesis 

whereas the upregulated transcripts were able to maintain/upregulate protein synthesis 

upon starvation of larvae. 

 

.  
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Figure 4.11 Predicted change in protein synthesis correlates with the change in 

mRNA levels for the 18 transcripts assessed by qRT-PCR 

Theoretical change in protein synthesis upon 18 h starvation of wild type larvae 

(w1118;+;+) was calculated based on the average ribosome occupancy and ribosome 

density values obtained for the 18 transcripts (n of 4-6), assuming a decrease in 

translation elongation rate by 50%. Pst represents the fold change in protein synthesis 

relative to the protein levels in fed larvae Pfed (grey bars). The Pst is represented in three 

colours with blue, red and green bars representing the transcripts with unchanged, 

upregulated and downregulated transcripts upon 18h starvation. Both the unchanged and 

downregulated transcripts had a decrease in protein synthesis whereas the upregulated 

transcripts were able to maintain/upregulate protein synthesis upon starvation of larvae.  
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4.6 A yeast-only diet but not a protein-only diet is sufficient to maintain translation 

in-vivo 

 I next wanted to test the nutritional requirements for maintaining translation in 

larvae. Yeast is a major source of protein, sterols, lipids, vitamins, nucleic acids and 

various trace elements for Drosophila in the laboratory, and the percentage of dietary 

yeast plays a defining role in controlling larval growth rate. Therefore I first tested 

whether yeast alone was sufficient to maintain translation as compared to fed larvae. I 

observed that larvae transferred back to food (refed) after flotation on 20% sucrose were 

able to maintain translation as well as fed larvae (Figure 4.12A). Similarly, larvae that 

were shifted to a yeast-only food were able to maintain translation (Figure 4.12A). 

However, for unknown reasons, the polysome profiles obtained from larvae fed with a 

yeast only diet, varied in height of polysomes. 

 

4.7 A sugar-only and/or protein-only diet did not recapitulate the translation 

observed with fed larvae 

 

 Amino acids and sugars have been the two best known macronutrients known to 

regulate translation in cell lines and in organisms such as yeast, worms, flies and mice. 

The dogma in the field of translational control has been that amino acids can directly 

activate the signaling pathways that promote translation. For example, it has been shown 

in cell culture that amino acids are sufficient to activate translation[109]. Indeed 

experiments in mice and rats demonstrated that dietary amino acids activated translation, 

particularly in the liver and skeletal muscles of fasted animals[271-273]. While these 



	   128	  

experiments in mice and rats suggest that amino acids are required for translation, they do 

not address whether amino acids and/or sugars alone are sufficient to maintain 

translation. To investigate the role of amino acids and/or sugars in rapidly growing 

larvae, I obtained polysome profiles from 72h (or 80h) fed larvae transferred to a sugar-

only diet (20% sucrose) or a protein-only diet.  

 So to test the minimal requirements to maintain translation in-vivo, I performed 

polysome analysis on:  

• larvae that were floated out of the food and transferred back to food for 2 hours. 

This was a refed control for the mechanical stress or hypertonic stress due to 

flotation of larvae on 20% sucrose. 

• larvae that were floated out of the food and transferred to a 15% w/v (or 30% w/v) 

yeast and 0.5% (w/v) agar in PBS. 

• larvae that were floated out of the food and transferred to 0.5% (w/v) agar in PBS.  

• Larvae that were floated out of the food and transferred to 15% (w/v) casamino 

acids /peptone/ essential amino acids/total amino acids in 0.5% (w/v) agar in PBS. 

 

 My results indicated that neither sugar (larvae floated on 20% sucrose – Figure 

4.12A), nor protein (larvae kept on agar containing peptone or casamino acids for 2 hours 

– Figure 4.12 A and B), could maintain translation of larvae after removal from food. The 

decrease in translation observed in agar+sugar, agar+ casamino acids and agar+peptone 

were very similar to profiles observed in 2h-starved larvae (in agar). 
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Figure 4.12 Feeding a yeast-only diet but not a amino acid-only diet recapitulates 

the translation observed in fed and refed larvae 

 Polysome profiles were obtained from 72h wild type larvae (w1118;+;+)  with a 

minimum n of 3. 

A) fed on standard fly food (fed) or floated out of food and transferred to 20% sucrose 

(starved), standard fly food (refed) or yeast paste, for 2 hours. A complex diet such as 

yeast, was sufficient to maintain translation similar to the levels observed for fly food. 

However, neither sugar nor protein in the form of casamino acids, were able to sustain 

translation at similar levels to fed larvae.  

B) refed on fly food , agar, yeast +agar or peptone + agar, for 2 hours. 
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For the protein-only diet various sources such as peptone, casamino acids, essential 

amino acids (EAA), peptone + essential amino acids or all 20 standard amino acids (total 

amino acids or TAA) were used (Figure 4.12 and 4.13). It was essential to test with 

multiple sources of amino acids, as it has been shown previously that adding high amount 

of single amino acids in the diet inhibited feeding behavior and growth[274, 275]. 

Importantly high amounts of dietary amino acids in the diet promoted wandering of 

larvae away from food[274]. Co-incidentally, I found that larvae fed with casamino acids 

(a mixture of amino acids derived from casein), tended to wander away from the food. 

This tendency could not be modified even when the pH of the casamino acid solution was 

maintained at pH 7.4 using PBS, suggesting that the wandering activity was not due to 

change in pH. It is possible that the premature wandering behavior might be the result of 

excessive dietary amino acids, similar to the phenotype observed by Zinke et al[274]. 

Such a behavioral response suggests that larvae regulate their feeding by sensing amino 

acid levels in the diet.  To solve this problem I tried other sources of protein such as 

peptone, which is made up of peptides obtained from proteolytic cleavage of the protein 

casein, rather than a mixture of amino acids. Peptone did not lead to any wandering 

behavior away from food, so it is possible that peptides do not lead to an altered 

behavioral response such as wandering. Casamino acids and peptone can also have a 

variable amount of certain amino acids, due to acid hydrolysis-mediated depletion of 

tryptophan or due to method of processing of peptone respectively. Because of the 

variability in amount of amino acids, it was difficult to assess the concentration of 

casamino acids required to activate translation. So in order to ensure that all the amino 
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acids are provided in the right amounts, I added all 20 standard amino acids (Sigma) 

based on the concentrations of amino acids available in yeast, as described by Piper et 

al.[191]. Matt Piper and group described a holidic diet or chemically defined diet 

specifically designed to study Drosophila growth[191], which helped us to avoid 

excessive amounts of amino acids and at the same time provide sufficient amount of 

amino acids to stimulate translation.  Another reason for addition of all 20 amino acids 

was that Drosophila larvae can sense and reject diets containing imbalanced amino acids, 

i.e. they can sense the lack of even a single amino acid and tend to eat less of the 

imbalanced food[131]. The dietary amino acid imbalance is detected by GCN2 signaling 

in particular neurons in larvae and the overall mechanism is conserved in mice and rats. 

Overall my results indicate that addition of amino acids – as peptone, casamino acids, 

essential amino acids or total amino acids, was not sufficient to maintain translation at 

levels comparable to either normal food or a yeast-only diet (Figure 4.12 and 4.13). There 

was a subtle increase in polysomes with the total amino acid diet and with 

peptone+essential amino acids (Figure 4.13), however, the profiles looked very similar in 

trend to profiles obtained with starved larvae – high amount of sub-polysomes and low 

amount of polysomes. Essentially, these results suggest that other factors present in the 

diet might regulate translation in addition to dietary amino acids. These results are 

particularly interesting as they contradict the data obtained from cell culture, which show 

that amino acids are sufficient to activate translation[109, 276].  
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Figure 4.13 Feeding an amino acid-only diet does not recapitulate the translation 

observed in fed and refed larvae 

 Polysome profiles were obtained from 72h larvae wild type larvae (w1118;+;+)   

A) refed on fly food, agar, 2X yeast essential amino acids (YEAA) + agar or 30% 

peptone + 2X YEAA + agar for  2 hours. Twice the amount of essential amino acids was 

used to compensate for nitrogen content absent in the form of non-essential amino acids. 

B) refed on fly food, agar, total amino acids (TAA) + agar, or TAA + sugar, for 2 hours. 

Refer to table 2.1 for the concentration of amino acids used in YEAA and TAA. B, C, 

and D all show that a protein-only diet is insufficient to maintain translation as compared 

to fly food. 
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4.8 An amino acid-only diet was sufficient to activate insulin signaling in larvae 

 Since amino acids were not sufficient to maintain translation of larvae, I wanted 

to ensure that larvae fed on amino acid-only diet elicited a functional response in the 

form of insulin signaling. Normally upon starvation of larvae, insulin-like-peptide-2 

(dilp2) release from the insulin producing cells (IPCs or mNSCs) in the brain is inhibited. 

However, it has been shown previously that addition of amino acids to the diet is 

sufficient to promote dilp2 release from the insulin producing cells of larvae [42]. I 

expected that ingestion of amino acids by the larvae would activate insulin signaling by 

promoting dilp2 secretion from the IPCs. Thus insulin release and subsequent activation 

of the PI3K pathway would inhibit FOXO activation in the larvae even though translation 

remained inhibited. On the other hand, if dietary amino acids failed to activate insulin 

signaling, that would indicate that amino acids were not ingested sufficiently to activate 

translation. To test this, I performed qRT-PCR analysis to analyze the changes in levels 

of the FOXO targets – 4e-bp, dinr and dilp6; in 72-80 hour larvae, which were either 

refed, or transferred to agar, agar+sugar, agar+TAA or agar+TAA+sugar for 2 hours 

(Figure 4.14a).  
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Figure 4.14a Amino acids are sufficient to activate insulin signaling but not 

sufficient to promote rRNA or tRNA synthesis 

 qRT-PCR was performed on 72h wild type larvae (w1118;+;+), which were either 

refed fly food or transferred to agar, agar+sugar, agar+ TAA or agar+TAA +sugar, for 2 

hours. A) shows that amino acids are sufficient to prevent the induction of FOXO targets 

– 4E-BP, dInR and dilp6, indicating that amino acids are sufficient to activate insulin 

signaling B) shows that amino acids are insufficient to prevent the decrease in pre-rRNA 

synthesis as shown by reduction in ITS levels at 2 hours of starvation. C) shows that 

amino acids are insufficient to prevent the inhibition of tRNA synthesis, as shown by the 

decrease in levels of precursors of the tRNAs – iMet, L3 and I. The y-axis represents 

relative fold change. The data represent the relative fold change in the respective 

transcripts upon starvation and was normalized using b-tubulin levels. The above 

experiment was performed with 5 technical replicates with six 72h larvae per replicate. 

