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ABSTRACT 

 In this dissertation, I examined the function of the Drosophila melanogaster 

protein Tribbles (Trbl) within the insulin/insulin-like signaling (IIS) pathway. Trbl was 

initially discovered as a regulator of mitosis during embryonic development and cell 

migration in developing egg chambers. This discovery was soon followed by the 

identification of mammalian Tribbles homologs, thus establishing the Tribbles (Trib) 

family of pseudokinases.  

The fly protein and mammalian Trib3 both inhibit the phosphorylation of Akt, a 

central regulator in the IIS pathway, and in humans a naturally-occurring single 

nucleotide polymorphism in Trib3 (Q84R) is associated with type 2 diabetes. In my 

first research project, I proposed that the functional relevance of this residue is 

conserved. In support of this, I observed that misexpression of a TrblR141Q mutant in 

the larval fat body increased phospho-dAkt, decreased circulating glucose, and 

increased storage metabolites. These data indicate that this conserved residue is 

required for the function of Trib protein in regulating IIS-mediated growth and 

homeostasis.  

 Next, I studied Trbl subcellular trafficking and turnover in the larval fat body, an 

important site of insulin signaling in the developing fly. Akt subcellular trafficking is 
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dynamic at the plasma membrane (PM) in response to nutritional context, and I 

proposed that Trbl localization in insulin-responsive cells under different dietary states 

might also be nutrition-dependent. To test this, I compared Trbl subcellular localization 

in fed and fasted larvae and observed increased Trbl protein levels and membrane 

accumulation of Trbl in fasted cells compared to fed, suggesting a molecular 

mechanism for the targeting of dAkt by Trbl. 

Next, I found that found that misexpression of a Trbl mutant protein with a site-

directed mutation in the conserved SLE motif resulted in strong localization to the 

membrane, conferred stability, and enhanced binding to wild-type Trbl and dAkt. To 

explore the association of Trbl with the membrane, I tested the ability of Trbl to interact 

with bio-active lipids and identified phosphatidylserine, phosphatidylinositol-4-

phosphate, and phosphatidylinositol-4,5-bisphosphate as membrane phospholipids 

that Trbl selectively bound. These data suggest a complex relationship between Trbl, 

dAkt, and phospholipids at the PM physically interacting in response to developmental 

and homeostatic cues. 
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CHAPTER 1 

INTRODUCTION 

The Tribbles Pseudokinase Family 
 

 The Tribbles (Trib) family of pseudokinase scaffold proteins binds target 

substrates to regulate signaling pathways that mediate nutritional, environmental, and 

developmental cues. Trib protein expression is tightly regulated and in turn controls 

the proper levels and activation state of target proteins (Hegedus, Czibula, & Kiss-

Toth, 2007). The mechanism of Trib function falls into two categories: first, Tribs bind 

target substrates and serve as adaptors to form a complex with E3 ubiquitin ligases 

to catalyze proteosomal degradation. Trib targets in this class include 1) the 

Slbo/C/EBP family of transcription factors regulating cell migration and differentiation 

(Dedhia et al., 2010), 2) the String/cdc25 phosphatase family of cell cycle regulators 

(Mata, Curado, Ephrussi, & Rorth, 2000), and 3) ACC, the rate-limiting enzyme in the 

fatty acid synthesis pathway (Qi et al., 2006). Second, Tribs bind cellular proteins to 

regulate their activation state but do not direct their turnover. Targets in this class 

include 1) the MAPK family of cell cycle regulators (Kiss-Toth et al., 2004) and 2) 

protein kinase B/Akt, a component of the insulin signaling pathway (Du, Herzig, 

Kulkarni, & Montminy, 2003). In mammals, three closely-related Trib isoforms are 

expressed in different tissues and stages to further refine function, but in most 

invertebrates the presence of a single isoform is sufficient to carry out all Trib functions 

(Dobens & Bouyain, 2012). Although bioinformatic and phylogenetic approaches 
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indicate Tribs evolved from active kinases (Eyers, Keeshan, & Kannan, 2017), Tribs 

lack important ATP-binding sequences that are required for kinase function. Thus, 

Tribs are categorized as “pseudokinases” and this classification is supported by 

biochemical data indicating that human Tribbles isoform 1 (hTrib1) does not bind ATP 

(Murphy et al., 2015). However, human Tribbles 2 (hTrib2) binds ATP weakly (Bailey 

et al., 2015) and hTrib2 activates or inhibits Akt phosphorylation depending on context 

by an unknown mechanism (Keeshan et al., 2010; Hill et al., 2017). Therefore, the 

catalytic activity of Tribs remains unclear. The specificity and overlap of Trib isoform 

function have been the focus of extensive Trib research, including this dissertation. 

 

Tribbles Sequence and Structure 

 Tribs share (1) a conserved kinase-like domain (KLD) that shares considerable 

homology to bona fide kinases, (2) a divergent N-terminus, and (3) a C-terminal tail 

containing binding sites for MAPK proteins and COP1 E3 ubiquitin ligases (Dobens & 

Bouyain, 2012). While Tribs have retained the catalytic kinase DLK motif in the KLD 

(Figure 1.1A), this family of proteins is divergent at the ATP coordination site VAIK 

and at a DFG motif on the activation loop required for magnesium binding in bonafide 

kinases. Among members of the Trib family, this DFG motif has been replaced with 

the sequence SLE and this sequence is strongly conserved across Tribs.   

Recently, two crystal structures of substrate-free and substrate-bound hTrib1 

have been published and comparing their conformations has afforded substantial 

insight into Trib structure and function (Murphy et al., 2015; Jamieson et al., 2018). 

These structures reveal a bi-lobed tertiary structure similar to bonafide kinases.  
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Figure 1.1. Multiple sequence alignment of conserved motifs of fly and mouse Trib 
family proteins. A) Top, location of conserved Trib family motifs within the Trib 
polypeptide. Middle, sequence alignment at conserved motifs comparing Drosophila 
Tribbles and mouse isoforms Trib1, 2, and 3. In black, consensus Trib family motifs. 
In gray, residues similar to consensus. In white, divergent residues. Bottom, 
consensus motifs of canonical kinases (adapted from Dobens and Bouyain, 2012). 
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Resolution of a portion of the C-terminal tail of the inactive, substrate-free form of 

hTrib1 (PDB: 5cem) has revealed that the tail extends from the KLD and folds back 

against the pseudokinase spine, making several contacts with surface amino acids. 

Notably, the C-terminal tail partially obscures the putative substrate-binding domain 

on the KLD and interacts with a unique alpha-C helix, suggesting the C-terminal tail 

acts as a pseudosubstrate to inhibit activity and maintain the inactive conformation in 

the absence of substrate (Murphy et al., 2015; Kung & Jura, 2019). Conversely, in the 

substrate-bound, active Trib1 formation (PDB: 6dc0), a dramatic change is observed 

at the interface between the alpha-C helix and the conserved SLE motif on the 

activation loop, with global effects on the Trib protein structure (Jamieson et al., 2018). 

Comparisons of the substrate-free, inactive structure and the substrate-bound, active 

structure suggest a model in which inactive Tribs are autoinhibited by the C-terminal 

tail and substrate binding releases this tail, which is now competent to bind E3 

ubiquitin ligases targeting the substrate. Although these two structures have been 

integral to a better understanding of the molecular mechanisms of Trib functions, very 

little is known about the conserved structural and functional motifs required for Trib 

activity. 

 

Tribs and Disease 

 Because Tribs perform various functions in regulating development and 

homeostasis, it is not surprising that Trib misregulation is implicated in many serious 

diseases (Yokoyama & Nakamura, 2011). Trib1 and Trib2 are both required for the 

turnover of C/EBP transcription factors, key regulators of myeloid cell lineage 
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differentiation. Accordingly, Trib1/2 misregulation often results in acute myeloid 

leukemias (Dedhia et al., 2010). Expression of Trib1 and Trib2 is increased in 

atherosclerotic plaques (Johnston et al., 2019; Deng et al., 2009), and Trib2 is 

elevated in malignant melanomas (Hill et al., 2015). Additionally, elevated Trib3 levels 

occur in many cancers, including cancer of the breast (Yu et al., 2019), colon (Miyoshi 

et al., 2009) and lung (Ding et al., 2018), influencing disease pathogenesis in part via 

effects on cell survival through increased ER stress and activation of hypoxic 

pathways. Finally, because Trib3-mediated inhibition of Akt is important for the 

regulation of glucose import, a SNP in Trib3 that abrogates its function is correlated 

with glucose intolerance, metabolic syndrome, and type 2 diabetes (Prudente & 

Trischitta, 2015). The notion of Trib isoform specificity must be underscored here, 

because closely-related Trib proteins perform distinct functions, suggesting the 

presence of functional motifs that may serve as drug targets.   

 

Drosophila Tribbles 

 The vast array of genetic tools associated with the fly has made it a useful 

system to study Trib function. In Drosophila only one Trib isoform is present, and 

several Trib targets are conserved, including the Slbo/C/EBP family of transcription 

factors, String/Twine/cdc25 phosphatase family of cell cycle regulators, and the kinase 

dAkt/Akt. In the year 2000, the fly isoform Tribbles (Trbl) was identified by Mata et al. 

who used the developing wing, embryonic mesoderm, and egg chamber to show that 

Trbl was required to direct the proper turnover of the fly cdc25 phosphatase homolog 

String/Twine (Mata et al., 2000). Simultaneously, Seher in the Leptin lab and 
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Grosshans in the Wieschaus lab observed similar results in embryonic tissues, 

strengthening the connection between Trbl and regulation of the cell cycle during 

development (Grosshans & Wieschaus, 2000; Seher & Leptin, 2000). Finally, Rorth 

et al showed that Trbl overexpression in the border cells during their migration in the 

developing egg chamber reduced levels of the C/EBP/Slbo, an important regulator of 

cell migration (Rorth, Szabo, & Texido, 2000). More recently, Trbl was demonstrated 

to be required for the maintenance of stem cell quiescence and regulation of the Hippo 

and insulin-signaling pathways (Otsuki & Brand, 2018; Gerlach, Sander, Song, & 

Herranz, 2019; Das, Sebo, Pence, & Dobens, 2014). 

 

The Larval Fat Body as a Model to Study Trbl in the Insulin Signaling Pathway 

In the insulin/insulin-like signaling pathway, circulating glucose acts as a global 

sensor for nutrient availability. High levels of glucose after feeding results in insulin 

hormone release into the circulatory system, which binds cognate receptors on insulin-

responsive cell types (Hemmings & Restuccia, 2012). This triggers intracellular IIS 

pathway activation and phosphorylation of Akt, an important insulin signaling hub 

Alessi et al., 1997). Akt has many downstream targets and the effects of Akt activation 

include cell survival (Song, Ouyang, & Bao, 2005), differentiation (Kim & Rulifson, 

2004), division (Mirza et al., 2004), growth (Porstmann et al., 2008), and anabolic 

synthesis and storage (DiAngelo & Birnbaum, 2009). Because levels of mammalian 

Trib3 is elevated in the livers of fasted mice and human Trib3 expression reduces Akt 

phosphorylation (Du et al., 2003), I chose the larval fat body as a model system with 

which to study the interaction between Trbl and Akt. The larval fat body is an important 
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developmental organ, directing the synthesis and storage of macromolecules used for 

energy during pupation and eclosion of the adult fly (Garofalo, 2002).   

 

Thesis Overview 

The focus of this dissertation is the functional relevance of conserved Trib 

motifs with regards to the insulin signaling pathway and is divisible into two projects. 

First, with collaborators I used the fly as a model system to investigate human diabetic 

phenotypes with a focus on an N-terminal residue implicated in type 2 diabetes in 

humans. Secondly, I investigated the role of fly Trbl in the starvation response and 

identified a critical residue required for Trbl trafficking and turnover.  In both projects I 

used many of the tools available to the Drosophila researcher to understand Trbl 

regulation of metabolism, including tissue-specific gene misexpression and 

knockdown analysis combined with confocal fluorescent microscopy, western blot, 

and metabolite analysis.  

 

PROJECT 1: A Drosophila Model of Insulin Resistance Associated with the Human 

TRIB3 Q/R Polymorphism 

 Mammalian Trib3 is a known regulator of the IIS pathway, and functions to dial 

down the insulin signal under fasting conditions (Du et al., 2003). The current model 

suggests fasting induces expression of Trib3 and Trib3 physically binds Akt to limit its 

phosphorylation. Trib3 misregulation is implicated in type 2 diabetes, and importantly, 

a Q84R missense mutation in the coding sequence of human Trib3 is correlated with 

impaired glucose import, insulin resistance, and type 2 diabetes (Prudente et al., 
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2009). In most metazoans, Trib proteins possess arginine at this location and the Q84 

residue is only seen in humans and Neanderthal, suggesting the possibility that Q84R 

provided a selective advantage to early humans. As the Q84R SNP impairs IIS 

signaling, I asked if the reverse mutation R141Q in flies would increase IIS signaling.   

 To address this hypothesis, I generated a UAS-TrblR141Q fly. Utilizing the 

Drosophila GAL4-UAS system, I directed stage- and tissue-specific expression of this 

mutant to study its effects. In the larval fat body, misexpression of TrblR141Q activated 

Akt phosphorylation reduced circulating glucose and increased accumulation of 

triglyceride, outcomes consistent with the notion that glutamine at this position 

reduces the ability of Trbl to inhibit Akt activity. Additionally, UAS-TrblR141Q mutant 

larvae exhibited increased mass compared to UAS-Trbl larvae and R141Q flies both 

pupated and eclosed sooner. Significantly, the TrblR141Q mutant did not exhibit different 

effects from WT Trbl with regards to other Trbl functions, suggesting this residue is a 

potential therapeutic target for treating serious diseases like type 2 diabetes.   

 

PROJECT 2: A Structure-Function Analysis of Drosophila Tribbles Reveals 

Conserved Features Required for Stability and Subcellular Distribution 

 During this portion of my dissertation, I focused on Trbl regulation in response 

to environmental stress. In fat body cells of fed third instar larvae, Trbl expression is 

low and low levels of the protein are visible in the nucleus and at the plasma 

membrane (PM). Fasting induced 1) a significant increase in Trbl abundance and 2) 

increased Trbl accumulation at the PM. I proposed that Trbl at the PM effectively 

inhibits Akt phosphorylation in response to starvation. To identify the conserved motifs 
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required for Trbl trafficking and stability in the larval fat body, I performed a 

misexpression screen of Trbl KLD mutants and identified the domain SLE as required 

for these functions. Misexpression of a TrblSLE/G mutant resulted in increased stability 

and preferential Trbl PM localization compared to WT Trbl. PM accumulation of 

TrblSLE/G was dependent on Akt in vivo and consistent with this, TrblSLE/G bound Akt 

more strongly in yeast two-hybrid assay. TrblSLE/G promotes Akt phosphorylation and 

effectively stabilized levels of the Trbl targets Stg and Slbo. Finally, I observed that 

Trbl protein binds membrane phospholipids, suggesting a model in which Trbl PM 

localization may involve starvation-induced changes in the PM lipid population. 

Identification of several key functions associated with this strongly conserved motif 

represents an important advance in our knowledge of Trib structure and function.   

 

Collaborators Involved in this Work 

 I received significant assistance in completing this work. Rahul Das was an 

indispensable co-collaborator for my work investigating the R141 residue, and Jin-

Yuan Price, Anna Shipman, Laramie Pence, and Dr. Samuel Bouyain also 

contributed necessary and valuable data to this project. My work investigating Trbl 

trafficking and stability in the larval fat body was made possible by the assistance of 

Laramie Pence (yeast two-hybrid analysis), Christopher Nauman (generation of 

UAS-myr-Trbl and UAS-TrblC), and Dr. Samuel Bouyain (human cell culture and 

transfection). Finally, my advisor, Dr. Leonard Dobens, managed the design and 

completion of these projects and contributed advice, direction, and analysis. 
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CHAPTER 2 

A DROSOPHILA MODEL OF INSULIN RESISTANCE ASSOCIATED WITH THE 

HUMAN TRIB3 Q/R POLYMORPHISM 

Introduction 

Members of the Tribbles family of proteins are conserved pseudokinases with 

diverse roles in cell growth and proliferation. Both Drosophila Tribbles (Trbl) and 

vertebrate Trib3 proteins bind to Akt kinase to block its phosphorylation-activation and 

reduce downstream insulin-stimulated anabolism. A single nucleotide polymorphism 

(SNP) variant in human Trib3, which results in a glutamine (Q) to arginine (R) 

missense mutation in a conserved motif at position 84, confers stronger Akt binding 

resulting in reduced Akt phosphorylation and is associated with a predisposition to 

Type II diabetes, cardiovascular disease, diabetic nephropathy, chronic kidney 

disease and leukemogenesis. Here I used a Drosophila model to understand the 

importance of the conserved R residue in several Trbl functions. In the fly fat body, 

misexpression of a site-directed Q mutation at position R141 resulted in weakened 

binding to dAkt, leading to increased levels of phospho-dAkt, increased cell and tissue 

size and increases in levels of stored glycogen and triglycerides. Consistent with the 

functional conservation of this arginine in modulating Akt activity, mouse Trib3R84 

misexpressed in the fly fat body blocked dAkt phosphorylation with a strength similar 

to wild type (WT) Trbl. Limited mutational analysis shows that the R141 site dictates 

the strength of Akt binding but does not affect other Trbl-dependent developmental 
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processes, suggesting a specificity that may serve as drug target for metabolic 

diseases. 

 Genetics heavily influences susceptibility to insulin resistance syndrome 

including Type 2 diabetes (Weijnen, Rich, Meigs, Krolewski, & Warram, 2002; Bouret, 

Levin, & Ozanne, 2015; Eckardt, Taube, & Eckel, 2011; Mitchell, Kammerer, Reinhart, 

& Stern, 1994; Frayling et al., 2003; Kahn, Cooper, & Del Prato, 2014). Genome-wide 

association studies (GWAS) have identified over 90 loci associated with diabetic 

phenotypes including genes associated with insulin production or secretion (Dimas et 

al., 2014; Frayling, 2007; Ghosh et al., 2000; Permutt et al., 2001; Renström et al., 

2009). However, GWAS approaches have identified only a few genes that function in 

insulin responsive cells, a result that may be due to poor coverage of genetic markers, 

environmental influences, or problems classifying multifactorial diseases (Prudente et 

al., 2012; Visscher, Brown, McCarthy, & Yang, 2012; Voight et al., 2010; Zeggini et 

al., 2008).  

A primary cause of insulin resistance in responsive tissue is an alteration in the 

activity of the insulin receptor or key downstream pathway mediators. The binding of 

insulin and insulin-like peptides to cognate cell surface insulin receptors triggers a 

phosphorylation cascade that results in activation of Akt kinase which in turn 

phosphorylates several targets, including: (1) the Rheb-specific GTPase activating 

protein (GAP) Tsc2, to induce Target of Rapamycin complex 1 (TORC1)-mediated 

protein and lipid biosynthesis (Garami et al., 2003; Miron, Lasko, & Sonenberg, 2003; 

Montagne et al., 1999; Porstmann et al., 2008); (2) GSK-3β, to inhibit gluconeogenesis 

and boost anabolic gene expression by stabilizing MYC (Parisi et al., 2011; Teleman, 
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Hietakangas, Sayadian, & Cohen, 2008) ; (3) the pro-apoptotic protein BAD, to inhibit 

apoptosis (Datta et al., 1997); and (4) the transcription factor FoxO, to block its nuclear 

localization and reduce expression of catabolic and apoptotic FoxO target genes  

(Junger et al., 2003). Given the central but complex role of Akt in mediating insulin-

regulated cell growth and survival, it is not surprising that aberrant alteration of Akt 

activity underlies diabetic metabolic disease  Zdychová & Komers, 2005). 

Several endogenous mechanisms feedback to attenuate the strength of the 

insulin response, including negative feedback from phosphatases and target genes 

that bind and modulate the activity of key pathway components (Kockel et al., 2010; 

Poltilove, Jacobs, Haft, Xu, & Taylor, 2000). Among the latter is Trib3, a member of 

the Tribbles family of pseudokinase adaptor proteins, which increases in levels 

following starvation and exercise and binds Akt to block its activation and effectively 

reduce tissue growth and increase circulating levels of glucose (Du et al., 2003; Lima 

et al., 2009; Schwarzer, Dames, Tondera, Klippel, & Kaufmann, 2006);. 

Overexpression of Trib3 decreases Akt activation in the liver and muscle, while 

knockdown of Trib3 expression increases Akt in these tissues (Hegedus et al., 2007; 

Koo et al., 2004; Matos et al., 2010; Matsushima, Harada, Webster, Tsutsumi, & 

Nakaya, 2006; Wang et al., 2009). Trib3 may further regulate metabolism in diverse 

tissues via poorly understood interactions with: (1) acetyl-coenzyme A carboxylase 

(ACC) in the liver to regulate lipid metabolism; (2) mTOR and RiCTOR to regulate 

growth in renal tubular cells (Borsting et al., 2014); and (3) ATF4 in  cells to regulate 

insulin production (Liew et al., 2010; Qi et al., 2006). In humans, Trib3 levels are 

aberrantly increased in both insulin resistant adults and obese adults (Liu et al., 2012; 
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Oberkofler et al., 2010). Trib3 knockdown in rat and mouse diabetic models reduces 

the destructive effects of diet on cardiomyopathy, making Trib3 a candidate target to 

alleviate metabolic disease (Ti et al., 2011; Wang et al., 2012). 

A prevalent single nucleotide polymorphism (dsSNP ID: rs2295490) in the 

human Trib3 coding sequence predisposes carriers to develop early onset insulin 

resistance and early onset T2DM (Andreozzi et al., 2008; De Cosmo et al., 2007; 

Formoso et al., 2011; Gong et al., 2009; Prudente et al., 2005; Prudente et al., 2010; 

Prudente et al., 2013; Shi et al., 2009; Zhang et al., 2015; Hegedus, Czibula, & Kiss-

Toth, 2006; Prudente & Trischitta, 2015). The allele frequency ranges from 13% in 

European and African individuals to 25–27% in Japanese and Chinese individuals and 

has been connected to glucose homeostasis, metabolic syndrome, atherosclerosis, 

cardiovascular disease, diabetic nephropathy and chronic kidney disease (Prudente, 

Dallapiccola, Pellegrini, Doria, & Trischitta, 2012) .  

