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ABSTRACT 

The gene tribbles encodes an atypical kinase that is evolutionarily conserved with 

important roles in regulation of cell signaling.  In Drosophila melanogaster Tribbles 

(Trbl) directs the proteasomal degradation of the C/EBP transcription factor Slbo (slow 

border cells) to regulate cell migration in the fly ovary.  Trbl’s structure is homologous to 

serine/threonine kinases with N-terminal and C-terminal structures that flank a central 

kinase-like domain, which includes a conserved catalytic DLK motif needed in normal 

kinases to mediate phosphotransfer during kinase-substrate interactions.  Genetic 

misexpression assays in the fly eye and wing were used to confirm Trbl suppression of 

Slbo phenotypes and to determine the essential nature of the conserved DLK motif.   In 

addition to this kinase motif, Trbl has C-terminal MEK1 and COP1 binding sites, raising 

the possibility that Trbl is a docking kinase with motifs that impart specificity to bind and 

degrade multiple pathway components.  To test the ability of Trbl to directly bind Slbo 

while avoiding the problem of Slbo degradation that ensues from this interaction, a yeast 

two hybrid system was established to measure interaction strength by growth on selective 

media and in a quantitative reporter gene assay.  Using site-directed mutagenesis, Trbl 

mutants were constructed based on these conserved motifs and used in the yeast two 
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hybrid assay to test their ability to interact with Slbo, a known substrate.  It was found 

that Trbl in the prey vector interacts robustly with Slbo in the bait plasmid, and this 

interaction is dependent on both the kinase DLK motif and the MEK1 binding domain.  

Because some kinases form dimers/multimers in vivo to regulate their activity, Trbl-Trbl 

interactions were tested by yeast two hybrid.   It was found that Trbl interacts with itself 

but with a lower strength than its interaction with Slbo and this interaction depends on the 

kinase DLK motif as well.  An additional Trbl mutant was created which was based on a 

Q84R single nucleotide polymorphism found in human Trib3 that is associated with 

disease states caused by impaired insulin signaling.  This mutant was found to increase 

interaction strength between two Trbl proteins suggesting a model for how dimerization 

controls the available pool of Trbl in the cell.  Together these data suggest that Trbl has 

properties of a docking kinase and switches between forming homomultimers and 

binding substrates that may control Trbl activity in the cell.     
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CHAPTER 1 

INTRODUCTION 

 

Tribbles’ Structural Features 

The Drosophila gene tribbles (trbl) encodes a member of a family of proteins 

divided into three major domains thought to contribute to function: a variable N-terminal 

region, a central kinase-like motif and a conserved C-terminal domain.  This thesis will 

dissect the roles of these domains in Tribbles function, so I will first discuss each in more 

detail. 

The N-terminal region of Trbl is not well conserved among family members, but 

notably it has an abundance of serine residues.  It is unknown if or how they contribute to 

function (Grosshans and Wieschaus 2000) but the high serine content is generally 

conserved throughout the Tribbles family (Hegedus, Czibula and Kiss-Toth 2006).  In 

contrast, the C-terminal domain is marked by two functional binding motifs: (1) a COP1 

binding region thought to interact with E3 ubiquitin ligases, and (2) a MEK1 binding 

region thought to mediate interaction with MAPKKs.  Data show that MAPKKs directly 

bind human Tribs homologs, the interaction is necessary for regulation of MAP kinase 

pathways, and depending on the ratio of Trib proteins to MAPKK levels Trib may act as 

either an activator or inhibitor of the pathway (Kiss-Toth, et al. 2004). Additionally, 

deletion of the COP1 binding site (needed to bind E3 ubiquitin ligase COP1) abrogates 

Trib2’s ability to degrade C/EBPα (Keeshan, Bailis, et al. 2010).  The fact that these 

regions are so well conserved suggests that they are needed for molecular function. 
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Flanked by the N-terminal and C-terminal domains is a central kinase-like 

domain, which includes a highly conserved DLK motif.  It has been shown in the fly that 

a point mutation of the conserved DLK motif disrupts Trbl’s ability to interact with and 

turnover Slbo protein (Masoner, et al. 2013) as well as in Trib2 with the Slbo homolog 

C/EBPα (Keeshan, Bailis, et al. 2010).  Trbl is highly similar to SNF1 class of 

serine/threonine kinases, especially with regard to the catalytic loop used by protein 

kinases to transfer a phosphate group from ATP onto substrates.  The consensus sequence 

of the catalytic loop in protein kinases, His-Arg-Asp-Leu-Lys-x-x-Asn (HRDLKxxN), is 

conserved in the Tribbles family of proteins.  However, its homology to serine/threonine 

kinases is incomplete; the Trbl protein is lacking three key motifs thought to be needed 

for kinase catalytic functions.  (1) A VAIK motif needed for ATP binding is completely 

absent and replaced by the sequence FLCR in Drosophila, (2) in the catalytic loop an 

asparagine needed for kinase function is changed to arginine, and (3) in a DFG motif an 

aspartic acid thought to bind Mg2+ is replaced with a serine resulting in a SLE motif in 

Drosophila (Grosshans and Wieschaus 2000) (Dobens, Jr. and Bouyain 2012).  These 

deviations from the consensus sequence of the protein kinase superfamily make it unclear 

whether Trbl functions to coordinate Mg2+ and bind ATP to phosphorylate substrates as 

canonical protein kinases do.  

 

Tribbles in Invertebrate Development 

 The Drosophila gene trbl was discovered first in a misexpression screen for genes 

that block border cell migration.  Subsequently, it was determined that Trbl acts in part 

by directing turnover of the slbo gene product Slbo (Slow border cells), homolog of 
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C/EBP (CAAT enhancer binding protein) (Rorth, Szabo and Texio 2000).  Border cell 

migration is a critical step in Drosophila oogenesis that leads to structures of the mature 

eggshell.  During stage 9 of oogenesis the anterior pair of pole cells recruits up to eight 

neighboring follicle cells to form the cluster of border cells that will detach and migrate 

across the nurse cells to the oocyte, later forming the micropyle, a tube like structure that 

allows sperm access to the egg.  Complete migration must occur otherwise the pole cells 

will not be delivered to the oocyte and the resulting mature egg cannot be fertilized. This 

migration is marked by an initial increase in Slbo expression at stage 9 and then a 

decrease in expression at stage 10 when the border cells have fully migrated (Montell, 

Rorth and Spradling 1992).  Genetic data indicate that regulated levels of Slbo protein is 

needed for successful border cell migration (Rorth, Szabo and Texio 2000).  

Overexpression of trbl completely arrests border cell migration and reduces Slbo protein 

levels as assessed by antibody staining, leading to the conclusion that Trbl regulates Slbo 

turnover and may do so via proteasomal degradation (Rorth, Szabo and Texio 2000).  To 

further confirm this, loss-of-function mutant clones of trbl show higher levels of Slbo 

protein in stages 9-10 of development, indicating that Trbl is a negative regulator of Slbo 

during border cell migration (Rorth, Szabo and Texio 2000).  

 The gene trbl is active also in several other tissues at various stages of Drosophila 

development.  During gastrulation, trbl is required at the ventral furrow where it delays 

mitosis by counteracting Cdc25/String (Grosshans and Wieschaus 2000) and specifically 

induces degradation of String and Twine (both mitotic activators) using the proteasome 

degradation pathway (Mata, et al. 2000).  Additionally, trbl has been found to influence 

tissue patterning by blocking cell proliferation in some tissues such as the eye (Price, et 
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al. 2002) (Mukherjee, Schafer and Zeidler 2006).  In contrast, trbl promotes cell division 

in the germ lines including the oocyte cyst and male spermatoagonia, when misexpressed 

in early germ cells (Shulz, et al. 2004).  Thus trbl regulation of the cell cycle (whether 

positive or negative regulation) is cell type specific and uses common signaling 

pathways.  While these opposite cell type specific phenotypes are difficult to reconcile, 

they may be because Trbl is part of a larger protein complex, made up of components and 

functioning in a manner that is dependent on the cell type.    

 

Tribbles in Vertebrate Development 

Drosophila Trbl is part of a family of conserved proteins found in all animals 

from worms to humans.  Mammalian homologs of Trbl that have been identified include 

C5FW in dog, NIPK in rat, and Trib (C8FW) in humans (Wilkin, et al. 1997) (Mayumi-

Matsuda, et al. 1999) (Tang, et al. 2000) (Yokoyama and Nakamura 2011).  Unlike 

Drosophila, which only has one copy of the trbl gene, humans have three copies called 

Trib1, Trib2, and Trib3 with roles in cell cycle regulation and disease pathogenesis.  Of 

particular relevance for this thesis, Trib1 and Trib2 have been found to bind and inhibit 

C/EBPα (Keeshan, He, et al. 2006), an interaction that is apparently conserved during 

Drosophila oocyte border cell migration, as discussed earlier.  Furthermore, elevated 

levels of Trib2 have been found in acute myelogenous leukemia (AML) tumors, a genetic 

disease normally associated with mutant or deficient levels of transcription factors such 

as C/EBPα.  Human trib has been identified as a myeloid oncogene that inhibits the 

function of C/EBPα via the proteasome degradation pathway and contributes to the 

pathogenesis of AML (Keeshan, Shestova, et al. 2008).  Trib3 has also been implicated in 
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human disease.  There is evidence that a missense single nucleotide polymorphism 

(Q84R) in the N-terminal region of Trib3 causes gain-of-function, reduction in insulin 

signaling at the level of Akt-2, and as a result is associated with insulin resistance and can 

be found in a significant population of adults with type 2 diabetes (Prudente, Morini and 

Trischitta 2009) (Prudente, Hribal, et al. 2005).  Interestingly, human Trib3 is a homolog 

that normally has a Q at this position, while all other homologs normally have an R at this 

position, including human Trib1 and Trib2, but the significance of this polymorphism for 

Trbl function is still unclear.  

