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Abstract 

In dipterans, the Hox protein Ultrabithorax (Ubx) specifies haltere fate in the 

third thoracic segment by repressing wing fate. While orthologues of Ubx are 

expressed in other insects such as Apis (Hymenoptera), Bombyx (Lepidoptera) and 

Tribolium (Coleoptera), it specifies haltere only in flies. The underlying cause behind 

this is differential regulation of target genes. Previous studies have shown that in-vitro 

all Hox proteins bind to similar ‘AT’ rich DNA sequence with similar affinity but in-vivo 

are very specific towards their target genes. Interaction with co-transcription factors 

can achieve this in-vivo specificity. Ubx is known to be interacting with other partner 

proteins to regulate the expression of its target genes differentially, and the interaction 

can be different in different insect species. There are various ways by which Ubx can 

regulate its target genes one of which is by direct physical interaction with the co-factor 

proteins. 

The current study aims at the direct physical interaction between Ubx and its 

cofactors in species of Drosophila in comparison with other species like Tribolium 

castaneum, Apis mellifera and Bombyx mori. This study includes prediction of 

interactions between Ubx and cofactors and identification of structural constraints on 

their binding sites using homology modeling. Later Based on the separation of binding 

sites of Ubx and a putative co-transcription factor in various species, we can comment 

on the evolution of Ubx-cofactor interactions that mediate gene regulation across 

different insect species. This can help in understanding the evolution of Ubx- cofactor 

interaction. 
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Chapter 1 

1 Introduction 

Over the course of evolution in arthropods, body plan has undergone 

modification and resulted in a divergence of appendages. They have the largest 

diversity of species among which insects have evolved flight over time. There are 

differences in flight appendages across insect species. These differences arise from 

segmental diversity, and the underlying cause of this is the evolution of Homeotic 

(Hox) genes(E. B. Lewis 1982). Hox genes are expressed along the anteroposterior 

(AP) axis forming the segmental boundary of the appendage morphology. They are 

transcription factors which bind to DNA and regulate expression of a specific set of 

genes in specific segments. 

Dipterans have diverged from these primitive four-winged insects. The diversity 

in the flight appendages ranges from two pairs of identical wings in primitive insects to 

dipterans with a pair of wings and a pair of halteres. The divergence of species over 

450 million years is shown in Figure1. Dipterans have a set of genes which suppress 

the formation of the second pair of wings.(Weatherbee et al. 1998a)(Weatherbee and 

Carroll 1999). These genes are regulated by a specific hox gene, but the mechanisms 

by which they are regulated are not well understood.  

 

  

Figure 1 Divergence of arthropods over the course of 450 million years ago (adapted 

from Honey bee genome sequencing consortia, 2006)  
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1.1 Development and role of Homeotic genes- 

During the process of development of an organism, the basic mechanisms of 

axis formation and body plan organization are well conserved across animals with 

bilateral symmetry. Insects have the characteristic segmented body plan, and the 

sequential expression of different sets of genes establish the body plan along the 

anteroposterior (A-P) axis. Hox genes which are spatially expressed along AP axis 

plays a central role in specifying segment identity. Hox genes are functionally 

conserved across animals because they are formed by series of duplication and 

divergence events over time.(Maconochie et al. 1996) 

Hox genes were first identified based on the phenotypes exhibited by mutations 

in them. Mutations in a typical hox gene causing gain or loss of function can result in 

the conversion of one body part along body axis into another and the transformations 

caused are known as homeotic transformations. For example loss of function 

mutations in Ubx in Drosophila causes haltere to wing transformation in the third 

thoracic segment. (E. B. Lewis 1982). Hox genes encode for transcription factors 

which have homeodomain as their DNA binding motif.  Which regulate genes involved 

in the different developmental process such as AP axis segmentation, cell-cycle 

regulation, differentiation, etc. 

Drosophila has eight Hox genes which are classified into two major complexes 

namely the Antennapedia complex (ANT-C) and the Bithorax complex (BX-C). ANT-C 

complex includes labial, proboscipedia, deformed, sex combs reduced and 

Antennapedia which control the identity of the head to the second thoracic segment. 

BX-C includes Ultrabithorax (Ubx), abdominal-A and abdominal-B they are expressed 

from part of second thoracic segments to the abdominal segments.(Hughes and 

Kaufman 2002). The expression patterns of Hox proteins are shown in Figure 2 from 

embryo to adult stage. 

Hox proteins contain a conserved domain called as Homeodomain which acts 

as DNA binding domain of these transcription factors. They bind and regulate the 

specific subset of target genes in an organism. Studies have shown that 

homeodomains cannot dictate DNA-binding specificity on their own. Indeed they bind 

to similar "AT" - rich DNA binding sites.  In-vitro experiments have shown that 

homeodomains bind to similar degenerate TAAT core DNA sequence.. However, in-
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vivo they are very specific towards their target selection. (Mann, Lelli, and Joshi 2009) 

This is the so-called Hox paradox which is still unanswered. 

 

 

 

 

 

 

Figure 2: Expression patterns of Hox genes in Drosophila melanogaster embryo to adult 

along anteroposterior axis and in the imaginal discs. (Courtesy: Hughes et.al., 2002) 
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1.2 Ultrabithorax (Ubx) – 

One of these hox proteins Ultrabithorax which are part of Bithorax complex is 

expressed in posterior part of T2 and T3 in the thorax In Drosophila embryos as well 

in larval stages. (Akam and Martinez-Arias 1985; Weatherbee et al. 1998b). In case 

of Drosophila, Ubx in the T3 segment is responsible for the development of halteres 

by suppressing the default wing fate. Because overexpression of Ubx in T2 leads to 

the formation of haltere and removal of Ubx from T3 can alone cause haltere to wing 

transformation leading to a four-winged fly. Figure 3 shows different phenotypes with 

the absence of Ubx in T3 showing four-winged fly whereas overexpression of Ubx in 

T2 showing zero winged fly. This  shows that Ubx is necessary and sufficient to cause 

the transformation.(Akam and Martinez-Arias 1985) 

Ubx in other insects species shows more or less similar expression pattern 

(Figure 4). In Apis mellifera embryos the expression pattern is similar to that of Ubx in 

Drosophila embryos.(Walldorf, Binner, and Fleig 2000) Ubx expression in Tribolium at 

the end completion of germ band elongation stage is detected in from parasegment 

five to parasegment sixteen with highest in the first abdominal segment. Moreover, in 

Bombyxmori Ubx expression is from third thoracic segment to ninth abdominal 

segment.(Masumoto and Yaginuma 2009) 

The expression of Ubx in Drosophila in wing imaginal discs is limited to 

peripodial membrane and in the halters it is almost everywhere. In case of Apis 

mellifera, more Ubx is present in hind wings compared to forewings. In Tribolium, Ubx 

expression is higher in the wing compared to that of elytron.(Tomoyasu, Wheeler, and 

Denell 2005; D. L. Lewis, DeCamillis, and Bennett 2000) 

Ubx functions at multiple levels in the development of wing disc by suppressing 

various wing patterning genes(Shashidhara et al. 1999; Weatherbee et al. 1998a). 