The Trib3 SNP associated with insulin resistance results in a missense 

mutation, changing a polar amino acid glutamine (Q) at position 84 in the conserved 

kinase-like domain to basic arginine (R). In Trib1 and Trib2, the position is occupied 

invariably by an arginine and an R/L mutation in Trib1 in this motif (R107L) associated 

with Down syndrome-related acute megakaryocytic leukemia (AML) enhances ERK 

phosphorylation and C/EBP degradation, pointing to its central function in target 

regulation (Yokoyama et al., 2012). Misexpression of the Trib3 R84 variant in human 

hepatoma cell lines blocks Akt phosphorylation at Ser473 more effectively than the Q 

variant, leading to the notion that the R variant is a more potent inhibitor of Akt 

activation, and consistent with this, the R variant physically binds Akt more strongly 
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than the Q variant (Andreozzi et al., 2008; Gong et al., 2009; Prudente et al., 2005; 

Prudente et al., 2010). Compared to Q84, R84 more efficiently impairs insulin 

secretion in  cells (Liew et al. 2010), and decreases nitric oxide release and 

increases MAPK activity in endothelial cells, early steps in atherosclerosis (Formoso 

et al., 2011). Consistent with the idea that the R84 variant is a gain-of-function allele, 

insulin-mediated glucose disposal was progressively impaired in endothelial cells from 

QQ to QR to RR patients (Andreozzi et al., 2008).  

Tribbles proteins were first identified in Drosophila, and Tribbles family 

members throughout the metazoan lineage share a conserved function to bind key 

regulatory proteins and direct their proteasomal degradation to modulate multiple 

signaling pathways (Dobens & Bouyain, 2012). In Drosophila, a conserved insulin 

signaling pathway links cellular nutrient homeostasis to the control of diverse 

developmental processes including body size and sexual maturation (Koyama, 

Mendes, & Mirth, 2013). I identified Drosophila Tribbles (Trbl) as a strong inhibitor of 

Akt-mediated effects on tissue growth, fat mobilization, metabolite storage and the 

timing of key life cycle events dependent on these functions, including pupariation and 

eclosion, indicating that the functions of the Tribbles family members are evolutionarily 

conserved (Das et al., 2014). Tribbles family proteins share an extensive sequence 

homology in the central kinase-like domain, including a motif that spans the R/Q 

residue associated with metabolic disease in humans, soIsought to test if this site is 

required for Trbl-regulated functions in flies. I show here that like its human 

counterpart, the R variant in flies is a more potent binder and inhibitor of Akt-mediated 

insulin signaling than an engineered Q variant. Mutations at the R141 site are specific 
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for Akt-mediated signaling and do not compromise the potent inhibitory effect of Trbl 

on developmental processes regulated by the Trbl targets C/EBP (Slbo) and Cdc25 

phosphatase (String). A mouse Trib3 R variant robustly blocks Akt activation in the fly 

model, consistent with the conserved function of this site. Together, these data imply 

that the human Q84 variant, which appears only late in the course of human evolution, 

may confer protection from Type 2 diabetes brought on by modern diets. Because 

mutations tested at R141 have no effects on other Trbl-dependent developmental 

events, this site may serve as a target for small molecule inhibitors specifically to 

improve insulin sensitivity in target tissues.  

 

Results 

The R141Q Mutation Reduces Trbl-mediated Inhibition of Akt and Cell Growth 

I aligned the amino acid sequence of fly Trbl with human Trib3 and identified a 

well-conserved region from 136-165 in Trbl that corresponds to a region from 80-109 

in Trib3 and is located N-terminal to the well-conserved central domain of the proteins 

(Figure 2.1A). The homology in this domain includes an R141 arginine residue in fly 

Trbl that corresponds to the Q/R84 variant site in human Trib3. Interestingly, the 

predominant Q84 glutamine variant is unique to the genus Homo, as the rare R variant 

associated with predisposition to human Type 2 diabetes is found at this position both 

in Trib3 in other vertebrates and in Trib1 and Trib2 in all vertebrates. Examining this 

motif in Tribbles family members throughout the metazoan lineage, an R is favored at 

this position almost universally, including for Drosophila Trbl, the focus here (Figure 

2.1A). The Trib3 SNP associated with insulin resistance results in a missense  
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Figure 2.1. Human Trib3 84 position is highly conserved and contains R at this site 
in most Trib proteins. A) Amino acid sequence alignment of key domains in 
Drosophila Trbl and mouse, human and Neanderthal Trib3 proteins. Site 
corresponding to human Trib3 Q84 is highlighted in red. B) Surface mapping of 
conserved and variable residues in Tribbles and its TRIB1-3 homologs. Residue 
conservation was assessed using ConSurf (Ashkenazy et al. 2016) and residues 
are colored according to their conservation from blue (variable) to dark purple 
(conserved) on a surface representation of the human TRIB1 kinase-like domain 
(PDB ID 5cem; (Murphy et al. 2015). Residues for which the data was insufficient to 
calculate a conservation score are colored yellow. C) Left panel: a ribbon diagram 
of human TRIB1 showing conserved residues surrounding R107 (Q84 in human 
TRIB3). Black dashed lines denote potential salt bridge interactions between R107 
and E116 patients (Andreozzi et al. 2008). A close-up view of the site is shown on 
the right panel. 
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mutation, resulting in a change from a polar amino acid residue glutamine (Q) at 

position 84 in the conserved kinase-like domain to a basic one (R). To gain more 

insight into the possible role of this region in Tribbles, I analyzed the conservation of 

surface residues to identify potential protein-binding sites (Figure 2.1B). I constructed 

a multiple sequence alignment using sequences of Tribbles, as well as its homologs 

Trib1-3, and evaluated the conservation of surface residues with the program ConSurf 

(Ashkenazy et al., 2016). In the human Trib1 crystal structure (Murphy et al., 2015) 

this amino acid (R107) lies within a moderately conserved site in the N-terminal lobe 

of the conserved kinase-like domain and mediates an intramolecular salt bridge 

interaction with a conserved glutamate residue (E116 in human Trib1, Fig. 2.1C; 

Andreozzi et al., 2008). Although changing the arginine for a glutamine would disrupt 

this interaction, the glutamine side chain would still be expected to form a hydrogen 

bond with E116 so that there would be minimal structural disruption in this region. As 

such, it seems more likely that the consequence of the mutation is to alter the binding 

of Trib3 to an as of yet unknown protein at this site and an attractive possibility is Akt, 

which I have shown is a target of Tribbles in fly tissue. To test the effect of the Q 

variant in the fly model system, I designed a mutant Trbl (R141Q) and compared its 

activity with WT Trbl in insulin-sensitive tissues. During the active feeding stage of 

Drosophila larval development, the fat body (equivalent to mammalian adipose and 

liver tissue) stores nutrient in the form of lipid droplets to supply the animal with 

essential nutrients during periods of starvation or during pupal stages when feeding 

ceases (Butterworth, Bodenstein, & King, 1965). The fat body is highly sensitive to 

insulin signaling with systemic effect on larval growth and maturation  
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Figure 2.2. Fat body misexpression of R141Q: subcellular distribution and effect on 
cell size. 
A) Optical cross section of fat body expressing UAS-lacZ (control), Trbl RNAi (Trbli), 
Trbl or R141Q and immunostained for Trbl protein levels and distribution using 
specific antisera; DAPI/actin counterstains highlight cell size. Endogenous Trbl 
protein is nuclear, weakly cytoplasmic and strongly cortical as shown previously and 
Trbl RNAi reduces the strength of antisera staining. Trbl misexpression increases 
levels in the cell and the subcellular distribution of Trbl is unchanged by the R141Q 
mutation. Genotype: (1) control, r4GAL4/+, (2) Trbli, P(GD11640)v22114 / r4GAL4, 
(3) Trbl, UAS-Trbl/+; r4GAL4/+, (4) R141Q, UAS-TrblR141Q/+; r4GAL4/+. Note that 
all images were taken with identical confocal parameters so that the strength of 
staining is comparable. B) Larval body weight analysis shows that misexpression of 
R141Q reduces body weight less than WT Trbl. In contrast, weight differences 
between control and R141Q were not significant (n.s.). N = 20. C) Misexpression of 
R141Q in fat body of age-matched larvae reduced fat body cell size less significantly 
than WT Trbl. N = 100. 
D) Misexpression of R141Q fat body of age-matched larvae reduced fat body 
nuclear size less significantly than WT Trbl. N = 100. Statistical analysis performed 
with one-way ANOVA followed by Tukey post-hoc using Graph Pad Prism. Error 
bars represent Mean ± SEM. 
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(Britton, Lockwood, Li, Cohen, & Edgar, 2002). In fat body cells, specific antisera 

detect endogenous Trbl localized to the cytoplasm, cell cortex and nucleus (Figure 

2.2A, top panels) and misexpression of a UAS-trbli RNAi transgene using the fat body-

specific r4GAL4 driver (Lee & Park, 2004) reduced levels of Trbl staining in these 

subcellular regions (Figure 2.2A) while complementarily, misexpression of a UAS-Trbl 

transgene resulted in more prominent nuclear and membrane localization of the Trbl 

signal (Figure 2.2A). Misexpression of UAS-TrblR141Q under similar conditions resulted 

in an identical subcellular Trbl distribution (Figure 2.2A, bottom panel), suggesting that 

the R141Q mutation does not strongly affect intracellular localization of Trbl.  

 As shown previously (Das et al., 2014), misexpression of WT Trbl in the fat 

body decreased larval body weight and cell size significantly compared to 

misexpression of a lacZ transgene as a control (Figure 2.2B). In contrast, UAS- 

TrblR141Q misexpression led to no significant reduction in larval body weight compared 

to control (Figure 2.2B). Consistent with its effects on body weight, TrblR141Q 

misexpression led to a smaller reduction in cell and nuclear size compared to WT Trbl 

(Figure 2.2C, D).  

Compared to human Trib3 Q84, the Trib3 R84 variant is a stronger inhibitor of 

Akt-mediated insulin signaling in human hepatocytes and vein endothelial cells 

(Andreozzi et al., 2008; Prudente et al., 2005). To compare the effect of WT Trbl and 

R141Q on Akt in adipose tissue, I collected fat body tissue extracts from flies 

expressing these transgenes and probed Western blot with either (1) anti-phospho 

Drosophila Ser505 Akt sera (equivalent to mammalian Ser473) to detect levels of 

activated Akt or (2) anti-pan Akt sera to document total Akt levels. As shown in Figure  
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Figure 2.3. The R141Q mutation reduced the ability of Trbl to block dAkt activation. 
A) Representative western blot of fat body extracts from age matched larvae driving 
transgene expression by r4GAL4 were probed with phospho-Akt, panAkt and -
tubulin antisera by stripping and re-probing the same blot and reveals that the 
R141Q mutation blocks Akt phosphorylation less effectively than WT Trbl. 
Genotypes are: (1) control, UAS-LacZ/+; r4GAL4; (2) trib RNAi, 
P(GD11640)v22114 / r4GAL4; (3) Trbl, UAS-Trbl; r4GAL4/+ (4) R141Q, UAS-
TrblR141Q/r4GAL4. (B and C) Quantification of at least three independent western 
blots of fat body extracts show that trbl RNAi increases Akt activation while Trbl 
decreases it and the R141Q mutation reduces the ability of Trbl to block Akt 
activation (B); for all three, total Akt levels were unaffected (C). β-tubulin band was 
used as loading control and results were normalized to control. Genotypes are 
same as (A). Statistical analysis performed with one-way ANOVA followed by 
Tukey post-hoc using Graph Pad Prism. Error bars represent mean ± SEM. 
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2.3A, misexpression of trbl RNAi led to increased levels of phosphoAkt compared to 

controls while WT Trbl misexpression effectively reduced levels of phosphoAkt. In 

contrast, misexpression of the R141Q led to levels of phosphoAkt levels similar to 

control (Figure 2.3A). Quantification from multiple western blots revealed that 

phosphoAkt levels following WT Trbl misexpression were ~60% lower than R141Q 

misexpression (Figure 2.3B). As shown previously, WT Trbl misexpression did not 

affect total levels of Akt, and here I show that R141Q behaved similarly (Figure 2.3A 

and C). In sum, the R141Q mutation impaired the potent ability of Trbl to block Akt 

phosphorylation, consistent with its ability to block Trbl-mediated reduction of tissue 

growth. 

 

R141Q is a Weaker Inhibitor of Insulin Signaling 

In vertebrates, hepatic Trib3 misexpression in mice leads to hyperinsulinemia 

due to its ability to block Akt-mediated glucose uptake (Du et al., 2003; Matsushima 

et al., 2006). To compare the effect of WT Trbl and the R141Q mutation on circulating 

sugar levels, I collected hemolymph of larvae misexpressing either WT Trbl or R141Q 

in the fat body. Compared to control, misexpression of WT Trbl increased circulating 

glucose level by ~30%. In contrast, R141Q misexpression did not significantly 

increase circulating glucose concentration (Figure 2.4A). Next, I examined circulating 

levels of trehalose, a glucose disaccharide that constitutes the major form of 

circulating sugar in insects (Thompson, 2003). While WT Trbl misexpression 

increased by ~40% circulating trehalose level, R141Q did not change trehalose levels 

significantly (Figure 2.4B). This could reflect a reduction in the ability of R141Q to 
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Figure 2.4. Trbl R141Q mutation reduces Trbl inhibition of larval growth and 
metabolism. 
(A-D) Assays for stored or circulating metabolites were performed on age-matched 
larvae and reveal the effect of misexpressing WT Trbl, trbl RNAi or R141Q in the 
fat body. (A) Circulating glucose, (B) circulating trehalose, (C) stored glycogen and 
(D) stored triglyceride. Note that triglyceride and glycogen contents are presented 
as relative to the protein content of the tissue sample to normalize the weight 
difference between control and transgene-expressing larvae.  For (A-D), n = 20.  
(E-H). Nile Red staining (detecting lipid droplets) reveals that misexpression of Trbl 
in the fat body decreased lipid accumulation as detected by the relative strength of 
fluorescence compared to control while conversely, trbl RNAi increased 
fluorescence. Misexpression of the R141Q mutation blunted the effect on reduced 
fluorescence seen with WT Trbl. Note that all images were taken with identical 
confocal parameters so that the strength of staining is comparable. (I) Quantitation 
of lipid droplet size in fat body cells from (E-H) demonstrates the strong increase 
in lipid droplet size caused by misexpression of Trbl RNAi and the converse 
reduction in droplet size by misexpression of Trbl is attenuated by the R141Q 
mutation. (J) Oil Red O binding (detecting neutral lipids, in arbitrary units) reveals 
that misexpression of Trbl in the fat body decreased lipid accumulation compared 
to control while trbl RNAi misexpression had the opposite effect to increase lipid 
accumulation significantly. In this assay, misexpression of the R141Q mutation was 
not significantly different from misexpression of Trbl.  (K) Compared to controls, fat 
body misexpression of WT Trbl delayed pupariation, whereas the R141Q 
misexpression did not delay pupariation as effectively. Experiment was done in 
biological triplicate. AED, after egg deposit. Genotypes are: (1) control, r4GAL4/+; 
(2) Trbl, UAS-Trbl; r4GAL4 (3) R141Q, UAS-TrblR141Q/ r4GAL4; (4) trib RNAi, 
P(GD11640)v22114 / r4GAL4. All experiments were done in biological triplicate. In 
(I), n = 60.  In (J), n = 3.  In (K), n = 20. For all metabolite quantitation, lipid droplet 
analysis, and pupariation assays, statistical analysis was performed with one-way 
ANOVA followed by Tukey post-hoc on Graph Pad Prism.  
Error bars represent Mean ± SEM. 
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block the clearance of sugars from the hemolymph in the body wall muscles, the major 

storage site of glycogen in Drosophila larvae (Ruaud, Lam, & Thummel, 2011). To 

rule out this possibility, I measured larval glycogen content and found that neither WT 

Trbl nor R141Q misexpression in fat body altered overall larval glycogen level 

significantly compared to control (Figure 2.4C). Taken together, these data indicate 

that the R141 residue is important for Trbl-mediated carbohydrate clearance from the 

hemolymph. 

The R141Q mutation reduced the potent ability of Trbl to decrease fat body cell 

size and larval body weight (Figure 2.2A-D) so I examined next its effect on adipose 

tissue fat deposit. As previously shown (Das et al., 2014), WT Trbl misexpression 

decreased the levels of fat body triglycerides, the major constituent of the stored fat in 

insects (Canavoso, Jouni, Karnas, Pennington, & Wells, 2001). In contrast, R141Q 

misexpression did not alter triglyceride level significantly (Figure 2.4D), a result that 

might explain the normal pupariation rate in these larvae. Consistent with opposing 

effects on fat stores, WT Trbl misexpression in the fat body resulted in reduced lipid 

droplet size while Trbl RNAi increased droplet size compared to control (Figure 2.4E-

G). R141Q misexpression resulted in droplet size that was significantly larger than 

Trbl, consistent with its reduced activity (Figure 2.4H, I). Similarly, R141Q had stronger 

Nile Red fluorescence, which detects lipid droplets in fat bodies and emits 

fluorescence in the 552/636 nm range, compared to Trbl (Figure 2.S2). Consistent 

with these data, R141Q showed increased retention of Oil Red O stain, which detects 

neutral lipids, compared to Trbl misexpression (Figure 2.4J). When body weight 

reaches a critical threshold necessary to sustain metabolic needs prior to pupariation, 
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third instar larvae cease feeding and wander away from the food, and insulin signaling 

regulates the timing of these critical events (Shingleton, Das, Vinicius, & Stern, 2005). 

As I showed before, WT Trbl misexpression in the fat body using the r4GAL4 driver 

delayed the timing of pupariation, consistent with its ability to block insulin signaling 

(Das et al., 2014). In contrast, misexpression of R141Q did not alter the pupariation 

rate significantly compared to control larvae (Figure 2.4K), consistent with the notion 

that R141Q is a weaker inhibitor of insulin signaling than R141. These data indicate 

that the R141 motif plays a key role in nutrient and energy homeostasis during 

development. 

 

The Nature of the Charged Residue at R141 Mediates the Strength of Akt Binding 

Next, I compared the strength of WT Trbl and R141Q binding to Akt by co-

immunoprecipitation (co-IP) analysis in vivo and in vitro, and by yeast two-hybrid 

(Y2H) assay. Embryonic extracts misexpressing dAkt and either WT Trbl, R141Q or a 

D/NLK mutation in the catalytic loop of Trbl (Das et al., 2014) were subjected to IP 

with Trbl antisera followed by western blot analysis using anti-Akt sera. As shown in 

Figure 2.5A, I detected considerably less Akt associated with the same amount of 

R141Q than with WT Trbl. The D/NLK mutation in the catalytic loop, which reduced 

Trbl function in several tissues (Das et al., 2014), reduces further the strength of this 

interaction with Akt (Figure 2.5A).   

To confirm further these data, I cloned WT Trbl, R141Q and dAkt coding 

sequences into a T7 RNA polymerase-inducible vector and used a rabbit reticulocyte 

extract to produce each protein using coupled transcription/translation. Fluorescently- 
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Figure 2.5. The R141Q mutation reduces Akt binding. 
(A) Western probed with pan-Akt sera reveals that Akt co-immunoprecipitates with 
Trbl in embryonic extracts misexpressing either Trbl or R141Q and reveal reduced 
Akt binding to R141Q compared to WT Trbl. The DLK mutation in the kinase domain 
of Tribbles, strongly reduced Akt interaction, shown previously (Das et al. 2014). (B) 
Yeast two-hybrid assay of Trbl prey shows strong Akt bait binding that is reduced 
by the R141Q mutation, while the R141E mutant bound Akt more strongly in this 
assay. Yeast cells co-expressing Akt prey and R141Q bait were able to grow well 
in the presence of up to 25mM 3AT growth inhibitor whereas cells co-expressing 
Akt and WT Trbl grew in presence of up to 50mM 3AT while cells co-expressing Akt 
and R141E bait grew in presence of up to 50mM 3AT. Note that equal numbers of 
transformed yeast cells were used to seed the plates used for assay. 
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labeled lysine was incorporated during expression of dAkt and extracts were mixed 

with WT Trbl or R141Q immobilized on nickel beads, and bound Akt was eluted by 

boiling in SDS loading buffer. Following polyacrylamide gel analysis, fluorescent Akt 

levels were measured directly using a laser-based scanner. As shown in Figure 2.S3 

comparably less labeled Akt was bound to R141Q than WT Trbl following pulldown in 

this in vitro interaction assay. 

To directly compare the strength of interactions between Trbl and Akt in the 

absence of endogenous proteasomal degradation, I cloned WT Trbl or R141Q into a 

yeast two-hybrid bait vector and dAkt in the corresponding prey vector. As shown in 

Figure 2.5B, WT Trbl bait interacts with dAkt prey more strongly than R141Q bait, 

resulting in detectable growth in the presence of up to 50mM 3AT (3-Amino-1, 2,4-

triazole), whereas R141Q could grow well only up to 25mM of 3AT (Figure 2.5B). 

These results agree with the observations in the mammalian system where human 

R84 Trib3 binds more strongly to Akt than its Q84 counterpart (Andreozzi et al., 2008). 

 

Mouse Trib3 has Conserved Activity to Block Akt Activation 

These observations confirm the importance of a conserved arginine residue for 

binding and blocking Akt activation and led us to test the effect of misexpressing a 

mouse Trib3 bearing this conserved R84 in the Drosophila model (Figure 2.6). As 

shown in Figure 2.6A-C, misexpression of mouse Trib3 in the fat body resulted in a 

decrease in pSer505 levels while total dAkt levels were unaffected, two effects that 

were similar to those observed with WT Trbl. The ability of mouse Trib3 R84 to block 
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Figure 2.6. Mouse Trib3 functions in a conserved manner to block dAkt activation. 
(A) Representative western blot of fat body extracts from age-matched larvae 
driving expression of UAS-Trbl or UAS-Trib3 from mice by r4GAL4 were probed 
with phospho-Akt, panAkt and -tubulin antisera by stripping and re-probing the 
same blot and reveals that mouse Trib3 was as effective as Trbl in blocking Akt 
phosphorylation. Genotype: control, r4GAL4/+; Trbl, UAS-Trbl/+; r4GAL4/+; Trib3, 
UAS-mouseTrb3/+; r4GAL4/+. (B and C) Quantification of western blots of fat body 
extracts from at least three independent experiments show mouse Trib3 is as 
effective as Trbl in reducing Akt activation while having no strong effect on total Akt 
levels. α-tubulin band was used as loading control and results were normalized to 
control. Genotypes are same as (A). Statistical analysis was performed with one-
way ANOVA followed by Tukey post-hoc using Graph Pad Prism. Error bars 
represent mean ± SEM. 
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Akt activation in the fly model demonstrates the critical functional importance of this 

conserved arginine for Trib family member regulation of insulin-mediated metabolism. 