The error bars represent standard error of the mean (SEM). 
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 As expected, amino acids alone were sufficient to inhibit the induction of FOXO 

targets - 4e-bp, dinr and dilp6 (Figure 4.14a). A previous report from Geminard et al. 

indicated that sugars alone were insufficient to activate DILP2 secretion from the mNSCs 

in larvae. Surprisingly, I found that besides amino acids, sugar alone was also sufficient 

to inhibit the induction of 4e-bp, and dilp6 although the dinr transcripts were still induced 

at levels similar to an agar-only diet, indicating that sugars might activate dinr 

transcription independent of insulin signaling. For example MAPK/ERK signaling can 

regulate dinr transcription via the ETS-1 transcription factor –Pointed[277]. It is possible 

that sugars promote the secretion of DILPs other than DILP2, which might explain why I 

see activation of insulin signaling in the absence of DILP2 secretion from the mNSCs. 

Also, a combination of amino acids and sugar, did not suppress 4e-bp, dinr and dilp6 

induction any further than seen with amino acids alone. On the other hand, amino acids 

or amino-acids+sugar could not completely suppress the induction of 4e-bp, dinr and 

dilp6 to control (fed) levels (Figure 4.14a), suggesting that FOXO activation was only 

partly blocked by dietary amino acids.  

 

4.9 Nutrient-mediated regulation of RNA Pol-I and Pol-III as a mechanism of 

translational control 

 Another way by which nutrition can regulate translation at later time points 

(starvation for longer than 24 hours) is by regulating ribosome biogenesis. Previous 

studies from our lab have demonstrated that signaling downstream of nutrition activates 

ribosome biogenesis by means of the three RNA polymerases –Pol-I, Pol-II and Pol-III.  

Pol-I and Pol-III transcription have been shown to be downregulated upon starvation due 
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to inhibition of TOR signaling. TOR signaling activates rRNA transcription via activation 

of the RNA polymerase I transcription factor TIF1A in a conserved manner from yeast to 

mammals. In starved larvae, inhibition of TOR signaling has been shown to downregulate 

pre-rRNA synthesis[26, 32]. The rDNA loci are generally transcribed by RNA Pol-I to 

give rise to a single precursor that is processed by endonucleolytic cleavage to give rise 

to the different ribosomal RNAs (18S, 5.8S, 2S and 28S rRNA) and the spacers which 

separate the rRNAs, i.e. the intergenic spacer (IGS), the external transcribed spacer (ETS) 

and the internal transcribed spacer (ITS)[278]. The ETS and ITS RNAs are rapidly 

degraded after cleavage. Thus, the levels of ETS and ITS can indirectly be used to 

measure rRNA synthesis in larvae using qRT-PCR. My results show that ETS levels 

increase by 40%, whereas ITS levels drop by 60%, after starvation for 2 hours in agar 

(Figure 4.14B). Since ETS and ITS are both cleavage products of precursor rRNA, I 

predict that the difference in the ETS and ITS levels might be due to the difference in 

stability of the ETS and ITS RNAs or possibly due to differential processing of ETS and 

ITS regions of the precursor. Since ITS levels have decreased, rRNA synthesis is 

expected to have decreased by 2-hour starvation as well. The addition of amino acids or 

sugar was unable to prevent the decrease in ITS levels, suggesting that rRNA synthesis 

was inhibited similar to starvation on just agar (Figure 4.14b). 

 

In Drosophila, TOR signaling promotes Pol-III activation by inhibition of the 

transcriptional repressor Maf-1 and activation of the transcription factor Brf[29, 30]. 

Thus starvation leads to the inhibition of tRNA synthesis. tRNA synthesis in turn can be 

estimated by measuring the levels of tRNA precursors using qRT-PCR (pre-tRNA L3 – 
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Leucyl tRNA, pre-tRNA iMet – initiator methionyl tRNA, pre-tRNA I – Isoleucinyl 

tRNA). My results show that neither amino acids nor sugar were sufficient to prevent the 

decrease in tRNA synthesis observed upon nutrient withdrawal (Figure 4.14C). Pol-I and 

Pol-III activation by nutrition has been shown to act via TOR signaling in Drosophila. It 

would be interesting to establish whether amino acids are sufficient to activate insulin 

signaling but not TOR signaling. This can be tested via measurement of p-S6K protein 

levels in larvae fed on an amino acid-only diet.  

 

4.9.1 Nutrition and TOR signaling regulate dMyc protein levels partly via 

translational control 

 Myc is a conserved basic helix-loop-helix zipper transcription factor that 

promotes the transcription of genes involved in cellular growth and cell cycle 

progression[279, 280]. dMyc is the functional homolog of mammalian c-Myc and dMyc 

can substitute for c-Myc in human embryonic kidney-293 cells indicating that both 

perform similar functions[281]. Myc contributes to growth by acting as a transcription 

factor for all three RNA polymerases and enhances synthesis of Pol-I transcription-

mediated rRNA synthesis, Pol-II transcription-mediated ribosome biogenesis genes and 

Pol-III transcription-mediated tRNA synthesis[282]. Clonal overexpression of 

Drosophila Myc in larvae leads to an increase in cell autonomous growth and protein 

synthesis [28]. dMyc null mutant larvae on the other hand,  undergo growth arrest during 

their second instar [283], while dMyc hypomorphs are viable, but smaller than control 

flies [284]. 
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 Several studies (described below) indicate that dMyc functions downstream of 

TOR to regulate gene transcription. Gene expression profiling from fed and starved 

larvae suggests that several transcripts encoding ribosome biogenesis genes, translation 

factors and metabolic genes are downregulated upon starvation [77]. Importantly, many 

of the genes downregulated upon starvation, are either direct or indirect targets (via 

intermediate transcription factors) of the transcription factor dMyc[28]. dMyc has been 

shown to bind to the promoters of several of these starvation responsive genes in- vivo 

[285]. Also many of these genes possess consensus E-box sequences in their promoters 

[28, 285] . Thus it is possible that dMyc could function downstream of nutrition/TOR to 

regulate growth related transcription. 

 

 There is one report showing that the insulin/TOR pathway activates transcription 

of Myc, via the forkhead transcription factor FOXO in Drosophila larvae[77]. The same 

report shows that pharmacological inhibition of TOR by rapamycin decreases Myc 

protein levels in cell culture[77]. This suggests that Myc protein levels might be regulated 

by TOR in-vitro. I have found that in the context of whole larvae, dMyc mRNA levels are 

relatively unchanged when comparing fed and starved larvae (Figure 14.14B). However I 

observe a significant decrease in dMyc protein levels in starved larvae and in 20 nM 

rapamycin treated Drosophila SL2 cells, compared to fed larvae and DMSO treated cells 

respectively (Figure 14.14B). Also polysome analysis shows that dMyc mRNA might be 

differentially translated under fed and starved conditions (Figure 4.6B). Thus I predict 

that insulin/TOR signaling controls Myc protein levels in-vivo and this represents one 

way by which the pathway regulates gene expression during starvation.  



	   139	  

Figure 4.14b dMyc protein levels are downregulated under starvation in larvae and 

by rapamycin treatment in SL2 cells 

 The image on the left represents a western blot probed for dMyc and α-tubulin in 

72h fed and 72h + 3day starved larvae (n=3). The image on the right represents a western 

blot probed for dMyc and actin in SL2 cells treated with 20 nM rapamycin or an 

equivalent volume of DMSO (control) for 1h and 2h time points (n=3). Tubulin and actin 

are used as loading controls in larvae and SL2 cells respectively. The bar graphs below 

represent the dMyc protein levels normalized to tubulin and actin respectively, using 

Image J software. 
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4.10 TOR signaling is necessary to promote translation in fed conditions, but not 

sufficient to maintain translation upon starvation 

 The phenomenon of translational regulation has been the object of scrutiny for 

well over 40 years. Research over the years has identified two main signaling pathways 

regulated by nutrients, which impinge on translational regulation – Insulin/TOR signaling 

and GCN2-eIF2α-mediated signaling. Insulin/TOR signaling promotes translation mainly 

by inhibition of the translational repressor 4E-BP and activation of S6K 

respectively[286]. In order to establish if TOR signaling is necessary for translation in-

vivo, I performed polysome analysis in 96 h fed, control and tor null larvae[79]. The 

polysome profiles indicated that tor null larvae have decreased translation, 

phenotypically similar to the profiles obtained for control-starved larvae (Figure 4.15A). 

This indicates that TOR signaling is required for maintaining high translation rates in fed 

conditions.  
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Figure 4.15 Insulin and TOR signaling are not sufficient to maintain translation 

under starvation 

A) Polysome profiles were obtained from fed wild type (w1118;+;+) and tor-null 

larvae (w1118;!"#∆!
!"#∆!

;+), 96 hours after egg collection (n=3). A decrease in polysomes was 

observed in tor-null larvae, even in fed conditions. B) Upstream activators of TOR- 

dp110 and Rheb were overexpressed using the heat shock ‘flip-out’ method in 48h larvae. 

After inducing the expression of dp110/Rheb for 24 hours, fed and 6 hour starved larvae 

were analyzed using polysome analysis (n=3).  

Genotypes:  

Control = y,w,hs-flp122/+;+; (B and D) 

+PI3K = y,w,hs-flp122/+;UAS-dp110/+; Actin>CD2>GAL4, UAS-GFP/+ (B) 

+Rheb =y,w,hs-flp122/+;UAS-Rheb/+; Actin>CD2>GAL4, UAS-GFP/+  (B) 
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Since starvation leads to a decrease in TOR signaling, I wished to ascertain if maintaining 

a high level of TOR signaling during starvation could rescue the suppression of 

translation. To do this, I overexpressed upstream activators of TOR in the Insulin/PI3K 

pathway – dp110, the catalytic subunit of PI3-Kinase and Rheb, the GTPase that directly 

activates TOR. An example of TOR-mediated activation of translation comes from cell 

culture, where activation of TOR signaling using Tsc2-knockdown led to increase in 

polysome content[287-289]. However, the consequences of genetic activation of TOR on 

translational control have not been as thoroughly explored in-vivo. Using clonal analysis 

it has been shown previously that PI3K/ TOR activated cells in the Drosophila larval fat 

body continue to grow and undergo endoreplication in otherwise growth arrested 

larvae[14, 88].  This suggests, that insulin signaling or TOR signaling can promote 

endoreplication and growth under nutrient-limiting conditions, in clones of cells in the fat 

body. Since translation is required for promoting cell growth and endoreplication, I 

predicted that insulin signaling and/or TOR signaling may activate translation even under 

starvation conditions.  