Functionally Ubx is conserved across species because when Ubx derived from Apis, 

Tribolium and Bombyxis overexpressed in transgenic Drosophila it can induce wing to 

haltere transformation which is identical to changes caused by the overexpression of 

Drosophila Ubx.(Prasad et al. 2016) This suggests that though the function of Ubx it 

is conserved, but it is regulating different genes in different insect species. The ways 

by which Ubx is regulating different targets genes is not well understood. 
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Figure 3 Ubx Mutations in Drosophila melanogaster- left is the absence of Ubx in T3, the 

middle is wildtype two-winged fly and right panel shows overexpression of Ubx in the T2 

segment.  (Adapted from Lewis 1978) 

 

1.3 Morphological differences between T2 and T3 flight 

appendages- 

In Apis mellifera, they have wings on both second and third thoracic segments 

with smaller differences in venation patterns, and also the orientation of bristles is 

opposite which helps in interlocking wings during flight. (Walldorf, Binner, and Fleig 

2000) 

In Tribolium castaneum second thoracic segment comprise Elytra which is thick 

and pigmented which act as a protective shell and third thoracic segment has a pair 

of wings which helps in flight. (Tomoyasu, Wheeler, and Denell 2005). In Bombyxmori 

the size of the forewing and hindwing differs, the hindwing relatively smaller in size 

than forewing. (Masumoto and Yaginuma 2009) 

In D. Melanogaster wing in the T2 segment is a flattened structure composed 

of veins an interveins. Whereas The T3 segment harbors a modified wing structure, 

the haltere. It is a bulbous structure and acts as a balancing organ for flies. 

(Weatherbee et al. 1998a). In Apis and Bombyxthere are not significant differences in 

forewing and hindwing, but in Tribolium, Ubx suppresses elytra in T3 and retains wing 
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identity which is unlike in Drosophila. Figure 4 shows the differences in the wing 

morphologies across four major types of endopterygote insects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Previous studies to understand the Ubx regulated gene networks showed that 

Ubx targets genes at multiple levels of signaling pathways. Moreover, Ubx is regulating 

its target very specifically in a different organism.(Mohit et al. 2006; Shashidhara et al. 

1999; Agrawal et al. 2011a) The differential regulation of target genes by Ubx can be 

because of the evolution of following mechanisms acting together or independently 

and may explain the Ubx mediated specification of haltere fate by suppression of wing 

fate in Drosophila.s 

1) Evolutionary changes at cis-regulatory sequences of targets of Ubx. 

2) Evolutionary changes in the protein sequences of cofactors of Ubx. 

3) Evolutionary changes in the protein sequences of targets of Ubx. 

  
Figure 4 The difference in morphology of flight appendages on T2 and T3 segments. The 

above image is forewing and below is hindwing across species. In Tribolium the forewing is 

modified into elytra and in Drosophila hindwing is modified into haltere.(adapted from Zdobnov ) 
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1.4 Structure of Ultrabithorax (Ubx)- 

Ubx belongs to homeodomain family of proteins. Homeodomains are helix-

turn-helix motifs with three alpha helices with evolutionary highly conserved DNA 

binding residues.(Passner et al. 1999). Ubx consists of structured as well as 

unstructured regions. Figure 5 represents the structural domains of Ubx, starting 

from N-terminal of the protein, amino-acids 1-102 consists of short structured regions 

separated by unstructured sequences, from 103-216 is a disordered region which 

consists of activation domain. Amino acids 250-303 consists of intrinsically 

disordered regions which consists of FYPWMA motif which is known to interact in 

the case of Ubx-Exd interaction and alternately spliced microexons. The C-terminal 

of Ubx includes homeodomain and a repression domain. (Liu, Matthews, and 

Bondos 2008) 

 

 

Figure 5 Representation of Ubx Sequence –Blue: transcription activation domain, Yellow: 

YPWM Exd interaction motif, Black: homeodomain ,  (Liu, Matthews, and Bondos 2008) 

The homeodomain of Ubx consists of the structured region with 60 amino acid 

forming the helix-loop-helix structure and hexapeptide (HX) FYPWMA towards the N 

terminal of the Homeodomain and UbdA motif towards the C terminal of the 

Homeodomain. Hexapeptide and the homeodomain are connected by linker region 

whose length varies across orthologs as well as between isoforms of Ubx. (de Navas 

et al. 2011; Liu, Matthews, and Bondos 2008) 

Ubx is regulating its targets specifically which suggests that Ubx is achieving 

this specificity by interacting with other co-transcription factors. Studies have shown 

that Ubx is regulating spalt by collaborating with MAD and their binding sites are next 

to each other. (Walsh and Carroll 2007) 
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Figure 6 Ubx-Exd-DNA complex, Homeodomains of Ubx and Exd binding on opposite sides 

of DNA and the YPWM motif interacting with hydrophobic pocket of Exd with the help of a 

linker region of variable length. (adapted from Knoepfler and Kamps 1995) 

One such attempt to find the direct physical interaction between Ubx and its 

cofactors has identified a short amino-acid sequence called the hexapeptide(HX) 

forming protein complex between Ubx and binding to DNA. (Figure 6) The HX is 

required for the interaction with partners because mutations in HX fails to form a 

complex with extradenticle (exd).(Knoepfler and Kamps 1995; Foos et al. 2015). Also, 

other studies to explore the possibility of HX interacting with other cofactors such as 

Biomolecular Fluorescence Complementation experiments have shown that Hox 

proteins can bind different cofactors and HX is essential for this interaction.(Hudry et 

al. 2012; Merabet and Lohmann 2015) 

To explore the contribution of Ubx interaction with cofactors, previous studies 

have identified different cofactors or collaborator protein interacting with Ubx(Hudry et 

al. 2012), and also putative cofactors of Ubx were identified using ChIP-chip 

experiments performed previously in the lab.(Agrawal et al. 2011b) 
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This project aims at testing hypothesis that interaction of Ubx with different cofactors 

is mediating specificity of target gene regulation. 

1.5 Objectives- 

The objectives are summarised as follows: 

1) Identification of evolutionary changes in the protein sequences of 

known cofactors of Ubx in Drosophila species and compare it with 

Apis mellifera, Bombyx mori, and Tribolium castaneum. 

2) Identification of structural constraints on the binding sites because 

of interaction between Ubx and its cofactors using homology 

modeling. 

3) Identification of patterns of binding sites of Ubx and its cofactors 

on ChIP pulled down sequences. 

4) Identification of functionally relevant targets of Ubx to study Ubx-

cofactors interactions. 

This report contains series of analysis starting from identification of evolutionary 

changes in the protein sequences of cofactors using sequence alignments, which 

provided information about the conservation of proteins and their DNA binding 

domains across species. Using this information we found structural constraints on the 

binding sites using tools of homology modeling and molecular docking. With the known 

constraints on the Ubx and cofactor binding sites, we searched for the occurrences of 

transcription factor binding sites and putative target genes downstream to these 

binding sites. Later comparison of this data with ChIP-seq helped us identify 

functionally relevant targets of Ubx to study Ubx-cofactor interaction. 
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Chapter 2 

2 Materials and methods- 
 

2.1 Sequence Alignments- 

Finding orthologues of proteins-  

The cofactors of Ubx are known in Drosophila melanogaster, to find their 

orthologs in other insect species PSI-BLAST was used. 

