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The synaptic connections between neurons consists of about 1100 proteins, 
most of which are organised into complexes. Understanding the composition and 
function of these complexes is important for understanding how different diseases of 
the nervous system. Determining the sub-cellular localisation of these proteins and 
also their spatial distribution in the nervous system may lead to important insights into 
the function of such protein complexes thus furthering our understanding of their 
function in the nervous system. 

Different studies have led to identification of a large protein complex in the 
synapses called the MASC complex. It consists of ~186 proteins and represents 10 
different functional classes of proteins in mouse. Drosophila offers an opportunity to 
study this complex in more detail where it is ~50% less complex while still 
maintaining all the functional classes of proteins. In this study, I have characterised 
the MASC complex in Drosophila both molecularly and in its spatial context. I 
conclude that there is significantly high conservation of this complex between 
Drosophila and mouse and that the complex shows variation in its composition across 
the fly brain which I believe makes the basis of diversity of function among different 
regions of the fly brain. In conjunction with the neuronal network studies done 
elsewhere, this study foresees how a variety of responses can be generated in the brain 
when presented with different kind of stimuli. 
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orthologues found in yeast carry out basic cellular functions to regulate protein 

synthesis and structural plasticity. We observed marked changes in signalling 

complexity at the yeast-metazoan and invertebrate-vertebrate boundaries, with an 

expansion of key synaptic components, notably receptors, adhesion/cytoskeletal 

proteins and scaffold proteins. A proteomic comparison of Drosophila and mouse 

MASCs revealed species-specific adaptation with greater signalling complexity in 

mouse. Although synaptic components were conserved amongst diverse vertebrate 

species, mapping mRNA and protein expression in the mouse brain showed that 
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proto-synapse has contributed to invertebrate-vertebrate differences and to brain 
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Abstract 

 

Understanding the molecular composition of the synapse is one of the 

ongoing problems in neuroscience. The synaptic proteome consists of about 1100 

proteins, most of which are organised into complexes. Understanding the 

composition and function of these complexes is important for understanding the 

mechanisms and pathways of diseases which these protein complexes are involved in 

determining the sub-cellular localisation of these proteins and also their spatial 

distribution in the nervous system may lead to important insights into the function of 

such protein complexes thus furthering our understanding of the function and 

diseases of the nervous system. 

Neuro-proteomics has led to identification of an NMDA receptor complex 

(also called MAGUK-associated signalling complex (MASC)) which has been 

extensively studied in mouse. It consists of ~186 proteins in mouse and represents 10 

different functional classes of proteins. Drosophila offers an opportunity to study this 

complex in more detail because it is 50% less complex while still maintaining all the 

functional classes of proteins. Since the fundamental structure and principles of 

neuronal function are conserved between vertebrates and Drosophila the physiology 

and molecular biology of disease can be better resolved in this simple organism. 

Here I present an effort to characterise the MASC complex in Drosophila and 

present the molecular composition of the MASC complex in Drosophila. I will 

present an anatomical map of the complex in the fly brain and also show that there is 

significantly high conservation of this complex between Drosophila and mouse. 

 Two different approaches have been used in this thesis to study the 

molecular composition of this complex give results which are in partial agreement 

with each other. Importantly it provides an evaluation of these two methods and 

indicates that they can be used to study molecular complexes in Drosophila. 
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Introduction 

The Synapse is a specialised structure by which neurons communicate. The 

transmission of signals at these specialised structures involves a large complement of 

proteins which span many protein families. The basic structure of the synapse is 

similar between vertebrates and invertebrates. The synapse comprises of a pre- and 

post-synaptic membrane, the former being the site of neurotransmitter release and the 

latter containing receptors for the neurotransmitters which relay the signal 

downstream by different mechanisms. The principles of depolarisation, synaptic 

transmission and re-polarisation of neurons are also similar. The post-synaptic 

membrane of vertebrates has a large protein complement which is required for 

transmission of signals across the synaptic cleft and for adjustments in signal 

responses such as long-term potentiation (LTP) and long-term depression (LTD). 

Given the differences in the genomes of vertebrates and invertebrates, the question 

arises as to whether there is a similar dense protein complement present at the 

synapses of vertebrates and invertebrates, and whether protein complexes such as the 

NMDA receptor complex (NRC) present at the synapse are composed of similar 

proteins in the two species. I explored the possibility of finding similarities in one of 

the synaptic protein complexes, the MAGUK-associated signalling complex 

(MASC), between Drosophila and mouse, and provide evidence of significant 

similarities in the composition of this complex between the two species. Despite the 

differences, an ‘average’ synapse looks very similar in the two species. 
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Drosophila  melanogaster has been the model of choice for studying many 

cellular, developmental and behavioural processes(Berg 1986, Dubnau and Tully 

1998, Kamikouchi, et al. 2009, Keshishian, et al. 1996, Vidal and Cagan 2006). It 

has proved to be a very important tool for investigation of molecular mechanisms 

underlying many diseases. One of the advantages of using this model system is that 

approximately 60%1of human disease genes are conserved in Drosophila (Fortini, et 

al. 2000). Due to high conservation of human disease genes in Drosophila  (Fortini, 

et al. 2000) it is possible to extend the knowledge gained from this model system to 

humans and other vertebrates.  

Drosophila has also played a crucial role in understanding the functioning of 

the nervous system and the principles and molecular mechanisms of various kinds of 

learning and memory (Folkers 1982, Quinn, et al. 1974, Quinn, et al. 1979, Siegel, et 

al. 1984, Tempel, et al. 1983). This has been possible because of the simpler nervous 

system of Drosophila which consists of  approximately 100,000 neurons(Truman, et 

al. 1993). They operate on the same principles as vertebrate neurons and produce 

many complex behaviours like circadian rhythms (Hardin 2005), aggression (Chen, 

et al. 2002), courtship (Griffith and Ejima 2009), geotaxis (Toma, et al. 2002), 

learning and memory (Keene and Waddell 2007) etc. The smaller number of cells 

and the well-organised nervous system plus the availability of many molecular and 

genetic tools has led to a high exploitation of this model for the analysis of these 

behaviours and the process of learning and memory in much detail.  

The functional unit of the nervous system is the neuron. The 105 neurons in 

the brain of Drosophila are arranged in an intricate architecture which enables the 

animal to perceive and respond to various stimuli in its environment during foraging 

and searching for a sexual partner. Alongside differences, there are similarities in 

how information is represented in the brains of mouse and Drosophila. The various 

                                                 

1 Reiter et al have used bioinformatics methods to show that ~77% of human disease genes 

are conserved in Drosophila. 
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areas of the brain encode different forms of information. For example, in Drosophila  

the antennal lobes (de Bruyne, et al. 2001) represent the first level of olfactory 

information processing whereas in mouse the olfactory bulb represents the first level 

of olfactory reception and processing (Christensen, et al. 1996, Hildebrand and 

Shepherd G M 1997, Kandel 1995b). In Drosophila the second level of olfactory 

information processing is the Mushroom Bodies (MB) which in mouse are 

represented by the primary olfactory cortex (Zars, et al. 2000). Similarly, in 

Drosophila the Central Complex (CC) is responsible for motor co-ordination (Ilius, 

et al. 1994), while  the cerebellum and the brain stem provide these functions in mice 

(Kandel 1995b).  

1.1 The fly brain 

The fly brain is organised into many sub-compartments. Each of the 

compartments is part of a pathway which receives information from the environment 

and processes it. This generates an output to the next neuropil or the muscular system 

to evoke various kinds of behaviours. In Drosophila, the two commonly studied 

pathways are the olfactory and the optic pathways. The former receives olfactory 

information from the antenna, transmitting it to the first information processing unit, 

the antennal lobes, and from then the information is sent to the second information 

processing units, the mushroom bodies and the lateral horn (Hildebrand and 

Shepherd G M 1997, Jefferis, et al. 2002). 

The information gathered at the reception units in the head and body of 

Drosophila travel to the central nervous system by perpetuation of the electrical and 

chemical signals from one neuron to another. One neuron may form many 

connections with other neurons. In Drosophila the total number of such connections 

is approximated to be in the magnitude of 107, i.e. 100 connections per neuron (Ian 

Meinertzhagen, Personal communication). In comparison the number of synapses in 

the human nervous system is estimated to be between 1014 and 5 x 1014. Neurons 

differ from each other in three important aspects; the neurotransmitter they respond 

to, the responses they generate and their connecting partners. As expected, for 

specificity and high efficacy of signal transduction and information processing, each 
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single neuron establishes connections with a defined set of neurons, strictly 

following the principle of connectivity which states that,  

“there is no cytoplasmic continuity between nerve cells and the neurons 

do not communicate indiscriminately with one another or form random 

networks”(Kandel 1995a). 

This ensures the signals in the nervous system are tracked along a sensible 

and directional path. In addition to this the number (Kleim, et al. 2002), the 

architecture of synapses (Weeks, et al. 2007), and conversion of silent synapses to 

active synapses (Liao, et al. 1995, Mokin, et al. 2007), have been shown to underlie 

the various types of learning and memory. These properties of neurons require an 

exhaustive explanation to account for the changes that take place during experience-

dependent learning and, in particular, studies of synaptic protein complexes are 

required. 

A rough estimate of the total number of synapses can be made from the packing 

densities in identified sites, for example about 1 synapse per cubic micron in the lamina and 

0.6 synapses per cubic micron in the distal medulla.  The total neuropil volume in a brain is 

4,273,000 cubic microns for 16 identified brain regions which are said to constitute 60% of 

the total brain (Rein, et al. 2002), not including the subesophageal brain, so about 7,122,000 

cubic microns.  Therefore, the total synapse number would then be of the order of between 

4.3 and 7.1 million synapses.  There are supposed to be 90,000 cells in the Drosophila 

brain, 10% of which are glia (Ito K pers. comm.), so 81,000 neurons together form these 

synapses, or about 53-88 synapses per neuron. (Ian Meinertzhagen, Pers comm.) 

Many different types of neurons have been identified and characterised 

(Kandel 1995a). Of significant interest are the dopaminergic, GABAergic 

glutamatergic neurons and serotonergic neurons. These represent the major 

categories of neurons which are involved in different aspects of learning and 

memory. For example GABAergic neurons are involved in olfactory learning in 

Drosophila  (Liu, et al. 2007a), and spatial learning in rodents (Collinson, et al. 

2002). Glutamatergic neurons in the ellipsoid body (expressing NMDA receptors) 

are important for contextual (Roesler, et al. 2005 ), and long-term memory in 
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Drosophila  (Xia, et al. 2005). Dopaminergic neurons are involved in experience-

dependent memory for prediction of punishment (Keene and Waddell 2005, 

Neckameyer 1998, Riemensperger, et al. 2005, Waddell, et al. 2000 ). 

1.2 Synapse, PSD and synaptic proteome 

The neurons in the nervous system communicate using chemical stimuli. 

Depending on the nature of the upstream neuron and the incoming signal activity, a 

postsynaptic neuron is modulated to generate a response. Neurons interact with each 

other at specialised structures called synapses (Fig 1.1). Synapses are composed of 

~20nm gaps encapsulated by pre- and post-synaptic terminals from partner neurons, 

populated by carbohydrates, protein and neurotransmitters. Interactions between 

these molecules determine how the neuron behaves. The communication between 

neurons take place along specialised zones of the synapse entitled ‘active zones’. A 

number of dark regions can be seen at the synapses under an electron microscope 

(Cotman, et al. 1974). These are called post-synaptic densities. The term ‘post-

synaptic density’ was coined by Sanford Palay, who observed the detailed structure 

under the microscope for the first time (Palay 1956), followed by E.G.Gray (Gray 

1959). These regions contain the majority of the synaptic proteins. The scaffold for 

this protein density is provided by a class of proteins known as scaffolding proteins 

that have specialised protein interaction motifs (PDZ, L27, SH3 and GUK etc.), to 

help the assembly of such structures together with the cytoskeletal proteins. Such an 

assembly of proteins increases protein-protein interaction and the efficiency of signal 

transduction across the synapse. 

These post-synaptic densities (PSD) are the communication hot spots which 

host proteins like receptors, channels, G proteins, enzymes, and scaffolders. The 

neurotransmitters released by the pre-synaptic neurons bind the receptors on the post-

synaptic membrane and activate various downstream pathways. This leads to 

depolarisation of the post-synaptic neuron and thus transmission of this information 

to another neuron or to a muscle to generate an output. 
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Fig 1.1. Anatomy of a Drosophila synapse (a) An electron micrograph of the output synapse of 
projection neurons of Drosophila showing the pre-synaptic  terminal with T-bars (black 
arrows) which are the synaptic vesicle fusion sites and post-synaptic membrane with post-
synaptic densities (yellow arrows), (Picture taken from Yasuyama, et al. 2002). (b) Simplified 
schematic of a synapse. The synapse between two excitable neurons consists of two 
membranes opposed to each other enclosing a gap (pink), the synaptic cleft.  A number of 
important proteins like vesicle associated proteins (e.g. Syntaxin) and Channels and Receptors 
(e.g. NMDAR, AMPA), are found at the synapse which regulates the movement of ions 
between the extracellular space and the interior of the cell. These proteins are tethered to 
several other proteins like the scaffolding protein F-Actin and PDZ protein PSD-95, CaMKII 
nNOS and Sap102 which link it to other intracellular proteins. The pre-synaptic terminal 
releases neurotransmitters into the synaptic cleft. This process involves fusion of synaptic 
vesicles with the membrane and employs proteins like Syntaxin and Synaptotagmin. The 
binding of the neurotransmitters, released from the pre-synaptic synaptic vesicles, to the 
receptors on the post synaptic membrane leads to opening of the ion channels permitting entry 
of ions like Ca2+ into the cell. This eventually causes a depolarisation. This depolarisation is 
detected by the signalling machinery of the cell which responds in many different ways; 
activating various signalling cascades which lead to the propagation of the signal to the 
neighbouring neurons. 

1.3 Proteomic studies of the synapse 

The Post-Synaptic Density (PSD) is a specialised region below the synaptic 

membrane which hosts a large number of proteins. Initial attempts to isolate a PSD 

and to determine the composition of the proteins hosted in the PSD were made 

byCotman et al. (1974), and Cohen et al (1977). They identified, ‘some adherent sub-

synaptic web material’ which was later characterised and many other proteins were 

identified within it(Cohen, et al. 1977, Cotman, et al. 1974). The PSD acts as a 

scaffold for a large number of proteins, amongst which are proteins involved in the 
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Ca2+-dependent signalling system. Recent studies used synaptosome preparations to 

purify and characterise PSD proteins. These preparations contain the synaptic 

terminals from pre- and post-synaptic neurons and thus may contain proteins present 

in synaptic vesicles in addition to those associated with the pre- and post-synaptic 

membranes. Several studies have led to identification/purification of large numbers 

of proteins in the synapse (Collins, et al. 2006, Collins, et al. 2005, Fernandez, et al. 

2009, Grant, et al. 2005, Husi and Grant 2001, Husi, et al. 2000, Jordan, et al. 2004, 

Peng, et al. 2004, Satoh, et al. 2002, Walikonis, et al. 2000, Yoshimura, et al. 2004). 

From the total proteins found, only a few have been studied in considerable detail. 

More interestingly, the different studies lead to identification of different proteins 

depending on the methods used. Taken together, these studies indicate that an 

average synapse hosts approximately 11002 proteins in the PSD (Collins, et al. 2006). 

The widely-held understanding is that specific localisation of proteins leads 

to regulation of function of sets of proteins. The synapse is a clear example of 

suchsubcellular localisation where sets of proteins localised to the electron dense 

regions define the function of the different synapses. Protein molecules such as 

syntaxin, VAMP, synaptotagmin, syntaxin, AMPA and NMDA receptors make the 

synapse a functionally distinct structure which holds a central position in the 

physiology of nervous system, learning, memory and disease. One of the obvious 

ways to restrict many proteins to biologically important loci is via a protein-protein 

interaction, which is a versatile way of protein localisation. It has been shown 

experimentally that for such protein clustering, the most obvious methods are protein 

cross linking and tethering to the cytoskeletal proteins at various locations in the cell. 

Other mechanisms like protein turnover(Chen, et al. 2003, Yi and Ehlers 2005), 

protein abundance (Giovannini, et al. 2001, Ouyang, et al. 1999), and 

phosphorylation state further refine the behaviour of the protein complexes at 

                                                 

2When all the proteins purified in different studies are taken together and only those proteins 

are considered which were purified in at least two different studies the number of proteins in the 

synapse comes up to ~1100. 



Chapter 1           Introduction   

8 

 

synapses (Browning, et al. 1985, Chung, et al. 2004, Walaas and Greengard 1991). 

These protein-protein interactions are very specific and dynamic and it is likely that 

the precise position (Hoover, et al. 2010), presence (DiAntonio, et al. 1993, Hoover, 

et al. 2010), phosphorylation state (Soderling and Derkach 2000, Trinidad, et al. 

2005, Turner, et al. 1999, Verona, et al. 2000) and interactions between these 

proteins (Stimson, et al. 1998), are all important for normal synaptic activity 

(Broadie, et al. 1994, Fergestad, et al. 1999).To summarise, the many different 

proteins belonging to major classes including enzymes, cytoskeletal proteins, 

scaffolding proteins, protein modifying enzymes, protein degrading enzymes and the 

receptor proteins can combine to enable various loci in the cell to carry out distinct 

functions in time and space. The synapse proteome is specialised to receive signals 

from the pre-synaptic terminal, amplify the signal and process it to generate a 

sequence of downstream outputs which alter the state of the cell and also determine 

the type of output generated. 

1.4 Protein composition of the PSD 

The identification of proteins in synaptosome preparations revolutionised the 

concept of learning and memory. Among these were the Glutamate receptors, AMPA 

receptors (reviewed in Hollmann and Heinemann 1994), and PSD-95, PSD-93, SAP-

97 and SAP102 (reviewed in Kim and Sheng, 2004). Since then these PSD proteins 

have been studied in considerable detail and it is speculated that these PSD proteins 

interact with the NMDA receptors and modulate various kinds of learning and 

memory (Carlisle, et al. 2008, Cuthbert, et al. 2007, Kornau, et al. 1995, Müller, et 

al. 1996). SAP102 belongs to a set of proteins called synapse-associated proteins, 

some members of which are found on the pre-synaptic as well post-synaptic 

membranes. They anchor the NMDA receptors to the sub-cellular structures and thus 

help assembly of NMDA receptor complexes at the synapse (Müller, et al. 1996). 

Sap-97 instead has been shown to interact with AMPA class glutamate receptors 

(Leonard, et al. 1998), and is involved in activity-dependent trafficking of AMPA 

receptors to the synapse. They have also been shown to regulate the physiology of 

the synapse (Lee, et al. 2003). 
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The PSD proteins interact with the NMDA receptors and act as anchors for 

the NMDA receptors. This in turn is associated with other proteins to form large 

signalling complexes at the synapse (Collins, et al. 2005, Dosemeci, et al. 2007, 

Husi, et al. 2000). The interaction of NMDA receptor C-terminus with PSD-95 is 

crucial for the surface expression of the NMDA receptor (Elias, et al. 2008, 

Niethammer, et al. 1996). This interaction increases the surface expression of 

functional NMDA receptors and decreases internalisation (Lin, et al. 2004). Along 

with Sap-97, which is another member of the synapse-associated protein family, 

PSD-95 has been demonstrated to be involved in AMPA trafficking (reviewed in 

Elias, et al. 2008, Shepherd and Huganir 2007). Over expression of PSD 95-GFP 

fusion protein was seen to increase the dendritic expression of GluR-A subunit 

containing AMPA receptors (Cai, et al. 2006 ). KO of PSD-95 and its family 

members leads to a decrease in the level of synaptic AMPA receptors (Béïque, et al. 

2006, Elias, et al. 2006) 

Another important protein which has been found in the PSD and plays a key 

role in regulating the physiology, signalling and synaptic plasticity is CaMKII 

(reviewed in Colbran and Brown 2004). It has been shown to interact with the 

NMDA receptor and to regulate its function (Bayer, et al. 2001, Husi, et al. 2000). 

On activation NMDA receptor channels open and Ca2+ influx depolarises the cell 

membrane. The calcium binds Calmodulin which then binds and alters the topology 

of CaMKII. CaMKII in turn binds the NMDA receptor and changes its topology so 

that the channel closes. Thus the calcium influx stops. Following this the membrane 

re-polarises by influx of negatively charged ions and efflux of positively charged 

ions (K+). This whole event leads to the transmission of the nerve impulse from one 

neuron to the other. The role of CaMKII in Ca2+/CaM-dependent inactivation 

manifests in many behavioural responses and plays a pivotal role in the process of 

learning and memory (Wang, et al. 2008). 
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has been studied in detail. More interestingly the different studies led to 

identification of different sets of proteins depending on the methods utilised (Collins, 

et al. 2006, Jordan, et al. 2004, Li, et al. 2004, Walikonis, et al. 2000, Yoshimura, et 

al. 2004). Taken together these studies indicate that the synapse hosts about 1100 

proteins (Collins, et al. 2006),  which represent many different functional families of 

proteins like cell adhesion proteins, channels and receptors, enzymes etc. The 

synaptic proteome is arranged in many small protein complexes with varied 

compositions. This organises the proteins into smaller functional modules which are 

highly efficient in signal transduction and processing. One such protein complex is 

called the MAGUK-associated signalling complex (MASC), due to the presence of 

PDZ domain containing Membrane Associated Guanylate Kinase (MAGUK) 

proteins. It is sometimes also referred to as the NMDA receptor complex (NRC)and 

it consists of ~186 proteins in vertebrates (Collins, et al. 2006). This complex was 

isolated from mouse forebrain homogenates using anti-NR1, anti-NR2B and anti-

PSD-95 antibodies (Husi and Grant 2001). The proteins in this complex fall into 10 

different functional classes (Table 1). This complex consists of important proteins 

like the NMDA receptors, CaM, PSD-95, Syntaxin, NSF etc (Collins, et al. 2006).   

Table 1.1. The composition of the synaptic proteome and the MASC complex in vertebrates 

(taken from Pocklington et al 2006) 

Protein family 
Mouse 

MASC 

% Mouse 

MASC 

Channels and Receptors 11 6 

MAGUKs/adaptors/scaffolders 20 11 

Kinases 22 12 

Protein phosphatases 7 4 

G-proteins and modulators 19 10 

Signalling molecules and enzymes 39 21 

Transcription and translation 6 3 

Cell adhesion and cytoskeletal 35 19 

Synaptic vesicles/protein transport 22 12 

Uncharacterized/novel 4 2 

Other 0 0 

Total  186 100% 
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1.6 MASC complex in learning, memory and disease 

Multiple members of the MASC complex have been shown to be of 

importance for various types of learning and memory. Out of 186 proteins 48 MASC 

proteins (26% of the total), are involved in behaviour, and 42 (23% of the total), are 

important for learning. Of those involved in learning, 32 (17% of the total), are 

involved with spatial learning and 25 (13.5% of the total), with cue/contextual 

conditioning (Pocklington, et al. 2006).  

Important MASC proteins involved in learning and memory in rodents 

include NMDA receptors, CaM, PSD-95, Sap102, PSD-93, and GluR receptors. The 

NMDA receptors have been shown to be involved in olfactory and spatial learning 

both in rodents and in Drosophila  (Wu, et al. 2007, Xia, et al. 2005). CaM is a 

modulator of the activity of CaMKII which in turn interacts with NMDA receptor 

subunit 2. From this a signalling cascade begins, which underlies various forms of 

learning and memory in rodents (Fink and Meyer 2002, Zhou, et al. 2007). In 

addition the NMDA receptors plays a role in contextual memory consolidation in the 

hippocampus (Roesler et al, 2005), in motor control and in development (Sprengel, et 

al. 1998) (Fig 1.3).  
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PSD-95 mutant mice, PSD-93 mutant mice showed impaired LTP and normal LTD 

(Carlisle, et al. 2008), (Fig 1.4).  

 

 

Fig 1.4. AMPA mediated synaptic transmission is normal in PSD-93 but 
disrupted in PSD-95 mutant mice. A)  NMDA - to AMPA- receptor mediated 
synaptic currents are altered in PSD-95 mutant mice. B) AMPAR- to NMDAR-
mediated currents are significantly reduced in PSD-95 mutant cells (Figure 
modified from Carlisle et al 2008, p 5890). 

The importance of NMDA receptor signalling is demonstrated in Alzheimers’ 

patients. The patients have altered glutamate binding in hippocampus compared with 

age matched controls (Greenamyre, et al. 1987). They also have decreased levels of 

NR2A and NR2B mRNAs (Bi and Sze 2002). In addition to the above, in aged rats 

the NMDA receptor level is decreased and this is postulated to result in low synaptic 

plasticity (Cimino, et al. 1993, Magnusson and Cotman 1993). More work is required 

to understand the mechanisms involved in these abnormalities but the current opinion 

is that MAGUK proteins play a role in neurodegenerative disease processes(Fortini, 

et al. 2000, Pocklington, et al. 2006). 

AMPA receptors are equally important in learning and memory and the 

physiology of the synapse. AMPA receptor antagonists (GDEE) causes a 

considerable spatial deficit during more demanding tasks in the Morris water maze 

(Lalonde and Chantal 1993).  Protein phosphorylation of the AMPA receptor GluR1 

is required for synaptic potentiation and spatial memory retention (Lee, et al. 2003). 
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1.7 NMDA receptor family in Drosophila and mouse 

In mammals, glutamate is the major excitatory neurotransmitter in the 

CNS.Glutamate receptors on the neurons of the mammalian brain play a major role 

in long-term potentiation (LTP) and long-term depression (LTD), mechanisms which 

underlie learning and memory. These receptors have been broadly categorised into 

two main categories; the G-protein coupled metabotropic receptors and the 

ionotropic receptors. In mammals the ionotropic glutamate receptors are named after 

their selective agonists, alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionte 

(AMPA), kainate, and N-methyl-D-aspartate (NMDA). Over the last two decades 

these receptors have been studied in great detail, both in insects and in mammals. 

The NMDA-binding ionotropic glutamate receptor family known as NMDARs are 

involved in brain development, neurotransmission, synaptic plasticity and memory 

formation(Blanke and VanDongen 2009, Collingridge 1987, Ewald and Cline 2009). 

A functional NMDA receptor is formed by the assembly of one of the eight isotypes 

of NR1 with any of the four NR2 subunits (NR2A-D). The latter imparts the gating 

and ion conductance properties to the respective NR1/NR2 receptor complex 

(Nakanishi and Masu 2003). NR1 is expressed during all the developmental stages 

whereas NR2 subunits have different temporal and spatial distributions. 

NR2B/NR2D is primarily expressed in prenatal stages and NR2A and NR2C are 

expressed later, usually after birth (Akazawa, et al. 1994, Monyer, et al. 1994, 

Watanabe, et al. 1992). 

In Drosophila, glutamate receptor research has resulted in a considerable 

body of knowledge during the last 15 years: The discovery of the Drosophila 

glutamate receptors, DGluR-IA, GluRIIA, and DNMDAR was reported in 1992 and 

1993 by two different research groups(Schuster, et al. 1991, Ulsch, et al. 1993, 

Ultsch, et al. 1992). In 1997 DGluR-IIB was discovered and cloned  (Petersen, et al. 

1997). In 2000, DGluR-IB and DNMDAR-IIB were identified in the embryonic CNS 

(Michaela, et al. 2000) .  

Considerable research focus has been given to MASC and NMDARs in 

mammals, however little is known about the MASC in other animals such as the fruit 
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fly, Drosophila melanogaster. In-silico
3 methods predicted the presence of only88 

orthologues of the mouse MASC genes in Drosophila (Appendix 3.1.b). 

NMDAR is activated by the neurotransmitter glutamate (Jan and Jan 1976, 

Patlak, et al. 1979), which leads to an increase in the Ca2+ concentration in the 

dendritic spine and signal transduction to AMPA receptors and other pathways. The 

C-terminal E-T/S-D-V motif of the NMDA receptor interacts with PSD-95, which is 

a MAGUK protein (Kornau, et al. 1995, Niethammer, et al. 1996). Interestingly, the 

Drosophila orthologue of the nr2b (nmdar2) lacks this C-terminal PDZ-interacting 

motif. The mechanism by which the NMDA receptor transduces its signals in the fly 

is still unknown. 

Table 1. 2. Mouse MASC genes and their fly orthologues 

Protein family fly Mouse 

Cell adhesion and cytoskeleton 15 55 

Channels and Receptors 4 12 

Ion transport/ Substrate transport 8 21 

Kinase 6 22 

MAPK pathway/G-proteins and modulators 3 19 

Phosphatase 9 7 

Signalling molecules and enzymes 20 39 

Synaptic vesicle/protein transport 7 22 

Transcription/translation 9 6 

Others 7 4 

Total 88 186 

 

The huge repertoire of behaviours, availability of various assays of learning 

and memory and strong genetic tools make Drosophila a good choice to investigate 

this complex in more detail. The aim of this study is to map the MASC complex in 

the fly. Using reverse genetics techniques I will try to address key fundamental 

                                                 

3
In silico methods involved database searches on the basis of catalogued data about sequence, 

function, involvement in disease etc. Here it means sequence homology searches of various databases 

to predict homology of mouse genes with those of Drosophila. 
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questions about the composition and spatial distribution of the complex and its role 

in learning and memory. In the end, I will examine the protein complement of the fly 

complex. I shall also endeavour to find out how the NMDAR co-ordinates it’s 

downstream signalling without a characteristic PDZ domain interacting C-terminal. 

1.8 An investigation of MASC complex in Drosophila 

As mentioned in the beginning of this Chapter (refer to Introduction) ~60% 

of human disease genes have an orthologue in Drosophila (Fortini, et al. 2000, 

Rubin, et al. 2000). The nervous system in Drosophila is simpler but still retains the 

fundamentals of the nervous system of vertebrates e.g. the nerve impulse travels by 

depolarisation and re-polarisation events along axons, and the synaptic transmission 

of nerve impulses is a crucial event in the propagation of the signal, helping 

integration, amplification and processing of the input from various neurons. The 

synapse holds a central position in determining the effect of, and response to, 

environmental signals. The synaptic modifications in response to training lead to 

long-term potentiation. This phenomenon leads to acquisition, consolidation and later 

retrieval of various memory forms. The computational capabilities of the neurons, 

which are the functional units of the nervous system, are derived from the 

complement of proteins they have and the kind of neurotransmitters they can respond 

to. This is where the need to study the protein complement of the synapses becomes 

apparent as it is of importance to understand how the neurons are able to coordinate 

with each other and fine tune a neuronal network, thus enabling animals to respond 

to environmental cues. In the last few decades, the field of neuroscience has seen 

major developments. One such development has resulted from the sequencing of 

genomes of various model organisms used to study the nervous system and the 

principles on which nervous system function is based. The development of methods 

like confocal imaging, various fluorophores, and advances in genetic techniques has 

made it possible to study the neuronal activity in vivo with high precision and in 

much more detail. 

Proteins are fundamental players that dictate the functioning of the nervous 

system and guide it to work efficiently and also respond to the incoming stimuli. 
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Thus, to study the composition of the synaptic proteome and its organisation will 

help us to understand, for example, what goes wrong in the nervous system in 

various types of nervous system-related diseases. By furthering knowledge of the 

pathophysiology of neurological diseases, the development of effective therapeutics 

is likely to ensue. 

Apparently the mammalian MASC complex is involved in almost every 

function of a neuron, either individually or as part of a network. It is therefore of 

primary interest to study this complex in Drosophila which offers the advantage of a 

simpler model system. Comparison of Drosophila and mouse MASC using 

bioinformatics methods predicts that Drosophila has a smaller equivalent of this 

large protein complex of vertebrates (~50% of that of vertebrates), making it a useful 

system to investigate such large protein complexes (Emes, et al. 2008). It is 

comparatively easy to examine and manipulate genes (and thus protein expression) in 

Drosophila due to more advanced genetics. This allows tagging, overexpression, 

knockdown and purification of proteins and their associated partners. The smaller 

number of neurons in Drosophila offers the possibility to manipulate the neuronal 

activity of subsets of neurons by using the RNAi technique. By doing so, it is 

possible to control small populations of neurons and explore the mechanisms of 

information processing in neurons. It also offers the opportunity to delineate the 

gross spatial map of this complex, given the availability of genetic tools and the 

comprehensive simpler brain anatomy of Drosophila.  

Here, I provide evidence for the existence of a Drosophila equivalent of 

mouse MASC. I also describe the composition and anatomical localisation of the 

members of this protein complex in adult Drosophila brain. On the proteomics 

aspect, efforts were made to do a comparative study between mice and Drosophila to 

observe any relation between the MASC complexes between the two species. There 

is a possibility that the mouse complex is represented in Drosophila by a simpler 

form as can be predicted by the known evolutionary expansion of genomes during 

the evolutionary divergence between Drosophila and mice. To do so, I used the 

available information about the members of this protein complex in Drosophila and 
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in mice. In conjunction with this, I also utilized interaction information available 

from various sources to provide the first draft of the interaction map of MASC in 

flies. 

1.9 Hypothesis 

Given all the analogies presented in this chapter, it is likely that Drosophila 

has a similar MASC complex as mouse with a significant degree of conservation of 

these proteins. I will test if there is an equivalent of MASC complex in Drosophila 

melanogaster. I will also compare the composition of this complex with that of the 

mouse MASC complex. I will conclude my findings by providing a spatial map of 

expression of the MASC complex members in the adult fly brain. 
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2 

Materials and methods 

2.1. Animal Husbandry 

Canton S Drosophila wild type flies (Bloomington Drosophila Stock Center, 

stock number 1) were grown and maintained on standard cornmeal media based on 

(Lakovaara 1969), at 22oC on a 12 hour light/dark cycles.  During the times when the 

stocks were not being used they were maintained at 18oC. For proteomic studies, 

flies were grown in bottles containing the standard cornmeal food in incubators at 

25oC on 12 hour dark/light cycles. The flies were frequently transferred into fresh 

food to maintain healthy cultures. 

2.2. Immuno-histochemical localisation of MASC protein. 

This section describes how data was obtained for protein localisation, how 

images were collected and how the data was finally put together to reveal an 

anatomical distribution of the MASC complex proteins. The methods used here are 

modifications of the protocol described for eye (Wolff 2000), and the method 

described by Yang etal, (1995), for adult brain. 

2.2.1. Antibodies  

A list of the anti-MASC antibody sources was prepared by searching the 

literature and the antibody databases of various antibody producing companies. The 

process was repeated many times during the progression of this work to ensure that 

any reported antibody could be obtained and utilised in this study. The antibody 

sources included individual labs and commercial organisations/companies, including 
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the Developmental Hybridoma Studies Bank, DHSB 

(http://dshb.biology.uiowa.edu/). Out of 60 antibodies obtained, 20 were from the 

DHSB and the remainder were from individual laboratories. A list of the primary and 

secondary antibodies used in this study along with their sources is documented in 

Appendix 2.1. 

2.2.2. Tissue preparation and Immunohistochemistry 

2.2.2.a. Drosophila brain dissection and fixation 

(I) Paraformaldehyde (PF) fixation 

Brains were dissected from 4-8 day old flies. Both male and female flies were 

used throughout. The general consensus is that the protein complex discussed here is 

an average protein complex present in an average synapse and thus the sex 

differences were ignored. Effects of experience and time of the day were also 

ignored because most of the dissections were performed at the same time of the day. 

