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Abstract 

Courtship behavior is a well characterized and extensively studied complex innate 

behavior in D. melanogaster adult males. Our lab has previously established the 

role of the secreted protein Takeout (To) in courtship behavior. To is a small 

soluble 23kD protein encoded by a gene that belongs to a family of 23 paralogs 

in D. melanogaster. To is sex-preferentially expressed in the fat body surrounding 

the brain in male flies.  Homologs of To have been documented in other species 

as well. The relationship between these family members, however, remains 

unclear. Here, in this work I show that paralogs CG13618 and CG16820 can 

rescue the courtship behavior of to1 mutants. I also show that a To ortholog from 

A. aegypti (Diptera) and a homolog from the Light Brown Moth Epiphyas 

postvittana (Lepidoptera) can also rescue the courtship defects in to1 mutants. In 

this study I have also established the functional significance of conserved 

residues in motif-2 of the To protein sequence. Using site-directed mutagenesis I 

show that on mutating the conserved residues in motif-2 to Alanines, To only 

partially retains its function. Further, I also show that the hemolymph Juvenile 

Hormone Binding Protein (hJHBP) from Silkworm (Bombyx mori), which has very 

low sequence identity (31%identity, 34% sequence coverage) can partially 

substitute for To.  I have used protein structure modeling programs to examine 

the sequences and structural features of the rescuing proteins and identified 

residues that might be critical in the ligand binding by To.  
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Taken together my experiments establish that distant To homologs from other 

species and within D. melanogaster can functionally substitute for To in courtship 

behavior, despite their limited sequence similarities. Moreover, hJHBP from 

Bombyx mori can partially substitute for To suggesting that although To and 

hJHBPs have diverged and belong to two separate protein families they have 

partially retained their function. Partial rescue of courtship behavior by hJHBP 

also suggests that hJHBPs might be able to bind the same ligand as To.   
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1.1 Behavior and Hormones 

Animals have senses that help them survive and reproduce in nature (Robinson 

et al., 2008), including sight, taste, smell, hearing, and touch. A careful integration 

and consolidation of different stimuli gathered by different sense organs takes 

place in the brain of an animal, the net output of which is a carefully executed 

behavior (Robinson et al., 2008).  Behaviors can be broadly classified as innate 

or acquired. Innate behaviors are those that establish themselves during 

development, are genetically determined and have little learned component. They 

are mostly executed in the exact same fashion in each animal of a particular 

species regardless of social determinants.  Acquired behaviors, on the other 

hand, are dependent on learning abilities and memory. These can be acquired 

and perfected over time and are strongly determined by interactions within the 

group (Tierney, 1986).  

Whether innate or acquired, behaviors are tightly coordinated with development, 

gender and physiological status of an animal. This coordination is achieved by the 

interplay of neural circuits and hormones responsible for a particular behavior. 

Hormones tie the internal physiology to the behavior. In humans, for example, 

hormones such as Insulin and Leptin that are released by the pancreas and 

adipose tissue, respectively, act on neurons in the brains to coordinate hunger 

and appetite with feeding behavior (Baskin et al., 1999). The interplay of 

hormones and behavior can be reciprocal. Hormones can affect behavior and 
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behavior can in turn affect the release of these hormones, thus ensuring 

appropriate feedback mechanisms (Hiller-Sturmhofel and Bartke, 1998).  

Hormones can be broadly classified into autocrine, paracrine and endocrine 

hormones based on their site of action. Autocrine hormones act on the cells that 

secrete them, paracrine hormones are locally secreted into the extracellular fluid 

and have a short range of action. Endocrine hormones are released directly into 

the circulatory system and act at long ranges. In animals with closed circulatory 

system, i.e., vertebrates they are released into the blood stream. In invertebrates 

that have an open circulatory system, they are released into the hemolymph as is 

the case for ecdysone and juvenile hormone. These endocrine hormones interact 

with their respective receptors on/in specific cells in the body, including neurons, 

and modulate the behavior of the organism (Belgardt et al., 2009; Breen et al., 

2005; Dalton et al., 2009; Ganter et al., 2012; Swart et al., 2002).   

There are different approaches to studying the relationships between the neuronal 

circuitry and hormones. To study a particular behavior a good model system 

should not only be genetically tractable but also easy to handle in large numbers. 

D. melanogaster is a model system that has been extensively studied and used 

by geneticists, evolutionary and molecular biologists to study both innate 

behaviors and learned behaviors (Greenspan and Ferveur, 2000; Griffith and 

Ejima, 2009; Pavlou and Goodwin, 2013; Zwarts et al., 2012). My research utilizes 

courtship behavior in D. melanogaster as an assay system to study the functional 

relationships between homologues of a ligand-binding protein, called Takeout.  
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Takeout is secreted by a non-neuronal tissue – the fat body. The fat body in fruit 

flies shares common features with vertebrate liver and adipose tissue (Canavoso 

et al., 2001).  The fat body is a major metabolic tissue that serves as a nutrient 

sensor and coordinates overall body growth (Colombani et al., 2003).  The genetic 

tractability of this model organism allowed me to understand the evolution and 

functional diversification of the takeout gene family.  

 

1.2  Courtship Behavior in D. melanogaster  

Courtship behavior in fruit flies (a Dipteran) has been studied since 1915 and is a 

well-characterized trait (Sturtevant 1915). It consists of a series of sequential 

steps grouped into modules – orientation of a male towards a female, tapping of 

the female, unilateral wing extension and vibration by males to produce the 

species specific courtship song, licking of the female genitalia, abdominal bending 

and attempt to mount the female, and finally copulation (Greenspan and Ferveur, 

2000; Pavlou and Goodwin, 2013; Sokolowski, 2001; Spieth, 1974) (Figure 1).  

The contribution of different sensory modalities to each step of the courtship 

display has been well established (Figure 2) (Krstic et al., 2009). The decision to 

engage in courtship depends on the sexual maturity and previous mating status 

of both males and females (Eastwood and Burnet, 1977). Other factors that 

determine successful courtship are the feeding status (Lebreton et al., 2015) and 

time of the day in D. melanogaster. For example, males have a higher drive to 
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court throughout the night and early morning (Das and Dimopoulos, 2008; Fujii et 

al., 2007). Vision and motion sensing neurons play a major role in the initial 

orientation step of males towards females (Pan et al., 2012). Although blind males 

under laboratory conditions can initiate courtship, in the wild, vision becomes one 

of the major determinants of successful courtship where it is required for detection 

and movement of the female (Pan et al., 2012). Following detection and chasing 

of the female, the male relies on olfactory, gustatory and auditory perception 

(Krstic et al., 2009). Female pheromones help in the species-specific mate 

recognition by significantly increasing the time a male spends chasing the female 

(Agrawal et al., 2014). Tapping and Licking involve gustatory perception and are 

important for the recognition of the sex of the fly being followed (Krstic et al., 

2009). Following Tapping, wing extension and vibration by the male attempts to 

copulate by bending his abdomen.  The courtship eventually ends in copulation 

after the female stops and raises her abdomen allowing the male to mount her 

(Greenspan and Ferveur, 2000; Sokolowski, 2001; Spieth, 1974). Wing vibrations 

that generate the courtship song have been reported to have an aphrodisiac effect 

on the female and are an important factor in successful copulation (Yamamoto 

and Koganezawa, 2013).  

 

 

 



6 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Modules of Courtship behavior in Drosophila 
melanogaster. Orientation: The male fly stops and orients itself 
towards the female. Orientation is usually followed with “Chase” and 
following the female. Tapping: Once the female is in close proximity the 
male tries to tap the female.  Wing Extension and Vibration: Post 
orientation and tapping the male extends the wing closest to the female 
(Unilateral wing extension) and vibrates it to generate a courtship song. 
This song is species specific and has an aphrodisiac effect on the 
female. D. melanogaster males show a unilateral wing extension. 
Licking: In this step the male reaches behind the female and extends 
his proboscis to lick the female genitals. This interaction helps male 
assess female mating status. Attempt to Copulation: The male curls 
his abdomen to bring his genitalia closer to the female and attempts for 
copulation. Copulation: The act of successfully transferring the sperm 
to the female post behavior is termed as copulation (Sokolowski, 2001).  
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Figure 2. Sensory modalities in the male courtship drive of D. 
melanogaster. Successful courtship in male flies is dependent on a robust 
courtship drive. It begins with integration of peripheral sensory inputs which 
result in the motor output of the behavior. How strong this output is depends 
on sensory cues (positive or negative) received from the female. Vision, 
motion sensing cues and olfaction help a male “choose” a female. The 
persistence of courtship is dependent on the previous mating and feeding 
status of both the male and female. In case of a fed virgin receptive female 
and a virgin male the interactions are positive and lead to the establishment 
of an increased courtship drive in the male. Positive gustatory inputs during 
tapping and licking of a female by the male further enhances the drive in 
males, resulting in robust courtship behavior (Greenspan and Ferveur, 2000; 
Spieth, 1974).  
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1.3 The role of fruitless and doublesex genes in D. 

melanogaster Courtship Behavior 

The fruitless (fru) and doublesex (dsx) genes are controlled by the sex 

determination cascade in D. melanogaster. Both encode transcription factors. The 

sex determination pathway in D. melanogaster begins with the expression of a 

protein called Sex-lethal (Sxl). The ratio between sex chromosomes and 

autosomes determines if Sxl is expressed or not. If the ratio of sex chromosome 

to autosome is 1, for example XX:AA, the fly will be a female and if its 0.5, for 

example  XY:AA, the fly will be a male (Arbeitman et al., 2004). Sxl is a splicing 

factor that prevents the default splicing of another gene called transformer (tra), 

thus giving rise to the female-specific form of transformer (TraF). TraF along with 

another ubiquitously expressed protein, Tra-2, regulates the female specific 

splicing of fru and dsx pre-mRNAs. In females, TraF and Tra2 give rise to a non-

functional Fru protein, and the female specific DsxF protein. In males, the 

absence of Sxl leads to the absence of Tra, which leads to the default splicing of 

fru and dsx pre-mRNAs, giving rise to FruM and DsxM proteins (Heinrichs et al., 

1998), (Figure 3). Fru and Dsx are transcription factors. Fru is a Zn-finger 

transcription factor with a BTB domain. The fruitless gene has multiple promoters 

– P1, P2, P3 and P4 (Figure 4). The P1 promoter is responsible for producing the 

transcripts that are sex-specifically spliced (Figure 4).  Different fruitless mutants 

have been investigated and shown to differentially affect courtship behavior 

(Goodwin et al., 2000). The defects seen in fru2, fru3, fru4 and fruSat mutants were 
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shown to be due to altered splicing of P1 transcripts (Goodwin et al., 2000), 

(Figure 4).  FruM proteins are expressed in differentiated post-mitotic neurons 

which are located in clusters inside the brain and ventral nerve cords (Yu et al., 

2010). Peripheral neurons belonging to different sensory modalities responsible 

for courtship behavior, i.e., olfactory, gustatory, auditory, and mechanosensory 

also show FruM expression (Manoli et al., 2005; Stockinger et al., 2005). A 

number of neurons involved in courtship, especially gustatory neurons, require 

both FruM and DsxM to reach their full potential (Mellert et al., 2010). Sexually 

dimorphic behaviors are a result of many factors. These include differences in 

neuroanatomical features such as the number and morphology of sex-specific 

neurons, neuronal circuitry and hormonal regulation (Dalton et al., 2009; Ganter 

et al., 2012; Ganter et al., 2011; Rideout et al., 2010; Siwicki and Kravitz, 2009). 