  Ubiquitous expression of dp110 or Rheb from embryogenesis led to lethality[15, 

179], so I used the heat shock-mediated flip-out technique to induce expression 

conditionally in 48 h larvae. 48 h larvae were heat shocked for 2 hours at 37°C to flip on 

PI3K or Rheb. After expression for 24 hours, the 72 h fed and 72h fed + 6 h starved 

larvae were lysed for polysome analysis. I first looked at translation in Rheb 

overexpressed larvae. No obvious changes in sub-polysome or polysome levels were 

observed upon Rheb overexpression as compared to control larvae in fed conditions 

(Figure 4.15B). It has been shown previously that Rheb overexpression using a similar 
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approach increased protein synthesis in larvae, as measured by an ex-vivo tritiated amino 

acid incorporation assay[27]. There are two possible ways by which this earlier result can 

be explained using the polysome profile obtained for Rheb overexpression. One 

possibility is that Rheb overexpression leads to increased initiation and elongation of 

translation, which results in an unchanged polysome to monosome ratio. The other 

possibility is that Rheb overexpression leads to increased ribosome numbers, which 

increases translation by increasing the ribosome pool available for translation, rather than 

the number of ribosomes per mRNA. Since we have loaded equal amount of RNA, i.e. 

equal number of ribosomes for fed and starved larvae, increase in translation due to 

increase in ribosome numbers can’t be seen using the polysome profiles. Previous 

findings from Grewal et al. showed that PI3K or Rheb activation indeed stimulated 

ribosome biogenesis and promoted protein synthesis in both fed and starved larvae[26, 

27]. One drawback with the polysome analysis technique is that translation elongation 

can be studied using polysome profiles, however, only after polysome runoff is induced 

by stress or chemical means. However, it is difficult to perform such analyses in-vivo, as 

it is physically not possible to induce polysome runoff in the entire larva without lysis 

and at the same time, maintain a native stoichiometric proportion of the translation 

factors, tRNAs and amino acids. 

  

 Unexpectedly, starvation of Rheb overexpressed larvae on 20% sucrose was 

unable to relieve the inhibition of translation seen upon starvation for 6 hours (Figure 

4.15B). However, as with fed larvae, it is possible that Rheb overexpression, could lead 

to increased translation by virtue of more ribosomes being engaged in translation or by 
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increased elongation. To confirm the results obtained with Rheb overexpression, TOR 

was activated using ubiquitous expression of RNAi against its upstream inhibitor, Tsc1. 

Tsc1-RNAi showed similar results to Rheb (Figure 4.16A) confirming the idea that TOR 

activation does not alter the polysome to monosome ratio, in either fed or starved larvae.   

 

 In order to test the role of insulin/PI3K signaling in nutrient-mediated 

translational control I induced dp110, the catalytic subunit of PI3K using the same flip-

out system and heat shock timings as with Rheb expression. Similar to Rheb 

overexpression, genetic activation of PI3K signaling was insufficient to increase 

polysome levels in either fed or starved conditions, when compared to control larvae 

(Figure 4.15B). Furthermore, immunohistochemistry for FOXO shows that dp110 

expression is sufficient to prevent nuclear accumulation of FOXO even upon starvation 

(Figure 4.15.1). The data with PI3K overexpression is consistent with my previous result 

showing that amino acids activate insulin/PI3K signaling but are insufficient to maintain 

translation (Figure 4.14A). 

 

 It is possible that combined activation of Rheb and insulin signaling might be 

required to maintain translation during starvation. I therefore overexpressed both dp110 

and Rheb using the heat shock flip-out system similar to the flip-out of just Rheb or 

dp110. Overexpression of both dp110 and Rheb did not lead to any increase in translation 

in fed or starved conditions. In contrast, a slight decrease in translation was observed in 

+Rheb+PI3K fed larvae (Figure 4.16B). 
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Figure 4.15.1 dp110 overexpression led to exclusion of FOXO from the nucleus even 

in starved larvae 

 I used FOXO staining to confirm that heat-shock for 2 hours provided sufficient 

expression of dp110 in larvae, and to determine whether insulin signaling is active even 

under starvation. The top panel shows the same image for 6h-starved control larvae in 

which only GFP has been flipped out, showing the green (GFP), red (FOXO) and UV 

(Hoechst 33342) channels on the left and just the red channel on the right. The bottom 

panel shows the same for 6h-starved larvae in which both dp110 and GFP have been 

flipped out. As shown in the top panel, starvation led to nuclear accumulation of FOXO. 

In the bottom panel, only the cells that haven't been flipped out (marked by a dotted white 

line) show nuclear staining indicating that dp110 overexpression led to activation of 

insulin signaling even upon starvation.  

!ywhsflp;!+;!UAS-act>CD2>GAL4,!UAS-GFP!–!6h!starved!

!ywhsflp;!UAS-dp110;!UAS-act>CD2>GAL4,!UAS-GFP!–!6h!starved!
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Figure 4.16 Insulin and TOR signaling are not sufficient to maintain translation 

under starvation 

A) Tsc1-knockdown-mediated activation of TOR did not lead to any increase in 

translation in 72h fed or 6h starved larvae (n = 1).  B) Combined activation of Rheb and 

PI3K led to high sub-polysomes and low polysomes in both fed and starved larvae, 

similar to control starved larvae (n = 1). 

Genotypes:  

A) Control = w1118;+;da-GAL4/+  

+Tsc1-RNAi=w1118;UAS-Tsc1-IR/+;da-GAL4/+  

 

B) Control = y,w,hs-flp122 

+Rheb+PI3K= y,w,hs-flp12/+2; !"#!!!!"
!"#!!"!!"

; Actin>CD2>GAL4, UAS-GFP/+   
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4.11 Neither 4E-BP knockdown nor S6K activation is sufficient to maintain 

translation under starvation 

I then decided to genetically manipulate the translational regulators 4E-BP and 

S6K, to test if translation can be activated under starvation. The translational repressor 

4E-BP is normally activated upon starvation to inhibit the translation initiation factor 

eIF4E. I expected that in the absence of 4E-BP, eIF4E should no longer be repressed 

upon starvation, and should thus allow increased translation initiation and increased 

translation upon starvation. Indeed, there is evidence in mammalian cell culture showing 

that TOR inhibition (using rapamycin analogs or rapalogs), which phenocopies 

starvation, is able to decrease translation in control cells, but is unable to decrease the 

translation of 4E-BP double knockout mouse embryonic fibroblasts (DKO MEFs)[169, 

290]. However, there is no increase in polysomes obtained from untreated 4E-BP DKO 

MEFs as compared to untreated control MEFs[291]. I performed polysome analysis on 

4E-BP null larvae (thor2), in both fed and starved (2h, 6h and 24h) conditions. 

Unexpectedly, the 4E-BP null larvae did not show any increase in polysomes in fed 

condition (Figure 4.17 A-C). However starvation led to a modest increase in polysomes 

in 4E-BP null larvae as compared to control starved larvae (Figure 4.17D), even though 

the profiles suggested that translation was still inhibited as compared to fed thor2 larvae. 

This small increase in translation might be due increased translation of a specific subset 

of mRNAs, such as the mitochondrial mRNAs described by Zid et al[114]. Thus, it can 

be concluded that 4E-BP alone cannot be accounted for the starvation-mediated 

repression of translation in larvae. My experiments with thor2 larvae also suggest that 

nutrients lead to complex signaling mechanisms distinct from just TOR activation.  
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Figure 4.17 4E-BP knockout could not maintain translation in starved larvae 

A-C) Polysome profiles obtained from wild type larvae (y,w1118;+;+) and 4E-BP 

null larvae (y,w1118;thor2;+) in fed and starved conditions (2h, 6h and 24 hours 

respectively - n=3 for all time points). In all cases no increase in polysomes was seen in 

fed thor2 larvae as compared to wild type larvae. D) comparison of starved (2h, 6h and 

24h) wild type and thor2 larvae . Starvation led to a marginal, but consistent increase in 

polysomes in thor2 larvae (except at 24h) as compared to wild type larvae (n=3). 
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I also performed polysome analysis on 72h larvae with expression of 

constitutively active S6K – S6KTE. We used the daughterless driver, da-Gal4, which has 

been shown to be expressed ubiquitously in larvae. Since S6KTE cannot be 

phosphorylated by TOR and is insensitive to TOR activity, I expected that translation 

should be high in S6KTE expressing larvae even upon TOR inhibition or starvation.  

However, as with 4E-BP, activation of S6K did not lead to any increase in polysomes in 

fed larvae (Figure 4.18A) and starved S6KTE overexpressed larvae showed a mild 

increase in polysomes compared to control larvae (Figure 4.18B). This mild increase 

upon starvation might be the result of translational upregulation of a specific subset of 

transcripts.  

Thus, experiments with both 4E-BP and S6K suggest that TOR signaling is 

necessary to activate translation, but insufficient to maintain translation compared to fed 

larvae. 
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Figure 4.18 S6K activation could not maintain translation in starved larvae 

A) Ubiquitous overexpression of constitutively active S6 kinase– S6KTE using da-GAL4 

did not lead to any increase in translation in 72h fed larvae. B) a marginal increase in 

polysome peaks was seen in +S6KTE 6h starved larvae as compared to wild type 6h 

starved larvae.  

Genotypes: Control – w1118/+;+;da-GAL4/+ 

+ S6KTE – w1118; UAS-dS6KTE/+; da-GAL4/+ 
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4.12 GCN2 knockdown promotes translation in fed conditions, but insufficient to 

rescue translational suppression under starvation 

 Since, starvation-mediated translational suppression seems to occur independent 

of TOR activity, I wanted to investigate the role of another nutrient regulated signaling 

cascade known to regulate bulk translation – the GCN2-eIF2α signaling pathway. 

Nutrient deprivation has been shown to activate two different eIF2α kinases – GCN2 and 

PERK (or PEK). GCN2 and PERK have been predominantly been activated in the 

absence of amino acids and abnormal glucose levels respectively in mammalian cells. 