Since the flies were maintained in optimal laboratory conditions all of them would 

have had similar experiences such as olfaction, vision, social interaction, night and 

day cycle, sexual stimulations etc. A protein was considered to be expressed in a 

brain region after having seen staining in 3-5 different brains. However, small 

differences may still have been missed which are not critical at this stage of the 

project.  The flies were anesthetised with CO2 and pinned through the thorax on a 

Sylgard/gel mix (Fischer scientific) Petri dish with their abdomens facing upwards.  

A drop of Phosphate buffered saline (PBS), pH 7.2, was applied on the fly head to 

completely immerse it into the buffer. Dissection was performed under a Nikon 

dissection microscope. Brains were dissected out carefully by opening the head 

capsule from the proboscis and removing any trachea attached. The dissection was 

performed in a limited time frame (30sec – 1 min per brain) to avoid any changes in 

the protein expression level caused by stress due to the dissection procedure. The 

brains were collected in a 96 well plate, with an average of 3-4 heads per well, 

containing PBS and fixed by incubating in 100µl of 4% Paraformaldehyde (PF) for 

30 min (unless indicated otherwise, see appendix). The brains were then washed with 
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PBS for 5 minutes followed by incubation in PBS containing 0.3% Triton-X-100 

(PBT) for 2 hours. The brains were then incubated with primary antibodies (as 

below) overnight (unless indicated otherwise) at 4oC. After washing 4x with PBT at 

room temperature for a total of ~2 hours, the brains were incubated with secondary 

antibodies overnight at 4oC. 

(II) Bouin’s or n-Heptane fixation 

In some cases (DRK, RAS, CAS, STI, and ROP), where the antibody staining 

was difficult to obtain after PF fixation, brains were fixed with Bouin’s fixative in 

the same manner as for paraformaldehyde: fixation for 20 minutes and then 

processed by the same method as for PF fixation. In other cases (CAM, GEL), n-

Heptane saturated with PBS was used as a fixative and the rest of the procedure was 

carried out as in case of PF fixation. 

2.2.2.b. Immunohistochemistry 

Primary antibodies were diluted as required or as advised by the provider, in 

PBT. In the majority of cases, where the antibodies had not been used for IHC of 

adult brains, a series of different dilutions was utilised. The dilution which generated 

optimal results was obtained, and repeated if required. In some cases where 

indicated, normal goat serum (NGS) or Bovine serum albumin (BSA) was used to 

avoid non-specific staining. Staining was performed in a 96 well micro titre plate. 

For each case a minimum of 100µl diluted antibody was used per well. 

Secondary antibodies were obtained from Molecular Probes (Appendix 2.1) 

and used at 1:400 dilution. The antibody dilution was prepared afresh for every 

experiment and at least 100µl of the diluted antibody was used per well. The 

incubations were carried out in dark at 4oC. 

Appropriate controls were included in each staining experiment. To control 

for the non-specific staining by the secondary antibodies and to adjust the laser 

power while imaging, all secondary antibodies were tested on brains which had not 

been incubated with a primary antibody. This provided a control in the imaging of 
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the brain such as adjustment for any auto-fluorescence. No detectable background 

staining by the secondary antibodies was observed. 

2.2.2.c. Preparing tissue mounts 

After immunohistochemistry the brain tissue was mounted for imaging. A 

clean twin frost slide (Agar Scientific, thickness 1), was positioned on a flat heating 

plate which was pre-heated to 45oC a few minutes before. Two 24mm x 24mm (Agar 

Scientific, thickness 1) cover slips were stuck to the two ends of the slide using 

Glycerol Gelatine (Sigma) that had been heated for ~ 15 seconds in a microwave, 

enough to ensure sufficient space between to accommodate 3-4 brains without 

touching each other. The slide was left to cool for approximately 5 minutes.  A drop 

of Vectashield (Vector laboratories, Inc), diluted with PBT (80:30 ratio), was placed 

between the two cover slips. The fly brains were collected from the microtiter plate 

using a 200µl Gilson pipette with a tip which required curettage to increase the 

aperture to suction brains without causing any tissue damage. 2-4 brains were then 

transferred onto the Vectashield drop on the slide on an individual basis using a soft 

paint brush. Each brain was immersed into the Vectashield by gently pressing from 

the top using the paint brush. A drop of glycerol gelatine was added on top of the two 

cover glasses placed at the two ends of the slide. A 60mm x 20mm cover glass (Agar 

Scientific, thickness 0) was then placed over the tissue ensuring the absence of any 

air bubbles trapped inside. The tissue was sealed between the cover glass and the 

slide using glycerol gelatine. Each slide was labelled as appropriate. The slides were 

stored in dark at room temperature in cardboard slide holders especially designed to 

retain slides until imaged. 

2.2.2.d. Confocal imaging and Image processing 

Images were captured using a Zeiss LSM 5 Pascal confocal microscope and 

LSM Pascal imaging software (Carl Zeiss Ltd.) using excitation at 488nm and 

detection at 519 nm and low pass (LP) filter for fluorescein secondary antibodies. 

The objectives used were Zeiss Plan-Neofluar lenses (x20, x40 and x63). Images 

were captured either at 512x512 or 1024x1024 resolutions at 1µm interval. The 
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brightness of the images was autocorrected using the z-stack autocorrect option while 

capturing the images. All the images were taken using a green channel and 488nm 

excitation. Where needed, projections were generated for better resolution and clarity 

of staining patterns using the Zeiss LSM Image Browser 4,2,0,121. Snapshot images 

were generated and labelled using the same software. All the images were archived 

in the laboratory database and a copy was encrypted on DVDs for future use. In 

some cases Amira version 3.1 was used for image processing. Staining patterns were 

considered valid only when consistent staining patterns were obtained in 3-5 brains. 

2.3. Proteomic analysis of MASC complex 

Proteomic analysis of fly MASC was performed using methods described 

previously (Collins, et al. 2006, Husi and Grant 2001, Husi, et al. 2000), with slight 

modifications. We used two different approaches to purify the MASC complex in 

Drosophila. First, we used a six amino acid peptide corresponding to the C-terminus 

of NR2 to mimic the main interaction domain and thus purify NR’s interacting 

partners (Section 4.4). In a separate experiment we used protein trap lines to purify 

the MASC complex from Drosophila heads (Section 4.8). 

2.3.1. Fly head collection 

Flies were collected in 50ml falcon tubes and frozen in liquid nitrogen. The 

flies were then vortexed for 8-9 seconds to dislodge the heads from the bodies. The 

heads were then sieved through a 710 micron sieve to remove all body parts with the 

exception of heads and legs. The heads and legs were then sieved through a 425 

micron sieve to separate the heads. 

2.3.2 Preparation of the dPEP6 and control NR2 peptides on affinity resin for 

purification of MASC complexes 

0.5 ml of the activated support Affi-Gel 10 (Bio-Rad, USA) was washed with 

20ml chilled MQ-Water and 5ml of chilled MOPS pH 8.0 containing 50mM CaCl2. 5 

mg of the desired peptide was dissolved in 1ml of MOPS pH 8.0 containing 50mM 

CaCl2 and mixed with Affi-Gel. The coupling reaction took place for 4 hours at 4°C. 
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A further blocking step was performed by adding Tris-HClpH9 1M 2:1 (v/v) over 

night at 4°C. Finally, the resin was washed with Tris 20mM pH9.0 and stored at 4°C.  

2.3.3. Affinity purification 

1 g of Drosophila heads (approximately 10,000 heads) were homogenized in 

24 ml of the following chilled buffer: Tris 50 mM pH 7.4, Nonidet P-40 (Roche 

Diagnostics, Germany) 0.5% (v/v),  NaF 50 mM, ZnCl2 20 µM, o-Vanadate 1 mM, 

PMSF 1mM, Aprotinin 2ugr/ml and Leupeptin 2 µg/ml, using an OMNI 2000 

homogenizer (Omni International, USA). The sample was left in ice for 1 hour and 

subsequently centrifuged using a JA25.50 rotor (Beckman, USA) at 20,000 rpm for 

30 minutes at 4°C. Finally the supernatant was cleared through a 5 µM filter.  

The Drosophila extracts were mixed with previously prepared affinity resins 

at a 100:1 (v/v) ratio and incubated over night at 4°C with agitation. Resin was 

washed with 300 column volumes of the same buffer used for homogenizing without 

PMSF. Resin was mixed with an equivalent volume of elution buffer, consisting of a 

5 mg/ml solution of the same peptide bound to the resin with pH adjusted to 9, and 

incubated for 2 hours at 4°C with agitation. The mixture of resin and elution buffer 

was then centrifuged for 1 minute at 3000rpm in an Eppendorf table top centrifuge. 

Finally, the supernatant containing the eluted sample was recovered. 

2.3.4. Sample preparation for MS analysis 

The sample was reduced, alkylated and separated on a Tris 4-12% SDS Gel 

(Invitrogen, USA). The gel was stained with Colloidal Coomassie and the entire gel 

lanes corresponding to duplicate dPEP6 and the control (dDPEP6DV) purifications 

were cut into slices and each slice was de-stained and digested overnight with trypsin 

(Roche). 

2.3.5. LC/MS/MS analysis 

Peptides were separated on a 30 min RP gradient using a PepMap C18 

column (75-µm inner diameter x 15 cm; LC Packings) and MS/MS analysis was 
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performed on an LTQ-FT (Thermo Fisher) mass spectrometer. 102 LC-MS/MS 

analyses were performed and 134,848 MS/MS spectra were acquired. All data was 

processed by BioWorks (Thermo Fisher), and a profile was obtained using Mascot to 

match peptides to the Drosophila melanogaster sequence database downloaded from 

UniProt (http://www.expasy.org/). False discovery rates determined by reverse 

database searches and empirical analyses of the distributions of Mass Deviation and 

Mascot Ion Scores were used to establish a score and mass accuracy filters. By using 

these filters and accepting proteins identified by two or more peptides, a false 

discovery rate of less than 1% was achieved. Only proteins reproducibly identified in 

both duplicate experiments (by at least two peptides), were accepted. In cases where 

the same protein was found in the dDPEP6 purification and control, the ratio of 

peptides (dDPEP6/control), was required to be at least 3 prior to acceptance. 

2.4. Protein purification using Basigin protein trap 

A modification of previously mentioned methods was used to purify protein 

complexes based on BSG (Collins, et al. 2006, Husi and Grant 2001, Husi, et al. 

2000). 40 flies were frozen to -20oC in the lab freezer. The heads were homogenized 

in 400µl of homogenisation buffer, using a plastic pestle and a motor. Another 400µl 

of lysis buffer was added to the homogenate and mixed by inverting. The extract was 

centrifuged at 14000 rpm at 4oC for 15 minutes. The supernatant was collected in a 

centrifuge tube. 20µl of the sample was saved to be used as control. To the rest of the 

protein extract, 30µl of pre-washed protein G beads (Amersham) were added to the 

homogenate and the entire solution was mixed by vortexing for 10-20 seconds. The 

mixture was then incubated on a vortex for 30 minutes at room temperature. The 

mixture was centrifuged at 5000rpm to remove the beads. The supernatant was 

carefully collected without taking any beads out. To the supernatant 35µl of strep-

tactin resin (IBA BioTAGnology), was added. The mixture was incubated at 4oC on 

a vortexed for 2 hours. The mixture was then centrifuged at 2500rpm for 1 minute 

and the supernatant was collected in another tube. This was labelled ‘left over’. The 

beads were washed 3x with lysis buffer without protease inhibitors. 25µl of 10mM 

desthiobiotin (Sigma) was added to the beads and the mixture was incubated for 20 

minutes at room temperature. The mixture was centrifuged at 5000rpm for 2 minutes 
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to recover the eluted proteins. These eluted proteins were then loaded onto a gel 

along with the controls for further analysis. 
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3 

Investigation of NMDA receptor interaction 

partners in Drosophila 

3.1. Introduction 

Glutamate receptors have attracted considerable research interest in 

neurobiology especially in relation to learning and memory, synaptogenesis, 

cytoskeletal re-organisation and nervous system disorders (in mammals). NMDA 

receptors are an important part of a synapse associated protein complex, MASC. 

Along with other members of the MASC complex they have been associated with the 

developmental (Ewald and Cline 2009), functional and regulatory aspects of the 

synapse (Collingridge, et al. 2004, Lau and Zukin 2007). NMDAR activation by 

binding of the neurotransmitter glutamate leads to influx of Ca2+ into the neuronal 

dendrites. This results in depolarisation of the neuron, which in turn leads to 

activation of downstream signalling cascades leading to synaptic plasticity, 

synaptogenesis and excitotoxicity (Blanke and VanDongen 2009, Ewald and Cline 

2009). 

The NMDA receptor subunit 2 (NR2) of Drosophila is structurally different 

from its orthologues in vertebrates, with a C-terminus which is much shorter than 

that of vertebrates. This fragment of the polypeptide has been shown to be important 

for interaction of NR2 with the PDZ domain containing proteins (PSD-95, DLG1, 

PSD-97) and various other proteins (Collins, et al. 2005, Husi and Grant 2001). 

However, it was found that in Drosophila, NR2 can interact with DLG without this 
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C-terminal domain (Chapter 4, Section 4.4). It has also been shown that deletion of 

this fragment of NR2 leads to defects in behaviour and electrophysiological 

phenotypes which are similar to the null mutations (Sprengel, et al. 1998). This 

Chapter describes in detail, our efforts to study the protein interaction profile of the 

NMDA receptor with other proteins and the molecular characteristics of the receptor. 

I will also demonstrate how all this compares with the vertebrate orthologues of the 

receptor. I will also describe our efforts to generate antibodies against the Drosophila 

NMDA receptor subunit 2. 

3.1.1. NMDA receptor gene family in Drosophila and vertebrates. 

Drosophila has two NMDA receptor genes dnmdar1 and dnmdar2. dnmdar1 

has 15 exons and by alternative splicing gives rise to two different transcripts with 

the same coding regions. The two transcripts however differ in the 5’ untranslated 

region. The polypeptides encoded by dnmdar1are 997 amino acids, and ~ 112.3kD  

dnmdar2 is the only NR2 gene in Drosophila whereas in mammals there are 

4 different members in this subfamily. dnmdar2 encodes three different proteins 

which differ mainly around the N-terminus (Fig. 3.1). The NR2-RA and NR2-RB 

proteins are 902 amino acids long and NR2-RC is 1083 amino acids. In mouse the 

NMDA receptors are designated as GluRζ and GluRε, whereas in rats they are 

designated as NMDAR1 (NR1) and NMDAR2 (NR2). The NR1/GluRζ subfamily 

has two splice variants which encode a single NR1/ GluRζ1 (Meguro, et al. 1992, 

Moriyoshi, et al. 1991). On the other hand NR2-GluRε has four different members; 

NR2A-ε1, NR2B-ε2, NR2C-ε3, and NR2D-ε4 (Ishii, et al. 1993, Kutsuwada, et al. 

1992, Meguro, et al. 1992, Monyer, et al. 1992, Yamazaki, et al. 1992). In addition 

there is another NMDA receptor subunit designated as NR3A in mouse and χ-1 in 

rats (Ciabarra, et al.). 

In mouse protein–protein interaction studies have identified a large number of 

proteins which interact with NR2 (Mishra, et al. 2006). Since a high proportion of 

these proteins are MAGUK proteins and since these proteins are assembled into a 

large complex and presumably MAGUK proteins play an important role in this 
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assembly, these proteinsare now referred to as MASC (MAGUK-associated 

Signalling Complex), (Husi and Grant 2001). Vertebrate NR2 is thought to interact 

with PDZ proteins like PSD-95 through its C-terminal which functions as a scaffold 

and helps to assemble large protein complexes consisting of various signalling,  

 

Fig 3.1 Splice variants of NR2 in Drosophila. Six variants (dNR2-1a–dNR2-1f) encode 

the same protein but differ from each other at the 5’ untranslated region. dNR2-2 differs 

from dNR2-1 at the 5’ end, where it contains an extra coding exon 2. dNR2-3 differs 

from DrNR2-1 at the 5’ end, containing the same extra coding exon 2 and two different 

exons at the 3’end, (taken from Xia et al, 2005). 

cytoskeletal and structural molecules. Members of this complex have been shown to 

be involved in learning, memory and disease (Appendix 5.6). In invertebrates such as 

Drosophila, the NR2 C-terminus is shorter than vertebrate NR2A/B by ~400 amino 

acids and NR2C/D by ~200 amino acids (Fig. 3.2). So far the interaction profile of 

NMDA receptors has not been explored in Drosophila.  

3.1.2. Comparison of the Drosophila NR2-2 with mouse, rat and human NR2B. 

All glutamate receptors have the same basic structure. This constitutes an N-terminal 

signal peptide, 3-4 hydrophobic transmembrane (M1-M4) domains, a pore- forming 

motif and a C-terminal domain(Ewald and Cline 2009). The C-terminal has 

interaction domains which mediate its interaction with other proteins.  The NR2 PDZ 

binding domain has a sequence, E-S/T-D/E-V (Fig.3.2) and interaction domains for 
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other proteins like Calmodulin 

(Ryan, et al. 2008) 

domain is a cytoplasmic re

3.2). 

Fig. 3.2 Schematic of vertebrate NR2A/ NR2B subunit compared with that of invertebrate 
NR2. The C-terminus is shorter in 
interaction domains which are present on this segment of the protein. Loss of these interaction 
domains means Drosophila

to transduce signals and undergo covalent changes like phosphorylation at various residues 

which might be regulatory in nature. The question
interact with scaffolding molecules like DLG and if 
(Modified from Ryan et al

Protein sequence alignment between 

conservation between the two proteins suggesting that 

basic structure, the two proteins may represent two separate pro

(Appendix 3.1). However, local sequence identity of 23.5% and similarity of 45.7% 

was found when the two sequences were compared using Blossum65 and Smith

Waterman alignment algorithm of JEMBOSS V1.5. This was seen again when 

neighbour joining based on percentage identity was performed using ClustalW 

(Appendix 3.4). From the above data it appears that dNR1 and dNR2 share a 

common ancestral origin.
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other proteins like Calmodulin (Ehlers, et al. 1996), CamKII, Fyn, P13K, and P85K 

 etc., lie in the C-terminal sequence. The M2 transmembrane 

domain is a cytoplasmic re-entry domain which folds back into the cytoplasm 

Fig. 3.2 Schematic of vertebrate NR2A/ NR2B subunit compared with that of invertebrate 
terminus is shorter in Drosophila by ~400 amino acids. This leads

which are present on this segment of the protein. Loss of these interaction 
Drosophila NR2 can no longer interact with the cellular signalling molecules 
nals and undergo covalent changes like phosphorylation at various residues 

which might be regulatory in nature. The question (?) then, is Drosophila

interact with scaffolding molecules like DLG and if so which segment do they
(Modified from Ryan et al., 2008) 

Protein sequence alignment between Drosophila NR1 and NR2 shows mini

conservation between the two proteins suggesting that although they share the same 

, the two proteins may represent two separate pro

(Appendix 3.1). However, local sequence identity of 23.5% and similarity of 45.7% 

was found when the two sequences were compared using Blossum65 and Smith

Waterman alignment algorithm of JEMBOSS V1.5. This was seen again when 

based on percentage identity was performed using ClustalW 

). From the above data it appears that dNR1 and dNR2 share a 

origin. 

, PSD and MASC 

, CamKII, Fyn, P13K, and P85K 

The M2 transmembrane 

entry domain which folds back into the cytoplasm (Fig 

 

Fig. 3.2 Schematic of vertebrate NR2A/ NR2B subunit compared with that of invertebrate 
leads to loss of many 

which are present on this segment of the protein. Loss of these interaction 
interact with the cellular signalling molecules 

nals and undergo covalent changes like phosphorylation at various residues 

Drosophila NMDA receptors 
they utilise to do so. 

NR1 and NR2 shows minimal 

although they share the same 

, the two proteins may represent two separate protein classes 

(Appendix 3.1). However, local sequence identity of 23.5% and similarity of 45.7% 

was found when the two sequences were compared using Blossum65 and Smith-

Waterman alignment algorithm of JEMBOSS V1.5. This was seen again when 

based on percentage identity was performed using ClustalW 

). From the above data it appears that dNR1 and dNR2 share a 
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When we compared the 

very low conservation between the

demonstrate that there is some conservation between the two; however the 

Drosophila NR2 lacks

Fig 3.3 Dot plot showing r
mouse. The two NR2 
protein. Neither N- nor 
was generated using JEMBOSS software)

3.1.3. Comparison of the lengths of C

(invertebrate) vs. mouse, rat and humans (vertebrate

Since vertebrates and invertebrates have 

NMDA receptor family has expanded in the vertebrates 

interest to see how NR2 of invertebrate differs from the vertebrate NR2

Thus we compared the structure of 

human NR2. The Drosophila

shorter than NR2A/B, and ~200 amino acids 

vertebrate NR2. However the C

another invertebrate, 

orthologues from a common ancestor with shorter C
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When we compared the Drosophila NR2 with mouse NR2 we observed a 

very low conservation between the two proteins on a dot plot (Fig. 3.3). Dot plots 

demonstrate that there is some conservation between the two; however the 

lacks a long stretch of protein sequence at the C- 

Fig 3.3 Dot plot showing relationships between NR1 and NR2 proteins in 
 proteins have considerable sequence similarity towards

nor C-termini shows any conservation between the two proteins
was generated using JEMBOSS software). 

3.1.3. Comparison of the lengths of C-termini of NMDAR2 in 

(invertebrate) vs. mouse, rat and humans (vertebrates) 

Since vertebrates and invertebrates have diverged into two lineages and

NMDA receptor family has expanded in the vertebrates (Emes, et al. 2008

to see how NR2 of invertebrate differs from the vertebrate NR2

Thus we compared the structure of Drosophila NR2 with that of mouse, rat and 

Drosophila NR2 has a much shorter C-terminus 

shorter than NR2A/B, and ~200 amino acids shorter than NR2C/D)

vertebrate NR2. However the C-terminus is of comparable length when compared to 

another invertebrate, C. elegans (Fig 3.4), pointing to the evolution of the vertebrate 

orthologues from a common ancestor with shorter C-terminus. 

, PSD and MASC 

NR2 with mouse NR2 we observed a 

two proteins on a dot plot (Fig. 3.3). Dot plots 

demonstrate that there is some conservation between the two; however the 

 terminus. 

 

in Drosophila and in 
similarity towards the middle of the 
between the two proteins. (The Plot 

NMDAR2 in Drosophila 

diverged into two lineages and the 

Emes, et al. 2008), it was of 

to see how NR2 of invertebrate differs from the vertebrate NR2 structurally. 

NR2 with that of mouse, rat and 

terminus (~400amino acids 

than NR2C/D), compared to the 

terminus is of comparable length when compared to 

olution of the vertebrate 
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The sequence alignment of the C

mouse and human showed that the 

vertebrate NR2A/B C

motif which is at the C

four isoforms (isoforms A, B, C and D) in mouse has revealed that there is no 

conservation of the C terminus 

were conserved which were present in the PDZ

of the C-terminal domain 

Fig 3.4 Comparison of the length of C
shorter than the vertebrate 
length. The length of the C
the last transmembrane domain as predicted by TMHMM server.

It is also noteworthy that there is no significant difference in the NR1 C

terminal length between invertebrates (

                                        

4 Inferred from the dPEP6 experiments. For more details see Chapter 4 sec 4.5.
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The sequence alignment of the C-terminus of DrosophilaNR2 

mouse and human showed that the Drosophila NR2 C-terminus is shorter than 

B C-termini (Fig 3.4). However it has retained the PDZ binding 

s at the C-terminus (Fig. 3.5)4.  Comparisons between the 

four isoforms (isoforms A, B, C and D) in mouse has revealed that there is no 

conservation of the C terminus between these four isoforms. However, 9 amino acids 

were conserved which were present in the PDZ-binding domain and at the beginning 

terminal domain (Ryan, et al. 2008). 

Fig 3.4 Comparison of the length of C-termini of NR2. The invertebrate NR2 C
shorter than the vertebrate NR2 C-terminus. Vertebrate NR2A and NR2B are also similar in 

ength of the C-terminal domain was calculated from the amino acids adjacent to 
the last transmembrane domain as predicted by TMHMM server. 

s also noteworthy that there is no significant difference in the NR1 C

terminal length between invertebrates (Drosophila) and vertebrates (Fig 3.4). Thus, it 

                                                 

Inferred from the dPEP6 experiments. For more details see Chapter 4 sec 4.5.

, PSD and MASC 

NR2 with that of rat, 

terminus is shorter than all 

(Fig 3.4). However it has retained the PDZ binding 

.  Comparisons between the C-termini of 

four isoforms (isoforms A, B, C and D) in mouse has revealed that there is no 

between these four isoforms. However, 9 amino acids 

binding domain and at the beginning 

 

of NR2. The invertebrate NR2 C-terminus is 
terminus. Vertebrate NR2A and NR2B are also similar in 

terminal domain was calculated from the amino acids adjacent to 

s also noteworthy that there is no significant difference in the NR1 C-

) and vertebrates (Fig 3.4). Thus, it 

Inferred from the dPEP6 experiments. For more details see Chapter 4 sec 4.5. 
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appears that in the vertebrate lineage, 

duplication. This additi

mechanisms underlying 
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in the vertebrate lineage, the nmdar gene has undergone gene

additional molecular diversity may be one of the possible

underlying more complex cognitive functions in vertebrates.

, PSD and MASC 

gene has undergone gene 

one of the possible 

complex cognitive functions in vertebrates. 
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Fig. 3.5 Sequence alignment of the C
mouse with NR2-PC of 
vertebrate C-terminal domains. The C
the fragment of protein that follows the last transmembrane 
The PDZ interaction doma

In order to see the relationship of mouse and 

cladograms were generated by ClustalW (http://www.ebi.ac.uk/Tools/

clustalw2/index.html)

transcripts and the Drosophila

the mouse NR2 isoforms f

of a separate class. Among the mouse isoforms, NR2A/B of mouse f

class and NR2C/D into another.

Fig 3.6. Cladogram showing 
isoforms. Mouse NR2A/B fall into one 
distant relative of mouse NR2. There seems to be a small di
as well. 

3.1.4. Importance of the C

As mentioned above, 

orthologues. As a result it lacks protein interaction domains for several proteins. This 

demonstrates one possible mechanism of expansion of the interactome of vertebrate 

NR2 by elongation of the C

interactome of NMDA receptor in 

also by the variation 

which are likely to have different interactomes. This is possible because of the low 

sequence similarity (only nine amino acids are conserved between the four isoforms) 

between the C-terminal
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Fig. 3.5 Sequence alignment of the C-terminal domains of NR2B subunits
PC of Drosophila. The Drosophila C-terminus is shorter than 

terminal domains. The C-terminal domain was predicted by TMHMM server as 
the fragment of protein that follows the last transmembrane domain, (also see Ryan et al 2008). 
The PDZ interaction domains are shown by a black line and bold letters. 

In order to see the relationship of mouse and Drosophila

cladograms were generated by ClustalW (http://www.ebi.ac.uk/Tools/

clustalw2/index.html), using the amino acid sequences of the four mous

Drosophila NR2A, NR2B and NR2C (Fig 3.6). It 

the mouse NR2 isoforms fall into two classes and the Drosophila

of a separate class. Among the mouse isoforms, NR2A/B of mouse f

NR2C/D into another. 

Fig 3.6. Cladogram showing evolutionary relationships between Drosophila
isoforms. Mouse NR2A/B fall into one class and NR2C/D fall into another. 
distant relative of mouse NR2. There seems to be a small diversification in the DNR2 isoforms 

3.1.4. Importance of the C-terminal domain 

As mentioned above, Drosophila NR2 is much shorter than the mouse NR2 

orthologues. As a result it lacks protein interaction domains for several proteins. This 

es one possible mechanism of expansion of the interactome of vertebrate 

NR2 by elongation of the C-terminus. This leads to a much reduced variability in the 

interactome of NMDA receptor in Drosophila. Evolution by gene duplication and 

 in the C-terminal domain, gives rise to four different isoforms 

which are likely to have different interactomes. This is possible because of the low 

sequence similarity (only nine amino acids are conserved between the four isoforms) 

terminal domains (Ryan, et al. 2008) and the difference

, PSD and MASC 

s of human, rat and 
terminus is shorter than any of the three 

terminal domain was predicted by TMHMM server as 
(also see Ryan et al 2008). 

Drosophila NR2 isoforms, 

cladograms were generated by ClustalW (http://www.ebi.ac.uk/Tools/-

using the amino acid sequences of the four mouse NR2 

NR2A, NR2B and NR2C (Fig 3.6). It is evident that 

Drosophila NR2 isoforms are 

of a separate class. Among the mouse isoforms, NR2A/B of mouse falls into one 

 

Drosophila and mouse NR2 
and NR2C/D fall into another. Drosophila is 

versification in the DNR2 isoforms 

NR2 is much shorter than the mouse NR2 

orthologues. As a result it lacks protein interaction domains for several proteins. This 

es one possible mechanism of expansion of the interactome of vertebrate 

terminus. This leads to a much reduced variability in the 

. Evolution by gene duplication and 

terminal domain, gives rise to four different isoforms 

which are likely to have different interactomes. This is possible because of the low 

sequence similarity (only nine amino acids are conserved between the four isoforms) 

and the differences in 



Chapter 3           NMDA receptors in Drosophila, PSD and MASC 

36 

 

developmental expression patterns of the four isoforms in mouse (Monyer, et al. 

1994, Watanabe, et al. 1992). 

From studies in mouse, Drosophila and C. elegans, it is clear that NMDA 

receptors are important for various types of cognitive, developmental and 

physiological aspects of the nervous system (Cull-Candy, et al. 2001, Dickson and 

Kind 2003, Liu, et al. 2007b, Roesler, et al. 2005 , von Engelhardt, et al. 2007, Xia, 

et al. 2005, Zhou, et al. 2007). On the same note it has been shown that the C-

terminus of NMDA receptor is involved in assembling macromolecular complexes of 

several thousand kDa (Collins and Grant 2007, Husi and Grant 2001).The 

importance of the C-terminal of NR2 in mice is apparent from the fact that truncation 

of the NR2B C-terminus leads to perinatal death  whereas truncation of the C-

terminus of the NR2C leads to impaired contextual memory and synaptic plasticity. 

When truncated forms of NR2A and C are expressed together in mice it leads to 

decreased motor co-ordination (Sprengel and Single 1999). 

3.2. Investigation of NMDA receptor interactome in Drosophila: 

Efforts to generate clones and antibodies 

The discussion in the previous section and Chapter 4 emphasised that the 

NMDA receptor is a key molecule in assembly of the NMDA receptor complex 

(NRC), (Collins, et al. 2006, Husi and Grant 2001). The NRC consists of ~186 

proteins in mice and in silico methods predict the presence of about 88 orthologues 

of these proteins in Drosophila (Appendix 3.1.b). These predictions are reasonable 

given the shorter length of the C-terminus of Drosophila NR2 (which is missing 

many of the intracellular protein interaction domains found in mouse). Thus we 

wanted to see if exchanging the C-terminus with the vertebrate orthologue would 

lead to an increase in the number of interactions in Drosophila. We also wanted to 

see if there is any gain of function which may manifest as increased/ altered learning 

and memory in Drosophila. Thus the goal of this chapter was to generate a chimera 

between the Drosophila N-terminus and mouse C-terminus of the NMDA receptor 

subunit 2 and 2B respectively. 
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3.2.1. Analysis of the mouse and rat NMDAR2B

I examined the mouse 

map in order to choose restriction enzymes for cloning. The mRNA sequence for 

nmdar2bwas retrieved from 

NEB cutter V2.0. Similarly 

digested with NEB cutter V2.0 to obtain an overview of the variety of restriction 

enzymes which could be used in cloning (Fig 

Fig. 3.7. Restriction digestion map of mouse 

3.2.2. Problems in amplification of vertebrate NR2B and dNR2 cDNA

Rat and mouse cDNA

none of them allowed direct amplification by PCR. A control experiment to amplify 

and make a chimera of t

Although the PDE4B was cloned, and a chimera was successfully made, the same 

was not the case with the vertebrate 

Huganir’s laboratory (School of Medicine, Joh

plasmid (Fig 3.8). The DNA was cut using 

nr2b fragment and the vector backbone. The cloning failed due to the unsuccess

amplification and failure of
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3.2.1. Analysis of the mouse and rat NMDAR2B 

examined the mouse nmdar2bcDNA sequence for its restriction digestion 

map in order to choose restriction enzymes for cloning. The mRNA sequence for 

was retrieved from NCBI-Genbank and restriction mapped 

NEB cutter V2.0. Similarly Drosophila and rat mRNA sequences were retrieved and 

digested with NEB cutter V2.0 to obtain an overview of the variety of restriction 

enzymes which could be used in cloning (Fig 3.7). 

.7. Restriction digestion map of mouse nmdar2bgenerated by NEB c

3.2.2. Problems in amplification of vertebrate NR2B and dNR2 cDNA

Rat and mouse cDNAs for nr2bwere obtained from several laboratories, but 

none of them allowed direct amplification by PCR. A control experiment to amplify 

and make a chimera of the Drosophila-human PDE4B was performed in parallel. 

Although the PDE4B was cloned, and a chimera was successfully made, the same 

was not the case with the vertebrate nr2. The rat nr2bcDNA obtained from Richard 

Huganir’s laboratory (School of Medicine, John Hopkins University)

.8). The DNA was cut using EcoRI which yielded 

and the vector backbone. The cloning failed due to the unsuccess

amplification and failure of incorporation of nr2cDNA into the pUAST.

, PSD and MASC 

cDNA sequence for its restriction digestion 

map in order to choose restriction enzymes for cloning. The mRNA sequence for 

restriction mapped using the online 

and rat mRNA sequences were retrieved and 

digested with NEB cutter V2.0 to obtain an overview of the variety of restriction 

 

generated by NEB cutter v 2.0 

3.2.2. Problems in amplification of vertebrate NR2B and dNR2 cDNA 

were obtained from several laboratories, but 

none of them allowed direct amplification by PCR. A control experiment to amplify 

human PDE4B was performed in parallel. 

Although the PDE4B was cloned, and a chimera was successfully made, the same 

cDNA obtained from Richard 

n Hopkins University), was in a pRK5 

which yielded the expected 4.6kb 

and the vector backbone. The cloning failed due to the unsuccessful 

o the pUAST. 
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A second NR2B construct of mouse origin was obtained from Bodo Laube 

(Max Planck Institute for Brain Research, Frankfurt). The construct was a 

nr2b/pNKS2 plasmid. The vector map and the digestion products with 

Not1 are shown below (Fi

in the mouse nr2b, a digestion with this restriction enzyme was performed to check 

whether the resulting DNA 

 Fig. 5.8. Rat nr2b

Huganir. (a) the vector map of the construct. (b) 

The digestion product appeared as two distinct bands on the gel rather than a single 

restriction digestion site as expected

sites in the construct. However, the DNA was not sequenced. Communications with 

Bodo Laube lead to the suspicion 

there was a problem in the DNA as it had be

Further extensive attempts to acquire vertebrate cDNA did not lead to any success.
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A second NR2B construct of mouse origin was obtained from Bodo Laube 

(Max Planck Institute for Brain Research, Frankfurt). The construct was a 

/pNKS2 plasmid. The vector map and the digestion products with 

are shown below (Fig. 5.9).  Since there is no restriction digestion site for 

, a digestion with this restriction enzyme was performed to check 

whether the resulting DNA is linearised to give a single band on the gel

nr2b-pRK5 construct. The rat nr2bconstruct obtained from Richard 

Huganir. (a) the vector map of the construct. (b) EcoRI digestion of the construct.

product appeared as two distinct bands on the gel rather than a single 

restriction digestion site as expected, indicating the presence of additional restriction 

. However, the DNA was not sequenced. Communications with 

Bodo Laube lead to the suspicion that the plasmid was either not the right one or 

there was a problem in the DNA as it had been in storage for a long period of time. 

attempts to acquire vertebrate cDNA did not lead to any success.