FruM and DsxM co-localize in a subset of neurons both in the brain and thoracic 

ganglia in males (Rideout et al., 2010). Certain FruM positive interneurons have 

been shown to be sexually dimorphic (Kimura et al., 2005) and others have shown 

to harbor receptors for Ecdysone (Dalton et al., 2009), suggesting hormonal 

regulation of mating behaviors. 
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Figure 3.   Sex-specific splicing of fru and dsx. Females express Sxl (Sex 
lethal) leading to sex-specific slicing of tra (transformer), thereby leading to sex-
specific splicing of fru and dsx pre-mRNAs. In females no Fru protein is made. 
In males, Sxl is not expressed, leading to default splicing of tra which as a result 
produces no functional protein and hence default splicing of fru and dsx occurs, 
leading to male specific isoforms.  
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Figure 4. Promoters of fru gene and fru mutants. Shown above are different 
transcripts generated from different promoters and FruM proteins from P1 
promoter transcripts. (Goodwin et al., 2000). Also shown is the location of P-
element insertions causing different fru mutant alleles (fru2, fru3, fru4 and frusat).  
The scale represents the relative position of different promoters and exons. 
Figure adopted from (Sokolowski, 2001)   
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1.4 Hormonal Control of Sexual Behavior in D. melanogaster 

melanogaster 

The role of sexually dimorphic neural circuits in male courtship behavior has been 

well established in D. melanogaster (Kimura et al., 2005; Yu et al., 2010). These 

sexually dimorphic circuits belong to many different sensory modalities. Although 

sex-specific neural circuits belonging to these modalities are largely shaped in a 

cell autonomous manner, their functioning is also dependent on hormones 

secreted in the hemolymph. A number of hormones regulate physiology and 

behavior in D.melanogaster. Of those, the role of two hormones has been well 

characterized in development and physiology, and to a lesser degree in sexual 

behavior. These are Ecdysone, secreted by the prothoracic glands (Richards, 

1981) and juvenile hormone, secreted by the corpora allata (Bownes and 

Rembold, 1987). Ecdysone is a precursor for its active form 20-HydroxyEcdysone 

(20E) and is a sterol derivative with a structure similar to cholesterol. It acts as a 

molting hormone in insects and its activity is tightly controlled by juvenile hormone 

and its derivatives (Sakurai et al., 1989). In the absence of juvenile hormone, 

Ecdysone induces larval molts and developmental transitions from larvae to 

pupae. Ecdysone acts by binding to its receptor EcR in the nucleus. It has been 

shown that binding of Ecdysone to EcR is facilitated by the interaction with another 

receptor, Ultraspiracle (Usp). In the presence of USP, Ecdysone binds with high 

affinity to EcR. USP, on the other hand, has also been shown to bind Juvenile 

Hormone III (JHIII) and Methoprenic acid (MA) (Jones and Sharp, 1997). Other 
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JH binding proteins include Methoprene-Tolerant (Met) and Germ cell expressed 

(Gce). Met and Gce are basic-helix-loop-helix proteins found inside the nucleus 

(Jindra et al., 2015; Liu et al., 2009) and their presence has been reported in 

tissues related to reproduction, such as accessory glands and the ejaculatory duct 

in males, and in follicle cells and the egg chambers of females (Wilson et al., 

2003). Both Met and Gce reportedly bind JHIII (Charles et al., 2011; Jindra et al., 

2015). Gce has the potential to bind other JH analogues as well, namely methyl 

farnesoate, farnesol and methoprene (Jindra et al., 2015).  The EcR-A isoform 

mediates some aspects of male courtship behavior, as expressing RNAi against 

EcR-A in fru-P1 neurons results in increased male-male courtship (Dalton et al., 

2009). Ecdysteroids have also been shown to affect neuronal excitability 

(Srivastava et al., 2005) and neurite remodeling (Grueber and Jan, 2004).  Met 

mutants show deficits in courtship behavior (Wilson et al., 2003).  

Pharmacological inhibition of JH production using precocene in adult D. 

melanogaster males immediately post-eclosion increases the chances of mating 

success (Argue et al., 2013). A Juvenile hormone esterase in D. melanogaster 

has been reported to affect male mating behavior (Ellis and Carney, 2010). 

Juvenile hormone esterase (Jhe) and cricklet (clt) homozygous mutants (P-

element insertions) show reduced mating behavior. These two esterases worked 

in synergism as transheterozygotes and also showed reduced mating behavior 

(Ellis and Carney, 2010). Although developmental effects were not considered in 

this study a potential role of JH in mating behavior of fruit flies was supported. In 
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another study, overexpression of protein Dmp29 which is a Juvenile Hormone 

esterase binding protein localized in mitochondrial fractions, caused hyperactivity 

in both sexes and induced male-male courtship behavior (Liu et al., 2008; Liu et 

al., 2007).  

 

1.5  Fat Body, Juvenile Hormone Metabolism and Juvenile 

Hormone Binding Proteins 

Previous studies in insects like Manduca sexta, Bombyx mori and Plodia 

interpunctella have shown that titers of JH in the hemolymph are regulated by 

different mechanisms. These mechanisms include JH degradation by esterases 

(JHE) (Sanburg et al., 1975a; Sanburg et al., 1975b) epoxide hydrolases (JHEH) 

and sequestration via JH-JHBP complex formation (Touhara and Prestwich, 

1993).  The fat body has a central role in the regulation of JH titers. It has been 

shown that the corpora allata do not store JH post synthesis. JH is secreted in the 

hemolymph and 99% of hemolymph JH has been found to be associated with 

hemolymph Juvenile Hormone Binding Proteins (hJHBPs) (Goodman and Gilbert, 

1978). hJHBPs are secreted by the fat body (Nowock et al., 1975) into the 

hemolymph and prevent degradation of JH from non-specific esterases (Sanburg 

et al., 1975b). JH also has the tendency to move into the fat body, presumably 

through non-specific absorption in the absence of JHBPs, as suggested by in vitro 

studies (Hammock et al., 1975; Nowock et al., 1975). It was shown that JH 
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availability in the hemolymph is partially dependent on JH degrading enzymes, 

which are esterases and epoxide hydrolases. Esterases are secreted and fall into 

JH specific (JHE) and JH non-specific categories whereas JH epoxide hydrolases 

(JHEH) are restricted to the membrane bound fractions inside the cytoplasm 

(Touhara and Prestwich, 1993).  

hJHBPs have been proposed to regulate and stabilize JH concentrations in the  

hemolymph by preventing its degradation by esterases. In a previous study it has 

also been proposed that they synergize with JH to manifest its effects (Sanburg 

et al., 1975b). JH along with its carrier protein strongly inhibited the cuticle 

deposition of cultured imaginal wing discs of Plodia interpunctella (Sanburg et al., 

1975b).  This suggested that JH with carrier proteins is either more hormonally 

active or is effectively targeted to specific tissues. The targeting of JH to specific 

tissues and release from bound JH-JHBP complex was recently suggested to be 

based on changes in dielectric constant, i.e., near membranes the bound hJHBP 

senses the change in dielectric constant and releases the ligand. (Suzuki et al., 

2011). This mechanism provides support to the synergism of the JH-hJHBP 

complex as seen in the previous experiment in Plodia interpunctella, however, it 

also suggests that delivery is non-specific. 

hJHBPs are 250-350 amino acids long (25kD to 35kD), monomeric and consist 

of a single polypeptide chain. These proteins typically acquire a “Hot Dog” 

structure with 4 or 5 β-sheets wrapped around a long alpha helix (Leesong et al., 

1996). Residues at the N-terminus and C- terminus are in close proximity and 
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required for binding JH (Suzuki et al., 2011). hJHBPs have been reported from 

and characterized in different species of insects (Debski et al., 2004; 

Kolodziejczyk et al., 2001; Kurata et al., 1994; Orth et al., 2003; Sok et al., 2005; 

Suzuki et al., 2011). Recently, hJHBP from the silkworm Bombyx mori was 

crystalized in its JH bound and unbound form. This study identified specific 

residues in hJHBPs that are important for JH binding and specificity (Suzuki et al., 

2011). As previously observed both epoxide and esterase moieties are important 

for JH binding to JHBPs. Methyl farnesoate which lacks the epoxide moiety did 

not bind to JHBPs (Fujimoto et al., 2013; Suzuki et al., 2011). The carrier proteins 

seem to be dispensable for the action of JH as reported in previous studies since 

JH can exerts its action in a dose dependent manner (Sanburg et al., 1975a).   

 

1.6 Juvenile Hormone, JH Homologs and JH metabolites and 

Precursors in D. melanogaster melanogaster 

Juvenile Hormone (formerly neotenin) is a sesquiterpenoid that is hydrophobic in 

nature and exists in monomeric form in the hemolymph (Whitmore et al., 1972; 

Whitmore and Gilbert, 1972). Its solubility in aqueous solutions is high and it is 

fairly stable (Kramer et al., 1974). Many JH homologs have been identified in 

insects, these include JH0, JHI, JHII, JHIII, 4-methyl JHI, JHIII-Bisepoxide which 

are all biologically hormonal in action (Figure 5). The JH breakdown product JH 

acid and the JH precursors farnesoic acid and methyl farnesoate have also been 
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shown to possess active properties (Kamita and Hammock, 2010). In D. 

melanogaster JH derivatives have been reported, these include methyl 

farnesoate, JHIII and JHIII-bisepoxide (JHBIII) (Harshman et al., 2010). In higher 

Dipterans such as D. melanogaster JHBIII has been reported to be the main JH 

homologue (Altaratz et al., 1991) (Richard et al., 1989). GC-MS analysis showed 

that JHBIII was the major JH produced by ring glands of D. melanogaster in vitro 

(Richard et al., 1989). The role of JH and related compounds has been extensively 

investigated in early instar and early phase pupae (white pupae) of D. 

melanogaster. All three juvenoids methyl farnesoate (MF), JHBIII and JHIII were 

shown to be hormonally active in D. melanogaster development (Harshman et al., 

2010).  The relative concentration of methyl farnesoate in D. melanogaster whole 

body larval extracts is reported to be higher than that of either JHIII of JHBIII. It 

was also shown that MF is synthesized and released from the corpora allata and 

a part of it gets converted to JHBIII in peripheral tissues. JHIII was the least 

abundant JH in larval extracts (Wen et al., 2015).    
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Figure 5: Juvenile Hormone, derivatives and analogues. Shown 
above are different Juvenoids that have shown to be present in 
different insect species. Methyl Farnesoate (MF) is the JH in 
crustaceans.  JHIII-Bisepoxide, JHIII and MF are also reported to 
play a role in Dipterans. Farnesoic acid is a precursor to MF. 
Farnesol (Not shown) has been shown to bind germ cell expressed 
(Gce)  
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1.7 The Takeout (To) Family in D. melanogaster and other Insects 