Polysome profiles obtained from brain extracts of GCN2-/- mice showed increased 

polysome content as compared to controls[129], indicating that GCN2 might regulate 

bulk-translation in-vivo. The role of starvation in the regulation of GCN2 in multicellular 

organisms is not clear. This is because depletion of dietary amino acids may not deplete 

the amino acid stores in the entire organism. In order to examine the role of GCN2 

signaling in nutrient-mediated translational control, I performed polysome analysis in 

control and GCN2-IR larvae in fed and starved conditions. I used two independent RNAi 

lines (from TRiP and NIG) to induce GCN2 knockdown, the caveat being that I was 

unable to obtain 100% knockdown. I used the UAS-GAL4 system to express GCN2 

RNAi ubiquitously using daGAL4 and performed analysis on 72 h larvae grown at 27°C. 

qRT-PCR analysis shows that the two RNAi lines used inhibited GCN2 to equal degrees 

(70% knockdown at 29°C – Figure 4.19A). Knockdown of GCN2 in fed condition 

promoted translation with a marginal increase in polysome levels (in the NIG RNAi line), 

indicating even fed larvae might have a basal activation of GCN2 and GCN2 knockdown 

partially relieves this basal inhibition of translation (Figure 4.19B). However only one of 
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the RNAi lines (GCN2-IR from NIG, Tokyo) showed a marginal increase in translation 

in fed conditions (Figure 4.19B). The GCN2-IR line from VDRC did not show any 

change in translation in either fed or starved conditions (Figure 4.19C). Since starvation 

of both the GCN2-IR larvae led to a similar decrease in polysome levels compared to 

control larvae, it is possible that GCN2 signaling alone might not be sufficient to activate 

translation during starvation. 
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Figure 4.19 GCN2 knockdown promoted translation in fed conditions but not in 

starved conditions 

UAS-GCN2 RNAi was expressed ubiquitously using daGAL4. A) Knockdown of gcn2 

was quantified using qRT-PCR in control and GCN2-IR larvae at 29°C (from VDRC and 

NIG). Both the GCN2-IR lines knocked down gcn2 levels up to 70%. B) Polysome 

analysis was performed on 72 h control and GCN2 RNAi overexpressed larvae (VDRC 

and NIG) grown at 27°C. GCN2 knockdown led to a modest increase in polysomes in fed 

conditions in the NIG line, but not in starved conditions. No change was observed in the 

VDRC line in fed or starved conditions. 

Genotypes: control 1: w1118;+;+, GCN2-IR(VDRC): w1118;+; !"#!!"#!!!"
!"!!"#!

,  

control 2: y,w1118,hs-flp122;+;da-GAL4, GCN2-IR(NIG): y,w1118,hs-flp122;+;!"#!!"#!!!"
!"!!"#!
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4.13 Starvation does not appear to increase the phosphorylation of eIF2α  in larvae 

 I wanted to test if starvation-mediated inhibition of translation was mediated by 

the phosphorylation of eIF2α. I performed immunoblotting for phospho-eIF2α and total-

eIF2α in fed, 30min, 2h and 6h starved larvae. Both the phospho and total eIF2α are 

detected around 38kDa, similar to previous observations[188]. However, I found both the 

phospho and total forms of eIF2α were increased in starvation (Figure 4.20A), suggesting 

that GCN2 might not be phosphorylated at early time points. The westerns were done by 

directly boiling the snap-frozen larvae in SDS-sample buffer and so equal protein was not 

loaded. Normalization was performed using total eIF2α as loading control. 

 Then I wanted to test if GCN2 knockdown led to decreased phosphorylation of eIF2α in 

either fed or starved conditions. However, knockdown of GCN2 using RNAi did not lead 

to any decrease in eIF2α phosphorylation in fed larvae indicating that other kinases might 

phosphorylate eIF2α in-vivo (Figure 4.20B). Alternatively GCN2 knockdown might lead 

to compensatory phosphorylation by PERK and vice-versa. It might be useful to observe 

the polysome profiles obtained in larvae having a combined knockdown of both GCN2 

and PERK. Also DTT or tunicomycin treatment is known to induce PERK dependent 

phosphorylation of eIF2α in Drosophila[188]. Future studies would therefore involve the 

confirmation of whether the 38kDa band corresponds to eIF2α. 
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Figure 4.20 Phosphorylation of eIF2α  does not seem to be upregulated in nutrient 

starved larvae 

 Change in phosphorylation of eIF2α was quantified using immunoblotting in A) 72h fed 

and starved wild type w1118 larvae (6 larvae per sample). A representative blot is shown 

with fold changes displaying the average fold change from 3 replicates. Error bars 

indicate SEM. B) 72h control, GCN2-IR (VDRC), GCN2-IR (NIG) larvae crossed to da-

GAL4 (6 larvae per sample). The antibody seems to detect a product near 40kDa, 

however further experiments are required to confirm whether the protein detected is 

indeed eIF2α. If the band corresponds to eIF2α, my results in A and B indicate that 

eIF2α phosphorylation is decreased upon starvation rather than being induced. The fold 

changes provided below the blots were normalized over the total eIF2α levels (n of 1). 

Genotypes in B: control 1: w1118;+;+, GCN2-IR (VDRC): w1118; UAS-GCN2-IR; da-

GAL4, control 2: y,w1118,hs-flp122;+;da-GAL4, GCN2-IR (NIG): y,w1118,hs-flp122;+;+. 
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4.14 A combination of GCN2 inhibition and TOR activation was unable to maintain 

translation in starved larvae 

 From my previous results it is clear that activation of TOR signaling or inhibition 

of GCN2 signaling alone are not sufficient to maintain translation under starvation. In 

order to test if a combination of GCN2 inhibition and TOR activation could maintain 

translation under starvation conditions, I used the heat shock-mediated flip-out technique 

described previously to induce expression of both UAS-Rheb and UAS-GCN2-IR.  1.5-

hour heat shock induced expression of GCN2-IR and Rheb was induced in 48hour larvae, 

which were subsequently used at 72 hours for polysome analysis with or without 2-hour 

starvation. Our results show that the combination of GCN2 knockdown and TOR 

activation showed similar increase in polysomes to the profiles obtained with just GCN2 

knockdown using the RNAi line from NIG (Figure 4.21). Thus it is clear that GCN2 and 

TOR signaling are not required for starvation-mediated inhibition of translation.  
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Figure 4.21 Combination of GCN2 inhibition and TOR activation is not sufficient to 

maintain translation under starvation 

Polysome profiles were obtained from fed and 2 h starved, 72 h larvae with coexpression 

of Rheb and GCN2 RNAi using the heat shock flip-out system discussed previously. 

Coexpression did not alter the translation profile seen with just GCN2 RNAi (NIG) 

expression. The larvae were grown at 27 degrees.   
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4.15 PERK signaling is not required for starvation-mediated inhibition of 

translation 

 Apart from GCN2, PERK is the only other characterized eiF2α kinase in 

Drosophila. Also, glucose starvation has shown to activate the Unfolded Protein 

Response (UPR) and in-turn activates PERK in mammalian cells[292]. In order to verify 

the role of PERK in nutrient-dependent translational regulation, I knocked down PEK 

using RNAi (TRiP), ubiquitously using daGAL4. I observed 90% knockdown of PEK 

mRNA using the TRiP-IR in larvae grown at 29°C (Figure 4.22A). Decreased translation 

was observed in fed PEK-IR larvae as compared to fed control larvae. No change in 

polysome levels was observed between control starved larvae and PEK-IR starved larvae. 

(Figure 4.22B). Also the phosphorylation status of eIF2α was largely unchanged in PEK-

IR fed and starved larvae as compared to control fed and starved larvae. Thus we can 

establish that PERK activation is not required to mediate the decrease in translation 

observed during starvation. 
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Figure 4.22 GCN2 knockdown is sufficient to increase translation in fed conditions 

but not in starved conditions 

 PEK-RNAi (or PERK-RNAi) was driven ubiquitously in larvae using da-GAL4. 

A) pek knockdown using RNAi was quantified using qRT-PCR at 29°C in 72h fed 

control and PEK-IR larvae (5 replicates, 6 larvae each). 90% knockdown was observed in 

the PEK-IR larvae. B) Polysome profiles were obtained from 72 hour fed and 2hst – 

control and PEK-IR larvae grown at 27°C. Knockdown of PEK led to decrease in 

translation of fed and 2h starved larvae compared to control fed larvae. C) eIF2α 

phosphorylation was tested in fed and 2hst control and PEK-IR larvae grown at 27°C. No 

significant change in phosphorylation of eIF2α was seen upon eIF2α knockdown in 

either fed or starved conditions. 

Genotypes: control 3: w1118;+;+,  

        PEK-IR: w1118;+;!"#!!"#!!"
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Chapter 5: Discussion 

 

5.1 Regulation of translational control downstream of nutrition: novel insights 

 Protein synthesis is a regulated process that links dietary nutrients and organismal 

growth and development.  The goal of my project was to investigate the mechanisms of 

nutrient dependent translation and to identify signaling components downstream of 

nutrients that regulate translation in growing Drosophila larvae. Growth cues generally 

activate translation. In contrast, translation is inhibited upon stress signaling (eg. 

starvation), allowing conservation of cellular and organismal resources and maintenance 

of homeostasis to promote survival across eukaryotes. Based on results obtained from 

cell culture, I predicted that amino acid starvation would lead to a decrease in translation 

of a subset of mRNAs, regulated by the insulin, TOR and/or eIF2α signaling pathways in 

Drosophila larvae. I showed that translation is repressed very rapidly upon starvation, 

and this decrease in translation persists upon continuation of starvation for longer time 

points. My results also suggest that translation regulation downstream of nutrition is 

much more complex than anticipated and is neither regulated by amino acids alone, nor is 

it regulated solely by the TOR and GCN2 pathways. This raises an interesting 

conundrum- the lack of which specific component(s) in food is/are responsible for 

mediating such a rapid translational response in larvae and what signaling pathways are 

involved in this translational control? The prevailing view in the field of translational 

control suggests that TOR and GCN2 signaling is critical for the regulation of nutrient-

mediated translation. However my studies suggest that some other signaling pathways 
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independent of signaling downstream of insulin, TOR and eiF2α must also exert this 

nutrient-mediated translational control. I shall elaborate these findings in more detail. 

 

 5.2 Translational regulation in fed and starved Drosophila larvae 

5.2.1 Translation is high in fed Drosophila larvae 

 Starvation leads to global changes in mRNA levels and these changes have been 

meticulously investigated in Drosophila larvae by several groups[28, 77, 237, 293-296]. 

However, the role played by translation in nutrition-mediated gene regulation has not 

been as thoroughly appreciated.  This is especially significant after the finding that 

cellular protein abundance is predominantly controlled at the level of translation in 

mammalian systems, with less correlation found for mRNA abundance and protein 

degradation[143]. There have been several studies in-vivo that highlight the importance 

of nutrition-mediated translational regulation in yeast, worms, flies and mice [114, 219, 

248, 297-300]; however, these studies have focused on identifying changes in the 

translatome mediated by nutrient deprivation rather than investigation of the mechanisms 

behind the translational control. My goal was to : 

1) identify the kind of changes in translation observed during starvation of larvae 

2) determine the time course required for this translational response to starvation 

3) determine the nutrients mediating nutrient-mediated translational control and 

4)  understand which signaling pathways couple nutrition to translational control. 