 

Mutational Analysis of the R141 Site 

To test further the importance of the R141 site for Akt interaction, I generated 

a set of site-directed mutations in the R141 site and used the yeast two hybrid system 

to test of the strength of Trbl-Akt binding (R.D., A.S., J-Y. F. and L.L.D., unpublished 

data). From this pilot screen, I identified a charge reversal mutation R141E in Trbl bait 

that interacted with dAkt in the prey vector more strongly than WT Trbl bait, resulting 

in strong growth in the presence of up to 50 mM 3AT compared to WT Trbl bait, which 

had only weak growth in 50mM 3AT (Figure 2.5B). I designed the corresponding site 

directed mutation in the UAS vector and misexpressed TrblR141E (R141E) in the fat 

body using the r4GAL4 driver to test its effect on Akt binding and regulation. TrblR141E 

protein accumulated in the fat body with a subcellular distribution similar to WT Trbl, 

as detected by Trbl antisera (Figure 2.S4A). Confirming the yeast two hybrid result, 

R141E purified from fat bodies bound Akt more strongly than WT Trbl in a pull-down 

co-IP assay (Figure 2.S5B). This increase in Akt binding compared to WT Trbl 

suggested R141E might have strong dominant properties in vivo. However, 

misexpression in the fat body reduced overall larval body weight and fat body cell size 

less significantly than WT Trbl (Figure 2.S5B, C). Consistent with these weaker 

effects, R141E was less effective than WT Trbl at reducing levels of phospho-Akt in 

vivo (Figure 2.S6). The effects of R141E misexpression in the fat body on metabolism 

were more complex, with effects similar to WT Trbl on total triglyceride storage (Figure 
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2.S7A), but with reduced effects on glycogen (Figure 2.S7B), circulating glucose 

(Figure 2.S7C) and trehalose levels (Figure 2.S7D) compared to WT Trbl. Moreover, 

the effect of R141E on delaying the timing of pupariation was identical to Trbl (Figure 

2.S7E). This evidence suggests that although the R141 site is important for Akt 

interactions, its effects on metabolism in vivo may reflect its interaction with other 

protein targets as well. 

 

R141Q Mutation Does Not Affect Other Trbl Developmental Functions 

In vertebrates, the Q84R mutation in Trib3 confers greater protein stability, 

increased MAP kinase activity, and increased binding to the ATF4 transcription factor 

(Formoso et al., 2011; Liew et al., 2010), while an R/L mutant in Trib1 enhances ERK 

phosphorylation and C/EBPalpha degradation. These data suggest that this site can 

mediate the interactions between Trib family members and wide variety of targets 

(Yokoyama et al., 2012) and led us to test whether the R141Q or R141E mutations 

affected Trbl-dependent processes in other fly tissues.  

The Drosophila C/EBP transcription factor homolog Slow Border Cells (Slbo) 

promotes border cell (BC) migration during oogenesis, and WT Trbl misexpression in 

these cells potently blocks their migration by directing the proteasomal degradation of 

Slbo (Rorth et al., 2000). Misexpression of R141Q and R141E specifically in the BCs 

using slbo2.6-Gal4 driver elicited a comparable strong block on BC migration (Figure 

2.7A, B). In support of this in vivo functional assay, in Y2H binding assay the bait 

proteins WT Trbl, R141Q and R141E all interacted with prey Slbo, with roughly an 

order of strength WT Trbl = R141E > R141Q (Figure 2.S4A).   
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Figure 2.7. Mutations at the R141 site do not affect border cell migration. 
(A) slbo2.6-GAL4 misexpression of Trbl, R141Q or R141E at 30oC resulted in a 
variable block in BC migration (complete migration and two examples of incomplete 
migration where anterior and posterior empty arrowheads show the start and end 
of migration, respectively). (B) Quantitation of the block to border cell migration 
reveals a strongly penetrant incomplete border cells migration phenotype for Trbl, 
R141Q and R141E at stage 10B. Genotypes used: (1) control, slbo2.6-GAL4, UAS-
GFP/UAS-lacZ; (2) Trbl, slbo2.6-GALl4, UAS-GFP/UAS-Trbl; (3) R141Q, slbo2.6-
GAL4, UAS-GFP /UAS-TrblR141Q; (4) R141E, slbo2.6-GAL4, UAS-GFP /UAS-
TrblR141E. . Statistical analysis was performed with one-way ANOVA. Error bars in 
B represent mean ± SEM.Error bars in B represent mean ± SEM. 
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Figure 2.8. Mutations at the R141 site do not affect Trbl-regulated tissue growth. 
(A) engrailed-GAL4 (enGAL4) misexpression of WT Trbl, R141Q or R141E 
resulted in no strong differences in overall reduced tissue growth. Overall wing size 
represented by heat map diagrams of typical wings and the area of posterior 
intervein region, which is directly affected by enGAL4 transgene misexpression in 
representative wing is indicated in kilopixels.(B) enGAL4 misexpression of R141Q 
or R141E blocked cell division as effectively a misexpression of Trbl. There was no 
significant difference in the effect of engrailed-GAL4 misexpression of WT Trbl, 
R141Q and R141E at 30oC to increase cell size as detected by decreased trichome 
density in 3rd posterior compartment (normalized to density of trichomes in marginal 
compartment). Error bars represent mean ± SEM (n=10 for control, 7 for WT Trbl 
and R141Q). Genotypes used are: (1) control, en-GAL4/UAS-lacZ, (2) Trbl, en-
GAL4/UAS-Trbl; (3) R141Q, en-GAL4/UAS-TrblR141Q; (4) R141E, en-GAL4/UAS-
TrblR141E. Statistical analysis was performed with one-way ANOVA followed by 
Tukey post-hoc using Graph Pad Prism. 
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Trbl inhibits cell division by binding and promoting degradation of String/ Cdc25 

phosphatase and misexpression of Trbl in the wing blocks cell division so that the 

density of trichomes, actin-rich protrusions projecting out from the distal edge of each 

wing cell, is noticeably reduced. At the same time, Trbl block of Akt activity reduces 

the overall size of the wing (Dobens & Dobens, 2013; Grosshans & Wieschaus, 2000; 

Mata et al., 2000). Previously, I have used the Fijiwings program to demonstrate that 

WT Trbl misexpression in the wing results in increased cell size and decreased overall 

tissue growth (Dobens & Dobens, 2013). When I used the engrailed-GAL4 driver to 

compare the effects of WT Trbl, R141Q or R141E misexpression in the wing (Figure 

2.8A, B), I observed that R141Q or R141E resulted in a reduction in overall wing size 

and trichome density ratio similar to the effect of WT Trbl. These observations in two 

tissues suggest that the R141 residue,which plays a crucial role in binding and 

preventing Akt activation, does not affect the interaction of Trbl with its targets Slbo 

(C/EBP) and String/Cdc25.  

 

Discussion 

We reported previously that fly Trbl has a conserved role in modulating Akt to 

regulated the insulin signaling pathway (Das et al., 2014) and here I extend these data 

by demonstrating that a conserved site in Trbl corresponding to an SNP variant R84 

in human Trib3 which is associated with insulin resistance is important in the 

modulation of insulin signaling in flies as well (Prudente et al., 2005). Functional 

studies in human cell and organ culture demonstrate the Trib3 variant Q84 is a weaker 

binder and inhibitor of Akt kinase than the R84 variant (Andreozzi et al., 2008; 
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Prudente et al., 2005), and here I report that when the equivalent residue R141 of 

Drosophila Trbl is mutated to Q (R141Q) a parallel effect is seen: reduced Trbl binding 

to Akt (Figure 2.3), with consequent increases in larval growth and anabolism (Figs 

2.2,4,5). Collectively, these observations suggest that the R residue has a conserved 

role in binding Akt to block its activation and consistent with this notion, I found that 

mouse Trib3 (an R variant Trib) misexpressed in Drosophila fat body inhibits Akt 

activation to an equivalent extent as WT Trbl (Figure 2.6).   

The Q residue prevalent in human populations is unique to humans and 

Neanderthal sequences, but the R residue is conserved in almost all metazoan Trib 

proteins, indicating that the Trib3 Q84 variant appeared only late during human 

evolution. Notably, Trib1 and Trib2 orthologs in humans retain the R residue, pointing 

to its important role in family member function. While the detrimental effect of the Q/R 

variant has been documented (Prudente & Trischitta, 2015), an intriguing question is 

the selective role this motif played in the evolution of human and Neanderthals. 

Because short-term nutrient deprivation causes an increase in Trib3 mRNA and 

protein levels in adipose tissue (Liu et al., 2012) and in human cell culture Trib3 

expression level is induced upon starvation of glucose and amino acids (Schwarzer 

et al., 2006), one possibility is that the Q84 variant permits residual Akt activity during 

prolonged physical activity, such as endurance running, a capability that distinguishes 

the hominid lineage (Bramble & Lieberman, 2004) 

In addition to the SNP that results in the Q/R variant in human populations, a 

number of nonsynonymous SNPs in the genomic region encompassing the human 

Trib3 gene occur whose function and potential biological relevance are – up to now – 
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unaddressed. The fly insulin resistance model offers a convenient place to test the 

stage-, tissue- and diet-specific effect of these Trib3 SNPs (Das & Dobens, 2015). 

Because Trib3 is regulated by diet, testing Trbl function on various high sugar and 

high fat diets can be done rapidly (Musselman et al., 2011). Vertebrate Trib3 has 

tissue-specific effects on liver, endothelium and pancreatic islets, and because these 

tissues have parallel organ systems in the fly, the power of the genetic tools available 

in the fly to misexpress or knockdown Trbl can be implemented. Furthermore, the 

documented role of Trib3 as a nexus between diabetes and cancer (Izrailit, Berman, 

Datti, Wrana, & Reedijk, 2013; Mondal, Mathur, & Chandra, 2016) can inform tests of 

Trbl in recently developed fly insulin-regulated tumor models (Figueroa-Clarevega & 

Bilder, 2015; Kwon et al., 2015).  

Mutations in the conserved DLK motif strongly reduce the interaction of Tribbles 

family members with Akt, C/EBP and Cdc25 phosphatase in flies and vertebrates (Das 

et al., 2014; Du et al., 2003; Keeshan et al., 2010; Liang, O’Connor, Veiga, McCarthy, 

& Keeshan, 2016; Masoner et al., 2013). Here I show that the R141Q mutation does 

not interfere with the ability of Trbl to inhibit Cdc25 phosphatase-triggered cell division 

or C/EBP-mediated cell migration (Fig 2.8), suggesting that this motif might be a good 

potential therapeutic target to selectively alleviate insulin resistance without affecting 

the other cellular functions of Trbl. The contribution of Tribbles isoforms in mammals 

to insulin regulation and cancer is complex: recently, Trib2 has been shown to be an 

Akt agonist (Hill et al., 2017), and an R107L mutation in Trib1 that aligns with R141Q 

in Trib3 promotes leukemogenesis by enhancing ERK phosphorylation and 

C/EBPalpha degradation (Yokoyama et al., 2012).  
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Represented by a single Tribbles isoform, the fly model offers a promising 

model system to rapidly interrogate molecular defects associated with human Tribbles 

disease alleles to accelerate an understanding their contributions to Type 2 diabetes 

and cancer (Alfa & Kim, 2016) . Toward this end I used in vitro yeast two hybrid 

interaction assays to identify an R141E charge reversal mutation that in binds Akt 

more strongly and then engineered this mutation into an inducible transgene to test it 

in the fly. I confirmed the strong interaction between R141E and Akt in vivo suggesting 

that the allele might have dominant activity, effectively blocking Akt activity more 

potently than WT Trbl. However, the allele actually reduced Trbl activity measured by 

cell and tissue size, Akt phosphorylation and metabolic assays. It is possible that the 

R141E mutation affects interactions with other Trbl targets regulating metabolism, 

such as acetyl-coenzyme A carboxylase (ACC), which our preliminary data shows is 

a conserved Trbl target regulating fat production (Liew et al., 2010; Qi et al., 2006). 

This while this R141E mutation confirms the critical role of this site in Akt binding, its 

overall influence on metabolism reflects the complexity of even the simpler fly system. 
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Figure 2.S1. Human Trib3 Q84 position is highly conserved and contains R in most Trib 
proteins. (A) An alignment of conserved features of the kinase domain in Tribbles family 
members shows where the Q/R variant motif (green) occurs. (B) The crystal structure 
of human Trib1 (Murphy et al., 2015) reveals the relative locations of the conserved 
pocket domain (red/orange) and Q/R variant site (green). Notably, the Q/R site occurs 
on the surface of Trib1 three-dimensional structure. (C) Sequence alignment of the N-
terminal kinase domains of Drosophila Trbl with mouse, chimpanzee, Neanderthal and 
human Trib proteins (Alva et al., 2016) reveals the aligned positions linking the human 
Trib3 Q84 site to the corresponding R141 site in Drosophila Trbl, mutated here. 
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Figure 2.S2. Trbl-mediated reduction of lipid accumulation in the fat body is 
attenuated by the R141Q mutation (A-D). Nile Red fluorescent staining (detecting 
lipid droplets) is reduced following misexpression of Trbl in the fat body (B) 
compared to control (A) while conversely, trbl RNAi misexpression led to increased 
fluorescence (C). Misexpression of the R141Q mutation (D) blunted the effect on 
reduced fluorescence seen with WT Trbl (cf. B, D). All images were taken with 
identical confocal parameters so that the strength of fluorescent staining is 
comparable. 
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Figure 2.S3. R141Q expressed in rabbit reticulocyte lysates shows decreased Akt 
binding following co-IP (top panel) Autoradiograph exposure of gel on left showing 
two major labeled bands corresponding to isoform sizes of Akt (indicated). 
Reduced levels of labeled Akt were observed following Trbl antisera-IP of R141Q 
compared to Trbl. (center panel) Western blot of gel probed with anti-MYC sera 
detects similar levels of Trbl and R141Q used in these assays. (bottom panel) 
Coomassie brilliant blue (coomassie) staining showing total input protein from 
rabbit reticulocyte mixes of Trbl and labeled Akt; input band corresponding to Trbl 
and R141Q is indicated. These experiments were done in triplicate. 
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Figure 2.S4. The R141E mutation compromises Trbl-mediated reduction in body 
size and fat body cell size (A) Optical cross section comparing fat body 
misepression of UAS-lacZ (control), Trbl Trbl or R141E and immunostained for Trbl 
protein levels and distribution using specific antisera; actin counterstaining 
highlights cell size. Trbl and the R141E mutation have similar levels and 
distribution. Genotype: (1) control, r4-GAL4/+, (2) Trbl, UAS-Trbl/+; r4-GAL4/+, (4) 
R141E, UAS-TrblR141E/+; r4-GAL4/+. Note that all images were taken with 
identical confocal parameters so that the strength of staining is comparable. (B) 
Age-matched larval body weight analysis shows no significant difference between 
the effect of Trbl and R141E on reduced body weight (n.s.). (C) Misexpression of 
R141E in fat body of age-matched larvae reduced fat body cell size less 
significantly than WT Trbl. Statistical analysis was performed with one-way ANOVA 
followed by Tukey post-hoc on Graph Pad Prism. Error bars represent mean ± 
SEM. (B), n=20; (C), n=60 
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Figure 2.S5. R141E interacts with Slbo (C/EBP) and Akt with a stronger affinity 
than R141Q (A) Yeast two hybrid assay comparing the binding strength of R141Q 
and R141E to Sllbo (C/EBP). The R141Q mutation decreased Slbo binding while 
R141E bound Slbo as strongly than WT Trbl as demonstrated by yeast cells co-
expressing Slbo prey. R141Q grows in the presence of up to 25mM 3AT growth 
inhibitor, while Trbl and R141E bait grow well in the presence of up to 100mM 3AT. 
Note that equal numbers of transformed yeast cells were used to seed the plates 
used for assay. (B) Co-IP of Trbl from fat body extracts misexpressing Trbl or 
R141E and subjected to western blotting probed with pan-Akt shows R141E binds 
Akt more strongly than Trbl. 
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Figure 2.S6. The R141E mutation compromises Trbl-mediated reduction in Akt 
activation (A) Representative western blot of fat body extracts from age matched 
larvae driving transgene expression by r4-GAL4 were probed with phospho-Akt, 
panAkt and b-tubulin antisera by stripping and re-probing the same blot to reveals 
that the R141E mutation blocks Akt phosphorylation less effectively than WT Trbl. 
Genotypes are: (1) control, r4-GAL4/+; (2) Trbl, UAS-Trbl; r4-GAL4 (4) R141E, 
UAS-TrblR141E/r4-GAL4. (B and C) Quantification of at least three independent 
western blots of fat body extracts show that Trbl decreases Akt activation and the 
R141E mutation blunts this effect (B); for misexpression of either, total Akt levels 
were unaffected (C). β-tubulin band was used as loading control and results were 
normalized to control. Genotypes are same as (A). Statistical analysis was 
performed with one-way ANOVA followed by Tukey post-hoc on Graph Pad Prism. 
Error bars represent mean ± SEM. 
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Figure 2.S7. The R141E mutation compromises some Trbl-mediated effects on 
metabolite levels (A-D) Assays for stored or circulating metabolites were performed 
on age-matched larvae and reveal the effect of misexpressing WT Trbl or R141E 
in the fat body. (A) stored triglyceride, (B) stored glycogen, (C) circulating glucose, 
(D) circulating trehalose. As before, triglyceride and glycogen contents are 
presented as relative to the protein content of the tissue sample to normalize the 
weight difference between control and transgene-expressing larva. (A-E), n=20. 
Statistical analysis was performed with one-way ANOVA followed by Tukey post-
hoc on Graph Pad Prism. Error bars represent mean ± SEM. (E) Compared to 
control, fat body misexpression of R141E delayed pupariation to a similar extent as 
WT Trbl. Experiment was done in biological triplicate. AED, after egg deposit. 
Genotypes are: (1) control, r4-GAL4/+; (2) Trbl, UAS-Trbl; r4-GAL4 (3) R141E, 
UAS-TrblR141E/ r4-GAL4. All experiments were done in biological triplicate. Error 
bars represent Mean ± SEM. 
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Materials and Methods 

Drosophila strains 

Generation of (1) P(UAS-FLAG-Trbl.WT) (UAS-FLAG- Trbl) was described 

previously (Masoner et al., 2013).  Generation of (2) P(UAS-FLAG- TrblR141Q) 

(141Q), (3) P(UAS-FLAG- TrblR141E) (141E), and (4) P(UAS-FLAG- mouseTrib3) 

are described below. (5) y1 w*; P(r4GAL4)3 was a generous gift from Laura 

Musselman. I obtained the following stocks from the Indiana Stock Center: (6) 

P(en2.4-GAL4)e16E (engrailed-GAL4); (7) P(w(+mC)=UAS-lacZ.NZ)20b (Rulifson, 

Kim, & Nusse, 2002); (8) y(1) w; P(w(+mC)=UAS-Akt1.Exel)2. I obtained (9) w1118; 

P(GD11640)v22114 from the Vienna stock center. (10) (GAL4-slbo.2.6)1206 P(UAS-

GFP.S65T)T2/CyO (slbo2.6- GAL4) was a generous gift from Pernille Rorth. 

Construction of P(UAS-FLAG- mouseTrib3). The complete ORF mouse trib3 

was amplified from cDNA (Origene) using the oligonucleotides 

ATGGATTACAAGGATGACGACGATAAGATGCGAGCTACACCTCTG and 

TCAGCCGTACAGCCCCACCTCCCCTTC to generate a N-terminal FLAG fusion 

(FLAG sequence in bold), cloned into pSTBlue-1 (AccepTor Vector kit, Novagen) and 

confirmed by DNA sequencing. An EcoRI fragment containing the full-length 

FLAGTrbl and FLAGTrib3 was then cloned into pUASTattB and again confirmed by 

DNA sequencing. 

Construction of UAS-FLAG-trbl R141Q and UAS-FLAG-trbl R141E.  Mutated 

versions of Trbl were generated from pUASTattB+FLAG-trbl.WT plasmid using the 

QuikChange II XL Site-Directed Mutagenesis Kit (Stratagene) and oligonucleotides 

designed were: (1) for UAS-FLAG-trblR141Q 
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CTAACCGCCTCCAATCTGCAGTGCGTGGACATCTTCACC and 

GGTGAAGATGTCCACGCACTGCAGATTGGAGGCGGTTAG; for 

UAS-FLAG-trblR141E CTAACCGCCTCCAATCTGGAATGCGTGGACATCTTCACC 

and  

GGTGAAGATGTCCACGCATTCCAGATTGGAGGCGGTTAG).  Site-directed 

mutations (shown in bold) were confirmed by DNA sequencing. Embryo injections 

were performed as a fee-for-service (Genetic Services, Inc., Cambridge, MA and 

Rainbow Transgenic Flies, Thousand Oaks, CA), and transgenic lines with insertions 

recombined into the second chromosome landing site (attP40; 25C7 on 2L) or third 

chromosome landing site (attP2; 68A4 on 3L) were confirmed for the presence of the 

WT or mutant transgene by sequencing of PCR product. 

 

Yeast Two-hybrid Screen 

The ProQuest Two-Hybrid System (Invitrogen) was used to perform yeast two-

hybrid interaction tests.  Plasmid DNA transformations of S. cerevisiae strain MaV203 

were performed as outlined in the kit manual and grown on SC media lacking both 

tryptophan and leucine to confirm the presence of both the bait and prey plasmids. An 

equal number of transformed cells (determined by O.D.600) were transferred to SC-

Leu-Trp-His, SC-Leu-Trp-His+3AT (at various concentrations) plates to test for 

interactions. Plate images were taken after 3-4 days of growth at 30°C. To construct 

bait and prey plasmids, cDNAs for FLAGTrbl WT, FLAGTRBLR141Q, dAkt and Slbo 

ORFs were amplified using PCR to add flanking attB1 and attB2 sites to each, 

respectively.  Forward and reverse primers for FLAGTrbl WT and FLAGTRBLR141Q 



 47 

were, respectively: 5’-

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGATTACAAGGATGACGACG

ATAAG -3’, 5’-

GGGGACCACTTTGTACAAAGAAAGCTGGGTCTCAGCCCATGTCCACATCCGTA

TC -3’; for Slbo, respectively, 5’-

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGCTGAACATGGAGTCGCCGC

AG-3’, 5’-

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTACAGCGAGTGTTCGTTGGTGT

TG-3’; and for Akt, respectively, 5’ 

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGTCAATAAACACAACTTTCGA

CCTCAGCTC-3’ and 5’-

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTATTGCATCGATGCGAGACTTG

TG-3’ (attB1 and attB2 sequences in bold).  The PCR product was cloned into the 

donor vector pDONR-221 and then into either pDEST32 (bait vector) or pDEST22 

(prey vector).  All constructs were confirmed by DNA sequencing. 