In a screen for sex-specific transcripts in the heads of D. melanogaster, a gene 

coding for the 23kD secretory protein Takeout (To) was found to be preferentially 

expressed in males (Lazareva et al., 2007). Initial sequence comparisons grouped 

To along with hJHBP superfamily (Sarov-Blat et al., 2000). Its expression was 

confirmed in head fat body surrounding the brain (Dauwalder et al., 2002). The D. 

melanogaster adult fat body is sexually dimorphic and its role in sex specific 

physiology and behaviors has been supported by several studies (Fujii and 

Amrein, 2002; Fujii et al., 2008; Lazareva et al., 2007). The fat body is a major 

metabolic and secretory tissue and many of its products are released into the 

hemolymph. Transcripts of takeout (to) were also found to be expressed in non 

sex-preferential manner in the crop, cardia (proventriculus) and antennae (Sarov-

Blat et al., 2000). To concentrations are under circadian control and induced by 

starvation suggesting a link between circadian rhythms and feeding biology 

(Sarov-Blat et al., 2000; So et al., 2000). Consistent with its tissue expression 

profile, the To protein was found to be upregulated in flies with extended lifespans 

(Bauer et al., 2010; Chamseddin et al., 2012). Data from other dietary restrictions-

based lifespan screens also support the role of to as an important gene in D. 

melanogaster aging physiology, as To concentrations correlated with extended 

lifespan. (Bauer et al., 2010; Chamseddin et al., 2012). to mutants die early as 

they are sensitive to starvation (Sarov-Blat et al., 2000). It has been suggested 

that To might be a putative hJHBP in D. melanogaster as no hJHBP has been 
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reported in D. melanogaster to date, but no dedicated ligand has been reported 

for To so far. Juvenile hormone has been shown to regulate several aspects of 

adult D. melanogaster biology, for example body size (Mirth et al., 2014), aging 

(Chamseddin et al., 2012) and resistance to stress (Gruntenko et al., 2010) . 

Allatectomized flies have extended life spans (Yamamoto et al., 2013). These 

effects were reversed by application of the JH analog Methoprene (JHA). Since 

To overexpression can mimic the JH phenotype of extending life span 

(Chamseddin et al., 2012), and this effect was reversed by application of JHA, a 

relationship between JH and To has been suggested in D. melanogaster.  

A novel role for to was shown in courtship behavior of male flies (Benito et al., 

2010; Dauwalder et al., 2002; Lazareva et al., 2007). to1 mutants showed all steps 

of courtship but took breaks during courtships bouts (Dauwalder 2002), resulting 

in a reduced courtship index. These effects could be rescued by expressing To 

from another secretory tissue, the oenocytes, in adult D. melanogaster, 

suggesting an important role of To in courtship behavior (Dauwalder et al., 2002; 

Lazareva et al., 2007).  

NCBI-BLAST searches revealed 23 homologs of to in the fruit fly genome. 

Homologs of to were identified in other insect species as well. The to gene family 

is highly conserved in insects and many paralogs were found in various species 

(Vanaphan et al., 2012). A comparison of To family members from different 

species suggests that this family of proteins is old and duplication of to genes 

preceded speciation. To homologs have been reported to affect many behaviors 



21 
 

in different insect species. This includes trail following behavior in Termites 

(Reticulitermes flavipes) (Schwinghammer et al., 2011) and behavioral phase 

changes in migratory desert locusts (Locusta migratoria). to genes have been 

found to be differentially expressed in other behavioral screens. For example, it 

was found to be upregulated in Summer monarch butterflies (Danaus plexippus) 

vs migrating Butterflies (Zhu et al., 2008). to gene family members are also found 

in certain Lepidopterans and phylogenetic analysis reveals that they group 

separately from JHBPs (Hamiaux et al., 2009; Saito et al., 2006). A 

comprehensive phylogenetic analysis of to gene family members across 21 

species of insects grouped to family members in separate clusters /clades. Each 

to member can be assigned to a specific clade based on sequence similarity 

(Vanaphan et al., 2012). This suggest that to might have evolutionary conserved 

roles (Vanaphan et al., 2012). In the tobacco hornworm (Manduca sexta) a to 

gene family member, moling, was reported to be present in the epidermis where 

its expression was under the control of nutrients and hormones (Du et al., 2003). 

Another To member from the desert locust Schistocerca gregaria, was purified 

(Yellow Protein) and shown to be male specific. It was found to bind carotenes 

and was deposited in the epidermis, imparting color to the cuticle following JH 

exposure (Wybrandt and Andersen, 2001). A To family member (Ntsp1 – D. 

melanogaster homologue CG14661) from an eusocial termite Nasutitermes 

takasagoensis was shown to be specifically present in frontal glands. Frontal 

glands in this species of termites are a part of a chemical defense system and 
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secrete terpenoid based molecules (Hojo et al., 2005). Taken together takeout 

gene family members are similar to hJHBPs but form a distinct family by 

themselves and are hypothesized to bind lipophilic molecules. Results from D. 

melanogaster and other insects suggest that they have multiple pleiotropic effects 

both on physiology and behavior. Their expression as documented from many 

sources is dependent on circadian rhythms, hormones and nutritional status. 

Their effects range from aging, feeding behavior, starvation resistance, mating 

behavior, pigment deposition, behavioral phase changes and storage and 

secretion of defense chemicals.  
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1.8 A comparison of sequence structure of To and hemolymph 

Juvenile Hormone Binding Proteins 

To proteins, as previously stated, belong to hJHBP superfamily. A member of the 

To family from Epiphyas postvittana was recently crystallized and its structure 

showed similarities to hJHBPs (Fujimoto et al., 2013; Hamiaux et al., 2009; 

Kolodziejczyk et al., 2003; Suzuki et al., 2011), (Figure 6). E. postvittana or light 

brown apple moth belongs to the Lepidopteran order and is a major pest of crops 

and fruits (Hamiaux et al., 2013; Hamiaux et al., 2009). The E. postvittana To 

homolog that was examined was found to be most similar to D. melanogaster 

homologs CG2650 (96% query coverage, 27% identical) and second most similar 

to CG10264 (95% query coverage, 27% identical). To from E. postvittana (EPTo) 

was crystallized using both prokaryotic and eukaryotic cells. In both cases the 

protein acquired a similar crystal structure. An interesting aspect of these results 

was that the protein crystallized with promiscuous ligands. EPTo crystallized with 

Ubiquinone8 in a prokaryotic expression system and with myristic acid and 

palmitic acid (Long chain fatty acids) in insect Sf9 cells (eukaryotic cells), (Figure 

6). The structure under both conditions was highly conserved and was found to 

be similar to hJHBP and many other lipophilic carrier proteins, such as the 

Bactericidal permeability Increasing protein (BPI) and the Cholesterol ester 

transfer protein (CETP) (Kopec et al., 2011). Based on the protein folds and 

arrangement of their secondary structure, To along with hJHBPs, BPI and CETP 
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are part of the TULIP domain superfamily. This superfamily includes unrelated 

proteins with similar structures and characteristics (Kopec et al., 2011) (Figure 7). 
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Figure 6: Crystal Structures of E. postvittana Takeout 
crystallized using E.Coli (3E8T) and Spodoptera frugiperda 
SF9 Cells (4G0S). The proteins have been “sliced” using the side 
view tool in CHIMERA to visualize the cavity with the promiscuous 
ligands. 3E8T crystallized with long chain Ubiquinone and 4G0S 
crystallized with two molecules of Myristic acid.  Structures were 
downloaded from RCSB - Protein Data Bank (PDB) and visualized 
using the protein analysis and visualization tool CHIMERA 
(Pettersen et al., 2004) http://www.cgl.ucsf.edu/chimera 
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Figure 7: TULIP domain superfamily. Members of the TULIP domain 
superfamily are associated with characteristic 4-5 antiparallel beta-sheets 
forming a cup shaped structure around an alpha helix. This is a common 
structural module referred to as the “Hot dog” structure. Despite high sequence 
divergence and no sequence similarity they assume a similar shape. Shown 
here are Epiphyas postvittana Takeout (PDB ID-3E8T), hemolymph Juvenile 
Hormone Binding Protein from Silkworm – Bombyx mori (PDB ID-3AOS), 
Bactericidal permeability increasing protein (PDB ID-1BP1) and Cholesterol 
ester transfer protein (CETP PDB ID-2OBD) from Homo sapiens. Structures 
were downloaded from the RCSB - Protein Data Bank (PDB) and visualized 
using the protein analysis and visualization tool CHIMERA (Pettersen et al., 
2004) (http://www.cgl.ucsf.edu/chimera). 
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It is not uncommon that two protein sequences with different sequence can fold 

into similar structures. However, it is interesting to note the parallels between the 

Juvenile Hormone and Cholesterol biosynthetic pathway. The first ten steps 

between these two pathways are common, suggesting a common origin of these 

proteins or perhaps convergent evolution guided by strong selection constraints 

of binding highly lipophilic molecules.  

The binding of JH with hJHBPs has been thoroughly investigated and many 

binding studies have established specific binding of JH to hJHBPs (Suzuki et al., 

2011; Touhara et al., 1993). Recently hJHBP from silkworm (Bombyx mori) was 

crystallized with (JHII, JHIII) and without its ligands, i.e., the “closed” (PDB ID – 

3AOS) and “open” (PDB ID – 3AOT) form respectively (Suzuki et al., 2011). The 

Sequence-Structure comparisons of Epiphyas postvittana To and hJHBP 

structures from Silkworm and Galleria melonella reveal a putatively conserved 

mechanism of ligand capture and binding. They both show a conserved N-

terminal α-helix functioning as a door to the hydrophobic cavity. The highly 

conserved disulphide bridge (in red) resides at the N-terminal where it stabilizes 

the end loop that is common to both To and hJHBP proteins, suggesting a 

conserved mechanism of closing the cavity post ligand binding, (Figure 8). The 

residues on the N-Terminal loop and C-terminus are also similar, suggesting that 

they interact with each other forming salt bridges post ligand binding, thereby 

“locking the door” of the cavity (Zhou et al., 2014).  The major differences between 

the To gene family and hJHBPs seems to be in the internal cavity and in 
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conserved residues in the To family that are at the opposite end of the cavity and 

are absent from hJHBPs. To proteins have a longer and larger cavity than hJHBP 

proteins that spans the entire length of protein (Hamiaux et al., 2009), whereas 

hJHBPs appear to have two separate pockets at two different ends (Fujimoto et 

al., 2013; Kolodziejczyk et al., 2003). The presence of an additional conserved 

disulphide bond between helix-1 and a beta-sheet in hJHBPs is speculated to 

interrupt the cavity (Hamiaux et al., 2009), (Figure 8). The conserved residues in 

the To family are found in two separate motifs 1 and 2 and interact with each 

other, closing the cavity at the bottom (Hamiaux et al., 2009). 
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Figure 8: Conserved Cysteine residues in the JHBP family. Two 
cysteine pairs are conserved in hemolymph Juvenile Hormone Binding 
Proteins. A) The first pair is at the N-terminusl and is a common feature 
shared between hJHBPs and To gene family (Yellow arrow). B). The 
second pair is between the α-helix and β-sheet of hJHBPs (White arrow). 
The Structure of hJHBP (3AOS) was downloaded from PDB and visualized 
in CHIMERA (http://www.cgl.ucsf.edu/chimera). 
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1.9 Statement of problem 

To gene family members have been documented in many different insects and 

found to be associated with a number of diverse functions (Bohbot and Vogt, 

2005; Corcoran et al., 2015; Das and Dimopoulos, 2008; Hu et al., 2010; Wang 

and Kang, 2014; Yoshizawa et al., 2011). Phylogenetic analysis of 462 members 

from 21 different species grouped To homologs in 20 distinct clusters (Vanaphan 

et al., 2012). It was found that individually knocking down the paralogs CG5867, 

CG11852, and CG11854 using tubulin-Gal4 driven RNAi caused courtship 

defects suggesting that they all have independent functions in mating behavior 

and don’t compensate for each other (Vanaphan, 2010; Vanaphan et al., 2012). 