 

One of the first aims of my project was to identify the nature of translation in 

growing larvae and to study nutrient-mediated regulation of translation. To do this I 
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focused on feeding larvae (not wandering larvae), which have been shown to undergo 

massive growth and compared their translational profiles with those of starved larvae. I 

observed that larvae growing in nutrient rich conditions (fly food + yeast) had a 

polysome profile with a low 80S peak and high polysome peaks, suggesting a high 

degree of translation.  Interestingly, I observed subtle variations in growth and larval size 

with variation in food quality, i.e. variation in softness, wetness, dilution and raw 

materials used for cooking fly food. The problem of variability in food has been seen in 

many fly labs, leading to variation in the results pertaining to growth and ageing in 

Drosophila[191]. Moreover, feeding behavior of Drosophila larvae has been shown to be 

altered by varying concentrations of agar[301]. Consistent with this observation, I found 

that larvae grew faster or slower in different batches of food (prepared on different days). 

My results with fed larvae show variations in height of the sub-polysomes while maintain 

high polysome levels. I hypothesize that the variation in height of sub-polysomes might 

be due to changes in food quality.  However, even though these variations caused slight 

variations in polysome and sub-polysome levels, translation was maintained at high 

levels. In contrast, dilution of food or yeast seems to decrease mRNA translation in adult 

flies, as shown by Zid et al, who showed that dietary restriction by dilution of food or 

yeast led to decreased polysomes[302]. 

 

 5.2.2 Ribosomal densities are found to be high for short mRNAs and low for 

long mRNAs among the 18 transcripts in fed larvae  

 Compared to the abundance of data available for factors affecting assembly of 

polyribosomes in cell culture, very little is known about translational control in the 
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context of an organism-wide translational response. The bulk of experiments studying 

nutrition-mediated translational control were performed in yeast, though translational 

profiling experiments have been performed in Caenorhabditis elegans and mice [10-15]. 

Indeed, the translational profiling done on Saccharomyces cerevisiae contained important 

data pertaining to the translational regulation in eukaryotes, but since yeast are single-

celled organisms, the effect on translational control in multicellular organisms need not 

be similar. My results have tried to provide some information in this regard, by providing 

data on two of the parameters affecting polysome assembly on mRNAs – ‘ribosomal 

occupancy’ and ‘ribosome density’ for the 18 transcripts that were assessed using qRT-

PCR in fed Drosophila larvae. Ribosomal occupancy is a parameter that denotes the 

percentage of individual transcripts bound to one or more ribosomes (eg. ribosomal 

occupancy for Myc was shown to be 97% in fed larvae).  Even though I don’t have data 

for the entire transcriptome, my data indicated that all the mRNAs that I analyzed using 

qRT-PCR had a high ‘ribosomal occupancy’ value >90%; which indicates that more than 

90% of a particular mRNA species (eg. Myc) is actively translated in fed larvae (Figure 

4.9). A high-throughput approach, such as polysome profiling or polysome analysis 

combined with microarray, would better serve to understand if this trend of high 

ribosomal occupancy is seen transcriptome-wide. 

 

 Ribosome density is the number of ribosomes bound per 100 nucleotides of an 

ORF. Although, each ribosome occupies 28-30 nucleotides of an mRNA, due to initiation 

being rate limiting, ribosomes are usually found 80 to 100 nucleotides apart[303]. Thus, 

ribosome density is thought to be dependent on the length of an mRNA, since longer 
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mRNAs could potentially accommodate more ribosomes. However, previous studies 

suggest that longer mRNAs seem to have decreased ribosome densities[219, 229, 263-

266]. Interestingly Arava et al. found short mRNAs (<400 nucleotides) to be 

predominantly associated with 5 or fewer ribosomes in Saccharomyces cerevisiae[229]. 

Similar to the findings of Arava et al., I find 3 out of the 18 transcripts– 4e-bp, cg7224 

and rps20 (Figures 4.2-4.5), having a coding sequence-length of 354, 357 and 363 

nucleotides respectively had the least number of ribosomes (4 or less) bound in fed 

larvae. I also observed that the mRNAs having a coding sequence length shorter than 

1000 bp (see table) had a high ribosomal density of nearly 0.7-1 ribosomes per 100 base 

pairs of the coding sequence. The mRNAs that had a coding sequence between 1-2 kbp 

had a ribosomal density of nearly 0.3-0.7 ribosomes per 100 bp and the mRNAs that had 

ORFs longer than 2 kb generally had quite low ribosome densities of 0.1-0.3 ribosomes 

per 100 bp. These observations follow the consensus in the field, that long mRNAs have 

low ribosomal densities while short mRNAs have high ribosomal densities. The 

disconnect as to why ribosome densities varied between long and short mRNAs was 

explained by the finding that both long and short mRNAs have high ribosomal density in 

the first 30-50 codons of the ORF, which tapers off to lower ribosomal densities after the 

30-50 codons[304]. This 30-50 codon stretch of the ORF was termed as the “ramp” and 

was observed in other organisms including Saccharomyces cerevisiae, C. elegans, 

Drosophila melanogaster, mice and humans[304]. So I hypothesize that short mRNAs 

that have a limited number of codons have high ribosomal densities and long mRNAs 

that extend beyond the 30-50 codons have relatively lower ribosome densities. 

Predictions made using in-silico analysis suggest that the reason for the ramp in ribosome 
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density has been attributed to increased ribosome initiation of small mRNAs or inhibited 

ribosome elongation as a result of codon usage bias [304-306]. Experimental verification 

of this ramp in ribosomal densities then attributed the reason for the ramp to decreased 

elongation near the start codon, due to presence of poorly adapted codons and high 

mRNA folding in the first 50 codons[307]. My data does not have the resolution of 

ribosome profiling which utilizes ribosome footprinting to obtain positional data on the 

ribosome density across the ORFs, which allows a measure of ribosome density at the 5’ 

end of the ORFs. My data, though not exhaustive, confirms that ribosome densities in-

vivo follow a similar trend to previous reports, i.e. ribosomal densities are inversely 

correlated with ORF length[219, 229, 263-266].  

 

 5.2.3 Nutrition-mediated translational control in Drosophila larvae 

 I then looked at translation in starved Drosophila larvae. Similar to the profiles 

observed with fed and starved - yeast, worms and mice [229, 235, 236], I observed a 

marked reduction in polysomes upon starvation. Interestingly, translation was decreased 

very rapidly upon starvation of larvae. Within 30 minutes after removal from food, the 

larvae were found to have a clear decrease in polysome numbers, as indicated by the 

polysome profiles. This immediately informed us that the time taken to collect, clean and 

lyse ‘fed’ larvae (usually 10 minutes) might decrease the polysomes for fed larvae. 

Indeed, in a single experiment where I took about 15-40 minutes to collect and clean the 

‘fed’ larvae, a slightly different polysome profile with increased height of the 80S, 

monomer, dimer and trimer peaks was observed (See fed control for 4 day starvation - 

Figure 4.1). Therefore, the earliest response in translation comes about as an increase in 
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80S, 1, 2 and 3 ribosome peaks, without any drastic decrease in total polysome levels, 

similar to previous observations in yeast starved for 1-5 minutes[308, 309]. In short, the 

change in translation was as rapid as the transcriptional response to starvation of 

Drosophila larvae (seen by 4e-bp mRNA induction) (Figure 4.2).  

 

 5.2.4 Starvation-mediated decrease in translation occurred as result of 

decreased translation initiation  

Starvation for longer time points – 2h, 6h, 18h, 1 day, 3 days and 4 days showed a 

further reduction in height of polysomes, suggesting that the decrease in translation was 

sustained even for longer durations of starvation. Moreover, the decrease in polysome 

height continued until about 18 hours, after which the decrease tapered off and only basal 

polysome levels (80S, dimer, trimer, tetramer ribosomes) were observed between 18h and 

4 days of starvation. After 30 minutes of starvation, there was a clear increase in height of 

the 40S, 60S and 80S peaks, accompanied by the reduction in height of the polysome 

peaks. This decrease in translation might occur as a result of reduced initiation and/or 

elongation. However, the decrease in elongation in-vivo cannot be seen using ribosome 

profiles alone. I predict that the increase in 80S upon starvation of larvae occurs as a 

result of ribosome runoff, giving rise to increased 40S, 60S and 80S ribosomal subunits. 

Ribosome runoff occurs in conditions of cellular stress when translational elongation 

continues in the absence of initiation, thereby decreasing the amount of polysomes and 

increasing the amount of 80S ribosomes [236, 310, 311]. Thus, my results suggest that 

starvation of Drosophila larvae leads to a decrease in translation, mediated by a decrease 

in translation initiation. If elongation were the rate limiting step, an increase in polysome 
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levels would be seen due to active initiation in the absence of elongation, however that 

does not seem to be the case. Translation elongation is regulated by several factors 

including codon bias, tRNA levels, tRNA charging, amino acid availability and 

elongation factor levels. Since I cannot predict how starvation affects these factors, 

especially at early time points, I cannot altogether rule out a decrease in translation 

elongation. However, the decrease in polysome levels indicates that even if there might 

be a decrease in translation elongation, translation initiation still limits ribosome loading 

onto the mRNAs, which leads to decreased translation under starvation. There are no 

studies to my knowledge that look at the change in amino acid levels, tRNA levels, tRNA 

charging and elongation factor levels in Drosophila larvae after starvation especially 

between 30 minutes to 6h after starvation. Future studies in tRNA availability, amount of 

charged tRNAs and localization of tRNAs in the cells and tissues of larvae would greatly 

improve our understanding of how these changes in mRNA translation take place upon 

nutrient limitation. 

 

 5.2.5 Starvation induced change in translation of the 18 selected transcripts 

 5.2.5a Starvation leads to a shift in mRNA association from heavy to light 

polysomes  

As mentioned previously, my analysis of translation of individual mRNAs is 

dependent primarily on the qRT-PCR data obtained for the 18 transcripts from the 4 sub-

polysomal fractions (fractions 1-4) and the 8 polysomal fractions (fractions 5-12). I 

observed that starvation for 18 hours led to a shift in mRNA association from heavier 

polysomes (>7 ribosomes) to lighter polysomes (2-7 ribosomes). A similar trend was 
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observed upon dietary restriction of adult flies leading to shift from heavy to light 

polysomes[114] and in other in-vivo studies in Saccharomyces cerevisiae, 

Caenorhabditis elegans[312-314]. This movement of particular mRNAs from polysomes 

to sub-polysomes constitutes a decrease in their translation. Similar observations have 

been made in yeast and mammalian cell culture studies, where translation has been 

inhibited by miRNAs[315], amino acid starvation[245], cellular stress conditions[313, 

316, 317] or TOR inhibition by genetic[318-320] or pharmacological means[321, 322]. 