In summary, just as with fly Trbl, vertebrate Tribs play multiple roles in a variety 

of cell signaling pathways and act in different tissues, but a common aspect of their 

function is blocking activity and regulating levels of key regulatory proteins via binding 

and triggering proteasomal degradation.   

 

A Model for Tribbles as a Scaffold to Coordinate Multiple Cell Signaling Pathways 

It remains uncertain whether Trbl family members are bonafide kinases or serve 

as pseudokinases, but both ideas are accommodated by my approaches here.  The notion 

that Trbl is a scaffold protein and decoy kinase asserts that the protein’s different motifs 

function independently to bind distinct substrates and do so to compete with true kinases 

for their substrates in order to regulate signaling pathways.  The work done in this thesis 

is also consistent with a model that Trbl is a docking kinase where conserved motifs in 

Trbl can function independently to bind specific targets and possibly phosphorylate these 

targets.  In this conception, Trbl docking motifs that recognize substrates can direct the 

specificity of the enzyme (Remenyi, Good and Lim 2006).  This thesis work explores 
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Trbl’s substrate specificity and the conserved motifs needed for substrate binding and 

function, whether binding leads to phosphorylation or not. 

It has been discovered that Trbl influences a variety of cell pathways and has both 

positive and negative regulatory functions in cell migration, cell proliferation, and cell 

differentiation depending on the cell type.  Despite its similarity to serine/threonine 

kinases the molecular function of the Trbl family of proteins is still unknown and may 

represent a new class of atypical kinases.  Identifying Trbl’s substrates and how it 

interacts with those substrates (whether directly or indirectly) will be important to explain 

Trbl’s role in the cell.  Moreover, the identification of essential domains and motifs with 

comparison to those that are evolutionarily conserved will reveal the mechanism of Trbl 

function.  

Drosophila melanogaster is a relatively easy model organism for genetic studies, 

and much can be learned by misexpressing a transgene or a combination of transgenes in 

various organs.  To identify Trbl’s essential domains I performed misexpression assays in 

fly tissues and an in vitro yeast two hybrid assay using single residue mutants of Trbl and 

a known substrate, Slbo.   

The data included in this thesis came from misexpression assays in the fly eyes 

and wings.  A specifically designed Trbl mutant was constructed and misexpressed in the 

posterior compartment of the fly wing.  It was found that when trbl is overexpressed in 

the posterior compartment of the wing imaginal disc the size of the mature wing is close 

to normal but the cells of the posterior compartment increase in size while decreasing in 

number due to a decrease in mitosis and compensatory increase in cell growth (Mata, et 

al. 2000).  This trbl misexpression phenotype was used as a baseline to compare the 



	  

	   7 

ability of a Trbl kinase mutant to produce the same phenotypes as wild type Trbl.  A 

second fly tissue used was the eye, which is well suited for misexpression studies as it is 

a nonessential tissue and phenotypes can easily be identified.  The longGMR driver was 

used in this eye study because of its easily identifiable phenotypes, and the results gave 

insight into the interactions between Trbl and its substrates.   

In vivo tests of Trbl interactions with substrates were also tested in a yeast two 

hybrid system which reveals direct protein-protein interaction using fusion proteins made 

up of the DNA binding domain and activation domain of transcription factors fused to the 

proteins of interest.  Yeast two hybrid tests of Trbl’s interactions with Slbo avoided the 

problem of Slbo degradation that ensues from this interaction in vivo.  By measuring 

Trbl-Slbo interaction strength by growth on selective media and in a reporter gene assay, 

I then proceeded to test the requirement for conserved motifs in Trbl for interaction with 

Slbo.  These structure-function studies have revealed the importance of conserved motifs 

for substrate interactions and have shed light on Trbl’s role during development. 
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CHAPTER 2 

CRITICAL DOMAINS OF TRIBBLES FOR SUBSTRATE INTERACTION 

 

Introduction 

The Tribbles proteins are related in structure to active kinases but lack necessary 

binding domains thought to be critical for catalytic activity and thus have been classified 

as pseudokinase proteins (Zhang, et al. 2012).  Nearly 10% of known human kinases are 

predicted to be catalytically inactive based on structural information; some have roles as 

protein scaffolds, allosteric regulators, and kinase competitors.  However in some cases 

these predicted pseudokinases actually demonstrate kinase activity.  For example, the 

kinases WNK and Haspin which lack catalytic residues have been found to use 

neighboring residues in their sequence to replace the functional aspect of the missing 

residue (Boudeau, et al. 2006) (Zhang, et al. 2012).  In the absence of evidence that 

members of the Tribbles family phosphorylate substrates, the retention of kinase motifs 

in the conserved Trbl sequence suggests, nevertheless, these are critical for in vivo 

function.  

 In addition to direct phosphorylation of substrates, another aspect of general 

kinase function is cis- and trans-autophosphorylation to allow ATP binding and protein 

activation.  Cis-autophosphorylation refers to the ability of the kinase to phosphorylate its 

own catalytic loop, while trans-autophosphorylation occurs in kinase dimers or multimer 

complexes (Johnson, Noble and Owen 1996) (Smith, Francis and Corbin 1993).  Post-

translation modifications and the formation of multi-subunit complexes might regulate 

Tribbles family members’ functions.  The canine Trbl ortholog, C5FW, is found as a 
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phosphorylated protein when using radiolabeled ATP and 2D gel analysis and 

examination of its protein sequence reveals several possible phosphorylation sites 

(Wilkin, et al. 1997).   

Trbl itself may form homodimers; a mass pull down project called Drosophila 

protein interaction map (DPiM), which used affinity purification along with mass 

spectrometry analysis to establish a comprehensive unbiased protein interaction map in 

Drosophila melanogaster, used a tagged Trbl protein to pull down several interactors, 

including other Trbl proteins (Guruharsha, et al. 2011).  Unpublished data from Dr. 

Samuel Bouyain (University of Missouri-Kansas City) suggests Trbl multimers form 

when purified from E. coli and separated by size exclusion chromatography.  These 

results together suggest that Trbl may form homodimers to control its activity in vivo and 

led me to test Trbl-Trbl interactions in a yeast two hybrid assay described in this chapter. 

To gain insight into the functional significance of the conserved features of 

Tribbles family members compared to canonical serine/threonine kinases, I created single 

residue mutants and tested their ability to interact with a putative substrate, the Slow 

border cells (Slbo) protein, and to form homodimers.  The defining structural feature of 

Trbl family members is the central kinase-like domain, which notably lacks key 

conserved kinase residues that confer catalytic activity.  Among the three main motifs 

found in canonical kinases - VAIK, DFG, and DLK in the adenosine triphosphate binding 

site and catalytic core – only the latter, DLK, is clearly conserved in Trbl (Fig. 1).  Other 

features of Trbl structure studied in this thesis include the C-terminal domain that 

contains conserved COP1 and MEK1 binding motifs and a variable N-terminal domain.  

Below, I consider each domain in detail. 
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Central kinase-like domain of Tribbles 

The homology of the consensus sequence of Tribbles to serine/threonine kinases 

is based primarily upon the presence of a central domain that retains features of the 

catalytic loop of kinases.  In protein kinases, two lobes (N-terminal and C-terminal) fold 

and create an area between called the catalytic loop; during enzymatic reactions these two 

lobes bind both ATP and the substrate to be phosphorylated, and subsequently the 

residues within the catalytic domain serve to coordinate the phosphotransfer (Hanks and 

Hunter 1995).  The consensus sequence of this loop is His-Arg-Asp-Leu-Lys-x-x-Asn 

(HRDLKxxN), where the negatively charged aspartic acid is able to accept the proton of 

the attacking substrate during phosphotransfer, thereby allowing catalysis by the enzyme 

(Hanks and Hunter 1995).  Trbl contains an almost identical catalytic loop and similar N- 

and C-terminal structures that when folded may resemble the 3D structure of kinases, an 

arrangement that suggests the possibility that Trbl may act as a kinase or compete for 

their substrates (Hegedus, Czibula and Kiss-Toth 2006).  

In order to understand the molecular basis for this DLK motif, I constructed a 

Trbl point mutant in the conserved kinase-like domain of Trbl.  One amino acid was 

changed in order to insure the endogenous conformation of the expressed protein while 

destroying the normal function that residue serves.  In this case, the conserved motif of 

DLK in the kinase-like domain of Trbl was changed to NLK (an aspartic acid to an 

asparagine change) using PCR site-directed mutagenesis.  An asparagine was used 

because of its neutral charge.  In normal kinases this negatively charged aspartic acid 

located within the catalytic loop is thought to accept the proton from its substrate during 

phosphotransfer, which is critical for kinase function (Hanks and Hunter 1995).  
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The second motif of interest in canonical kinases is VAIK found in the central 

loop of normal kinases.  These residues contribute to a hydrophobic pocket that encloses 

ATP and the invariant lysine of this motif interacts with α and β phosphates of ATP, and 

is essential for enzymatic activity (Hanks and Hunter 1995).  This motif is not included in 

the Trbl consensus sequence and the residues that are found at this position vary among 

family members.  Human Trib1-3 include the essential lysine of the kinase VAIK motif 

but the other three residues are replaced with various other residues that may not 

contribute to ATP binding.  In place of VAIK Drosophila Trbl has the residues FLCR, 

which causes the essential lysine residue found in typical kinases to be replaced with an 

arginine.  While these both have positively charged side chains, this change make it 

unlikely that the protein interacts with ATP in the same way canonical kinases do.  In 

order to assess the functional significance of the fly FLCR motif, a Trbl mutant was 

constructed by changing the arginine of FLCR to a neutral alanine using PCR site-

directed mutagenesis with designed primers.   