These results could perhaps be attributed to the sub-functionalization due to their 

tissue specific expression profiles post duplication (Huminiecki and Wolfe, 2004) 

or neofunctionalization due to genetic redundancy (Ohno et al., 1968). The to 

gene family members cluster together into orthologous clades suggesting that 

they have a conserved role in different species.  

The expression profile of most members except for To is unknown. No dedicated 

ligands have been found for To and no interacting proteins have been reported. It 

hence becomes difficult to predict and investigate their functional roles in insect 

physiology. However, the courtship phenotype of to1 mutants becomes an 

attractive assay system to study the functional relationship between To homologs. 

D. melanogaster to affects courtship and feeding and belongs to Cluster 3. This 
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cluster consists of To homologs from many other D. melanogaster species as well 

as members from the Culicidae. These include Aedes ageypti, Anopheles 

gambiae and Culex pipiens (Figure 13). I predicted, based on cluster relationships 

that homologs from the same cluster can substitute for To in to1 mutants, whereas 

members from different clusters might not be able to do so. Apart from the To 

homologs that were chosen based on previous phylogenetic analysis, I tested 

functional rescue by a To homolog from the Lepidopteran E. postivittana. This 

homolog was not included in the phylogenetic analysis but was the only member 

of the To gene family that had been crystallized. The other aim of this research 

was to establish the role of conserved residues in the To protein. To establish the 

functional significance of conserved residues I first undertook a sequence-

structure analysis. Based on this analysis, I then performed site-directed 

mutagenesis to test the importance of identified residues of interest.  

hJHBPs and To family members have a similar structure and a conserved 

proposed mechanism of ligand capture, and a hydrophobic cavity. No hJHBPs 

have been found in D. melanogaster. It has been suggested that To might function 

as a JH binding protein in D. melanogaster. Since hJHBPs lack conserved motifs 

which are a distinguishing feature of the To family of proteins, I hypothesized that 

hJHBP might not be able to rescue the courtship behavior of to1 mutants and I 

tested this by expressing hJHBP from Bombyx mori in D. melanogaster to1 

mutants.  
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Chapter 2: Methods 
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2.1 D. melanogaster transgenic lines and stock maintenance 

Flies were reared under constant light and dark cycle-12h dark: 12h light at 25°C 

at relative humidity of 40% on standard cornmeal/sugar-based food. Most 

transgenes used were site-specifically introduced in the PhiC31 Integrase - ATTP 

line VK22 (2nd Chromosome) generated by Dr. Hugo Bellen’s lab (Venken and 

Bellen, 2012).  Injections were carried out by Rainbow Genetics, and flies were 

screened and balanced in our lab. List of fly lines generated are presented in 

Table 2.1.  
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 Genotype (Complete) Annotation Fly lines : 2nd 
Chromosome 

Insert 

Contributors
/Comments 

1 W118;Lsp-Gal4/CYO;fru4to- 

(LSP- Larval Serum Protein) 

Lsp-Gal4 2nd Chr 
Random 
Insertion 

Generated in  
Lab 

2 W118; UAS-Takeout/CYO; ry506to- 

 

UAS-TO VK-22 Line Generated in  
Lab 

3 W118; UAS-CG13618/CYO; ry506to- 

 
UAS-CG13618 2nd Chr 

Random 
Insertion 

(Previously 
available) 

4 W118; UAS-CG13618/CYO; ry506to- 

 
UAS-CG16820 2nd  Chr 

Random 
Insertion 

(Previously 
available) 

5 W118; UAS-Takeout-V5/CYO; ry506to- 

 

UAS-TOV5 VK-22 Line Generated in  
Lab 

6 W118; UAS-AedesTo/CYO; ry506to- 

 
UAS-ATo VK-22 Line Dr. David 

Severson  

7 W118; UAS-AedesToV5/CYO; ry506to- 

 
UAS-AToV5 VK-22 Line Generated in  

Lab 

8 W118; UAS-Epiphyas-ToV5/CYO; ry506to- UAS-EpToV5 VK-22 Line Dr. Cyril 
Hamiaux 

9 W118; UAS-CG16820/CYO; ry506to- UAS-16820V5 VK-22 Line Generated in  
Lab 

10 W118; UAS-CG16820∆1/CYO; ry506to- 

 

UAS-
16820V5∆1 

VK-22 Line Generated in  
Lab 

11 W118; UAS-CG16820∆2/CYO; ry506to- 

 

UAS-
16820V5∆2 

VK-22 Line Generated in  
Lab 

12 W118; UAS-ToMot2V5/CYO; ry506to- 

(Loss of function) 
UAS-ToMot2 V5 VK-22 Line Generated in  

Lab 

13 W118; UAS-TO-∆Ligand/CYO ry506to- 
(Ligand Binding pocket mutant – SFS to AGA) 

UAS-TO∆L Construct only Generated in  
Lab 

14 W118; UAS-JHBPV5/CYO; ry506to- UAS-JHBP VK-22 Line Dr. 
Toshimasa 
Yamazaki,  

15 W118; UAS-JHBP-Del/CYO; ry506to- 

 

UAS-JHBPDel Construct only Generated in  
Lab 

16 W118; UAS-JHBPV5/CYO; ry506to- 

Mutation YGY to AGA) 

UAS-JHBPDel Construct only Generated in  
Lab 

 

Table 2.1: List of all the constructs established in the lab. 
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2.2 Crossing Scheme for Generation of Experimental Flies  

The transgenes (UAS-X) evaluated for functional rescue of to1 mutants were 

expressed using the Lsp-Gal4 driver in a to1 null background. For this, the 

appropriate stocks were established and crossed to generate the generating 

experimental males. The crossing scheme is shown below (Figure 9). 

 

 

 

 

 

 

 

Figure 9: Crossing scheme for the generation of experimental flies. The 
Lsp-Gal4 driver was paired with a fru mutant allele and a to mutant - fru4to1. 
The UAS-Transgene (UAS-X) was paired with the to mutant allele to1.  The 
two lines were crossed to collect males for the experiment.  
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2.3 Cloning of Constructs and Generation of Transgenic Fly lines 

Transgenes were cloned from their respective plasmids using primers designed 

with Not1 restriction sites at the 5’ and Xba1 at the 3’ prime end respectively. 

Since we didn’t have antibodies for To, transgenes were also tagged with 

sequences encoding a V5 protein tag at the 3’ end. Transgene constructs were 

generated using PCR and were gel purified. Following gel extraction the 

constructs were cloned into the Stratagene pSCB blunt end cloning vector. 

Plasmids were digested with Not1 and Xba1 restriction enzymes sequentially. The 

pUAST expression vector was also digested with Not1 and Xba1 to generate 

compatible sticky ends and was phosphatase treated to prevent self-ligation.  Gel-

purified construct with Not1 and Xba1 sticky ends were incubated with pUAST 

plasmid and DNA ligase overnight at 18℃. Following ligation HF cells (New 

England Biolabs) were transformed with the ligated plasmid. Colonies that 

appeared overnight were randomly picked, cultured and screened (Plasmid 

extraction and restriction digestion). Plasmids from colonies positive for the 

desired pUAST-transgene construct were sent for sequencing and later for 

generating transgenic flies.  A schematic of cloning procedure and list of primers 

used is provided in Figure 10.   
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2.4 Sequence Structure comparisons  

Constructs for functional complementation analysis were chosen based on 

sequence similarities to Takeout protein sequence. FASTA sequences were 

retrieved from NCBI database and pairwise comparisons were carried out using 

NCBI-BLAST-ALIGN tool for individual transgenes. The NCBI database was 

searched for potential related structures. Relevant Structures were downloaded 

from Protein Databank (PDB) as PDB files. Structures were visualized using the 

protein visualization tool CHIMERA. For sequence structure analysis transgene 

sequences were superimposed on the E. postvittana To structure using the Swiss 

Homology Modeling Server (http://swissmodel.expasy.org/). Modeled structures 

were selected based on query coverage and identity percentage. Modeled 

structures and structures of interested were overlaid on each other using the 

CHIMERA-MORPH tool and conformations were interpolated between two 

structures to visualize the position of residues.  

 

2.5 Courtship assays 

All courtship assays were carried out in a circular arena of 0.8 cm diameter. Newly 

eclosed wildtype Canton-S females were collected and housed together before 

testing. A single, 3-to 8-hour-old female was aspirated out of the housing chamber 

and transferred to the mating arena. Virgin males were collected, housed 

separately and aged for about 9 days at room temperature (23°C). For courtship 
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assays, a female was first placed in the arena followed by the male. Courtship 

was recorded and scored for ten minutes. Mutants and experimental males 

showed all steps of courtship and hence total courtship was scored rather than 

individual steps. The Courtship Index is defined as the percentage of time a male 

spends courting a female in ten minutes.  

 

2.6 Statistical Analysis 

One way ANOVA was performed using statistical software-Statview, with Post-

Hoc Bonferroni test.  