Many studies also indicated a shift in association of mRNAs from polysomes to sub-

polysomes (40S, 60S and monosomes) upon inhibition of translation, for example 

ribosomal protein mRNAs [247, 255, 323-325]. Comparison between mRNA pools 

present between the polysomes and sub-polysomes, allows the identification mRNAs that 

are severely downregulated (or upregulated) between two conditions of interest. 

However, comparisons between heavy polysomes, light polysomes and sub-polysomes 

provides a much more detailed understanding of changes in translation. My data has 

shown that almost all the mRNAs that I assessed using qRT-PCR showed changes within 

polysomes, and did not show any substantial association with sub-polysomes in either fed 

or starved conditions. A transcriptome-wide study of polysome association of mRNAs 

would confirm if this is the case for all the transcripts. 

 

5.2.5b Discrete differences observed in translational control between 

starvation of larvae and previous reports from cell culture 

Interestingly, several studies in mammalian cell culture noted that while amino 

acid starvation showed an overall decrease in translation, several mRNAs such as cyclin 



	   169	  

D, vegf and atf4, behaved in the opposite manner and were found to be up-regulated in 

translation[118, 162, 167, 257, 258], i.e. were associated with heavier polysomes upon 

starvation. However, I did not observe any transcript showing increased association to 

heavier polysomes upon starvation. But since the number of transcripts I assessed using 

qRT-PCR is limited, a transcriptome-wide assessment of translation in fed and starved 

larvae can be used to identify any transcripts that are translated more efficiently upon 

starvation. Significantly, several cell culture studies reported specific cis-regulatory 

elements within the 5’UTR of transcripts that upregulate the translation of the 

downstream ORF in starved cells, such as putative IRESs, short and unstructured 5’UTRs 

and upstream ORFs[118, 162, 167, 257, 258]. I found that mRNAs had these features in 

their 5’UTRs, but were still translationally downregulated upon starvation of larvae. For 

example dinr and dfoxo were predicted to have internal ribosome entry sites (IRES)[259, 

326, 327] that were predicted to promote translation of dinr and dfoxo during starvation. 

However, my data indicates that translation of both dinr and dfoxo were downregulated 

upon starvation of larvae for 18 hours (Figure 4.7B). More studies need to be performed 

to confirm this in a wider array of transcripts. All of these results suggest that nutritional 

regulation of translation in larvae might be more complex than previously appreciated. 

 

5.2.5c Regulation of translation of the 18 transcripts by features of the 5’UTR 

Although, the sample number of 18 was too small to make a broad statement 

about translation regulation mediated by elements in the 5’UTR, I was able to make a few 

observations about the role of these 5’UTR elements in-vivo. Within the limited range of 

5’UTRs of the 18 transcripts assessed by qRT-PCRs, I found that ribosomal density of 
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downstream ORF was inversely correlated to stability of the 5’UTR, i.e. to the formation 

of 5’UTR secondary structures, in fed conditions. However, long ORF’s that had less 

stable 5’UTRs still had decreased ribosome density (Table 4.1 – mRpS29, CG8745, 

Sugarbabe, CG5955, Cht5, CG9466). One of the well-studied and conserved factors 

within the 5’UTR region of ribosomal proteins, which is known to regulate their 

translation, is the 5’ terminal oligopyrimidine tract (5’TOP - a 5’ terminal cytosine 

followed by a stretch of 4-18 pyrimidine residues). Upon starvation or TOR inhibition, 

the translation of the transcripts containing 5’TOPs is downregulated[108]. However, due 

to absence of complete annotated 5’UTR sequences in Drosophila[264], I have been 

unable to determine the presence of Drosophila 5’TOPs. Importantly, translation of all 18 

transcripts was found to decrease upon starvation across a range of ORF lengths, 5’UTR 

stabilities and upstream ORF presence in the 5’UTRs. It is hard to predict the role of 

these 5’UTR structural elements, only using 18 transcripts, but it appears as if they do not 

play a significant role in translational regulation upon starvation. 

 

 5.2.5d Potentiation was not observed for the limited number of transcripts 

assessed using qRT-PCR upon starvation of larvae 

 Preiss et al. coined the word ‘Potentiation’ to denote homodirectional changes in 

transcription and translation of mRNAs[247]. His lab and several others observed that 

Saccharomyces cerevisiae subjected to certain stresses like amino acid starvation[248], 

rapamycin treatment[247], salinity[328] and heat shock[247], induced translational 

changes that amplified the changes in transcript levels. Potentiation was predicted to 

induce stress response genes quickly while preventing the induction of potentially 
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harmful genes.  Other stresses such as butanol or peroxide stress in yeast[329], did not 

lead to potentiation, leading to the idea that potentiation was observed specifically under 

certain stress conditions to maintain homeostasis. However, potentiation has not been 

observed in mammalian cells, except for a few important genes that are induced upon 

stress conditions such as ATF4 and BiP[330]. Based on the 18 transcripts analyzed, I did 

not observe potentiation in Drosophila larvae as translation was inhibited for all 18 

transcripts irrespective of whether their mRNA levels were unchanged, upregulated or 

downregulated. This kind of bulk decrease in translation is indicative of energy 

conservation in order to promote survival and homeostasis in-vivo.  

 

 5.2.5e Ribosome occupancy is not changed significantly but ribosome density 

decreases by 50% upon starvation of larvae 

 I next wanted to see how starvation affected these two parameters. Since, 

starvation induced a prominent decrease in polysome levels, I expected that ribosomal 

occupancy would be decreased as well. However, my data indicates, that most mRNAs 

(out of the 18 transcripts) have greater than 80% ribosomal occupancy even upon 

starvation, indicating that starvation does not decrease ribosome binding to mRNAs, 

rather it decreases just initiation which leads to decreased polysome levels. To confirm 

these results, more experiments have to be performed to ensure that starvation does not 

increase the degradation of non-ribosome-bound mRNAs. Interestingly, Ingolia et al. 

have pointed out that starvation of Saccharomyces cerevisiae leads to increased 80S 

5’UTR occupancy, especially to non-AUG start codons[219], which might explain how 

starvation leads to decreased translation yet allows ribosomes to stay bound to mRNAs. 
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However, recent studies, have argued that increased 5’UTR occupancy are an artifact of 

low cycloheximide concentration and have shown that starvation (and oxidative stress) 

leads to increase in 5’UTR occupancy in Saccharomyces cerevisiae but to much lower 

levels than reported by Ingolia et al.[329]. Other groups have studied translation under 

starvation conditions in yeast, C. elegans and mice [10-15], however they do not mention 

or comment on ribosomal occupancy under starvation conditions. 

 

My results show that ribosome density was nearly halved for all 18 mRNAs upon 

starvation, reiterating the decrease in translation. I was able to obtain a rough estimate of 

the predicted decrease in synthesis of the respective proteins from the 18 transcripts using 

ribosome occupancy and ribosome density data. Even though the mRNA association with 

polysomes in fed and starved larvae suggest a decrease in translation for the all 18 

transcripts, I see that 6 transcripts which are induced upon starvation are able to maintain 

protein synthesis upon starvation whereas, the transcripts repressed upon starvation have 

a further decrease in protein synthesis.  

 

5.3 Role of specific nutrients in the regulation of translation in-vivo 

 5.3.1 Nutrient sensing in the regulation of translation in-vivo 

 Starvation could induce a decrease in translation in two possible ways. One 

mechanism is that each cell in the larva detects decreased availability of specific nutrients 

in a cell autonomous manner. Ragan et al. have identified the decrease in common 

metabolite levels in the haemolymph of starved Drosophila larvae – and show that 

starvation for 20h on agar induces a roughly 50% decrease in amino acids in both male 



	   173	  

and female larvae, whereas a decrease in glucose and trehalose levels by 50% was only 

seen in male larvae[270]. Since, the haemolymph acts as a buffer for variations in levels 

of the two main nutrient sources for Drosophila – amino acids and sugars, it is highly 

improbable that hemolymph nutrient levels decrease by 30 minutes or 2h starvation time 

points, especially when clearance of food from the gut of Drosophila larvae has been 

shown to take more than 10 hours[331]. The other method is when cells/tissues within the 

larvae sense nutrient availability and secrete an endocrine signal to maintain homeostasis 

under stress, for example sensing of nutrients during the process of ingestion or by taste 

or smell.  Several groups have indeed identified a humoral regulation of growth via 

nutrient sensing hubs (fat body[85], muscle[86], neurons[131, 332-334]) within 

Drosophila larvae. However, the specific nutrient mediating the translational control 

response is still unknown. I predict that the specific nutrient(s), the lack of which induces 

a decrease in translation, is sensed very early after the larvae are removed from food, 

after which a humoral signal is likely to be elicited to regulate translation and/or growth. I 

shall discuss further as to what this specific nutrient might be and what kind of humoral 

responses might be responsible for this regulation. 

 

 5.3.2 Amino acids are sufficient to activate translation in mammalian cell 

culture but not in Drosophila larvae 

 My results show that a complex diet such as yeast is able to maintain translation 

at similar levels to the profiles obtained with standard fly food, but the two main 

macronutrients – amino acids and sugar were not able to maintain translation in larvae. 

Several previous studies indicated that translation was inhibited upon withdrawal of 
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amino acids, particularly branched chain amino acids, in mammalian cell lines[108, 276, 

335]. More studies in muscle and liver tissues of mice, rats and humans suggest that 

amino acid perfusion is sufficient to stimulate translation in these tissues[335-337]. These 

perfusion experiments suggested that amino acids stimulated protein synthesis whereas 

carbohydrates and fatty acids did not[338]. Moreover, a couple of reports suggested that 

addition of amino acids alone to starved mammalian cells (or trypanosome cells) was 

sufficient to promote translation[109, 339]. These studies indicate that amino acids are 

sensed in a cell autonomous manner by individual cells and that addition of amino acids 

is sufficient to promote translation in cell culture and in perfusion experiments. In 

contrast to these studies, I found that addition of amino acids with or without sugar was 

not sufficient to activate translation in Drosophila larvae. The difference might be due to 

an endocrine regulation of translation (possibly due to insulin signaling and perhaps other 

humoral factors), indicating a non-autonomous regulation of translation in larvae. Even in 

experiments with mice and rats, the experiments suggested that dietary amino acids were 

required for translation in muscle liver and brain, but whether dietary amino acids alone 

were sufficient for translation was not addressed[271-273]. 

 

 5.3.3 Amino acids alone are sufficient to activate insulin signaling but not 

translation in larvae 

 Maintenance of homeostasis in response to changing environmental conditions 

requires communication between different organs of multicellular organisms. This kind 

of communication between organs is achieved via secretion of humoral factors (eg. 