 

Protein Sequence Alignment 

The amino acid sequence of Trbl was obtained from flybase.org 

(FBgn0028978). All other protein sequences were obtained from Flybase. The 

Neanderthal Trib sequences were obtained from ‘The Neanderthal genome project’ 

(http://neandertal.ensemblgenomes.org). Sequence alignment was performed with 

‘Clustal Omega’ online alignment software (Sievers et al., 2011).  

 

http://neandertal.ensemblgenomes.org/
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Fly Husbandry 

Fly stocks were maintained at 25°C on standard “Cornmeal, Molasses and 

Yeast Medium (CMYM)” recommended by Bloomington stock center. All crosses were 

performed at 30°C and progeny animals were reared at 30°C. 

 

Larval Developmental Age Synchronization 

All experiments involving larvae were performed with age-matched female 

larvae.  Approximately 150 virgin female driver flies (2-5 days old) were crossed to 

approximately 100 UAS-transgene-carrying male flies and were reared in collection 

cages on CMYM supplemented with yeast paste for two days, with fresh food replaced 

every day.  On day three, flies were transferred to a fresh food plate for 30 min to get 

rid of any held eggs and eggs were collected on a fresh plate for 2-3 hours at 30°C. 

After 18 hours at 30°C, 1st instar larvae were collected and transferred to a fresh food 

plate and allowed to grow until 72 hours after egg deposition (AED) at 30°C, which 

corresponds to mid-3rd instar stage in wild-type larvae. All experiments described in 

this report were performed with mid-3rd instar female larvae aged 72 hours AED.  

Female larvae can be distinguished from male larvae by the considerably smaller size 

of female gonads. Control larvae for each experiment were obtained by crossing the 

female driver line with UAS-lacZ males. 

 

Preparation of Larvae for Experiments 

Mid-3rd instar larvae were washed, dried, and weighed on a precision Kahn 

microbalance (model 4400). For the puparation assay, 30 age-synchronized larvae 
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from each cross were collected and transferred to a new vial and pupal formation 

documented every four hours.  This experiment was performed in biological triplicate. 

Statistical analysis performed was one-way ANOVA followed by Tukey post-hoc using 

Graph Pad Prism. 

 

Quantification of Metabolites 

Triglyceride quantification was performed as previously described (Das et al., 

2014).  Triglyceride levels were normalized to protein levels in the sample.  Glycogen 

quantification was performed as previously (Musselman et al., 2011).  Glycogen 

content was normalized to the protein content of the same samples.  For protein 

quantification, larvae were homogenized on ice in 20 µl of PBST (0.1% 

Tween20)/larva with a hand held homogenizer. Homogenates were then centrifuged 

at 4°C and 10,000g for 5 minutes and protein concentration was determined using 

Pierce BCA protein assay kit according to manufacturer’s protocol. For hemolymph 

glucose and trehalose estimation, 15 female larvae were placed on a piece of parafilm, 

pierced with a fine tungsten needle near the mouthpart and ~4 µl of hemolymph was 

collected and immediately stored on ice. 2 µl of hemolymph was diluted tenfold in ice-

cold PBS and 5 µl of this diluted sample was mixed with 100 µl pre-chilled Thermo 

Infinity™ glucose reagent for glucose assay. The samples were incubated at 37ºC for 

5 minutes and the O.D. was measured at 340 nm. For the trehalose assay, porcine 

kidney trehalase (Sigma T8778) was added at a concentration of 1 µl/ml glucose 

reagent and the samples were incubated at 37°C overnight. The O.D. was then 

measured at 340 nm and free glucose concentration measurements were subtracted 



 50 

to determine trehalose concentration. Glucose and trehalose standards ranging from 

0.08-2 mg/ml and 0.08-5 mg/ml, respectively, were used to generate a standard curve. 

Nile Red staining and Oil Red O assay were performed as previously described (Das 

et al., 2014). These experiments were performed in biological and technical triplicate.  

Statistical analysis performed was one-way ANOVA followed by Tukey post-hoc using 

Graph Pad Prism. 

 

Western Blots and Co-IP 

Fat body was dissected from 30 age-matched female larvae in PBS on ice and 

transferred to homogenization buffer containing protease and phosphatase inhibitors 

(10 µl/larva).  After homogenization on ice, 20 µl was removed for protein assay.  The 

remainder of the sample was mixed with an equivalent volume of 2x sample buffer 

and heated at 100ºC for 5 minutes. The samples were centrifuged at 10,000g for 5 

minutes and loaded onto 10% SDS–PAGE gels.  SDS-PAGE resolved bands were 

then transferred to Amersham Hybond PVDF membrane and western blotting was 

done according to standard protocol (Cell Signaling Technology).  Blots were probed 

with the following antibodies (all at 1:2000 dilution): (1) phospho-Drosophila Akt 

(Ser505) Antibody (Cell Signaling #4054), (2) Akt (pan) (C67E7) Rabbit mAb (Cell 

Signaling #4691), (3) anti- -tubulin (#12G10 Developmental Studies Hybridoma 

Bank).  Blots were stripped and re-probed using Abcam mild stripping protocol. 

Primary antibodies were used in the following order: P-Akt, pan Akt, -tubulin.  

Secondary antibodies conjugated to HRP (GeneScript) were used, and the signals 

were detected on Storm 840 Molecular Imager (Molecular Dynamics) using Pierce 
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ECL Plus Western Blotting Substrate.  Band quantification was performed using 

CLIQs version 1.0 (Total Lab), and statistical analysis performed was one-way 

ANOVA followed by Tukey post-hoc using Graph Pad Prism.  Experiments.  

Experiments were done in biological triplicate.  For Co-IP, antibody-conjugated 

PrecipHen (goat anti-chicken conjugated sepharose beads, Aves lab) was prepared 

by washing PrecipHen three times with co-IP buffer, and then anti-Trbl antibody (in 

1:20 ratio) was added to the beads and incubated overnight with agitation at 4oC.  

Unbound antibodies were removed by washing three times with co-IP buffer.  Larval 

fat body was collected from ~100 larvae in ice-cold co-IP buffer.  Samples were 

homogenized and the final volume was brought to 500µl by adding fresh co-IP buffer.  

Samples were centrifuged at 10,000g for 10 minutes to remove cellular debris and 

equivalent amounts of protein were used for co-IP.  Tissue samples were mixed with 

50 µl of PrecipHen and incubated for 30 minutes with agitation.  The beads were 

removed by centrifugation at 2000g for 3 minutes and the sample was incubated with 

100µl anti-Trbl antibody bound to PrecipHen for three hours with mild agitation.  After 

the incubation period, samples were washed three times with co-IP buffer and 

antibody-bound protein complexes were eluted using glycine elution buffer. For 

embryonic extract, embryo cages containing 50+ females and males were set up with 

a CMYM plate with yeast paste at the bottom.  Plates were removed from cages after 

incubating for 24 hours at 25°C.  Samples were collected from the plate using distilled 

water and a paintbrush to loosen the embryos from the media.  Embryos were then 

collected on a fine mesh and dechorionated in a 50% bleach solution for 1 minute, 

then washed with distilled water to remove any residual bleach. Sonicated lysate was 
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incubated with gamma bound bead (GE Healthcare Systems) for 1 hr, and spun at 

10,000 g for 1 min, the suspension was transferred to a new tube, and added Trbl 

antibody to 1:300 dilution, and following further incubation for another two hours. The 

elute was mixed with 4X SDS-PAGE sample buffer and subjected to SDS PAGE-

western blotting, using PVDF membrane, which was more effective for the chicken 

antibody. Chicken anti-Trbl antibody was used at 1:1000 dilution and BlockHen (in 

1:10 dilution in PBS) was used as blocking agent followed by HRP conjugated 2º 

antibody (Pierce Clean-Blot™ IP Detection Kit- HRP).   

 

Fat Body Immunostaining 

15-20 larvae were dissected partially in PBS to open up the body cavity and 

expose the fat body and fixed in 4% paraformaldehyde in PBS for 20 minutes.  Fixed 

tissue was washed three times in PBST (PBS+0.1% Triton-X100) and incubated with 

blocking reagent (PBST+ 2% normal goat serum+ 10% BlockHen) for 2 hours at room 

temperature with agitation.  The samples were washed three times in PBST to remove 

excess blocking agent and incubated with 1° antibody (1:1000 chicken anti-Trbl, 1:500 

rabbit anti Akt in PBST+ 2.5% BSA) overnight at 4℃ with agitation. Tissues were then 

washed three times in PBST.  For the first wash, PBST was supplemented by 1:500 

TRITC-conjugated phalloidin and incubated for 15 minutes.  After three washes, 

tissues were incubated with 2° antibody (Alexa Fluor conjugated IgG) in PBST+2.5% 

BSA for 2 hours at room temperature with agitation.  Tissues were washed twice more 

in PBST and incubated for 15 minutes in 1:1000 DAPI (Roche Diagnostics) in PBS.  

Finally, fat body from the ventral mid-section of each larva was collected and mounted 
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on 75% glycerol to visualize the fluorescent staining.  Micrographs were collected 

using an Olympus confocal laser-scanning microscope and figures prepared using 

ImageJ.  Quantification of fat body cell size and nuclear size was performed using 

ImageJ and images of five larval fat bodies per group were used to measure cell and 

nuclear size. Statistical analysis was performed using one-way ANOVA and Tukey 

post-hoc using Graph Pad Prism. 

 

Wing Analysis 

For wing analysis, crosses were reared at 30ºC and progeny female wings were 

selected and mounted (one wing per female was used).  For Fijiwings analysis, I used 

FijiwingsEZ and calculated wing size in kilopixels and trichome density in “per 

kilopixel2” units (Dobens & Dobens, 2013). Statistical analysis was performed using 

one-way ANOVA and Tukey post-hoc using Graph Pad Prism. 

 

Border Cell Migration Assay 

Crosses were reared at 25ºC and progeny females were fed on 

molasses/cornmeal media supplemented with dry yeast for two days to boost egg 

production.  On the third day, ovaries were dissected from ~20 females and stained 

for GFP reporter gene expression reporter that marks border cells.  Migration status 

of border cells from stage 10 egg chambers were determined by randomly selecting 

~50 egg chambers and observing the position of border cells.  Border cells at the 

nurse cell-oocyte boundary were considered to have completed migration and border 

cells not located at nurse cell-oocyte boundary were considered as incomplete 
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migration.  Experiment was done in biological triplicate. Statistical analysis was 

performed using one-way ANOVA and Tukey post-hoc using Graph Pad Prism. 

Statistical analysis was performed using Graph Pad Prism (v 6.0) and one-way 

ANOVA followed by either unpaired, 2-tailed Student’s T test (for analysis of 2-3 

groups) or Tukey’s post hoc analysis of significance (for more than 3 groups) were 

done. All data are presented as mean ± SEM.  A p value of less than 0.05 was 

considered significant. 

 

In Vitro Binding Assay 

pET expression vector expressing Akt (2 ug plasmid DNA) was added to T7 

TNT rabbit reticulocyte mix containing flourescently labeled lysine (Promega, WI) and 

incubated at 30oC for 1.5 hr, in vitro labeled proteins were later used as an interaction 

probe. pET expression vector expressing Myc-tagged WT and Myc-tagged R141Q 

Trbl in T7 TNT rabbit reticulocyte extracts were subject to Ni bound purification and 

quantitated by SDS PAGE.  An appropriate amount of Ni bound proteins was mixed 

with TNT Akt probes and incubated at room temperature for 2 hr. Subsequently, 

nonspecific binding was removed by three washes with binding buffer, and bound 

beads were resuspended in 1X SDS buffer, and separated on SDS PAGE. Akt was 

detected on a Typhoon (GE Healthcare Systems) and input protein by staining with 

Coommassie blue or Western.  
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CHAPTER 3 

A STRUCTURE-FUNCTION ANALYSIS OF DROSOPHILA TRIBBLES REVEALS 

CONSERVED FEATURES REQUIRED FOR STABILITY AND SUBCELLULAR 

DISTRIBUTION 

Introduction 

 Protein signaling pathways are dynamic networks that intricately link many 

cellular processes. To maintain these active connections, these pathways are tightly 

controlled at the transcriptional, translational, and post-translational levels. To 

regulate signaling pathway outputs, the homeostatic maintenance of pathway 

component levels is achieved by a balance between protein stability and turnover. The 

successful transmission of intercellular signals from ligand exocytosis, extracellular 

transport, and receptor binding at the surface of target cells mediated by intracellular 

protein kinases, phosphatases, scaffold proteins, and substrates relies on protein 

trafficking to the correct subcellular compartments that can facilitate post-translational 

modifications (PTMs) or limit or facilitate access to binding partners.   

For components in the insulin/insulin-like growth factor signaling pathway (IIS), 

the regulation of proteostasis and trafficking are critical for proper signal propagation. 

IIS proteins are targeted for turnover by the ubiquitin-proteasome system in response 

to systemic changes in glucose availability, and examples include: 1) the import and 

re-uptake of the insulin receptor, 2) the turnover of the insulin receptor substrate (Kim 

et al., 2012), and 3) phosphorylation of the IIS kinase Akt by mTORC2 promoting Akt 



 56 

ubiquitination and proteasomal degradation (Wu et al., 2011). Additionally, IIS 

trafficking is tightly controlled by the concentrations of specific membrane 

phospholipids that attract cytosolic kinases and substrates, localizing them to the 

plasma membrane (PM) where they physically interact (Czech, 2003; Manning, 2010). 

Misregulation of IIS protein trafficking and turnover impairs IIS signaling and is 

implicated in human diseases like Alzheimer’s, insulin resistance, obesity, and type 2 

diabetes (Picone et al., 2011; White, 2003). 

IIS pathway activation begins with the extracellular binding of the insulin/insulin-

like growth factor to the insulin receptor, triggering the recruitment and activation of 

insulin receptor substrate IRS1 at the inner leaflet of the PM. In turn, IRS1 activates 

PI3K, a critical lipid kinase in the IIS pathway and PI3K catalyzes the formation of the 

membrane phospholipid phosphatidylinositol-3,4,5-trisphosphate (PIP3) from the 

precursor phosphatidylinositol-4,5-bisphosphate (PIP2) (Ruderman, Kapeller, White, 

& Cantley, 1990). The IIS kinase Akt contains a pleckstrin homology (PH) domain that 

recognizes and binds PIP3 (Bellacosa et al., 1998), and thus PI3K activation recruits 

Akt to the membrane for further activation by the upstream kinases PDK and mTORC2 

(Alessi et al., 1997; Sarbassov, Guertin, Ali, & Sabatini, 2005). Active Akt dissociates 

from the membrane and phosphorylates many targets including 1) the glycogen 

synthase kinase 3 family proteins (Tong, Imahashi, Steenbergen, & Murphy, 2002), 2) 

FOXO transcription factors (Zhang, Tang, Hadden, & Rishi, 2011), and 3) mTORC1 

via inactivation of Tsc1/2 (Inoki, Li, Zhu, Wu, & Guan, 2002). Via hundreds of targets, 

Akt promotes cell growth (Porstmann et al., 2008), survival (Song et al., 2005), division 

(Mirza et al., 2004), transcription (Porstmann et al., 2005), translation (Im et al., 2015), 



 57 

and synthesis of storage macromolecules (Rathmell et al., 2003). This anabolic 

activity of Akt is inhibited directly by phosphatases (Padmanabhan et al., 2009) and 

indirectly by several proteins, including Tribbles (Trib) pseudokinases, which bind to 

inhibit Akt phosphorylation by an unknown mechanism.  

In animal models, fasting induces Trib expression which effectively binds and 

inhibits Akt to downregulate IIS when nutrients are limiting (Du et al., 2003). Although 

extensive research has illuminated the molecular mechanisms and trafficking of IIS 

pathway proteins, little is known about the nature of the interaction between Tribs and 

Akt, and thus a more comprehensive understanding of this relationship will be 

important to our knowledge of the IIS pathway and in particular the pathophysiology 

of many life-threatening conditions including type 2 diabetes (Prudente et al., 2005), 

cancer (Elstrom et al., 2004), and heart disease (Avery et al., 2010). Because Akt 

overactivation is a hallmark of some fatal diseases, knowledge of the specific 

mechanism of Akt inhibition by Tribs may aid in the development of life-saving drugs.  

Members of the Trib family of proteins regulate numerous cellular functions, 

including the cell cycle (Gendelman et al., 2017), cell migration (Rorth et al., 2000), 

differentiation (Keeshan et al., 2006), and metabolism (Qi et al., 2006). In mammals, 

there are three Trib isoforms (Trib1, Trib2, and Trib3) which perform both overlapping 

and unique functions. Trib1 proteins 1) regulate the turnover of C/EBP family 

transcription factors, which direct the differentiation of myeloid cell lineages (Dedhia 

et al., 2010), 2) bind MAPK proteins to regulate their activity (Kiss-Toth et al., 2004), 

and 3) regulate the cell cycle via turnover of cdc25 phosphatase. Trib2 proteins 

perform similar functions to Trib1 (Lohan & Keeshan, 2013) but also activate or inhibit 
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Akt depending on disease state (Hill et al., 2017; Naiki, Saijou, Miyaoka, Sekine, & 

Miyajima, 2007). Trib3 also modulates MAPK/MAPKK (Hong et al., 2019), regulates 

CHOP-dependent cell death (Ohoka, Yoshii, Hattori, Onozaki, & Hayashi, 2005), and 

inhibits Akt phosphorylation (Du et al., 2003). In Drosophila Trib function is conserved, 

as Drosophila Tribbles (Trbl) regulates the homologs of known mammalian Trib 

targets including Slbo (C/EBP) (Rorth et al., 2000), String/Twine (cdc25 phosphatase) 

(Mata et al., 2000), and dAkt (Akt) (Das et al., 2014). Trbl protein binds dAkt to reduce 

phosphorylation activation and this function is conserved with mammalian Trib3 (Du 

et al., 2003). However, the subcellular location and mechanisms of this interaction 

remain mostly unknown in all model organisms. 

To mediate these diverse functions, Trib protein sequences share (1) a well 

conserved kinase-like domain (KLD) lacking canonical kinase motifs required for 

catalytic activity, (2) C-terminal MEK1 and (3) COP1 binding sites (Dobens & Bouyain, 

2012). Within the KLD, Trib sequences diverge from canonical kinases at two of three 

key kinase motifs. Although the kinase catalytic motif DLK is retained, Tribs are mildly 

divergent at the kinase ATP coordination site VAIK and the magnesium-binding DFG 

motif has been replaced with an SLE sequence. Crystallographic and molecular 

modeling approaches indicate that this SLE motif modulates unique allosteric 

interactions. Trib proteins adopt a kinase-like conformation, exhibiting a bi-lobed 

structure with an extended C-terminal tail. In an inactive state, the C-terminal tail folds 

back against the pseudokinase spine, and binds an intramolecular binding site in the 

truncated Trib alpha C-helix to inhibit activity. Upon substrate recognition and binding, 

the SLE motif folds in towards the alpha C-helix, dislodging the C-terminal tail from its 
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binding site in the N-lobe. The liberated C-terminal tail includes a binding motif for E3 

ubiquitin ligases, which ubiquitinate Trib-bound substrates for targeting and 

degradation by the proteasome (Jamieson et al., 2018).   

Previously, our lab has found that overexpression of Drosophila Trbl in the 

larval fat body reduces phosphorylated dAkt (P-dAkt) but not total dAkt, increases 

circulating glucose, and reduces overall larval mass, outcomes consistent with a 

conserved role for Tribs as IIS pathway inhibitors across the metazoan lineage (Das 

et al., 2014). Additionally, we have used fat body-targeted expression of mammalian 

Tribs and variants associated with Type 2 diabetes in humans to show the mechanism 

of function of these proteins is deeply homologous (Fischer et al., 2017).   

The fat body consists of two parallel sheets of a single layer of adipose cells 

that run the length of the interior of the larval cavity. These cells arise during embryonic 

stages and cease dividing, instead growing in size during larval stages by 

endoreduplication and nutrient uptake. The larval fat body is a crucial reservoir of 

energy stores during periods of development when the fly does not ingest foodstuffs, 

including before, during, and immediately after the pupal stage (Aguila, Suszko, 

Gibbs, & Hoshizaki, 2007). Performing the functions of both the mammalian liver and 

adipose tissues, the fat body synthesizes lipids, proteins, and carbohydrates and 

performs important endocrine functions (Arrese & Soulages, 2010).  

As a model tissue, the larval fat body provides multiple advantages in studying 

the effects of manipulating levels of components in the IIS network on cell biology and 

metabolism. The cells are large and thus protein levels and sub-cellular localization 

are easily observed using standard fluorescent confocal microscopy. Finally, the IIS 



 60 

pathway is highly active during larval stages and the fat body is the central hub of 

larval growth, storage, and metabolism (DiAngelo & Birnbaum, 2009). One 

disadvantage of studying this tissue is the significant accumulation of lipid droplets in 

the cytoplasm of larval fat body cells which limit the study of some cytoplasmic 

processes.   

 Here I show, employing the larval fat body as a model system for studying the 

IIS pathway, that Trbl transcription and protein levels increase under fasting conditions 

and that Trbl protein accumulates preferentially at the PM under dietary stress, 

suggesting that increased Trbl protein is concentrated to that site to inhibit dAkt 

activation effectively. Additionally, using a fat body screen for KLD mutants that modify 

Trbl trafficking and stability I identified the strongly conserved motif SLE as critical for 

these functions. Expression of a Trbl mutant with the point mutation SLE/G resulted 

in increased protein stability and PM localization in well-fed larvae, enhanced binding 

to and activation of dAkt, and increased stabilization of known Trbl targets String and 

Slbo. Finally, I show data that Trbl binds selectively membrane phospholipids in vitro, 

suggesting that regulated Trib PM localization may be an important mechanism in 

control of the IIS pathway.  