 

2.7 Gal4-UAS binary expression system used in this study 

In D. melanogaster, tissue specific gene expression can be achieved by the Gal4-

UAS binary gene expression system (Brand and Perrimon, 1993). In this 

approach, two separate fly lines are established: (1) A fly line that has a genomic 

insert consisting of a transcriptional activator protein Gal4 from yeast fused 

downstream of a tissue specific promoter and (2) another line that has an 

upstream activating sequence (UAS) element from yeast fused to a gene of 

interest.  Gal4 proteins specifically bind to UAS element leading to the expression 

of the gene in that particular tissue. The two constructs are brought together in 

the offspring via mating of the two lines (Figure 9). In this study I have used a fat 
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body specific Gal4 driver to express the To homologs. The Gal4 driver was 

previously established in the lab and has a 3.1Kb promoter region from the fat 

body specific protein- larval serum protein 2 (Lsp2). To homologs that were tested 

for functional complementation were fused downstream of the UAS sequence and 

inserted at a specific location on the second chromosome.  
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Figure 11: Gal4-UAS binary expression system. Two fly lines are 
established. In one of the lines the gene coding for the yeast transcription 
factor Gal4 is placed downstream of a tissue specific genomic enhancer. 
In the other fly line, a gene of interest is placed downstream of the 
upstream activating sequence (UAS). The two fly lines are crossed, and 
in the progeny Gal4 driven by the tissue specific enhancer drives the 
expression of the gene of interest (gene X) in that particular tissue. 
Figure adopted from (St Johnston, 2002). 
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2.8 Site-Directed Mutagenesis 

In order to establish the functional significance of conserved residues in To 

protein, site directed mutagenesis was performed. For this I used Quick Change 

Mutagenesis kit II (Agilent Technologies). Primers were designed for sequential 

point mutation in Motif 2 using freely available primer design tool by Agilent 

Technologies, Inc (http://www.genomics.agilent.com/primerDesignProgram.jsp). 

List of all the primers used is provided in Table 2.8.1.  

 

 

 

V5-Tag 5’GTCTAGACTTACGTAGAATCGAGACCGAGGAGAGGGTTAGG 
GATAGGCTTACCCTGGAACAGTTCGTTGTAAGGCACCTT 3’ 

Aedes To-F 5’GGCGGCCGCCATGAAGGTCATGGTTAGTGGAACAG3’ 

Aedes-To -R 5’ TAACCGAGGAGAGGGTTAGGGATAGGCTTCTGGAACAGTTCGTT 

GTAAGG 3’ 

CG16820V5-F 5’ GGCGGCCGCCATGCAATTGCCTTGCATATCGCTC 3’ 

CG16820V5-R 5’GTCTAGACTTACGTAGAATCGAGACCGAGGAGAGGGTTAGGGAT
AGGCTTACCTTGAACCAAGAATTTCTCGATGGGTACCTT 3’ 

JHBP F 5’  GTTCGGAGGACTGCGTCTGGTG 3’ 

JHBP R 5’  TACTCCCTGATACCTCAATTTG  3’ 
 

E.  postvittana-F 5’ GGCGGCCGCCATGACCTCGGCTTTCCAGCAGGCG 3’ 

E. postvittana-R 5’ GTCTAGACTTACGTAGAATCGAGACCGAGGAGAGGGTTA 

GGGATAGGCTTACCTACATTAGCAATTTCTGCTATCGGCAC 

TTT 3’ 

Table 2.8.1: List of Primers used for cloning and site directed 
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Chapter 3: Results 
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Introduction 

To is a secreted protein and previous studies have established that the 

concentrations of To protein in the hemolymph affect courtship behavior. Both 

mutants and flies overexpressing To show a reduced courtship index (Benito et 

al., 2010; Chamseddin et al., 2012; Dauwalder et al., 2002). Consistent 

expression levels of the To homolog transgenes was an important factor in 

determining the functional rescue potential of the transgenes. Therefore, I chose 

to express the transgenes from the same site on the second chromosome. This 

strategy ensures that variability is minimal due to genomic location. I chose line 

VK22 (Dmel\PBac{y+-attP-9A}VK00022) to insert the transgenes (Venken and 

Bellen, 2012). This fly line works on the principal of site specific recombination 

guided by phiC integrase on attP and attB recognition sites (Groth et al., 2004). 

Post site specific integration of the UAS-transgene constructs, fly lines were 

screened, balanced and paired with appropriate chromosomes to establish 

working stocks. Stocks established were (1) w; Lsp-Gal4; fru4to1 and (2) w; UAS-

transgene; ry506,to1. The general genotype for all experimental flies was Lsp-

GAL4 / UAS-transgene; fru4to1/ ry506, to1.  Courtship assays were carried out using 

4-6 hours old virgin females and males which had been housed separately post 

eclosion and had been aged for 8-10 days. Data were analyzed using one-way 

ANOVA with post-hoc Bonferroni tests (Statview).  

 



45 
 

3.1 Mobilization and Characterization of the fat body specific 

driver Larval serum protein 3.1 -Gal4 (Lsp3.1-Gal4) 

Larval serum protein (Lsp) is a fat body protein, which is expressed in both larval 

and adult fat body of D. melanogaster.  Previously in our lab, Lsp based Gal4 

drivers have been established using 0.68 and 3.1-kb promoters from the Lsp2 

gene, respectively. These drivers show expression in either larval (0.68 kb 

fragment) or both larval and adult fat body (3.1 kb fragment (Lazareva et al., 

2007).  I used D. melanogaster lines expressing a stable genomic source 

(incapable of self-mobilization) of transposase (P [ry+ delta 2-3](99B)) 

(Robertson et al., 1988) to mobilize the previously generated 3.1-kb Lsp-Gal4 

transgene from its position on the 3rd chromosome to another location in the 

genome. Three separate fly lines were characterized and the most viable one on 

the second chromosome was used for further investigations.  

To verify expression, the second chromosome Lsp-Gal4 driver was crossed to 

UAS-LacZ. LacZ codes for β-Galactosidase that catalyzes cleavage of lactose 

into glucose and galactose. β-Galactosidase also cleaves X-Gal (5-bromo-4-

chloro-3-indolyl-β-D-galactopyranoside) to yield an insoluble blue product. The 

blue colors enables the visualization of the tissue specificity of a driver. Fly 

sections were incubated with 2% X-Gal for 2 minutes and were visualized under 

a light microscope. Pictures were taken using a Leica camera attached to the 

microscope (Figure 12)   
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Figure 12: Characterization of at Body specific driver Lsp 3.1-
Gal4 located on chromosome 2 using X-gal staining. The newly 
established Lsp-Gal4 on the second chromosome was used to drive 
the expression of LacZ. Pictures were taken after incubation with X-
Gal for 2 mins. Top left, right and Bottom left figures are frontal 
sections of male fly heads at different levels. Fat body surrounding 
the head is stained in blue. Bottom right figure shows fat body 
staining in the thorax and in the abdominal region. 
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3.2 Aedes aegypti Takeout can rescue courtship defects of to1 

mutants 

 

Aedes aegypti, the yellow-fever mosquito is an important vector for Dengue virus 

which can cause severe life threatening illnesses like chikungunya, yellow fever 

and west nile illness. The females feed on fruit as well as blood and are 

responsible for transferring the virus to its host. The males mostly rely on fruits for 

food. The To gene family was identified in this species of insects as well. A library 

of transcripts expressed in the antennae of male A. aegypti identified a To family 

member, AAL60239 (Bohbot and Vogt, 2005). It was 99% identical to another A. 

aegypti To member (AAEL011966) found in To cluster 3, the same cluster to 

which D. melanogaster To belongs (Figure 13).  Aedes aegypti To (AATo) is 

59.5% similar to D. melanogaster To. I predicted that this homologue 

(AAEL011966) would be able to rescue the courtship defects of to1 mutants. Using 

the second chromosome fat body driver Lsp-Gal4 I expressed the AATo 

transgene in D. melanogaster to1 mutants. Courtship assays on the fourth and 

fifth days did not show any rescue, however, nine-to-ten-day old virgin male flies 

showed a robust rescue of courtship. This rescue was not observed in male flies 

which did not express this protein. This late rescue was also seen in flies 

expressing D. melanogaster To (positive control) and was attributed to the low 

expressivity of the Lsp-Gal4 driver in the initial 4-7 days (data not shown). The 

rescue was robust and most flies courted uninterruptedly. This experiment shows 
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that A. aegypti To can functionally complement for To in D. melanogaster. This 

suggests that these two proteins have the potential to bind the same ligand and 

interact with the same downstream pathways.  
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Figure 13: Phylogenetic tree representation of Cluster 3: This cluster 
consists of D.melanogaster Takeout (CG11853) and its cluster members. A. 
ageypti 3.1 was the member that was tested for functional complementation 
analysis. The scale bar represents 0.2 nucleotide substitution per site 
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Figure 14: A. aegypti Takeout can functionally rescue the courtship 
defects of D. melanogaster to1 mutants.  Nine day old virgin males which 
had been housed separately were paired with freshly eclosed virgin females. 
A total of 20 pairs was examined for each genotype. The Courtship index 
(S.E.M) (Y-axis) was calculated by determining the fraction of time a male 
spent courting a female within the 10 min observation period. Flies mutant for 
To (yellow) have a reduced courtship index that is significantly lower than the 
two positive controls in green (p<0.001). A. aegypti To significantly rescued 
the behavior (p<0.001). There was no significance difference between wild 
type (green) and rescue (blue).   
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 3.3  D. melanogaster paralog CG13618 can rescue to1 mutants  

Paralogs CG13618 and CG16820 have been previously characterized in our lab. 

These paralogs are sex-specifically expressed and when mutated lead to a 

decrease in courtship (Vanaphan, 2010). Fly stocks with random genomic inserts 

of CG13618 and CG16820 under a UAS promoter (UAS-CG13618 and UAS-

CG16820) were therefore available in the lab. CG13618 has 51% similarity to To 

which was less than AATo, (Figure 15). My prediction was that this paralog would 

only partially rescue the To function. CG13618 was able to completely rescue the 

to1 mutant courtship phenotype, (Figure 16). Although one-way ANOVA with post- 

hoc Bonferroni tests did not show any statistical difference in the courtship index 

of control (green) and rescue (blue), the data of the CG13681 rescue showed a 

trend of slightly weaker courtship than controls. Since this was not a tagged 

protein we were not able to check for protein concentrations. Nevertheless, I was 

able to conclude that CG13618, despite of belonging to a different cluster in the 

phylogenetic analysis, as well as having low sequence similarity to To, can rescue 

the mutant phenotype.  
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Figure 15: Phylogenetic Tree analysis of candidate gene chosen for 
functional complementation analysis. Scale bar represents no of residue 
substitutions per site. CG16820 was the farthest apart.  
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Figure 16:  D. melanogaster paralog CG13618 can completely rescue 
the courtship phenotype of to1 mutants. CG13618 is a D. mel To paralog 
outside the To cluster and has 51% similarity to To. Male flies heterozygous 
for to1 show a robust courtship (Green). to1 homozygous flies with a fru4 

heterozygous genetic background show  severely reduced courtship 
(Yellow). Expressing CG13618 in the mutant strain using the Lsp-Gal4 
driver completely rescues the mutant phenotype (Blue)  
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3.4 Paralog CG16820 shows a significant but less robust rescue 

of to1 mutants 

One of the most-distinguishing features of the To protein family is the high degree 

of sequence conservation in the middle region of the protein sequence. This 

region consists of two sequence motifs: Motif 1 and 2 (Hamiaux et al., 2009). 

CG16820 was least conserved in this region when compared to other tested 

homologs. Based on previous results, I hypothesized that CG16820 would not be 

able to rescue the courtship phenotype of to1 mutants. I tested a UAS-CG16820 

transgene which was previously created in the lab and that was at an unknown 

location in the genome. This construct did not rescue the behavior of to1 mutants. 