Sequence alignments are done to find sequences of significant similarity in a 

genome or proteome database. Here sequence alignment is used to find orthologues 

sequences of proteins in protein database of NCBI. We ran PSI-BLAST to find out 

different orthologues of proteins.(Altschup et al. 1990; Z. Zhang et al. 2000). PSI-

BLAST is a Position Specific iterated BLAST where the Protein sequence from D. 

melanogaster is used as a query sequence, and then non-redundant protein database 

was searched for Apis mellifera, Bombyxmori, and Tribolium castaneum. Here we ran 

three iterations with a PSI-BLAST threshold of 0.005 and conditional compositional 

score matrix adjustment. The matrix used here is BLOSUM 62. After three iterations 

sequences with lower E-values were selected. Most of the times the proteins were 

listed as orthologues. The sequences were collected and then used for further 

analysis. 

 

Pairwise Sequence Alignments- 

Pairwise sequence alignments are used to find the conservation of protein 

sequence between D. Melanogaster and Drosophila species as well as between Apis 

mellifera, Bombyxmori, and Tribolium castaneum. This can be done using two different 

ways namely Global sequence alignment and Local sequence alignment. Global 

Sequence Alignments- 

Global sequence alignment is used to find optimal alignment over the entire 

length of the protein sequences being compared. Global alignment is preferred when 

sequences to be aligned are of comparable lengths. Global alignments are helpful 

when two sequences have detectable sequence similarity over the entire length. 

Cases where there is the insertion of the unrelated motif in a sequence the global 

alignments are not helpful.  
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For doing global sequence alignments, EMBOSS Needle (Rice, Longden, and 

Bleasby 2000; McWilliam et al. 2013) was used. The algorithm used by EMBOSS 

Needle is Needleman-Wunsch with BLOSUM 62 matrix. The other settings were used 

as the default. 

 

Local Sequence Alignments- 

 Local sequence alignments find the domain or short regions of similarities 

between a pair of sequences.  It is helpful when we are interested in finding best 

alignments between subsequences, finding conserved domains, etc. 

For Local sequence alignments, NCBI-BLAST was used.(Altschul et al. 1997; Altschup 

et al. 1990; Altschul 1991). NCBI-BLAST uses Smith-Waterman Algorithm for the 

alignments. Here we used BLOSUM 62 matrix with expected threshold 10 and word-

size was 3. The following figure shows a sample blast output- 

BLAST run gave us multiple scores based on the alignments. They are listed below. 

 

Figure 7 Sample BLAST output of Ubx 

Following entities were provided by the BLAST (Figure 7) which are listed here 

Bit score describes the overall quality of alignment; the score depends upon the use 

of the scoring system. This takes into account the variable positive scores for identities 

and positives and the penalty for the gaps. E – Value is the number of different 
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alignment with score better or equal to the bit score that is expected to occur by chance 

in a database search. Lower e-value, indicates more significant score and the 

alignment. Identities are the extent to which two amino acid sequences have the same 

residues at the same position in an alignment. Whereas positives are changes in the 

amino acids which conserves their physiochemical properties. Gaps are spaces 

introduced into alignment to compensate for insertions or deletions in one sequence 

relative to another. Aligned length is total aligned positions computed by the BLAST, 

and minimal length is the sequence length of smaller of the two polypeptides. 

 

For quantification of the similarities and difference, the following parameters were 

used- 

1. Bit score/aligned length- To assess the bit score per unit length of aligned 

positions. 

2. Bit score/ minimal length- To assess the bit score per unit length of smallest 

polypeptide among the two. 

3. Percentage Identities-Percentage score of having same amino acid at same 

positions. 

4. Percentage Positives- Percentage score of having a conservative substitution 

of amino acids at same positions 

The rationale behind using bit score/ minimal length- 

In case of two protein sequences of different lengths are to be compared. Where first 

few residues are identical, and rest is changed. Here BLAST will align first few 

positions. In case of parameters bit score/ aligned length, we will end up getting a 

higher score because of aligning only first few positions. Thus using bit score/minimal 

length, we get more realistic estimation ensuring verity in case of the proteins in which 

some protein motifs have remained identical. For example, in case of two proteins of 

varying lengths 100 and 150 amino acids respectively, the first 50 residues are 

identical, and rest are diverged thus using Bit score/aligned length we might get 100% 

identical as the aligned length shall be first 50 amino acids. Using Bit score/minimal 

length, we get realistic estimation which is 50% identical because here minimal length 

of 100 and 150 is 100. Thus this comparison parameter would be more useful. 
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Multiple Sequence Alignments- 

We used multiple sequence alignments to find the changes in the DNA 

binding domains of cofactors of Ubx across species. 

Multiple sequence alignments are used to find regions of similarities across 

multiple sequences. It helps to identify structural and functional domains. 

Multiples sequence alignments were done to compare the orthologues sequences 

across different species. Also, the different protein sequences from an organism were 

aligned in search of conserved motifs. Clustal Omega (Sievers et al. 2011; McWilliam 

et al. 2013) was used for multiple sequence alignments here, Input sequence was 

provided in the form of multiple protein sequences in Fasta file, and other parameters 

were used as default. 

 

2.2 Structure modeling- 

To find out structural constraints on the Ubx-cofactor interactions and their 

comparison across different species we used homology modeling. 

Homology modeling of protein is used to construct a protein structure model of 

a target protein from its amino acid sequences and experimentally determined 

structures of a related homologous protein. If the proteins are homologs, then they are 

likely to have similar structures. The target sequence is Protein sequence to be 

modeled in this case we use Ubx, Exd, and MAD protein sequences as Target 

sequences; Templates are homologous protein structures which are experimentally 

determined. 

The proteins which have similar structure are more likely to perform similar 

functions. Thus predicting protein structure helps in predicting the function of the 

protein. There are different steps involved which are template search, target-template 

alignment, model-building, and model evaluation. The reliability of the model depends 

upon sequence identity between target and templates. Good sequence identity gives 

more accurate and reliable models.  The models with low sequence identity have a 

higher chance of errors and can be improved using advanced modeling tools. 

For modeling the structure of proteins, three different tools were used. 

MODELLER: 

MODELLER is used for comparative protein structure modeling of protein 

structure using satisfaction of spatial restraints. (Andrej Sali et al. 1993; Marti et al. 

2000; Etheve, Martin, and Lavery 2015) 
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MODELLER allows the user to choose parameters at each step of modeling and many 

other things such as multiple template modeling, comparison of structure and 

modeling ligand in the binding site, etc. The stepwise process while using MODELLER 

is as follows 

Template search- The target sequence was searched in RCSB-PDB database using 

BLAST. For some of the cofactor, 3D crystal structures were obtained from the PDB 

database. The proteins with name and PDB ID are listed here- 

 

Protein Name PDB-ID 

Ultrabithorax 4CYC,4UUT,4UUS 

Extradenticle (Exd) 4CYC,4UUS 

SMAD 1MHD 

Engrailed 2P81 

Table 1 Proteins and their PDB IDs obtained from RCSB-PDB. 

Target –template alignment- 

After that target-template alignment was performed using align2d() command.  For 

visual inspection of the alignment files in the .pap format was used. 