  

Results 

Fasting Increases Trbl Protein Levels and Activates Trbl Membrane Accumulation 

 In mice, Trib3 levels increase in response to nutritional deprivation (Du et al., 

2003). To investigate the physiological relevance of this in flies, I fasted Canton S 

larvae for varying time periods, dissected larvae to remove the fat body, and used Trbl 
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antisera to document Trbl protein localization and levels. In larval fat body cells, Trbl 

protein localizes to the nucleus, PM, and cytoplasm (Figure 3.1A-C, 3.1A’’-C’’). In 

comparison, analysis of fasted larvae at the corresponding age showed increased Trbl 

protein levels overall, and Trbl protein accumulated significantly at the inner leaflet of 

the PM under these conditions (Figure 3.1D, E and 3.1D’’, E’’). This increase in Trbl 

protein abundance may represent either a transcriptional response or a reduction in 

Trbl turnover. To test this, I utilized a Trbl-CRISPR-GFP knock-in fly with a GFP coding 

sequence inserted into the endogenous Trbl locus. In fasted animals I observed 

increased Trbl-GFP levels (compare Figure 3.1G and G’ with 3.1F, F’), suggesting 

that fasting lead to a transcriptional response on Trbl expression.   

In well-fed animals, dAkt localizes to the PM in insulin responsive tissues, and 

upon starvation is rapidly inhibited along with other components in the anabolic 

pathways. Our observation that Trbl protein accumulates at the fat body membrane in 

response to dietary stress suggests that Trbl blocks dAkt at the membrane in response 

to starvation. Because pan-Akt antisera were ineffective in immunohistochemistry in 

the fat body, I visualized dAkt accumulation in this tissue using an HA-tagged dAkt. 

Consistent with predictions, in the fat body of well-fed larvae, strong membrane 

accumulation of HA-Akt was observed (Figure 3.2A’) and co-staining with Trbl antisera 

revealed normal accumulation weakly at the PM and strongly in the nucleus (Figure 

3.2A). To further test the idea that a Trbl-dAkt interaction occurs in vivo, I took two 

approaches. First, I reduced the levels of PTEN using an RNAi transgene, which 

increases Akt accumulation at the membrane (Benmimoun, Polesello, Waltzer, & 

Haenlin, 2012). When co-misexpressed with Trbl, PTEN RNAi resulted in strong PM 
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Figure 3.1. Tribbles protein expression and subcellular distribution in fat body of 
fed and fasted larvae.  A)-E) Fluorescent confocal micrographs of Canton S larval 
fat body incubated with anti-Trbl antisera, shown in yellow. A) Trbl protein 
localization in fat body cells of well-fed mid-third instar Canton S larvae (96 hours 
after egg deposition, or AED). B), C) Trbl protein in fat body cells of well-fed larvae 
at 101 and 111 hours AED, respectively. D), E) Trbl protein localization in fat bodies 
of 3rd instar larvae fed to 96 AED and fasted for 5 and 15 hours, respectively. A’)-
E’) Composite phalloidin and DAPI micrographs used for profile plot analysis to 
mark cytoskeleton and nucleus, respectively. A’’)-E’’) Line graphs of plot profiles 
showing average distribution of DAPI, phalloidin, and anti-Trbl fluorescence 
intensity across individual cells from samples shown in A)-E). n=90 cells. F), F’) 
Trbl CRISPR GFP knock-in larvae fed to 111 hrs AED. G), G’) Trbl CRISPR GFP 
knock-in larvae fed to 96 hrs AED and fasted for 15 hrs.  For F), F’), G), G’), anti-
Trbl shown in yellow, anti-GFP shown in green.  
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localization of Trbl protein with a concomitant strong reduction in nuclear Trbl levels 

(Figure 3.2C). Complementarily, I misexpressed an HA-tagged myristoylated, 

activated form of dAkt (HA-myr-dAkt) which is inserted stably into the PM (Stocker et 

al., 2002) and examined effects on the subcellular distribution of WT Trbl. Following 

co- misexpression of WT Trbl with HA-myr-dAkt, both myr-dAkt and WT Trbl 

accumulated strongly at the PM and a corresponding reduction in nuclear Trbl levels 

occurred (Figure 3.2E). Notably, co-misexpression of WT Trbl and myr-dAkt 

suppressed larval lethality, resulting in adult flies (Figure 3.2F, G), an outcome 

consistent with the potent ability of WT Trbl to block activated myr-Akt signaling.  

 

Tests of the Conservation of the Trbl-dAkt Interaction at the Membrane 

The protein sequence of dAkt is highly homologous to mammalian Akt and 

most regulatory and catalytic residues are well-conserved (Andjelković et al., 1995). 

Because myr-dAkt effectively recruits Trbl to the fat body cell membrane, I sought to 

test if this interaction was conserved with mouse Trib isoforms. Trib1 suppresses 

FOXO transcription (Tsuzuki, Itoh, Inoue, & Hayashi, 2018), and mammalian Trib2 

can activate or inhibit Akt phosphorylation (Hill et al., 2017; Naiki et al., 2007), while 

mTrib3 interacts with Akt to potently inhibit its activity (Du et al., 2003). To test these 

interactions, I cloned cDNAs coding for mouse Trib1, Trib2, and Trib3 into pUASTattB-

UAS-Flag vectors, utilized an external institution for injection into embryos, and sorted 

and balanced successful transformants (Bischof, Maeda, Hediger, Karch, & Basler, 

2007). The resulting UAS-Flag-mTrib stocks were crossed with r4GAL4 flies to 

misexpress these transgenes in the larval fat body. Previous work has shown that in  
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Figure 3.2. Tribbles membrane shuttling is IIS pathway-dependent. A)-E) 
Fluorescent confocal micrographs of larval fat body incubated with the indicated 
antibodies. Genotypes indicated in white. Trbl antisera in yellow, HA antibody in 
cyan. F) Analysis of effects of transgene misexpression on pupation, shown as a 
percentage of larvae pupated. n=3 groups of 40 age-matched larvae. One-way 
ANOVA, Tukey post hoc. Error bars represent S.D. G) Analysis of effects of 
transgene misexpression on eclosion, shown as percentage of larvae that eclosed. 
n=3 groups of 40 age-matched larvae. One-way ANOVA, Tukey post-hoc. Error 
bars represent S.D. 
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mammalian cells, Trib1 protein localizes to the nucleus and mediates COP1 nuclear 

export (Kung & Jura, 2019), and Trib2 and Trib3 are also predominantly observed in 

the nucleus (Yokoyama & Nakamura, 2011). As shown in Figure 3.3A, mTrib1 

accumulated in the nucleus of larval fat body cells. In contrast, mTrib2 localized to the 

cytoplasm at a perinuclear location (Figure 3.3B). Misexpression of mTrib3 using the 

r4GAL4 driver was lethal and larvae did not survive to third instar (data not shown). 

myr-dAkt co-misexpression with Flag-mTrib1 (Figure 3.3C) or Flag-mTrib2 (Figure 

3.3D) did not change mTrib accumulation based on anti-Flag staining. Co-

misexpression of myr-dAkt and Flag-mTrib3 (Figure 3.3E) effectively rescued the 

lethality observed when misexpressing mTrib3 alone. In these fat bodies, Flag-mTrib3 

did not accumulate at the membrane. These results suggest that the Trbl-myrAkt 

interaction at the membrane of our fat body model is not conserved with mouse 

isoforms, although Trib3-Akt interaction co-suppressed lethality associated with 

misexpression of either transgene alone.  

 

A Screen for Trbl Mutants Identifies SLE Motif as Important for Stability, 

Homodimerization, and Membrane Trafficking 

In their central kinase-like domain (KLD), Tribbles family members retain a DLK 

motif characteristic of bonafide kinases, but are divergent at the ATP coordination site 

and the activation loop where the canonical kinase magnesium-binding site DFG is 

replaced with a highly divergent SLE motif (Figure 3.4A). To better define the 

interaction site between Trbl and Akt, I made mutations in the FLCR, DLK, and SLE 

motifs that I predicted would be required for Trbl function. In canonical kinases, the 
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Figure 3.3. Subcellular localization of mouse Trib proteins misexpressed in larval 
fat body. Confocal fluorescent micrographs of larval fat bodies incubated with 
indicated antibodies. Genotypes shown in white. Flag-tagged mouse Trib proteins 
detected using Flag antibody, shown in blue. HA-tagged myr-dAkt protein detected 
using HA antibody, shown in cyan.   
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aspartate in the DFG motif coordinates magnesium, the aspartate in DLK is necessary 

for catalysis, and the lysine in the VAIK motif (the divergent FLCR motif at the 

corresponding site in Trbl) is required for ATP coordination (Carrera, Alexandrov, & 

Roberts, 1993). Multiple sequence alignments suggested that the canonical DFG 

aligns with the conserved SLE motif and thus I predicted the acidic glutamate in SLE 

may be important for Trib activity. To produce site-specific mutations in these 

residues, I utilized a pUASTattB-Flag-Trbl plasmid containing an ampicillin-resistance 

gene, a mini-white gene, and attB sites for recombination with introduced 

chromosomal attP sites in Drosophila  (Groth, Fish, Nusse, & Calos, 2004).  

 I designed primers to introduce single amino acid mutations in the conserved 

FLCR, DLK, and SLE motifs and performed mutagenic PCR with these primers. Next, 

I phosphorylated the 5’ ends of the double-stranded DNA products and performed 

ligation reactions to generate circular, double-stranded DNA plasmids, performed 

DpnI-mediated digestion of hemimethylated template and transformed competent E. 

coli. Following this, I performed colony growth in media containing ampicillin and 

purified plasmid preparations using alkaline lysis. Successful mutagenic substitutions 

were confirmed by DNA sequencing and injected with phiC31 integrase into embryos 

using a fee-for-service facility. This recombination method resulted in insertion of the 

plasmid into a specific attB landing site on the third chromosome, and transformants 

were identified by the presence of the mini-white phenotype in transgenic flies. In 

balanced stocks, I confirmed transformants by PCR and crossed these UAS-Trbl 

mutant lines to an r4GAL4 line bearing a larval fat body-specific GAL4 driver. Progeny 

larvae from these crosses were age-matched and collected at 72 hours after egg 
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deposition (see Materials and Methods). Next, I dissected the larval fat bodies, 

performed immunohistochemistry using Trbl antisera, and documented the subcellular 

distribution of Trbl protein. As shown in Figure 3.4D, wild-type (WT) Trbl misexpressed 

in the larval fat body is distributed to the nucleus, cytoplasm, and PM. The KLD 

mutants FLCR/A (Figure 3.4E) and D/NLK (Fig 3.4F) localized to the nucleus, 

cytoplasm, and PM, a distribution similar to WT Trbl. In contrast, r4GAL4 

misexpression of the activation loop SLE/G mutant resulted in a Trbl protein that 

localized preferentially to the PM in well-fed larvae (Figure 3.4G). In addition to its 

striking change in subcellular localization, the SLE/G mutant protein unexpectedly 

exhibited enhanced fluorescent staining compared to WT Trbl (compare Figure 3.4G’ 

and Figure 3.4D’). This is consistent with a difference in stability rather than a local 

chromatin effect on transgene expression because both UAS-regulated mutations are 

inserted at the same landing site and are expected to respond transcriptionally to the 

GAL4 driver in a similar manner. To examine this further, I collected fat body extracts 

from larvae misexpressing WT Trbl or TrblSLE/G, performed SDS-PAGE, transferred 

these samples to PVDF membrane by western blot and incubated membranes with 

Trbl antisera. As shown in Figure 3.4H and 3.4I, a ca. sixfold increase in Trbl protein 

levels can be seen in TrblSLE/G tissue compared to WT Trbl. Trbl antisera detected 

Flag-tagged species migrating at the predicted size of ~65 kD (Figure 3.4H) for both 

WT Trbl and TrblSLE/G. In extracts purified from tissues expressing TrblSLE/G, I observed 

an additional band at ~55 kD corresponding to the molecular weight of endogenous 

Trbl (54.1 kD), and this is observed faintly in the control lane and WT Trbl 

misexpression lane (3.4H, see asterisks). Because Trbl-Trbl interactions can be  
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Figure 3.4.  A mutation in a conserved motif in the Tribbles kinase-like domain alters 
Trbl subcellular distribution. A) Linear representation of Trbl protein indicating 
domains and locations of conserved Trib motifs. Below, sequence alignment of 
motifs comparing Trbl, mouse Trib1, Trib2, and Trib3, and canonical kinases. B) 
PyMol representation of human Trib1 crystal structure (PDB:5cem) indicating 
location of conserved motifs C)-G) Confocal fluorescent micrographs of larval fat 
body incubated with Trbl antisera.  Anti-Trbl shown in yellow. Genotype indicated in 
white. C’)-G’) Line graphs depicting average fluorescence intensity and subcellular 
distribution of phalloidin, DAPI, and Trbl in fat body cells of larvae from indicated 
genotypes. n=90 cells. Phalloidin indicated by red, Trbl yellow, DAPI magenta. H) 
Western blot analysis of Trbl protein levels in larval fat body lysates. Genotype 
indicated below. Approximate molecular weight indicated and determined using 
protein ladder. I) Bar graph and statistical analysis of Trbl protein abundance on 
western blot performed using one-way ANOVA. n=3. Error bars represent S.D. J) 
Yeast two-hybrid analysis of binding strength of Trbl-Trbl and TrblSLE/G. K) 
Subcellular distribution of misexpressed HA-tagged WT Trbl in larval fat body cells. 
L), L’) Subcellular distribution of co-misexpressed WT HA-Trbl and TrblSLE/G. Anti-
Trbl shown in yellow, anti-HA cyan. Tukey post-hoc. Error bars represent S.D. 
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detected in vitro (Masoner et al., 2013), this strong stabilization of endogenous Trbl 

following TrblSLE/G misexpression in the fat body suggests that TrblSLE/G-Trbl 

heteromultimers form in vivo to stabilize endogenous Trbl.  

To test this notion in vitro, I used yeast-two hybrid analysis. Co-collaborators in 

the lab cloned coding sequences for Trbl and TrblSLE/G into yeast PDEST32 bait 

vectors in frame with the coding sequence for a yeast DNA-binding domain (DBD). To 

generate WT Trbl prey vectors, co-collaborators cloned the coding sequence for Trbl 

into a yeast PDEST22 prey vector in frame with the coding sequence for a yeast 

activation domain (AD). Bait protein-prey protein interactions in doubly-transfected 

MaV203 yeast activate transcription of HIS3, and the strength of this interaction can 

be measured by colony growth in increasing concentrations of 3-AT, a competitive 

inhibitor of the HIS3 gene (Causier & Davies, 2002). Using this approach, I found that 

the SLE/G mutation increased the strength of interaction with WT Trbl compared to 

the strength of WT Trbl- WT Trbl interactions (Figure 3.4J).  

To confirm this interaction in vivo, I used an HA-tagged, WT Trbl transgene that 

when misexpressed can be detected by HA antibody in the nucleus, cytoplasm and 

weakly at the cell membrane; notably this accumulation is identical to both Flag-

tagged Trbl and endogenous Trbl (Figure 3.4K), indicating that the HA tag does not 

interfere with the protein’s distribution. As shown in Figure 3.4L and 3.4L’, when I co-

misexpressed HA-Trbl and TrblSLE/G and counterstained with HA antibody and Trbl 

antisera, I detected HA-Trbl strongly at the PM. These results suggest that the SLE 

motif modulates proper trafficking and turnover of Trbl multimers in an insulin-
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responsive tissue, and reveals SLE/G-WT Trbl interactions seen in yeast two hybrid 

occur in vivo as well. 

 

The SLE/G Mutation Modifies the Interaction Between Trbl and dAkt 

As noted above, Trbl associates with the membrane strongly when Akt is 

activated, either directly by insertion at the membrane or indirectly by reduction of 

PTEN phosphatase levels. When I co-misexpressed TrblSLE/G and double stranded 

RNA directed towards dAkt, a strong reduction in TrblSLE/G accumulation at the PM 

was observed with a corresponding increase in nuclear staining (Figure 3.5A). We 

have shown previously that Trbl binds dAkt, so to determine the effect of SLE/G on 

the Trbl-dAkt interaction, I utilized a yeast two-hybrid approach. I cloned dAkt into a 

pDEST22 prey vector and co-transfected MaV203 yeast with this PDEST22-dAkt and 

bait vectors PDEST32-Trbl or PDEST32-TrblSLE/G. I performed colony growths of 

these co-transfected yeast in increasing concentrations of the HIS3 inhibitor 3-AT and 

observed that TrblSLE/G exhibited increased binding affinity to dAkt compared to WT. 

In addition, dAkt is regulated by complex feedback mechanisms from its targets, 

including S6K, which reduces dAkt activity (Radimerski, Montagne, Hemmings-

Mieszczak, & Thomas, 2002), TORC1, which feeds back to inhibit dAkt 

phosphorylation (Kockel et al., 2010), and dFOXO, which induces transcription of the 

genes encoding InR (Puig & Tjian, 2005). To further investigate this, I asked if 

experimental modulation of the IIS pathway could modify the PM accumulation of 

TrblSLE/G. I co-misexpressed TrblSLE/G and 1) UAS-RNAi to IIS pathway genes, 2) IIS 

genes, or 3) dominant negative alleles of IIS genes and documented changes in 
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Figure 3.5. TrblSLE/G membrane shuttling is dependent on the strength of dAkt 
activation. Confocal fluorescent micrographs of larval fat bodies co-
misexpressingTrblSLE/G and IIS gene knockdown (A, C, E), WT misexpression 
(G, H), or dominant negative misexpression (D, F). Genotype indicated in white. 
Trbl antibody shown in yellow. B) Yeast two-hybrid analysis of strength of binding 
between dAkt and WT Trbl or TrblSLE/G. 
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TrblSLE/G subcellular localization. As shown in Figure 3.5, TrblSLE/G misexpression in 

combination with InR knockdown (Figure 3.5C) or  misexpression of a dominant-

negative InR (K1409A) (Figure 3.5D) reduced Trbl accumulation at the PM and 

increased nuclear Trbl staining, as detected by Trbl antisera. Additionally, co-

misexpression of TrblSLE/G and PI3K RNAi (Figure 3.5E) or the dominant-negative 

PI3KA2860C (Figure 3.5F) also reduced PM accumulation and increased nuclear Trbl. 

In contrast, misexpression of WT InR (Figure 3.5G) or PI3K (Figure 3.5H) did not 

modify the membrane localization of TrblSLE/G. Because InR and  PI3K are upstream 

activators of dAkt, these results suggest that TrblSLE/G PM  accumulation is dependent 

on high levels of Akt activation.  

 

Further Analysis of Trbl Based on Human Trib1 Crystal Structures 

Two published crystal structures of human Trib1 has revealed that this protein 

adopts a kinase-like, bi-lobed conformation with a disordered N-terminus and dynamic 

C-terminal tail (CTT) (Murphy et al., 2015; Jamieson et al., 2018). The CTT acts as a 

pseudosubstrate, interacting with the substrate-binding portion of the KLD and 

effectively occluding the C-terminal COP1 E3 ubiquitin ligase binding motif to maintain 

an inactive conformation. The CTT is held in place by multiple interactions with the 

KLD but also interacts with an N-terminal beta strand and the truncated Trib alpha C 

helix. These crystal structures and molecular modeling indicate the highly-conserved 

SLE motif, which sits at the center of a disordered activation loop in proximity to the 

alpha C helix, is crucial to maintaining an inactive conformation of Trib1. The current 

models for inactive and active Tribs from Trib1 crystal structures suggest that 
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substrate binding causes the SLE motif to fold in towards the alpha C helix and SLE-

alpha C helix interactions dislodge the CTT, allowing for ubiquitin ligase binding and 

subsequent targeting of bound substrates. Molecular dynamics modeling and analysis 

of these crystal structures suggest the SLE motif is important for transition from 

inactive, substrate-free Tribs (“SLE-out” conformation) to an active, substrate-bound 

Trib molecule (“SLE-in” conformation). These structural models predict that the SLE 

loop, alpha C-helix, and CTT tail are key functional domains meriting further 

investigation.  

To test the importance of these motifs for Trbl subcellular localization and 

stability, I generated Trbl mutants in these residues chosen based on the human Trib1 

crystal structures and multiple sequence alignments of Trib family proteins. Using the 

r4GAL4 driver line, I misexpressed these Trbl mutants in the larval fat bodies of well-

fed larvae, analyzing subcellular localization by immunohistochemistry and western 

blot analysis of fat body lysates using Trbl antisera or Flag antibody to observe 

changes in transgene stability. The design and effect of these mutations are described 

below.  

SLE Loop Mutants. The SLE loop is well conserved across Trib proteins, suggesting 

this motif is important for Trib function. As I have shown, mutation of Glu286 in the 

SLE loop (SLE/G) disrupts Trbl turnover and results in PM accumulation of Trbl in 

larval fat body cells. I postulated that mutation of other residues in this conserved SLE 

loop would affect Trbl stability and PM localization. To design SLE loop mutants that I 

predicted would increase Trbl stability and PM accumulation in a manner similar to the 

SLE/G mutant, I studied multiple sequence alignments and the hTrib1 crystal structure 
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and identified the candidate residues E283, S284, and L285 (Figure 3.6A). In the larval 

fat body, I misexpressed these SLE loop mutants and utilized Trbl antisera to examine 

1) Trbl subcellular distribution using immunofluorescence and 2) Trbl stability using 

western blot. Larval fat body misexpression of Trbl mutants flanking 286E, E283G 

(E/GSLE), S284G (ES/GLE), or L285G (ESL/GE) resulted in Trbl localization and 

stability in larval fat body cells comparable to WT Trbl (Figure 3.6B-D, F).  

Additionally, I generated a substitution mutation in Trbl to replace the entire SLE motif 

with the canonical kinase motif DFG. Misexpression of TrblSLE/DFG displayed similar 

subcellular distribution as wild-type Trbl in fat body cells (Figure 3.6E). As shown in 

Figure 3.6F, analysis of TrblSLE/DFG stability by western blot showed TrblSLE/DFG 

exhibited stability similar to WT Trbl. This suggests that the mutation Glu286 in the 

SLE motif is uniquely critical for proper Trib regulation and it must occur in the context 

of SLG for the resulting dominant effects on turnover and subcellular distribution. 