This was an expected result as CG16820 was the most diverged paralog of To, 

(Figure 17). 

The location of the UAS construct used in this experiment was different from the 

location of other transgenes I tested.  Therefore, I established a new UAS-

CG16820 line which had the UAS construct at the same location as A. aegypti To 

(VK22-second chromosome). This strategy was adopted to potentially remove 

any variability in gene expression due to the position effects.   

I also tagged the CG16820 transgene with a V5 tag as no antibodies are available 

for this protein. Before I tagged CG16820 with a V5 tag, I established that tagging 

by itself did not bring any change in the function of the wildtype To protein. For 

this, I tagged both D. melanogaster To and A. aegypti To with V5 and compared 
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the results. To proteins are secreted into the hemolymph and have an N-terminal 

signal peptide. The C-terminus of the protein was hence used for the tagging of 

the transgenes. Tagged A. aegypti To (AAToV5) and D. melanogaster To (ToV5) 

showed full rescue. Tagged constructs were present at the same genomic 

location as the previously described as A. ageypti To, providing a direct 

comparison of rescue potential. These results show that the C-terminal V5 tag 

has does not affect their function, (Figure 18). 

When I expressed tagged CG16820 in a sensitized to1 background from the 

controlled genomic location mentioned before, I saw a significant rescue of the 

courtship behavior. A ToV5 positive control was added in the experiment for 

comparative analysis. There was no significant difference between the rescue 

shown by flies expressing ToV5 or CG16820V5. However, a significant difference 

was found between the wild type flies and flies expressing CG16820V5. This 

suggested that although the rescue was significant it was not as robust as shown 

by flies expressing ToV5, (Figure19).  

Of all the transgenes tested, CG13618 and CG16820 sequences share a unique 

feature at position 260, (Figure 28). A glycine was found missing in these two 

paralogs. This glycine was surrounded by bulky polar and electrically charged 

residues asparagine and aspartic acid (259N, and 261D). The absence of this 

glycine can potentially result in a steric hindrance caused by the bulky groups and 

might disturb the local motif structure. In CG13618, the residues surrounding the 

GLY260 were conserved and identical, i.e., 259N and 261D. In CG16820 
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however, 259N was replaced with serine. Most transgenes that showed rescue 

had a conserved Asparagine at position 256. In CG16820 this was replaced with 

Glycine. This region, Motif 2, is important as it is a conserved region in only To 

family of proteins and is mostly hydrophilic (see later). It is possible that residues 

in these regions interact with downstream proteins and might explain why 

CG16820 does not show a courtship rescue that is as robust as that seen in other 

transgenes. 
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Figure 17:  Paralog CG16820 (random insert) cannot rescue the courtship 
behavior of to1 mutants. to1 heterozygous males show  robust courtship 
(Green).  to1 homozygous mutant males in fru heterozygous background have 
severely reduced courtship (Yellow and Orange). Lsp-Gal4 was used to drive 
the expression of UAS-CG16820 in the to1 mutant background. This UAS-
CG16820 is a random insert at an unknown genomic location.  A significant but 
very weak rescue was observed with this particular UAS-CG16820 construct.  
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Figure 18: V5 tagged A. aegypti To and D. mel To significantly rescue the 
courtship behavior of D. melanogaster to1 mutants. A. aegypti To and D. 
mel To were tagged with a V5 peptide at the C-terminus. Courtship assays 
were performed as previously described. Complete rescue was seen with both 
constructs.  A total of 20 pairs were examined for each genotype. Courtship 
index (Y-axis) (S.E.M) was calculated by recording the time male spent 
courting a female within the 10 minute observation period. Mutant flies have a 
reduced courtship index that is significantly lower than the positive control in 
green (p<0.001). Tagged A. aegypti ToV5 and D. mel ToV5 significantly 
rescued the behavior (p<0.001). There was no significance found between wild 
type (green) and rescue (blue).   
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Figure 19: V5 tagged CG16820 shows significant but less robust rescue 
than D.mel ToV5 mutant. The UAS-CG16820V5 construct used for this 
experiment was at the same genomic location as D. mel ToV5 (VK22). 
Courtship Indices (+S.E.M) of experimental males are shown on the Y-axis and 
genotypes of the males tested are shown below each lane. to1 heterozygous 
males show a robust courtship (Green).  to1 homozygous mutant males in fru 
heterozygous background have severely reduced courtship (pale yellow). Lsp-
Gal4 was used to drive the expression of V5 tagged CG16820 in to1 null 
background. Total of 20 pairs per genotype was scored. Courtship was scored 
for ten minutes. V5 tagged CG16820 showed a significant but less robust 
rescue than D.mel ToV5. 
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3.5 The Epiphyas postvittana To homolog  can rescue to1 

mutants 

To and hJHBP families have been proposed to have a similar structure. This was 

explained by similarities in To and hJHBP protein sequences and more recently 

by the crystal structure of a To family member from the light brown moth E. 

postvittana. When I performed a preliminary sequence analysis using genome 

specific NCBI-BLAST, E. postvittana To was found to be the closest to CG13618 

of all the tested homologs, (Figure 20). Among all D.mel To members, the closest 

homologs are however CG2650 and CG10264. Based on sequence similarity to 

CG13618 I hypothesized that E. postvittana To homolog might also rescue 

courtship defects of to1 mutants. This experiment was also aimed at providing 

support to the notion that D. mel To has a similar structure as E. postvittana To 

homolog. On expressing the E. postvittana To homolog using our fat body specific 

driver I found that it could completely rescue the courtship defects of to1 mutants, 

(Figure 21). This result strongly implies that the D.mel To structure is similar to E. 

postvittana To structure.  This result gave us an impetus to model To sequence 

onto the E. postvittana structure and study the sequence structure function 

relationships.  
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Figure 20: Phylogenetic tree representation of tested 
TO homologues.  E. postvittana To (PDB: 3E8T) 
sequence was closer to CG13618. Phylogenetic tree 
depicting relationships between TO paralogs and E. 
postvittana To 
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Figure 21: E. postvittana To (PDB: 3E8T) can functionally complement 
for To in D. melanogaster.  Courtship Indices of experimental males are 
shown on the Y-axis and genotypes of the males tested are shown below 
each lane. to1 heterozygous males show  robust courtship (Green). to1 

homozygous mutant males in fru heterozygous background have severely 
reduced courtship (yellow). Second chromosome fat body driver Lsp-Gal4 
was used to drive the expression of V5 tagged E. postvittana To. A total of 
20 pairs per genotype were scored. Courtship was scored for ten minutes. 
V5 tagged E. postvittana To shows a complete rescue of to1 mutants.  
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3.6 Sequence - structure analysis of To, AATo and CG13618 

protein sequences 

 

Based on our functional complementation results from different To homologs I 

carried out a sequence- structure analysis to assess conserved residues and their 

relevance. My goal was to understand under what functional constraints To family 

members have evolved and where the conserved residues are in D. mel To family 

members.  Structure based sequence alignments can provide intricate information 

about a protein structure and help explain important functional properties. 

Although we saw complete rescues with A. aegypti To,  CG13618, CG16820 and 

E. postvittana To homologs, these homologs might be differing in function in their 

own physiological context, e.g., expression, solubility, ligand specificity, etc. It is 

thus important to know the structural context of residues. For example, the 

location of gaps in a protein sequence, complimentary mutations, clusters of 

closely interacting amino acids and their location on the structure are informative. 

Especially in a highly diverse yet structurally similar superfamily like hJHBP to 

which To belongs, it can provide important clues about the ligands binding to 

these proteins.  

 

Because I saw a complete rescue with E. postvittana To I decided to use the 

crystal structure of E. postvittana as a template to model D. mel To sequence. 

Behavioral rescue experiments along with homology modelling and 
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Ramachandran Plot Analysis, which identifies residues in conflict in a protein 

structure, supports a similar yet not identical structure for D. mel To.  

 

3.7 Homology Modeling of To on E. postvittana To Crystal 

Structure 

I have already shown that E. postvittana can rescue to1 mutants. The sequence 

identity of the E. postvittana To homolog was approximately 31% compared to D. 

mel To. This is close to the minimum-required sequence identity for a good 3D 

model. The sequence coverage was about 90% suggesting that this is a good 

template to start with. I used the Swiss Homology modeling online server 

(http://swissmodel.expasy.org/) for Homology Modeling (Figure 22). The template 

used for E. postvittana is 3E8T which was crystallized in a prokaryotic expression 

system. Using that server I retrieved the structure with best QMEAN score values 

(QMEAN – Quality Model Energy Analysis Score) (Benkert et al., 2008). The 

modeled PDB structure was downloaded and visualized with the help of protein 

visualization software CHIMERA. Most residues were found in favorable regions 

as assessed by Ramachandran Plot analysis by the MOLPROBITY server 

http://molprobity.biochem.duke.edu, (Figure 22) (Davis et al., 2007).  

 

http://swissmodel.expasy.org/
http://molprobity.biochem.duke.edu/


65 
 

 

 

 

 

 

Figure 22: Homology Modelling of D. melanogator TO on the E. postvittana 
Crystal structure (3E8T). D. mel To sequence was modeled onto the structural 
template of the E. postvittana crystal structure (PDB ID – 3E8T) using SWIZZ 
homology modeling server http://swissmodel.expasy.org/. The quality of the 
structure and residue conflicts were evaluated using MOLPROBITY 
(Ramachandran Plot Analysis) 97.7% of all residues were found in favorable 
regions. 



66 
 

3.8 Mapping conserved residues in rescue constructs on the To 

modeled structure – Structural importance of conserved 

residues 

Multiple sequence alignment analysis of To homologs in D.melanogaster shows 

many conserved residues (Figure 23).  To homologs in D. melanogaster like other 

To members from other species have conserved Motifs 1 and 2, a characteristic 

of the to gene family (Figure 23). The most conserved residues were the two N-

terminal cysteines which are a conserved feature of both hJHBPs and the TO 

family. 

Glycines (red) and prolines (Blue) were also highly conserved suggesting a similar 

mechanism of ligand capture and conformational changes post ligand binding. 

The glycines (red) surrounding the hydrophobic motif 1 (Light green) were also 

conserved. Glycines in protein structures impart structural flexibility. In the To 

structure these glycines are suggestive of movement of the hydrophobic loop 

(motif 1), perhaps in trapping the ligand (Figure 24).   

The other residue that was highly conserved and is facing the hydrophobic cavity 

was Tyrosine (Y, Tyr) 192 (Figure 24) (Yellow). This was also conserved in E. 

postvittana. In some paralogs Tyr192 was found to be replaced with 

phenylalanine (F, Phe). Both Tyr and Phe have the ability for stacking interactions 

which they share and hence are easily interchangeable, unless the requirement 

of Tyr is as a hydrogen donor (Fujimoto et al., 2013; McGaughey et al., 1998). Tyr 
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at this position seems to be highly conserved in To proteins from other insects, 

e.g., Bombyx mori, Papilio xuthus, Danaus plexippus (Monarch butterfly). This 

residue might be important for ligand binding and stabilization.  