DILPs) or propagation of nerve impulses between organs. Several nutrient sensing hubs 
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exist within Drosophila larvae, such as the fat body[85], muscle[86, 340] and specific 

sets of neurons[131, 332-334], which detect change in dietary nutrients and relay signals 

that eventually inhibits growth and metabolic gene expression throughout the organism. 

This system is not unique to the fly as starvation in humans elicits a similar response 

where feeding promotes insulin secretion whereas starvation activates glucagon secretion. 

In a similar way, amino acids induce the secretion of insulin from the neurosecretory 

cells in the larval brain[42, 85] and starvation leads to secretion of the adipokinetic 

hormone (AKH), a glucagon-like-peptide[341]. Insulin treatment alone leads to increased 

translation by up to around 2 fold in cell culture studies[342]. Work in rats suggest that 

amino acids and/or sugars are sufficient to promote insulin secretion[335, 343], and 

amino acids activated translation further in the presence of insulin[343, 344].  In my 

studies, I found that amino acids were sufficient to maintain insulin signaling from being 

decreased upon removal from food, however amino acids with or without sugar were not 

sufficient to activate translation, rRNA synthesis or tRNA synthesis in larvae. Thus it is 

possible that some other components in the food are required for amino acids and insulin 

to promote translation in larvae. 

 

 5.3.4 Possible nutrients in yeast/food that might activate translation in-vivo 

Several groups have attempted to standardize chemically defined food for Drosophila 

since the 1970s[189-191]. Out of the major macronutrients listed by these groups, 

the findings of Piper et al. might be relevant to my results, as they show that larval 

growth is delayed in a chemically defined holidic medium, which contains all the 

essential micro and macro nutrients including nucleotides, sugar, amino acids, vitamins, 
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metal ions, cholesterol[191]. The larvae grown on the holidic medium provide similar 

experimental results in terms of lifespan and ageing, however the larval period of growth 

is lengthened suggesting slower growth, which is only rescued by an unknown ingredient 

present in yeast[191]. Piper et al. have established that this unknown active ingredient 

that promotes larval growth, is not an essential element, lipid, large protein or heat labile 

vitamin[191]. It is possible that this active ingredient regulates translation in order to 

promote growth of larvae. The identity of this active ingredient remains elusive. Perhaps 

the active ingredient in yeast is sensed by indirect means – through taste and smell (see 

5.3.4c). 

 

a) Lipids – 

  Dietary lipids in the form of sterols are essential for larval growth as Drosophila 

larvae and flies are unable to synthesize cholesterol[345].  Drosophila larvae starved for 

sterols are growth arrested, similar to amino acid starved larvae[346]. Sterols are required 

for synthesis of the ecdosteroid hormone, which regulates molting and pupation. In the 

absence of ecdysone, larvae tend to arrest their growth, which might be one reason why 

translation remains inhibited even with amino acids and sugars. However, this hypothesis 

would still require testing, as ecdysone levels should not change within 30 minutes time. 

Yeast is the major source of dietary sterol for Drosophila. It is possible that the sterols 

present in yeast are sufficient to activate translation in larvae, however this remains 

untested. An experiment where translation of larvae fed on lipid depleted yeast diet (by 

chloroform extraction) or yeast lipids alone as compared to control larvae will need to be 

performed in the future.  
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b) Odour/taste – 

 One other aspect that has not been investigated is whether the sensing of nutrient 

value of diet by means of smell or taste is capable of regulating translation in larvae. It 

has been shown that dietary sugar, fatty acids and amino acids can be sensed by taste 

specific neurons in both larvae and adult flies [131, 332, 347-349].  Furthermore, larvae 

and adult flies can also evaluate the nutritional value of food by means of a post-ingestive 

system - there are nutrient receptors in various organs within Drosophila larvae such as 

the fructose receptor in the brain and glucose receptor in the fat body [334, 350, 351]. In 

the case of adult flies, the glucose levels in hemolymph start decreasing after 10 hours of 

starvation, to induce the post-ingestive nutrient sensing[351]. Also food from the gut of 

larvae is cleared slowly and can take more than 10 hours for complete clearance[331].  

Such a late response could hardly account for the translational control that is seen as early 

as 30 minutes after nutrient withdrawal. Also, I have shown that amino acids and/or 

sugars are not sufficient to activate translation in larvae. However a few studies with 

odour association have shown that based on the nutrient value of the food, Drosophila 

larvae can associate the corresponding odour of the food with more nutritive value[348, 

352, 353], suggesting that odour can also play a part in sensing nutrients. It is possible 

that sensing of nutrients by taste or smell could regulate translation in-vivo and this helps 

the larvae alter its metabolism in advance before depletion of nutrient resources in the 

hemolymph. Such a mechanism depending on translational control by means of sensory 

cues has not been explored in Drosophila or other organisms.  
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 Interestingly, exposure of Drosophila adults to nutrient associated odours (yeast 

odourant) was shown to be sufficient to modulate lifespan and partially reverse the 

lifespan-extending effects of dietary restriction[354]. The same study showed that a null 

mutant of a broad-spectrum odourant receptor Or83b, exhibited a 56% increase in 

lifespan as compared to control flies and was also starvation resistant[354]. Importantly, 

no significant change in insulin signaling was observed in the Or83b mutants, suggesting 

that the increase in lifespan is insulin/FOXO independent[354]. Similar results from C. 

elegans show that signaling from nutrient sensing neurons was sufficient to promote 

longevity via insulin signaling dependent[355, 356] and independent pathways[302]. 

Inhibition of translation is one of the potential mechanisms by which dietary restriction 

promotes lifespan in Saccharomyces cerevisiae[139, 357], C. elegans[82, 83, 358] and 

Drosophila melanogaster[114]. It would be remarkable, if odourants were sufficient for 

the nutrient-mediated regulation of translation. One particular study in adult Drosophila 

shows that olfactory cues stimulate secretion of GABA from neurosecretory cells into the 

hemolymph to promote cell growth and division of blood progenitors. Perhaps a similar 

mechanism might regulate translation in response to olfactory cues in larvae. Further 

studies are necessary to examine if yeast specific odourants are sufficient to activate 

translation in larvae.  

 

c) Indirect detection of yeast – via ethanol, glycerol and carbonation of diet 

 Yeast is the staple food of Drosophila.  Generally flies are thought to be attracted 

to ethanol formed as a byproduct of fermentation by yeast[359]. The flies subsequently 

detect the food by testing for glycerol, another byproduct of fermentation, which is 
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present abundantly around yeast[360]. The sensing of carbon dioxide or carbonation is 

also one of the ways that Drosophila are thought to detect dietary yeast[359]. It is 

possible that one or more of these three factors – ethanol, glycerol and carbonated 

medium might act as proxy indicators of nutrient value of the diet.  These might be either 

detected by smell (ethanol) or taste (glycerol and carbonation) – for example, specific 

neurons that are activated upon exposure to glycerol and carbon dioxide have been 

reported[359, 361, 362]. Interestingly, knockdown of Gr63a sensory neurons, which 

sense carbon dioxide levels are sufficient to promote lifespan and enhance resistance to 

some stresses[363]. Interestingly, it was shown that knocking down the carbon dioxide 

receptor Gr63a in flies was sufficient to prevent the lifespan-inhibitory effects of yeast 

odourants during dietary restriction. Therefore, similar to the odourant specific Or83b 

neurons, the Gr63a gustatory neurons also regulate lifespan, possibly via regulation of 

translation. Further experiments need to be performed to confirm the role of these 

nutrient indicators, in the regulation of translation.  

 

5.4. Signaling mechanisms in the regulation of translation in larvae 

  I shall now look into the signaling mechanisms downstream of nutrients that 

might regulate translation in larvae. The two well-studied pathways known to regulate 

translation downstream of nutrition are the TOR and GCN2 signaling pathways. Both the 

pathways are conserved from yeast to mammals. 
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5.4.1 Insulin/TOR activation promotes translation in mammalian cell culture, but 

not in Drosophila larvae 

 Nutrition activates TOR signaling to promote translation and growth in a 

conserved manner throughout eukaryotes.  Importantly, mutants of insulin and TOR 

signaling in Drosophila larvae are growth arrested and phenocopy starvation. Activation 

of the TOR pathway promotes starvation resistance within clones in larvae in the fat 

body[27, 88] and in mammalian cell culture[364, 365], by promoting growth and 

maintaining cell size in the absence of nutrition. In any case, activation of TOR[287-289] 

is sufficient to promote translation in mammalian cell lines in amino acid-replete 

conditions. One particular study indicates that TOR activation is sufficient to promote 

protein synthesis by promoting translation elongation[288], at the expense of protein 

folding, giving rise to improperly folded proteins[288]. Perhaps, this decrease in protein 

quality contributes to increased lethality seen upon PI3K/Rheb ubiquitous overexpression 

in larvae[366]. Indeed Qian et al observed increased proteotoxic stress induced apoptosis 

in TOR activated cells as compared to control cells. My results suggest no increase in 

polysome levels upon TOR activation by either Rheb or Tsc1-RNAi in either fed or 

starved larvae. The difference perhaps is because the work in cell culture is performed in 

immortalized cells that are resistant to apoptotic cell death in comparison with normal 

cells in-vivo. It would have been interesting to note the amount of cell death observed in 

my flip-out TOR activated larvae, which might be the reason for lack of increase in 

translation in TOR activated larvae. The other reason for lack of increased translation in 

either fed or starved Rheb or dp110 larvae could be due to feedback mechanisms to 

maintain homeostasis when TOR signaling pathways is abnormally activated in-
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vivo[367-369]. Overall the above results suggest that additional factors must be required 

to promote translation during starvation.  

 

 5.4.2 GCN2 knockdown promotes translation in fed larvae 

The eIF2α kinase GCN2, is activated upon amino acid limitation from yeast to mammals.  

Several studies have shown increased eIF2α phosphorylation upon amino acid starvation 

in mammalian cell culture[245], however very little work has been performed in-vivo to 

show increased translation in GCN2 null mice[129]. Vary et al. observed that 

physiological changes in amino acids modulate protein synthesis while maintaining 

tRNA charging[370], indicating that rapid responses in translation probably occur 

independent of GCN2 and that GCN2 signaling probably acts to regulate translation upon 

long-term starvation when nutrient stores in the organism are severely depleted. 