Alpha C-helix mutants. The two human Trib1 crystal structures indicate that the Trib 

alpha C-helix is important for regulating the transition from inactive to active Trib 

molecules. To investigate the hypothesis that proper interactions at the SLE-alpha C-

helix interface are required for Trbl trafficking and stability, I generated alpha C-helix 

mutants that I proposed would disrupt interactions at this interface. With regards to 

the 284SLE286 motif and our 286TrblSLE/G mutant, the crystal structure of substrate-

bound hTrib1 does not suggest that Glu227 (homologous to SLE residue Glu286 in 

fly Trbl) plays a significant role in regulation of the SLE-in/-out transition. Instead, the 

authors proposed that hTrib1 Leu226 (Leu285 in fly Trbl) is dynamic and upon 

substrate binding folds in towards the alpha C helix, forming hydrophobic 
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Figure 3.6. Functional requirement of the Trbl SLE residue E286 is unique. A) 
Pymol image of human Trib1 protein (PDB: 5cem). Location of conserved ESLE 
motif is indicated. Right, magnification of interface between SLE motif (left) and 
truncated alpha C helix (right). Drosophila Trbl residues substituted for Human 
Trib1 SLE residues and alpha C helix residues. Some interatomic distances 
indicated. ESLE residue locations indicated. B)-E) Confocal fluorescent 
micrographs of larval fat bodies incubated with Trbl antisera, shown in yellow. 
Genotype in white. F) Western blot analysis of Trbl protein levels in larval fat body 
lysate. Genotype indicated below. G) Human Trib1 crystal structure indicating 
location of alpha C helix. Right, magnification of SLE-alpha C interface with 
Drosophila Tribbles residues substituted. Location of mutated residues indicated. 
H) Sequence alignment of alpha C helix in Drosophila Trbl and mouse Trib 
isoforms. Mutated Trbl residues indicated by asterisk. I), J) Subcellular 
distribution of misexpressed alpha C helix mutants in larval fat body. Trbl shown 
in yellow.   K) Western blot analysis of Trbl protein in larval fat body lysates. 
Genotype indicated below. L)-N) Misexpression of N- and C-terminal mutants in 
larval fat body. Trbl in yellow. O) Western blot analysis of Flag-Trbl protein level 
in larval fat body lysates. Genotype indicated below. 
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interactions with Tyr134 (Jamieson et al., 2018). Protein sequence alignment and in 

silico substitution of Trbl residues upon the hTrib1 alpha C-helix led us to identify 

Tyr167 and Phe168 in the Trbl sequence as residues with potential functional 

homology to hTrib1 alpha C-helix residue Tyr134 (Figure 3.6G, H). I predicted that the 

increase in stability and PM accumulation observed when misexpressing TrblSLE/G in 

the larval fat body could be a result of modified interactions between the SLE motif 

and Tyr167 or Phe168 on the alpha C-helix and proposed that misexpression of 

mutants at Tyr167 or Phe168 might also disrupt these interactions, producing effects 

similar to TrblSLE/G on Trbl trafficking and stability. To test this, I generated UAS-Trbl 

mutants at these residues. Immunohistochemistry and western blot analysis of fat 

body extracts expressing these mutants demonstrated that the subcellular distribution 

and protein levels of TrblY167A and TrblF168A were similar to misexpressed WT Trbl 

(Figure 3.6I-K). These data suggest that Tyr167 and Phe168 in this proposed alpha 

helix are not required for Trbl membrane trafficking, nor do they regulate Trbl stability 

and turnover in the larval fat body.  

Myr-Trbl. As shown in Figure 3.4L and 3.4L’, the aberrant tight membrane association 

of SLE/G recruits endogenous Trbl to the membrane and stabilizes both proteins in 

this compartment. To test if the inner leaf of the membrane confers stability on Trbl, a 

collaborator in the lab cloned a myristoylation recognition sequence inserted into the 

N-terminus of wild-type Trbl in a UAS-Trbl vector and generated transgenic flies 

bearing this construction (myr-Trbl). Misexpression of myr-Trbl using the r4GAL4 

driver resulted in robust membrane-localization of Trbl antigen (Figure 3.6L). The 

apparent absence of nuclear Trbl in the larval fat body of myr-Trbl flies suggested that, 
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like SLE/G, myr-Trbl at the membrane forms multimers with endogenous Trbl in vivo. 

I performed western blot analysis of larval fat body lysate from larvae misexpressing 

myr-Trbl and observed that overexpressed Flag-myr-Trbl stability is intermediate 

between WT Trbl and the more stable TrblSLE/G (Figure 3.6O). However, western blot 

analysis indicated that unlike SLE/G, myr-Trbl misexpression does not stablize 

endogenous Trbl (Figure 3.6O). These results indicate that while membrane-localized 

myr-Trbl and TrblSLE/G recruit endogenous Trbl to the membrane to a similar extent, 

the SLE/G mutation is uniquely more stable and confers this stability via interactions 

with endogenous Trbl.  

C-terminal Tail Mutants. Trib family members possess a dynamic CTT required for 

binding E3 ubiquitin ligases. To test the importance of the CTT in regulating Trbl 

trafficking and stability in the larval fat body, I designed a Trbl mutant Flag-TrblΔC 

lacking the tail and a Trbl double mutant possessing the SLE/G mutation and lacking 

the CTT (TrblSLE/G+ΔC) and misexpressed these in larval tissues and examined effects 

on Trbl protein subcellular trafficking. Because Trbl antisera were raised against a C-

terminal Trbl peptide epitope, mutants lacking the CTT cannot be detected using these 

antisera, and I found that anti-Flag antibody proved unsuccessful in detecting Trbl 

mutant protein in larval fat body cells using an immunohistochemistry approach (data 

not shown).  

Because the TrblSLE/G mutant accumulated wild-type Trbl at the PM in fat body 

cells (Figure 3.4L, L’), for the double mutant possessing the SLE/G mutation and 

lacking the CTT (TrblSLE/G+ΔC) I measured its effect on endogenous Trbl using Trbl 

antisera as an indirect method to test its activity. Misexpression of TrblΔC in the larval 
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fat body, shown in Figure 3.6M, results in localization similar to WT Trbl. Western blot 

analysis of larval fat body lysates indicates that TrblΔC had increased stability 

compared to WT Trbl (Figure 3.6), consistent with the ability of the tail to interact with 

E3 ligase and the proteasomal machinery to direct degradation. To test the effect of 

deleting the C-terminal tail on the stability and subcellular distribution of TrblSLE/G, I 

misexpressed  the TrblSLE/G+ΔC double mutant in the larval fat body and observed a 

reduction of cortical Trbl (Figure 3.6N) and a reduction in protein stability (Figure 

3.6O). This suggests that the Trbl CTT is required for regulating Trbl turnover in this 

tissue and the SLE/G loop modulates Trbl subcellular localization and stability via the 

CTT.  

 

TrblSLE/G Stabilizes Key Trbl Targets  

To detect the effect of SLE/G on dAkt activation, I performed western blot 

analysis using antisera to phospho-dAkt Ser505 (P-dAkt) and pan-Akt of larval fat 

body lysates purified from larvae misexpressing: 1) a LacZ control, 2) Trbl RNAi to 

knock down Trbl expression using double-stranded RNA, 3) WT Trbl, and 4) TrblSLE/G. 

I found that consistent with previous data, misexpression of WT Trbl was sufficient to 

reduce P-dAkt with no effect on total Akt levels. Trbl knockdown increased P-dAkt 

levels (Figure 3.7A, B). Misexpression of TrblSLE/G resulted in slightly higher P-dAkt 

levels in well-fed larvae (Figure 3.7A, B). Unlike WT Trbl, which blocks effectively myr- 

dAkt misexpression as noted above, TrblSLE/G myr-dAkt co-misexpression resulted in 

no escaper adult animals, consistent with the notion that the TrblSLE/G mutation does 

not block Akt activity (Figure 3.7C, D). Thus, while the TrblSLE/G mutation results in a 
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protein that binds dAkt more strongly than WT Trbl, it is a less effective inhibitor of 

dAkt phosphorylation.  

TrblSLE/G at the membrane does not affect Akt activation or stability but may 

alter the subcellular distribution and stability of other targets, such as 

String/Twine/cdc25 phosphatase and Slbo/C/EBP (Kim et al., 2016; Mata et al., 2000; 

Du et al., 2003). Trbl is required for the degradation of String/Twine in multiple tissues 

to regulate cell division (Seher & Leptin, 2000; Masoner et al., 2013). In the larval fat 

body, I co-misexpressed WT Trbl or the TrblSLE/G mutant in combination with HA-

tagged String, dissected larval fat bodies, and performed immunohistochemistry using 

Trbl antisera and HA antibody. As shown in Figure 3.7E and 3.7E’, co-misexpression 

of String and WT Trbl did not modify WT Trbl distribution in fat body cells, and low 

levels of String exhibited similar subcellular localization to Trbl, in the nucleus, 

cytoplasm, and PM. Next, I co-misexpressed TrblSLE/G and String in larval fat body 

cells and observed that TrblSLE/G PM accumulation and String protein distribution were 

unchanged (Figure 3.7F, F’), but String protein levels were increased in this 

experiment.  

Previous data from several labs has demonstrated that Trbl directs the turnover 

of Slbo protein (Masoner et al., 2013; Rorth et al., 2000). Although little is known about 

the function of Slbo in larval fat body cells (An & Wensink, 1995), I tested the 

interaction with Trbl by co-misexpressing WT Trbl and HA-Slbo and observed strong 

nuclear accumulation of Trbl and reduced Trbl at the PM (Figure 3.6G). The 

subcellular distribution of HA-Slbo was similar to WT Trbl in this experiment, with low 

levels of Slbo in the nuclei (Figure 3.7G’). Co-misexpression of HA-Slbo and TrblSLE/G 
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Figure 3.7. Misexpression of TrblSLE/G stabilizes Trbl targets. A) Representative 
western blot of P-dAKt and total dAkt levels in larval fat body lysates. From left to 
right, control, Trbl knockdown using Trbl RNAi, WT Trbl misexpression, and 
TrblSLE/G misexpression. B) Statistical analysis of western blot experiment, 
representing ratio of P-dAkt over total dAkt, normalized to tubulin. n=3 groups of 
40 larval fat bodies. One-way ANOVA, Tukey post hoc. Error bars represent S.D. 
C) Percentage of pupated larvae misexpressing transgenes in larval fat body. n=3 
groups of 40 larvae. Genotypes indicated below. One-way ANOVA, Tukey post 
hoc. Error bars represent S.D. D) Percentage of eclosed larvae misexpressing 
transgenes in larval fat body. n=3 groups of 40 larvae. Genotypes indicated below. 
One-way ANOVA, Tukey post hoc. Error bars represent S.D. E)-H) Confocal 
fluorescent micrographs of larval fat body incubated with Trbl antisera, shown in 
yellow, and HA antibody (E’-H’), shown in cyan. Genotypes indicated below. 
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resulted in a striking increase in the nuclear accumulation of TrblSLE/G (Figure 3.7H) 

while the subcellular distribution of Slbo remained nuclear but overall levels increased 

noticeably (compare Figure 3.7H’ and G’). These data indicate that the SLE/G 

mutation stabilizes rather than degrades the targets Stg and Slbo and in the case of 

Slbo, the interaction reduces TrblSLE/G at the membrane. Along with the ability of 

TrblSLE/G to stabilize Trbl, these data are consistent with the notion the SLE/G mutant 

binds targets more strongly but is incapable of adopting conformations required to 

serve its adaptor function and interact with E3 ubiquitin ligases leading to target 

ubiquitination and degradation. Because the expression of Slbo dramatically modified 

the SLE/G PM accumulation phenotype, we suggest that trafficking of Trbl between 

the PM and nucleus may be governed by varying abundances of PM-localized dAkt 

on the one hand and nuclear targets on the other and these compartment-specific 

targets may in turn regulate Trbl distribution during different developmental stages or 

nutritional conditions.   

 

Tests of the Conserved Effect of the SLE/G Mutation 

The conserved SLE loop motif is thought to control the activity of Trib family 

members. Crystallographic and molecular modeling data indicate that the Trib SLE 

motif responds to substrate binding by folding in towards the truncated alpha C helix 

and displacing the C-terminal tail (Jamieson et al., 2018). To test if mutations in this 

domain affects the subcellular distribution of mammalian Trib isoforms in a way that 

parallels the effects of SLE/G on fly Trbl, I focused first on Trib3 and used a cell culture 

system to measure effects on subcellular distribution. I cloned the coding sequence 
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of human Trib3 (hTrib3) into a pHLSEC2 mammalian expression vector (Aricescu, Lu, 

& Jones, 2006)  and used PCR-ligation to insert a myc tag at the N-terminus (see 

Materials and Methods). To generate an HA-tagged NLE/G mutant (mammalian Trib3 

proteins possess an NLE, not SLE, motif in the activation loop), I used PCR and 

mutagenic primers to 1) convert the myc sequence in pHLSEC2-myc-hTrib3 construct 

to an HA epitope, and 2) mutated the codon E204 in the NLE motif to a sequence 

coding for glycine, generating HA-tagged hTrib3NLE/G. I transfected human embryonic 

kidney cells (HEK293T) with WT myc-hTrib3 or HA-hTrib3NLE/G, incubated these cells 

with antibodies directed towards the HA or myc epitope and detected hTrib subcellular 

accumulation using fluorescence confocal microscopy. Previous reports show that 

hTrib3 localizes to the nucleoplasm in human cell lines (Xu et al., 2007; Miyoshi et al., 

2009), and consistent with this I detected WT myc-hTrib3 in the nucleus of HEK293T 

cells (Figure 3.8A). hTrib3NLE/G expressed in HEK293T cells resulted in a subcellular 

distribution similar to WT myc-hTrib3, restricted to the cell nucleus (Figure 3.8B).  

Our observation in this work that fly Trbl membrane shuttling is dAkt-dependent 

(Figure 3.2E) led us to predict that hTrib3 trafficking might also depend on the Akt 

levels in the cell. To investigate this, I cloned a cDNA coding for human Akt1 (hAkt1) 

in frame within a pHLSEC2 vector using PCR. Next, I designed primers and performed 

PCR to insert a Flag tag at the N-terminus of hAkt1 in this vector. To test the 

dependence of hTrib3 trafficking upon hAkt1 levels in the cell, I co-transfected 

HEK293T cells with hAkt1 and WT hTrib3 (Figure 3.8C) or hTrib3NLE/G (Figure 3.8D) 

and observed that both hTrib3 and hTrib3NLE/G displayed normal distribution patterns 

in the nucleus of HEK293T cells.  Thus, unlike the SLE mutation in fly Trbl, mutations 
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Figure 3.8.  Subcellular distribution of human Trib3 (hTrib3) and hTrib3 NLE/G 
mutant in HEK293T cells. A)-D) Confocal fluorescent micrographs of HEK293T 
cells transfected with myc-tagged WT hTrib3 (A, C) and HA-tagged hTrib3 NLE/G 
mutant (B, D). In C) and D), hTrib3 co-transfected with Flag-tagged human Akt1 
(hAkt1). Myc shown in red, HA shown in cyan. 
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in the the NLE motif in hTrib3 does not affect subcellular distribution in HEK293T cells 

and hTrib3 accumulation is independent of levels of hAkt1 expression in the one 

human cell line tested. 

 

Trbl Protein Binds Membrane Phospholipids 

The failure of hTrib3NLE/G expressed in HEK293T cells to localize to the membrane 

suggested that the fly fat body might be specialized to traffic Trbl to the membrane. 

While co-misexpression of HA-dAkt and TrblSLE/G did not change the localization 

pattern of either (Figure 3.9A., A’), co-misexpression of activated HA-myr-dAkt and 

TrblSLE/G led to a surprising result: while both proteins accumulated at the membrane, 

they both simultaneously appeared ectopically in the nucleus (Figure 3.9B, B’). 

Combined with previous pull-down analysis and yeast two hybrid analysis, these data 

suggest that while Akt-Trbl interactions do occur at the fat body cell membrane, the 

proteins compete for a limiting component anchoring them to that subcellular 

compartment, and the modulated recruitment of both to the membrane in response to 

starvation is likely tightly regulated by changes in membrane structure that occur in 

response to nutrient availability.  

The microenvironment of the inner leaf of the membrane includes an array of 

phospholipids and protein complexes that interact in dynamic ways that are tightly 

regulated by many pathways (Casares, Escribá, & Rosselló, 2019). Insulin signaling 

requires the synthesis and modification of specific phospholipid species and in 

particular the insulin-mediated activation of PI3K lipid kinase directly generates PIP3 

at the membrane to recruit Akt to the cell cortex (Fresno Vara et al., 2004). 
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Figure 3.9. Trbl protein binds membrane phospholipids. A)-E) Confocal fluorescent 
micrographs of larval fat bodies incubated with Trbl antisera (yellow), HA antibody 
(cyan), GFP antisera (green), phalloidin (red), and DAPI (magenta). Genotypes 
shown in white. G)-I) membrane lipid strips incubated with Trbl or Trbl mutant protein, 
indicated below. Detection method indicated above. Chemiluminescent signals 
indicate binding of Trbl to specific membrane phospholipids, represented by 
abbreviation. 
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In well-fed larvae, the concentration of PIP3 increases on the cytosolic face of the PM. 

IIS proteins possessing pleckstrin homology (PH) domains, including dAkt and PDK, 

recognize and bind PIP3 at the inner leaflet of the PM (Datta et al., 1995). This 

recruitment of dAkt to the membrane precedes phosphorylation by membrane-

localized kinases.  

To test the relationship between TrblSLE/G and PM phospholipids, I took two 

approaches to changing the available phospholipids in the membrane of fat bodies. 

First, I misexpressed an RNAi directed towards the lipid phosphatase PTEN. While 

PTEN RNAi increase WT Trbl at the membrane (Figure 3.2C), it effectively reduced 

TrblSLE/G accumulation at the PM with a corresponding increase in nuclear staining 

(Figure 3.9C). Next, I used a tGPH fly line constitutively expressing a GFP-tagged 

PIP3 phospholipid-binding PH domain under control of a synthetic tubulin promoter. 

This constitutively-expressed GFP-PH protein has been shown to accumulate at the 

PM in response to feeding (Britton et al., 2002). I reasoned that if Trbl selectively binds 

phospholipids present in the membranes of starved animals, co-misexpression of 

tGPH and either Trbl or TrblSLE/G might result in a competition for limited PIP2 and 

PIP3 binding sites and resulting in accumulation of Trbl in other cellular compartments. 

To test this, I first analyzed the subcellular distribution of GFP-PH and endogenous 

Trbl in the fat body of well-fed tGPH larvae. As shown in Figure 3.9E and consistent 

with previous results (Britton et al., 2002), consitutively expressed GFP-tagged PH 

protein accumulated at the plasma membrane of larval fat body cells, and endogenous 

Trbl was observed in the nucleus, cytoplasm, and plasma membrane (Figure 3.9E’). 

Next, I asked whether ectopically increasing Trbl levels in the fat body of tGPH larvae 
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would change the subcellular distribution of either Trbl or GFP-tagged PH protein. To 

test this, I crossed tGPH virgin fies with UAS-Trbl;r4GAL4 males, collected well-fed 

progeny larvae, and performed immunohistohemistry on the fat bodies from these 

larvae using Trbl and GFP antisera. Shown in Figure 3.9F and F’, misexpression of 

Trbl protein in the fat body of tGPH larvae did not modify the distribution of either GFP-

tagged PH or WT Trbl. I showed in Figure 3.4G and H that misexpression of TrblSLE/G 

in the larval fat body resulted in strong accumulation of Trbl at the PM and increased 

Trbl protein stability in well-fed larvae.  To test if TrblSLE/G  protein could compete with 

GFP-tagged PH protein for phospholipid binding sites, I crossed tGPH virgins with 

UAS-TrblSLE/G males and performed immunohistochemistry on the fat bodies of well-

fed progeny larvae. Co-staining with Trbl and GFP antisera revealed that co-

misexpression of tGPH and TrblSLE/G in the larval fat body resulted in reduced PM 

accumulation and increased nuclear accumulation of both Trbl and GFP (Figure 3.9F, 

F’).  

These data suggest that the membrane localization of TrblSLE/G is sensitive to 

available phospholipids, and can be altered either directly by PTEN knock-down or 

indirectly via flooding the cell with a PIP3 binding domain. In order to test this further, 

I sought to demonstrate the selective affinity of Trbl protein for bio-active lipids. To do 

this, I expressed and purified myc-tagged WT and SLE/G Trbl proteins, incubated 

membrane lipid strips spotted with 15 different biologically relevant phospholipids, and 

detected lipid-bound molecules using an anti-myc antibody. At high concentrations of 

proteins (5 ug/mL), both myc-tagged wild-type and myc-tagged TrblSLE/G proteins 

bound phosphatidic acid (PA), phosphatidylinositol-4-phosphate (PI4P) and PIP2 
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(Figure 3.9G). Under more stringent conditions of reduced proteins concentrations 

(detected using sensitive Trbl antisera), TrblSLE/G bound PA, PI4P, and PIP2 with 

higher apparent affinity than WT Trbl tested in parallel (Figure 3.9H). These data are 

consistent with the idea that SLE/G mutation confers increased affinity for specific 

lipids compared to Trbl, but I note that in this in vitro system, the preparation of purified 

protein can affect binding: as shown in Figure 3.9I, a third binding test using 

biotinylated Trbl detected using a Strep-HRP reagent resulted in selective binding of 

this modified Trbl protein to phosphatidylserine (PS), PA, and PI4P. Thus, biological 

relevance of this in vitro approach will have to be tested further (see Discussion). 

 

Discussion 

 We have previously shown that Drosophila Tribbles shares functional 

homology with mammalian Trib3, binding to and inhibiting the phosphorylation of the 

IIS kinase dAkt/Akt (Das et al., 2014). In this work, I report that Trbl protein responds 

to changes in IIS pathway activity by multiple mechanisms. First, Trbl protein levels 

increased in the insulin-responsive larval fat body under fasting conditions and this is 

coincident with increased Trbl protein accumulation at the PM, an important site of IIS 

pathway signaling. Second, constitutive expression of a membrane-targeted form of 

Akt in the fat body of well-fed larvae resulted in recruitment of Trbl to the PM. Next, I 

identified a residue in a conserved SLE motif that is critically important for the 

regulation of Trbl turnover, trafficking, and multimerization in an insulin-responsive 

tissue. Because misexpression of the SLE/G mutant stabilized P-dAkt, String, and 

Slbo in larval fat body cells, our data suggest that this residue, Glu286, is also required 
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for the proper inhibition and/or turnover of Trbl targets. Finally, I report that Trbl protein 

binds membrane phospholipids and the SLE/G mutant exhibits increased lipid avidity. 