Model-Building – 

Model- building command takes a target-template alignment file and template 

structure as input and gives out the number of possible models specified. 

For few of the cases, multiple templates were used to model proteins, in that case, a 

step is included before model building where structurally the templates were aligned 

using salign(). 

Model Evaluation- 

After model building, we get multiple models with different scores mainly MODELLER 

objective function (molpdf), and discrete optimized potential energy (DOPE) score was 

considered. Out of these models we selected structures with the lowest DOPE score. 

As in the above proteins, all proteins were well aligned, and there was not much 

variation in the DOPE score.After modeling the protein structures- 

To look for interaction between Ubx and cofactors when bound to DNA for that 

DNA bound structures of proteins are needed. For modeling proteins with DNA, we 

have DNA bound templates of proteins from which DNA was used as a ligand. 
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Using ligand modeling in binding sites, the extra residues for DNA were added in the 

alignment file, and further steps were performed. For proteins for which there was no 

template available or the alignment was poor I-TASSER AND Mod-Web were used, 

 

I-TASSER -Iterative Threading Assembly Refinement (Y. Zhang 2008)- 

By providing a sequence of a protein to be modeled, it identifies structural templates 

from PDB database and using multiple threading approaches and constructs atomic 

models using iterative template fragment assembly simulations. 

 

ModWeb: 

ModWeb is an online version of MODELLER (Pieper et al. 2004). ModWeb is 

an automated tool which takes protein sequence as input and builds structural models. 

Out of which best scoring model is selected. The amount of sampling of templates 

while calculating models can be controlled by assigning different fold assignment 

methods available. After modeling different proteins with their DNA bound structure, 

the analysis of structure needs to be done for that UCSF-Chimera was used 

UCSF-Chimera- 

Chimera is a Protein structure visualization tool. After building protein models, using 

this different analysis were performed. (Pettersen et al. 2004) 

Structure analysis- 

Matchmaker used for comparison of two protein structure by superimposing 

onto each other. Finding clashes/contacts finds unfavorable interaction cases where 

atoms are too close together and all kinds of direct interactions. The coulombic surface 

coloring is used to visualize the charge on the surface of protein molecules. Using 

build structure, B-DNA double helix were built with required binding sites of two 

proteins with different separation of bases. 

 

 

2.3 Molecular Docking- 

Here homology modeling provided us with possible orientation in which Ubx 

and cofactor can interact but to find out potential binding sites of hexapeptide from 

Ubx on cofactors we used molecular docking. 
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Molecular docking is used to predict possible binding sites of a peptide of 

interest by algorithms of conformational samplings and minimizing the scoring 

function. The general steps involved in the docking are Target (Proteins) selection 

ligand selection and preparation, docking and evaluation of docking results 

respectively. 

Molecular docking was used to find HX interacting with different cofactors 

Autodock-Vina  

It is an automated molecular docking tool. The steps are as follows: Ligand and 

Protein preparation by adding polar hydrogen atoms. Then minimizing the rotatable 

bonds and etting up the grid for search space of ligand binding. (Morris and Huey 

2009). After running autodock-vina multiple outputs with all possible binding sites were 

generated, out of them, we selected models with lowest binding energy. Here our 

protein is DNA binding, so the sites which overlap with DNA binding regions of proteins 

were blocked. 

CABS-dock- 

 It is an online tool which takes protein and ligand sequence as inputs and provides 

possible ligand binding sites on a protein. (Blaszczyk et al. 2016; Kurcinski et al. 2015). 

CABS-dock here was used with default settings. 

 

2.4 Transcription Factor Binding Sites (TFBS) search- 

Structural constraints obtained on the binding sites from Homology modeling for 

Ubx and cofactors can help in finding the putative target genes. To find the putative 

target genes we used TFBS search and further listed the downstream target genes. 

Transcription factors binding sites were collected from different kinds of literature 

available. 

TRANSFAC - Contains database for eukaryotic transcription factors their 

experimentally proven binding sites, consensus binding sites and regulated genes. 

(Matys 2006) 

JASPAR is an open-access database of curated and non-redundant transcription 

factor binding profiles.(Sandelin 2004) 
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All these tools provide us with either single DNA binding motif of a protein or 

position weight matrix. Which are later used to find the binding sites of the protein over 

DNA sequences. 

 

For finding a binding site python programme was written, for scanning PWM over 

genome of an organism PWM tool (http://ccg.vital-it.ch/pwmtools/pwmscan.php ) 

which scans a particular genome database when given a position weight matrix of a 

transcription factor of interest. 

We used matrix constructed from TRANSFAC and JASPAR for TFs like Ubx, Exd, 

MAD, etc. with individually to scan genome. 

Also, two matrices were combined with different distance separation up to ten bases 

to find out the instances with two Transcription factors binding sites present in the 

proximity.  The occurrences were plotted against the base separation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://ccg.vital-it.ch/pwmtools/pwmscan.php
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Chapter 3 

3 Results  
 

3.1 Identification of evolutionary changes in Ubx and its cofactors 

across species - 

Using Pairwise sequence alignments-  

Pairwise sequence alignment is used between protein sequences of Drosophila 

melanogaster and other Drosophila species as well as between Apis mellifera, 

Bombyxmori, and Tribolium castaneum. Then the obtained homology score is 

compared with that of Ubx using four different parameters. Here higher homology 

score indicates a slower rate of change of proteins. 

 The parameters used for the analysis are Percentage identity, percentage 

positives, Bit score per aligned length and bit score per minimal length. The scores 

are normalized with the scores from Drosophila melanogaster. Also, comparison with 

Cytochrome P450 reductase was performed to check scores calculated when the 

parameters are compared to an unrelated protein sequence.  

While comparing the parameters from Ubx with Exd (figure 8), the parameters 

show that in comparison to Ubx, Exd is more conserved across all Drosophila 

species as well as in Apis mellifera, Bombyxmori, and Tribolium castaneum.  In Exd 

the percentage identity and percentage positives are almost 100% in species of 

Drosophila, but Ubx has variation in a score ranging from 74% to 100 %. For Apis, 

Bombyx and Tribolium the scores are higher in Exd in comparison with Ubx. Also in 

bit score per minimal length and bit score per aligned length scores are close to one 

in species of Drosophila and much higher in Apis, Bombyx, and Tribolium in Exd but 

lower for Ubx.  

The comparison points outs that irrespective of the parameters used Ubx is 

evolving faster in comparison with Exd across species. The high conservation rate of 

Exd hints at its conserved function as well.  
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Figure 8 Comparison of Ubx and other cofactor proteins based on four different homology parameters 
across twelve Drosophila species and Bombyxmori, Apis mellifera and Tribolium castaneum Blue- 
Drosophila Species ,Green-Bombyxmori (BMORI), Red- Tribolium castaneum (TCAST),Purple-Apis 
mellifera (AMELL). 
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A similar comparison was carried out for other cofactors (please refer to 

Annexure 1) which shows that in comparison with Ubx the homology indices of MAD, 

Elf-1, E2f1, Hairy, Adf-1, Hth, and CPR450 are higher. Which indicates the higher rate 

of change of Ubx. In case of GAF, the protein database in Apis and Bombyxdoes not 

result in orthologous sequence because of very low query cover and no 

characterization in the database. This can also be because of the absence of protein 

orthologs.  