I found that most rescue constructs along with most paralogs had a hydrophobic 

C-terminal helix. Based on the structure and sequence alignment, I extracted the 

helical sequence from each To homolog and checked for amphipathicity (residues 

278 to 308) i.e., arrangement of hydrophobic residues on one side of the helix. I 

used HELIQUEST software, freely available online, to perform the analysis 

(Gautier et al., 2008).  I found that most paralogs have a amphipathic C-terminal 

helix (Figure 25). Thus, even though their sequences are not conserved they are 

conserved in secondary structure properties providing grounds for a highly 

conserved three dimensional structure.  

I carried out multiple sequence alignment of all the transgenes tested using the 

online alignment, secondary structure prediction and visualization tool PRALINE 

(Figure 26) (Simossis and Heringa, 2003).  Based on sequence- structure 

analysis of To homologs I found a region in D. mel To which was hydrophilic and 

showed variability in other tested homologs (residues 135 to 142, SQGESSS). I 

morphed modeled D. mel To onto original E. postvittana To for easy structural 

visualization of difference in loops (Figure 27). The Loop is shown in red. The 

sequence SQGESS is found in the loop (positions 130-142).  Serine residues 

have shown to affect the solubility of protein, thus this serine rich loop in To might 

affect its solubility in hemolymph, (Figure 29).  
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Figure 23: A WEBLOGO report of multiple sequence alignment of D. 
melanogator To paralogs.  Each logo consists of stacks of symbols, one stack 
for each position in the sequence. The overall height of the stack indicates the 
sequence conservation at that position, while the height of symbols within the 
stack indicates the relative frequency of each amino acid. In red brackets are 
shown two conserved motifs characteristic of To gene family. Motif 1 was mainly 
hydrophobic whereas Motif 2 consisted of polar residues.  
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Figure 24: Highly Conserved residues in To paralogs. A) Cysteins 
(Orange) were conserved in To as well as in hJHBPs. These form a di-
sulphide bond between the N-terminal loop and Helix. The loop and the helix 
together form the “Gate” of the hydrophobic cavity. They were present at the 
N-terminus. GLY (Red) and Prolines (Blue) were present at the “hinge” 
region, perhaps involved in in movement of the N-terminal “gate”.  This 
mechanism has been proposed for hJHBPs (Suzuki et al., 2011).  B) Motif 1 
and 2 are shown in light and dark green respectively. Motif 1 (Light green) 
forms a hydrophobic loop with conserved GLY (Red) surrounding the 
residues in the loop. TYR192 is shown in yellow. This residue is highly 
conserved in the to gene family.  Motif 1 and 2 are proposed to interact with 
each other and perhaps close the cavity.  Residues chosen for mutations 
were present at the very end of the protein.  
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Figure 25: Amphipathicity of the C-terminal Helix in To homologues. The 
To family of proteins has a long hydrophobic cavity. Hydrophobic residues 
are present in β-sheets surrounding the cavities. The C-terminal region in 
most homologues shows no strict conservation of residues. Based on the E. 
postvittana crystal structure, helix sequence was retrieved (resdiues 278-
308) from different To homologues and analyzed for amphipathic nature 
using online server HELIQUEST (http://heliquest.ipmc.cnrs.fr/) (Gautier et al., 
2008).  Most To homologues have an amphipathic helix. Hydrophobic 
residues are shown in yellow which line up on one side of the helix facing the 
cavity. Note: - Amphipathicity of C-terminal helix in paralog CG13618 is 
shown later in relevance to tested transgenes. 
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Figure 26: Multiple sequence alignment of tested transgenes: - A. aegypti 
To, CG13618, CG16820, E. postvittana To. Motif 1 (residues 195 to 202) and 
Motif 2 (residues 256 to 275) show highest conservation.  Glycines at position 
189, 205 and 231 surrounding Motif 1 were also conserved. Position 191 was 
occupied by either Tyr or Phe (Phenylalanine) and is perhaps involved in 
providing specificity to the unknown ligand. Positions 135 to 141 were of variable 
length in different tested homologues.  
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Figure 27: TO homologues show variability in one of the loop 
(Residues 135 -141) Modeled D. mel To was morphed over the original 
E. postvittana To crystal structure using the CHIMERA – MORPH tool. 
Structure based sequence alignment shows a difference in length of this 
loop region.  D. mel To has hydrophilic regions in this loop that are mainly 
Ser. This region might be important for the solubility of these proteins.  
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3.9 To Motif 2 mutant loses part of the ability to rescue To 

mutants.  

Based on previous studies and my sequence - structure analysis of the rescue 

constructs I next made a motif 2 mutant of To to establish the importance of 

conserved residues in that region for To function. Motif 1 is hydrophobic and 

buried inside. I took a conservative approach of not mutating the hydrophobic 

residues in motif 1 as they might disturb the structure, hence I chose to examine 

the Motif 2. Crystallographic data show that Motif 1 and 2 interact with each other 

through hydrogen bonds (Hamiaux et al., 2009). In addition, Motif 2 has residues 

that are exposed to the solvent and are highly conserved, Figure 28, shows a 

comparison of Motif 2 sequences in all previously tested transgenes.  I compared 

the sequence of Motif 2 in all transgenes tested and chose the indicated residues 

(Yellow) to mutate amino acids at positions 256, 258, 259, 266 and 271, (Figure 

28). I performed in-vitro mutagenesis and replaced all these residues with 

Alanine. This motif 2 mutant construct (toMot2) was then tested for its ability to 

rescue the courtship defect, (Figure 9).   

The results show that to motif 2 mutant (toMot2) was no longer capable of full 

rescue but showed only partial rescue. Rescue with tagged D. mel ToV5 was 

carried out simultaneously as positive control, (Figure 29). These data indicate 

that the mutated residues in loop 2 are important for To function. 
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Figure 28:  Sequence alignment of Motif 2 in all tested To homologs 
and residues chosen for site directed mutagenesis in D. mel TO 
(below). Sequence alignment for all tested transgenes was carried out 
using PRALINE). Residues in Red are identical in all five transgenes 
tested. Residues which were at the bottom of the protein and predicted to 
be exposed were chosen for site directed mutagenesis.  CG16820 
sequence was missing many bulky residues in this motif- Asparagine at 
position 256 and 259, Aspartate at position 266 and Phenylalanine at 
position 271. Residues at these positions were mutated to Alanine 
including Phenylalanine which was conserved in all transgenes at position 
258. Conservation scores generated by the program are mentioned below 
the sequences and color coded. Higher score is given to residues which 
show strong conservation.  
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Figure 29: To Motif 2 mutant construct partially rescues the to1 
mutant phenotype. Courtship Indices (S.E.M) of experimental males are 
shown on the Y-axis and genotypes of the males tested are shown below 
each lane. to heterozygous males show a robust courtship (Green).  to1 
homozygous mutant males in fru heterozygous background have 
severely reduced courtship (yellow). The second chromosome fat body 
driver Lsp-Gal4 was used to drive the expression of the V5 tagged ToMot2 
construct (toMot2) in the   to1 null background. A total of 20 pairs per 
genotype were scored for ten minutes.  
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3.10 Hemolymph Juvenile Hormone Binding Protein from 

Silkworm Bombyx mori can partially rescue To function 

No hJHBPs have been identified in D. melanogaster so far. The only related 

sequences are To family members proposed to function as a JHBP in D. 

melanogaster. It has been established in different studies that TO not only affects 

courtship behavior but also influences life-span and feeding behavior.  (Bauer et 

al., 2010; Chamseddin et al., 2012; Galikova and Flatt, 2010). Both increase and 

decrease of To protein levels affect courtship behavior adversely. The reduction 

in courtship index in To overexpressing flies can be corrected via applying the 

Juvenile hormone analog Methoprene (Chamseddin et al., 2012). We have shown 

that the genetic knockdown of the enzyme Juvenile Hormone Methyl Transferase 

(JHAMT), an enzyme involved in JH synthesis, using RNAi also reduces courtship 

index significantly (Thilini Wijesekera 2015, unpublished). Moreover, application 

of precocene, a JH synthesis inhibitor, post-eclosion enhances mating efficiency 

in male fruit flies (Argue et al., 2013). The described phenotypes are consistent 

with an involvement of JH in To function and suggest that To might acts as a JH 

binding protein. Therefore, I tested if hJHBP from Bombyx mori could rescue To 

mutants. On expressing hJHBP using the fat body specific driver the to1 associated 

defects in courtship behavior were partially rescued. ToV5 was used as a positive 

control and the results show that rescue with hJHBP was significantly less than 

the rescue with ToV5 (Figure 30). This partial rescue suggested that To proteins 

share functional characteristics with hJHBPs.  
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Figure 30: hemolymph Juvenile Hormone Binding Protein from Silkworm 
Bombyx mori can partially rescue to1 mutant phenotype. Courtship Indices 
(S.E.M) of experimental males are shown on the Y-axis and genotypes of the 
males tested are shown below each lane. to1 heterozygous males show robust 
courtship (Green). to1 homozygous mutant males in fru heterozygous 
background have severely reduced courtship (yellow). Second chromosome fat 
body driver Lsp-Gal4 was used to drive the expression of V5 tagged hJHBP in 
the to1null background. A total of 20 pairs per genotype was scored. Courtship 
was scored for ten minutes. hJHBP was partially able to rescue the courtship 
defects of to1 mutants.  
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3.11 Comparison of To and hJHBP structures  

Following the partial behavior rescue seen by hJHBPs, I carefully examined the 

sequences of D.mel To and hJHBPs (Figure 31). I was particularly interested in 

examining   the structural similarities between To and hJHBPs and to evaluate if 

To might be able to bind JH or other Juvenoids. Based on sequence alignment I 

found that JHBPs and To share conserved glycines and prolines suggesting a 

similar mechanism of functioning, i.e., similar mechanism of ligand binding and 

perhaps undergoing a similar conformational change post-ligand binding (Suzuki 

et al., 2011). The information about conformational change can be deduced from 

the conserved glycines surrounding the Motif 1 Loop from position 131 to 138. 