Collectively, these data suggest that Trbl membrane trafficking is one mechanism by 

which Trbl achieves proximity to its compartment-specific targets. Recently, studies of 

the molecular interaction between Trib1 and COP1 E3 ubiquitin ligase showed that 

Trib1 trafficking to the nucleus is an important mechanism regulating Trib function 

(Kung & Jura, 2019), adding support to the dynamic scaffold model suggested by 

Trib1 crystal structures and molecular modeling.  

 

Fasting Increases Trbl Protein Levels and PM Accumulation 

 Our data indicates Trbl trafficking is dynamic and responds rapidly to changes 

in nutrient availability. I propose a model wherein the decrease in systemic insulin 

activates trafficking of Trbl to the fat body PM where Trbl binds membrane 

phospholipids, and this PM accumulation enhances the formation of Trbl multimers. 

The formation of these Trbl complexes likely obscures sites on Trbl that direct Trbl 

turnover by the proteasome, stabilizing Trbl protein levels. Stable, proteasome-

resistant, PM-localized Trbl complexes then bind dAkt to inhibit the propagation of the 

insulin signal when diet is limiting. In support of this, 1) Trbl levels increase and Trbl 

protein accumulates at the PM in fasted larvae, 2) increased PIP3 levels resulted in 

increased WT Trbl at the membrane, 3) in vitro, Trbl protein bound membrane 

phospholipids and 4) membrane targeting of dAkt recruited WT Trbl to the membrane. 

Because myr-dAkt does not affect the subcellular localization of mammalian Trbs the 

interaction face between Trbl and dAkt is likely not conserved and identifying the Trbl-
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dAkt interaction site will be bolstered by in vitro binding assays such as biolayer 

interferometry complemented by in vivo fat body studies.  

 

The TrblSLE/G Mutant 

In this work, I identified a conserved Trib family residue, Glu286 in the SLE 

loop, that is required for Trbl trafficking and instability. Misexpression of TrblSLE/G in the 

the larval fat body resulted in an increase in Trbl protein levels and accumulation of 

Trbl protein at the PM, suggesting the SLE/G mutation inhibits Trbl turnover and 

increases Trbl trafficking to the membrane by an unknown mechanism.  

The SLE/G mutation affects the dynamic activation loop of Trbl in ways that 

remain unclear, but nevertheless gave us insight into several surprising properties of 

Trbl in the fat body. The SLE/G mutation increased Trbl-Trbl affinity, a property 

identified previously in yeast two-hybrid assays (Masoner et al., 2013), resulting in the 

formation of Trbl homomultimers at the membrane, an interaction that reveals the 

effect of trafficking on stability and thus activity. The increased stability of the TrblSLE/G 

mutant likely results from a defect in ubiquitinated turnover (data not shown). 

Consistent with this, an online ubiquitination motif prediction software indicates a high-

confidence ubiquitination site proximal to the SLE motif (data not shown), suitable for 

future mutagenesis studies.  

Consistent with the ability of Trbl to interact with targets Slbo, String and dAkt 

(Das et al., 2014), TrblSLE/G bound dAkt more strongly than WT Trbl in a yeast two-

hybrid experiment. However, western blot analysis indicated that TrblSLE/G was less 

effective at inhibiting dAkt phosphorylation in vivo compared to WT Trbl, suggesting 
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that the SLE/G mutation specifically reduced dAkt activation. In contrast to its effects 

on Akt, Trbl targets Slbo and String for degradation. I found that misexpression of the 

SLE/G mutant stabilized levels of both Slbo and String and complimentarily, nuclear 

Slbo dramatically reduced TrblSLE/G PM accumulation. This suggests that the cellular 

pool of Trbl is trafficked to different subcellular compartments in response to changes 

in levels of Trbl targets.  

I propose that TrbSLE/G binds targets with higher affinity than WT Trbl, but is 

structurally incapable of adopting the necessary conformations to recruit E3 ubiquitin 

ligases and degrade these targets. In the wing and eye, TrblSLE/G misexpression blocks 

cell growth (data not shown), suggesting that the SLE/G mutant may effectively block 

target activity, even in the absence of degradation. Further work is needed to elucidate 

the contradictory effects of the SLE/G mutation in different tissues, however the 

stability and affinity TrblSLE/G fo its targets will make it useful to perform co-

immunoprecipitation experiments to identify novel binding partners. 

Our data showing 1) TrblSLE/G competed with tGPH for membrane localization 

and 2) TrblSLE/G exhibited higher affinity for membrane phospholipids lead us to 

postulate that the SLE/G mutation results in preferential membrane localization of Trbl 

protein via increased phospholipid affinity. With regards to mechanism of Trbl action, 

I propose that Trbl PM localization activates Trbl-Trbl dimerization at this compartment 

and Trbl dimers obscure sites recognized by the proteasomal machinery to activate 

Trbl turnover. In this stable, PM-localized state, Trbl is poised to inhibit dAkt 

phosphorylation. I predict that although the SLE/G mutant has higher affinity for dAkt 

compared to WT Trbl in vitro, SLE/G preferentially forms inactive, stable Trbl 
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multimers. To test this prediction, further work must be done to investigate the 

dynamic interactions between Trbl and dAkt.  

I predict that the SLE/G mutation modifies the ubiquitination state of Trbl, and 

TrblSLE/G PM accumulation and reduced turnover could be a consequence of disruption 

of ubiquitination of Trbl. To analyze this, I propose to 1) perform western blot analysis 

of cell lysates misexpressing WT Trbl or TrblSLE/G using a ubiquitin antibody to 

compare ubiquitination levels in these samples and 2) misexpress WT Trbl and 

TrblSLE/G in fat body cells, purify Trbl protein using immunoprecipitation, and perform 

mass spectrometric analysis to search for ubiquitinated Trbl peptides.  

 

Changes in IIS Signaling Modify Trbl PM Trafficking 

In this work, I demonstrated that Trbl PM trafficking is dynamic and responsive 

to 1) changes in nutrition and 2) experimental manipulation of IIS signaling. I utilized 

the TrblSLE/G mutant to test if the PM accumulation phenotype I observed was 

dependent on the strength of dAkt activation. I encountered challenges to this 

approach: 1) manipulation of the IIS pathway in larvae is often lethal and 2) the 

experimental overaction or suppression of IIS genes often causes dramatic 

morphological defects including excess lipid droplet fusion and tissue atrophy that 

make interpreting changes in subcellular distribution difficult. Although I observed that 

Trbl membrane shuttling is dependent on the strength of dAkt activation, further work 

is required to precisely identify the function of Trbl in the IIS pathway (see Chapter 4, 

Future Directions). 

 



 95 

Investigation of Functional Conservation of the SLE Motif 

I observed that expression of a human Trib3 NLE/G mutant in HEK293T cells 

did not result in PM accumulation or increased stability of Trib3 protein in these cells. 

However, the high degree of conservation at this motif across the metazoan lineage 

suggests this motif is important for the function of Trib proteins. It is possible that the 

NLE motif in Trib3 is not required for the trafficking and turnover of Trib3 family 

proteins. However, this motif is conserved in mammalian Trib1 and Trib2 proteins 

(SLE), and thus I predict that the importance of the SLE loop in modulating Trbl 

trafficking and stability may be isoform-specific. To test this, I propose to design 

mammalian Trib1 and Trib2 SLE/G mutants, express these in mammalian cell culture, 

and compare the subcellular distribution of WT Trib1/Trib2 to Trib1/Trib2 SLE/G 

mutants. In addition, I propose utilizing different mammalian cell lines, because Trib 

proteins exhibit distinct, tissue-specific functions (Eyers et al., 2017; Dobens & 

Bouyain, 2012), and components required to recruit Trbl to the PM may be present in 

other cell lines.  

  

Glu286 in the SLE Motif is Required for Trbl Turnover and Membrane Shuttling 

 I pursued additional mutations in the conserved SLE motif and alpha C-helix 

but was unable to identify residues required for Trbl trafficking and instability in larval 

fat body cells. Mutation of additional SLE residues or replacement of the SLE motif 

with the canonical kinase DFG motif resulted in Trbl protein stability and trafficking 

comparable to WT Trbl. Additionally, our data shows that mutation of large aromatic 

residues on the alpha C-helix which might interact with the SLE loop did not produce 
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phenotypes any different from WT Trbl. An analysis of the Trib1 crystal structure 

suggests that intramolecular bonds at the conserved SLE/alpha C-helix interface 

govern the transition between inactive and active states. I propose that further 

mutagenesis of Trbl alpha C-helix residues may result in the identification of the 

residue/s that interact with Glu286 and regulate Trib structural dynamics. 

 Our data indicate the Trbl C-terminal tail (CTT) is required for regulating Trbl 

turnover in larval fat body cells, and I observed that misexpression of a double mutant 

lacking the CTT and possessing the SLE/G mutation strongly reduced Trbl protein 

stability. I propose that discrete structural conformations of the SLE loop allow access 

of proteasomal machinery to Trbl to direct Trbl turnover. The SLE/G mutant is 1) more 

stable and 2) less effective at turning over Trbl targets in larval tissue, and this 

suggests that the SLE/G mutation inhibits E3 ubiquitin ligase binding and targeting of 

substrates. The reduction in Trbl stability I observed when misexpressing the 

SLE/G+∆C mutant indicates that SLE/G PM accumulation and stability in larval fat 

body cells requires the CTT, suggesting cooperativity between these conserved Trib 

motifs. Further mutagenesis of the CTT may aid in the identification of the specific 

sequence modulating SLE-CTT interactions. 

 

Trbl Interacts with PM Phospholipids 

Fasting increases Trib3 levels, which effectively dials down the Akt response 

by blocking phosphorylation (Du et al., 2003). Rapid changes in the phospholipid 

composition at the PM occur as well, modulating the number of phospholipid docking 

sites for dAkt (Rintelen, Stocker, Thomas, & Hafen, 2001; Britton et al., 2002) I have 



 97 

shown that Trbl and dAkt physically interact in vitro, which must be important to reduce 

insulin response rapidly in response to fasting. In addition, our data suggest that Trbl 

is recruited by phospholipids induced by fasting, to either mask dAkt phospholipid 

binding sites or to position Trbl to bind and inhibit extant dAkt. Either of these 

hypotheses could explain our results and suggest a mechanism by which fasting limits 

dAkt activation through Trbl. In our experiments examining Trbl-lipid binding, I 

observed variable results likely resulting from differences in experimental approach, 

purification method, and tools to detect Trbl-lipid interactions (see Figure 3.8G-I and 

Materials and Methods). Further work is required to confirm the nature of Trbl-lipid 

interactions and their importance in vivo.  

If Trbl binds lipids, manipulating the levels of lipid modifying enzymes in the 

larval fat body may increase or reduce Trbl PM accumulation. Initial work to knock 

down or misexpress phospholipid modifying enzymes in the fat body resulted in 

lethality, indicating that repeating these experiments at lower temperatures or in 

combination GAL80 (Suster, Seugnet, Bate, & Sokolowski, 2004) may allow for 

documentation in changes in Trbl trafficking and turnover. Additionally, I suggest using 

biolayer interferometry with lipid vesicles composed of specific membrane 

phospholipids will allow us to evaluate better the affinity and specificity of Trbl for lipids. 

 
Materials and Methods 

Drosophila Strains 

 The following strains were obtained from Bloomington Drosophila Stock 

Center: (1) Canton S, (2) UAS-LacZ (w[1118] P(w[+mC]=UAS-lacZ.NZ)20b), (3) UAS-

HA-myr-Akt (P(UAS-myr-Akt1.DeltaPH)3), (4) UAS-InRK1409A (y[1] w[1118]; 
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P(w[+mC]=UAS-InR.K1409A)3), (5) UAS-InR RNAi (y1 v1; P(TRiP.JF01482)attP2, y1 

w1118) ; (6) UAS-InR (P(UAS-InR.Exel)2), (7) UAS-PI3K92EA2860C (y[1] w[1118]; 

P(w[+mC]=UAS-Pi3K92E.A2860C)1), (8) UAS-PI3K92E (y1 w1118; P(UAS-

Pi3K92E.Exel)2), (9) UAS-PTEN RNAi (y[1] v[1]; P(y[+t7.7] 

v[+t1.8]=TRiP.HMS00044)attP2), (10)  UAS-PI3K RNAi (y1 v1; 

P(TRiP.JF02770)attP2/TM3, Sb1), (11) UAS-Akt RNAi (y[1] v[1]; P(y[+t7.7] 

v[+t1.8]=TRiP.HMS00007)attP2), (12) tGPH (Sco/CyO; P(w[+mC]=tGPH)4/TM3) 

 The following stocks were obtained from Vienna Drosophila Research 

Center: (1) UAS-Trbl RNAi (w1118; P(GD11640)v22114), (2) UAS-Trbl-3XHA 

(M(UAS-Trbl.ORF.3XHA)ZH-86Fb), (3) UAS-Akt-3XHA (M(UAS-

Akt1.ORF.3XHA)ZH-86Fb). 

R4GAL4 (y1 w*; P(r4GAL4)3) was a generous gift from Laura Musselman. 

Design and generation of UAS-FLAG-Trbl, UAS-FLAG-TrblFLCR/A, UAS-FLAG-

TrblD/NLK, and UAS-FLAG-TrblSLE/G stocks described previously (Masoner et al., 2013). 

The following stocks were generated using the Q5 Site Directed Mutagenesis 

Kit (NEB). Briefly, we utilized NEB’s NEBasechanger software and the coding 

sequence for Drosophila Tribbles to design the following oligonucleotides for 

mutagenesis. pUASTattB-Flag-Trbl was utilized as template (Masoner et al., 2013). 

Mutated codon shown in bold. These mutant constructs were sent for injection into 

embryos as a fee-for-service (Rainbow Transgenics), and progeny flies were sorted 

by presence of mini-white gene, which indicates successful insertion of the transgene 

into the genome. 

UAS-FLAG-TrblE283G  
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Fwd primer 5’-ACTGCAGTATGCCTCACTGGAAGGCTCAATG-3’    

Rev primer 5’-TTCGTTCTGGCCTCGTCG-3’   

UAS-FLAG-TrblS284G  

Fwd primer 5’-GCAGTATGAAGCCCTGGAAGGCTC-3’    

Rev primer 5’-AGTTTCGTTCTGGCCTCG-3’   

UAS-FLAG-TrblL285G 

Fwd primer 5’-GTATGAATCAGCCGAAGGCTCAATGATCCTCGAC-3’    

Rev primer 5’-TGCAGTTTCGTTCTGGCC-3’  

UAS-FLAG-TrblSLE/DFG 

Fwd primer 5’-CGGCGGCTCAATGATCCTCGAC-3’   

Rev primer 5’-AAATCTTCATACTGCAGTTTCGTTC-3’    

UAS-FLAG-TrblF168A 

Fwd primer 5’-ACGAGCCTACGCCCAGCTGCAGC-3’    

Rev primer 5’-TGCACCTTATGCAACGGT-3’    

UAS-FLAG-TrblY167A 

Fwd primer 5’-GCAACGAGCCGCCTTTCAGCTGC-3’  

Rev primer 5’-ACCTTATGCAACGGTTCG-3’  

UAS-myr-Trbl  

Fwd primer 5’-AACCCGGAAGACGACGCGGCTATGGATTACAAGGATGAC-3’ 

Rev primer 5’-CGAGGAGCACCAGCAGCCCATGAATTCCCAATTCCCTATTC-3’  

UAS-TrblSLE/G+C 

Design and generation of UAS-TrblC is described elsewhere (Nauman et al., in prep). 

To generate UAS-TrblSLE/G+C, we used as a template pUASTattB-UAS-Flag-TrblC 
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(Nauman et al., 2020, in prep) and designed primers to introduce the SLE/G mutation. 

Injection and sorting of transformed flies is described above. Mutated sequence 

shown in bold. 

Fwd primer 5’-TGAATCACTGGGAGGCTCAATGA-3’    

Rev primer 5’-TACTGCAGTTTCGTTCTG-3’ 

Design and construction of Trbl-CRISPR-GFP is described elsewhere (Dobens et al., 

2020, in prep). 

UAS-FLAG-mTrib1, UAS-FLAG-mTrib2, and UAS-FLAG-mTrib3 were 

generated as follows: The complete ORFs of mouse trib1, trib2, and trib3 were 

amplified from cDNA (Origene) using oligonucleotides designed to introduce an N-

terminal FLAG tag. FLAG-mTrib1: forward primer 5′-

ATGGATTACAAGGATGACGACGATAAGATGCGGGTCGGTCCCGTG-3′, reverse 

primer 5′-CTAGCAGAAGAAGGAACTTATGTCACTGTCCTCCTGGTACTC-3′. 

FLAG-mTrib2: forward primer 

ATGGATTACAAGGATGACGACGATAAGATGAACATACACAGGTCTACC-3′, 

reverse primer 5′-TCAGTTAAAGAAAGGGTCCAAGTTCTCCTCCATGTTGAC -3′. 

FLAG-mTrib3: forward primer 5′-

ATGGATTACAAGGATGACGACGATAAGATGCGAGCTACACCTCTG-3′, reverse 

primer 5′-TCAGCCGTACAGCCCCACCTCCCCTTC-3′. (FLAG sequences in bold). 

PCR products were cloned into pSTBlue-1 (AccepTor Vector kit, Novagen) and 

confirmed by DNA sequencing. An EcoRI fragment containing the full-length FLAG-

mTribs was then cloned into pUASTattB and again confirmed by DNA sequencing. 

Embryos were injected as a fee-for-service (Rainbow Transgenic Flies) and 
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successfully transformed progeny were sorted and balanced based on the presence 

of mini-white. 

 

Collection of Age-Matched Larvae 

 For experiments comparing Trbl protein levels and distribution in age-matched 

larvae (Figure 3.1 and Figure 3.4C-I), males and females were mated for three days 

in egg collection chambers on standard MYCM fly food at 25°C and food was replaced 

daily. On the fourth day, eggs were collected from these crosses on fresh food plates 

by changing plates every hour to guarantee developmental synchronicity. Crosses 

designed to misexpress UAS-transgenes in the larval fat body using the GAL4-UAS 

system were performed at 29°c to increase GAL4 production. Crosses and collection 

of Canton S larvae and Trbl-CRISPR-GFP larvae were performed at 25°c. The 

following day, 60 emerged first instar larvae were transferred from each plate to fresh 

plates at 24 hours after egg deposition. Using this approach, each food plate 

contained the same number of larvae and the larvae within an individual plate were 

developmentally synchronous.  

 

Canton S Fasted/Fed Larvae 

For the fed group, I collected third instar Canton S larvae at 96, 101, and 111 

hours after egg deposition (AED). For the fasted group, Canton S larvae were 

collected at 96 AED and transferred to an empty vial containing KimWipe wetted with 

distilled water for either 5 hours (96h fed + 5h fasted) or 15 hours (96h fed + 15h 

fasted). 20 larvae were collected at these fed/fasted timepoints. After this, larval fat 
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bodies were collected and processed according to standard larval fat body dissection 

and immunostaining, described below.  

 

Misexpression of Trbl and Trbl mutants in Age-matched Larvae 

For our experiments comparing the effects of Trbl mutant larval fat body 

misexpression on Trbl subcellular distribution and stability, we collected age-matched 

third instar larvae at 72 hours after egg deposition and performed standard larval fat 

body dissection and immunostaining, described below. 

  

Larval fat body immunofluorescence 

20 mid-third instar larvae were selected based on eversion of anterior spiracles 

and visual observation of feeding (wandering third instar exit the food), washed in 

fresh PBS, then transferred to fresh ice-cold PBS for dissection. Larval fat bodies were 

partially dissected and all other internal organs were removed, leaving only the cuticle 

and attached fat body. These were fixed in 4% paraformaldehyde (ThermoFisher) in 

PBS for 15 minutes and washed three times in PBS+0.1% Triton-X100 

(ThermoFisher) (PBST). Then, fat bodies were blocked for 1 hour in PBST + 5% 

bovine serum albumin (BSA) (ThermoFisher) and incubated overnight at 4°C with 

primary antibody. Antibody concentrations: chicken anti-Trbl 1:1000 (the generation 

of Trbl antisera used in this work has been described previously (Masoner et al., 

2013)), mouse anti-HA (CST) 1:1000, rabbit anti-FLAG (CST) 1:1000, and mouse anti-

GFP (DSHB) 1:500. The following day, fat bodies were washed twice in PBST and 

incubated for 1 hour at room temperature with 1:400 TRITC-conjugated phalloidin 
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(Sigma) in PBST. Following this, fat bodies were washed once in PBST and incubated 

for two hours at room temperature in appropriate fluorescent secondary antibody at 

1:200 in PBST + normal goat serum (ThermoFisher). AlexaFluor secondary antibodies 

were obtained from ThermoFisher: goat anti-chicken 488, goat anti-rabbit 546, goat 

anti-chicken 647, goat anti-mouse 546, goat anti-mouse 647. Next, fat bodies were 

washed twice in PBST and incubated for 30 minutes in 1:1000 DAPI (Sigma) in PBS. 

Finally, fat bodies were washed once in PBST and mounted on glass slides in 50% 

glycerol/PBS and visualized on an Olympus confocal laser-scanning microscope. 

Images were prepared with ImageJ. 

 

Plot Profile Analysis 

 For analysis of Trbl protein subcellular distribution, Trbl, phalloidin, and DAPI 

distribution and intensity in 90 larval fat body cells were analyzed using the ImageJ 

Plot Profile plugin. Plot Profile intensities were averaged and graphed using Microsoft 

Excel.  

 

Pupation/Eclosion Analysis 

 Analysis of pupation and eclosion rates were performed by setting crosses at 

29°c and collecting 40 age-matched larvae at 72 hours after egg deposition. These 

larvae were transferred to fresh food vials and 3 days later, the number of pupal cases 

was documented. This experiment was repeated 3 times, and statistical analysis was 

performed using one-way ANOVA and Tukey post-hoc (Graph Pad Prism). The 
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experiments analyzing eclosion were performed exactly as above, except vials were 

analyzed 5 days after transfer and eclosed flies were counted. 