 

 

Identification of changes in the DNA binding domains- 

i) Ultrabithorax (Ubx)- 

 

Figure 9  Alignment of Homeodomain region of Ubx. Here each row indicates sequence from 

species mentioned towards left. The yellow box indicates conserved hexapeptide(FYPWMA) 

and the green colored box shows the difference in the linker region(LR). The unboxed 

sequences are homeodomains which are conserved, and the blue colored box shows the 

UbdA motif. The color codes for amino acids are as follow: Red: Hydrophobic, Blue: Acidic, 

Magenta: Basic-H, Green: Hydroxyl, sulfhydryl, amine, and glycine. 
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The alignment of Ubx with its orthologs from the other insect groups showed 

that Ubx sequences differ in the unstructured (disordered) part of the protein which is 

towards the N-terminal of the Homeodomain (HD).(Figure 9) However, looking at the 

hexapeptide(HX), HD and UbdA motif are conserved across above alignments. The 

major difference between above alignments is in the length of linker region joining 

HX and HD. 

 

ii) Extradenticle (Exd)- 

 

 

 

This alignment shows the aligned protein sequences of homeodomain from Exd 

from Bombyxmori, Apis mellifera, Drosophila melanogaster, Tribolium castaneum 

respectively.(Figure 10) When bound to DNA Exd can interact with Hexapeptide(Hx) 

from Ubx, and the interacting residues are conserved across all of them. The DNA 

binding domain is highly conserved which implies that across species their DNA 

binding sites could be identical. 

 

 

 

  

Figure 10 DNA binding homeodomain of Exd in Apis (Amell),Bombyx(Bmori),Tribolium (Tcast) 

and Drosophila (Dmela),the yellow box highlights the homeodomain (DNA binding domain) of 

Exd . The color scheme is as mentioned in the figure 9. 
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iii) Mothers Against Dpp (MAD)- 

 

 

Figure 11 DNA binding domain of MAD (MH1) in Apis (Amell), Bombyx(Bmori), Tribolium 

(Tcast) and Drosophila (Dmela).The yellow box indicates the N- terminal residue change in 

the MH1 domain of MAD. 

This is aligned MH1 domain of protein MAD which is the DNA binding domain 

of the protein(Figure 11) As the alignment shows the MH1 domain is conserved 

across them. There are few changes in the amino acids in the Drosophila 

melanogaster towards the N-terminal of the protein. These few changes in the DNA 

binding residues of a protein are crucial for their DNA binding specificity. 

Overall, multiples sequence alignments of Ubx, Exd, MAD show that the DNA 

binding domains of all these proteins are conserved across Apis, Bombyx, Tribolium. 

Which indicates that the DNA binding sites of these proteins are similar across 

species, but there can be preferences for one site over another in MAD because of 

changes in the N-terminal residues of the domain. 

 

Another alignment with different proteins of same species is performed to check 

whether there are similar motifs which are common in all Ubx interacting cofactors. In 

that case, proteins were pair wised aligned with each other. The rationale behind 

performing these alignments was, as all cofactors are interacting with Ubx then there 

might be residues which are similar in all the cofactors.  However, after aligning them 

using BLAST, evaluated using e-values and aligned lengths which were poor except 

for the protein E2f1 aligned with others. The tables for the aligned length, e-values and 

percentage identity are in Annexure I. 
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3.2 Identification of structural constraints on the binding sites- 

i) Ubx-Exd interactions- 

                

                

Figure 12 Ubx-Exd DNA complex in A. mellifera, D.Melanogaster, B.mori, T.castaneum.Here 

Red-yellow colored DNA double helix, Ubx in Blue and Exd in Cyan and Hexapeptide(HX) 

surface in Magenta. Different lengths of Linker region(LR) are pointed by the arrow. Ubx is 

interacting with Exd with the help of HX mediated by a linker.  

We have the experimentally determined structure of Ubx and Exd (4CYC), 

where a small peptide of length six amino acid is interacting with the hydrophobic 

pocket formed by residues of extradenticle (highlighted in Figure 13.) 

 

Figure 13 The sequences show residues highlighted in green interacting with Hexapeptide 

(HX) from Ubx,  

The modeled structures show Homeodomains of Ubx and Exd bound to DNA 

and  Hexapeptide (HX) from Ubx interacting with Exd with the help of linker 

region(LR).(Figure12).The lengths of linker region vary across them with 

D.melanogaster having most extended linker whereas B.mori with the shortest linker. 

The difference in the linker region can be seen in the above structures.  (Table2).  

A. Mellifera D. Melanogaster 

T. Castaneum B. mori 
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The length of LR is variable across these four species, which can play a crucial 

role in determining the difference in interactions.  

 

Species Name Linker Region(LR) sequence LR length 

Drosophila 

melanogaster 

IAGECPEDPTKSKIRSDLTQYGGISTDMG

KRYSESLAGSLLPDWLGTNGL 

50 

Apis mellifera IAGKEDIAKPHWTWLQGANGM 21 

Tribolium castaneum IADSMTFGANGL 12 

Bombyx mori IAGANGL 7 

Table 2 Length and sequence difference in Ubx Linker region in four species 

. 

 

ii) Ubx-MAD interaction- 

MAD is another protein which is shown to be collaborating with Ubx. The MH1 

domain of MAD is a DNA binding domain, and here MH1 domain structure is used for 

structural analysis. After aligning sequences of the MH1 domain, it was observed that 

it is well conserved across Apis, Bombyx and Tribolium. MAD is binding to DNA with 

the help of beta-hairpin structured motif. Here from two separate DNA bound 

structures of Ubx and MAD, we modeled the Ubx and MAD bound DNA complex. MAD 

is binding to DNA with the help of beta-hairpin loop. (Figure 14) 

 

                   

 

 

Figure 14 Ubx-MAD DNA bound complex Ubx-blue ,DNA double helix-Cyan,MAD-

green and Hexapeptide in Red 
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To check for all possible orientations by which HX from Ubx can interact with 

MAD, we used different combinations of binding sites either present on the same 

strand of DNA or the opposite, also with different distance separation between binding 

sites of Ubx and MAD. We have considered here binding residues on single strand 

which are  DNA binding sequences obtained from the crystal structures are TTTAT for 

Ubx and  TAGAC for MAD. 

 

Ubx_MAD                        MAD_C _Ubx 

Ubx _C_MAD MAD_Ubx                        

Table 3 Ubx_MAD different combinations of binding sites 

 

Here MAD_C and Ubx_C indicate binding on the opposite strand compared to 

the previous binding. Later the binding sites of Ubx and MAD were separated to by 

adding nucleotides in between. Captions for images are in the form of their binding 

site sequence and separation between them ex. Ubx_MAD_1 indicates Ubx and MAD 

binding sites separated by 1 Base. 
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Ubx and MAD binding sites are on the same strand of DNA, When these binding 

sites are too close there are clashes between proteins. In figure15  case a) MAD 

binding site is immediately after Ubx, and there is no clash between Ubx and MAD 

DNA binding regions compared to case c) where Ubx and MAD binding sites have an 

overlap of 1 base which is causing the hindrance.  In the cases b) and d) are with 

separation of 1 and two bases respectively, proteins are far apart and hence are not 

causing any clashes. 