Interestingly, I observed marginally increased translation in fed GCN2-RNAi larvae, 

suggesting that a basal activity of translational inhibition is observed in fed larvae, which 

is relieved upon knockdown of GCN2. Unfortunately, no null mutants of GCN2 exist in 

flies, so my analysis may be limited by incomplete knockdown of GCN2 mRNA (70% 

knockdown attained). No change in translation of GCN2-RNAi starved larvae was 

observed in comparison to wild-type controls, suggesting that even minimal levels of 

GCN2 kinase upon starvation could phosphorylate and inhibit translation or starvation 

inhibits translation independent of GCN2 signaling. These GCN2 independent 

mechanisms are discussed in section 5.5. 
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5.4.3 PERK as a possible mediator of translational control in larvae 

 Decrease in cellular energy status or ATP/ADP ratio induces activation another 

eiF2α kinase PERK[371], which is normally activated by ER stress.  The link between 

nutrients and ER stress (also known as the unfolded protein response or UPR), seems 

complex especially in multicellular organisms. While GCN2 and PERK have been found 

to responsive only to amino acids and ER stress respectively, it is possible that PERK is 

activated by energy imbalance in larval tissues. Like with GCN2, no known PERK null 

mutants were available and so RNAi-mediated knockdown was used to assess the role of 

PERK during starvation. Unfortunately, very little has been done to study the role of 

PERK in translational control downstream of nutrients. My results show that 90% 

knockdown of PERK is not sufficient to promote translation in either fed or starved 

larvae. It is very much possible that GCN2 and PERK act concertedly to inhibit 

translation during starvation, and further studies are required to confirm this in larvae.  

 

5.5. Mechanisms of nutrient-mediated translational control in larvae  

 Translation is regulated at multiple stages, mostly at the level of initiation and 

also elongation. Cell culture studies show that the two effectors of TOR signaling – 4E-

BP and S6K, regulate translation in response to stress conditions such as nutrient 

withdrawal. Interestingly, neither 4E-BP 1/2 DKO MEFs[291], nor S6K overexpressed 

cells [372]have shown increased translation in cell culture. However, Drosophila lifespan 

extension by rapamycin and dietary restriction was mediated by signaling downstream of 

S6K and 4E-BP[254], suggesting that translation of specific sets of transcripts and not 



	   183	  

bulk-translation was responsible for translational control downstream of S6K and 4E-

BP[114, 254].  

 

 5.5.1 Role of S6K in translational control in larvae 

S6K has traditionally been known to promote translation downstream of TOR 

signaling. In earlier studies, it was thought that S6K promotes translation by specifically 

activating the translation of 5’TOP containing mRNAs. However, it was shown that the 

translation of 5’TOP mRNAs was activated by amino acids even in S6K null cells, 

suggesting that some independent mechanism of regulation was involved. A recent study 

indicate that S6K 1/2, double knockout mice have increased translation upon refeeding 

after starvation, as compared to control mice. This recent study suggests that S6K 

primarily regulates translation via transcriptional activation of ribosome biogenesis in 

contrast to the numerous studies that indicate a role for S6Ks in TOR-mediated 

translational control[372]. The same study failed to identify translational regulation of a 

specific set of transcripts such as the 5’TOP containing mRNAs by S6K -1 and 2[372]. 

Drosophila S6K null mutants are severely growth retarded and give rise to smaller flies. 

Since, TOR signaling is inhibited upon starvation, I tried to assess the role of S6K using a 

constitutively active mutant of S6K – S6KTE. My results show only a marginal increase in 

polysomes in S6KTE overexpressed larvae in either fed or starved conditions. Perhaps as 

with 4E-BP, S6K only regulates the translation of a subset of mRNAs. Alternatively, 

other factors might be required for S6K to activate translation during starvation. 
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5.5.2 4E-BP-mediated regulation of translation in-vivo 

 Numerous reports in mammalian cell culture indicate that TOR inhibition, which 

mimics starvation, inhibits translation. However, 4E-BP1/2 DKO MEFs have been shown 

to be resistant to TOR inhibition as compared to control MEFs. I observed that starvation 

lead to no change in the bulk-translation of fed or starved 4E-BP null larvae, as compared 

to wild-type larvae. This reinforces the idea that TOR inhibition is phenotypically 

different from starvation. Moreover 4E-BP null larvae are sensitive to starvation and 

oxidative stress, possibly due to the translation of specific transcripts, which should 

normally be inhibited upon starvation. Zid et al. identify translation of mitochondrial 

transcripts as one of the mechanisms of regulating life-span similar to an observation in 

worms[302]. Together these data indicate that some other pathways parallel to TOR 

signaling might regulate translation downstream of nutrition.  

 

5.5.3 Other mechanisms of translational control 

Since ribosome numbers decrease after starving larvae for a day, it is possible that 

ribophagy is induced prior to decrease in 18S and 28S rRNA. If starvation induced 

ribophagy is proven in Drosophila, it will be extremely interesting to determine the exact 

time point after starvation when ribosomes start accumulating in autophagosomes. 

Perhaps localization of ribosomes to autophagosomes blocks access of mRNAs to the 

ribosomes, even before degradation events are initiated. In a similar manner, it has been 

shown that functional ternary complexes and 48S components are accumulated in stress 

granules and p-bodies upon inhibition of translation[373-376]. Therefore under 

starvation, formation of stress granules and p-bodies might prevent the initiation of 
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translation by preventing the access of preinitiation complexes or ternary complexes to 

the translational machinery. Another way by which amino acids regulate translation is by 

promoting eIF3 interaction with the poly-A binding protein-interacting protein (Paip-1) 

and thus promote circularization of translating mRNAs[377]. S6K activity has been 

implicated in promoting the interaction of eIF3 with Paip1 in the presence of amino 

acids[377]. Thus, it is possible that nutrition regulates multiple steps in translation and 

requires the concerted activation/inactivation of several pathways to promote translation. 

Further studies will help us understand the specific pathways required for  

	  

5.6	  Conclusions 

 Starvation of Drosophila larvae leads to a rapid decrease in translation as early as 

30 minutes after removal from food. Translation is inhibited further upon prolonged 

starvation and the least amount of polysomes was obtained after 18 hours of starvation. 

Dietary amino acids and/or sugars alone were sufficient to activate insulin signaling, but 

not sufficient to maintain translation in larvae removed from food. However, dietary 

yeast was sufficient to maintain both insulin signaling and translation in larvae removed 

from food. Therefore, yeast must contain an additional ingredient, the loss of which is 

sensed early and leads to a decrease in translation in larvae removed from food. Genetic 

activation of insulin and TOR signaling by expression of dp110 or Rheb or dp110 + Rheb 

did not lead to any increase in polysomes in fed or starved larvae, though both dp110 and 

Rheb have been shown previously to promote protein synthesis in larvae[27]. No increase 

in polysome levels was observed when signaling downstream of TOR was activated by 

using 4E-BP null larvae or S6KTE overexpressed larvae in fed conditions, though a mild 
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increase in polysomes was observed upon starvation of 4E-BP null and S6KTE 

overexpressed larvae as compared to their respective controls. A modest increase in 

polysomes was observed when GCN2 was knocked down using RNAi in fed conditions 

(only one of the two RNAi lines showed this increase). However no change in polysome 

levels was seen upon starvation of GCN2-RNAi larvae as compared to control larvae. 

Also a combination of GCN2 knockdown and TOR activation using GCN2-IR+Rheb 

overexpression phenotypically resembled GCN2-RNAi larvae, as fed GCN2-IR+Rheb 

larvae showed marginally increased polysomes compared to control larvae but starved 

GCN2-IR+Rheb larvae showed polysome levels similar to control larvae. Finally 

knockdown of PERK using RNAi did not lead to any increase in polysomes in either fed 

or starved conditions. These results suggest that apart from insulin, TOR and eIF2α 

signaling (by GCN2 and/or PERK), one or more pathways must regulate translation 

downstream of nutrients.  

 

5.7 Future Directions 

 Translational control is a vast field and there is a lot left to discover about the role 

of translational control in the field of medicine. Translation is a vital component of 

cancer cell proliferation and survival.  Translational control has been extensively studied 

using mammalian cell lines and such studies have been very useful in the discovery of 

novel therapeutics for cancer treatment - for example, development of drugs using small 

molecule screening and de-novo synthetic chemistry have given rise to drugs such as 

silvestrol, episilvestrol[378], pateamine[379] and 4EGI-1[380] to target the eIF4F 

complex. Therefore, a better understanding of how translation is by extrinsic factors such 
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as diet is paramount in ensuring the success of future trials and treatment regimens. My 

work has taken a step in showing that translation in living organisms might not be more 

complex than previously thought. Also, my work started to highlight some distinct 

differences between translational control in cell lines and in living organisms such as 

Drosophila larvae. A transcriptome-wide study such as polysome profiling might pave 

the way in showing how nutrition regulates translation in larvae. Furthermore, it might be 

interesting to know whether starvation does inhibit translation globally; and if so, what 

are the signaling pathways and nodes that mediated this global inhibition of translation?  

 

 Some new techniques have also been developed during the past decade, which 

allows further examination of translational control in larvae and even mice. For example, 

ribo-tag - a technique which uses haemagglutinin (HA) tagged ribosomal protein floxed 

mice which can be crossed with a mouse carrying a cell-type specific Cre recombinase to 

express the HA tagged ribosomal protein in the cells/tissue of interest. 

Immunoprecipitation of ribosomes can then be used to pull down the ribosomes with 

their associated mRNAs, which can then be examined by various techniques such as 

polysome analysis or ribosome profiling. It would be useful to know how various nutrient 

sensing hubs such as fat body and muscle respond to starvation in terms of translational 

control.  

 

Translational control and lifespan: 

 Hormones, nutrients and exercise have been shown to play a role in regulation of 

TOR signaling and mRNA translation in mice and rats. Also translational control has 
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been associated with regulation of lifespan in various model organisms from yeast to 

mammals. Therefore a better understanding of how nutrients can be modulated to 

promote lifespan will prove to be beneficial in the quest for healthy ageing. My research 

has shown that specific nutrients present in food can modulate translation in-vivo. I have 

performed experiments using a bottom-up approach by adding single components - sugar 

and amino acids. A top-down approach, where each chemical ingredient in the 

chemically defined medium defined by Piper et al; is sequentially removed, will help us 

identify the minimal components required for maintenance of translation in larvae. Once 

identified, the missing ingredient can help design further experiments on mice and rats to 

study how translation and lifespan can be regulated, by altering the concentration of the 

active ingredient in the diet. 

 

Modulation of translation using specific diet as a means for cancer treatment 

 Dietary restriction has been studied as a strategy to effectively kill cancer cells or 

make them susceptible to chemotherapy or irradiation. However, certain cancer types or 

cancer treatments require appropriate nutrition, which hinders the execution of dietary 

restriction. Importantly, chemotherapy and irradiation require the patients to have high 

dietary protein for the body to heal itself, which cannot be achieved through dietary 

restriction. Identification of the active ingredient in the diet can help in this regard by 

inhibiting translation. Inhibition of translation by modulating dietary levels of the active 

ingredient can sensitize cancer cells for treatment with chemotherapy or irradiation.  
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