, PSD and MASC 

A second NR2B construct of mouse origin was obtained from Bodo Laube 

(Max Planck Institute for Brain Research, Frankfurt). The construct was a 

/pNKS2 plasmid. The vector map and the digestion products with Xho1 and 

g. 5.9).  Since there is no restriction digestion site for Not1 

, a digestion with this restriction enzyme was performed to check 

linearised to give a single band on the gel.  

 

construct obtained from Richard 

digestion of the construct. 

product appeared as two distinct bands on the gel rather than a single 

indicating the presence of additional restriction 

. However, the DNA was not sequenced. Communications with 

was either not the right one or 

en in storage for a long period of time. 

attempts to acquire vertebrate cDNA did not lead to any success. 
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3.2.3. The Drosophila NMDAR2 DNA may form local secondary structure 

which poses problems in PCR amplification. 

The sequence for Drosophilanr2was obtained from NCBI-Genbank. The DNA 

was digested as mentioned above to generate a restriction digestion map (Fig 5.9). 

The nr1and nr2cDNA was obtained from Ann Shyn Chiang (NTSHU, IBT, Japan). 

nr1was in pBluescript-SK backbone and nr2in pGEMT-easy vector (Fig 5.10). In 

order to get the full cDNA for further manipulation, it was PCR amplified    

 

Fig. 3.9. Mouse NR2B-pNKSS2-myc construct. The rat nr2bconstruct obtained from 

Bodo Laube. (a) the vector map of pNKS2  showing the Not1 site, (b) Xho1 digestion of 

the construct, and (c) digestion of the construct with Not1.  

using forward- and reverse primers which would allow amplification of the whole 

gene. However there was no amplification observed even when the experiment was 

repeated several times using different reagents. 

The nmdar2cDNA was subsequently analysed by Genescript Corp 

(http://www.genscript.com/). It was found that the most likely reason for the 

problems in amplification was the formation of secondary structure, facilitated by the 
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high GC content (58%) (Fig

short direct and indirect repeats which 

secondary structures. In addition there are four palindromes which g

secondary structures (Fig. 5.12 and 5.14). This made the amplification of the 

receptor gene difficult.

Fig 3.10. Restriction digestion map of 

2.0 

Fig 3.11. The vector maps of the 

Shyn Chiang, Japan.
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gh GC content (58%) (Fig. 5.12). Repeat analysis showed that the 

short direct and indirect repeats which may give rise to intra- and inter

secondary structures. In addition there are four palindromes which g

uctures (Fig. 5.12 and 5.14). This made the amplification of the 

difficult. 

Fig 3.10. Restriction digestion map of Drosophilanmdar2generated by NEB cutter V 

Fig 3.11. The vector maps of the nmdar1and nmdar2of Drosophila provide

Shyn Chiang, Japan. 

, PSD and MASC 

5.12). Repeat analysis showed that the cDNA had many 

and inter-molecular 

secondary structures. In addition there are four palindromes which give rise to 

uctures (Fig. 5.12 and 5.14). This made the amplification of the nmdar2 

 

generated by NEB cutter V 

 

provided by Ann-
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Fig. 3.12. GC content of the 
structure formation which leads to obstructions in PCR amplifications (Genescript corp.)

Fig. 3.13. Repeat and palindrome sequence
palindromes give rise to secondary structures making amplification by PCR difficult 
(Genescript corp.) 
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Fig. 3.12. GC content of the Drosophila nmdar2. The high GC contents lead to local secondary 
structure formation which leads to obstructions in PCR amplifications (Genescript corp.)

Fig. 3.13. Repeat and palindrome sequences in Drosophilanmdar2. The repeats and 
palindromes give rise to secondary structures making amplification by PCR difficult 

, PSD and MASC 

 

. The high GC contents lead to local secondary 
structure formation which leads to obstructions in PCR amplifications (Genescript corp.) 

 

. The repeats and 
palindromes give rise to secondary structures making amplification by PCR difficult 
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Fig. 3.14.Predicted 

direct and inverted repeats give r

colour coded based on 

unpaired. A high entropy means the bases 

entropy means the bases are 

or red being the minimum entropy and 

RNA fold web server (

3.2.4. Antibodies available for dNR2 were not good

Although there are many antibodies available for the vertebrate NR2B there 

was no published record of a

contemplating the making of 

published antibodies 

antibodies were obtained and 

experiments. However,

recognised many bands 

(Fig 3.15 a). Later another report was published in which 

reported and an acknowledgement of the

(Wu, et al. 2007). The new antibodies were obtained from the authors and once again 
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Predicted secondary structure topology of Drosophilanmdar2

d inverted repeats give rise to many local secondary structures. The

colour coded based on position entropy which is a measure of the bases being paired or 

unpaired. A high entropy means the bases cannot form a secondary structure

entropy means the bases are paired. The colour spectrum shows entropy from 0 to 4, 0 

being the minimum entropy and 4 or red being the highest entropy. Predicted

RNA fold web server (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi ) 

.2.4. Antibodies available for dNR2 were not good 

Although there are many antibodies available for the vertebrate NR2B there 

was no published record of an anti-Drosophila NR2 antibody. While we

contemplating the making of an antibody, Ann- Shyn Chiang

ies (Xia, et al. 2005) against Drosophila NMDA receptors. These 

antibodies were obtained and tested in immunohistochemistry and western blotting

. However, they did not work in either of the 

recognised many bands on western blots indicating that they might be non

.15 a). Later another report was published in which a few more antibodies were 

reported and an acknowledgement of the failure of previous antibodies was published 

The new antibodies were obtained from the authors and once again 

, PSD and MASC 

 

nmdar2cDNA. The 

structures. The sequence is 

h is a measure of the bases being paired or 

cannot form a secondary structure and a low 

shows entropy from 0 to 4, 0 

entropy. Predicted by 

Although there are many antibodies available for the vertebrate NR2B there 

NR2 antibody. While we were 

hyn Chiang’s group in Japan 

NMDA receptors. These 

nd western blotting 

the experiments. They 

indicating that they might be non-specific 

few more antibodies were 

failure of previous antibodies was published 

The new antibodies were obtained from the authors and once again 
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they did not produce the desired results

extracts from Drosophila

Fig 3.15 The anti-NR2 antibodies are non

was prepared by homogenising frozen fly heads in a lysis buffer containing 50mM Tris, pH 

8.0, 150mM NaCl, 0.1M MgCl2, 0.5mM EGTA, and 

extract was run on  a 4

(b) second lot of anti-

bands. 

3.2.5. Generation of 

Since a suitable anti

polyclonal antibody was generated against the 14 amino acid peptide 

YIRKRLAKKDGGHC corr

NR2 protein. The antibody was affinity purified using protein A beads. The antibody 

was then used to probe for NR2 

The specificity of these antibodies 

testing the pre-immune serum reactivity to the fly head extract and then performing a 

peptide inhibition assay of the antibody (Fig 3.16). The pre
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did not produce the desired results, recognising many different bands in protein 

Drosophila heads (Fig 3.15 b). 

 

NR2 antibodies are non-specific. Wild type Canton S (CS) fly head extract 

was prepared by homogenising frozen fly heads in a lysis buffer containing 50mM Tris, pH 

0, 150mM NaCl, 0.1M MgCl2, 0.5mM EGTA, and a protease inhibitor cocktail (Roche), the 

extract was run on  a 4-12% polyacrylamide gel and probed with  (a) 1:500 anti

-NR2 antibodies obtained from Ann-Shyn Chiang also reco

3.2.5. Generation of an antibody against dNR2: strategy, trial and results

Since a suitable anti- Drosophila  NR2 antibody was unavailable, a rabbit 

polyclonal antibody was generated against the 14 amino acid peptide 

YIRKRLAKKDGGHC corresponding to amino acids 651-664 in the 

NR2 protein. The antibody was affinity purified using protein A beads. The antibody 

was then used to probe for NR2 in protein extracts prepared from Drosophila

The specificity of these antibodies for the fly NR2 subunit 

immune serum reactivity to the fly head extract and then performing a 

peptide inhibition assay of the antibody (Fig 3.16). The pre

, PSD and MASC 

ifferent bands in protein 

specific. Wild type Canton S (CS) fly head extract 

was prepared by homogenising frozen fly heads in a lysis buffer containing 50mM Tris, pH 

protease inhibitor cocktail (Roche), the 

12% polyacrylamide gel and probed with  (a) 1:500 anti-NR2 first lot 

Shyn Chiang also recognised a few 

dNR2: strategy, trial and results 

NR2 antibody was unavailable, a rabbit 

polyclonal antibody was generated against the 14 amino acid peptide 

664 in the Drosophila 

NR2 protein. The antibody was affinity purified using protein A beads. The antibody 

Drosophila heads. 

r the fly NR2 subunit was tested by first 

immune serum reactivity to the fly head extract and then performing a 

peptide inhibition assay of the antibody (Fig 3.16). The pre-immune serum 



Chapter 3           

 

recognised several bands in the fly extract. The pepti

was raised did not reduce the reactivity of the antibody to the protein extract obtained 

from the fly heads. Thus the antibody was neither useful in probing the NR2 protein 

in the fly nor in performing any NR2 interaction stud

pursued further due to time constraints. 

Fig.3.16. anti-NR2 antibody specificity. (a)The antibody was tested for specificity by testing 
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recognised several bands in the fly extract. The peptide against which the antibody 

was raised did not reduce the reactivity of the antibody to the protein extract obtained 

from the fly heads. Thus the antibody was neither useful in probing the NR2 protein 

in the fly nor in performing any NR2 interaction studies. This project was not 

pursued further due to time constraints.  

NR2 antibody specificity. (a)The antibody was tested for specificity by testing 
immune serum against protein extracts from the head of wild type 
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nervous system diseases. However, there has been no such study in Drosophila. To 

explore the possibility of such a complex in Drosophila efforts were made to study 

the interactome of the NR2 glutamate receptor in Drosophila. Although these efforts 

did not accomplish much, due to problematic reagents and difficulties in cloning 

these genes in Drosophila and mice, interesting findings were made during this 

investigation. These findings may be of significance and have potential for future 

research. If pursued, this project might have revealed similarities/differences between 

the NMDA receptor complex in Drosophila and vertebrates (mouse) and would have 

allowed an investigation of the effects of the vertebrate NMDA receptor C-terminus 

domain on its protein interaction profile and the functioning of the NRC. However, 

time constraints did not permit further investigation into the matter. 

The NMDA receptor of Drosophila is different from the vertebrate 

orthologues in that it has a C-terminus shorter by ~400 amino acid residues 

compared to vertebrate NR2A/B and ~200 aa shorter than vertebrate NR2C/D (Ryan, 

et al. 2008).  This has implications for regulation of the function of the NMDA 

receptor and therefore of the synapse. Drosophila NR2 has four different orthologues 

in vertebrates which differ in sequence mostly in the C-terminus, the vertebrate 

NMDA receptors appear to have evolved from proteins like those in Drosophila by 

divergent evolution. The vertebrate proteins have evolved to have more protein-

protein interaction domains which make them capable of regulating the functioning 

of the synapse in various ways both developmentally and physiologically. The C-

terminus of the vertebrate NR2 has diverged further in mouse and is much longer 

than its invertebrate counterparts. NR1 on the other hand has not diverged much 

from its invertebrate homologues and retains all the functional and structural features 

of invertebrate NR1 (Appendix 3.2). 

Sequence analysis has revealed that the Drosophila NR2 cDNA has a high 

propensity for forming secondary structures, which makes PCR amplification of this 

gene difficult. This has implications in further research where care be must be taken 

while amplifying this gene. The NR2 antibody generation is another issue. Although 

there are many antibodies available for vertebrate NMDA receptors, none of these 
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antibodies passed our tests. The antibodies generated during this work cross reacted 

with other proteins and hence could not be used in studying the protein interaction 

profile of NMDA receptors in Drosophila. We hope that this work will be referred to 

when making strategies for studying the NMDA receptor in Drosophila. 
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4 

 

Proteomics of fly MAGUK-associated signalling 

complex (fMASC) 

 

4.1. Background 

Changes in synaptic connections are believed to be central to information 

integration and amplification between neurons (Greenough 1984). Although much is 

known about the proteins involved in neurotransmission and synaptic potentiation, 

very little is known about the synaptic protein complement overall and about how 

these proteins are arranged in the pre- and post-synaptic membranes. This is 

important because these are the molecular players which bring about the molecular 

and structural changes(Buchs and Muller 1996) that lead to changes in synaptic 

function which underlie processes like development, learning and memory and 

various types of diseases and behaviours (Blitzer, et al. 2005, Fukunaga, et al. 1993, 

Gylys, et al. 2004, Riedel, et al. 2003). 

Bioinformatic investigations into the fly and the human genomes have shown 

that about 73% of the proteins involved in neurotransmitter release in human have 

homologues in Drosophila  (Lloyd, et al. 2000). It has also been argued that very few 

changes in the neurotransmitter release mechanism have been tolerated during the 



Chapter 4  Purification of fly MASC 

48 

 

course of evolution (Lloyd, et al. 2000). Although many attempts have been made to 

isolate large protein complexes from the mouse brain(Jordan, et al. 2004, Li, et al. 

2004, Peng, et al. 2004, Satoh, et al. 2002, Yoshimura, et al. 2004), no such effort 

has been made in Drosophila because of technical difficulties. For instance, the 

amount of tissue required to do a mass spectrometric assay in mouse is about 1g, and 

to get 1g of fly heads, about 10,000 flies are required. Also it is not possible to 

dissect specific brain regions in the fly to prepare large amounts of protein extracts 

on which proteomic studies could be carried out. This leaves questions about the 

evolutionary conservation of the synaptic protein complement from Drosophila to 

humans unaddressed. 

In mice, it has been shown that the synaptic protein complement can be 

clustered into different sub-clusters (Fig 4.1), each one of which is enriched in 

proteins involved in particular functions (Pocklington, et al. 2006). This 

organisationwas inferred from data for physical interactions between the proteins. 

Such organization can potentially increase the efficiency of signal reception and 

processing, by bringing together the active sites of proteins which act in succession, 

as in the case of many metabolic pathways (Lherbet, et al. 2006). In certain cases this 

might help in channelling the substrates of reactions between active sites more 

efficiently, thus increasing the efficiency of the signal transduction and various other 

kinds of reactions many fold. The binding of receptor molecules with G-proteins for 

example is necessary for the input of information into the cells wherein a signalling 

cascade involving many different enzymes like protein kinases and transcription 

factors is subsequently activated (Lodish, et al. 2000). 
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Fig.4.1 Mouse MASC protein network clusters. The clustering is based on protein-protein 
interaction data available in literature.  The clusters show significant correlation with 
functional data for the components of the clusters. A general functional role of each of the 
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clusters is indicated. Graphical representation of network produced using BioLayout. 
(Modified from Pocklington et al., 2006) 

4.2. MAGUK-Associated Signalling Complex (MASC) 

The synapse hosts a large repertoire of proteins and different numbers have 

been estimated for the whole synaptic protein complement. Taken together the total 

number of proteins reported to exist in the synapse, including those at the pre- and 

post-synaptic membrane, is ~1100(Collins, et al. 2006). Most of these molecules are 

associated with the normal functioning of the synapse and are involved in structure 

maintenance, information reception and processing and transcription of different 

genes in response to the nature of the signal. Husi et al (2001), reported purification 

of ~567 proteins in an affinity purification of these proteins using peptides 

corresponding to the NMDA receptor C-terminus (Husi and Grant 2001).  

Table 4.1. Involvement of MASC in cognitive / Neurological disorders 

(adapted from Pocklington et al. 2006) 

Disease /Disorder No. of proteins 

Mental illness 54 
Behaviour (mouse) 48 
Schizophrenia 33 
Mental retardation 23 
Bipolar disorder 12 
Depressive illness. 14 

 

This list is closest to the consensus post-synaptic density list of protein 

molecules; the latter is believed to consist of ~466 proteins (Collins, et al. 2006). A 

subset of 186 proteins from the post-synaptic density (PSD) is closely associated 

with synaptic function and is rich in the Membrane Associated Guanylate Kinase 

(MAGUK) scaffolding proteins among others. These proteins represent different 

families of proteins ranging from receptors to enzymes, transcription factors and 

structural proteins. Together they are now referred to as the MAGUK-associated 

signalling complex (MASC). Using the protein-protein interaction data available in 

the literature this complex could be clustered into many sub-clusters; members of 

each one are specialised to perform, or are associated with, specific synaptic 

functions(Pocklington, et al. 2006). In addition many of the MASC proteins have 

been implicated in neurological disorders (Table 4.1), (Pocklington, et al. 2006). 
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4.3. Hypothesis 

Our search for the mMASC orthologues in the Drosophila genome resulted in 

88 hits (Appendix 3.1.b) (JD Armstrong and Mark Longair (personal 

communication)). This suggests that a complex similar to the mMASC may exist in 

Drosophila but with fewer proteins. Further to this our searches across 19 different 

species showed that some of the MASC proteins (25% of those in mice) exist in 

yeast. This trend correlated well with the number of proteins in PSD (Emes, et al. 

2008).  From these data it appears that there are two possibilities, either the fly  

 

Fig 4.2. Post-synaptic density proteins (PSD) and MASC homologues found in each of the 19 
species are shown as a percentage of those found in human. Where there were multiple 
homologues reported, only one hit was recorded (taken from Emes et al, 2008). 

MASC is a simpler complex than the mouse MASC having fewer members which 

are represented in mouse, or it is as complex as the mouse MASC but has a different 

protein composition. Since the members of the MASC complex predate the evolution 

of the nervous system it does not correlate with the existence or complexity of the 

nervous system. 

4.4. Purification of Drosophila  MAGUK-Associated Signalling 

Complexes 

(In collaboration with Alex Bayes, Wellcome Trust Sanger Institute, Cambridge) 

In order to probe for a MASC complex equivalent in Drosophila, we used 

affinity purification techniques to try and purify the MASC complex from 
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Drosophila head protein extract and analysed it with mass spectrometry to identify 

the proteins. A similar approach was used in mice, in which a 20 amino acid 

peptidecorresponding to the C-terminus of the NMDA receptor was used to purify 

the mMASC complex.  Here we used a 6 amino acid peptide corresponding to the C-

terminus of the Drosophila NMDA receptor subunit 2 to purify the fMASC. The 

flies were reared and the fly heads were prepared in our laboratory in Edinburgh. 

Control experiments for affinity purification and optimization of conditions for the 

affinity purification were also done in Edinburgh. The hexapeptide purification and 

the mass spectrometry were performed at Sanger Institute, Cambridge. 

The C-terminus of NR2 binds PDZ domain proteins PSD-95, PSD-93 and 

SAP102 in mouse (Husi and Grant 2001). Hoping we might find similar interaction 

in Drosophila we generated a hexapeptide dDPEP6 (EMETVL) corresponding to the 

C-terminus of the NR2 and used it as a bait to purify the NR2-associated proteins 

from the fly head protein extract. Since the second last Valine in the PDZ interaction 

motif is crucial for interaction between PDZ domains and the PDZ interaction motif, 

a control hexapeptide corresponding to the C terminus of DNR2, but lacking the 

second last Valine, IAEMET(dDPEP6∆VL), was designed. 

The specificity of interaction between dDPEP6 and MAGUK proteins was 

demonstrated by co-purifying DLG, which is a MAGUK protein, with dDPEP6 and 

not with dDPEP6∆VL (Fig. 4.3.a). Coomassie staining showed that dDPEP6 bound 

many proteins while dDPEP6∆VL bound only a few (Fig. 4.3.b). These 

experimentsshow that the dDPEP6 peptide can specifically bind fly MAGUKs and 

associated proteins. 
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Fig.4.3. Western blot 
from dDPEP6 purification
dDPEP6∆VL immobilized peptide on resins. The resin was washed (wash) and the bound 
proteins were eluted (elu
and residual proteins on the resins (beads).
columns were run on a 4
arrow indicates the region on the gel which gave the majority of DLG peptides after mass 
spectrometry (From Emes et al, 2008)
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comparison to ~60% in mMASC.
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estern blot with anti-DLG antibody and Coomassie Brilliant Blue 
purification. (a) The protein lysate (input) was incubated with d

VL immobilized peptide on resins. The resin was washed (wash) and the bound 
proteins were eluted (eluate). The presence of DLG checked by western blotting in wash, elute 
and residual proteins on the resins (beads).(b) Eluates of dDPEP6 (d6) and d
columns were run on a 4-12% SDS PAGE gel and stained with Coomassie
arrow indicates the region on the gel which gave the majority of DLG peptides after mass 

m Emes et al, 2008). 

4.5. Results from Mass spectrometry of DPEP6 affinity purified 

identified 220 proteins using mass spectrometry (Appendix 4.1)

fMASC proteins were categorized into different protein families on the basis 

for the mouse MASC previously (Pocklington, et al. 2006

Signalling molecules and enzymes was the largest class in fMASC as it is in 

Channels and Receptors made the smallest class. 

Upstream signalling and structural components (Channels and Receptors

Cytoskeletal and Cell Adhesion, G-proteins and Modulators, 

MAGUKs/Adaptors/Scaffolders), account for 25% of fMASC proteins in 

comparison to ~60% in mMASC. However, most of the signalling molecules in 

fMASC are metabolic enzymes, heat shock and chaperone proteins, and 

mitochondrial proteins. 67 proteins purified in this experiment were however clearly 

involved in synaptic function (Appendix 4.2). Thus the molecular complexity, i

related proteins, of fMASC in Drosophila is roughly half of that in 

 

Blue staining of eluates 
was incubated with dDPEP6 (d6) or 

VL immobilized peptide on resins. The resin was washed (wash) and the bound 
resence of DLG checked by western blotting in wash, elute 

(d6) and dDPEP6∆VL (d6∆) 
Coomassie Brilliant Blue. The 

arrow indicates the region on the gel which gave the majority of DLG peptides after mass 

affinity purified 

(Appendix 4.1). The 

fMASC proteins were categorized into different protein families on the basis 

Pocklington, et al. 2006), (Table 4.2). 

Signalling molecules and enzymes was the largest class in fMASC as it is in 

 

Channels and Receptors, 

proteins and Modulators, 

account for 25% of fMASC proteins in 

signalling molecules in 

fMASC are metabolic enzymes, heat shock and chaperone proteins, and 

in this experiment were however clearly 

involved in synaptic function (Appendix 4.2). Thus the molecular complexity, in 

is roughly half of that in 
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mouse (Fig 4.4), (in both relative and absolute terms), as predicted by bioinformatics 

(Pocklington, et al. 2006

Family

Channels and Receptors

Cytoskeletal and Cell Adhesion

G-proteins and Modulators

Kinases

MAGUKs / Adaptors / Scaffolders

Protein Phosphatases

Signalling molecules and Enzymes

Synaptic Vesicles / Protein Transport

Transcription and Translation

Uncharacterised / novel

 

Fig 4.4. Composition of fMASC and
can be clearly seen in the two species. However in fMASC this makes only ~25% of the total 
protein complex whereas
enzymes are the largest fami
Emes et al  2008) 

4.6. Overlap between fMASC and mMASC

To examine how much overlap occurs between the fMASC and mMASC we 

compared the fMASC list of 67 proteins with of the mMASC list of 88 prote
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(in both relative and absolute terms), as predicted by bioinformatics 

Pocklington, et al. 2006). 

Table 4.2 Classification of the MASC protein 

Family 
fMASC 

% of (220) 

mMASC

% of (186)

Channels and Receptors 2 6 

Cytoskeletal and Cell Adhesion 9 18 

proteins and Modulators 4 11 

Kinases 3 12 

MAGUKs / Adaptors / Scaffolders 4 11 

Protein Phosphatases 2 4 

Signalling molecules and Enzymes 41 20 

Synaptic Vesicles / Protein Transport 10 12 

Transcription and Translation 19 3 

Uncharacterised / novel 7 2 

. Composition of fMASC and mMASC. Enrichment of signalling and structural proteins 
can be clearly seen in the two species. However in fMASC this makes only ~25% of the total 

ereas in mMASC it makes up ~60%. The Signalling molecules and 
the largest families of proteins in both the fMASC and the mMASC (Taken from 

Overlap between fMASC and mMASC 

how much overlap occurs between the fMASC and mMASC we 

compared the fMASC list of 67 proteins with of the mMASC list of 88 prote

(in both relative and absolute terms), as predicted by bioinformatics 

mMASC 

% of (186) 

 

mMASC. Enrichment of signalling and structural proteins 
can be clearly seen in the two species. However in fMASC this makes only ~25% of the total 

ignalling molecules and 
of proteins in both the fMASC and the mMASC (Taken from 

how much overlap occurs between the fMASC and mMASC we 

compared the fMASC list of 67 proteins with of the mMASC list of 88 proteins for 
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which fly orthologues were found. We found that 9 orthologous proteins were 

purified in both Drosophila and mouse (Table 4.3). This might be an indication of 

the increased complexity and divergence of the MASC complex from flies to mice. 

Table 4.3. List of proteins purified in DPEP6 affinity purification from Drosophila head extracts 

which were found in mMASC as well 

FBgn name Fbgn ID 
Mouse 

orthologue 

DLG1 FBgn0001624 DLGH1 

SGG FBgn0003371 GSK3B 

PKC98E FBgn0003093 PRKCH  

PP2A-29B FBgn0005776 PPP2R1A 

ZIP FBgn0005634 MYH10 

RL FBgn0003256 MAPK1 

ZIP FBgn0005634 MYH10 

CANA-14F FBgn0030758 PPP3CB  

NSF2 FBgn0013998 NSF 
 

The overlap between the two lists shows that the MASC complex in the two 

species is conserved to some extent. The families of proteins in the complexes in the 

two species are conserved although the proportions of different families of proteins 

in the two species differ.  

4.7. Cluster analysis of the fly signalling complex proteins 

Now that we had purified proteins which are involved in synaptic function it 

seemed worthwhile at this point to search for other known interactions between these 

proteins and derive a model depicting how these proteins are organised at the 

synapse. Therefore, we searched the Drosophila Interactions Database, DroID 

(Version 4.0), which lists protein interactions based on two hybrid screens, protein-

protein interactions and genetic interactions. DroID is a large database hosting 

138,535 interactions from different sources (Yu, et al. 2008 ). We extracted 

interaction data for all the proteins we had purified plus the Drosophila orthologues 

of mMASC and used an algorithm given by Newman & Girvan to generate an 

interaction network (Girvan and Newman 2002). The final cluster diagram was 

prepared using Cytoscape 2.6.0. The Newman & Girvan algorithm is used to detect 

communities in complex systems. It identifies communities on the basis of density of 
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node-node connections. In our case the nodes represent the genes and the 

connections between them represent the interactions between them which can either 

be protein-protein interactions or genetic interactions. It is important  to mention here 

that we have excluded interactions of proteins with themselves.  

 

Fig 4.5. Cluster analysis of fly and mouse MASC proteins. The interaction map is based on the 
interactions mentioned in DroID interaction database, Version 4.0. Cluster 1 is the biggest 
community, hosting 25 proteins linked by 115interactions. Proteins which are involved in 
learning and memory are shown in red. The map was prepared using Cytoscape version 2.6.0. 

We found that the proteins in our list were highly connected to form a 

network. The analysis identified 11 different highly connected communities 

(Appendix 4.3). In total 225 protein-protein interactions were found between 89 

different proteins. The most highly connected community are clusters 1, 2 and 3 (Fig 

2.4). Cluster 1 is the largest among all the clusters hosting 25 proteins with 115 

interactions between them. Behavioural and molecular phenotypes have been 

associated with most of the proteins present in this network (Appendix 5.6). The 

NMDA receptors are in the most highly connected cluster. This is interesting because 

NMDA receptor was used to purify this protein complex and it shows that NMDA 
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receptors are highly connected with other proteins in this network. This suggests a 

central role of NMDA receptors in the network.  

4.8. Protein trap lines as a tool to purify fMASC 

Purifying protein complexes has two important problems associated with it. 

First, the purifying tags need to be designed for each different protein that is to be 

used as bait. Second, the success of a protein tag may vary from one tag to another 

depending on proper folding and accessibility of the tag to purification methods, 

solubility and independence from other agents which may be needed for proper 

folding. Thus, using different tags will result in increase in time and effort needed to 

purify protein complexes. 

Protein traps are powerful tools that could be used to purify protein 

complexes using a single tag inserted into different members of a complex (also see 

section 4.8.1). This allows the use of the same set of purification conditions for 

almost all the different tagged proteins, with minor modifications in some cases. 

Using this technique, one can study the profile of proteins purified using different 

tags. This can help to make conclusions about the importance of various members of 

the complex. 

4.8.1. Structure of the purification tag 

The purification tag used here was designed based on the strategy developed 

by Morin et al (2001) . The tag in our protein trap lines has a variant of the enhanced 

yellow fluorescent protein (EYFP), called VENUS,  Strep-TagII for purification and 

a mini-white (w+) eye colour marker for tracking insertion into the genome. The 

Venus protein is flanked on both ends by Strep-tagII (Strep-Venus-Strep, S-V-S). In 

addition the tag has donor and acceptor splice sites (SA and SD) flanking the S-V-S 

tags, allowing insertion into the introns of fly genes. This prevents gene disruption in 

protein targeting which might have resulted from conventional N-terminal tagging 

(Fig 4.6). This strategy also allows immunohistochemical and intracellular 

localization of the proteins. 
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Fig. 4.6 Protein trap construct. The protein trap used in this study is a PiggyBac based plasmid 
which contains a reporter gene, VENUS and a purification tag Strep-tagII. 

The whole tag is in a piggyBac vector which is believed to insert randomly in 

the genome, unlike P-elements which have a preference to insert near the 5’ ends of 

the genes (Spradling, et al. 1995). The advantage of using the piggyBac vector is that 

it inserts randomly in the genome at sites with a TTAA sequence (Fraser, et al. 1996, 

Wang and Fraser 1993). When inserted into an intron of a gene, it traps and reports 

the expression profile of the protein in vivo. 

4.8.2. Method of Purification 

 Our purification method was based on biotin-streptavidin interaction, which 

is one of the strongest and most specific interactions known in biology (Wilchek and 

Bayer 1988). An 8 amino acid peptide (Streptag) which binds the biotin binding 

pocket of streptavidin is used as a tag on proteins to be purified. Streptactin, an 

engineered steptavidin with high affinity for Streptag, coupled to resin is used to 

purify tagged proteins from protein lysates (Fig 4.7). Here we use this system to 

purify fly MASC using protein trap lines mentioned above. 

Protein extracts prepared using NP-40 buffer (see Appendix 4.4 for 

composition), were pre-cleared using protein G beads and then incubated with the 

Streptactin- coupled resin (IBA TAGnology). The resin was then washed several 

times to remove the unbound proteins. The bound protein which includes our tagged 

protein was then released by incubating the resin with a competitive inhibitor of 

Strep-tag II, desthiobiotin, which displaced the bound Strep-tagII from the resin and 

hence released our protein along with its associated proteins. The detailed protocol of 

purification is described in Chapter 2: Section.2.4. 
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Fig 4.7. Affinity purification protocol. The streptactin 
method of tagged protein purification. (a) The avidin
and high affinity interactions
short peptide, Strep-tagII
protocol using Strep
incubated with streptactin coupled resin. The 
washes. The tagged protein 
inhibitor, desthiobiotin.

4.8.3. Selection of protein trap lines

The protein trap lines which had insertions into the MASC protein reported 

previously were selected from the Cambridge protein trap collection. Protein extracts 

from these lines were analysed by western blot

predicted molecular weig

recognise the VENUS protein. The JL

type flies to make sure there was no background reacti

wild type proteins as was found with

anti-GFP antibody (Invitrogen) A11122, A11121) which recognised many proteins 

in the wild type whole body protein extracts.

18 Cambridge

MASC protein complexes
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Fig 4.7. Affinity purification protocol. The streptactin – Strep-tag II system is
method of tagged protein purification. (a) The avidin-biotin reaction is one of the most specific 

interactions in nature. Streptactin is a modified streptavidin which can bin
tagII and allows purification of proteins linked to it. 

trep-tagII system. The lysate containing Strep-tagII 
incubated with streptactin coupled resin. The unbound proteins are washed away with mult
washes. The tagged protein bound to the resin is then released by incubation with competitive 

iobiotin. 

4.8.3. Selection of protein trap lines 

The protein trap lines which had insertions into the MASC protein reported 

previously were selected from the Cambridge protein trap collection. Protein extracts 

from these lines were analysed by western blotting to detect fusion proteins of the 

molecular weights using the anti-GFP antibody, JL-8 from Clontech, which 

e the VENUS protein. The JL-8 antibody was also checked against the wild 

type flies to make sure there was no background reaction of the antibodie

wild type proteins as was found with other anti-GFP antibodies (tested in this study, 

GFP antibody (Invitrogen) A11122, A11121) which recognised many proteins 

in the wild type whole body protein extracts. 

Cambridge protein trap (CPT) lines were tested for inclusion of the tag in

complexes, (Table 4.4). However, only a few of them showed no 

 

system is a highly specific 
is one of the most specific 

Streptactin is a modified streptavidin which can bind a 
and allows purification of proteins linked to it. (b) Purification 

 tagged proteins is 
teins are washed away with multiple 

incubation with competitive 

The protein trap lines which had insertions into the MASC protein reported 

previously were selected from the Cambridge protein trap collection. Protein extracts 

to detect fusion proteins of the 

8 from Clontech, which 

8 antibody was also checked against the wild 

on of the antibodies with the 

GFP antibodies (tested in this study, 

GFP antibody (Invitrogen) A11122, A11121) which recognised many proteins 

re tested for inclusion of the tag in 

, (Table 4.4). However, only a few of them showed no 



Chapter 4  Purification of fly MASC 

60 

 

background proteins being purified in the affinity purification. The most promising 

protein trap lines were CPTI-100034 (14-3-3 ε), CPTI-100062 (BSG), CPTI-000483 

(FAS2) and CPTI-000207 (DLG). 

Table 4.4 Protein tap lines with insertions into MASC proteins. 