 

a) Ubx_MAD_0 b) Ubx_MAD_1 

 

c) Ubx_MAD_-1 

 

d) Ubx_MAD_2 

Figure 15 Ubx –MAD and DNA complex Green: MAD, Blue: Ubx, Cyan: DNA double helix, 

Red: Hexapeptide(HX) image a) is Ubx and MAD binding sites on Same strands with 0 base 

separation. Similarly, the legends c), d), e) reads Ubx and MAD binding sites on the same 

strand with separation of 1,-1 and two respectively/ 
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Here in figure 16 case e) the separation between the binding sites of Ubx and 

MAD is three bases, and there is no hindrance caused by the DNA binding residues. 

However, in case of f), g), h) Ubx binding site is after MAD binding site, and this 

positioning allows HX to access a different part of MAD to interact.  

 

 

e) Ubx_MAD_3 

 

f) MAD_Ubx_0 

 

g) MAD_Ubx_1 

 

h) MAD_Ubx_2 

Figure 16 Ubx –MAD and DNA complex Green: MAD, Blue:Ubx,Cyan:DNA double helix, 

Red:Hexapeptide(HX) image e) is Ubx and MAD binding sites on Same strands with 3 base 

separation. Figure f), g), h) reads MAD and Ubx binding sites on same strand with separation of 

0,1,2 bases respectively . 
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i) Ubx_MAD_C_0 

 

 

j) Ubx_MAD_C_1 

 

 

k)  Ubx_MAD_C_2 

 

 

l) Ubx_MAD_C_3 

Figure 17 Ubx –MAD and DNA complex Green: MAD, Blue: Ubx, Cyan: DNA double helix, 

Red: Hexapeptide(HX) image i) is Ubx and MAD binding sites on complementary strands 

with 0 base separation. Similarly, the legends j), k), l) are Ubx and MAD binding sites on 

complementary strands with 1,2,3 base separation respectively. 

 

In this figure 17, the MAD binding site is on the opposite strand that of Ubx 

binding site. This allows interaction with the different side of the MAD which is same 

as the accessible site of MAD in case MAD_Ubx (figure 16). However, there are 

clashes between DNA binding residues of Ubx and MAD in case j) which is one base 

separation, which lowers the possibility of binding Ubx and MAD on opposite strands 
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with one base separation. In cases k) and l) both transcription factors are well 

separated but still can interact with the help of linker region. 

In this figure 18, we have Ubx binding sites on the opposite strand which allows a 

similar region of MAD accessible to HX as that of Ubx and MAD_C cases. 

Overall all the above images show the possible conformations in which HX from 

Ubx can interact with MAD with their binding sites located on same or different strands. 

There are two areas in which HX can interact with MAD to test the likelihood of 

interaction further molecular docking was performed. 

Also, there is another protein from the MAD family known as Medea (Med) has 

similar sequence and structure as MAD, except for its DNA binding residues which 

 

m) Ubx_C_MAD_0 

 

n) Ubx_C_MAD_1 

 

o) Ubx_C_MAD_2 

 

p)  Ubx_C_MAD_3 

Figure 18 Ubx –MAD and DNA complex Green: MAD, Blue:Ubx, Cyan:DNA double helix, 

Red:Hexapeptide(HX) image m) is Ubx and MAD binding sites on complementary strands 

with 0 base separation. Similarly the legends n),o),p) are Ubx and MAD binding sites on 

complementary strands with separation of 1,2,3 bases respectively. 
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change its DNA binding sites. Otherwise, the MH1 domain of Med is also accessible 

to HX in the same way as of MAD. Med can interact with HX in the same way as of 

MAD. 

3.3 Predicting the hexapeptide binding sites – 

 

 To check for the likelihood of hexapeptide (HX) of Ubx binding to different 

cofactors, molecular docking was performed using Protein-peptide docking methods.   

Molecular docking of Hexapeptide(HX) on MAD, Exd, En gave the probable binding 

sites of HX. Here small peptide HX is docked over proteins to predict the binding 

conformation using auto-dock and Cabs dock tools. 

 

MAD and HX Docking-  

 

 

i)  MAD_HX_docking 1 

 

ii)  MAD_HX_docking_2 

Figure 19 Hexapeptide(FYPWMA) docked over MAD, Green: MAD, Cyan: DNA 

double helix, Magenta: Hexapeptide 

  

 Figure 19 shows Hexapeptide in magenta cloured surface docked over MAD at 

two different positions. These are considered possible orientations in which HX can 

bind to MAD in the presence of DNA because other binding sites were present on the 

sites which were not likely to be accessible by HX when HX is linked to Ubx via linker 

region. 
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Extradenticle (Exd) and HX docking- 

 

 

i)  Exd_HX-Docking1 

 

ii) Exd_HX_docking_2 

Figure 20 Hexapeptide(FYPWMA) docked in Exd, Red: Extradenticle, Cyan: DNA double 

helix, Green: Hexapeptide 

 To test the results obtained from the molecular docking, we checked for the 

known HX binding site on Exd. In the left panel, the binding of HX is same as 

mentioned the Ubx-Exd complex.(4CYC) Which added the confidence in the results. 

And towards the right is another region of Exd to which HX can bind obtained from 

molecular docking.  
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Engrailed (En) and HX docking- 

 

i)  En_HX_docking1 

 

ii)  En_HX_docking2 

Figure 21 Hexapeptide(FYPWMA) docked over En, Green: engrailed(en), Cyan: DNA double 

helix, Red: Hexapeptide 

 

 Further to check for HX interacting with cofactors with the known structure we 

used En which is another homeodomain-containing protein. But in this case, only one 

conformation in which HX can interact with En which is shown in the left panel. Other 

results of Molecular docking (right panel) lies on the DNA binding residues of 

engrailed. This indicates fewer chances of Ubx and En interactions mediated by HX. 

Overall Molecular docking has added more confidence in the results obtained by 

structure modeling. 

 

 

3.4 Identification of Putative target genes regulated by Ubx and its 

cofactors- 

 

The presence of binding sites near each other can allow the proteins to interact. 

To find the instances in which the binding sites of Ubx and its cofactors like Exd, MAD, 

and Trithorax-like (Trl) are close to each other we searched for the binding sites over 

the entire genome. There are two ways by which this is done, first we searched for 

instances of occurrences of proteins and then calculated the distance between them. 
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Figure 22 Frequency distribution of Ubx and Exd binding sites searched using single motif up 

to 50 bases. Y-axis represents the frequency of occurrence of binding sites and X-axis is the 

base separation between the binding sites. 

. 

This plot in figure22  shows Frequency of binding sites of Ubx and Exd 

separated up to 50 bases.Here single DNA binding sites were searched over the 

genome. The graph shows a uniform distribution of frequency except for slight 

increase at 35 base separation. Later we moved on to scanning entire Position weight 

matrix (PWM) of transcription factors over genome to look for the all possible 

occurrences. Position weight matrix of Ubx and cofactors together scanned over entire 

Drosophila genome with separation between them increased up to ten bases. 
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Ultrabithorax and Mothers against DPP- 

 

 

Figure 23 Ubx and MAD binding sites searched using PWM; Y-axis represents the frequency 

of occurrences of Ubx and MAD binding sites with the separation between them on X-axis 

increased up to ten bases. Here in the legends suffix ‘c’ indicates complimentary binding 

sequence. 