The third motif of note is DFG, which acts to chelate the primary activating Mg2+ 

ions that bridge β and γ phosphates of the ATP in order to allow transfer of the γ 

phosphate onto the substrate (Hanks and Hunter 1995).  This motif is completely missing 

in all Trbl proteins, but intriguingly in both vertebrate and invertebrate Trbl this DFG 

motif is replaced by the residues SLE.  Conservation of the SLE tri-peptide throughout 

the family of Tribbles proteins suggests functional significance, and to confirm this 

hypothesis I constructed a point mutant SLE/G in Trbl to eliminate the possible 

importance of the charged glutamate residue.   
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C-terminal region of Tribbles 

The emerging picture of Tribbles proteins is that they are pseudokinases with 

scaffolding roles to assemble multi-protein complexes in order to regulate cell-signaling 

pathways (Boudeau, et al. 2006).  This hypothesis is based on evidence that human Tribs 

as well as Drosophila Trbl use binding domains to target specific substrates for 

downregulation or inhibition.  Two such domains in the Trbl protein are MEK1 and 

COP1 binding domains located at the C-terminal end of the protein.  The MEK1 binding 

domain is thought to facilitate interaction with multiple MAPkinase kinases: it has been 

reported that Trib2 influences the Erk and Jnk signaling pathways by binding MKK7 and 

MEK1 (Eder, et al. 2008); Trib3 has been shown to bind MLK3 in pancreatic Beta-cells 

resulting in inhibition of Akt (Humphrey, et al. 2010), and Trib1 interacts with MEK1 

and MKK4 (Kiss-Toth, et al. 2004).   

The COP1 binding domain has also been shown to bind the E3 ubiquitin ligase 

COP1 (constitutive photomorphogenic protein 1) in order to coordinate degradation of 

other substrates through the proteasomal degradation pathway.  Through its interaction 

with COP1, human Trib3 has been found to trigger degradation of the fatty acid synthesis 

enzyme ACC (acetyl-coenzyme A carboxylase) by ubiquitination (Qi, et al. 2006).  

Additionally, the Drosophila Trbl homolog promotes proteasome-mediated degradation 

of the cell-cycle regulator String (Grosshans and Wieschaus 2000) and stimulates 

ubiquitination resulting in proteasomal degradation of Slbo in order to regulate border 

cell migration during fly oogenesis (Rorth, Szabo and Texio 2000).  In order to determine 

how Trbl uses these binding domains with regard to substrate specificity, mutants were 
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constructed in each domain and tested to see whether these domains are needed to 

interact with Slbo and to form Trbl homodimers.     

  

N-terminal region of Tribbles 

The last area of Tribbles structure investigated in this thesis is a curious non-

conserved region in the N-terminus of Trbl.  Human Trib1 and 2 and mouse Trib1-3 

share an arginine at position 84, and at an equivalent position in Drosophila Trbl there is 

also an arginine (at position 141).  What is interesting about this residue conserved 

among Trib1, Trib2, mouse Trib1-3, and Trbl is that human Trib3 uniquely has a 

glutamine at this position.  Moreover, a Trib3 missense Q84R single nucleotide 

polymorphism (where arginine replaces glutamine at position 84) was found to occur in a 

large population of patients with type 2 diabetes and other conditions associated with 

insulin resistance (Prudente, Hribal, et al. 2005) (Prudente, Morini and Trischitta 2009).  

Human umbilical vein endothelial cells carrying the Trib3 genotype QR or RR had 

impaired insulin signaling as compared to QQ (normal) genotype cells, suggesting this 

allele has dominant gain-of function properties (Andreozzi, et al. 2008).   

Molecular evidence indicates that Trib3 functions to inhibit Akt-2, a key 

modulator of insulin signaling (Prudente, Morini and Trischitta 2009), so that when 

transfected into human HepG2 hepatoma cells, the R84 variant was able to reduce 

phosphorylation of Akt almost 25% further than the Q84 variant (Prudente, Hribal, et al. 

2005).  While a mechanism is unclear, it was noted that this amino acid change might 

alter the formation of intra-molecular salt bridges affecting Trib3’s interaction with Akt-2 

(Andreozzi, et al. 2008).  To investigate if this particular residue had any functional 
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significance to the Drosophila Trbl protein, a mutant was designed to change arginine to 

a glutamine (here called R141Q), which effectively results in a Trbl protein that 

resembles the normal human Trib3 Q84 variant.    

Here I use two fly tissues (eye and wing) and a yeast two hybrid assay to examine 

the interaction of both Tribbles and its kinase mutants with the Slbo substrate.  Outcomes 

of interactions with other mutants made in the conserved features of Trbl discussed above 

including FLAGTrblR141Q, FLAGTrblFLCR/A, FLAGTrblSLE/G, FLAGTrblMEK1, and 

FLAGTrblCOP1 were observed using the yeast two hybrid assay as well, with both Slbo 

and Trbl as possible substrates.  

  



	  

	   15 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Schematic of Tribbles protein structure.  
(A.) Clustal alignment of Drosophila Trbl with mammalian Tribs reveals a conserved 
central kinase-like domain (red) with key features boxed, and conserved MEK1 (blue) 
and COP1 (green) binding domains.  Common identical residues shown in black, 
conserved residues shaded. (B.)Tribbles protein schematic with key residues found in the 
Trbl family contrasted with those found in canonical kinases.  Figure adapted from a 
published review by Dobens, Jr and Bouyain (Dobens, Jr. and Bouyain 2012).  

A. 

B. 
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Materials and Methods 

Construction of pDEST32 FLAGTrbl, pDEST22 FLAGTrbl, pDEST32 FLAGTrblD/NLK, 
pDEST22 Slbo, and pDEST32 Slbo 
 

To construct FLAGTrbl  the complete ORF of trbl was amplified from cDNA 

using the oligonucleotides found in Table 1 in order 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 was then cloned into pUASTattB and again confirmed by DNA sequencing. 

Construction of FLAGTrblD/NLK was generated from pSTBlue-1+FLAGTrbl using the 

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

designed as described in Table 2.  Site-directed mutations (shown in bold) were 

confirmed by DNA sequencing. To construct yeast two hybrid bait and prey plasmids 

FLAGTrbl, FLAGTrblD/NLK, and Slbo cDNAs were amplified using PCR to add flanking 

attB1 and attB2 sites (Table 1). Using the Gateway Technology (Invitrogen) PCR product 

with added attB ends were cloned first into the donor vector pDONR-221 and then into a 

destination vector: FLAGTrbl into both pDEST32 (bait vector) and pDEST22 (prey 

vector), FLAGTrblD/NLK into pDEST32, and Slbo into pDEST22. All constructs were 

confirmed by DNA sequencing.  
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Table 1.  Primers used to add FLAG tag and attB ends. 
FLAG sequence and attB1 and attB2 sequences in bold. 
 
 
Primer Description Forward and Reverse Sequences 
FLAGTrbl 

 
5’ATGGATTACAAGGATGACGACGATAAGATGGAT 
AACAGTAGCGGTC-3’ and  
5’-TCAGCCCATGTCCACATCCGTATCGGGTTC-3’ 

attB1-FLAGTrbl-attB2 
 

5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCAT 
GGATTACAAGGATGACGACGATAAG-3’ and   
5’GGGGACCACTTTGTACAAGAAAGCTGGGTCTCA
GCCCATGTCCACATCCGTATC-3’ 

attB1-Slbo-attB2 
 

5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCAT 
GCTGAACATGGAGTCGCCGCAG-3’ and  
5’-GGGGACCACTTTGTACAAGAAAGCTGGGTCCTA 
CAGCGAGTGTTCGTTGGTGTTG-3’ 

 
 
 
Construction of pDEST32 UAS-FLAGTrblR141Q, pDEST32 UAS- FLAGTrblFLCR/A, 
pDEST32 UAS- FLAGTrblSLE/G, pDEST32 UAS- FLAGTrblMEK1, and pDEST32 UAS- 
FLAGTrblCOP1 mutants 
 

UAS-FLAGTrblR141Q, UAS- FLAGTrblFLCR/A, UAS- FLAGTrblSLE/G, UAS-

FLAGTrblMEK1, and UAS-FLAGTrblCOP1 mutants were generated from previously 

constructed pDEST32 UAS-FLAGTrbl as the template and using the QuikChange II XL 

Site-Directed Mutagenesis Kit (Stratagene) to introduce single residue mutations in 

conjunction with the oligonucleotides found in Table 2.  Site-directed mutations were 

confirmed by DNA sequencing.  Using the Gateway Technology (Invitrogen) PCR 

product with added attB1 and attB2 ends were cloned first into the donor vector pDONR-

221 and then into the bait pDEST32 destination vector. 
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Table 2. Primers used to construct the Tribbles mutant plasmids.  
Primers listed were used in conjunction with the QuikChange II XL Site-Directed 
mutagenesis Kit (Stratagene), mutated nucleotides indicated in bold. 
 
 

 
 
 
Plasmid DNA mini-prep and sequencing 

Plasmid DNA preparation was performed using the IBI High-Speed Plasmid Mini 

kit.  DNA sequencing was done on a Beckman and Coulter ABI3150 DNA sequencer.  

The primers used for sequencing of yeast two hybrid constructs were designed 

using the sequence of the bait and prey plasmids, pDEST32 and pDEST22 respectively; 

primer sequences can be found in Table 3.  For sequencing constructs in the entry clone 

pDONR221 M13 forward and reverser primers were used and can be found in Table 3. 