CPTI number
(a)

 Protein Fbgn ID Insertion 
(b)

 
Molecular weights 

(predicted) 
(c)

 

CPTI-100036 ZIP FBgn0005634 S-V-S 226.9  , 231.5, 232.1  , 236.6   
CPTI-100026 

14-3-3ε FBgn0020238 S-V-S 29.2,  29.6, 29.7, 29.8 CPTI-100034 
CPTI-100065 
CPTI-100002 GS2 FBgn0001145 S-V-S 23.5,  41.3 
CPTI-000194 TAU FBgn0051057 S-V-S 38.5 
CPTI-001036 PKC 61C FBgn0003093 S-V-S 83.1 
CPTI-100005 

BSG FBgn0011219 S-V-S 29.2,  70.5   CPTI-100050 
CPTI-100062 

CPTI-000207 DLG FBgn0001624 S-V-S 
24(3), 88.7(1), 100.2(1), 102(2), 103(1), 
104(2), 106(1)  

CPTI-000023 SGG FBgn0003371 S-V-S 
43.3(1), 52.1(1), 53.9(6), 58.8(2), 60.3(1) 
78.1(1), 114.1(1) 

CPTI-001360 FLW FBgn0000711 S-V-S 51(1),   37(1) 
CPTI-001291 RTNL1 FBgn0053113 S-V-S 22(1), 24(3), 26(1), 63(1) 
CPTI-001198 ARM FBgn0000117 S-V-S 79(1)  , 91.2(4) 
CPTI-001284 CAM FBgn0000253 S-V-S 16.8 (2) 
CPTI-000847 CHER FBgn0014141 S-V-S 90(1), 92(1), 100(1), 239(1), 239(1) 
CPTI-000483 FAS2 FBgn0000635 S-V-S 86, 91 

 

Abbrev. (a) CPTI: Cambridge protein trap identification number.  (b) S-V-S: Strep-Venus-

Strep protein tag. The size of the tag is 27 kDa. (c) Molecular weights predicted by Flybase. 

4.8.4.  BSG, DLG, 14-3-3ε, and Tau are likely candidates for pull down 

experiments with the Streptag-streptactin system 

On western blots, the BSG protein trap line CPTI-100062 showed a band at 

~100 kDa which corresponds to the BSG -PG isoform of 70.5 kDa plus the tag (27 

kDa). The additional 27 kDa is from the protein trapping tag and the Venus full 

length protein. Affinity purifications however showed enrichment of a band at 

~55kDa. This represents the 29 kDa band along with the 27kDa Venus protein. 

Streptag affinity purification from protein extracts from a fly line with 

insertion in the tau gene showed enrichment of three bands. One of the bands runs 

are ~65 kDa, perhaps representing the momomeric TAU fusion protein. The other 



Chapter 4  

 

two bands might be 

larger molecular weight.

 14-3-3- EPSILON also showed enrichment of a band at ~55 kDa after 

affinity purification which corresponds to the expected recombinant protein (Fig 

4.9). 

 Western blotting and affinity p

a band slightly above 150kDa. This might be one of the bigger DLG isoforms (Table 

4.4) with slightly altered mobility. No enrichment on affinity purification was 

observed in the case of wild type flies. Thus we

show nearly clean affinity purification using the 

Fig. 4.9. Affinity purification of recombinant proteins expressed in various protein trap lines 
using the Strep tagII system. Arrowheads show the 
protein (a)Western blots of protein extracts from Canton
affinity purification as for
CPTI-000483, (d) BSG62 is CP
100034.  The affinity purification lead to enrichment of the ~55kDa band of the recombinant 
protein corresponding to the 2
band in 14.3.3 ε. In the case of BSG62, a 100kDa band (arrows)  is also seen but no enrichment 
of this band is seen. However the tau recombinant protein seems to have degraded in this case. 
Some degradation products are also seen in
Affinity purified protein and (LO) left over after affinity purification.
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 a phosphorylated form or a polymeric form

larger molecular weight. 

EPSILON also showed enrichment of a band at ~55 kDa after 

affinity purification which corresponds to the expected recombinant protein (Fig 

Western blotting and affinity purification with DLG protein trap line showed 

a band slightly above 150kDa. This might be one of the bigger DLG isoforms (Table 

4.4) with slightly altered mobility. No enrichment on affinity purification was 

observed in the case of wild type flies. Thus we now have 5 protein trap lines which 

show nearly clean affinity purification using the Strep-tag II system.

Fig. 4.9. Affinity purification of recombinant proteins expressed in various protein trap lines 
using the Strep tagII system. Arrowheads show the protein band corresponding to the relevant 
protein (a)Western blots of protein extracts from Canton-S (CS) wild type adult 
affinity purification as for protein trap flies. (b) DLG line is CPTI-000207, (c) Fas2 line is 

000483, (d) BSG62 is CPTI-100062, (e) TAU is CPTI-000194, and (f) 14
100034.  The affinity purification lead to enrichment of the ~55kDa band of the recombinant 
protein corresponding to the 29.7kDa isoform of Basigin, a ~120kD band in Tau and 70kDa 

In the case of BSG62, a 100kDa band (arrows)  is also seen but no enrichment 
of this band is seen. However the tau recombinant protein seems to have degraded in this case. 
Some degradation products are also seen in the case of BSG62 and FAS 2.   (I) Inpu
Affinity purified protein and (LO) left over after affinity purification. 

form accounting for the 

EPSILON also showed enrichment of a band at ~55 kDa after 

affinity purification which corresponds to the expected recombinant protein (Fig 

urification with DLG protein trap line showed 

a band slightly above 150kDa. This might be one of the bigger DLG isoforms (Table 

4.4) with slightly altered mobility. No enrichment on affinity purification was 

now have 5 protein trap lines which 

II system. 

 

Fig. 4.9. Affinity purification of recombinant proteins expressed in various protein trap lines 
protein band corresponding to the relevant 

S (CS) wild type adult following 
000207, (c) Fas2 line is 

000194, and (f) 14-3-3 ε is CPTI-
100034.  The affinity purification lead to enrichment of the ~55kDa band of the recombinant 

9.7kDa isoform of Basigin, a ~120kD band in Tau and 70kDa 
In the case of BSG62, a 100kDa band (arrows)  is also seen but no enrichment 

of this band is seen. However the tau recombinant protein seems to have degraded in this case. 
case of BSG62 and FAS 2.   (I) Input, (AP) 
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4.8.4.a. Affinity purification of protein complex associated with Basigin (BSG) 

using protein tag inserted into the bsg gene 

Basigin is a cell adhesion protein involved in compartmentalisation and 

vesicle release (Besse, et al. 2007). The bsg gene encodes nine different transcripts 

(BSG-RA to BSG-RI). Transcripts RA, RB, RC, RD, RE, RH and RI have 7 exons 

and each one encodes a 265 amino acid polypeptide (Table 4.5). Transcripts-RF and 

-RG have 8 and 10 exons respectively which encode 265 and 648 amino acid 

polypeptides respectively (Fig 4.8). Each of the polypeptides except BSG-PG has a 

predicted molecular weight of 29.2 kDa, whereas BSG-PG is ~70.5 kDa. 

Since Basigin gave the cleanest results on westerns it seemed logical to use 

this as bait for purification of a large protein complex since this will have the least 

non-specific protein interactions. 

The Strep-Venus-Strep (S-V-S) protein tag is inserted between exons 1 and 2 

in all transcripts. This adds an additional 27kDa to the BSG polypeptide. Previous 

Table 4.5. Summary of the Bsg transcripts.  

(Source- http://flybase.org/reports/FBgn0261822.html) 

Transcript Polypeptide 
Polypeptide 

Flybase ID 

No. of 

base pairs 

No. of 

exons 

Amino acid 

residues 

Predicted 

MW 

(kDa) 

Bsg-RA BSG-PA FBtr0079567 2857 7 265 29.2 

Bsg-RB BSG-PB FBtr0079566 2742 7 265 29.2 

Bsg-RC BSG-PC FBtr0079569 3066 7 265 29.2 

Bsg-RD BSG-PD FBtr0079568 2951 7 265 29.2 

Bsg-RE BSG-PE FBtr0079570 2790 7 265 29.2 

Bsg-RF BSG-PF FBtr0079571 3095 8 265 29.2 

Bsg-RG BSG-PG FBtr0079574 2418 10 648 70.5 

Bsg-RH BSG-PH FBtr0079572 2999 7 265 29.2 

Bsg-RI BSG-PI FBtr0079573 2827 7 265 29.2 
 

studies have confirmed that this approach does not affect the splicing of the 

transcripts and that the fusion proteins are targeted to correct subcellular 

compartments (Morinn, et al. 2001).  
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Fig. 4.8. Predicted bsg

lines. The exons are represented as different 
Venus-Strep) insertion is shown above by a green triangle. 
transcript with two more exons 
~27kDa.  

4.8.4.b.  Silver staining to test interacting partners of Basigin

To be sure that BSG

performed. It showed that many bands were enriched in the affinity purification and 

thus BSG- interacting proteins could be purified. Apar

enrichment of some of the bands in the 55kDa range which might represent

protein isoforms (Fig 4.11).
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bsg transcripts and affinity purification tag insertion in Bsg protein
lines. The exons are represented as different shapes and the introns as lines. The SVS (Strep

Strep) insertion is shown above by a green triangle. Transcript Bsg
with two more exons and it encodes protein isoform BSG-PG. The protein tag is 

taining to test interacting partners of Basigin

To be sure that BSG pulls down a protein complex, silver staining was 

performed. It showed that many bands were enriched in the affinity purification and 

interacting proteins could be purified. Apart from other bands we saw 

enrichment of some of the bands in the 55kDa range which might represent

(Fig 4.11). 

 

 

and affinity purification tag insertion in Bsg protein-trap 
shapes and the introns as lines. The SVS (Strep-

Bsg-RG is the longest 
PG. The protein tag is 

taining to test interacting partners of Basigin 

silver staining was 

performed. It showed that many bands were enriched in the affinity purification and 

t from other bands we saw 

enrichment of some of the bands in the 55kDa range which might represent Basigin 
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Fig 4.10. Silver staining of affinity purified BSG recombinant protein. BSG affinity 
purification led to purification
by a bracket. These bands from lanes labelled ‘Aff. Pur’ were later sent for mass spectrometry 
to identify the proteins present in this molecular weight range. Arrows show 
seen on the gel.  

4.8.4.c. Mass spectrometric identification of affinity purified proteins.

Mass spectrometric identification of the protein

from protein trap line CPTI

molecular weights around 55kDa was
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. Silver staining of affinity purified BSG recombinant protein. BSG affinity 
to purification of many proteins. Enrichment of bands around 55kDa is shown 

by a bracket. These bands from lanes labelled ‘Aff. Pur’ were later sent for mass spectrometry 
to identify the proteins present in this molecular weight range. Arrows show 

. Mass spectrometric identification of affinity purified proteins.

Mass spectrometric identification of the proteins purified with 

protein trap line CPTI-100062 was performed. The gel band corresponding to 

weights around 55kDa was cut and proteins analysed by Mass 

 

. Silver staining of affinity purified BSG recombinant protein. BSG affinity 
of many proteins. Enrichment of bands around 55kDa is shown 

by a bracket. These bands from lanes labelled ‘Aff. Pur’ were later sent for mass spectrometry 
to identify the proteins present in this molecular weight range. Arrows show enriched bands as 

. Mass spectrometric identification of affinity purified proteins. 

purified with tagged Basigin 

100062 was performed. The gel band corresponding to 

analysed by Mass 
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spectrometric analysis. This gave us a list of 148 proteins in two different samples 

with 101 unique records (Appendix 4.5). The samples were prepared on two different 

days and thus when taken together would complement each other and duplications to 

some extent might also be expected.  

The Mass spectrometric output files listed UniProt/SwissProt IDs of genes. 

We used these to search for the corresponding gene ID’s and the associated gene 

names using Biomart, (Ensembl release 50 - Jul 2008).  This gave us a list of genes 

with Flybase gene IDs and gene names.  

We compared the list of these proteins with those obtained from the DPEP6 

experiment and the ones obtained by orthology with mouse MASC and interestingly 

found this list to be rich in proteins reported in the other two lists. 33 (33%) of 100 

proteins purified with BSG were also present in the combined list of proteins 

mMASC and fMASC (Appendix 4.6). This shows that our method of purification of 

MASC was reliable. Given that we did not use the whole lane from the gel, the 

proportion of MASC in the list we obtained is quite good. Since time did not permit, 

the rest of the sample was not run through Mass spectrometric identification and thus 

the full list of BSG interacting proteins could not be obtained. 

The 14-3-3 Epsilon and tau protein trap lines CPTI-100034 and CPTI-

000194can be used to pull down proteins associated with them. This will compile a 

complementary list of proteins which will give all the proteins that might be a part of 

a big protein complex in flies. Further analysis can be done to look for the overlap of 

the three lists and this will give a definite number of proteins with high probability of 

being in the sample complex. 

4.8.4.d. Other protein trap lines 

Some of the protein trap lines did not show the correct molecular weights on 

westerns blots. These include Cher (CPTI-000847), cam (CPTI-001284) FLW 

(CPTI-001360), BSG05 (CPTI-100005), BSG50 (CPTI-100050) and Zip (CPTI-

100036). Calmodulin showed a band at about 55 kDa while FLW showed a band at 
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~60kDa. The zipper protein seems to degrade during the process of extraction. Both 

BSG50 and BSG 05 show a band at 70kDa and two other bands at ~35kDa which 

may be the degradation products of th

Fig. 4.11. Western blotting of protein trap transgenic flies. The fly extracts were probed wit
anti-GFP antibody, JL
tagged proteins in case of CHER, CAM, FLW and Zip.  B
sizes on the gel.  Some degradation was observed in BSG05. Hence these lines we
considered for pull down experiments.

 

4.8.5. Classification of BSG

Spectrometric analysis

The proteins found by affinity purification using 

represent all the different classes of the fly MASC and mouse MASC proteins as 

purified in previously

This shows that a full complement of proteins could be purified usin

protein trap method. The partial protein set that was obtained 

Signalling Molecules 

proportion of these proteins purified in the DPEP6 experiment and 
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~60kDa. The zipper protein seems to degrade during the process of extraction. Both 

BSG50 and BSG 05 show a band at 70kDa and two other bands at ~35kDa which 

may be the degradation products of the fusion protein. 

 

Fig. 4.11. Western blotting of protein trap transgenic flies. The fly extracts were probed wit
GFP antibody, JL-8 from Clontech. The molecular weights did not correspond to the 

tagged proteins in case of CHER, CAM, FLW and Zip.  BSG line proteins 
sizes on the gel.  Some degradation was observed in BSG05. Hence these lines we
considered for pull down experiments. 

. Classification of BSG- associated proteins identified in the partial Mass 

nalysis 

The proteins found by affinity purification using the bsg

represent all the different classes of the fly MASC and mouse MASC proteins as 

ly.  

This shows that a full complement of proteins could be purified usin

protein trap method. The partial protein set that was obtained 

Signalling Molecules and Enzymes (Table 4.6). This is consistent with the high 

proportion of these proteins purified in the DPEP6 experiment and 

~60kDa. The zipper protein seems to degrade during the process of extraction. Both 

BSG50 and BSG 05 show a band at 70kDa and two other bands at ~35kDa which 

Fig. 4.11. Western blotting of protein trap transgenic flies. The fly extracts were probed with 
8 from Clontech. The molecular weights did not correspond to the 

 also showed wrong 
sizes on the gel.  Some degradation was observed in BSG05. Hence these lines were not 

associated proteins identified in the partial Mass 

bsg protein trap line 

represent all the different classes of the fly MASC and mouse MASC proteins as 

This shows that a full complement of proteins could be purified using the 

protein trap method. The partial protein set that was obtained contained 50% 

and Enzymes (Table 4.6). This is consistent with the high 

proportion of these proteins purified in the DPEP6 experiment and in mMASC. This 
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again emphasizes that the purification method is specific and comparable to the 

dDPEP6 affinity purification technique. 

Table 4.6.  Proportion of different functional protein classes in the partial BSG pull down 

Protein family Total number of proteins 

Signalling Molecules and Enzymes 50 

Transcription and Translation 14 

Synaptic Vesicles / Protein Transport 4 

Cytoskeletal and Cell Adhesion 16 

G proteins and Modulators 2 

MAGUKs / Adaptors / Scaffolders 1 

Channels and Receptors 1 

Kinase 1 

Protein Phosphatase 1 

Uncharacterised / Novel 11 

Total 101 
 

 

Table 4.7. Comparison of the largest functional classes of proteins from BSG pull down with the 

DPEP6 and mMASC protein lists 

Methods 
Signalling Molecules 

and Enzymes 

Transcription and 

Translation 

Synaptic Vesicles / 

Protein Transport  

 
Number 

(percent of total) 
Number 

(percent of total) 
Number 

(percent of total) 

BSG pull down 50 (50%) 14(14%) 4(4%) 

DPEP6 90(90%) 41(19%) 23(10.6%) 

mMASC 38(20%) 5(3%) 23(12%) 
 

When all the three methods of protein purification were compared, it emerged 

that similar trends of protein class composition were present in all the three different 

experiments. Signalling molecules and Enzymes represented the largest families of 

proteins in all the three groups. mMASC differed from the BSG and dDPEP6 pull 

down in that the synaptic vesicle and protein transport proteins represented the 

second largest family of proteins in this case while in BSG and DPEP6 experiments, 

transcription and translation elements were the second largest class of proteins. It 

may be a species-specific trend with much smaller numbers of synaptic vesicle and 

protein transport proteins in the fMASC, but without further investigation it is too 

early to say that. 
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4.9. Protein complex purification using protein trap lines for 14-3-3 

Epsilon, DLG and BSG. 

Encouraged by our initial experiment with BSG, we used protein trap lines 

for DLG and 14-3-3 Epsilon in addition to BSG in an attempt to purify the MASC 

complex using three different proteins which we believed would give help identify 

the core of the complex consisting of proteins associated with all three tagged 

proteins. In this experiment whole flies were used instead of fly heads. The 

incubations of beads with the antibody-protein mixture were also longer (~20 hours). 

A higher concentration of SDS (0.25%) was used in this experiment, which is ten 

times more than recommended. Despite using such stringent conditions and changing 

the initial material (using whole flies), we purified and identified 425 proteins with 

DLG, 98 with BSG and 191 with 14-3-3 epsilon. We also purified 224 proteins from 

the wild type flies. 

For preliminary analysis, all the proteins purified above were pooled together 

to make a ‘hypothetical’ protein complex. All the three groups of proteins were then 

compared with it to see how much of each one of them is represented in this 

hypothetical protein complex. This would give an idea of the overlap between these 

three groups of proteins (Fig 4.12). It is clear from the comparison that the 

hypothetical protein complex we are referring to here is mostly composed of proteins 

from the DLG pull down, which is quite expected (due to the larger number of 

proteins purified in this case). However, wild type controls show ~47% overlap with 

this hypothetical protein complex. This is an indication that this experiment has a 

large number of contaminating proteins which are purified as background noise in 

this experiment. 

The proteins purified by this approach were classified into the 10 protein 

families mentioned earlier. It was noted that the signalling molecules and enzymes 

still make the largest class of proteins, representing 43.9% of this complex. However, 

the overlap between the three protein groups (BSG. DLG and 14-3-3E), was not 
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good enough to call it a single compl

that the protein complex purified here represents an average of many protein 

complexes present in the different tissues of the fly, since whole flies were used and 

at the same time the excess detergent might hav

proteins in the MASC complex. However

future studies. 

The current attempt to purify MASC complex from the fly brain would be a step 

closer to getting the neuronal MASC complex. Howe

the long incubation period used in this study (viz. 21 hrs)

concentration used (0.25%). Longer incubations tend to produce too much 

background (in other words longer incubations might lead to purific

non-specific interactions)

a true representation of the protein complex that exists 

dealt with, one can hope that the fly MASC complex can be purified usi

protein trap lines without contamination by non

Fig. 4.12. Overlap of proteins purified using protein trap lines for BSG, DLG and 14
epsilon and wild type flies. The proteins purified from all the four experiments were poole
and each experiment was then compared with the pooled, ‘hypothetical’ protein complex.

The two important things that are obvious from this experiment are, (1) 

experimental conditions need to be optimised before any conclusions can be made 
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good enough to call it a single complex. One of the most obvious reasons could be 

that the protein complex purified here represents an average of many protein 

complexes present in the different tissues of the fly, since whole flies were used and 

at the same time the excess detergent might have removed the weakly interacting 

proteins in the MASC complex. However, these questions remain to be answered in 

The current attempt to purify MASC complex from the fly brain would be a step 

closer to getting the neuronal MASC complex. However there might be an issue with 

the long incubation period used in this study (viz. 21 hrs), and also the detergent 

concentration used (0.25%). Longer incubations tend to produce too much 

background (in other words longer incubations might lead to purific

specific interactions), and hence the protein complex being purified might not be 

a true representation of the protein complex that exists in vivo. 

with, one can hope that the fly MASC complex can be purified usi

protein trap lines without contamination by non-specific proteins. 

4.12. Overlap of proteins purified using protein trap lines for BSG, DLG and 14
epsilon and wild type flies. The proteins purified from all the four experiments were poole
and each experiment was then compared with the pooled, ‘hypothetical’ protein complex.

The two important things that are obvious from this experiment are, (1) 

experimental conditions need to be optimised before any conclusions can be made 

ex. One of the most obvious reasons could be 

that the protein complex purified here represents an average of many protein 

complexes present in the different tissues of the fly, since whole flies were used and 

e removed the weakly interacting 

these questions remain to be answered in 

The current attempt to purify MASC complex from the fly brain would be a step 

ver there might be an issue with 

and also the detergent 

concentration used (0.25%). Longer incubations tend to produce too much 

background (in other words longer incubations might lead to purification through 

and hence the protein complex being purified might not be 

in vivo. If these issues are 

with, one can hope that the fly MASC complex can be purified using the 

 

 

4.12. Overlap of proteins purified using protein trap lines for BSG, DLG and 14-3-3 
epsilon and wild type flies. The proteins purified from all the four experiments were pooled 
and each experiment was then compared with the pooled, ‘hypothetical’ protein complex. 

The two important things that are obvious from this experiment are, (1) 

experimental conditions need to be optimised before any conclusions can be made 
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and (2), there are high chances of contaminants being purified in this experiment. 

Thus, shorter incubations might be an obvious consideration in this experiment. 

Secondly, the detergent concentrations need to be optimised if the loss of loosely 

bound proteins is to be prevented. Due to the lack of time, this experiment was not 

taken any further. 

4.10. Discussion 

We have affinitypurified a protein complex, whose members are associated 

with synaptic function and many have also been associated with cognitive functions 

in higher animals. The complex is enriched in signalling molecules and enzymes and 

contains many MAGUK proteins. It is likely that it is a Drosophila equivalent of the 

mouse MASC complex. The members of the complex clearly fall into ten functional 

classes of protein which are required for normal functioning of synapse and in 

synaptic plasticity.  

The complex members can be arranged in a functional three-layer model, 

with a surface layer for input, a middle layer for processing and an inner output unit 

inside the post synaptic neurons (Fig. 4.12 and Appendix 5.4). The input unit consists 

of proteins belonging to Channels and Receptors and Cell adhesion molecules. The 

processing unit consists of  

 

Fig 4.13. Functional organisation of MASC. The fly MASC proteins can be arranged in a 
layered model where each layer represents a functional level. The input and the processing 
modules make up the largest classes of the whole complex. While the input molecules can be 
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more general components such as classes of neurotransmitter receptors, the output molecules 
are more specific to individual effector responses. Moreover the pathways activated are not 
unidirectional; instead cross talk and feedback loops are possible within the complex. 
(Modified from (Pocklington, et al. 2006). 

 G-proteins and Modulators like protein kinases and signalling molecules and 

enzymes. The output layer includes proteins involved in basic cellular functions like 

transcription and translation. While the surface molecules like the NMDA receptors 

may be more general in signalling cascades they initiate, the downstream molecules 

appear to be more specific to individual responses in neuronal types which represent 

the outputs of different MASC complexes in different neurons. However this system 

has several small co-ordinating units and therefore this is not a simple unidirectional 

feed-forward system. 

The list of proteins obtained from the mass spectrometry is dominated by 

signalling molecules and enzymes. The fly MASC shows reasonable resemblance, 

both in identity and quality to the mouse MASC showing that the two species have a 

MASC complex of similar composition. However, the numbers of proteins in each of 

the different categories is different in mouse and fly. Expression pattern analysis of 

the MASC in flies (Chapter 6) and in mouse (Emes et al, 2008) shows that the 

complex alters in composition in a manner that is brain region- specific. This might 

explain the specialisation of different parts of the brain at the molecular level.  

It was recently shown that between Drosophila and mouse, there has been a 

marked expansion of signalling proteins, receptors/adhesion molecules and input 

layer proteins (Emes, et al. 2008). These numbers are reduced in unicellular 

eukaryotes and yeast. Putting these data together an evolutionary trend emerges 

which indicates that the MASC complex has undergone a considerable expansion 

through the course of evolution. The numbers of upstream molecules like 

receptors/adhesion molecules and signalling molecules have increased whereas the 

numbers of downstream proteins like those involved in transcription and translation 

have remained almost unchanged. 
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Purification of MASC complex in flies using protein trap lines 

From our initial experiments it appears that protein trap lines can be used to 

analyse the composition of MASC in the fly. This offers the advantage of a direct 

comparison between datasets obtained from different tagged protein pull downs, 

without the variations introduced by different experimental conditions. The proteins 

obtained in this experiment were well classified into the categories described earlier 

for fMASC and the mMASC protein.  

As in the DPEP6 and the mMASC these new lists are dominated by 

signalling molecules and enzymes, comprising 50% of the total proteins purified. 

This is followed by transcription and translation related proteins as in DPEP6 affinity 

purifications. However, we only had time for the proof of concept studies. 

Further experiments using protein trap lines as a tool to investigate MASC 

complex in flies will give important insights into the molecular complexity of the 

nervous system of Drosophila. In combination with RNAi knockdowns the cognitive 

importance and role of MASC complex in disease, may be studied in much detail 

with impressive efficiency in Drosophila.
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5 

Immunolocalisation of the MASC proteins in the 

fly brain 

 

5.1. Introduction 

Our protein complex is predicted based on mass spectrometric analysis of 

complexes precipitated from non-homogenous cell populations and on predicted 

protein-protein interactions. Therefore, there is a risk that our results are derived 

from many different non-overlapping complexes. An essential feature of a true 

protein complex is that its members will be expressed at the same location and at the 

same developmental stage of the fly. We performed immunohistochemistry to look at 

the expression pattern of the fly MASC proteins in the adult fly brain to test our 

hypothetical complex (Section 1.9). Despite its limitations, this was viewed as a way 

of validating the complex in vivo. Immunohistochemistry could reveal where these 

proteins are expressed in the fly brain and an attempt was made to classify the 

expression patterns on the basis of their extent of expression across the brain in 

different anatomical domains, from general (e.g. ARM, DLG) to specific (NR2. 

CAS). While some proteins showed weak expression (eg. PYD, GS2), others (e.g. 

DLG, BSG) expressed strongly in different parts of the brain. 

Evidence for any records of expression patterns were also searched in 

published literature and databases. 13 out of 46 proteins described here have a record 

elsewhere. These are mentioned in detail in their respective sections. We also use 
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these records to evaluate our results and to test the extent of congruence between the 

data presented here and that available in the literature. 

5.1.A. Selection of proteins 

Drosophila orthologues of the mouse MASC proteins were found using 

online searches in Flybase, http://flybase.org/ (Wilson, et al. 2008) and Ensembl, 

http://www.ensembl.org/index.html  (Hubbard, et al. 2007) databases which provided 

a list of 88 proteins. In addition to this another 675 proteins were selected from the 

list of proteins obtained from the fly MASC pull down using the NR2 C-terminus as 

a probe on the basis of other evidence for  their involvement in synaptic or cognitive 

functions (Emes et al, 2008 and Section 4.4).  Literature searches were performed to 

look for evidence of the neuronal expression and/ or behaviour phenotype for the 

combined list of 145 which would then be taken forward for immunolocalisation 

(Appendices 5.1a and 5.1b). Sources were identified by searching different databases 

and published research articles which mentioned the production or availability of an 

antibody. Another source used was enhancer-trap fly stocks for the proteins that 

could be used in this study. 

5.1.B. Selection of antibodies 

The antibodies used in this study were obtained from authors of published 

research articles or from the Developmental Studies Hybridoma Bank, University of 

Iowa. In total 60 different antibodies were obtained to test for 53 different proteins. 

Successful staining was obtained with 33 of the antibodies (Appendix 2.1). The 

secondary antibodies were obtained from Molecular Probes and used as 

recommended by the manufacturer (Appendix 2.1). 

                                                 

5 10 proteins were common between the two lists which makes the final number 145. 
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5.1.C. Protein trap lines 

In addition to the antibodies, we obtained protein trap fly lines expressing 

green fluorescent protein Venus (FlAnnotator v2.2 Ed Ryder, Department of 

Genetics, University of Cambridge, UK. 2008).  The lines were generated by the Fly 

Prot group in Cambridge as part of the protein trap project. The lines have an affinity 

purification tag Strep tagII and Venus (Fig 5.1), which is a new variant of EYFP with 

improved maturation and brightness. This was developed by Nagai et al, (2002) by 

introducing five mutations into the well characterized, enhanced yellow fluorescent 

protein (EYFP). These mutations increased the brightness of the protein and also 

made it less dependent on the pH conditions. In addition to the fluorescence of 

Venus, antibodies could be used to increase the signal. A list of different protein trap 

lines used in this study is mentioned in Appendix 5.2. These strains provide a direct 

marker (via splicing in of EYFP) of the protein expression assuming of course that 

this splicing event does not alter the protein expression patter significantly. 

 

Fig 5.1. Venus construct for protein tagging.  The construct consists of a mini-white gene 
which acts as a marker for successful integration of the plasmid into the fly genome; a full 
length Venus gene (Venus), which is a modified enhanced yellow fluorescent protein, EYFP, 
Strep-tag II (Strep) on and a splice acceptor (SA) and donor site (SD) sequence which allow 
incorporate the tag  into the spliced mRNA product.  

5.1. D. lacZ enhancer trap lines 

An enhancer trap element is a mobile DNA element, usually a P-element, 

which contains a reporter gene (Fig 5.2). The construct is inserted into the genome of 

the Drosophila and in many instances it inserts downstream of the enhancer elements 

of a gene. The enhancer thus drives the expression of the P-element containing the 

reporter gene and therefore reports the expression pattern of the gene which the 

enhancer corresponds to (O'Kane and Gehring 1987). The lacZ enhancer trap lines 

used in this study have a β-galactosidase reporter gene that is often targeted to the 
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cell nucleus. The reporter expression was determined using an antibody to 

galactosidase. 

lacZ expressing enhancer trap lines were obtained from the Bloomington 

stock centre. 27 different lines for different genes were obtained, 15 of which could 

be used in the final data set. A list of these lines and their descriptions 

Appendix 5.3 

 It should be noted that many enhancer

expression signal so the resolution is limited.

Fig 5.2. LacZ enhancer trap.  The 
galactosidase , which can be localised by using an anti
the chromogenic substrate X gal. 

5.1.E. Detailed descriptions of protein expression patterns

The expression patterns of MASC proteins can be dis

1. Expression by brain region,

2. Expression mapped onto the protein network obtained using protein

protein interactions 

3. Extent of expression across the fly brain

4. Protein position in the three layer model (see Section 4.10)

While expression by brain region is discussed at the end of this Chapter, 

mapping the protein expression onto the network does not seem to provide much 

information of significant relevance due to the fact that we have data for only a 

handful of the proteins. Ca

to “variable” will also be discussed at a later point in this chapter. It seems more 

reasonable to discuss patterns on the basis of the three
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cell nucleus. The reporter expression was determined using an antibody to 

expressing enhancer trap lines were obtained from the Bloomington 

ntre. 27 different lines for different genes were obtained, 15 of which could 

be used in the final data set. A list of these lines and their descriptions 

It should be noted that many enhancer-traps provide only a nuclear 

sion signal so the resolution is limited. 

enhancer trap.  The lacZ enhancer trap element contains a 
galactosidase , which can be localised by using an anti- beta-galactosidase antibody or by using 
the chromogenic substrate X gal.  

5.1.E. Detailed descriptions of protein expression patterns 

The expression patterns of MASC proteins can be discussed in four different ways; 

Expression by brain region, 

Expression mapped onto the protein network obtained using protein

protein interactions  

Extent of expression across the fly brain 

Protein position in the three layer model (see Section 4.10)

expression by brain region is discussed at the end of this Chapter, 

mapping the protein expression onto the network does not seem to provide much 

information of significant relevance due to the fact that we have data for only a 

handful of the proteins. Categorising proteins by extent of expression from “specific” 

to “variable” will also be discussed at a later point in this chapter. It seems more 

reasonable to discuss patterns on the basis of the three-layer model discussed in 

cell nucleus. The reporter expression was determined using an antibody to β-

expressing enhancer trap lines were obtained from the Bloomington 

ntre. 27 different lines for different genes were obtained, 15 of which could 

be used in the final data set. A list of these lines and their descriptions is provided in 

traps provide only a nuclear 

 

enhancer trap element contains a lacZ encoding a β-
galactosidase antibody or by using 

cussed in four different ways;  

Expression mapped onto the protein network obtained using protein-

Protein position in the three layer model (see Section 4.10) 

expression by brain region is discussed at the end of this Chapter, 

mapping the protein expression onto the network does not seem to provide much 

information of significant relevance due to the fact that we have data for only a 

tegorising proteins by extent of expression from “specific” 

to “variable” will also be discussed at a later point in this chapter. It seems more 

layer model discussed in 
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Chapter 4.10 as it clearly depicts a picture of the organisation of the complex in a 

typical neuron. I will thus discuss the data in accordance with this model. 

The following section summarises the expression patterns of 46 fly MASC 

proteins (Table 5.1) using a range of different methods. The proteins are arranged in 

an alphabetical order to aid navigation. A tabulated summary is also given in 

Appendix 5.5. Where available, previous evidence from the literature have been 

described. Antibodies, fly strains and any other reagents used have been described in 

brief. Although there is some background information on adult brain expression 

patterns for a small proportion of proteins described here, the majority of these data 

are novel.  

Table 5.1. Protein names and corresponding sections numbers where they have been described 

Protein 

name Section   
Protein 

name Section   
Protein 

name Section 

 

Protein 

name Section 

14-3-3 E 5.2.20 
 

CHIC 5.2.6 
 

LAMC 5.2.13 
 

SCRIB 5.2.17 

14-3-3 Z 5.2.21 
 

CORA 5.2.8 
 

LIC 5.3.9 
 

SGG 5.3.14 

ARM 5.2.1 
 

DLG 5.2.9     
 

NR1 5.2.14 
 

SHI 5.4.5 

ARPC3B 5.2.2 
 

DNOS 5.3.4   
 

NR2 5.2.15 
 

STI 5.3.15 

BLW 5.3.1 
 

DRK 5.2.10 
 

PKC61
C 

5.3.10 
 

SYN 5.4.6 

BSG 5.2.3 
 

FLW 5.4.2 
 

PPD3 5.4.3 
 

SYT 5.4.8 

CAM 5.3.3 
 

FRAY 5.3.5 
 

PYD 5.2.16 
 

SYX 5.4.7 

CAPT 5.2.4 
 

FUTSCH 5.2.11 
 

RAB6 5.3.11 
 

TAU 5.2.18   

CAS 5.2.5 
 

GBETA13F 5.3.7   
 

RAN 5.3.12 
 

VAP-
33A 

5.4.9 

CAZ 5.3.2 
 

GEL 5.2.12 
 

RAS 5.3.13 
 

VLC 5.2.19 

CHC 5.4.1 
 

GS2 5.3.6 
 

ROP 5.4.4 
 

ZIP 5.4.10 

CHER 5.2.7 HEP 5.3.8 
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5.2. The input layer of MASC in the adult fly brain 

The input layer of MASC complex consists of Channels and Receptors, Cell 

Adhesion and Cytoskeletal and MAGUKs / Adaptors / Scaffolders. In our dataset, 

the input layer is composed of 21 different proteins which can be classified into the 

following components; 2 channels and receptor, 7 MAGUKs / Adaptors / Scaffolders 

and 12 Cell Adhesion and Cytoskeletal proteins. The expression profile of these 

proteins is described in the following sub-sections (for a complete list see appendix 

5.4). 