Here Ubx is on one strand of DNA and MAD on the opposite which is 

Ubx_MADc indicated here in yellow have higher occurrences compared to that of other 

combinations of binding sites. The incidents of the randomly selected matrix are lower 

compared to the different combinations. 
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Ultrabithorax and Extradenticle - 

 

 

Figure 24 Ubx and Exd binding sites searched using PWM; Y-axis represents the frequency 

of occurrences of Ubx and Exd binding sites with the separation between them on X-axis 

increased up to ten bases. Here in the legends suffix ‘c’ indicates complimentary binding 

sequence. 

 The Ubx and Exd show much higher occurrence together which can be because 

of their similar binding sites. The above graph shows that up to four bases there are 

higher occurrences of Ubx_exd and UbxC_exdC compared to other combinations of 

binding sites. 
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Ultrabithorax and Trithorax-like (Trl)- 

 

  

 

Figure 25 Ubx and Trl binding sites searched using PWM; Y-axis represents the frequency of 

occurrences of Ubx and Trl binding sites with the separation between them on X-axis 

increased up to ten bases. Here in the legends suffix ‘c’ indicates complimentary binding 

sequence. 

In figure 25, there is a higher number of occurrences of Ubx_Trl binding sites on the 

same strands compared to the other combinations of binding sites indicated here in 

Blue. This suggests that these binding site combinations are preferred over others.  

Based on above occurrences of binding sites we listed the target genes whose 

transcription start sites are downstream of these binding sites up to 1 Kb. Then we 

compared these list of genes with the genes obtained from Ubx ChIP-seq in the haltere 

tissue (performed by Soumen). The genes which are common to ChIP-seq data and 

above data can be the possible targets of Ubx regulated by Ubx and above cofactors 

in the context of haltere development.  

Name of 

the 

Cofactor  

No of genes identified 

using TFBS analysis  

No of genes 

identified using 

ChIP-seq data. 

No of common 

target genes 

MAD 2801 833 278 

Exd 3562 833 318 

Table 4 Number of Putative target genes 
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Chapter 4 

4 Discussion- 

4.1 Evolutionary changes in Ubx and its cofactors- 

Sequence alignments allow the comparison of Ubx divergence with that of its 

cofactors. It can be interpreted that the Ubx is evolving faster as compared to the 

cofactors. The changes in the Ubx sequences are in the non-homeodomain part of the 

protein as the homeodomain is conserved. Proteins like Exd, MAD, Pan, Hth have 

higher homology scores which suggest their relatively low rate of change of proteins. 

Here bit score per aligned length of Hth and MAD across Drosophila species are close 

to one whereas in case of Ubx it ranges from 0.57 to 1. Also, comparison with 

unrelated protein CPR450 also showed higher conservation than Ubx. This suggests 

that Ubx is diverging faster in comparison with other proteins. 

Despite changes in the sequence the function of Ubx is conserved which can be 

because of the conserved Homeodomain and the changes in the non-homeodomain 

part of Ubx can allow Ubx to interact with different cofactors in different species. There 

is large region of Ubx which is structurally disordered which might be allowing Ubx to 

interact with wide range of cofactors as well. 

Multiple sequence alignments of Ubx, Exd, MAD, and En show that the DNA 

binding domains of all these proteins are conserved across Apis, Bombyx, Tribolium. 

Thus the DNA binding sites would also be conserved if there are no changes in the 

DNA binding residues of the proteins. But there are slight changes in DNA binding 

residues of MAD, and that can give rise to differential preferences towards the DNA 

binding sites.For other cases, we can use same DNA binding sites while doing the 

T.F. binding sites analysis. 

The MSA of Ubx showed us that the length of linker region is longest in case of 

Drosophila which could be the reason behind Ubx interacting with different cofactors. 

The longer linker region in Drosophila is allowing it to interact with cofactors with 

greater distance separation between binding sites. 

Also, there are differences in the isoforms of Ubx in Drosophila, and the 

prevalent isoform in Haltere (Ubx IA) has longer linker region compared to other Ubx 

isoforms. Previous studies have shown that expression of another isoform in T3 
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segment causes partial wing like phenotype, this might explain the significance of the 

length of the linker region in the Ubx mediated regulation of target genes in the context 

of haltere. The linker can act as a restraining factor while HX is interacting with 

cofactors, more extended linker region suggests the possibility of interaction over long 

range.  

 

 

4.2 Hexapeptide bindings with Cofactors  - 

Ubx and exd in Drosophila are known to interact, and the same interaction is 

expected in other insects. In cases where the binding sites separation is larger, then 

as the linker region in Bombyx is just seven residues the likelihood of interaction 

decreases. In Drosophila melanogaster the length of the linker is 50 residues in 

comparison with seven residues in Bombyx mori. The length of linker region can act 

as a constraint during the interaction. How far the linker can reach to mediate the 

interaction of HX cannot be predicted accurately but based on the relative difference 

in the length of linker among different species, we can comment upon the separation 

between binding sites. Also, it should be considered that the ability of linker to mediate 

HX interaction depends on the secondary structure of it, bending of DNA and charge 

on neighboring residues. 

 

In case of MAD, we tried to find novel interaction as there is evidence for Ubx 

and MAD proteins together regulating downstream genes. While finding these novel 

interaction mediated by HX. We came across potential cases in the interaction can 

happen which includes the cases when Ubx and MAD are binding on opposite strands 

of DNA. The molecular docking results have given a likely binding region of HX which 

increases the likelihood of Ubx interacting with MAD when bound in the specific 

orientation. Similarly, another protein from MAD family Med which has a similar MH1 

domain as of MAD can also interact with Ubx with the help of HX the same way as 

MAD is interacting. The difference in the MAD and Med are in the DNA binding sites. 

MAD and Med are known to form dimer so to find potential target genes regulated by 

these proteins one can also look for the presence of all three bind sites together and 

genes present downstream to these binding sites. 
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The homeodomain-containing protein such as Exd interacting with Ubx using 

HX also suggests the possibility of Ubx forming homodimer. The challenge in the case 

of homology modeling is that we can only predict whether the HX is interacting with 

the DNA binding domain of another protein because of unavailability of homologous 

structures. There are possibilities of interaction of HX with non-DNA binding domains 

of proteins as well.  

 

Molecular docking provides plausible binding regions of HX over cofactors, In 

the case of MAD and HX molecular docking, resulted into two conformations multiple 

times and that can imply these interactions to be most likely, and combining that result 

with the modeled structures increases confidence in the model. But there are 

limitations to the accuracy of molecular docking in case of peptides. To support above 

results we again used same tools for HX and Exd which resulted in some models with 

binding sites same as experimentally determined structures of the Ubx-Exd complex. 

Molecular docking with Engrailed (En) gave us just one binding site which was not part 

of the DNA binding domain of En. This suggests that HX can only bind to the region 

given the orientation of both the proteins allows to bind to DNA which is less likely. In 

case of En, this is also likely that HX can restrict En from binding to DNA. Molecular 

docking has helped in finding the plausible binding sites of HX and the cofactors. 