 
 
 
 

Primer Description Forward and Reverse Sequences 
FLAGTrblR141Q 

 
5’-CTAACCGCCTCCAATCTGGAATGCGTGGACATCTT 
CACC-3’ and 5’-GGTGAAGATGTCCACGCATTCCAGAT 
TGGAGGCGGTTAG-3’ 

FLAGTrblFLCR/A 

 
5’GGGAGCAGTTCCTCTGCGCTATTGTAAACGAACCG 
TTG-3’ and 5’-CAAGCGTTCGTTTACAATAGCGCAGAG 
GAACTGCTCCC-3’ 

FLAGTrblD/NLK 

 
5’-CGGGATTATCCTCAGGAACCTCAAGCTCAAGCG-3’ 
and 5’-CGCTTGAGCTTGAGGTTCCTGAGGATAATCCCG 
-3’ 

FLAGTrblSLE/G 

 
5’-GCAGTATGAATCACTGGGAGGCTCAATGATCCTC 
G-3’ and 5’-CGAGGATCATTGAGCCTCCCAGTGATTCA 
TACTGC-3’ 

FLAGTrblMEK1 

 
5’-CTTCCTTACCCCGGCGCTGCG 
AGAGCAGC-3’ and 5’-
GCTGCTCTCGCAGCGCCGGGGTAAGGAAG-3’ 

FLAGTrblCOP1 

 
5’-GATGGATGATGACGAGGCAGGACTCTGTCCCTTGG 
-3’ and 5’-
CCAAGGGACAGAGTCCTGCCTCGTCATCATC 
CATC-3’ 
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Table 3.  Primers used to sequence yeast two hybrid constructs. 
 
 

 
 
 
Yeast media preparation  

 A variety of media was used to grow yeast and determine interaction of bait and 

prey plasmids.  These include YPAD, Synthetic Complete (SC) drop out media (-Leu for 

pDEST32/prey plasmid selection, -Trp for pDEST22/bait plasmid selection, -Leu–Trp for 

bait and prey plasmid selection, -Leu-Trp-His for interaction selection) and SC drop out 

media –Leu-Trp-His plus increasing concentrations (10 mM, 25 mM, 50 mM, 75 mM, or 

100 mM) of 3-amino-1,2,4-triazole (3AT) to determine strength of interaction between 

bait and prey plasmids.  YPAD media: 10 g of bacto-yeast extract, 20 g bacto-peptone, 20 

g dextrose, 100 mg of adenine sulfate, distilled water to 1 L, pH adjusted to 6.0 with HCl 

and autoclaved at 121°C for 25 minutes.  SC medium: 13.4 g of yeast nitrogen base 

without amino acids, 2.7 g amino acid powder mix, 1 L distilled water adjusted to pH 5.9 

with NaOH, and after autoclaving 100 ml of 40% glucose and addition of amino acids 

depending on the auxotrophies being tested (16 mL of 20 mM histidine-HCl, 16 mL of 

100 mM leucine, 16 mL of 40 mM tryptophan). 

 

Primer Description Forward and Reverse Sequences 
pDONR221 5’-GTAAAAACGACGGCCAG-3’ and 5’-CAGGAAACAGC 

TATGAC-3’ 
pDEST32 5’AACCGAAGTGCGCCAAGTGTCTG-3’ and 5’-AGCCGA 

CAACCTTGATTGGAGACT-3’ 
pDEST22 5’-TATAACGCGTTTGGAATCACT-3’, 5’-AGCCGACACC 

TTGATTGGAGAC-3’ 
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Plasmid DNA transformation into MaV203 yeast 

 Invitrogen’s Proquest Two-Hybrid System and the materials provided with the kit 

(MaV203 competent yeast, bait/prey vectors, and control plasmids) were used in every 

yeast transformation.  MaV203 cells were first prepared by inoculating 10 ml of YPAD 

with a colony of MaV203 struck from the provided glycerol stock and shaking overnight 

at 30°C.  Cells were grown to late log phase and were spun down and washed with first 

1X TE then 1X LiAc/0.5X TE.  The cells were then incubated at room temperature for 

ten minutes and then transformed.  For each transformation 100 µL of prepared yeast, 1 

µg of plasmid DNA, 100 µg of denatured sheared salmon sperm DNA, and 700 µL of 1x 

LiAc/40% PEG/1X TE was mixed together.  The solution was then incubated at 30°C for 

30 minutes.  88 µL of DMSO was added and the cells were then heat shocked at 42°C for 

7 minutes.  The cells were then spun down and washed with 1X TE.  Finally the cells 

were resuspended in 50-100 µL of TE pH7.5 and spread on a SC-Leu-Trp agar plate.  

The transformed cells were incubated 3-5 days at 30°C.   

 

Plating method 

 Upon successful transformation and a 3-5 day incubation colonies were selected 

and diluted in SC drop out media to an OD600 of 0.5 and 5 µL were spot inoculated onto 

a series of 3AT plates to insure reliable comparison of growth in order to determine 

degree of interaction.   
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β-gal assay 

 Quantitative assay for β-galactosidase activity in liquid culture was performed 

using CPRG as a substrate.  A single colony was inoculated into 2.5 mL Sc-Leu-Trp 

broth and was grown overnight with shaking at 30°C.  5 mL of YPAD was inoculated 

with 1 mL overnight culture and incubated with shaking at 30°C until OD600 was less 

than one.  1.5 mL of culture was added to new tubes and spun down for 30 seconds.  The 

broth was discarded and each cell pellet was suspended in 1 mL of Buffer 1 (for 100 mL: 

2.38 g HEPES, 0.9 g NaCL, 0.065 g L-aspartate, 1.0 g BSA, and 50 µL TWEEN 20, pH 

7.25-7.3, filter sterilized).  Cells were spun down and resuspended in 100 µL Buffer 1, 

0.5 mm glass beads were also added for a final volume of 200 µL.  Each tube was 

vortexed for 1 minute to break open the yeast cells and finally 900 µL Buffer 2 was added 

to each sample (2.23 mM CPRG in Buffer 1).  Time was recorded starting with the 

addition of Buffer 2 and ended when a rusty red color developed.  Upon color 

development 250 µL of 6 mM ZnCl2 was added to stop the reaction.  The OD574 of the 

samples was then measured using a spectrophotometer.  β -gal units were then calculated 

using the following equation: β -gal units= 1,000 x OD574/(minutes x volume of culture 

x OD600). 

 

Glycerol stock preparation 

Glycerol stocks were made of the various transformations by growing up one 

colony in 5 mL of the appropriate drop out broth overnight at 30°C, with shaking at 225 

rpm. Once cultures had reached an OD600 of 0.8-1.0, 1 mL of yeast culture was added to 
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a 1.5 mL eppendorf tube along with 300 µL of 50% glycerol (made in the appropriate SC 

drop out media).  Immediately after mixing, the glycerol stocks were stored at -80°C.   

 

Stock construction and crosses for eye screen 

 Male longGMR/Tm2 flies were crossed with virgin female 

w;Sco/CyO;Tm2/Tm3 flies at 25°C.  From this cross females with the genotype 

w;CyO;longGMR/Tm2 were crossed with either UAS-FLAGTrbl/CyO;Tm2/Tm3 or 

UAS-FLAGTrblD/NLK/CyO;Tm2/Tm3 which resulted in either UAS-FLAGTrbl or UAS-

FLAGTrblD/NLK on the second chromosome and the longGMR driver on the third.  These 

flies were then crossed with UAS-Slbo/CYO at 30°C.  Female flies were then selected 

based on phenotypes that represented misexpression of trbl, trblD/NLK, or slbo alone, trbl 

and slbo together, or trblD/NLK and slbo together, or driver alone with no transgene 

misexpression.  All pictures of the selected flies were taken using a dissecting microscope 

at 50x magnification and edited with ImageJ software.    

 

Crosses for wing screen 

The engrailed-GAL4 driver was crossed to the following stocks: (1) UAS-

Slbo/CyO; UAS-FLAGTrbl/Tm3Sb or (2) UAS-Slbo/CyO; UASFLAG-

TrblD/NLK/Tm3Sb. 

 

Wing slide preparation 

Fly wings were dissected under a dissection microscope with forceps and were 

placed on top of a small mound of Euparal on a glass coverslip.  A glass slide was placed 
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on top of the wing and carefully pressed down.  Using the flat end of a brush bubbles 

were pushed out from under the coverslip.  Slides were placed in a 60°C oven and over 

the course of 2-3 days small weights were placed onto the coverslip until the Euparal was 

hard and thin.  Wings were photographed at 4x using a Nikon inverted fluorescent DIC 

microscope with attached ColorView CCD camera and computer software to collect 

images.  Wing trichomes and compartment size were analyzed using ImageJ software.  

 

Results 

Tribbles-Slbo interaction in the Drosophila eye  
  

To test the genetic interaction between Tribbles and Slbo in vivo and to compare 

the effect of the kinase mutant (FLAGTrblD/NLK ) on this interaction, I used tissue-

specific drivers to misexpress UAS-FLAGTrbl or UAS-FLAGTrblD/NLK in combination 

with UAS-Slbo.  First, I used the longGMR, which drives expression of a UAS-regulated 

transgene in cells posterior to and in the morphogenetic furrow of the developing eye 

imaginal disc (Laverty, et al. 2011), a nonessential tissue exhibiting readily identified 

phenotypes such as changes in color, shape, and size of the eye.  Flies were raised at 

30°C to increase the activity of the GAL4 driver in order to more easily identify changes 

in misexpression phenotype (Brand, Manoukian and Perrimon 1994). 
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Figure 2.  Eye misexpression assay to compare Trbl and TrblD/NLK. 
Drosophila eyes misexpressing transgenes using the longGMR UAS-GAL4 driver, 
pictures taken at low magnification. (A.) A wild type eye and longGMR eye with no 
transgene expression are shown as controls.  (B.) Misexpression of UAS-FLAGTrbl, 
UAS-FLAGTrblD/NLK, and UAS-Slbo. 
 