 

Western Blot 

 Western blot experiments were performed by collecting 20 larval fat bodies, 

homogenizing on ice in RIPA buffer with protease inhibitor cocktail (Roche), and spun 

down for 30 minutes at 4°c. Supernatant was collected, an aliquot was removed for 

BCA analysis (Pierce) to ensure equivalent loading, and 5X SDS buffer was added to 

supernatant. Samples were boiled for 5 minutes at 95°c and DTT (Sigma) was added 

to 100mM. Samples were loaded onto 10% polyacrylamide gels and electrophoresed 

for 1.5 hours at 100V. Next, semi-dry transfer was performed using PVDF membrane 

(Millipore) and according to manufacturer protocols (Abcam). Semi-dry transfer was 

performed at 126 mA for 45 minutes. Next, PVDF membranes were blocked for 1 hour 

in TBST + 3% BSA and incubated overnight at 4°c in primary antibody. Primary 

antibodies used were chicken anti-Tribbles, 1:2000, rabbit anti-FLAG (CST), 1:1000, 

mouse anti-alpha tubulin (DSHB), 1:2000, rabbit anti-phospho-dAkt S505 (CST) 

1:1000, and rabbit anti-pan-Akt (CST) 1:1000. Next, PVDF membranes were washed 

three times for 5 minutes in TBST and incubated for 2 hours at room temperature in 

appropriate HRP-conjugated secondary antibody. Secondary antibodies used include 

goat anti-rabbit HRP (CST), 1:2000, goat anti-mouse HRP (CST), 1:2000, and goat 

anti-chicken HRP (Abcam), 1:5000. Following this, PVDF membranes were washed 

three times for 5 minutes in TBST and incubated in ECL plus chemiluminescent 

substrate (Pierce) for 5 minutes. Chemiluminescent signals were detected using 
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ChemiDoc (BioRad) and analyzed using one-way ANOVA followed by Tukey post-hoc 

(Graph Pad Prism). 

 

Yeast Two-Hybrid Interaction Screen 

 Construction of pDEST32-Trbl and pDEST32-TrblSLE/G is described elsewhere 

(Pence, ). pDEST22-dAkt was constructed by PCR amplification of a dAkt cDNA 

(Origene) to add flanking attB1 and attB2 sites. Using the Gateway Technology 

system (Invitrogen), this dAkt fragment was cloned into pDONR-221 and then into the 

destination vector pDEST22, and confirmed by DNA sequencing. Yeast media 

preparation, plasmid DNA transformation into MaV203 yeast, and plating were 

described previously (Pence, ).   

 

Construction of pHLSEC2 Mammalian Expression Vectors and Human Cell Culture 

 To generate a pHLSEC2-myc-hTrib3 mammalian expression vector, we cloned 

a gBlock (IDT) coding for myc-tagged human Trib3 into a pHLSEC2 plasmid (Aricescu 

et al., 2006). To generate pHLSEC2-HA-hTrib3NLE/G, we designed primers and used 

PCR to replace the myc sequence in pHLSEC2-myc-hTrib3 with a sequence coding 

for the HA epitope at the N-terminus of hTrib3. Next, using NEBasechanger, we 

designed primers and utilized Q5 site-directed mutagenesis (NEB) to introduce the 

E/G mutation. Mutated sequence in bold.  

Fwd primer 5’-GGAGAACCTGGGGGACTCCTGCG-3’ 

Reverse primer 5’-AGCACCAGCTTCTTCCTC-3’  
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Mutagenesis was confirmed by sequencing (MU DNA Core). To generate a 

pHLSEC2-FLAG-hAkt1 mammalian expression vector, we cloned a gBlock (IDT) 

coding for FLAG-tagged human Akt1 into the pHLSEC2 plasmid. Transfection was 

performed as follows: HEK293T cells were cultured to 50% confluency in EMEM + 

pen/strep + FBS and transfected with 1 ug of vector using Superfect transfection 

reagent (Qiagen). Following transfection, cells were cultured to 80% confluency, 

washed 3 times in PBS at 4°C, and fixed in 4% formaldehyde for 15 minutes. Cells 

were washed 2 times in PBS and permeabilized in PBS + 0.1% TritionX100 for 10 

minutes. Next, cells were washed twice for 5 minutes in PBS + 0.05% Tween-20, 

blocked for 10 minutes in PBST + 5% NGS, and incubated overnight at 4°C in primary 

antibody + PBST. Primary antibodies: mouse anti-myc, 1:500 (generous gift from 

Samuel Bouyain), rabbit anti-FLAG, 1:500 (CST), and mouse anti-HA, 1:500 (CST). 

The following day, cells were washed 3 times for 5 minutes in PBST, blocked as above 

to limit non-specific binding of secondary antibodies, and incubated for 2 ours at room 

temperature in fluorescent secondary antibodies at 1:200 in PBST + NGS. Secondary 

antibodies: goat anti-mouse (Invitrogen) and goat anti-rabbit (Invitrogen). Cells were 

washed 5 times in PBST and mounted on glass slides using Vectashield mounting 

medium (ThermoFisher) and visualized at 100x on a confocal fluorescent microscope.  

 

Lipid-Binding Experiments 

pT7HMP-Trbl was a generous gift from Samuel Bouyain. To generate 

pT7HMP-TrblSLE/G, we designed mutagenic primers and utilized a PCR approach to 

introduce the E/G mutation within pT7HMP-Trbl. Mutated sequence in bold. 
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Fwd primer 5’-TGAATCACTGGGCGGCTCAATGATC-3’ 

Rev primer 5’-TACTGCAGTTTCGTTCTG-3’ 

A 50uL aliquot of competent BL21(DE3) E. coli were transformed with 2 uL of 

100 uM pT7HMP-Trbl or pT7HMP-TrblSLE/G plasmid by 30 second heat shock at 42°C. 

This was followed by incubation on ice for 5 minutes and recovery in 1 mL LB media 

for 1 hour at 37C. 100uL of the recovery media was plated on LB-Kanamycin plates. 

Four colonies from each plate were transferred separately to 5 mL LB + 1uM 

kanamycin and cultured overnight on a shaker at 37°C. The following day, cultures 

were transferred to 1L LB + 1 uM kanamycin for large-scale growth at 20°C until 

reaching OD 0.6. Protein expression was induced using IPTG (ThermoFisher) and 

cultures were grown at 18°C overnight. The next day, cultures were spun down at 

9000g for 5 minutes, and pellets were collected and resuspended in resuspension 

buffer consisting of 0.5M NaCl, 20mM Tris pH 8.0, 20mM Imidazole pH 8.0, and 5% 

glycerol. Resuspended pellets were lysed using a microfluidizer, spun down at 16000g 

for 30 minutes, and the supernatant was transferred to 10 mL Nickel beads (GE 

Healthcare) for 60-minute batch binding at 4°C. Next, lysates were purified using 

standard gravity-flow column purification; briefly, lysate-nickel complex was washed 

twice with resuspension buffer and Trbl protein was eluted with 0.5M NaCl, 20mM Tris 

pH 8.0m and 300mM imidazole. 

For lipid-binding experiments using the full 6XHis-myc-Trbl/TrblSLE/G construct, 

Trbl protein was dialyzed against 3L of 50mM NaCl and 20mM Tris pH 8.0 overnight 

at 4°c and subjected to ion exchange chromatography using a HiTrap Q HP 5mL on 

an Akta Explorer with buffer A consisting of 50mM NaCl and 20mM Tris pH 8.0 and 
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buffer B consisting of 1M NaCl and 20mM Tris pH 8.0. Following this, ion exchange 

fractional eluates were selected based on abundance observed on SDS page gel at 

correct molecular weight (60kD), combined, concentrated to 10 mL using Pall 

Macrosep centrifugal columns, and subjected to size exclusion chromatography on a 

HiLoad 26/600 Superdex 200 column using an Akta Explorer and eluted in150mM 

NaCl and 20mM HEPES pH 7.5.  Next, membrane lipid strips (Echelon P-6002) were 

blocked in TBST + 5% BSA for 1 hour and incubated for 1 hour at room temperature 

with 5 ug/mL or 2 ug/mL purified 6XHis-myc-Trbl/TrblSLE/G protein in TBST + 3% BSA. 

Lipid strips were washed for 5 minutes in TBST and incubated for 1 hour at room 

temperature with either chicken-anti Trbl (1:2000) or mouse anti-myc (CST, 1:2000) 

in TBST + 3% BSA.  Then, lipid strips were washed for 5 minutes in TBST and 

incubated for 1 hour at room temperature in either 1:5000 goat anti-chicken HRP 

(Abcam) or 1:5000 goat anti-mouse HRP (CST). Finally, lipid strips were washed two 

times for 5 minutes in TBST, incubated with ECL chemiluminescent substrate (Pierce) 

and visualized using ChemiDoc (BioRad). 

For lipid-binding experiments with biotinylated Trbl, after nickel column 

purification, the 6X-His tag was removed using human rhinovirus 3C protease and 

purified using ion exchange chromatography and size exclusion chromatography 

exactly as above. Next, Trbl protein was dialysed overnight in 1L 50mM HEPES, 

150mM NaCl, and 10% sucrose. Then Trbl protein was biotinylated at 1:2 ratio using 

NHS-Biotin (ThermoFisher). Finally, biotinylated Trbl was dialysed to remove 

unreacted biotin by dialyzing overnight at 4°C in 1L 50mM HEPES, 150mM NaCl, and 

10% sucrose. A membrane lipid strip was blocked for 1 hour at room temperature in 
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TBST + 3% BSA and inucubated with 5 ug/mL biotinylated Trbl in TBST + 3% BSA 

for 1 hour at room temperature. The lipid strip was washed 5 minutes in TBST and 

incubated at room temperature for 1 hour in strep-HRP (CST, 1:2000) in TBST + 3% 

BSA. Finally, lipid strips were washed twice for 5 minutes in TBST, incubate with ECL 

chemiluminescent substrate, and visualized on ChemiDoc (BioRad).  
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CHAPTER 4 

FUTURE DIRECTIONS 

 My work in this dissertation showing that Trbl trafficking and stability are 

dynamic at the PM suggests that Trib protein turnover and subcellular localization are 

important for Trib function. Based on these data, I proposed the following model: in 

insulin-responsive fat body cells of well-fed animals, Trbl protein is restricted to 

cytoplasmic and nuclear compartments of the cell, and associate with targets like 

Slbo/C/EBP and String/cdc25 phosphatase to regulate cell differentiation and division, 

respectively (Figure 4.1A). In this well-fed state, Trbl protein, alone or bound to targets 

like Slbo, is unstable and quickly degraded by the proteasome and this is a 

consequence of Trbl structural conformation and/or subcellular location. Under fasting 

conditions, the cell must limit quickly improper anabolic synthesis and to accomplish 

this, Trbl protein is trafficked to the PM, where it associates cooperatively with PM 

phospholipids and dAkt to attenuate insulin signaling (Figure 4.1B). A target like Slbo 

becomes more stable in the nucleus and is predicted to block fat cell differentiation. 

Consistent with this, misexpression of Slbo using the r4GAL4 driver results in clear 

larva, lacking fat body (L. Dobens, personal communication). While previous work has 

identified a b-zip protein binding site in the Yolk protein (Yp) gene that regulates its 

expression in the fat body, and this element binds to Slbo protein in vitro, Slbo RNA 

is undetectable in well fed animals, thus the role of Slbo in this tissue during dietary 

stress is unclear (Rorth & Montell, 1992; An & Wensink, 1995). Because members 
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Figure 4.1 A model describing Trbl expression and membrane shuttling during fed 
and fasted conditions. A) During the fed state, Trbl expression is low and distribution 
is limited to nuclear and cytoplasmic locales to modulate protein levels of targets 
Slbo and String. B) Under fasted conditions, Trbl expression increases and Trbl is 
shuttled to the membrane by an unknown mechanism, where it binds membrane 
phospholipids and dAkt, effectively inhibiting dAkt phosphorylation and subsequent 
anabolic processes. 
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of the bZIP family bind to the same DNA sites, it is possible that Trbl targets another 

C/EBP class member in the fat body that interacts with this element. My data showing 

a correlation between Trbl at the PM and increased stability in larval fat body – seen 

when wild-type larvae are fasted, or when either the TrblSLE/G or myr-Trbl mutants are 

misexpressed – suggest that membrane association confers stability, however a 

mechanism for this remains elusive. Here, I propose future experiments to test this 

link.  

 

Investigation of Further Residues Required for the Trbl In/out Transition 

Structural and in vivo work suggest that Trib conformation is dynamic and upon 

substrate binding, Tribs undergo a shift from closed, inactive structure to open, 

substrate bound, active structures (Jamieson et al., 2018). My identification of the 

conserved SLE motif as required for Trbl stability and trafficking indicate a connection 

between Trib subcellular localization, structural conformation, and stability. I propose 

that further analysis of the human Trib1 crystal structures and multiple Trib sequence 

alignments will reveal other conserved residues in the KLD or C-terminal tail that may 

be required for Trib stability and subcellular distribution. I propose to generate 

additional Trbl mutants using site-directed mutagenesis and germline recombination 

and misexpress these mutants in in the fly, to modify the effects of WT Trbl 

misexpression in the fat body, wing, notum, and developing egg chambers (Fischer et 

al., 2017; Masoner et al., 2013; Shipman & Dobens, 2015). Using this approach, 

additional motifs required for Trbl function (like SLE) can be identified and further tests 

of phenotypic enhancement or suppression via co-misexpression of known Trib 
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targets (Das et al., 2014) would add to our understanding of Trbl structure connected 

to both function and interactions with targets. Here, I describe Trbl mutants that I 

propose would modify Trbl function.  

First, Trib sequences share a conserved aspartic acid doublet (DD) adjacent to 

the SLE motif within the activation loop and this motif is absent in canonical kinases 

and related pseudokinases suggesting this portion of the activation loop motif evolved 

to perform a Trib-specific function (Figure 4.2A). I propose that misexpression of a 

TrblDD/GG mutant in fly tissues would generate phenotypes different than WT Trbl 

misexpression.  

Secondly, using Ubisite, an online ubiquitination prediction algorithm, I 

identified a high-confidence ubiquitination consensus motif proximal to the DLK motif 

(DLKLK, Lys268) (Figure 4.2B). Because the SLE motif 1) significantly increases Trbl 

stability when mutated to SLG and 2) is physically close to the DLK motif in the human 

Trib1 crystal structure (Murphy et al., 2015), the increase in Trbl stability in larvae 

misexpressing TrblSLE/G may be a consequence of interference with ubiquitination at 

the Lys268 site. I propose that misexpression of a UAS-TrblKLK/ALA mutant would 

increase Trbl stability and PM accumulation in larval fat body cells in a manner similar 

to TrblSLE/G.  

Thirdly, I propose that the increase in stability and PM localization in larval fat bodies 

misexpressing TrblSLE/G may be a consequence of disrupted interactions between the 

SLE motif and alpha C-helix and thorough mutagenesis of the alpha C- helix and 

subsequent misexpression of Trbl alpha C-helix mutants will generate phenotypes 

different comparable to TrblSLE/G misexpression in the fat body. In chapter3, I used 
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Figure 4.2. Proposed Trbl mutants. A) Multiple sequence alignment of activation 
loop in Tribbles pseudokinases and human protein kinases. In black, Trib family 
consensus motifs. In green, residues similar to consensus. In red, residues different 
from consensus. Asterisks indicate conserved Trib DD motif in the activation loop. 
B) Ubisite analysis predicts a high confidence ubiquitination site in Trbl. C) Multiple 
sequence alignment of fly and mouse Trib alpha C helix. Trib consensus motif in 
black, similar residues to consensus in green, divergent residues in red, no 
consensus motif in blue. Asterisk indicates a semi-conserved arginine, shown in D) 
PyMol image of Trib1 crystal structure (PDB: 5cem) with Trbl residues substituted 
on Trib1 alpha C helix. Some interatomic distances indicated. SLE glutamate E286 
is indicated. 
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multiple sequence alignments and in silico substitution of Trbl residues upon the 

hTrib1 structure to design and generate alpha C helix mutants I predicted would 

modify Trbl subcellular trafficking and turnover. The hTrib1 structure and dynamic 

molecular modeling suggest that hTrib1 Tyr134 in the alpha C helix interacts with the 

SLE motif to regulate the Trib in-out transition. I identified Tyr167 and Phe168 as 

residues in Trbl that were functionally homologous to hTrib1 Tyr134, and generated 

Trbl mutants at these residues. However, when I misexpressed these Trbl alpha C 

helix mutants in the larval fat body, I observed WT Trbl distribution and stability. These 

results suggest that either 1) I failed to identify alpha C helix residues required for Trbl 

function, or 2) interactions between the SLE motif and alpha C helix are not required 

for Trbl stability and trafficking in this tissue. To further investigate this, I propose that 

additional analysis of Trib family multiple sequence alignments will suggest better 

alpha C helix candidates for mutagenesis. Preliminarily, analysis of the human Trib1 

crystal structure and in silico mutagenic substitution of Trbl residues indicates that 

Arg165 in the alpha C helix is proximal to the SLE motif (Figure 4.2D) and thus I predict 

misexpression of a TrblR165A mutant will disrupt interactions between the SLE motif 

and alpha C helix, increasing Trbl stability and PM accumulation in a manner similar 

to TrblSLE/G. These combined approaches may 1) identify additional conserved Trib 

family residues that are important for Trib function, 2) inform our understanding of Trib 

post-translational modifications, and 3) contribute to our understanding of Trib 

regulation and conformational dynamics at the unique SLE-alpha C helix interface. 
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Mass Spectrometric Analysis of Lysates from Larvae Misexpressing TrblSLE/G 

Although several Trbl targets have been identified (Dobens & Bouyain, 2012), 

there are likely more that remain unknown. Because Trbl is turned over rapidly in cells, 

co-immunoprecipitation experiments followed by mass spectrometry for the purpose 

of identifying Trbl-bound substrates have been unsuccessful. I show in this 

dissertation that misexpression of TrblSLE/G increases Trbl stability, and the stability of 

known targets. This suggests TrblSLE/G is resistant to degradatory processes. 

Therefore, I propose to misexpress this stable SLE/G mutant in the larval fat body, 

perform co-immunoprecipitation using Trbl antisera, and perform mass spectrometric 

analysis (Bauer & Kuster, 2003).  From this approach, I predict that unknown Trbl-

binding proteins may be identified. Additionally, I propose to compare the 

ubiquitination of Trbl peptides in lysates misexpressing WT Trbl versus lysates 

misexpressing TrblSLE/G. Described above, online algorithms predicted a high-

confidence ubiquitination site proximal to the SLE motif in Trbl. Mass spectrometric 

data can identify ubiquitinated peptides (Xu & Jaffrey, 2013) and therefore comparison 

of ubiquitination between WT Trbl and TrblSLE/G peptides may explain the increased 

stability of the SLE/G mutant and advance our understanding of Trbl regulation and 

function. 

 

Trbl-lipid Binding 

My work identifying Trbl as a lipid-binding protein has considerable implications 

for our understanding of Trib function. To confirm and expand on these experiments, 

I propose that bacterially-expressed, purified Trbl or mammalian Trib (mTrib) proteins 
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could be mixed with lipid vesicles containing pre-determined phospholipid species, 

and the binding affinity between Tribs and lipids could be studying using a quantitative 

method such as bio-layer interferometry. My experiments using membrane 

phospholipid strips and bacterially-expressed Trbl and TrblSLE/G to examine Trbl-lipid 

binding indicate that mutation of the SLE motif increases the lipid binding affinity of 

Trbl. To test this further, I propose to use BLI to compare the lipid affinity of WT Trbl 

and TrblSLE/G. Because many post-translational modifications (PTMs) occur in 

eukaryotic cells, it will be worthwhile to investigate Trbl-lipid affinity using proteins 

expressed in Drosophila S2 cells or in the case of mTrib, in mammalian cell culture 

using methods described above. This approach may add support to our data indicating 

Trbl binds lipids, and additionally, observation of mammalian Trib-lipid interactions 

would have important consequences on our understanding of Trib function. 

Finally, I propose to co-misexpress Trbl or TrblSLE/G in combination with 

misexpression or knockdown of lipid modifying enzymes in the larval fat body. If Trbl 

or TrblSLE/G subcellular trafficking are indeed lipid-dependent, misexpression or 

knockdown of lipid kinases or phosphatases should modify Trbl PM trafficking. My 

preliminary efforts indicate that manipulation of lipid-modifying enzymes using the 

GAL4-UAS system in larvae is often lethal and when escaper larvae are dissected, fat 

body cell morphology is aberrant, precluding determination of the subcellular 

localization of Trbl. For example, larval fat body misexpression of double stranded 

RNA directed towards Sktl, the Drosophila PI4P5K homolog (Hassan et al., 1998), is 

mostly lethal and larvae that do survive to third instar exhibit severe developmental 

defects in the fat body (data not shown). Knockdown of phosphatidylserine synthetase 
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or misexpression of phosphatidylserine decarboxylase in the larval fat body also 

results in larval lethality (data not shown). Because these experiments utilize the 

GAL4-UAS system and GAL4 activity is temperature-dependent, I suggest that co-

misexpression of Trbl or TrblSLE/G and lipid-modifying enzymes could be performed at 

lower temperatures. I propose that Trbl PM accumulation is dependent on specific 

phospholipid populations and I expect two results: 1) co-misexpression of WT Trbl and 

lipid-modifying enzymes will result in PM accumulation of WT Trbl in larval fat body 

cells and 2) co-misexpression of TrblSLE/G and double stranded RNA to knock down 

lipid-modifying enzyme expression will reduce the PM accumulation observed when 

misexpressing TrblSLE/G alone. 

 

Screening TrblSLE/G for Enhancers and Suppressors in the Eye and Wing 

Although not discussed in this manuscript, misexpression of TrblSLE/G in the eye 

and wing produces potent phenotypes distinct from miexpression of WT Trbl in these 

tissue. I discussed the SLE/G mutation primarily in the context of dAkt, a known 

binding partner of Trbl. However, my work showing TrblSLE/G stabilizes additional 

targets suggests the SLE/G mutant may constitutively bind unknown targets as well 

to influence their activity. I propose that co-misexpression of TrblSLE/G and known 

insulin signaling, developmental, or homeostatic genes in the wing and eye tissues 

could identify additional unknown Trbl binding partners, as bona fide partners could 

either suppress or enhance the SLE/G phenotypes in these tissues (Shipman & 

Dobens, 2015). Finally, Trbl misexpression in the wing results in increased cell size 

and decreased wing tissue area (Mata et al., 2000) and wing phenotypes can be 
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quantified using wing morphology quantification software, FijiWings, developed by our 

lab (Dobens & Dobens, 2013). Because we still lack information about Trib family 

protein mechanism and function, particularly with regards to the treatment of severe 

Trib-associated diseases (Yokoyama & Nakamura, 2011), I propose to screen and 

quantify small molecules (Gasque, Conway, Huang, Rao, & Vosshall, 2013) for ability 

to suppress or enhance the Trbl wing and eye phenotypes using FijiWings. 
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