 

4.3 Identification of the target genes based on optimum TFBS 

seperations-  

For interaction of Ubx and Cofactors, their binding sites should be close, which 

can allow them to interact and regulate transcription of downstream genes. The 

occurrence of binding sites of T.Fs which are collaborating with each other should be 

higher than compared to random TFBS.  

In case of Ubx and MAD, we scanned PWM’s over entire genome and the results 

provided with Ubx and MAD compliment combination with a higher number of 

occurrences which hints at the higher possibility of Ubx and MAD interacting when 

bound in that arrangement.  

A similar comparison of Ubx and Exd also provided with certain arrangement 

of binding sites which are more frequent than others. Scanning of binding sites of Ubx 

and Trl also have a higher frequency for the adjacent arrangement of Ubx and Trl.  
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The binding sites analysis has given us putative target genes. Presence of 

binding sites may not necessary have downstream gene as the target gene. To find 

out target genes in the context of haltere development, ChIP-seq data provides the list 

of genes of interest. The common target genes between above two datasets are the 

genes of interest to study Ubx-cofactor interactions. 

 

4.4 Future Directions- 

The series of analysis of the interactions between Ubx and cofactor can help 

us in understanding their combined role in the development of haltere. This analysis 

can further be extended to another protein which are expected to interact with Ubx. 

Finding the interactions will help in finding putative genes which are being regulated 

by Ubx and its cofactors.  

In the context of Ubx and its cofactor mediated regulation of target genes, to 

further find out target genes in case of the development of haltere. The list of genes 

provided by the analysis of binding sites can further narrowed down using genes which 

are expressed during the haltere development by using ChIP-seq data. Also by 

extending the similar analysis in Apis, Bombyx and Tribolium will provide us with a list 

of genes regulated by the pair of transcription factors and ChIP-seq data for these 

insects will narrow down the list of potential target genes in a similar way.  

 Comparison of these sets of genes from Apis, Bombyx, and Tribolium with that 

of Drosophila will give us genes which are differentially expressed and more likely to 

be regulated by Ubx and the cofactors. The difference in cofactor binding signatures 

across species can help in classifying the differentially regulated genes. The genes 

which are different between Drosophila and other species can be directly related to 

haltere specification.   

Further, we can check the expression patterns of these potential target genes 

in comparison with Ubx to find out functionally relevant genes. These functionally 

relevant genes obtained can be used to study Ubx-cofactor interactions. To further 

validate the biological significance of these cofactors genetic and biochemical studies 

can be performed. This will help in providing novel insights into the mechanism of 

regulation of genes by Ubx. 
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6 Annexure-1  
6.1 Divergence of Ubx in comparison with its cofactors-  
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Ubx : bit score/aligned length
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Elf-1: bit score/ minimal length
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Elf-1: bit score/aligned length
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E2f1-bit score/ minimal length
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E2f-1: Percentage Identities
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Ubx : bit score/aligned length
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Cpr450: bit score/ minimal length
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Cpr450: bit score/aligned length
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Hairy: bit score/ minimal length
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Hth: bit score/aligned length
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Ubx: Percentage Positives
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Cpr450: Percentage Identities
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Hairy: bit score/aligned length
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Ubx: bit score/minimal length
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Ubx : bit score/aligned length
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Adf-1:bit score/ minimal length
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Adf-1:bit score/aligned length
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Gaf: bit score/ minimal length
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Gaf:bit score/ aligned length
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Comparison of Ubx and other cofactor proteins based on four different homology 

parameters across twelve Drosophila species and Bombyxmori, Apis mellifera and 

Tribolium castaneum 
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Ubx: Percentage Identities
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Adf-1: Percentage Identities
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6.2 Sequence alignments-  

 

2) Sequence alignments 

Name Length  

  DMELA AMELL TCAST BMORI 

          

Ubx 389 330 314 254 

E2f1 805 450 457 456 

Mad 455 468 468 422 

Hth 487 485 456 388 

Exd 376 418 259 409 

En 552 349 284 132 

Elf-1 1333 843 628 363 

Myc  717 445 397 376 

Gaf  581 474 a a 

Adf-1 262 515 390 210 

Snail 390 525 364 272 

Hairy  337 446 371 217 

Dorsal 999 436 556 375 

pan 751 860 220 130 

slp-1 322 427 311 233 

 

Local alignemnts 

  Percentage Identities 

  DMELA AMELL TCAST BMORI 

          

Ubx 100 43 50 42 

e2f1 100 46 48 46 

Mad  100 83 80 83 

hth 100 39 75 36 

exd 100 83 88 75 

en 100 79 66 80 

elf1 100 61 67 68 

myc 100 46 44 36 

GAF 100 76 a a 

Adf-1 100 29 23 30 

snail 100 53 54 52 

hairy 100 47 46 38 

Dorsal 100 67 73 61 

 pan  100 50 50 72 

Slp-1 100 51 75 50 
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Global 
Alignment       

Percentage Identities 

DMELA AMELL TCAST BMORI 

        

100 45 49 46 

100 20 21 20 

100 83 79 83 

100 31 75 30 

100 73 63 76 

100 29 29 17 

100 30 31 20 

100 11 - - 

100 25 - - 

100 - 18 - 

100 20 22 28 

100 28 30 33 

100 24 29 17 

100 15 13 13 

100 32 37 35 

 

 

2) Cofactor alignment 

 

  Exd  En MAD E2f1 Gaf Myc 

Exd      209-410 14-201     

       3-288 23-223     

En 237-301    135-238 438-745     

  453-514    251-404 62-416     

MAD        539-791     

         2-274     

E2f1              

Gaf 3-222  10-138 138-210 267-637   14-362 

  281-474  418-556 333-403 60-565   145-497 

Myc 98-374  21-497 141-370 283-754     

  61-306  290-713 212-431 37-550     
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Aligned 
Length       

  E2f1 En Exd Gaf MAD Myc 

E2f1             

En 407   65   154   

Exd 218       298   

Gaf 527 150 245   75 405 

MAD 291           

Myc 598 560 311   274   

 

      Identity       

  E2f1 En Exd Gaf MAD Myc 

E2f1             

En 20.1   32.3   23.4   

Exd 21.1       18.8   

Gaf 19.4 31.3 20   29.3 19.5 

MAD 22.3           

Myc 19.7 20.7 19.6   21.5   

 

      Similarity       

  E2f1 En Exd Gaf MAD Myc 

E2f1             

En 32.7   52.3   39   

Exd 34.9       30.9   

Gaf 31.7 45.3 36.3   41.3 33.1 

MAD 35.1           

Myc 31.6 32.1 34.1   33.6   

 

      Score       

  E2f1 En Exd Gaf MAD Myc 

E2f1             

En 157.5   95   89   

Exd 72.5       59   

Gaf 122.5 148.5 70   46 113 

MAD 88.5           

Myc 154.5 117 73   72   
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      Gaps       

  E2f1 En Exd Gaf MAD Myc 

E2f1             

En 35.4   4.6   32.5   

Exd 21.6       36.2   

Gaf 33.6 21.3 31   8 26.7 

MAD 56           

Myc 35.1 39.1 31.8   35.8   

 

 

 