 
 
 The wild type fly eye is a mostly circular shape with a brick red color and 

constitutes the majority of the head.  The presence of the longGMR driver alone showed 

no strong difference from wild type (Fig. 2A).  Misexpression of UAS-Slbo alone caused 

a dramatic phenotype resulting in a glassy appearance possibly due to missing 

ommatidial bristles (Fig. 2B).  It is unsurprising that Slbo misexpression would cause a 

dramatic phenotype because of its ability to perform as a transcription factor to turn on 

and off genes.  

 Trbl has been reported to direct Slbo degradation so I predicted that coexpression 

with Slbo would suppress the Slbo phenotype.  As shown in Figure 2B, Trbl coexpression 

with UAS-Slbo is able to suppress the glassy eye phenotype and results in a more normal 

A. B. 

wild type 
 

no transgene 
 

UAS-FLAGTrbl 
 

UAS-FLAGTrblD/NLK 
 

UAS-FLAGTrbl 
and UAS-Slbo UAS-Slbo 

 

UAS-Slbo 
 

UAS-FLAGTrblD/NLK 

and UAS-Slbo 
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eye.  In contrast, as shown in Figure 2B coexpression of the kinase mutant UAS-

FLAGTrblD/NLK with UAS-Slbo was unable to completely suppress the glassy eye 

phenotype.  Misexpression of UAS-FLAGTrbl or UAS-FLAGTrblD/NLK alone resulted in 

a nearly wild type phenotype.  These results suggest that Trbl can direct Slbo turnover in 

the eye and that the DLK motif is needed for this interaction. 

 

Tribbles-Slbo interaction in the Drosophila wing 

 To further test the Tribbles-Slbo interaction, I used the engrailed-GAL4 driver to 

misexpress UAS-FLAGTrbl, UAS-FLAGTrblD/NLK, and UAS-Slbo (both individually 

and in combination) in the posterior compartment of the fly wing.  In this tissue, Tribbles 

misexpression has been shown to increase cell size, which can be detected by increased 

spacing between trichome structures on the surface of the wing (Mata, et al. 2000).  The 

Slbo misexpression phenotype has not been previously reported.  Misexpressing the 

transgene in the posterior compartment of the wing allows for direct comparison of 

trichome distribution and area to the anterior compartment that does not misexpress the 

transgene.  Compartment area and trichome distribution were measured by anterior to 

posterior compartment (1) size (a ratio of areas measured in pixels by computer software) 

and (2) number of cells (marked by trichomes or wing hairs per unit area).  Size of the 

compartments was analyzed by taking the ratio of the anterior area over posterior area 

termed here “A/P area.”  This ratio can be interpreted as follows: a decrease in the A/P 

ratio compared to wild type means the posterior compartment has increased in size, and if 

the A/P area is a larger value than that of wild type this means the posterior compartment 

has decreased in size.  A second analysis counts the number of cells or “A/P trichome 
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density” which was calculated by counting the number of trichomes (wing hairs) in both 

the anterior and posterior compartments and dividing the anterior count by the posterior 

count.  This ratio can be interpreted as follows: if the trichome density value is smaller 

than that of wild type it indicates there are more cells but the cells themselves are smaller 

to fit the constrained area, if the trichome density value is larger than that of wild type 

this indicates there are fewer cells but the cells themselves are larger to fit the posterior 

compartment area, which is the scenario that was found in Trbl misexpressing wings.  All 

data represents an average analysis of three wings.  Flies were raised at 30°C to increase 

the activity of the GAL4 driver in order to more easily identify changes in phenotype 

(Brand, Manoukian and Perrimon 1994).   

  



	  

	   27 

 

 

 

 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Wing misexpression assay to compare Trbl and TrblD/NLK. 
(A.) Fly wing pictures were taken at 4x magnification.  Transgenes were misexpressed by 
the engrailed-GAL4 driver.  (B.) Bar graph with standard error comparing average A/P 
area and A/P trichome density values. 

A. 

B. 

UAS-FLAGTrbl and UAS-Slbo UAS-FLAGTrbl 
 

wild type 
 

UAS-FLAGTrblD/NLK and UAS-Slbo UAS-FLAGTrblD/NLK  

Wild       UAS-FLAG   UAS-FLAG   UAS-FLAG   UAS-FLAG 
Type             Trbl          Trbl and         TrblD/NLK             TrblD/NLK and 
           UAS-Slbo              UAS-Slbo 



	  

	   28 

 As depicted in the bar graph in Figure 3B, the ratio of the A/P area in wild type is 

around 0.80, which is consistent with the fact that the posterior compartment is slightly 

larger than the anterior compartment.  Misexpression of UAS-Trbl does not significantly 

increase the ratio (average value of 0.82) but trichome density ratio does increase to 2.22 

(from 0.86 in wild type) indicating that the cell number in the posterior compartment has 

decreased significantly.  Interestingly, although Trbl misexpression decreases cell 

number, the compartment size is unchanged so the individual cell size has increased, a 

phenotype that can easily be seen by looking at the wing at low magnification as shown 

in Figure 3A.   

Misexpression of UAS-Slbo has a lethal phenotype, which is unsurprising given 

the importance of an intact wing to the full development of the fly.  Misexpression of 

UAS-FLAGTrbl in combination with UAS-Slbo is able to suppress the Slbo lethal 

phenotype and conversely, Slbo is able to suppress partially the Trbl large cell phenotype, 

resulting in a more normally patterned posterior compartment with wild type distribution 

of trichomes.  The size of the posterior compartment in a wing misexpressing Trbl and 

Slbo together is on average larger than that of wild type, with the A/P area ratio 

decreased slightly from wild type (0.73 as opposed to 0.80 in a wild type wing).  A/P 

trichome density decreases in a Trbl-Slbo misexpressing wing (1.00) when compared to a 

Trbl misexpressing wing (2.22) indicating there are more cells in the posterior 

compartment of a Trbl-Slbo wing than a Trbl wing.  Together these data indicate that 

Trbl downregulates Slbo but it is also evidence that concomitant Slbo misexpression 

suppresses the reduction in mitosis phenotype associated with Trbl misexpression.   
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 I next tested the interaction between Slbo and the Trbl kinase domain mutant, 

TrblD/NLK, in the wing.  Just as in a wing misexpressing wild type Trbl, misexpression of 

the kinase mutant TrblD/NLK causes A/P trichome density to increase so that larger cells 

can be seen at low magnification by observing the spaces between trichomes (Fig. 3A).  

However, when coexpressed with Slbo the TrblD/NLK mutant has an average A/P area of 

0.69 which indicates that the posterior compartment has increased in size as compared to 

wild type (A/P area of 0.80) and the TrblD/NLK -Slbo A/P trichome density of 1.23 

indicates there are fewer cells than a Trbl-Slbo misexpressing wing (A/P trichome density 

of 1.00).  These results show that even though this kinase mutant is able to rescue the 

Slbo lethal phenotype when coexpressed in the wing, Slbo is unable to completely rescue 

the Trbl phenotype in which there is a smaller cell number in the posterior compartment 

when coexpressed with TrblD/NLK.  This suggests that the Trbl-Slbo interaction is altered 

when there is a mutation in Trbl’s kinase like domain. 

 

Tribbles-Slbo interaction shown using the yeast two hybrid system 

To test the ability of Trbl to interact with Slbo while avoiding the problem of Slbo 

degradation that follows this interaction in cell culture lines (Rorth, Szabo and Texio 

2000), I established a yeast two hybrid system and measured interaction strength by 

growth on selective media and in a colorimetric reporter gene assay.  In order to 

accomplish this, I constructed bait vectors by linking a DNA binding domain with either 

wild type Trbl or various point mutants (described in detail below: TrblR141Q, TrblFLCR/A, 

TrblD/NLK , TrblSLE/G, TrblMEK1, TrblCOP1), and prey vectors by fusing an activation 

domain with Slbo (details in Materials and Methods).  Included also in the bait and prey 
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plasmids were auxotrophic markers that allow for selection of successfully transformed 

yeast using drop out plates: LEU2 gene on the bait plasmid and TRP1 gene on the prey 

plasmid.   

After transformation of the yeast with both a bait and prey plasmid the DNA 

binding domain fused to the bait protein will bind to upstream activating sequences of a 

reporter gene.  Interaction of the bait protein with the prey protein brings the activation 

domain together with the DNA binding domain to reconstitute transcriptional activation 

and the reporter genes will be expressed.  The strain of yeast used in this assay was 

MaV203, which contains the reporter genes HIS3 (encodes an enzyme responsible for 

histidine biosynthesis) and lacZ (encodes β -galactosidase enzyme).  These two reporter 

genes were used in both qualitative and quantitative analysis to reveal the strength of 

interaction between two proteins.  Interaction between proteins was determined on drop 

out plates lacking leucine, tryptophan, and histidine; only those yeast that have the HIS3 

gene expressed will be able to grow on a plate lacking histidine.  Furthermore, to 

determine how weak or strong the interaction was, transformed yeast was plated on 

increasing concentrations of 3AT, an inhibitor of histidine biosynthesis.  Transformed 

yeast able to grow on high concentrations of 3AT revealed high expression of the HIS3 

reporter gene corresponding to a strong binding between the two proteins.  To confirm 

this interaction, a quantitative measurement was made for β-galactosidase activity using 

chlorophenol red-β-D-galactopyraoside (CPRG) as the substrate, which is useful in 

detecting even weak and moderate expression levels. 
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Figure 4.  Yeast two hybrid growth assay of Slbo with Trbl constructs. 
Shown are spot inoculations of yeast co-transformed with Slbo prey plasmid and a Trbl 
bait plasmid.  Yeast were plated on SC-Leu-Trp-His dropout plates with addition of 
increasing concentrations of 3AT to show strength of protein-protein interaction.  
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Table 4.  Summary of yeast two hybrid results with Slbo and Trbl constructs. 
Table 4 shows a summary of the growth assay depicted in Figure 4 using “++” for very 
good growth, “+” for some growth, and “–“ for very poor to no growth.  Also included in 
this table is the average β-gal units achieved by each combination.  Trbl constructs are in 
the bait plasmid (pDEST32) and Slbo is in the prey plasmid (pDEST22). 
 