5.2.1 Armadillo (ARM) 

ARM is the homologue of the vertebrate protein beta-catenin which is a 

component of the WNT signalling pathway(Peifer, et al. 1992, Peifer, et al. 1991). In 

mammals, constitutively active beta-catenin causes over-proliferation of skin cells 

which eventually leads to skin cancer (Chan EF, et al. 1999). WNT activates E-

Cadherin expression in lung cancer cells (Ohira, et al. 2003). The Drosophila, WNT 

regulates DE-Cadherin, another cytoskeletal and cell adhesion molecule. Loss of DE-

Cadherin in mammals is speculated to lead to cancer by stimulating proliferation, 

thus resulting in invasion and metastasis.. Apart from its role in cancer, ARM has 

been studied in relation to the development of central nervous system in Drosophila 

(Loureiro and Peifer 1998, Riggleman, et al. 1990). ARM seems to be required in 

construction of the axonal scaffold in the larva (Loureiro and Peifer 1998). 

Although Drosophila ARM has been shown to be expressed in various larval 

and embryonic tissues (Loureiro and Peifer 1998, Riggleman, et al. 1990) no such 

study has been performed on the adult nervous system. Anti-ARM antibody, N2 

7A1, generated by Eric Wieschaus (Riggleman, et al. 1990)  against a 21 amino acid 

peptide from the N-terminal region was obtained from DHSB, University of IOWA. 

This anti-arm antibody stained throughout the brain particularly the AL, MB, EB, 

FB, PB and OLs (Fig. 5.2.1). 
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Fig. 5.2.1 Expression pattern of ARM as revealed by anti-arm antibody staining. Panel A 
shows protein expression clearly visible throughout the brain elevated in OL, PB and the MB 
calyces. Panel B shows expression in FB, EB, nodule (no) and SOG. Panel C shows staining in 
the AL and the gamma lobes of MB.  Panel D shows staining in the different lobes of the MB. 

5.2.2 Actin related protein 2/3 complex, subunit 3 (ARPC3B) 

ARPC3B is an actin filament binding protein required for actin 

polymerisation (Hudson and Cooley 2002). It is a member of the Arpc complex. 

Although the function of the Drosophila ARPC complex remains largely unexplored, 

very important insights have been gained from mouse models. The vertebrate APRC 

complex is involved in actin polymerisation which is suspected to lead to changes in 

dendritic morphology of the hippocampus (Kim, et al. 2006, Pollard 2007, Racz and 

Weinberg 2008). Apart from its neuronal functions, the ARPC complex is also 

involved in other basic functions including cell migration, phagocytosis, exocytosis, 

and endocytosis (Bretschneider, et al. 2004, Hurst, et al. 2004, Toshima, et al. 2005, 

Zuo, et al. 2006). The anti-ARPC3B antibody was obtained from Lynn Cooley from 

the Yale University. The antibody used in this study was raised in rat and stained 

many cell bodies in the perikarya. 

It also stained the structured neuropil, especially the fan shaped body, 

ellipsoid body and the optic lobes (Fig. 5.2.2).  
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Fig. 5.2.2 Expression pattern of ARPC3B. The adult fly brain was stained with anti

ARPC3B antibodies and images were captured using a confocal microscope. The 

antibody stained cell 

(arrow) and EB (arrow head) 

5.2.3 Basigin (BSG) 

Basigin has recently been shown to interact with integrins to organise the 

cellular architecture, by modulating the cell cytoskeleton. It is also involved in 

formation of lamellepodia in cultured insect cells 

reported in mice embryonic carcinomas and was called "basigin" (

immunoglobulin superfami

Immunoglobulin (Ig) protein family 

the cognitive functions of BSG. However it has been shown to control 

neuromuscular junction growth and synaptic vesicle distribution and release in 

Drosophila (Besse et al 2006). The anti

Ephrussi from EMBL, Heidelberg 

antibodies were raised against an N

Staining was observed in the adult brain MB and in other brain neuropil, 

especially in the EB. Staining was stronger in the 

EB in comparison to the rest of the brain (Fig 5.2.3). Ther

extent of staining between alpha beta and alpha’ and beta’ lobes of the MB with 

alpha and beta lobes staining more strongly. No staining was observed in the gamma 

lobe of the MB. The results were later reproduced by using protein 
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Fig. 5.2.2 Expression pattern of ARPC3B. The adult fly brain was stained with anti

ARPC3B antibodies and images were captured using a confocal microscope. The 

antibody stained cell bodies in the cortex. It also stained the central complex, FB 

(arrow head) (a) and MB Kenyon cells (boxed in b and enlarged  in c)

 

Basigin has recently been shown to interact with integrins to organise the 

ecture, by modulating the cell cytoskeleton. It is also involved in 

formation of lamellepodia in cultured insect cells (Curtin, et al. 2005

reported in mice embryonic carcinomas and was called "basigin" (

superfamily) because of its structure resembling the 

Immunoglobulin (Ig) protein family (Brinkmann, et al. 1995). Little is 

the cognitive functions of BSG. However it has been shown to control 

neuromuscular junction growth and synaptic vesicle distribution and release in 

(Besse et al 2006). The anti-BSG antibodies were obtained from Anne 

L, Heidelberg (Besse, et al. 2007). The Rat polyclonal anti

antibodies were raised against an N-terminal synthetic peptide (QSLDKLVPNYD). 

Staining was observed in the adult brain MB and in other brain neuropil, 

especially in the EB. Staining was stronger in the α’ and β’ lobes of MB and in the 

EB in comparison to the rest of the brain (Fig 5.2.3). There was a difference in the 

extent of staining between alpha beta and alpha’ and beta’ lobes of the MB with 

alpha and beta lobes staining more strongly. No staining was observed in the gamma 

lobe of the MB. The results were later reproduced by using protein 

 

Fig. 5.2.2 Expression pattern of ARPC3B. The adult fly brain was stained with anti-

ARPC3B antibodies and images were captured using a confocal microscope. The 

bodies in the cortex. It also stained the central complex, FB 

(a) and MB Kenyon cells (boxed in b and enlarged  in c) 

Basigin has recently been shown to interact with integrins to organise the 

ecture, by modulating the cell cytoskeleton. It is also involved in 

Curtin, et al. 2005). It was 

reported in mice embryonic carcinomas and was called "basigin" (basic 

ly) because of its structure resembling the 

. Little is known about 

the cognitive functions of BSG. However it has been shown to control 

neuromuscular junction growth and synaptic vesicle distribution and release in 

BSG antibodies were obtained from Anne 

. The Rat polyclonal anti-BSG 

minal synthetic peptide (QSLDKLVPNYD).  

Staining was observed in the adult brain MB and in other brain neuropil, 

’ lobes of MB and in the 

e was a difference in the 

extent of staining between alpha beta and alpha’ and beta’ lobes of the MB with 

alpha and beta lobes staining more strongly. No staining was observed in the gamma 

lobe of the MB. The results were later reproduced by using protein trap line for BSG. 
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Fig. 5.2.3 Expression pattern of BSG obtained by using a protein trap line expressing 

yellow fluorescent protein, Venus. Panel A 

apha’ and beta), EB and OLs. Panel B 

lobes of the MB and in the EB. Panel C

antibody 

5.2.4 Capulet (CAPT)

Also known as 

associated protein originally discovered in yeast. Ca

adenylate cyclase and is involved in neuronal dendrite homeostasis by interaction 

with kinesin heavy chain 

been reported within dendrites of  

significant part (121 amino acids) of the C

2008 ). It is reported that by, 

polymerisation of F-actin. When targeted to eye the 

photoreceptor differentiation 

The anti-CAPT antibody was obtained from Buzz Baum from the University 

College London. The antibody stained globally around in the cortex and the optic 
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Fig. 5.2.3 Expression pattern of BSG obtained by using a protein trap line expressing 

yellow fluorescent protein, Venus. Panel A – Shows staining in the MB lobes (alpha, 

apha’ and beta), EB and OLs. Panel B – shows staining in the alpha, alpha’ and beta 

lobes of the MB and in the EB. Panel C- shows staining obtained using anti

5.2.4 Capulet (CAPT) 

Also known as Cyclase-Associated Protein (CAP), Capulet is a cytoskeleton 

associated protein originally discovered in yeast. Capulet is known to interact with 

adenylate cyclase and is involved in neuronal dendrite homeostasis by interaction 

with kinesin heavy chain (Medina, et al. 2008 ). Actin::GFP-rich accumulations have 

been reported within dendrites of  capt
K304 heterozygous mutations which lack a 

significant part (121 amino acids) of the C-terminal of the protein 

. It is reported that by, cap mutants have increased F-actin due to ectopi

actin. When targeted to eye the cap mutants have 

differentiation (Benlali, et al. 2000). 

CAPT antibody was obtained from Buzz Baum from the University 

on. The antibody stained globally around in the cortex and the optic 

Fig. 5.2.3 Expression pattern of BSG obtained by using a protein trap line expressing 

Shows staining in the MB lobes (alpha, 

ha, alpha’ and beta 

shows staining obtained using anti-BSG 

rotein (CAP), Capulet is a cytoskeleton 

pulet is known to interact with 

adenylate cyclase and is involved in neuronal dendrite homeostasis by interaction 

rich accumulations have 

heterozygous mutations which lack a 

terminal of the protein (Medina, et al. 

actin due to ectopic 

mutants have uncoordinated 

CAPT antibody was obtained from Buzz Baum from the University 

on. The antibody stained globally around in the cortex and the optic 
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lobes, but was missing in the PB and the MB calyces (Fig 5.2.4). So the expected 

staining pattern (which should be more discrete and not general) associated with the 

input layer is not detected.

Fig. 5.2.4 Expression pattern of CAPT obtained using anti
was observed in  cell bodies of the cortex. A degree of  staining was observed in neurons OL as 
well. (b)Staining was absent in the MB calyces (Ca) and 

5.2.5 CAS/CSE1 segregation protein (CAS)

CAS is a cell adhesion molecule involved in SUMO binding 

and protein import into the nucleus 

obtained from the laboratory of Lynn Co

The anti-CAS antibody stained a small proportion of neurons in the anterior 

superior medial protocerebrum (asmpr) region (Fig 5.2.5). Faint staining was 

observed in the median bundle and a group of neurons were visible which have 

anatomical connections to the SOG. No other brain regions were visible. In this case 

as well it is difficult to say whether there is any synaptic expression because we did 

not specifically look for it.
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lobes, but was missing in the PB and the MB calyces (Fig 5.2.4). So the expected 

staining pattern (which should be more discrete and not general) associated with the 

tected. 

Fig. 5.2.4 Expression pattern of CAPT obtained using anti-CAPT antibody.  (a) Strong staining 
was observed in  cell bodies of the cortex. A degree of  staining was observed in neurons OL as 
well. (b)Staining was absent in the MB calyces (Ca) and the PB. 

5.2.5 CAS/CSE1 segregation protein (CAS) 

CAS is a cell adhesion molecule involved in SUMO binding 

and protein import into the nucleus (Tekotte, et al. 2002). anti-CAS antibodies were 

obtained from the laboratory of Lynn Cooley of Yale University.  

CAS antibody stained a small proportion of neurons in the anterior 

superior medial protocerebrum (asmpr) region (Fig 5.2.5). Faint staining was 

observed in the median bundle and a group of neurons were visible which have 

anatomical connections to the SOG. No other brain regions were visible. In this case 

as well it is difficult to say whether there is any synaptic expression because we did 

not specifically look for it. 

lobes, but was missing in the PB and the MB calyces (Fig 5.2.4). So the expected 

staining pattern (which should be more discrete and not general) associated with the 

 

CAPT antibody.  (a) Strong staining 
was observed in  cell bodies of the cortex. A degree of  staining was observed in neurons OL as 

CAS is a cell adhesion molecule involved in SUMO binding (Nie, et al. 2009) 

CAS antibodies were 

 

CAS antibody stained a small proportion of neurons in the anterior 

superior medial protocerebrum (asmpr) region (Fig 5.2.5). Faint staining was 

observed in the median bundle and a group of neurons were visible which have 

anatomical connections to the SOG. No other brain regions were visible. In this case 

as well it is difficult to say whether there is any synaptic expression because we did 
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Fig. 5.2.5 Staining pattern of CAS. The adult fly br
images were captured using a confocal microscope. (a) The antibody stained a few neurons 
(arrows) in the anterior superior medial protocerebrum (asmpr) region (overlaid by light grey 
region). There was a degree of
cells were stained around the Sub

5.2.6 Chickadee (CHIC)

CHIC is the Drosophila

to be involved in intercell

Mutant chickadee flies have defective cytoplasmic transport, rendering the female 

flies sterile (Cooley, et al. 1992

CHIC is also involved in normal development of wings, legs and bristles of the head 

thorax in Drosophila

involved in brain metamor

and the MB (Boquet, et al. 2000

DSHB, IOWA. It was raised in mice immunized with a fusion protein obtained by 

cloning the profilin open reading frame into the expre

expressed in E.coli.  

Here we obtained strong staining in cortex, weak staining in central neuropil 

(MB, CC, AL) and moderate staining in lateral protocerebral neuropil (Fig 5.2.6) 

suggesting detection of synaptically localised pro
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Fig. 5.2.5 Staining pattern of CAS. The adult fly brain was stained with anti
images were captured using a confocal microscope. (a) The antibody stained a few neurons 
(arrows) in the anterior superior medial protocerebrum (asmpr) region (overlaid by light grey 
region). There was a degree of staining in the median bundle as well (arrow heads). (b) A few 
cells were stained around the Sub-oesophageal ganglion (arrows). 

5.2.6 Chickadee (CHIC) 

Drosophila homologue of vertebrate protein profilin. It is known 

to be involved in intercellular cytoplasm transport during Drosophila

flies have defective cytoplasmic transport, rendering the female 

Cooley, et al. 1992, Verheyen and Cooley 1994). In addition to this 

CHIC is also involved in normal development of wings, legs and bristles of the head 

Drosophila(Verheyen and Cooley 1994). In coordination with 

involved in brain metamorphosis in Drosophila especially in the development of CC 

Boquet, et al. 2000). The anti-CHIC antibody, chi1J, was obtained from 

DSHB, IOWA. It was raised in mice immunized with a fusion protein obtained by 

cloning the profilin open reading frame into the expression vector pGEX

 

Here we obtained strong staining in cortex, weak staining in central neuropil 

(MB, CC, AL) and moderate staining in lateral protocerebral neuropil (Fig 5.2.6) 

suggesting detection of synaptically localised protein in the neuropil.

 

ain was stained with anti-CAS antibody and 
images were captured using a confocal microscope. (a) The antibody stained a few neurons 
(arrows) in the anterior superior medial protocerebrum (asmpr) region (overlaid by light grey 

staining in the median bundle as well (arrow heads). (b) A few 

homologue of vertebrate protein profilin. It is known 

Drosophila oogenesis. 

flies have defective cytoplasmic transport, rendering the female 

. In addition to this 

CHIC is also involved in normal development of wings, legs and bristles of the head 

. In coordination with Cibolo, it is 

especially in the development of CC 

CHIC antibody, chi1J, was obtained from 

DSHB, IOWA. It was raised in mice immunized with a fusion protein obtained by 

ssion vector pGEX-3X and 

Here we obtained strong staining in cortex, weak staining in central neuropil 

(MB, CC, AL) and moderate staining in lateral protocerebral neuropil (Fig 5.2.6) 

tein in the neuropil. 
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Fig. 5.2.6 Expression pattern of CHIC.  The adult brain was stained with anti

antibody and images were captured using a confocal microscope. (a, b)Staining was 

seen in the lateral  and medial protocerebral neuropil (encircled)

elevated in the MB calyx region (Ca). The less bright regions in (B) are the antennal 

lobe locations. 

5.2.7. Cheerio (CHER)

Cheerio is an actin binding protein which has been shown to play a role in 

olfactory learning and memory. 

training-induced long term memory assays 

of a cytoskeletal binding protein being involved in learning and memory in 

Drosophila.  

The CHER expression pattern was obtained by st

CPTI-000847 with anti

neuropil staining was observed. However the proteins seem to be localised to the 

ensheathment of the neuropil structures and thus neuropil regions suc

MB were clearly visible. The pattern matches that of the FUTSCH protein, which is 

detected globally and around the neuropil. Although the gross staining pattern 

matched that reported by antibody staining in Bolduc 

staining which did not appear to be restricted to the cell cytoplasm as reported by 

Bolduc et al.  This can be accounted for by the observation that the protein trap 

CHER protein is also delivered to the cell membrane. In addition the protein is 

expressed in the optic lobes where optic tracts were visualised (Fig 5.2.7).
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Fig. 5.2.6 Expression pattern of CHIC.  The adult brain was stained with anti

antibody and images were captured using a confocal microscope. (a, b)Staining was 

seen in the lateral  and medial protocerebral neuropil (encircled)

elevated in the MB calyx region (Ca). The less bright regions in (B) are the antennal 

5.2.7. Cheerio (CHER) 

Cheerio is an actin binding protein which has been shown to play a role in 

olfactory learning and memory. Cher mutants have low memory scores in massed 

induced long term memory assays (Bolduc, et al. 2010). This is an example 

of a cytoskeletal binding protein being involved in learning and memory in 

The CHER expression pattern was obtained by staining the protein trap line 

000847 with anti-GFP antibodies. The antibodies stained globally but no 

neuropil staining was observed. However the proteins seem to be localised to the 

ensheathment of the neuropil structures and thus neuropil regions suc

MB were clearly visible. The pattern matches that of the FUTSCH protein, which is 

detected globally and around the neuropil. Although the gross staining pattern 

matched that reported by antibody staining in Bolduc et al 2010, we observed 

ng which did not appear to be restricted to the cell cytoplasm as reported by 

.  This can be accounted for by the observation that the protein trap 

CHER protein is also delivered to the cell membrane. In addition the protein is 

optic lobes where optic tracts were visualised (Fig 5.2.7).

 

Fig. 5.2.6 Expression pattern of CHIC.  The adult brain was stained with anti-CHIC 

antibody and images were captured using a confocal microscope. (a, b)Staining was 

seen in the lateral  and medial protocerebral neuropil (encircled) and slightly 

elevated in the MB calyx region (Ca). The less bright regions in (B) are the antennal 

Cheerio is an actin binding protein which has been shown to play a role in 

have low memory scores in massed 

. This is an example 

of a cytoskeletal binding protein being involved in learning and memory in 

aining the protein trap line 

GFP antibodies. The antibodies stained globally but no 

neuropil staining was observed. However the proteins seem to be localised to the 

ensheathment of the neuropil structures and thus neuropil regions such as AL and 

MB were clearly visible. The pattern matches that of the FUTSCH protein, which is 

detected globally and around the neuropil. Although the gross staining pattern 

2010, we observed 

ng which did not appear to be restricted to the cell cytoplasm as reported by 

.  This can be accounted for by the observation that the protein trap 

CHER protein is also delivered to the cell membrane. In addition the protein is 

optic lobes where optic tracts were visualised (Fig 5.2.7). 
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Fig. 5.2.7 Staining pattern of CHER obtained using a protein trap line expressing green 
fluorescent protein, Venus.  The adult brain was stained with anti
were captured using a confocal microscope. (a) Staining throughout the brain, particularly 
within the OL and calyces (b) staining in the MB and AL.

5.2.8. Coracle (CORA)

CORA is an anchoring protein which links transmembrane protein molecules 

with the cytoskeleton. It i

homology to protein 4.1 in humans and protein 4.1 in 

The neuronal functions of 

The anti-CORA antibody, C566.9, was obtained from DSHB, IOWA. The antibody 

was raised against the CORA peptide (corresponding to aa 72

protein. The antibody was first reported to stain epidermis, foreg

stage 12 embryos (Fehon, et al. 1994

nervous system staining by this antibody. 

We obtained strong staining w

calyces, moderate staining in the CC and weak staining elsewhere in the adult brain 

(Fig 5.2.8). Thus expression in neuropil regions containing synapses is clearly being 

detected. 
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Fig. 5.2.7 Staining pattern of CHER obtained using a protein trap line expressing green 
fluorescent protein, Venus.  The adult brain was stained with anti-GFP antibody and images 

using a confocal microscope. (a) Staining throughout the brain, particularly 
within the OL and calyces (b) staining in the MB and AL. 

5.2.8. Coracle (CORA) 

CORA is an anchoring protein which links transmembrane protein molecules 

with the cytoskeleton. It is more commonly known as protein 4.1 due to its 

homology to protein 4.1 in humans and protein 4.1 in Xenopus (Fehon, et al. 1994

The neuronal functions of cora in learning and memory have not yet been explored. 

CORA antibody, C566.9, was obtained from DSHB, IOWA. The antibody 

was raised against the CORA peptide (corresponding to aa 72

protein. The antibody was first reported to stain epidermis, foreg

Fehon, et al. 1994). However there has been no report on the adult 

nervous system staining by this antibody.  

We obtained strong staining with the anti-CORA antibody C566.9, in the MB 

calyces, moderate staining in the CC and weak staining elsewhere in the adult brain 

(Fig 5.2.8). Thus expression in neuropil regions containing synapses is clearly being 

 

Fig. 5.2.7 Staining pattern of CHER obtained using a protein trap line expressing green 
GFP antibody and images 

using a confocal microscope. (a) Staining throughout the brain, particularly 

CORA is an anchoring protein which links transmembrane protein molecules 

s more commonly known as protein 4.1 due to its 

Fehon, et al. 1994). 

nd memory have not yet been explored. 

CORA antibody, C566.9, was obtained from DSHB, IOWA. The antibody 

was raised against the CORA peptide (corresponding to aa 72-397) -GST fusion 

protein. The antibody was first reported to stain epidermis, foregut and hindgut in 

. However there has been no report on the adult 

CORA antibody C566.9, in the MB 

calyces, moderate staining in the CC and weak staining elsewhere in the adult brain 

(Fig 5.2.8). Thus expression in neuropil regions containing synapses is clearly being 
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Fig. 5.2.8 Expression pattern of CORA.  The adult brain was stained with anti-CORA antibody 
and images were captured using a confocal microscope. (a) Staining is seen in the cortex and in 
MB calyces (Ca) (b) Elevated staining is seen in MB alpha lobes (α) and EB (c) Staining in the 
peduncles (Pd) 

5.2.9. Discs large (DLG) 

Discs large is a MAGUK protein involved in anchoring proteins to the 

membranes, thereby forming scaffolds for multi-protein complexes and protein-

protein interactions. DLG protein is expressed at the neuromuscular junction in the 

larvae (Rafael, et al. 1998) and is involved in the regulation of various components 

within the synapse in Drosophila. This includes regulation of the composition of 

GluR receptors (Chen and Featherstone 2005) and clustering of the cell adhesion 

molecule FASII (Thomas, et al. 1997) and the potassium channel Shaker (Tejedor, et 

al. 1997, Zito, et al. 1997). Until recently, there were no published records on the role 

of DLG in learning and memory in Drosophila. However, Oliva et al from the 

Jimena Sierralta lab have recently demonstrated that DLG is involved in olfactory 

learning in Drosophila (Neurofly meeting, 2010). The anti-DLG antibody 4F3, 

generated by Corey Goodman (Parnas, et al. 2001) was obtained from DHSB, 

University of IOWA.  

We observed global staining that was elevated in all lobes and calyces of MB, 

the PB and the OL (Fig 5.2.9). These data are in agreement with those published by 

(Mendoza-Topaz, et al. 2008) where they have also demonstrated staining in AL, 

MB and OL, which is distinct from other brain regions (also see Table 6.1) . This is a 

clear detection of DLG in synapse-rich region across the fly brain with strong 

differences in expression levels. 
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Fig. 5.2.9 Expression pattern of DLG as revealed by anti
representative images of the expression pattern. Structures visible are as follows: Panel a 
alpha beta and gamma lobes of MB and AL, Panel b 
and Panel d – MB peduncles and EB

5.2.10. Downstream of rece

DRK belongs to the SH2/SH3 adaptor protein family. It has previously been 

shown to be involved in olfactory learning in 

Sacharidou and Skoulakis 2002

both learning and memory in the context of olfactory learning and memory

The learning deficit of DRK has been linked to 

these two genes in the mushroom bodies can rescue the learning deficit, but 

unable to do so for short term memory 

antibody was obtained from Tony Pawson’s laboratory. The polyclonal antibody was 

raised against full length DRK protein. In a recent report, expression of DRK has 

         MASC in the fly brain –Part I 

87 

Fig. 5.2.9 Expression pattern of DLG as revealed by anti-DLG antibody, 4F3. Pan
representative images of the expression pattern. Structures visible are as follows: Panel a 
alpha beta and gamma lobes of MB and AL, Panel b – MB calyces and PB, Panel c 

MB peduncles and EB 

5.2.10. Downstream of receptor kinase (DRK) 

DRK belongs to the SH2/SH3 adaptor protein family. It has previously been 

shown to be involved in olfactory learning in Drosophila  (Moressis, et al. 2009a

Sacharidou and Skoulakis 2002). Heterozygous drk mutants showed reduction in 

both learning and memory in the context of olfactory learning and memory

The learning deficit of DRK has been linked to ras and raf because expression of 

these two genes in the mushroom bodies can rescue the learning deficit, but 

unable to do so for short term memory (Moressis, et al. 2009a

antibody was obtained from Tony Pawson’s laboratory. The polyclonal antibody was 

raised against full length DRK protein. In a recent report, expression of DRK has 

 

DLG antibody, 4F3. Panels a-d show 
representative images of the expression pattern. Structures visible are as follows: Panel a – 

MB calyces and PB, Panel c – MB lobes 

DRK belongs to the SH2/SH3 adaptor protein family. It has previously been 

Moressis, et al. 2009a, 

mutants showed reduction in 

both learning and memory in the context of olfactory learning and memory assays. 

because expression of 

these two genes in the mushroom bodies can rescue the learning deficit, but are 

Moressis, et al. 2009a). The anti-DRK 

antibody was obtained from Tony Pawson’s laboratory. The polyclonal antibody was 

raised against full length DRK protein. In a recent report, expression of DRK has 
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been 

Fig. 5.2.10 Expression pattern of DRK.  Staining with anti

all across the brain. (a) staining in the Ca, PB, OL (b) Staining  in the AL, MB, OL, SOG 

(c) MB lobes (alpha, alpha’, gamma) , AL and optic tubercle (opt. tub)

demonstrated. However the paper does not discuss any expression outside the MB 

which is of little relevance to the article. 

In addition to the previously reported staining in MB we observed weak 

staining in AL, OL, and PB neuropil regions. There was also some weak staining in 

unorganised brain neuropil (Fig 5.2.10).

5.2.11. FUTSCH 

FUTSCH is 

neuronal cytoskeleton and axonal transport defects. The 

involved in dendritic and axonal growth. Disruption of the protein leads to 

progressive neurodegeneration in 

neurodegeneration progresses at a faster rate in the olfactory system and the MB, 

leading to olfactory learning impairment 

also show a characteristic reduction of boutons in the larval NMJ which resembles 

the neuronal form of Fragile X mental retardation (

further been shown that 

(Zhang, et al. 2001). 

larval NMJ. Double mutants of 

and normal synaptic current phenotypes. The FUTSCH antibody 22C10 was 

obtained from DSHB, University of IOWA 
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Fig. 5.2.10 Expression pattern of DRK.  Staining with anti-DRK antibody was ob

all across the brain. (a) staining in the Ca, PB, OL (b) Staining  in the AL, MB, OL, SOG 

(c) MB lobes (alpha, alpha’, gamma) , AL and optic tubercle (opt. tub)

demonstrated. However the paper does not discuss any expression outside the MB 

of little relevance to the article.  

In addition to the previously reported staining in MB we observed weak 

staining in AL, OL, and PB neuropil regions. There was also some weak staining in 

unorganised brain neuropil (Fig 5.2.10). 

FUTSCH is a microtubule-associated protein, disruption of which causes 

neuronal cytoskeleton and axonal transport defects. The Drosophila

involved in dendritic and axonal growth. Disruption of the protein leads to 

progressive neurodegeneration in Drosophila(Bettencourt, et al. 2005

rogresses at a faster rate in the olfactory system and the MB, 

leading to olfactory learning impairment (Bettencourt, et al. 2005

also show a characteristic reduction of boutons in the larval NMJ which resembles 

the neuronal form of Fragile X mental retardation (fmr1) mutants, 

further been shown that fmr1 negatively regulates the expression of FUTSCH 

. Both mutants also show an increase in synaptic currents in the 

larval NMJ. Double mutants of futsch and fmr1 restore both the normal bouton size 

and normal synaptic current phenotypes. The FUTSCH antibody 22C10 was 

obtained from DSHB, University of IOWA (Zipursky, et al. 1984)

 

DRK antibody was obtained 

all across the brain. (a) staining in the Ca, PB, OL (b) Staining  in the AL, MB, OL, SOG 

(c) MB lobes (alpha, alpha’, gamma) , AL and optic tubercle (opt. tub) 

demonstrated. However the paper does not discuss any expression outside the MB 

In addition to the previously reported staining in MB we observed weak 

staining in AL, OL, and PB neuropil regions. There was also some weak staining in 

associated protein, disruption of which causes 

Drosophila FUTSCH is 

involved in dendritic and axonal growth. Disruption of the protein leads to 

Bettencourt, et al. 2005). This 

rogresses at a faster rate in the olfactory system and the MB, 

Bettencourt, et al. 2005). futsch mutants 

also show a characteristic reduction of boutons in the larval NMJ which resembles 

) mutants, fmr
NOE,. It has 

negatively regulates the expression of FUTSCH 

Both mutants also show an increase in synaptic currents in the 

re both the normal bouton size 

and normal synaptic current phenotypes. The FUTSCH antibody 22C10 was 

).  
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Staining was observed throughout the brain especially as a sheath around the 

structured neuropil. This is because the protein is a cytoskeleton

which marks the cytoskeleton of the neurons. The antennal lobes, antennal nerve and 

the MB calyces showed stronger expression in comparison to the rest of the brain 

(Fig 5.2.11) because in these structures the neurit

expression profile we obtained is consistent with that reported previously 

(Bettencourt, et al. 2005

Fig. 5.2.11 Expression pattern of FUTSCH.  The adult brain was stained with anti
antibody 3C11 (a) Staining was observed gl
(b) Strong staining was observed in the antennal nerve. The
the tight packing of neuritis.

5.2.12. Gelsolin (GEL)

Gelsolin is an actin binding protein 

state, it severs the actin filaments in growth cones which, along with other factors 

eventually causes the growth cone to collapse 

1995). In cultured rat and mammalian PC12 cells it is found in the filopodia of the 

growth cone (Tanaka, et al. 1993

cone is known to respond to depolarisations 

GEL may be involved in activity

enriched in the oligodendrocytes, Schwann cells and myelin sheath, especially 

around the node of Ranvier  of the rat central nervous system 

1994). The anti-GEL antibodies were obtained from Maria Leptin from the 

University of Cologne.
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Staining was observed throughout the brain especially as a sheath around the 

This is because the protein is a cytoskeleton

which marks the cytoskeleton of the neurons. The antennal lobes, antennal nerve and 

the MB calyces showed stronger expression in comparison to the rest of the brain 

) because in these structures the neurites are more densely packed. The 

expression profile we obtained is consistent with that reported previously 

Bettencourt, et al. 2005). 

Fig. 5.2.11 Expression pattern of FUTSCH.  The adult brain was stained with anti
antibody 3C11 (a) Staining was observed globally and elevated in MB calyces (Ca) and OL. 
(b) Strong staining was observed in the antennal nerve. The antennal nerve is very bright d
the tight packing of neuritis. 

5.2.12. Gelsolin (GEL) 

Gelsolin is an actin binding protein (Sun, et al. 1999). In its Ca

state, it severs the actin filaments in growth cones which, along with other factors 

eventually causes the growth cone to collapse (reviewed in Neely and Nicholls 

. In cultured rat and mammalian PC12 cells it is found in the filopodia of the 

Tanaka, et al. 1993). The interesting feature to note is that the growth 

cone is known to respond to depolarisations (Budnik, et al. 1990

GEL may be involved in activity-dependent wiring of the nervous system. It is also 

enriched in the oligodendrocytes, Schwann cells and myelin sheath, especially 

f Ranvier  of the rat central nervous system (

GEL antibodies were obtained from Maria Leptin from the 

ty of Cologne. 

Staining was observed throughout the brain especially as a sheath around the 

This is because the protein is a cytoskeleton-associated protein 

which marks the cytoskeleton of the neurons. The antennal lobes, antennal nerve and 

the MB calyces showed stronger expression in comparison to the rest of the brain 

s are more densely packed. The 

expression profile we obtained is consistent with that reported previously 

 

Fig. 5.2.11 Expression pattern of FUTSCH.  The adult brain was stained with anti-Futsch 
obally and elevated in MB calyces (Ca) and OL. 

antennal nerve is very bright due to 

. In its Ca2+-activated 

state, it severs the actin filaments in growth cones which, along with other factors 

reviewed in Neely and Nicholls 

. In cultured rat and mammalian PC12 cells it is found in the filopodia of the 

ature to note is that the growth 

Budnik, et al. 1990) indicating that 

dependent wiring of the nervous system. It is also 

enriched in the oligodendrocytes, Schwann cells and myelin sheath, especially 

(Tanaka and Sobue 

GEL antibodies were obtained from Maria Leptin from the 
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The antibody predominantly stained trachea apart from a small cluster of cells 

in the lateral protocerebral cortex (Fig. 5.2.12). However it is difficult to say if the 

staining is neuronal in its entirety since no neuronal marker or antibody was used in 

this study. Nevertheless, a neuronal role of GEL can be envisaged from studies in 

other animals and systems. 

 

Fig. 5.2.12 Expression pattern of GEL. The adult fly brain was stained with anti-GEL 

antibodies and images were captured using a confocal microscope. (a) Staining is 

observed  in the trachea. (b) Some cells are stained in the lateral horn region.    

5.2.13. LaminC (LAMC) 

There are many different lamin proteins present in Drosophila. The antibody 

LC28.26, used in this study was raised against the LAMC protein which is targeted 

to the nucleus. Little is known about the neuronal function of lamins except that they 

constitute a part of the nuclear membrane and that if ectopically expressed they lead 

to slow growth of larvae and eventually lead to death(Stuurman, et al. 1999). The 

mechanisms surrounding death remain unknown. The role of lamins in the 

developmental of nervous system still remains unexplored. The antibody was 

obtained from DSHB, University of IOWA. 