The two structures are quite similar as shown in, (Figure 32).  hJHBPs also have 

a C-terminal amphipathic helix like To proteins (Figure 33). This shows that 

although this superfamily is diverse and sequence alignments don’t show a strong 

conservation in residues, the regions are conserved in their properties, for e.g., 

hydrophobicity of the C-terminal helix.  
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Figure 31: Sequence alignment of D.mel To and hJHBP from Bombyx 
mori. Sequence alignment was done using PRALINE. Residues in red are 
identical. To and hJHBPs were more similar at the N-terminal regions. 
Identical residues were interspersed throughout the length of the two 
sequences.  Percentage identity between the two proteins is really low - 
15.96% as calculated by CHIMERA. Few residues in Motif 1 of To (position 
130 -140) are similar to hJHBPs suggesting conserved functionality. Only 
two residues in Motif 2 in To were identical to hJHBP (Position 190 – 217).  
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Figure 32: Comparision of modeled D. mel To and hJHBP 
from Bombyx mori.  Conserved glycines and prolines occupy 
strategic positions. In red are shown all conserved residues in To 
and hJHBPs. The two glycines surrounding Motif 1 are conserved 
in both structures. It has been proposed that this loop undergoes 
conformational change post ligand binding.  
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Figure 33: C-terminal helix in hJHBP is also 
amphipathic. D. mel To and hJHBP sequences were 
aligned using praline and the sequence of the C-terminal 
helix was extracted and analyzed by HELIQUEST. 
hJHBPs like other tested homologues show hydrophobic 
residues aligned towards the cavity.  
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Chapter 4: Discussion 
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4.1 Distant Homologs can Substitute for Takeout 

The mating ritual of male D. melanogaster has been well studied and 

characterized. It requires input from many different peripheral sensory modalities 

and their careful integration. In response the motor output is what we see as a 

behavior. Successful execution of courtship behavior is dependent on both 

external and internal factors. External factors include time of the day, social 

interactions etc. and internal factors include feeding and hunger status, age, 

experience etc.  In D. melanogaster, a protein that acts at an intersection of 

circadian, feeding and courtship behavior is Takeout. Takeout is induced by 

starvation and regulated in a circadian manner. It is secreted by the fat body 

surrounding the adult male brain that controls courtship behavior. Twenty three 

paralogs of To have been reported in D. melanogaster. In many other insects they 

exists as a gene family.  In this study, using D.melanogaster courtship behavior 

as an assay system I tested the functional significance of To gene family members 

in insects. I show that distant To homologs of varying sequence diversity can 

functionally substitute for D.mel To. To homologs tested belonged to the orders 

of both Diptera and Lepidoptera. Functional rescue was seen with To from two 

different species, A. aegypti (Dipteran) and Epiphyas postvittana (Lepidopteran), 

and two To paralogs, CG16820 and CG13618. Phylogenetic analysis placed D. 

mel To and A. aegypti To in the same orthologous cluster suggesting that they 

might be able to functionally complement for each other. This was indeed the 

case. The rescue with UAS-CG13618 and UAS-CG16820 transgenes that were 
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present at and expressed from random genomic locations on the second 

chromosome showed interesting results. CG13618 completely rescued the 

mutant behaviors of To mutant flies. However, CG16820 showed a weak rescue. 

In contrast, on expressing CG16820 from the same genomic location as UAS-

A.aegypti To I saw a significant rescue, although the rescue was not as robust as 

D.mel To which was used as a positive control in the experiment.   

Based on my results and sequence analysis of homologs, I concluded that these 

proteins have the potential to bind similar ligands and perhaps interact with similar 

downstream proteins. It has been suggested that these proteins can bind 

hydrophilic ligands. Due to the evident promiscuity of the ligand binding cavity as 

evidenced by the Epiphyas postvittana To homolog co-crystallization results it is 

difficult to pin-point the exact nature of the ligand in the absence of specific ligand 

binding studies. However, due to their relationship with hemolymph juvenile 

hormone binding proteins it is at least likely that To members might bind Juvenile 

hormone and/or its derivatives. Since there are no dedicated hJHBPs in D. 

melanogaster its possible that To itself has adopted the role of JHBP and might 

serve to protect JH from degradation and targeting to specific cells. More support 

in favor of To as hJHBP in D. melanogaster comes from studies which show that 

both To and JH share and regulate common biological processes that include 

courtship behavior, longevity, aging and feeding behaviors (Yamamoto et al., 

2013).  
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An independent study aimed at identifying glycosylated proteins in D. 

melanogator fly heads identified several glycosylated To paralogs in fly heads 

(Baycin-Hizal et al., 2011). These paralogs were CG13618, CG16820, CG11853 

(to), CG5867, CG17189 and CG10407 (Baycin-Hizal et al., 2011). The To 

proteins are likely to be secreted proteins as they all have a signal sequence and 

they rescued in my experiments when expressed in the fat body. However, in their 

natural context, they may be acting locally and their site of expression may be of 

functional significance. They could be present in glia, trachea, antennae or 

labellum. To family members from other species have been documented in 

antennae and labellum (Bohbot and Vogt, 2005; Corcoran et al., 2015; Fujikawa 

et al., 2006; Jordan et al., 2008; Rund et al., 2013). The expression patterns 

suggest that these are important proteins that might convey crucial message 

about physiological status to peripheral neurons involved in gustation and 

olfaction. In fact one study shows that to mutants are unable to increase their 

gustatory perception in response to starvation (Meunier et al., 2007). Different 

family members might act locally and influence the tissues nearby by responding 

to levels of JH circulating in hemolymph in response to starvation (Perez-Hedo et 

al., 2014) or other factors, for example circadian rhythms.  To protein levels were 

found to be under control of circadian rhythm in at least two different species of 

Diptera., D. melanogaster and An.gambiae, and their expression levels correlate 

with increased feeding activity and olfactory sensitivity in female mosquitoes 

(Rund et al., 2013). The A. aegypti To orthologue was found to be enriched in 
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male antennae similar to D.mel To, along with Odorant binding protein OBP10 

(D.mel OBP 56 family) suggesting a link between chemoreception and feeding 

(Bohbot and Vogt, 2005). E. postivittana is an agricultural pest which is spreading 

in many parts of the world. Like other animals it employs odor and pheromonal 

perception to find food and mates for reproducing. Quite recently a 

transcriptomics approach quantified many expressed transcripts in Epiphyas 

postvittana antennae. Of the many transcripts, 18 transcripts belonged to 

To/JHBP superfamily (Corcoran et al., 2015; Jordan et al., 2008).  

In D. melanogaster primary peripheral neurons have been reported to be Fru 

positive (Yu et al., 2010). Subsets of olfactory and gustatory neurons were found 

to be Fru positive (Yu et al., 2010). Our lab has shown that the to1 phenotype is 

enhanced in fruitless (fru4) heterozygous background (Dauwalder et al., 2002). 

This result could be attributed to altered olfactory or gustatory sensitivity in To 

mutants. Since many To paralogs are sex-preferentially expressed and fru 

mutants have been shown to affect To amounts, it would be interesting to examine 

the amounts of other paralogs in fru heterozygous animals. Further, It would be 

interesting to investigate which specific neurons respond to To deficiency and if 

they are fruitless positive or not. It has been reported that in many Lepidoptera 

and Diptera species JH synthesis decreases during starvation (Perez-Hedo et al., 

2014; Zhu et al., 2008). It is unknown how JH affects the sensitivity of peripheral 

neurons. It would be interesting to examine how JH modulation affects these 

neurons, perhaps affecting males and females differently, or how JH affects 
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changes in response to starvation. Studies could be undertaken with flies mutant 

for different to family members to examine if neurons belonging to different 

modalities are affected differentially. A study in beetles established that Dsx and 

JH interact with each other to give rise to sexual dimorphism of horn length (Gotoh 

et al., 2014). It would be interesting to examine if JH affects the development of 

either Fru or Dsx positive neurons. Since requirement of To in mating behavior is 

adult specific and To might be the hJHBP in flies, it would be interesting to 

examine how JH acutely regulates courtship behavior or other behaviors.  

 

4.2 To Motif2 Mutant and hJHBP can partially rescue the to1 

mutant phenotype 

Based on the sequence comparisons and structural information on To proteins I 

constructed a To Motif 2 mutant (toMot2) that had five point mutations. This mutant 

was only partially able to rescue To function. Motif-1 and Motif-2 are signature 

motifs of the To protein family and they are partially conserved in hJHBPs. My 

sequence alignments show that the residues in this region, though different, do 

not change the overall structure. Both proteins assume a similar shape and share 

many conserved features. The resilience in this structure may come from the 

hydrophobic residues that line the cavity in both beta-sheets and the amphipathic 

C-terminal Helix.  
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Although hJHBPs are different from To family members they share some common 

features. Sequence-structure alignment suggests a possible common mechanism 

of ligand binding and conformational change. However, residues that interact with 

JHIII and JHII in JHBPs are not strictly conserved in the To family. My sequence-

structure analysis showed that To lacks the strictly conserved YGY residue triad 

in hJHBPs that is involved in JH binding, it possesses similar residues in that 

region, namely SFS. Serines could form hydrogen bonds with the epoxide motif 

in JH and phenylalanine could provide stacking interactions to stabilize JH 

binding. Based on this analysis I have constructed a To mutant that lacks the SFS 

residues and it will be interesting to see if it rescues the To mutant phenotype.  

I saw a partial rescue of to1 mutants with B.mori hJHBP. The incomplete rescue 

was similar to the To Motif 2 mutant that lacked conserved residues in Motif -2. 

The partial rescue with hJHBPs could be attributed to the lack of conserved 

residues in the region which aligns with Motif 2 of the To family. The fact that the 

hJHBP from Bombyx mori can partially rescue To function suggests that it might 

be binding JH in D. melanogaster. It is important to note that whatever the ligand 

is it can fit in the smaller cavity of hJHBP, since in hJHBPs the cavity is broken 

into two small cavities at either end, whereas in the To family the cavity spans the 

entire protein.  Its has been shown that in hJHBPs that the cavities have highest 

affinities for JHIII and absolutely require an epoxy moiety (Fujimoto et al., 2013; 

Hamiaux et al., 2013; Hamiaux et al., 2009; Suzuki et al., 2011).  
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Interestingly, both JHBPs and To members are present in Lepidopterans, 

(Vanaphan et al., 2012), wheras Dipterans only have To proteins.  A possible 

explanation for the absence of hJHBPs from the Diptera species investigated so 

far could be the low dependence on JH during larval molts and pupation or 

perhaps presence of a different JH derived substance in Dipteran, for example 

Methyl Farnesoate or JHBIII (Harshman et al., 2010; Richard et al., 1989; Wen et 

al., 2015). hJHBPs that have been characterized are usually limited to a single 

copy in the genome and bind JH specifically. However, the To family consists of 

many members in a particular species. Rescue with such diverse homologs might 

suggest that these homologs are binding to a similar ligand perhaps in a non-

specific manner, as no conserved residues exists in the proposed ligand binding 

pocket. The conserved motifs 1 and 2 interact with each other leaving a 

hydrophobic path open to the surface which has been suggested to assist in 

ligand delivery or release (Hamiaux et al., 2009). This suggested mechanism of 

ligand release from To proteins is different from suggested mechanism of ligand 

release of hJHBPs. In hJHBPs dielectric constant changes have been suggested 

to trigger the release of JH (Fujimoto et al., 2013; Suzuki et al., 2011). 

The relationship between To and Juvenile hormone is a difficult one to establish. 

To might act as a JHBP in Dipterans and protect JH in a similar way as hJHBPs 

in lepidopterans. Also, It might target JH to specific locations and interact with 

specific receptors in the process. Conveivably, To along with its ligand, that could 
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be JH, might act as a hormone and work in similar fashion as OBP-LUSH. This 

would suggest a more acute control of peripheral neurons by internal physiology.  
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