 

 
Bait Prey 

-L-W-H 
+10mM 
3AT 

-L-W-H 
+25mM 
3AT 

-L-W-H 
+50mM 
3AT 

-L-W-H 
+75mM 
3AT 

-L-W-H 
+100mM 
3AT 

β-gal 
assay 

 Trbl Slbo ++ ++ ++ ++ ++ 95 

 Slbo Trbl ++ ++ ++ ++ ++ 140 

 Trbl
R141Q

 Slbo ++ ++ ++ ++ ++ 46.25 

 Trbl
FLCR/A

 Slbo + + - - - 0.02 

 Trbl
D/NLK

 Slbo + - - - - 0.03 

 Trbl
SLE/G

 Slbo ++ ++ ++ ++ ++ 84 

 Trbl
MEK1

 Slbo + + - - - 0.35 

 TrblCOP1 Slbo ++ ++ ++ ++ + 90 

 Strong Control ++ ++ ++ ++ ++ 18.4 

 Weak Control ++ ++ + + + 0.40 

 Negative Control + - - - - 0.013 

 No Plasmids - - - - - 0 
 

 

As shown in Figure 4, Trbl in the bait plasmid interacts robustly with Slbo in the 

prey plasmid as measured by the ability of the transformed yeast to grow on 

concentrations of 3AT greater than 100 mM.  The colorimetric β-gal assay also showed 

strong expression of the reporter gene lacZ, indicating a strong interaction between Trbl 

and Slbo.  As summarized in Table 4, Trbl-Slbo interaction produced high reporter gene 

expression overall, which was even higher than the strong control, indicating a very 

strong interaction.  Trbl and Slbo in opposite vectors showed similar strong interactions, 
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so together these data confirm previous demonstrations that Trbl regulates Slbo by direct 

binding and indicates that the yeast two hybrid system is an effective test to dissect the 

domains in Trbl necessary for this interaction, which I present in the next three sub-

sections. 

 

Examination of the central kinase-like domain of Tribbles 

In order to examine the role of the Tribbles kinase-like domain in substrate 

binding, I used site-directed mutagenesis to make a mutation in the conserved DLK motif 

and tested for interaction with Slbo in yeast two hybrid.  As shown in Figure 4 the kinase 

domain mutant (TrblD/NLK) reduced the ability of Trbl to bind to Slbo, as the transformed 

yeast were unable to overcome 3AT inhibition with concentrations higher than 10 mM.  

Quantitative measurement summarized in Table 4 confirmed weak to no interaction 

between Slbo and the TrblD/NLK kinase domain mutant.   

 Next the point mutant TrblFLCR/A was used in this screen, and as shown in Figure 4 

this mutation also inhibited Trbl’s ability to interact with Slbo, demonstrated by both the 

inability of the transformed yeast to grow on a 3AT concentration higher than 25 mM and 

a very low β-gal assay result.  In contrast to this, mutation of a third conserved motif 

found in the central kinase-like domain, SLE/G, had no effect on the ability of Trbl to 

interact with Slbo.  This mutant in combination with Slbo allowed yeast to grow on high 

concentrations of 3AT, similar to growth observed with wild type Trbl and Slbo.   
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Examination of the C-terminus of Trbl 

 Variation was found in interaction strength based on which motif was mutated in 

the C-terminal domain.  Mutation in the MEK1 binding domain resulted in weak growth 

on plates containing 3AT and values from a β-gal assay were comparable to those seen in 

a weak control (Table 4).  The TrblCOP1 mutant was able to grow on higher concentrations 

of 3AT, up to 75-100 mM with β -gal results slightly lower than wild type Trbl with Slbo.  

These results indicate that the MEK1 binding domain is also needed for Trbl to interact 

with Slbo, but COP1, which is likely responsible for interactions with the proteasome, is 

not.  

 

Examination of the N-terminus mutant of Trbl 

 I next focused on the N-terminus of Trbl and designed a mutation corresponding 

to the putative gain of function mutant found in human Trib3.  This mutant, TrblR141Q, did 

not disrupt the ability of Trbl to interact with Slbo; both growth assay and β-gal assay 

results were comparable to wild type Trbl with Slbo.  This indicates that this mutant does 

not affect substrate interaction, specifically with Slbo.  

 

Tribbles-Tribbles interaction shown using the yeast two hybrid system 

Based on unpublished size exclusion chromatography data from Dr. Samuel 

Bouyain and evidence from a pull down assay that Trbl forms homodimers/multimers, I 

placed Trbl in the prey vector and tested its ability to interact with wild type Trbl and the 

various Trbl mutant bait plasmids in yeast two hybrid.   
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Figure 5.  Yeast two hybrid growth assay of Trbl with Trbl constructs. 
Shown are spot inoculations of yeast co-transformed with a Trbl bait plasmid and a wild 
type Trbl prey plasmid.  Yeast were plated on SC-Leu-Trp-His dropout plates with 
addition of increasing concentrations of 3AT.
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Table 5.  Summary of yeast two hybrid results with Trbl as bait and prey. 
Table 5 shows a summary of the growth assay depicted in Figure 5 using “++” for very 
good growth, “+” for some growth, and “–“ for very poor to no growth.  Also included in 
this table is the average β-gal units achieved by each combination.  Trbl wild type and 
mutant constructs are in the bait plasmid (pDEST32) and another wild type Trbl in the 
prey plasmid (pDEST22). 
 
 
Bait 

Prey 
-L-W-H 
+10mM 
3AT 

-L-W-H 
+25mM 
3AT 

-L-W-H 
+50mM 
3AT 

-L-W-H 
+75mM 
3AT 

-L-W-H 
+100mM 
3AT 

β-gal 
assay 

Trbl Trbl ++ + + + - 0.20 

Trbl
R141Q

 Trbl ++ ++ + + + 0.20 

Trbl
R141Q

 Trbl
R141Q

 ++ ++ ++ ++ + 0.20 

Trbl
FLCR/A

 Trbl + + - - - 0.20 

Trbl
D/NLK

 Trbl - - - - - 0.023 

Trbl
SLE/G

 Trbl ++ ++ ++ ++ ++ 0.25 

Trbl
MEK1

 Trbl + + - - - 0.13 

Trbl
COP1

 Trbl + + - - - 0.13 

Strong Control ++ ++ ++ ++ ++ 18.4 

Weak Control ++ + + + + 0.40 

Negative Control + + - - - 0.013 

No Plasmids - - - - - 0 
 
 
 

As shown in Figure 5, Trbl in the bait vector in combination with wild type Trbl 

in the prey vector demonstrates that a detectable Trbl-Trbl interaction occurs, with 

growth on plates of 3AT concentrations 50-75 mM and with quantitative measurements 

resulting in values similar to that of the weak control.  The strength of the Trbl-Trbl 

interaction is notably lower than Trbl’s interaction with Slbo. 
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As shown in Figure 5, the kinase mutant TrblD/NLK impeded the Trbl-Trbl 

interaction so that transformed yeast were only able to grow on 3AT plates with 

concentrations of less than 10 mM and quantitative measurements using the β -gal assay 

shown in Table 5 resulted in values similar to that of the negative control.  Thus the 

D/NLK mutation impeded the Trbl-Trbl interaction just as it did the Trbl-Slbo 

interaction.  The FLCR/A and COP1 mutants did not significantly decrease the binding 

strength indicating that these motifs are not essential for homodimer formation.  

Additionally, the MEK1 mutant, which did reduce Trbl-Slbo interactions, also had no 

effect on Trbl-Trbl interactions.  These data, discussed below, identify key domains of 

Trbl specifically required for substrate interactions and those required for multimer 

formation.

Interestingly, as can be seen in the growth assay depicted in Figure 5, two mutants 

actually increased interaction strength and subsequent reporter gene expression.  These 

two mutants were SLE/G and R141Q, in the central kinase-like domain and N-terminus, 

respectively.  These two mutants enable the transformed yeast to grow at 75 mM 3AT 

concentrations and above which shows an increase in interaction as compared to the wild 

type Trbl-Trbl interaction.  Furthermore when using the R141Q mutants in both the bait 

and prey vectors interaction strength was also increased, transformed yeast were able to 

grow well on 100 mM 3AT plates.  These results suggest that modification at these 

positions increases Tribbles affinity to form homodimers, and the significance of this 

observation will be discussed below.   
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Discussion 

Tribbles suppresses Slbo phenotypes 

It was predicted that Trbl misexpressed in fly tissues would antagonize Slbo 

activity.  Consistent with this, misexpression of Trbl and Slbo together using either the 

longGMR-GAL4 driver (eye) or the engrailed-GAL4 driver (posterior wing 

compartment), was able to suppress the phenotype caused by misexpression of Slbo 

alone.   