The anti-LAMC antibody stained many cells in the cortex which are most 

likely to be neurons. The expression level however seems to be pretty much constant 

throughout the entire stained region (Fig.5.2.13). No staining was observed in any of 

the structures neuropil as is expected from the nature of the antibody used.                
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Fig. 5.2.13 Expression

LAMC antibodies and images were captured using a confocal microscope. The 

antibody stained cell bodies in the cortex and OL.

5.2.14. NMDA receptor subunit 1 (NR1)

The NMDA receptor is an ionotropi

receptor leads to the influx of positively charged ions especially Na+ and Ca

(Lee, et al. 2004). In humans changes of expression of the NMDA receptors have 

been speculated to lead to various types of psy

disorder and Alzheimer’s disease 

McCullumsmith, et al. 2007

and memory research for several decades and continue to be studied closely in 

various animal models.

NMDA receptors 1 and 2 hav

plasticity and olfactory learning in 

Although knowledge has expanded about the function, architecture and regulation of 

NMDA receptors in vertebrates, they are comparatively less studied in 
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Fig. 5.2.13 Expression pattern of LAMC. The adult fly brain was stained with anti

LAMC antibodies and images were captured using a confocal microscope. The 

antibody stained cell bodies in the cortex and OL. 

5.2.14. NMDA receptor subunit 1 (NR1) 

The NMDA receptor is an ionotropic glutamate receptor. Activation of this 

receptor leads to the influx of positively charged ions especially Na+ and Ca

. In humans changes of expression of the NMDA receptors have 

been speculated to lead to various types of psychiatric conditions including Bipolar 

disorder and Alzheimer’s disease (Bi and Sze 2002, Dewar, et al. 1991

McCullumsmith, et al. 2007). NMDA receptors have been at the heart of learning 

and memory research for several decades and continue to be studied closely in 

various animal models. 

NMDA receptors 1 and 2 have been shown to be involved in synaptic 

plasticity and olfactory learning in Drosophila(Wu, et al. 2007, 

Although knowledge has expanded about the function, architecture and regulation of 

n vertebrates, they are comparatively less studied in 

 

pattern of LAMC. The adult fly brain was stained with anti-

LAMC antibodies and images were captured using a confocal microscope. The 

c glutamate receptor. Activation of this 

receptor leads to the influx of positively charged ions especially Na+ and Ca2+ ions 

. In humans changes of expression of the NMDA receptors have 

chiatric conditions including Bipolar 

Dewar, et al. 1991, 

. NMDA receptors have been at the heart of learning 

and memory research for several decades and continue to be studied closely in 

e been shown to be involved in synaptic 

, Xia, et al. 2005). 

Although knowledge has expanded about the function, architecture and regulation of 

n vertebrates, they are comparatively less studied in Drosophila. 
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Fig. 5.2.14 Staining pattern of NR1. The adult fly brains were stained with anti

antibody and the images were captured using a confocal microscope. (a) and (b) 

Staining in the cell bod

anti-NR1 antibody was obtained from Ann

antibody was raised against a peptide corresponding to amino acids 915

wild type protein. The antibody stained a large portion of ce

also a particular layer of fan shaped body (Fig. 5.2.14). The results were consistent 

with those reported in the literature 

5.2.15. NMDA receptor subunit 2 (NR

The NMDA receptor is formed by the subunits 1 and 2. The NMDA receptor 

subunit 2 antibody was obtained from Ann Shyn Chiang in Taiwan. The antibody 

was raised in rabbits against a peptide corresponding to amino acids 52

Drosophila NMDA receptor su

many neurons in the region (Fig. 5.2.15). The staining pattern we obtained was in 

agreement with that reported by Ann

Looking more carefully at the staining pattern it seems that the limited staining 

observed is most likely due to problems in detection. 

Fig. 5.2.15 Staining pattern of NR2 obtained by staining with anti

820-2. Panel A – shows the staining in ring neurons of the EB and lateral triangle. 

Panel B - shows schematic from Hanesch et al

also obtained in many other neurons in the cortex.
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Fig. 5.2.14 Staining pattern of NR1. The adult fly brains were stained with anti

antibody and the images were captured using a confocal microscope. (a) and (b) 

Staining in the cell bodies in the cortex and (c) in one layer of FB. 

NR1 antibody was obtained from Ann-Shyn Chiang in Taiwan. The 

antibody was raised against a peptide corresponding to amino acids 915

wild type protein. The antibody stained a large portion of cell bodies in the brain and 

also a particular layer of fan shaped body (Fig. 5.2.14). The results were consistent 

with those reported in the literature (Wu, et al. 2007, Xia, et al. 2005

5.2.15. NMDA receptor subunit 2 (NR2) 

The NMDA receptor is formed by the subunits 1 and 2. The NMDA receptor 

subunit 2 antibody was obtained from Ann Shyn Chiang in Taiwan. The antibody 

was raised in rabbits against a peptide corresponding to amino acids 52

NMDA receptor subunit 2. The antibody stained the ellipsoid body and 

many neurons in the region (Fig. 5.2.15). The staining pattern we obtained was in 

agreement with that reported by Ann-Shyn Chiang’s group (

Looking more carefully at the staining pattern it seems that the limited staining 

observed is most likely due to problems in detection.  

Fig. 5.2.15 Staining pattern of NR2 obtained by staining with anti

shows the staining in ring neurons of the EB and lateral triangle. 

shows schematic from Hanesch et al, 1989 for comparison. Staining was 

also obtained in many other neurons in the cortex. 

Fig. 5.2.14 Staining pattern of NR1. The adult fly brains were stained with anti-NR1 

antibody and the images were captured using a confocal microscope. (a) and (b) 

Shyn Chiang in Taiwan. The 

antibody was raised against a peptide corresponding to amino acids 915-937 of the 

ll bodies in the brain and 

also a particular layer of fan shaped body (Fig. 5.2.14). The results were consistent 

Xia, et al. 2005). 

The NMDA receptor is formed by the subunits 1 and 2. The NMDA receptor 

subunit 2 antibody was obtained from Ann Shyn Chiang in Taiwan. The antibody 

was raised in rabbits against a peptide corresponding to amino acids 52-81 of 

bunit 2. The antibody stained the ellipsoid body and 

many neurons in the region (Fig. 5.2.15). The staining pattern we obtained was in 

(Wu, et al. 2007). 

Looking more carefully at the staining pattern it seems that the limited staining 

 

Fig. 5.2.15 Staining pattern of NR2 obtained by staining with anti-NR2 antibody a-

shows the staining in ring neurons of the EB and lateral triangle. 

1989 for comparison. Staining was 
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5.2.16. Polychaetoid (PYD)

PYD is a member of the MAGUK

human protein Zonula occludens 1 (ZO

junctions and down regulation in cultured cells leads to decreased dendritic 

arborisation (Smalley, et al. 2005

related dementia (Boven, et al. 2

Drosophila PYD is involved in sensory organ development 

also involved in tracheal development in 

branch fusion defects a

al. 2006).  

The PYD expression pattern was obtained by using the 

line 19609. The lacZ

would project to the FB, MB, EB, OL and weakly in the AL (Fig 5.2.16). Although 

the lacZ generally localises to the cell bodies, in this case it seemed to localise to 

some neuropil structures as well. This however is not complet

been shown to happen previously. 

that PYD is expressed synaptically.

 

Fig. 5.2.16 Expression pattern o
brain was stained with anti
confocal microscope. (a) Shows staining in the MB, peduncles and the OL, (b) shows 
magnified view of a se
showing CC staining. Scale bar is 50 
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5.2.16. Polychaetoid (PYD) 

PYD is a member of the MAGUK protein family and is a homologue of the 

human protein Zonula occludens 1 (ZO-1). In human, ZO1 localises to tight 

junctions and down regulation in cultured cells leads to decreased dendritic 

Smalley, et al. 2005). It is also linked to monocyte infiltration in HIV

Boven, et al. 2000) due to weaker or porous tight junctions.  In 

PYD is involved in sensory organ development (Chen, et al. 1996

also involved in tracheal development in Drosophila. Mutants display tracheal 

branch fusion defects and cell intercalation problems in Drosophila

The PYD expression pattern was obtained by using the 

lacZ staining was observed around the cell bodies of neurons that 

would project to the FB, MB, EB, OL and weakly in the AL (Fig 5.2.16). Although 

generally localises to the cell bodies, in this case it seemed to localise to 

some neuropil structures as well. This however is not completely unexpected and has 

been shown to happen previously. (Akalal, et al. 2006). Staining in the MB indicated 

that PYD is expressed synaptically. 

Fig. 5.2.16 Expression pattern of PYD obtained by using a lacZ enhancer trap line.  The adult 
brain was stained with anti-beta galactosidase antibody and images were captured using a 
confocal microscope. (a) Shows staining in the MB, peduncles and the OL, (b) shows 
magnified view of a section showing MB and peduncle staining. (c) Shows magnified view 
showing CC staining. Scale bar is 50 µm. 

protein family and is a homologue of the 

1). In human, ZO1 localises to tight 

junctions and down regulation in cultured cells leads to decreased dendritic 

. It is also linked to monocyte infiltration in HIV-1 

due to weaker or porous tight junctions.  In 

Chen, et al. 1996). It is 

. Mutants display tracheal 

Drosophila embryos(Jung, et 

The PYD expression pattern was obtained by using the lacZ enhancer trap 

cell bodies of neurons that 

would project to the FB, MB, EB, OL and weakly in the AL (Fig 5.2.16). Although 

generally localises to the cell bodies, in this case it seemed to localise to 

ely unexpected and has 

. Staining in the MB indicated 

 

enhancer trap line.  The adult 
beta galactosidase antibody and images were captured using a 

confocal microscope. (a) Shows staining in the MB, peduncles and the OL, (b) shows 
ction showing MB and peduncle staining. (c) Shows magnified view 



Chapter 5 

 

5.2.17. Scribbled (SCRIB)

Scribbled is known for its role as a tumour suppressor 

is involved in establishing and or maintaining epithelial polarity in 

the larval NJM, SCRIB co

SCRIB is involved in olfactory learning and memory in 

2003) as is DLG. Previous reports where a riboprobe (RNA probe) complementary to 

the coding region of 

obtained staining in the general cortex of the CNS.

The anti-SCRIB antibody was obtained from David Bilder at Berkley. 

Staining was observed in AL, MB, OL and EB, lateral protocerebrum is also stain

Weak staining was observed throughout the structured neuropil. Except MB where 

staining was considerably elevated (Fig. 5.2.17).The difference in staining between 

this report and the one publishes by Ganguly et al may be due to the difference in 

method of staining rather than a really difference.

Fig. 5.2.17 Staining pattern of SCRIB revealed by staining with anti

The antibody stained (a) MB, AL, lateral protocerebrum and (b) FB, EB, MB peduncles 

and OLs Panel C shows staining in the g

5.2.18. TAU 

TAU is a microtubule associated protein (MAP) which has been associated 

with Alzheimer’s disease and fronto

group of related pathologies collectively called the ‘ta

neurodegeneration thought to be caused by aggregation of TAU 

2004). Expression of human TAU in 
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5.2.17. Scribbled (SCRIB) 

Scribbled is known for its role as a tumour suppressor (Bilder, et al. 2000

is involved in establishing and or maintaining epithelial polarity in 

the larval NJM, SCRIB co-localises and interacts with DLG. Most interestingly 

SCRIB is involved in olfactory learning and memory in Drosophila

as is DLG. Previous reports where a riboprobe (RNA probe) complementary to 

 Scrib was used did not obtain staining in the MB. Instead they 

obtained staining in the general cortex of the CNS. 

SCRIB antibody was obtained from David Bilder at Berkley. 

Staining was observed in AL, MB, OL and EB, lateral protocerebrum is also stain

Weak staining was observed throughout the structured neuropil. Except MB where 

staining was considerably elevated (Fig. 5.2.17).The difference in staining between 

this report and the one publishes by Ganguly et al may be due to the difference in 

of staining rather than a really difference. 

Fig. 5.2.17 Staining pattern of SCRIB revealed by staining with anti

The antibody stained (a) MB, AL, lateral protocerebrum and (b) FB, EB, MB peduncles 

and OLs Panel C shows staining in the gamma and alpha lobes of MB.

TAU is a microtubule associated protein (MAP) which has been associated 

with Alzheimer’s disease and fronto-temporal dementia (Zipursky, et al. 1984

group of related pathologies collectively called the ‘tauopathies’ are a hallmark of 

neurodegeneration thought to be caused by aggregation of TAU 

. Expression of human TAU in Drosophila leads to defects in axonal transport. 

Bilder, et al. 2000). It 

is involved in establishing and or maintaining epithelial polarity in Drosophila. At 

calises and interacts with DLG. Most interestingly 

Drosophila(Ganguly, et al. 

as is DLG. Previous reports where a riboprobe (RNA probe) complementary to 

was used did not obtain staining in the MB. Instead they 

SCRIB antibody was obtained from David Bilder at Berkley. 

Staining was observed in AL, MB, OL and EB, lateral protocerebrum is also stained. 

Weak staining was observed throughout the structured neuropil. Except MB where 

staining was considerably elevated (Fig. 5.2.17).The difference in staining between 

this report and the one publishes by Ganguly et al may be due to the difference in 

 

Fig. 5.2.17 Staining pattern of SCRIB revealed by staining with anti-SCRIB antibody. 

The antibody stained (a) MB, AL, lateral protocerebrum and (b) FB, EB, MB peduncles 

amma and alpha lobes of MB. 

TAU is a microtubule associated protein (MAP) which has been associated 

Zipursky, et al. 1984). A 

uopathies’ are a hallmark of 

neurodegeneration thought to be caused by aggregation of TAU (Pittman, et al. 

leads to defects in axonal transport. 
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Although the human and 

carries 3-4 microtubule binding domains and the later has five. Overexpression of 

either protein leads to the same phenotypic effects in 

The most important characteristic of TAU is that when over

Drosophila eye, a characteristic rough eye phenotype develops which is easy to 

recognise. This lead to modelling ‘tauopathies’ in 

anti–TAU antibody was obtained from Mark E. Fortini, form the National Cancer 

Institute.  

The anti-TAU antibody, DT2 stained multiple cell bodies in the cortex and 

globally across the brain but the expression was stronger in the MB, AL and the CC 

(Fig 5.2.18). 

Fig. 5.2.18 Expression pattern of TAU. Staining was observed globally particularly around the 
structured neuropil. (a) Staining in the antennal lobe around the
surrounding cell bodies. (b) Staining in the ring neurons in the ellipsoid body (arrowhead) and 
the peduncle of the MB (Pd)

The TAU expression pattern appeared similar to FUTSCH expression in that 

both resembled an ensheathment a

proteins are cytoskeletal proteins and are expressed in the cytoskeleton of the 

neurons. 
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Although the human and Drosophila Tau proteins are different in that the f

4 microtubule binding domains and the later has five. Overexpression of 

either protein leads to the same phenotypic effects in Drosophila 

tant characteristic of TAU is that when over

eye, a characteristic rough eye phenotype develops which is easy to 

recognise. This lead to modelling ‘tauopathies’ in Drosophila(Chen, et al. 2007

TAU antibody was obtained from Mark E. Fortini, form the National Cancer 

TAU antibody, DT2 stained multiple cell bodies in the cortex and 

ally across the brain but the expression was stronger in the MB, AL and the CC 

Fig. 5.2.18 Expression pattern of TAU. Staining was observed globally particularly around the 
structured neuropil. (a) Staining in the antennal lobe around the glomeruli and also in the 
surrounding cell bodies. (b) Staining in the ring neurons in the ellipsoid body (arrowhead) and 
the peduncle of the MB (Pd) 

The TAU expression pattern appeared similar to FUTSCH expression in that 

both resembled an ensheathment around the neuropil. This is because both the 

proteins are cytoskeletal proteins and are expressed in the cytoskeleton of the 

Tau proteins are different in that the former 

4 microtubule binding domains and the later has five. Overexpression of 

Drosophila (Ubhi, et al. 2007). 

tant characteristic of TAU is that when over-expressed in the 

eye, a characteristic rough eye phenotype develops which is easy to 

Chen, et al. 2007).The 

TAU antibody was obtained from Mark E. Fortini, form the National Cancer 

TAU antibody, DT2 stained multiple cell bodies in the cortex and 

ally across the brain but the expression was stronger in the MB, AL and the CC 

 

Fig. 5.2.18 Expression pattern of TAU. Staining was observed globally particularly around the 
glomeruli and also in the 

surrounding cell bodies. (b) Staining in the ring neurons in the ellipsoid body (arrowhead) and 

The TAU expression pattern appeared similar to FUTSCH expression in that 

round the neuropil. This is because both the 

proteins are cytoskeletal proteins and are expressed in the cytoskeleton of the 
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5.2.19. Vulcan (VLC)

Vulcan is a non

sequence analysis). It is re

in Drosophila. Mutant 

2000). 

The VLC expression patter

lacZ enhancer trap line 12331 for 

cell bodies in the central brain and in the optical cortex (Fig 5.2.19). In addition we 

also saw expression in the Kenyon c

distinguished as a separate cluster of cells in the posterior

The processes of these cell bodies project into the middle of the brain to form 

different lobes of the mushroom body. However

due to restricted expression of 

Fig. 5.2.19 Expression pattern of VLC as revealed by enhancer trap line 12331. (a)  

shows staining in the cellular cortex. (b)The boxed calyx region is enlarged i

to show the cellular staining. 

5.2.20. 14-3-3-EPSILON

14-3-3 proteins are small, highly conserved acidic molecules first discovered 

by Moore and Perez (1968) in a study of the bovine brain proteins. 14

a member of the 14-

neuroprotective role in Parkinson’s disease by preventive inclusion of alpha
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5.2.19. Vulcan (VLC) 

Vulcan is a non-PDZ-domain containing scaffolding protein (inferred from 

sequence analysis). It is regulated by ecdysone and is required for leg morphogenesis 

Mutant vlc flies have short and misshapen legs (Gates and Thummel 

The VLC expression pattern was obtained by staining the adult brain of the 

enhancer trap line 12331 for lacZ expression. The expression was seen in many 

cell bodies in the central brain and in the optical cortex (Fig 5.2.19). In addition we 

also saw expression in the Kenyon cells regions (Fig 5.2.19 b) which can be 

distinguished as a separate cluster of cells in the posterior-dorsal region of the brain. 

The processes of these cell bodies project into the middle of the brain to form 

different lobes of the mushroom body. However, we could not detect it in the MB 

due to restricted expression of lacZ in the cell bodies. 

Fig. 5.2.19 Expression pattern of VLC as revealed by enhancer trap line 12331. (a)  

shows staining in the cellular cortex. (b)The boxed calyx region is enlarged i

to show the cellular staining.  

EPSILON 

3 proteins are small, highly conserved acidic molecules first discovered 

by Moore and Perez (1968) in a study of the bovine brain proteins. 14

-3-3 family of proteins and has recently been shown to have a 

neuroprotective role in Parkinson’s disease by preventive inclusion of alpha

domain containing scaffolding protein (inferred from 

gulated by ecdysone and is required for leg morphogenesis 

Gates and Thummel 

n was obtained by staining the adult brain of the 

expression. The expression was seen in many 

cell bodies in the central brain and in the optical cortex (Fig 5.2.19). In addition we 

ells regions (Fig 5.2.19 b) which can be 

dorsal region of the brain. 

The processes of these cell bodies project into the middle of the brain to form 

, we could not detect it in the MB 

 

Fig. 5.2.19 Expression pattern of VLC as revealed by enhancer trap line 12331. (a)  

shows staining in the cellular cortex. (b)The boxed calyx region is enlarged in Panel B 

3 proteins are small, highly conserved acidic molecules first discovered 

by Moore and Perez (1968) in a study of the bovine brain proteins. 14-3-3 epsilon is 

y of proteins and has recently been shown to have a 

neuroprotective role in Parkinson’s disease by preventive inclusion of alpha-
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Synuclein in the inclusion bodies in the neuroglioma cells 

which is a characteristic feature of Parkinson’s disease 

Polymeropoulos, et al. 1997

to the formation of inclusion

(Zarranz, et al. 2004)

transporter 2 (VMAT2) in 14

findings put 14-3-3-

neurodegenerative diseases like Parkinson’s disease and as a candidate for dem

related investigations. 

LacZ and protein trap lines were used to study the protein expression pattern 

of 14-3-3-E. The lacZ

stock centre and protein trap lines CPTI

were obtained from the Cambridge protein trap project. Staining was obtained in 

many cell bodies in the central brain including the central complex region and the 

optic lobes. The neurons stained in the central complex region formed a ring around 

the EB and the FSB and those in the optic lobes were around the margins in the optic 

lobes and also in the lobes itself (Fig 5.2.20). Again this pattern of expression 

indicates synaptic expression of the 14

localisation of MASC complex.

Fig. 5.2.20 Expression pattern of 14

line 12142. (a) Expression in cell bodies around EB and in OL (arrow heads). (b)  

Expression in OL and in the cellular cortex. Staining was clea

calyces and the PB. (c) Expression in the cell bodies in the perikarya. Scale bar is 50 

μm. 
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Synuclein in the inclusion bodies in the neuroglioma cells (Yacoubian, et al. 2010

which is a characteristic feature of Parkinson’s disease (Athanassiadou, et al. 1999

Polymeropoulos, et al. 1997). Mutations in alpha-Synuclein have been shown to lead 

to the formation of inclusion-like bodies which in many cases lead to dementia 

). It has also been linked in the regulation of Vesicle monoamine 

transporter 2 (VMAT2) in 14-3-3 epsilon knock-out mice (Iritani, et al. 2010

-E in the list of candidate proteins which are involved in 

neurodegenerative diseases like Parkinson’s disease and as a candidate for dem

related investigations.  

and protein trap lines were used to study the protein expression pattern 

lacZ enhancer trap line 11215 was obtained from Bloomington 

stock centre and protein trap lines CPTI-100034, CPTI-100026 and CPTI

were obtained from the Cambridge protein trap project. Staining was obtained in 

many cell bodies in the central brain including the central complex region and the 

optic lobes. The neurons stained in the central complex region formed a ring around 

e EB and the FSB and those in the optic lobes were around the margins in the optic 

lobes and also in the lobes itself (Fig 5.2.20). Again this pattern of expression 

indicates synaptic expression of the 14-3-3-E protein lending support to the synaptic 

isation of MASC complex. 

Fig. 5.2.20 Expression pattern of 14-3-3 EPSILON obtained using a lacZ

line 12142. (a) Expression in cell bodies around EB and in OL (arrow heads). (b)  

Expression in OL and in the cellular cortex. Staining was clearly absent in the MB 

calyces and the PB. (c) Expression in the cell bodies in the perikarya. Scale bar is 50 

Yacoubian, et al. 2010) 

Athanassiadou, et al. 1999, 

Synuclein have been shown to lead 

like bodies which in many cases lead to dementia 

. It has also been linked in the regulation of Vesicle monoamine 

Iritani, et al. 2010). These 

E in the list of candidate proteins which are involved in 

neurodegenerative diseases like Parkinson’s disease and as a candidate for dementia 

and protein trap lines were used to study the protein expression pattern 

enhancer trap line 11215 was obtained from Bloomington 

100026 and CPTI-100065 

were obtained from the Cambridge protein trap project. Staining was obtained in 

many cell bodies in the central brain including the central complex region and the 

optic lobes. The neurons stained in the central complex region formed a ring around 

e EB and the FSB and those in the optic lobes were around the margins in the optic 

lobes and also in the lobes itself (Fig 5.2.20). Again this pattern of expression 

E protein lending support to the synaptic 

 

lacZ enhancer trap 

line 12142. (a) Expression in cell bodies around EB and in OL (arrow heads). (b)  

rly absent in the MB 

calyces and the PB. (c) Expression in the cell bodies in the perikarya. Scale bar is 50 
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5.2.21. 14-3-3-ZETA 

14-3-3-Z is an adaptor protein which interacts with many different signalling 

molecules including beta

Murakami 2002). 14-

play a crucial role in associ

by regulating pre-synaptic function 

14-3-3-Z protein expression was studied using the 

from Bloomington stock centre (Fig5.2.21). An earlier report, wh

anti-leonardo antibody showed 14

1996). This is in agreement with what can be inferred from the expression pattern we 

obtained. In this case also no neuropil staining is observed. However taken together 

the previous evidence 

in the MBs which are synapse rich structures. This difference in staining patterns 

obtained clearly illustrates the limitation of 

expression patterns, lim
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Z is an adaptor protein which interacts with many different signalling 

molecules including beta-Catenin and protein kinase C (Gannon

-3-3Z affects the function of many proteins. It has been shown to 

play a crucial role in associative learning in Drosophila(Skoulak

synaptic function (Broadie, et al. 1997, Philip, et al. 2001

Z protein expression was studied using the lacZ enhancer trap line 12335 

from Bloomington stock centre (Fig5.2.21). An earlier report, wh

leonardo antibody showed 14-3-3-Z expression in the MBs(Skoulakis and Davis 

. This is in agreement with what can be inferred from the expression pattern we 

obtained. In this case also no neuropil staining is observed. However taken together 

the previous evidence and the results from this study it seems 14-3

in the MBs which are synapse rich structures. This difference in staining patterns 

obtained clearly illustrates the limitation of lacZ enhancer traps in localising the 

expression patterns, limiting them to the cell bodies. 

 

Z is an adaptor protein which interacts with many different signalling 

Gannon-Murakami and 

3Z affects the function of many proteins. It has been shown to 

Skoulakis and Davis 1996)  

Philip, et al. 2001).  

enhancer trap line 12335 

from Bloomington stock centre (Fig5.2.21). An earlier report, which used another 

Skoulakis and Davis 

. This is in agreement with what can be inferred from the expression pattern we 

obtained. In this case also no neuropil staining is observed. However taken together 

3-3-Z might express 

in the MBs which are synapse rich structures. This difference in staining patterns 

enhancer traps in localising the 
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Fig. 5.2.21 14-3-3 ZETA expression pattern. (a) Expression was seen in the cell bodies 

in the cortex and elevated expression was observed in the calyx region (arrows). (b) 

Very weak staining was obtained in the OL as well. (c) Expression in the MBs, 

obtained using anti-leonardo antibodies (from Skoulakis and Davis, 1998). Staining 

was lacking in the PB. Scale bar is 50 μm 

5.3. The processing layer of MASC in the adult fly brain 

Based on the bioinformatics model of the arrangement of the MASC proteins 

in the synapse, the ‘middle’ processing layer consists of Kinases, G-proteins and 

Modulators, Signalling molecules and Enzymes. These molecules mediate the first 

stage in processing information which arrives at the cell surface. Expression of 15 of 

these proteins is described here in detail depending on the information available in 

the literature and expanded upon by the data gathered from this work. The proteins 

described here are from different functional families summarised in Appendix 5.4 

5.3.1. Bellwether (BLW) 

Bellwether is also known as the alpha subunit of the mitochondrial ATP 

synthase. It was identified in a screen for lethal mutations in the chromosomal region 

59AB of the second chromosome of Drosophila(Jacobs, et al. 1998). It is part of the 

electron transport chain in the mitochondria which eventually leads to ATP 

synthesis. Thus, mutations in this gene can be potentially lethal. In aged senescence 

accelerated mice which are used as a model of Alzheimer’s disease, BLW expression 

occurs significantly in parts of the brain where Profilin-2 expression is increased 

(Poon, et al. 2005) suggesting they may be in the same pathway. However, at 

present, there is no evidence to support this claim directly.  

The BLW protein expression pattern was estimated using the lacZ enhancer 

trap line 11756 from Bloomington stock centre. Staining was obtained using an anti-

beta galactosidase antibody, Z3781 (Promega). Staining was observed in cell bodies 

in the perikarya. However, no staining was observed in any of the brain neuropil (Fig 

5.3.1). No trend could be ascribed to the different cell bodies stained which could 

point to any specific neuropil they might be innervating. 
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Fig. 5.3.1 Expression pattern of BLW. The adult brain was stained with anti

antibody and imaged with a confocal microscope. BLW expression was observed in 

cell bodies all across

neuropil. Scale bar 50 μm.

5.3.2. Cabeza (CAZ)

Cabeza is an RNA binding protein 

orthologue of caz is involved in transcription regulation and has been studied in its 

role as a transcription factor and mRNA splicing 

deficient mice have defective B

levels of chromosomal instability 

and this is speculated to be a consequence of chromosomal damage. The neuronal 

function of CAZ has not

keeping gene required for normal transcription and RNA splicing. The Cabeza was 

shown to be expressed in the adult by Western blotting 

Anti-Cabeza antibody (44RBD) was obtained from Susan Haynes fr

The anti-CAZ antibody, was raised against a peptide corresponding to amino acids 

114-205 of the protein. We observed expression of CAZ in most of the brain regions 

and especially in the cell bodies throughout the cortex in fan shaped body neoropil,

MB neuropil, pars intercerebralis and the in cell bodies in the OLs (Fig. 5.3.2). 

However the expression in the MB was very weak. No expression was observed in 

the PB and the MB calyces. 
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Fig. 5.3.1 Expression pattern of BLW. The adult brain was stained with anti

antibody and imaged with a confocal microscope. BLW expression was observed in 

cell bodies all across the cortex and optic lobes. The expression is missing in all brain 

neuropil. Scale bar 50 μm. 

5.3.2. Cabeza (CAZ) 

Cabeza is an RNA binding protein (Stolow and Haynes 1995

is involved in transcription regulation and has been studied in its 

s a transcription factor and mRNA splicing (Meissner, et al. 2003

deficient mice have defective B-lymphocyte development and activation and high 

levels of chromosomal instability (Hicks, et al. 2000). These mice die perinatally, 

and this is speculated to be a consequence of chromosomal damage. The neuronal 

function of CAZ has not been studied known. It is postulated that CAZ is a house 

keeping gene required for normal transcription and RNA splicing. The Cabeza was 

shown to be expressed in the adult by Western blotting (Stolow and Haynes 1995

Cabeza antibody (44RBD) was obtained from Susan Haynes fr

CAZ antibody, was raised against a peptide corresponding to amino acids 

205 of the protein. We observed expression of CAZ in most of the brain regions 

and especially in the cell bodies throughout the cortex in fan shaped body neoropil,

MB neuropil, pars intercerebralis and the in cell bodies in the OLs (Fig. 5.3.2). 

However the expression in the MB was very weak. No expression was observed in 

the PB and the MB calyces.  

 

Fig. 5.3.1 Expression pattern of BLW. The adult brain was stained with anti-lacZ 

antibody and imaged with a confocal microscope. BLW expression was observed in 

the cortex and optic lobes. The expression is missing in all brain 

Stolow and Haynes 1995). fus, the human 

is involved in transcription regulation and has been studied in its 

Meissner, et al. 2003). fus  

lymphocyte development and activation and high 

. These mice die perinatally, 

and this is speculated to be a consequence of chromosomal damage. The neuronal 

been studied known. It is postulated that CAZ is a house 

keeping gene required for normal transcription and RNA splicing. The Cabeza was 

Stolow and Haynes 1995). 

Cabeza antibody (44RBD) was obtained from Susan Haynes from NIH. 

CAZ antibody, was raised against a peptide corresponding to amino acids 

205 of the protein. We observed expression of CAZ in most of the brain regions 

and especially in the cell bodies throughout the cortex in fan shaped body neoropil, 

MB neuropil, pars intercerebralis and the in cell bodies in the OLs (Fig. 5.3.2). 

However the expression in the MB was very weak. No expression was observed in 
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Fig. 5.3.2 Expression pattern of the CAZ protein in the adult fly brain as revealed by anti-CAZ 
antibody. Panel A shows staining in the cell bodies in the cortex and in one layer of FB 
(arrow), and Panel B  shows staining in the OLs and the pars intercerebralis region (pars ICB) , 
expression is clearly missing in the PB and the MB calyces (Ca) in the dorsal brain. Scale bar 
50µm 

5.3.3. Calmodulin (CAM) 

Calmodulin is a Ca2+-binding protein which modulates the Ca2+- dependent 

activation of many different proteins and pathways. The role of Calmodulin in 

learning, memory and synaptic plasticity by the activation of Ca2+/ CaM-dependent 

protein kinase II has been demonstrated in many different studies (Dash, et al. 2007, 

Silva, et al. 1992, Taha and Stryker 2005, Zhou, et al. 2007). In Drosophila, 

Calmodulin regulation of CaMKII is also important in courtship conditioning 

(Hodge, et al. 2006, Lu, et al. 2003). CAM binds to and regulates the function of 

another Kinase, Ca2+/CaM-dependent protein kinase (CASK) which in turn 

regulates the function of CaMKII by modulating phosphorylation of CaMKII at T287 

(Jin, et al. 1998). Flies carrying mutation T287D are independent of this regulation of 

CaMKII by CASK. Although, Calmodulin is a regulatory protein which is speculated 

to play an important role in regulation of many other proteins. It has mostly been 

studied in connection with CaMKII. It has also been shown to interact with many 

other proteins including ion channel protein, Trp1 (Warr and Kelly 1996), Ras like 

GTPase, RIC (Fischer, et al. 1996, Wes, et al. 1996) etc. While Drosophila cam 

mutants show defects in musculature indicating a structural role of CAM (Wang, et 

al. 2003), the adenylate cyclase mutant rutabaga has been shown to have decreased 

CAM responsiveness (Livingstone, et al. 1984) indicating the role of CAM in 

signalling. In addition to these roles, Scott and colleagues show that CAM is required 
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for light response termination in the retina of 

CAM is a protein implicated in many functions. The anti

was obtained from Kathleen Beckingham of Rice University.

The expression pattern of CAM 

antibody and protein trap line 

globally across the brain cortex. Neuropil staining was only observed in the MBs. 

Staining was seen quite clearly in the cell bodies in the perikarya (Fig 5.3.3). 

However the prospective projections of these cell bodies are not clear.

MB indicated that CAM is synaptically expressed.

Fig. 5.3.3 Expression pattern of CAM. The antibody stains throughout the brain.  The 

staining is elevated in a set of neurons in the OL. (a) Staining in the cell bodies in the 

central brain. (b) The

in the MB calyces (Ca) and the PB. Scale bar is 50μm. (d) Expression pattern obtained 

by using protein trap line

enlarged view of outlined section of (d) to show MB staining (arrow).

5.3.4. Drosophila nitric oxide synthase (DNOS)

Drosophila nitric oxide synthase is an enzyme that catalyses the formation of 

the second messenger nitric oxide. While 

orthologues of this gene are found in humans indicating diversity of function in 
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for light response termination in the retina of Drosophila(Scott, et al. 1997

CAM is a protein implicated in many functions. The anti-CAM antibody,

was obtained from Kathleen Beckingham of Rice University. 

The expression pattern of CAM protein was obtained using anti

antibody and protein trap line CPTI-002888. The antibody staining was observed 

globally across the brain cortex. Neuropil staining was only observed in the MBs. 

Staining was seen quite clearly in the cell bodies in the perikarya (Fig 5.3.3). 

However the prospective projections of these cell bodies are not clear.

MB indicated that CAM is synaptically expressed. 