In the eye, the longGMR driver misexpressing Slbo results in a glassy appearance 

with increase of pigment and a decrease in overall size.  Coexpression with Trbl 

suppresses this phenotype resulting in a nearly wild type eye.  In the posterior 

compartment of the fly wing, misexpression of Trbl results in fewer, larger cells, while 

misexpression of Slbo is lethal, indicating that embryonic expression of Slbo by the 

engrailed-GAL4 driver is incompatible with normal development.  Misexpression of both 

transgenes suppresses the lethal phenotype caused by Slbo and results in a nearly wild 

type wing, indicating that Trbl is able to suppress the Slbo lethal phenotype. Furthermore, 

since the compartment size and cell number is close to what is found in a wild type wing 

one can conclude that Slbo suppresses Trbl’s effects on cell size as well.   

Tribbles misexpression in the posterior compartment of the wing results in fewer, 

larger cells.  A mechanism for this was suggested by Mata et al., who found by FACS 

analysis of the wing cells expressing tribbles that changes in DNA content was consistent 

with an extended G2/M stage, indicating tribbles overexpression slows the G2 phase of 

wing imaginal disc cells (Mata, et al. 2000).  In support of this, it was found further that 

coexpression with a cell cycle regulator, String/CDC25 phosphatase, was able to suppress 
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the Trbl phenotype resulting in normal cell density in the posterior wing compartment 

(Mata, et al. 2000).  The reciprocal suppression of string and tribbles phenotypes shows 

that Trbl does indeed regulate entry into mitosis and may do so by opposition to String.  

The fact that coexpression of Slbo with Trbl suppresses the Trbl phenotype as well 

indicates that Slbo most likely interferes with Trbl regulation of String and that Trbl may 

preferentially bind to Slbo in vivo. 

Together, these data from the eye and wing indicate that Trbl is able to 

downregulate Slbo activity, which is consistent with previous work from both our lab and 

the Rorth lab, where misexpression of Trbl in the border cells expressing Slbo effectively 

blocks migration, and this block is relieved when Trbl is coexpressed with Slbo to restore 

border cell migration (Rorth, Szabo and Texio 2000). 

 

Tribbles physically binds Slbo and forms homodimers 

In order to gain insight on how Trbl interacts with Slbo to influence its regulation, 

I employed the yeast two hybrid assay.  One advantage of this assay was the elimination 

of the problem of Slbo degradation when coexpressed with Trbl in tissue culture (Rorth, 

Szabo and Texio 2000).  First I found that the interaction between Trbl and Slbo proteins 

is very strong in the yeast two hybrid system, as measured by both growth assays and 

quantitative measurements.  The ability of Trbl to directly bind Slbo supports the 

hypothesis that Trbl is at the very least a scaffold protein able to bind specific substrates, 

and is consistent with the possibility that Trbl phosphorylates Slbo as part of the direct 

interaction. 
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 I next tested whether the yeast two hybrid system could detect Trbl-Trbl 

interactions.  This notion that Trbl interacts with other Trbl proteins was based on 

preliminary data from Dr. Samuel Bouyain (University of Missouri-Kansas City) 

showing that purified Trbl proteins expressed in E.coli form multimers, as well as mass 

spectrometry analysis from a tagged-Trbl pull down (Guruharsha, et al. 2011).  

Moreover, as discussed in the introduction to this chapter, some kinases form multimers 

in order to trans-autophosphorylate, which activates the protein.  Results from the yeast 

two hybrid assay using Trbl in both the bait and prey vectors revealed direct Trbl-Trbl 

binding albeit with weak interaction strength compared to the Trbl-Slbo interaction.  The 

notion that Trbl interacts with itself to trans-autophosphorylate might explain why the 

canine ortholog of Trbl, C5FW, is found as a phosphorylated protein in the cell (Wilkin, 

et al. 1997).  

 

Comparison of Trbl and Trib3 

 Alternatively, Tribbles might form homodimers/multimers as a way to regulate its 

available concentration in the cell and consequently its influence on signaling pathways.  

This concept emerges from my observation that the SLE/G and R141Q Trbl mutants 

showed increased interaction strength with wild type Trbl.  To gain insight into why 

mutations in the residues SLE/G and R141Q caused increased homodimer strength I 

compared the protein consensus sequences of Trbl protein family members (Fig. 6).  

First, as described in the introduction to this chapter, the R141Q fly Trbl mutant was 

based on the human Trib3 Q84R mutant that is associated with disease states caused by 

insulin signaling reduction, and molecular evidence indicates this polymorphism in 
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humans has gain of function properties.  Notably, while Trib3 is normally a Q at this 

position all other Tribbles proteins are normally an R (even other human Trib homologs 

and wild type Drosophila Trbl have an R at this position) but when Trib3 is changed to 

an R it causes gain of function and impairs insulin signalling (Prudente, Morini and 

Trischitta 2009).  When I mutated this residue to a Q to effectively change Drosophila 

Trbl to resemble a Trib3 protein and tested it in yeast two hybrid, I observed the bait 

TrblR141Q interacted with the prey wild type Trbl (Q variant with R variant) even more 

strongly than wild type Trbl with wild type Trbl (R variant with R variant).  One 

explanation is that the placement of a glutamine at this position allows for a higher 

degree of homodimer binding strength.  When placing TrblR141Q in both the bait and prey 

plasmids (Q variant with another Q variant) it was found that interaction strength 

increased not only compared to wild type with wild type Trbl (R with R) but was even 

slightly stronger than the TrblR141Q-Trbl interaction based on growth assay results. 
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Figure 6.  Tribbles protein sequence alignment. 
Protein sequence alignment of Drosophila Trbl and human Trib1-3, circled residues 
highlight the positions of the R141Q mutant and the SLE/G mutant. 
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 This data indicates that a Q variant with an R variant and a Q variant with a Q 

variant forms stronger homodimers than an R with R variant.  Prudente et al. showed that 

the Trib3(R) variant has gain of function properties to block activity of Akt-2, a key 

factor in the insulin signaling pathway (Prudente, Morini and Trischitta 2009).  Trib3 is 

thought to regulate this pathway by binding to and inhibiting the phosphorylation and 

subsequent activation of Akt, which is needed to mediate the insulin signal received by 

the cell (Lawlor and Alessi 2001).   

To relate these findings to the studies of human Trib3(R) variant, I hypothesize 

the following model: Normally the wild type Trib3(Q) variant forms strong homodimers, 

which decreases the pool of available Trib3 and prevents excessive inhibition of Akt 

phosphorylation, thus allowing for normal insulin signaling.  However, when one or both 

Trib3 genes are the R variant, the homodimer binding strength decreases and expands the 

pool of Trib3 available to inhibit Akt phosphorylation, leading to impaired insulin 

signaling associated with type 2 diabetes in humans.  This hypothesis correlates with data 

from human umbilical vein endothelial cells carrying different Trib3 genotypes (QQ, QR, 

or RR) which showed that cells carrying either QR or RR Trib3 genotypes had 

increasingly impaired insulin signaling (Andreozzi, et al. 2008).  Further testing needs to 

be done to evaluate if the results found using the yeast two hybrid assay in this thesis can 

be replicated in living tissue, if Tribbles can directly bind Akt, if so how each variant (R 

or Q) effects the binding strength, and finally how this model of Trbl function in human 

insulin signaling relates to Trbl regulation of insulin signaling in Drosophila. 

The SLE/G mutation was designed to disrupt a residue required for Mg2+ 

coordination and we expected that this would affect Trbl-Slbo or Trbl-Trbl interactions.  
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Surprisingly, this had no effect on Trbl-Slbo interactions and unexpectedly resulted in 

stronger Trbl-Trbl dimer formation.  While it is difficult to explain this, a notable 

observation is that only human Trib3 varies in this motif (NLE), while fly Trbl, human 

Trib1 and 2, and mouse Trib1-3 retain the conserved SLE motif.  Although the mutant 

that was tested in this thesis was a change from SLE to SLG for other purposes, it 

remains possible that this mutation serendipitously allowed for Drosophila Trbl to act 

more like human Trib3 when it comes to forming homodimers.  More investigation is 

needed to test if this mutation creates a Drosophila Trbl that functions more like human 

Trib3 and an interesting next step would be to perform domain swapping between Trbl 

and Trib3 to determine the features of Trib3 required for this increase in interaction 

strength.   

 

The kinase domain of Tribbles is crucial for hetero- and homodimer formation  

My data show that the Trbl-Slbo interaction is dependent on a conserved DLK 

motif in the central catalytic domain of Trbl.  In a border cell assay the kinase domain 

mutant TrblD/NLK was unable to disrupt border cell migration with endogenous levels of 

Slbo and was unable to completely rescue border cell migration with parallel 

overexpression of Slbo, unlike wild type Trbl (Masoner, et al. 2013).  I showed that (1) in 

the fly eye, TrblD/NLK was unable to suppress the glassy eye phenotype caused by 

overexpression of Slbo, and (2) in the fly wing, TrblD/NLK was able to suppress the Slbo 

lethal phenotype but still had a lower cell count in the posterior compartment, which may 

suggest that this specific mutation disrupts the normal interaction between Trbl and Slbo 

in the wing tissue as well.  These genetic studies support the idea that Trbl requires its 
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kinase-like domain to downregulate Slbo protein and possibly interact with other 

substrates in vivo.   

Consistent with the reduced interaction with Slbo in vivo, the TrblD/NLK mutation 

was unable to directly interact with either Slbo or wild type Trbl in a yeast two hybrid 

assay.  These data suggest that the DLK motif is required for Trbl to bind and 

phosphorylate substrates as well as autophosphorylate itself.  Furthermore, these results 

suggest that Trbl has properties of a docking protein and that both heterodimeric and 

homodimeric association with substrates serve to control Trbl activity in the cell.   