Fig. 5.3.3 Expression pattern of CAM. The antibody stains throughout the brain.  The 

staining is elevated in a set of neurons in the OL. (a) Staining in the cell bodies in the 

(b) The staining of cell bodies in the optic lobe (c) Staining was absent 

in the MB calyces (Ca) and the PB. Scale bar is 50μm. (d) Expression pattern obtained 

by using protein trap line CPTI-002888 stained with anti-GFP antibody. (e) Shows 

enlarged view of outlined section of (d) to show MB staining (arrow).

nitric oxide synthase (DNOS) 

nitric oxide synthase is an enzyme that catalyses the formation of 

nd messenger nitric oxide. While Drosophila has one 

orthologues of this gene are found in humans indicating diversity of function in 

Scott, et al. 1997).Thus, 

CAM antibody, RC-23, 

was obtained using anti-CAM 

staining was observed 

globally across the brain cortex. Neuropil staining was only observed in the MBs. 

Staining was seen quite clearly in the cell bodies in the perikarya (Fig 5.3.3). 

However the prospective projections of these cell bodies are not clear. Expression in 

 

Fig. 5.3.3 Expression pattern of CAM. The antibody stains throughout the brain.  The 

staining is elevated in a set of neurons in the OL. (a) Staining in the cell bodies in the 

staining of cell bodies in the optic lobe (c) Staining was absent 

in the MB calyces (Ca) and the PB. Scale bar is 50μm. (d) Expression pattern obtained 

GFP antibody. (e) Shows 

enlarged view of outlined section of (d) to show MB staining (arrow). 

nitric oxide synthase is an enzyme that catalyses the formation of 

has one nos gene, three 

orthologues of this gene are found in humans indicating diversity of function in 
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humans. Polymorphisms in the 

disease and dementia 

neuropathy (Rippin, et al. 2003

2000) and gastric cancer 

be involved in synaptic plasticity in rats 

The Drosophila

was raised against a glutathione S

1995). The antibody stained several neurons around the central brain neuropil 

network of processes spanning the entire brain. These processes have button like 

structures which most likely are synapses (Fig 5.3.4). Selected neuronal cell bodies 

were stained in the pars intercerebralis region. Staining was observed in the antenn

lobes with staining was stronger in lateral glomeruli. Since the role of 

and memory and other cognitive faculties has yet to be explored in detail, it can only 

be speculated to have such functions given the expression profile in 

addition the expression observed seems to be synaptic because both the ALs are rich 

in synaptic connections.

Fig. 5.3.4 Expression pattern of DNOS protein as revealed by anti

6/157. Panel a- shows staining in a few neurons in the
SOG region (arrow heads) and in the pars
brain and in AL. Panel b
intercerebralis. Panel c
with the anti-NOS antibody. 

5.3.5. Frayed (FRAY)

Frayed is a serine/threonine protein kinase 

evidence that FRAY is required for axonal
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humans. Polymorphisms in the nos gene in humans has been linked to Alzheimer’s 

disease and dementia (Singleton, et al. 2001). nos has also been linked to diabetic 

Rippin, et al. 2003), Cystic fibrosis inflammation (Downey and Elborn 

and gastric cancer (Shen, et al. 2004). Nitric oxide synthase has been shown to 

be involved in synaptic plasticity in rats (Böhme, et al. 1993).  

Drosophila anti-NOS antibody was obtained from T

was raised against a glutathione S-transferase fusion protein (Regulski and Tully 

. The antibody stained several neurons around the central brain neuropil 

network of processes spanning the entire brain. These processes have button like 

structures which most likely are synapses (Fig 5.3.4). Selected neuronal cell bodies 

were stained in the pars intercerebralis region. Staining was observed in the antenn

lobes with staining was stronger in lateral glomeruli. Since the role of 

and memory and other cognitive faculties has yet to be explored in detail, it can only 

be speculated to have such functions given the expression profile in 

addition the expression observed seems to be synaptic because both the ALs are rich 

in synaptic connections. 

Fig. 5.3.4 Expression pattern of DNOS protein as revealed by anti-DNOS antibody 

shows staining in a few neurons in the optic lobe region (arrows), and in the 
SOG region (arrow heads) and in the pars-intercerebralis region (thick arrowheads).across the 
brain and in AL. Panel b-staining in a few neurons in the SOG region and the pars 
intercerebralis. Panel c- Section from the ventral brain showing a network of neuritis stained 

NOS antibody.  

5.3.5. Frayed (FRAY) 

Frayed is a serine/threonine protein kinase (Leiserson, et al. 2000

evidence that FRAY is required for axonal fasciculation and ensheathment 

gene in humans has been linked to Alzheimer’s 

has also been linked to diabetic 

Downey and Elborn 

. Nitric oxide synthase has been shown to 

NOS antibody was obtained from Tim Tully’s lab and 

Regulski and Tully 

. The antibody stained several neurons around the central brain neuropil and a 

network of processes spanning the entire brain. These processes have button like 

structures which most likely are synapses (Fig 5.3.4). Selected neuronal cell bodies 

were stained in the pars intercerebralis region. Staining was observed in the antennal 

lobes with staining was stronger in lateral glomeruli. Since the role of nos in learning 

and memory and other cognitive faculties has yet to be explored in detail, it can only 

be speculated to have such functions given the expression profile in Drosophila. In 

addition the expression observed seems to be synaptic because both the ALs are rich 

 

DNOS antibody mAb 
optic lobe region (arrows), and in the 

intercerebralis region (thick arrowheads).across the 
staining in a few neurons in the SOG region and the pars 

he ventral brain showing a network of neuritis stained 

Leiserson, et al. 2000). There is 

fasciculation and ensheathment 



Chapter 5 

 

(Leiserson, et al. 2000

about the neuronal function of 

The expression pattern for 

enhancer trap line 12331 obtained from Bloomington stock centre. Very weak 

expression was observed in the ellipsoid body neuropil, MB neuropil and the 

antennal lobe cell bodies. This was an interesting observation since 

construct is usually restricted in the cell bodies (Fig 5.3.5).

Fig. 5.3.5 Expression pattern of FRAY revealed by 

Panel A -shows staining the OL and the cortex. Weak staining in the EB can also be 

seen. Panel B - shows staining in the OL and ve

(arrows).  Panel C - shows staining in the cell bodies of the cellular cortex and the AL.

3.3.6. Glutamine synthetase 2 (GS2)

GS2 is a metabolic enzyme involved in the synthesis of glutamine 

1947) which is a by

important neurotransmitter, the role of glutamate 

synthetase is essential for CNS function. Pre

regulate the number of post synaptic glutamate receptors in the larval neuromuscular 

junction (NMJ), with the number of post

inversely proportional to the concentration of pre

et al. 2002). Loss-of

synaptic glutamate currents. 

The Glutamine synthetase protein expression pattern was obtained using t

protein trap line CPTI100002 obtained from Cambridge protein trap project. Using 
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Leiserson, et al. 2000). Apart from its role in neuronal ensheathment, little is known 

about the neuronal function of fray.  

The expression pattern for Frayed protein was obtained using the 

enhancer trap line 12331 obtained from Bloomington stock centre. Very weak 

expression was observed in the ellipsoid body neuropil, MB neuropil and the 

antennal lobe cell bodies. This was an interesting observation since 

restricted in the cell bodies (Fig 5.3.5). 

Fig. 5.3.5 Expression pattern of FRAY revealed by lacZ enhancer trap line 12331. 

shows staining the OL and the cortex. Weak staining in the EB can also be 

shows staining in the OL and very weak staining in the MB lobes 

shows staining in the cell bodies of the cellular cortex and the AL.

3.3.6. Glutamine synthetase 2 (GS2) 

GS2 is a metabolic enzyme involved in the synthesis of glutamine 

which is a by-product of glutamate catabolism. Since glutamate is an 

important neurotransmitter, the role of glutamate metabolism and thus of glutamine 

synthetase is essential for CNS function. Pre-synaptic glutamate has been shown to 

regulate the number of post synaptic glutamate receptors in the larval neuromuscular 

junction (NMJ), with the number of post-synaptic glutamate receptors being 

inversely proportional to the concentration of pre-synaptic glutamate 

of-function glutamine synthetase mutants have reduced post

synaptic glutamate currents.  

The Glutamine synthetase protein expression pattern was obtained using t

protein trap line CPTI100002 obtained from Cambridge protein trap project. Using 

. Apart from its role in neuronal ensheathment, little is known 

was obtained using the lacZ 

enhancer trap line 12331 obtained from Bloomington stock centre. Very weak 

expression was observed in the ellipsoid body neuropil, MB neuropil and the 

antennal lobe cell bodies. This was an interesting observation since lacZ in this 

 

enhancer trap line 12331. 

shows staining the OL and the cortex. Weak staining in the EB can also be 

ry weak staining in the MB lobes 

shows staining in the cell bodies of the cellular cortex and the AL. 

GS2 is a metabolic enzyme involved in the synthesis of glutamine (Specks 

product of glutamate catabolism. Since glutamate is an 

metabolism and thus of glutamine 

synaptic glutamate has been shown to 

regulate the number of post synaptic glutamate receptors in the larval neuromuscular 

ate receptors being 

synaptic glutamate (Featherstone, 

function glutamine synthetase mutants have reduced post-

The Glutamine synthetase protein expression pattern was obtained using the 

protein trap line CPTI100002 obtained from Cambridge protein trap project. Using 
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an anti-GFP antibody, the expression was found to be in many cell bodies in the 

perikarya. No specific staining was observed in the neuropil except for a weak 

staining around the CC (Fig. 3.3.6).

Fig. 5.3.6. Expression pattern of GS2 obtained using a protein trap line expressing 

green fluorescent protein variant, Venus. Staining was seen in the cortex and around 

the CC (arrow) 

5.3.7. G protein β-subunit 13F (G

Gβ13F is a GTPase involved in G

pathways, involved in the mediation of 

(Yu, et al. 2003). Elevated levels of G

formation in neuroblasts and lack of G

consequence of the latter is the division into two equal cells 

The Gβ13F antibody was obtained from Juergen A. Knoblich and was ra

in rabbits. The antibody was raised against 

globally all across the brain in cell bodies particularly near the regions which might 

innervate AL, MB, MB calyces, peduncles, PB and the SOG (Fig 5.3.7). Given such 

expression in olfactory learning and memory pathway it is likely to have a role in 

these processes, but this probability has yet to be explored.
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GFP antibody, the expression was found to be in many cell bodies in the 

perikarya. No specific staining was observed in the neuropil except for a weak 

nd the CC (Fig. 3.3.6). 

Fig. 5.3.6. Expression pattern of GS2 obtained using a protein trap line expressing 

green fluorescent protein variant, Venus. Staining was seen in the cortex and around 

subunit 13F (Gβ13F) 

s a GTPase involved in G-protein coupled receptor protein signalling 

pathways, involved in the mediation of Drosophila neuroblast asymmetric divisions 

. Elevated levels of Gβ13F leads to formation of shorter spindles 

formation in neuroblasts and lack of Gβ13F leads to larger spindles. The 

consequence of the latter is the division into two equal cells (Fuse, et al. 2003

13F antibody was obtained from Juergen A. Knoblich and was ra

in rabbits. The antibody was raised against Drosophila Gβ13F. The antibody stained 

globally all across the brain in cell bodies particularly near the regions which might 

innervate AL, MB, MB calyces, peduncles, PB and the SOG (Fig 5.3.7). Given such 

xpression in olfactory learning and memory pathway it is likely to have a role in 

these processes, but this probability has yet to be explored. 

GFP antibody, the expression was found to be in many cell bodies in the 

perikarya. No specific staining was observed in the neuropil except for a weak 

 

Fig. 5.3.6. Expression pattern of GS2 obtained using a protein trap line expressing 

green fluorescent protein variant, Venus. Staining was seen in the cortex and around 

protein coupled receptor protein signalling 

neuroblast asymmetric divisions 

13F leads to formation of shorter spindles 

13F leads to larger spindles. The 

Fuse, et al. 2003).  

13F antibody was obtained from Juergen A. Knoblich and was raised 

13F. The antibody stained 

globally all across the brain in cell bodies particularly near the regions which might 

innervate AL, MB, MB calyces, peduncles, PB and the SOG (Fig 5.3.7). Given such 

xpression in olfactory learning and memory pathway it is likely to have a role in 
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Fig. 5.3.7 Expression pattern of G
Staining was observed i
calyces. (c) AL, MB, SOG. 

5.3.8. Hemipterous (HEP)

Hemipterous is a serine/threonine kinase I 

known as JNKK or MKK7. It is an important component of the JNK pat

is required for wound healing, and 

(Bosch, et al. 2005). hep 

development (Glise, et al. 1995

morphogenesis in the MB 

boundaries(Gettings, et al. 2010

different types from each other during development and morphogenesis.

pathway is also involved in stress responses in insulin producing cells 

2009).  

The hep gene expression was obt

obtained from Bloomington stock centre. The 

across the entire cortex. Staining was clearly absent in the MB calyces and PB but a 

very faint staining was observed in the MB (Fig 5.3.8)
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Fig. 5.3.7 Expression pattern of Gβ13F as revealed by the anti- Gβ13F antibody, 5600. 
Staining was observed in (a) the cell bodies in the cortex, (b) PB and the mushroom body 
calyces. (c) AL, MB, SOG.  

5.3.8. Hemipterous (HEP) 

Hemipterous is a serine/threonine kinase I (Glise, et al. 1995

known as JNKK or MKK7. It is an important component of the JNK pat

is required for wound healing, and hep mutants have severe wound healing problems 

hep mutants also have dorsal closure failure and die during

Glise, et al. 1995). HEP has also been shown to be involved in axonal 

morphogenesis in the MB (Rallis, et al. 2010) and in remodelling of segment 

Gettings, et al. 2010) which is crucial in separating cell lineages of 

different types from each other during development and morphogenesis.

pathway is also involved in stress responses in insulin producing cells 

gene expression was obtained by using enhancer trap line 10082, 

obtained from Bloomington stock centre. The lacZ staining showed expression 

across the entire cortex. Staining was clearly absent in the MB calyces and PB but a 

very faint staining was observed in the MB (Fig 5.3.8). 

 

β13F antibody, 5600. 
n (a) the cell bodies in the cortex, (b) PB and the mushroom body 

Glise, et al. 1995). It is also 

known as JNKK or MKK7. It is an important component of the JNK pathway. HEP 

mutants have severe wound healing problems 

mutants also have dorsal closure failure and die during later 

. HEP has also been shown to be involved in axonal 

and in remodelling of segment 

which is crucial in separating cell lineages of 

different types from each other during development and morphogenesis. The JNK 

pathway is also involved in stress responses in insulin producing cells (Karpac, et al. 

ained by using enhancer trap line 10082, 

staining showed expression 

across the entire cortex. Staining was clearly absent in the MB calyces and PB but a 
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A recent report, using anti

expression in the MB in the adult brain 

absence of or very faint expression was observed in the MB Kenyon cells in our 

study. This is because MB calyces receive dendrites

from other neurons including the projection neurons from the AL. Rallis et al later 

suggest that HEP is mainly localised to the axons of the MB. This is in agreement 

with our results since we were unable to obtain expression in

Fig. 5.3.8 Expression pattern of HEP obtained by using a 
brain was stained with anti
confocal microscope. (a) Staining in the cortex and OL. (b) St
calyces. 

5.3.9. Licorne (LIC) 

Licorne is the ser/thr kinase involved in MAPK pathway activation 

et al. 1999b). MAPK pathway is involved in stress responses 

oogenesis (Suzanne, et al. 1999a

it a strong candidate for further investigation for its role in neural circuit wiring. To 

date there is no evidence of the role of LIC in cognitive functions. MAPK pathways 

are also involved in Immune responses 

The anti-LIC antibodies were obtained from Kahiniro Masumoto, Japan. The 

antibody stained many cell bodies in 

except for the slightly elevated levels in the dorsal region of the brain (Fig 5.3.9).      
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A recent report, using anti-HEP antibody, showed weak HEP protein 

expression in the MB in the adult brain (Rallis, et al. 2010). It is surprising that an 

absence of or very faint expression was observed in the MB Kenyon cells in our 

study. This is because MB calyces receive dendrites from Kenyon cells and axons 

from other neurons including the projection neurons from the AL. Rallis et al later 

suggest that HEP is mainly localised to the axons of the MB. This is in agreement 

with our results since we were unable to obtain expression in the MB. 

Fig. 5.3.8 Expression pattern of HEP obtained by using a lacZ enhancer trap line.  The adult 
brain was stained with anti-beta galactosidase antibody and images were captured using a 
confocal microscope. (a) Staining in the cortex and OL. (b) Staining was absent in the MB 

 

Licorne is the ser/thr kinase involved in MAPK pathway activation 

. MAPK pathway is involved in stress responses (Inoue, et al. 2001

Suzanne, et al. 1999a) and several other developmental processes making 

it a strong candidate for further investigation for its role in neural circuit wiring. To 

e is no evidence of the role of LIC in cognitive functions. MAPK pathways 

are also involved in Immune responses (Han, et al. 1998) in the fly. 

LIC antibodies were obtained from Kahiniro Masumoto, Japan. The 

antibody stained many cell bodies in the cortex. The expression was mostly uniform 

except for the slightly elevated levels in the dorsal region of the brain (Fig 5.3.9).      

HEP antibody, showed weak HEP protein 

. It is surprising that an 

absence of or very faint expression was observed in the MB Kenyon cells in our 

from Kenyon cells and axons 

from other neurons including the projection neurons from the AL. Rallis et al later 

suggest that HEP is mainly localised to the axons of the MB. This is in agreement 

the MB.  

 

enhancer trap line.  The adult 
beta galactosidase antibody and images were captured using a 

aining was absent in the MB 

Licorne is the ser/thr kinase involved in MAPK pathway activation (Suzanne, 

Inoue, et al. 2001), 

and several other developmental processes making 

it a strong candidate for further investigation for its role in neural circuit wiring. To 

e is no evidence of the role of LIC in cognitive functions. MAPK pathways 

in the fly.  

LIC antibodies were obtained from Kahiniro Masumoto, Japan. The 

the cortex. The expression was mostly uniform 

except for the slightly elevated levels in the dorsal region of the brain (Fig 5.3.9).       
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Fig. 5.3.9 Expression pattern of LIC. The adult brains were stained with anti
and images were captu
brain cortex and the expression is elevated in the dorsal regions in comparison to the ventral 
region (arrow heads). No clear staining was detected of the major brain neuropil were ob
with clarity. The scale bar is 50

5.3.10. Protein kinase 61C (PK61C)

Also called phosphoinositide

serine/threonine kinase, a function which has been inferred from sequence similarity, 

(Clyde, et al. 1997). PDKI regulates cellular and organism growth by activation of 

two kinases in the i

interacts genetically with 

insulin-mediated growth in

exhibit lethality and the embryos show apoptosis phenotypes that support the 

importance of PDK1 as a growth promoter 

Protein trap line CPTI

pattern of PK61C. The fly brains were stained with anti

observed in many cell bodies in th

was clearly absent in the MB calyces and the PCB (Fig. 3.3.10).
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Fig. 5.3.9 Expression pattern of LIC. The adult brains were stained with anti
and images were captured by a confocal microscope. The LIC protein is detected all across the 
brain cortex and the expression is elevated in the dorsal regions in comparison to the ventral 
region (arrow heads). No clear staining was detected of the major brain neuropil were ob
with clarity. The scale bar is 50µm 

5.3.10. Protein kinase 61C (PK61C) 

Also called phosphoinositide-dependent protein kinase 1 (PDK1), PK61C is a 

serine/threonine kinase, a function which has been inferred from sequence similarity, 

. PDKI regulates cellular and organism growth by activation of 

two kinases in the insulin pathway these kinases are named AKT and S6K. It 

interacts genetically with Drosophila Ribosomal S6 Kinase (dRSK)

mediated growth in Drosophila (Rintelen, et al. 2001). PDK1 deficient flies 

exhibit lethality and the embryos show apoptosis phenotypes that support the 

importance of PDK1 as a growth promoter (Cho, et al. 2001). 

Protein trap line CPTI-100036 was used to obtain the protein expression 

pattern of PK61C. The fly brains were stained with anti-GFP antibody. Staining was 

observed in many cell bodies in the central brain and the cortex of the OL. Staining 

was clearly absent in the MB calyces and the PCB (Fig. 3.3.10). 

 

Fig. 5.3.9 Expression pattern of LIC. The adult brains were stained with anti-LIC antibodies 
red by a confocal microscope. The LIC protein is detected all across the 

brain cortex and the expression is elevated in the dorsal regions in comparison to the ventral 
region (arrow heads). No clear staining was detected of the major brain neuropil were observed 

dependent protein kinase 1 (PDK1), PK61C is a 

serine/threonine kinase, a function which has been inferred from sequence similarity, 

. PDKI regulates cellular and organism growth by activation of 

nsulin pathway these kinases are named AKT and S6K. It 

dRSK)and regulates 

PDK1 deficient flies 

exhibit lethality and the embryos show apoptosis phenotypes that support the 

100036 was used to obtain the protein expression 

GFP antibody. Staining was 

e central brain and the cortex of the OL. Staining 
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Fig. 5.3.10 Expression pattern of PK61C obtained using a protein trap line expressing 

yellow fluorescent protein, Venus. (a) Staining was s

and in cell bodies in the OL (b) staining was absent in PB and mushroom body calyces 

(ca). 

5.3.11. Rab protein 6 (RAB6)

RAB6 is a member of the GTPase family of proteins 

Stenmark and Olkkonen 2001

belong to the Ras GTPase superfamily. This class has been associated with vesicle 

docking in synaptic transmission 

has been shown to be involved in transport of rhodopsin in photoreceptor cells in 

Drosophila. rab6 mutant flies demonstrated failure to mature and subsequent failure 

of rhodopsin delivery to the retina 

The RAB6 protein expression was estimated using the 

lines 12352 from Bloomington stock centre. Staining was observed in many cell 

bodies throughout the perikarya. 

specific organised brain neuropil (Fig 5.3.11).
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Fig. 5.3.10 Expression pattern of PK61C obtained using a protein trap line expressing 

yellow fluorescent protein, Venus. (a) Staining was seen in cell bodies in the cortex 

and in cell bodies in the OL (b) staining was absent in PB and mushroom body calyces 

5.3.11. Rab protein 6 (RAB6) 

RAB6 is a member of the GTPase family of proteins 

Stenmark and Olkkonen 2001). RAB6 is a member of a class of proteins which 

belong to the Ras GTPase superfamily. This class has been associated with vesicle 

docking in synaptic transmission (Novick and Zerial 1997, Woodman 1998

has been shown to be involved in transport of rhodopsin in photoreceptor cells in 

mutant flies demonstrated failure to mature and subsequent failure 

of rhodopsin delivery to the retina (Shetty, et al. 1998).  

The RAB6 protein expression was estimated using the 

lines 12352 from Bloomington stock centre. Staining was observed in many cell 

bodies throughout the perikarya. However, no staining could not be resolved to 

specific organised brain neuropil (Fig 5.3.11). 

 

Fig. 5.3.10 Expression pattern of PK61C obtained using a protein trap line expressing 

een in cell bodies in the cortex 

and in cell bodies in the OL (b) staining was absent in PB and mushroom body calyces 

RAB6 is a member of the GTPase family of proteins (as reviewed in 

member of a class of proteins which 

belong to the Ras GTPase superfamily. This class has been associated with vesicle 

Woodman 1998). RAB6 

has been shown to be involved in transport of rhodopsin in photoreceptor cells in 

mutant flies demonstrated failure to mature and subsequent failure 

The RAB6 protein expression was estimated using the lacZ enhancer trap 

lines 12352 from Bloomington stock centre. Staining was observed in many cell 

However, no staining could not be resolved to 
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Fig. 5.3.11 Expression pattern of RAB6. (a and b)The adult brain was stained with 

anti-lacZ antibody and imaged with a confocal microscope. Rab6 expression was 

observed in cell bodies in cortex and OL. Scale bar is 50 μm

5.3.12. RAN 

RAN is a GTPase involved in actin polymerisation and cell adhesion. It has 

been shown to be required in cell division for spindle formation and chromosome 

segregation (Silverman

cell shape with cells acquiring a unique bipolar shape in a RAN deficient cell cu

(Kiger, et al. 2003).  

The RAN expression pattern was obtained using the 

11800 obtained from Blooming

showed expression everywhere in the cortex (Fig 5.3.12). Since the expression is in 

the cell bodies, little could be said about the neuropil staining.

c

Fig. 5.3.12 Expression pattern of RAN obtained by 
brain was stained with anti
confocal microscope. (a) and (b)  show staining in the cortex and OL.

5.3.13. Ras oncogene at 85D (RAS85D or RAS)

RAS is a member of the G

several developmental pathways 

studied in relation to its role in human mali

to deregulation of the cell division which eventually leads to tumours and metastasis. 

It has been extensively studied for its role in carcinogenesis 
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Fig. 5.3.11 Expression pattern of RAB6. (a and b)The adult brain was stained with 

antibody and imaged with a confocal microscope. Rab6 expression was 

observed in cell bodies in cortex and OL. Scale bar is 50 μm 

RAN is a GTPase involved in actin polymerisation and cell adhesion. It has 

been shown to be required in cell division for spindle formation and chromosome 

Silverman-Gavrila and Wilde 2006). RAN is also involved in regulating 

cell shape with cells acquiring a unique bipolar shape in a RAN deficient cell cu

 

The RAN expression pattern was obtained using the lacZ

11800 obtained from Bloomington stock centre. lacZ staining was performed which 

showed expression everywhere in the cortex (Fig 5.3.12). Since the expression is in 

the cell bodies, little could be said about the neuropil staining. 

Fig. 5.3.12 Expression pattern of RAN obtained by using a lacZ enhancer trap line.  The adult 
brain was stained with anti-beta galactosidase antibody and images were captured using a 
confocal microscope. (a) and (b)  show staining in the cortex and OL. 

5.3.13. Ras oncogene at 85D (RAS85D or RAS) 

member of the G-protein family. It is a GTPase and is involved in 

several developmental pathways (Vidal and Cagan 2006). The Ras pathway is most 

studied in relation to its role in human malignancy. Activation of the pathway leads 

to deregulation of the cell division which eventually leads to tumours and metastasis. 

It has been extensively studied for its role in carcinogenesis (Dunn, e

Fig. 5.3.11 Expression pattern of RAB6. (a and b)The adult brain was stained with 

antibody and imaged with a confocal microscope. Rab6 expression was 

RAN is a GTPase involved in actin polymerisation and cell adhesion. It has 

been shown to be required in cell division for spindle formation and chromosome 

. RAN is also involved in regulating 

cell shape with cells acquiring a unique bipolar shape in a RAN deficient cell culture. 

lacZ enhancer trap line 

staining was performed which 

showed expression everywhere in the cortex (Fig 5.3.12). Since the expression is in 

 

enhancer trap line.  The adult 
beta galactosidase antibody and images were captured using a 

protein family. It is a GTPase and is involved in 

. The Ras pathway is most 

gnancy. Activation of the pathway leads 

to deregulation of the cell division which eventually leads to tumours and metastasis. 

Dunn, et al. 2005). 
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anti-RAS antibodies were obtained from Helmut Kramer from the University 

of Texas. Two antibodies (827

These showed different staining patterns under similar staining conditions. The 827

stained only a few neuronal in the pars intercerebralis region in the dorsal brain and a 

few neurons in the MB calyces. However the 827

the perikarya. It also stained neurons in the pars intercerebralis region. However it 

was not possible to infer whether the neurons in the pars intercerebralis region were 

of the same type. The staining pattern obtained with 927

5.3.13). 

Fig. 5.3.13 Expression pattern of RAS. The adult brains were stained with ant
obtained from Helmut Kramer. The antibody stained a few neurons in the pars intercerebralis 
regions in the dorsal brain, (encircled in a) and many cell bodies in the cellular cortex(b).

5.3.14. Shaggy (SGG)

Shaggy is a member of the ser/th

human orthologue GSK3B has been shown to be involved in Parkinson’s Disease 

(Kwok, et al. 2005). It is also involved in phosphorylation of cytoskeletal protein 

TAU which increases the formation of neurofibrilla

disease (Anderton, et al. 
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RAS antibodies were obtained from Helmut Kramer from the University 

of Texas. Two antibodies (827-1 and 827-2) both raised in rabbit, were obtained. 

These showed different staining patterns under similar staining conditions. The 827

tained only a few neuronal in the pars intercerebralis region in the dorsal brain and a 

few neurons in the MB calyces. However the 827-2 antibody stained abundantly in 

the perikarya. It also stained neurons in the pars intercerebralis region. However it 

s not possible to infer whether the neurons in the pars intercerebralis region were 

of the same type. The staining pattern obtained with 927-2 is presented here (Fig 

Fig. 5.3.13 Expression pattern of RAS. The adult brains were stained with ant
obtained from Helmut Kramer. The antibody stained a few neurons in the pars intercerebralis 
regions in the dorsal brain, (encircled in a) and many cell bodies in the cellular cortex(b).

5.3.14. Shaggy (SGG) 

Shaggy is a member of the ser/thr kinase family. Polymorphisms of the 

human orthologue GSK3B has been shown to be involved in Parkinson’s Disease 

. It is also involved in phosphorylation of cytoskeletal protein 

TAU which increases the formation of neurofibrillary tangles (NFT) in Alzheimer’s 

Anderton, et al. , Lovestone, et al. 1994, Sperbera, et al. 1995

RAS antibodies were obtained from Helmut Kramer from the University 

2) both raised in rabbit, were obtained. 

These showed different staining patterns under similar staining conditions. The 827-1 

tained only a few neuronal in the pars intercerebralis region in the dorsal brain and a 

2 antibody stained abundantly in 

the perikarya. It also stained neurons in the pars intercerebralis region. However it 

s not possible to infer whether the neurons in the pars intercerebralis region were 

2 is presented here (Fig 

 

Fig. 5.3.13 Expression pattern of RAS. The adult brains were stained with anti-RAS antibodies 
obtained from Helmut Kramer. The antibody stained a few neurons in the pars intercerebralis 
regions in the dorsal brain, (encircled in a) and many cell bodies in the cellular cortex(b). 

r kinase family. Polymorphisms of the 

human orthologue GSK3B has been shown to be involved in Parkinson’s Disease 

. It is also involved in phosphorylation of cytoskeletal protein 

ry tangles (NFT) in Alzheimer’s 

Sperbera, et al. 1995). A single  
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Fig. 5.3.14 Expression pattern of SGG. The adult fly brains were stained with anti-SGG 
antibody kindly provided by Marc Bourouis. Images were captured using a confocal 
microscope and processed using LSM image browser (Zeiss). (a) and (b)The antibody stained 
neuropil and cell bodies throughout the brain. Staining in the OL, MB calyces, PB, and MB 
was elevated in comparison to the rest of the brain. (b) Staining was also elevated in the MB α, 
α’, β, β’ and γ lobes. The scale bar is 50µm. 

nucleotide polymorphism in the promoter region of GSK3B has been identified 

which influences the onset of illness in Bipolar disease. The wild type allele 

containing the sequence T/T in a single nucleotide polymorphism region (SNP) 

falling in the promoter region of the gsk-3 gene  had an earlier age of onset of bipolar 

disorder than carriers of the mutant allele (T/C) (Benedetti, et al. 2004). In 

Drosophila it is involved in olfactory habituation (Wolf, et al. 2007) and in 

regulation of the circadian rhythms (Martinek, et al. 2001).  

Anti-SGG antibody was obtained from Marc Bourouis from the University of 

Niece.  The antibody staining was obtained all across the brain. However, the 

staining in the MB, AL, OL and SOG was elevated in comparison to other neuronal 

populations (Fig 5.3.14). Similar results were obtained by using a protein trap line 

which expresses Venus, an EYFP modified protein. 

5.3.15. Sticky (STI) 

Also referred to as Citron kinase, STI is a protein serine/threonine kinase 

(D'Avino, et al. 2004 ). STI is involved in cytokinesis in all proliferating tissues and 

silencing sti leads to multinuclear cell formation (D'Avino, et al. 2004 ). The 

regulation of cytokinsesis by STI is ras/rac dependent.  

Anti-STI antibody was obtained from Pier Paolo D’Avino at the University of 

Cambridge. The antibody was generated in rabbits against a fragment of the STI 

protein (amino acids 531–742) fused to a carboxy-terminal 6xHis tag (D'Avino, et al. 

2004 ). Staining was obtained in the MB neuropil in the adult fly brain (Fig 5.3.15). 

Until now this antibody has not been well characterised on the adult brain tissues 

although it has been tested on S2 cells (D'Avino, et al. 2004 ). Since no staining was 
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seen in either Kenyon cell bodies or calyces it seems likely that STI is expressed 

presynaptically. 

Fig. 5.3.15 Expression pattern of STI protein as revealed by staining with anti
Panel A – shows staining in the alpha’, beta lobes’ and gamma lobe
staining in the alpha’ and gamma lobes of the MB and very weak staining in the AL.

5.4. The output layer of MASC in the adult fly brain

The output layer of MASC consists of proteins which are involved in 

generating a final output o

signalling cascades like the Ca

in transcription or translation. Data is presented here for 10 such proteins which 

belong to various functional 

5.4.1. Clathrin heavy chain (CHC)

CHC is a vesicle

role in the vesicle pinching from the plasma membrane which is an essential step in 

vesicle membrane recycling 

Robinson 1994). The role of clathrin proteins in learning and memory has been 

documented in recognition memory in chicken 

The CHC protein expression was examined by using the 

line 12029 from the Bloomington stock centre. Staining with anti

antibodies showed strong expression throughout the cell bodies in the cortex and 

very weak expression in MB and CC. No expression was observed in the PB and the 
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n either Kenyon cell bodies or calyces it seems likely that STI is expressed 

Fig. 5.3.15 Expression pattern of STI protein as revealed by staining with anti
shows staining in the alpha’, beta lobes’ and gamma lobes of MB. Panel B 

staining in the alpha’ and gamma lobes of the MB and very weak staining in the AL.

5.4. The output layer of MASC in the adult fly brain 

The output layer of MASC consists of proteins which are involved in 

generating a final output of the incoming signal. This may involve initiating several 

signalling cascades like the Ca2+ signalling pathways and will often lead to changes 

in transcription or translation. Data is presented here for 10 such proteins which 

belong to various functional families (Appendix 5.4). 

5.4.1. Clathrin heavy chain (CHC) 

CHC is a vesicle-associated protein (Bazinet, et al. 1993)

role in the vesicle pinching from the plasma membrane which is an essential step in 

vesicle membrane recycling (González-Gaitán and Jäckle 1997, Maycox, et al. 1992

. The role of clathrin proteins in learning and memory has been 

documented in recognition memory in chicken (Solomonia, et al. 1997 

The CHC protein expression was examined by using the 

the Bloomington stock centre. Staining with anti

antibodies showed strong expression throughout the cell bodies in the cortex and 

very weak expression in MB and CC. No expression was observed in the PB and the 

n either Kenyon cell bodies or calyces it seems likely that STI is expressed 

 

Fig. 5.3.15 Expression pattern of STI protein as revealed by staining with anti-STI antibody. 
s of MB. Panel B - shows 

staining in the alpha’ and gamma lobes of the MB and very weak staining in the AL. 

 

The output layer of MASC consists of proteins which are involved in 

f the incoming signal. This may involve initiating several 

signalling pathways and will often lead to changes 

in transcription or translation. Data is presented here for 10 such proteins which 

). It plays a crucial 

role in the vesicle pinching from the plasma membrane which is an essential step in 

Maycox, et al. 1992, 

. The role of clathrin proteins in learning and memory has been 

Solomonia, et al. 1997 ). 