 

Tribbles’ motifs impart substrate specificity 

 The yeast two hybrid assay allowed me to rapidly assess the requirement of 

conserved motifs in substrate binding.  In the central kinase-like domain, a mutation in 

the FLCR motif decreased interaction strength between Trbl and Slbo but not Trbl and 

Trbl, while the SLE motif had no effect on interaction with Slbo but increased 

homodimer strength.  In the C-terminal domain the MEK1 mutant but not the COP1 

mutant impaired interaction to some degree with Slbo but neither had a significant effect 

on homodimer binding strength.  These data indicate that Trbl may need the MEK1 

domain as well in order to bind other substrates that it regulates, in this case Slbo, but not 

need the COP1 domain as it has different substrate specificity.  This is an interesting 

result but not completely unexpected; as explained in the introduction to this chapter Trbl 

is thought to use the conserved COP1 binding domain to bind E3 ubiquitin ligase COP1 

in order to mediate ubiquitination of Trbl’s substrates to facilitate proteasomal 

degradation, and Trbl is known to use the MEK1 binding domain to bind MAPkinase 
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kinases in order to regulate their levels in the cell.  Finally, in the N-terminus, the R141Q 

mutant did not have an effect on the Trbl-Slbo interaction but had an increased effect on 

Trbl-Trbl interaction for reasons hypothesized in the previous section.   

The variation in these results show that conserved motifs in Trbl could serve as 

substrate specific docking motifs essential to Trbl’s scaffolding function in the cell.  The 

observation that Trbl has a higher affinity for Slbo than itself indicates that in the cell the 

strength of Trbl homodimers might modulate the regulation of signaling pathways.  

Overall, these data show that the yeast two hybrid assay is a sensitive test that allows 

rapid assessment of Trbl binding activity and can serve as a rapid assay to identify 

important domains that can then be the focus of in vivo analysis.   
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APPENDIX A 
 
 
Tribbles Enhances Cut Misexpression Eye Phenotypes 

 

Cut/CDP/Cux proteins are a conserved group of homeodomain transcription 

factors that play important roles in tissue differentiation, cell-type determination, and 

mitosis (Nepveu 2001).  In Drosophila oogenesis, Cut and Slbo have been found to have 

complimentary regulation: during stage 10A the migration of the border cells surrounding 

the anterior pole cells is marked by an increase in Slbo protein.  At stage 10B as Slbo 

levels decrease the transcription factor Cut has increased expression in the pole cells and 

centripetal follicle cells.  In the follicle cells, misexpression of cut is necessary and 

sufficient to repress slbo expression and misexpression of slbo is sufficient to repress cut, 

but reduction of slbo expression is not sufficient in order to upregulate Cut expression 

before stage 10B (Levine, et al. 2010).  This result suggests that there may be another 

factor that is needed to modulate the switch from Slbo to Cut expression.  Published work 

shows Trbl is necessary and sufficient for Slbo turnover and unpublished work from our 

lab has shown that in trbl mutant clones, Cut levels are destabilized.  Thus Tribbles may 

be a key factor required to switch from Slbo to Cut expression.  To test the interaction 

between Trbl and Cut further, I employed an eye misexpression approach. 

For the eye misexpression assay I used the longGMR GAL4 driver and as shown 

in Figure 7A, both the wild type eye and a longGMR fly with no transgene expression 

have circular shapes and dark red pigmentation.  LongGMR GAL4 misexpression of 

either the wild type UAS-FLAGTrbl or the kinase mutant UAS-FLAGTrblD/NLK caused 

only a slight change in pigmentation (Fig. 7B), while misexpression of UAS-Cut causes a 



	  

	   48 

mild glassy phenotype and loss of pigmentation.  Coexpression of UAS-CUT with UAS-

FLAGTrbl enhances this phenotype resulting in a severe shape and size change along 

with an extreme glassy appearance and change in color.  Similarly, coexpression of UAS-

Cut with the kinase mutant UAS-FLAGTrblD/NLK resulted in an enhanced Cut phenotype 

with severe size and pigment change.  In order to enhance the UAS-GAL4 driver in this 

assay, flies are normally raised at a higher temperature (30°C) but at this temperature the 

Trbl-Cut phenotype is lethal while Cut misexpression alone is not.  Only when the flies 

are raised at a lower temperature (around 22°C) do the Trbl-Cut misexpressing flies 

survive, which further confirms Trbl significantly enhances the phenotypes caused by 

Cut.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.  Eye misexpression assay with Trbl and Cut. 
Drosophila eyes misexpressing transgenes using the longGMR UAS-GAL4 driver, 
pictures taken at low magnification. (A.) Wild type eye and longGMR eye with no 
transgene expression are shown as controls.  (B.) Misexpression of UAS-FLAG-Trbl, 
UAS-FLAGTrblD/NLK, and UAS-Cut. 
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In agreement with our hypothesis that Tribbles upregulates Cut expression during 

Drosophila oogenesis, parallel misexpression of UAS-Cut with UAS-FLAGTrbl 

enhanced the phenotype caused by misexpression of UAS-Cut so that flies raised at 30°C 

had a lethal phenotype and those raised at a lower temperature (Fig. 7B) developed into 

adult flies that had severe glassy eyes with a more extreme size change as compared to 

UAS-Cut misexpression alone.  This phenotypic enhancement is in stark contrast to what 

occurs when UAS-FLAGTrbl is misexpressed with UAS-Slbo in the eye (Fig. 2), where 

concomitant misexpression of UAS-FLAGTrbl actually suppresses the Slbo 

misexpression phenotype.  This result suggests Trbl stabilizes Cut levels and possibly 

increases the ability of Cut to perform as a transcription factor in this tissue.   

As discussed in Chapter 2, several lines of evidence show that Tribbles requires 

the catalytic kinase motif DLK in order to interact with Slbo and repress its activity.  This 

same mutant was used in the eye misexpression assay shown in Figure 7 with Cut and 

was found to also enhance the UAS-Cut misexpression phenotype to the same extent that 

coexpression with wild type Trbl did.  These data show that the TrblD/NLK mutant does 

not have any effect on the ability of Trbl to enhance Cut phenotypes, suggesting that 

unlike with Slbo, the Trbl-Cut interaction does not require an intact kinase domain.  This 

indicates Trbl may act to upregulate Cut in vivo, and that the Trbl kinase motif DLK is 

not required for this function.   

These results reiterate the conclusion of this thesis; that the conserved motifs in 

the pseudokinase Tribbles have functional relevance and impart substrate specificity.  

This eye misexpression assay shows that Trbl interacts with Cut possibly by upregulating 

its expression which is consistent with data from our lab showing trbl mutant clones in 
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the follicle cells have reduced Cut expression and reveals a possible role for Trbl in 

promoting Cut activity during Drosophila oogenesis.  A mechanism for this relationship 

is unknown but one next step will be to include Cut in the yeast two hybrid assay along 

with each Trbl mutant used previously; this would reveal first if Trbl directly binds Cut 

and which domains confer binding specificity.  
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APPENDIX B 
 
 

Eye Misexpression Screen using Tribbles Mutants  
 
 Tribbles protein structure has been conserved through evolution; a comparison of 

Trbl orthologs reveals both motifs that are unique within the Trbl family and key motifs 

that are homologous to serine/threonine kinases (Fig.1, see also Chapter 2 for a more 

detailed explanation of these conserved residues).  In order to determine how Trbl uses 

these motifs, I tested several point mutants for interaction with Slbo (Slow border cells), 

by misexpression in the fly eye using the longGMR-GAL4 driver.  These mutants include 

the following: TrblR141Q, TrblFLCR/A, TrblD/NLK, TrblMEK1, and TrblCOP1.  

 Misexpression of UAS-Slbo using longGMR-GAL4 results in a smaller, glassy 

eye when compared to a wild type eye which is brick red in color, round, and constitutes 

the majority of the fly head (Fig. 8A).  As shown in Chapter 2, misexpression of UAS-

FLAGTrbl is able to suppress the glassy phenotype associated with misexpression of 

Slbo, and TrblD/NLK is not. 

Among the Trbl mutants (TrblR141Q, TrblFLCR/A, TrblMEK1, and TrblCOP1 ) tested in 

this eye screen, only TrblFLCR/A was unable to completely suppress the Slbo phenotype.  

Notably, the TrblFLCR/A mutation is located within the kinase like domain of Trbl similar 

to the TrblD/NLK mutation that also fails to suppress the Slbo phenotype (Fig. 1). 
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Figure 8.  Eye misexpression screen with Trbl mutants. 
(A.) The wild type eye has a brick red pigmentation and round shape, while 
misexpression of the transcription factor Slbo results in a glassy phenotype and reduction 
in size. (B.) Misexpression of Trbl and Trbl mutants results in phenotypes that vary 
slightly from wild type, and coexpression with Slbo reveals the importance of certain 
motifs for suppression of the Slbo glassy eye phenotype.  
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 These results reveal that Trbl uses two features in its kinase-like domain to 

interact with Slbo in this eye screen, and these results compare favorably with my yeast 

two hybrid assay data shown in Figure 4 of Chapter 2 where it was revealed that both 

these motifs are needed for Trbl to directly bind Slbo.  Further investigation is needed to 

show whether this kinase-like domain functions only as a substrate specific binding site 

or if Trbl uses this domain to phosphorylate substrates as well.  A kinase activity assay 

using radiolabeled ATP and western blot analysis would reveal if Trbl is able to add 

phosphate groups onto Slbo and if it uses its kinase-like domain to do so.  I predict that 

these mutants would not phosphorylate Slbo, confirming this functional feature of Trbl. 
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