The CHC protein expression was examined by using the lacZ enhancer trap 

the Bloomington stock centre. Staining with anti-betagalactosidase 

antibodies showed strong expression throughout the cell bodies in the cortex and 

very weak expression in MB and CC. No expression was observed in the PB and the 
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MB Calyces (Fig 5.4.1). Anti

was also tested but all attempts failed.

Fig 5.4.1 Expression pattern of CHC obtained by using a 
staining was seen in the cell bodies in the cortex. (b)Weak staining
body (Black arrow) and in the MB (black arrow heads). (c) Staining was absent in the 
mushroom body calyces (white arrow) and the PB (white arrow head).

5.4.2. Flap wing (FLW)

FLW, more commonly termed protein phosphatase 1 

serine/threonine phosphatase required for normal wing development 

2007). Little is known about the neuronal function of 

expression pattern was obtained by staining the protein trap line CPTI

anti-GFP staining. The flies were obtained from the Cambridge protein trap project. 

Relatively weak staining was observed globally across neuronal cell bodies

cortex. No neuropil staining was seen (Fig 5.4.2).

Fig. 5.4.2 Expression pattern of FLW obtained by using a protein trap lines expressing Venus. 
Staining was observed in cell bodies in the cortex and optic lobes.
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MB Calyces (Fig 5.4.1). Antibodies obtained from the DSHB, University of IOWA 

was also tested but all attempts failed. 

Fig 5.4.1 Expression pattern of CHC obtained by using a lacZ enhancer trap line. (a) Strong 
staining was seen in the cell bodies in the cortex. (b)Weak staining was seen in the ellipsoid 
body (Black arrow) and in the MB (black arrow heads). (c) Staining was absent in the 
mushroom body calyces (white arrow) and the PB (white arrow head). 

5.4.2. Flap wing (FLW) 

FLW, more commonly termed protein phosphatase 1 

serine/threonine phosphatase required for normal wing development 

. Little is known about the neuronal function of Drosophil

expression pattern was obtained by staining the protein trap line CPTI

GFP staining. The flies were obtained from the Cambridge protein trap project. 

Relatively weak staining was observed globally across neuronal cell bodies

cortex. No neuropil staining was seen (Fig 5.4.2). 

Fig. 5.4.2 Expression pattern of FLW obtained by using a protein trap lines expressing Venus. 
Staining was observed in cell bodies in the cortex and optic lobes. 

bodies obtained from the DSHB, University of IOWA 

 

enhancer trap line. (a) Strong 
was seen in the ellipsoid 

body (Black arrow) and in the MB (black arrow heads). (c) Staining was absent in the 

FLW, more commonly termed protein phosphatase 1 β (PP1β), is a 

serine/threonine phosphatase required for normal wing development (Kirchner, et al. 

Drosophila FLW. The FLW 

expression pattern was obtained by staining the protein trap line CPTI-001360 with 

GFP staining. The flies were obtained from the Cambridge protein trap project. 

Relatively weak staining was observed globally across neuronal cell bodies in the 

 

Fig. 5.4.2 Expression pattern of FLW obtained by using a protein trap lines expressing Venus. 
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5.4.3. Protein phosphatase D3 (Pp

PpD3 is a protein serine/threonine phosphatase (inferred from sequence 

similarity,(Chen, et al. 1992

life of Drosophila(Brown, et al. 2000

cell proliferation by inhibiting two different kinase signalling pathways 

1999). The phosphata

(Yamaguchi, et al. 2002

Fig. 5.4.3 Expression pattern of PpD3 obtained by using a protein trap lines CPTI

001175.  (a) Staining was observed in cell bodies in the cortex. (

staining was observed in the FB.

The PpD3 expression pattern was obtained by staining the protein trap line CPTI

001175 with anti-GFP antibody. Staining was observed in neuronal cell bodies 

across the cortex and in the optic lobes (Fig. 5.4.

staining was noted in the FB neuropil.

5.4.4. Ras opposite (ROP)

ROP is a Syntaxin (SYX) binding protein 

opposite come from the fact that expression is controlled by a promoter it shares with 

ras2 gene in a bidirectional manner and that is 

direction to that of ras2

Sec1 which is a member of the Vesicle transport machinery in vertebrates 

2000). Drosophila 

Overexpression of ROP inhibits both evo

release in a dose 
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5.4.3. Protein phosphatase D3 (PpD3) 

PpD3 is a protein serine/threonine phosphatase (inferred from sequence 

Chen, et al. 1992)). It is most strongly expressed during the embryonic 

Brown, et al. 2000). The vertebrate orthologue, PP5, is involved in 

proliferation by inhibiting two different kinase signalling pathways 

. The phosphatase activity of PP5 is enhanced by activation by G

Yamaguchi, et al. 2002). 

Fig. 5.4.3 Expression pattern of PpD3 obtained by using a protein trap lines CPTI

001175.  (a) Staining was observed in cell bodies in the cortex. (

staining was observed in the FB. 

The PpD3 expression pattern was obtained by staining the protein trap line CPTI

GFP antibody. Staining was observed in neuronal cell bodies 

across the cortex and in the optic lobes (Fig. 5.4.3). Weak, but still slightly elevated 

staining was noted in the FB neuropil. 

5.4.4. Ras opposite (ROP) 

ROP is a Syntaxin (SYX) binding protein (Wu, et al. 1999

come from the fact that expression is controlled by a promoter it shares with 

gene in a bidirectional manner and that is rop is encoded in the opposite 

ras2(Salzberg, et al. 1993). It is the Drosophila

Sec1 which is a member of the Vesicle transport machinery in vertebrates 

 ROP is a negative regulator of synaptic transmission. 

Overexpression of ROP inhibits both evoked and spontaneous neurotransmitter 

 dependent manner (Schulze, et al. 1994

PpD3 is a protein serine/threonine phosphatase (inferred from sequence 

). It is most strongly expressed during the embryonic 

. The vertebrate orthologue, PP5, is involved in 

proliferation by inhibiting two different kinase signalling pathways (Zuo, et al. 

se activity of PP5 is enhanced by activation by G-proteins 

 

Fig. 5.4.3 Expression pattern of PpD3 obtained by using a protein trap lines CPTI-

001175.  (a) Staining was observed in cell bodies in the cortex. (b) Boxed- weak 

The PpD3 expression pattern was obtained by staining the protein trap line CPTI-

GFP antibody. Staining was observed in neuronal cell bodies 

3). Weak, but still slightly elevated 

Wu, et al. 1999). The name ras 

come from the fact that expression is controlled by a promoter it shares with 

is encoded in the opposite 

Drosophila homologue of 

Sec1 which is a member of the Vesicle transport machinery in vertebrates (Littleton 

ROP is a negative regulator of synaptic transmission. 

ked and spontaneous neurotransmitter 

Schulze, et al. 1994). ROP interacts, 
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functionally and physically with SYX and together they regulate neurotransmitter 

release. Overexpression of the two genes together, leads to suppression of the defects 

in neurotransmission observed when either of the two is over

indicating the two might be acting as a complex 

antibodies (4F8) were obtained from the Developmental Studies Hybridoma Bank 

(DSHB), University Of IOWA. The antibody has been raised against a peptide 

corresponding to amino acids 180

obtained in all major brain neuropil involved in cognition in the fly. However, the 

intensity of staining was higher in AL, OL, MB, EB and SOG. It also stained the 

optic tubercle (Fig 5.4.4).

Fig. 5.4.4 Expression pattern of ROP. Panel A 

anterior optic tubercle. Panel B 

5.4.5. Shibire (SHI) 

shibire encodes a protein called dynamin which is an essential component of 

the vesicular trafficking machinery 

a component of the SNARE complex required for vesicle recycling. It has 

extensively been used to study neuronal function 

2009, Kitamoto 2001

The temperature sensitive allele of SHI has been inst

neurotransmission in 

role of MB in olfactory learning and memory in 

which has lead to the theory of sequential use of MB in olfactory learning and 

memory. Along with Semaphorin A1, 

synaptogenesis in the giant fibre pathway in 
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functionally and physically with SYX and together they regulate neurotransmitter 

release. Overexpression of the two genes together, leads to suppression of the defects 

in neurotransmission observed when either of the two is over

g the two might be acting as a complex (Wu, et al. 

antibodies (4F8) were obtained from the Developmental Studies Hybridoma Bank 

(DSHB), University Of IOWA. The antibody has been raised against a peptide 

corresponding to amino acids 180-383 of the Drosophila ROP protein. Staining was 

ned in all major brain neuropil involved in cognition in the fly. However, the 

intensity of staining was higher in AL, OL, MB, EB and SOG. It also stained the 

optic tubercle (Fig 5.4.4). 

Fig. 5.4.4 Expression pattern of ROP. Panel A – shows staining in the AL, MB and the 

anterior optic tubercle. Panel B – shows PB and OLs. Panel C – AL.  Scale bar is 50μm.

 

encodes a protein called dynamin which is an essential component of 

the vesicular trafficking machinery (Van der Bliek and Meyerowitz 1991 

a component of the SNARE complex required for vesicle recycling. It has 

extensively been used to study neuronal function (Akalal, et al. 2006

Kitamoto 2001) and complex behaviours in Drosophila(Dubnau, et al. 2001

The temperature sensitive allele of SHI has been instrumental in the study of 

neurotransmission in Drosophila. It has also been useful in characterisation of the 

role of MB in olfactory learning and memory in Drosophila(Krashes, et al. 2007

d to the theory of sequential use of MB in olfactory learning and 

memory. Along with Semaphorin A1, SHI has also been implicated in 

synaptogenesis in the giant fibre pathway in Drosophila (Murphey, et al. 2003

functionally and physically with SYX and together they regulate neurotransmitter 

release. Overexpression of the two genes together, leads to suppression of the defects 

in neurotransmission observed when either of the two is over-expressed alone, 

Wu, et al. 1998). anti-ROP 

antibodies (4F8) were obtained from the Developmental Studies Hybridoma Bank 

(DSHB), University Of IOWA. The antibody has been raised against a peptide 

ROP protein. Staining was 

ned in all major brain neuropil involved in cognition in the fly. However, the 

intensity of staining was higher in AL, OL, MB, EB and SOG. It also stained the 

 

the AL, MB and the 

AL.  Scale bar is 50μm. 

encodes a protein called dynamin which is an essential component of 

n der Bliek and Meyerowitz 1991 ). It is also 

a component of the SNARE complex required for vesicle recycling. It has 

Akalal, et al. 2006, Kasuya, et al. 

Dubnau, et al. 2001). 

rumental in the study of 

. It has also been useful in characterisation of the 

Krashes, et al. 2007) 

d to the theory of sequential use of MB in olfactory learning and 

has also been implicated in 

Murphey, et al. 2003) 
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which suggests SHI may have a developmental function as well. The anti

antibody was obtained fr

Dublin. We obtained staining in perikarya and also at low levels in all the brain 

neuropil. Reduced/no staining was seen in PB, AL, SOG and the MB calyces (Fig 

5.4.5). 

Fig. 5.4.5 SHI expression patte
optic lobes (arrows). (b) Shows expression in the cell bodies in the cortex and around the front 
brain (arrow heads). Neither the AL’s nor  the SOG are stained. Scale bar is 50

5.4.6. Synapsin (SYN)

Synapsin is a member of a family of phosphoprotein synaptic proteins, 

involved in the regulation of neurotransmitter release which occurs by the fusion of 

synaptic vesicles to the actin cytoskeleton at the synapse 

Feng, et al. 2002, Greengard, et al. 1993 

vitro studies and studies of hippocampal preparations

involved in synaptogenesis 

dendritic elongation(Ferreira, et al. 1994

(Fioravante, et al. 2007

SYNORF1) was obtained from DSHB, UIOWA. The antibody was raised by Eric 

Buchner’s group against the 

extensively utilised t

used to show that SYN is required in various optomotor and cognitive behaviours in 

the fly (Godenschwege, et al. 2004

synaptic neuropil in the fly brain albeit with variable levels e.g. low expression in 
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which suggests SHI may have a developmental function as well. The anti

antibody was obtained from Mani Ramaswami’s laboratory at Trinity College, 

Dublin. We obtained staining in perikarya and also at low levels in all the brain 

neuropil. Reduced/no staining was seen in PB, AL, SOG and the MB calyces (Fig 

Fig. 5.4.5 SHI expression pattern. (a) Shows staining in the cell bodies in the cortex and the 
optic lobes (arrows). (b) Shows expression in the cell bodies in the cortex and around the front 
brain (arrow heads). Neither the AL’s nor  the SOG are stained. Scale bar is 50

5.4.6. Synapsin (SYN) 

a member of a family of phosphoprotein synaptic proteins, 

involved in the regulation of neurotransmitter release which occurs by the fusion of 

synaptic vesicles to the actin cytoskeleton at the synapse (Benfenati, et al. 1993

Greengard, et al. 1993 , Li, et al. 1995). Evidence from various 

studies and studies of hippocampal preparations suggest that synapsins are 

involved in synaptogenesis (Chin, et al. 1995, Han, et al. 1991

Ferreira, et al. 1994, Takei, et al. 1995) and  synaptic plasticity 

Fioravante, et al. 2007, Sun, et al. 2006). anti-SYN antibody, 3C11 (anti

SYNORF1) was obtained from DSHB, UIOWA. The antibody was raised by Eric 

Buchner’s group against the Drosophila GST-SYN fusion protein and has been 

extensively utilised to study the synapsins in the fly. The antibody was previously 

used to show that SYN is required in various optomotor and cognitive behaviours in 

hwege, et al. 2004). The anti-SYN antibody stains almost all the 

synaptic neuropil in the fly brain albeit with variable levels e.g. low expression in 

which suggests SHI may have a developmental function as well. The anti-SHI 

at Trinity College, 

Dublin. We obtained staining in perikarya and also at low levels in all the brain 

neuropil. Reduced/no staining was seen in PB, AL, SOG and the MB calyces (Fig 

 

in the cell bodies in the cortex and the 
optic lobes (arrows). (b) Shows expression in the cell bodies in the cortex and around the front 
brain (arrow heads). Neither the AL’s nor  the SOG are stained. Scale bar is 50µm. 

a member of a family of phosphoprotein synaptic proteins, 

involved in the regulation of neurotransmitter release which occurs by the fusion of 

Benfenati, et al. 1993, 

. Evidence from various in 

suggest that synapsins are 

Han, et al. 1991, Lu, et al. 1992), 

and  synaptic plasticity 

SYN antibody, 3C11 (anti-

SYNORF1) was obtained from DSHB, UIOWA. The antibody was raised by Eric 

SYN fusion protein and has been 

o study the synapsins in the fly. The antibody was previously 

used to show that SYN is required in various optomotor and cognitive behaviours in 

SYN antibody stains almost all the 

synaptic neuropil in the fly brain albeit with variable levels e.g. low expression in 
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MB and high level of expression in AL and OL (Fig 5.4.6). Our results are in 

agreement with the results

used in this study (also see 6.1.1)

Fig. 5.4.6 Expression pattern of SY
shows expression in the central brain, the EB and a weak expression in the MB. The MB heels 
are clearly visible. Panel B shows expression in the PB, OLs and the mushroom body calyces. 
Panel C- shows expression in the AL, the SOG and in the cortex. The scale bars are 50

5.4.7. Syntaxin (SYX)

Syntaxin is a component of the SNARE complex and has a role in the vesicle 

release and recycling by interaction with proteins like CSP, ROP, Synaptobrevin and 

Synaptotagmin. These associations are well documented 

Schulze, et al. 1995

plasticity and learning and memory which require synaptic activity can be envisaged 

an interesting recent study demonstrated that the levels of Syntaxin along wi

several other synaptic markers change in response to sleep deprivation. This is an 

additional feature that expands the functional boundaries of SYX 

2009). anti-SYX antibodies used in this study were obtained from the DHSB, 

University of IOWA. It was first raised by Seymour Benzer against the homogenates 

of heads from wild type Canton

The anti-Syntaxin antibody stained to a near global distribution. Prominent staining 

was observed in the AL, MB, PB, OLs and MB calyces (Fig 5.4.7). The staining was 

even more elevated in the OLs, PB and the MB calyces. It

antibody would form a good alternative to anti

visualise the synaptic neuropil in 
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MB and high level of expression in AL and OL (Fig 5.4.6). Our results are in 

agreement with the results published by the authors who manufactured the antibody 

used in this study (also see 6.1.1)(Godenschwege, et al. 2004). 

Fig. 5.4.6 Expression pattern of SYN protein as revealed by anti-SYN antibody 3C11. Panel A 
shows expression in the central brain, the EB and a weak expression in the MB. The MB heels 
are clearly visible. Panel B shows expression in the PB, OLs and the mushroom body calyces. 

expression in the AL, the SOG and in the cortex. The scale bars are 50

5.4.7. Syntaxin (SYX) 

Syntaxin is a component of the SNARE complex and has a role in the vesicle 

release and recycling by interaction with proteins like CSP, ROP, Synaptobrevin and 

ynaptotagmin. These associations are well documented (Robinson, et al. 2002

Schulze, et al. 1995, Wu, et al. 1999). While the role of Syntaxin in synaptic 

plasticity and learning and memory which require synaptic activity can be envisaged 

an interesting recent study demonstrated that the levels of Syntaxin along wi

several other synaptic markers change in response to sleep deprivation. This is an 

additional feature that expands the functional boundaries of SYX 

SYX antibodies used in this study were obtained from the DHSB, 

University of IOWA. It was first raised by Seymour Benzer against the homogenates 

of heads from wild type Canton-S flies and was first reported by Fujita et al (1982). 

Syntaxin antibody stained to a near global distribution. Prominent staining 

was observed in the AL, MB, PB, OLs and MB calyces (Fig 5.4.7). The staining was 

even more elevated in the OLs, PB and the MB calyces. It is worth noting that this 

antibody would form a good alternative to anti-bruchpilot (nc82) commonly used to 

visualise the synaptic neuropil in Drosophila. 

MB and high level of expression in AL and OL (Fig 5.4.6). Our results are in 

published by the authors who manufactured the antibody 

 

SYN antibody 3C11. Panel A 
shows expression in the central brain, the EB and a weak expression in the MB. The MB heels 
are clearly visible. Panel B shows expression in the PB, OLs and the mushroom body calyces. 

expression in the AL, the SOG and in the cortex. The scale bars are 50µm. 

Syntaxin is a component of the SNARE complex and has a role in the vesicle 

release and recycling by interaction with proteins like CSP, ROP, Synaptobrevin and 

Robinson, et al. 2002, 

. While the role of Syntaxin in synaptic 

plasticity and learning and memory which require synaptic activity can be envisaged 

an interesting recent study demonstrated that the levels of Syntaxin along with 

several other synaptic markers change in response to sleep deprivation. This is an 

additional feature that expands the functional boundaries of SYX (Gilestro, et al. 

SYX antibodies used in this study were obtained from the DHSB, 

University of IOWA. It was first raised by Seymour Benzer against the homogenates 

reported by Fujita et al (1982). 

Syntaxin antibody stained to a near global distribution. Prominent staining 

was observed in the AL, MB, PB, OLs and MB calyces (Fig 5.4.7). The staining was 

is worth noting that this 

bruchpilot (nc82) commonly used to 
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Fig. 5.4.7 Expression pattern of SYX as revealed by anti
clearly visible staining in OL and PB and the MB Calyces (ca). Panel B shows staining in the 
MB, AL, SOG and the optic tubercle. Panel C shows staining ellipsoid body (EB). Scale bar is 
50µm. 

5.4.8. Synaptotagmin (SYT)

Synaptotagmin is a calcium binding vesicl

Wollheim 2008). The role of SYT in vesicle transport is well established 

al. 2008, Yoshihara and Montana 2004

complex which assists with vesicle fusion and subsequent release of transmitters 

across the synapse (Chapman 2002

been associated with memory and motor performance in mice 

2000). Mutations in SYT leads to reduced neurotransmitter release in 

decrease in vesicle membrane recycling in

required for exocytosis of neurotransmitters and endocytosis/recycling of v

membranes (Jorgensen, et al. 1995

expression was estimated by using the 

Stock Centre). The lacZ

in many cell bodies in the perikarya (Fig 5.4.8). Very faint staining was observed in 

the MB and CC. In addition to our data, a previous report has shown neuropil 

staining in adult brain using an anti

obtained in the AL and the OL, although faint staining was observed  elsewhere in 

the brain (Littleton, et al. 1993

was obtained from DSHB, University of IOWA but no results were obtained with 

this antibody. 
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Fig. 5.4.7 Expression pattern of SYX as revealed by anti-SYX antibody, 8C3.  Panel a shows 
y visible staining in OL and PB and the MB Calyces (ca). Panel B shows staining in the 

MB, AL, SOG and the optic tubercle. Panel C shows staining ellipsoid body (EB). Scale bar is 

5.4.8. Synaptotagmin (SYT) 

Synaptotagmin is a calcium binding vesicle associated protein 

. The role of SYT in vesicle transport is well established 

oshihara and Montana 2004). It is an important component of the SNARE 

complex which assists with vesicle fusion and subsequent release of transmitters 

Chapman 2002, Schiavo, et al. 1997). Synaptotagmins have also 

been associated with memory and motor performance in mice 

. Mutations in SYT leads to reduced neurotransmitter release in 

decrease in vesicle membrane recycling in C. elegans, suggesting that SYT is 

required for exocytosis of neurotransmitters and endocytosis/recycling of v

Jorgensen, et al. 1995, Littleton, et al. 1993). The SYT protein 

expression was estimated by using the lacZ enhancer trap line 4377 (Bloomington 

lacZ antibody staining was performed and staining was observed 

in many cell bodies in the perikarya (Fig 5.4.8). Very faint staining was observed in 

the MB and CC. In addition to our data, a previous report has shown neuropil 

staining in adult brain using an anti-SYT antibody. The more prominent staining was 

obtained in the AL and the OL, although faint staining was observed  elsewhere in 

Littleton, et al. 1993). In addition to this, an anti-SYT antibody (3H2 2D7) 

was obtained from DSHB, University of IOWA but no results were obtained with 

 

SYX antibody, 8C3.  Panel a shows 
y visible staining in OL and PB and the MB Calyces (ca). Panel B shows staining in the 

MB, AL, SOG and the optic tubercle. Panel C shows staining ellipsoid body (EB). Scale bar is 

e associated protein (Gauthier and 

. The role of SYT in vesicle transport is well established (Chicka, et 

. It is an important component of the SNARE 

complex which assists with vesicle fusion and subsequent release of transmitters 

. Synaptotagmins have also 

been associated with memory and motor performance in mice (Ferguson, et al. 

. Mutations in SYT leads to reduced neurotransmitter release in Drosophila and 

suggesting that SYT is 

required for exocytosis of neurotransmitters and endocytosis/recycling of vesicle 

. The SYT protein 

enhancer trap line 4377 (Bloomington 

erformed and staining was observed 

in many cell bodies in the perikarya (Fig 5.4.8). Very faint staining was observed in 

the MB and CC. In addition to our data, a previous report has shown neuropil 

re prominent staining was 

obtained in the AL and the OL, although faint staining was observed  elsewhere in 

SYT antibody (3H2 2D7) 

was obtained from DSHB, University of IOWA but no results were obtained with 
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Fig. 5.4.8 Expression pattern of SYT. The adult fly brains were stained with anti

antibody, and the images were captured with a confocal microscope. The antibody 

stained cell bodies in the cortex (a). Very faint staining of the MB was apparent(b).

5.4.9. VAMP associated protein (VAP

The VAP-33A is a vesicle associated protein which has recently been shown 

to direct bouton formation at neuromuscular junctions of the 

of VAP-33A causes reduction in number but increase in t

NMJ. Overexpression of VAP

decrease in bouton size 

VAP-33A are not yet known. The anti

Giuseppa Pennetta from the University of Edinburgh. The anti

GP33 was raised in guinea pigs. We obtained staining in the cortex of the adult fly 

brain and in the OL (Fig 5.4.9). In addition to this, weak staining was observed in the 

peduncles of the MB. Staining was absent in the PB and the MB calyces.

Fig. 5.4.9 Expression pattern of VAP
antibody, GP33A. (a) Strong staining was seen in the cell bodies in the cortex. (b) Some 
staining was observed in the peduncles of the MB and OL (c) Staining was strong in the cortex 
and in the optic lobes.
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Fig. 5.4.8 Expression pattern of SYT. The adult fly brains were stained with anti

antibody, and the images were captured with a confocal microscope. The antibody 

stained cell bodies in the cortex (a). Very faint staining of the MB was apparent(b).

5.4.9. VAMP associated protein (VAP-33A) 

33A is a vesicle associated protein which has recently been shown 

to direct bouton formation at neuromuscular junctions of the Drosophila

33A causes reduction in number but increase in the size of boutons at the 

NMJ. Overexpression of VAP-33A causes an increase in bouton number but 

decrease in bouton size (Pennetta , et al. 2002). The cognitive functions, if any, of 

33A are not yet known. The anti-VAP- 33A antibody was obtained fro

Giuseppa Pennetta from the University of Edinburgh. The anti-

GP33 was raised in guinea pigs. We obtained staining in the cortex of the adult fly 

brain and in the OL (Fig 5.4.9). In addition to this, weak staining was observed in the 

uncles of the MB. Staining was absent in the PB and the MB calyces.

Fig. 5.4.9 Expression pattern of VAP-33A.  The adult brain was stained with anti
antibody, GP33A. (a) Strong staining was seen in the cell bodies in the cortex. (b) Some 

ing was observed in the peduncles of the MB and OL (c) Staining was strong in the cortex 
and in the optic lobes. 

 

Fig. 5.4.8 Expression pattern of SYT. The adult fly brains were stained with anti-lacZ 

antibody, and the images were captured with a confocal microscope. The antibody 

stained cell bodies in the cortex (a). Very faint staining of the MB was apparent(b). 

33A is a vesicle associated protein which has recently been shown 

Drosophila larvae. Loss 

he size of boutons at the 

33A causes an increase in bouton number but 

. The cognitive functions, if any, of 

33A antibody was obtained from 

-Vap-33a antibody, 

GP33 was raised in guinea pigs. We obtained staining in the cortex of the adult fly 

brain and in the OL (Fig 5.4.9). In addition to this, weak staining was observed in the 

uncles of the MB. Staining was absent in the PB and the MB calyces. 

 

33A.  The adult brain was stained with anti-VAP-33A 
antibody, GP33A. (a) Strong staining was seen in the cell bodies in the cortex. (b) Some 

ing was observed in the peduncles of the MB and OL (c) Staining was strong in the cortex 
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5.4.10. Zipper (ZIP) 

Zipper, also known as cytoplasmic or non-muscle myosin heavy chain is an 

ATPase coupled motor protein (Goldstein and Gunawardena 2000). Phosphorylation 

of ZIP by PKC results in changes in the conformation of ZIP which leads to motor 

activity in the myosin filament heads. This motor function is  essential  for cell 

motility and changes in cell shape (Su and Kiehart 2001). At the neuromuscular 

junction of Drosophila, ZIP regulates the synaptic vesicle movement and inhibition 

of myosin by ML-9 application which leads to a dose dependent decrease in vesicle 

mobility (Seabrooke, et al. 2010). Protein trap line CPTI-100036 was used to obtain 

the protein expression pattern of Zipper in the adult Drosophila head. The protein 

trap line was stained with anti-GFP antibody. The antibody stained many cell bodies 

in the perikarya.  As a result, thus no major conclusion about specific neuropil 

staining pattern could be made although it is clearly widespread in the brain. The 

antibody obtained from DSHB, IOWA did not yield any results on adult brain tissue 

(Fig 5.4.10). 

 

Fig. 5.4.10 Expression pattern of ZIP obtained using lacZ enhancer trap line 11215. (a) 

and (b) Expression in the cellular cortex and OL. (c) Staining in the MB  alpha and beta 

lobes and EB.  

 

In the next chapter we analyse the overlap in the expression profiles of MSC 

proteins in more detail. We focus on the AL, MB, CC, and OL. The overlap of the 

MASC protein expression in these cognition related brain regions could form 

anatomical evidence for the existence of the MASC complex in the fly brain. The 

data presented here is mostly novel but as will be discussed in Chapter 6 where 

evidence does exist in the literature it aligns well. Although co-expression of these 
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proteins would provide stronger evidence the sheer number and possible 

combinations of proteins for co-immunostaining would be a very big piece of work 

which would not fit within the timeline of a Ph.D. 
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6 

Results from Immunohistochemistry of MASC 

The majority of the proteins for which reagents were available have been 

detected in different brain regions. The staining obtained has been seen in the brain 

neuropil in some cases and in cell bodies in many others. One of the reasons for not 

seeing protein expression in the neuropil could be the use of lacZ as marker. Since 

lacZ expresses in the cell bodies in the majority of the cases expression of the protein 

in axons (which make up the neuropil) cannot be established. The second reason 

could be that the protein is expressed at very small quantities and thus has been 

missed in this study. 

6.1.1 Validation of the Immunohistochemistry data 

To fully validate any antibody staining such as those described in Chapter 5 

one needs to demonstrate that in the absence of the gene (knock-out model) the 

expression pattern is lost. While this is feasible for single genes/proteins/antibodies it 

does not scale to the wider overview type analysis described here. 

In order to gain a measure of confidence in our staining protocols that the 

antibodies have worked and that the results obtained in this study were not simply 

due to artefact, I compared the expression patterns obtained in this study with those 

which have been reported in literature. This validation would also highlight 

disagreements between our data and that which is published. 

Records of expression patterns of the MASC genes in Drosophila adult 

nervous system were searched. It was found that 13 of the 46 proteins reported here 

had a published record for adult brain expression.  Most of these expression profiles 
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have been recently reported during the period when this study was being conducted. 

The records found are summarised in Table 6.1.  

Table 6.1. Validation of results by comparison with published records 

Protein Expression pattern  
Expression pattern (reported 

elsewhere) 
Consistency 

Sectio

n 

SYT 
Cell bodies in the 
perikarya (used lacZ 
enhancer trap line) 

Al, OL, MB calyces (Littleton, et 
al. 1993) 

Can’t 
compare 

5.4.8 

DLG 
AL, MB, OL, and CC 
apart from the rest of the 
brain 

Same as in this study 
(Mendoza-Topaz, et al. 2008) 

Yes 5.2.9 

FUTSCH 
All across the brain, 
elevated in AN 

All across the brain 
(Bettencourt, et al. 2005) 

Yes 5.2.11 

NR1 
FSB and cell bodies in 
the cortex 

Cell bodies in the cortex 
(Xia, et al. 2005) 

Yes 5.2.14 

NR2 Cortex and CC 
Same as in this study 
(Wu, et al. 2007, Xia, et al. 
2005) 

Yes 5.2.15 

SYX AL, OL, PB, CC,  
All across the brain in brain 
neuropil 

Yes 5.4.7 

SYN OL,CC,MB,AL 
Same as in this 
study(Godenschwege, et al. 
2004, Klagges 1996) 

Yes 5.4.6 

CSP Not studied 
OL, CC everywhere 
(Zinsmaier 2010) 

- - 

CHER Non-neuropil 
Looks similar to this study 
(Bolduc, et al. 2010) 

Yes  5.2.7 

DRK 
AL, MB, OL, PB and 
Calyces 

Reported and discussed only for 
MB 
(Moressis, et al. 2009b) 

Yes so far as 

discussed. 
5.2.10 

SCRIB 
AL, MB, OL and EB, 
lateral protocerebrum 

Antenna, Johnston’s organ and 
cerebral cortex 
(Ganguly, et al. 2003) 

No because  

RNA probes 

were used 

rather than 

an antibody 

5.2.17 

14-3-3-z 
Kenyon cells and cells 
around EB (used LacZ 
staining) 

MB and EB (used beta-Gal 
staining) 
(Skoulakis and Davis 1996) 

Yes 5.2.21 

HEP 

Cell bodies in the 
cortex, missing in MB 
Kenyon cells and 
weakly in MB lobes 

Expression reported in MB 
axons and shown absent in the 
Kenyon cells (Rallis, et al. 2010) 

Yes 5.3.8 

 

Synaptotagmin and SCRIB expression patterns reported were obtained using 

methods very different from ours so the expression patterns could not be directly 
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compared. CSP antibody was reported in the literature after my work was complete 

(Zinsmaier 2010) and so the only expression data available was the literature report. 

For all remaining 10 proteins the expression patterns obtained in this study are in 

very close agreement with previous publications. While this is of course limited to 

the 10 observations we can comment on, it does add an element of confidence to the 

data in general. 

Since most of the proteins for which IHC was performed were obtained from 

homology searches for mMASC in the fly (Appendix 5.1a) the fact that not all the 

proteins were found to be expressed in the fly neuropil may reflect a true absence of 

these proteins from MAGUK complexes in Drosophila. Additionally, as a proportion 

of the protein expression was obtained using lacZ enhancer trap lines and stained 

only cell bodies, we could not resolve the expression to specific neuropil in those 

cases. However, six of the seven proteins which came from the fMASC could be 

confirmed to be expressed in the neuropil. 

 

6.1.2. Fly MASC expression in the antennal lobes (AL) 

The ALs are a pair of cerebral neuropil structures located in the right and left 

hemispheres of the fly brain and form the primary olfactory centres in the fly brain 

(Fig 6.1). The olfactory sensory neurons (OSNs), which are present in the antennae 

and the maxillary palps send their projections to the AL. The OSNs send their axonal 

projections to 43 glia-bound glomeruli (Laissue, et al. 1999 ), which are spatially 

defined and synapse-dense globular structures. The OSN expressing the same 

olfactory receptors send their axonal projections to the same topographically fixed 

glomerulus in the antennal lobe (Gao, et al. 2000). These are specialised structures 

where the sensory neurons make synaptic connections with the different interneurons 

(multi-glomerular local interneurons which branch throughout the antennal lobe and 

uni-glomerular interneurons which confine their branching to only a single 

glomerulus), and with olfactory projection neurons (Stocker 1994, Stocker, et al. 
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1990). The latter then project to higher order brain cen

(MB) and lateral horn. 

Fig. 6.1. The antennal lobes (AL). The antennal lobes comprise of 43 glomeruli (dark 
structures) and are the first centre of olfactory information processing.

Since we are interested in the molecular com

brain and its spatial variation, we examined MASC expression in the antennal lobe. 

We found that 18 different proteins from the fly MASC are expressed in the AL 

(Table 6.2). Of the 11 Synaptic vesicle and protein transport f

expressed in the AL. This was the highest number of proteins from one family 

expressed in the AL. Surprisingly, none of the Channels and Receptor proteins or 

Protein phosphatases are expressed in the AL (Table 6.3). A selection of th

expressed in the AL have already been implicated in neurotransmission, learning and 

development of nervous system (Appendix 5.6). Defects in any of these functions 

can lead to cognitive dysfunction or neurodegenerative disease. For instance SGG 

and SCRIB have been implicated in olfactory learning in 

al. 2003, Wolf, et al. 2007

plasticity and synaptic vesicle dynamics 

been shown to be an important component in vesicle recycling. DNOS has been 

shown to be involved in integrative processing of chemosensory stimuli 

Hildebrandt 1995) and appetitive reflex habituation in the honeybee, 
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. The latter then project to higher order brain centres, the mushroom bodies 

(MB) and lateral horn.  

 

Fig. 6.1. The antennal lobes (AL). The antennal lobes comprise of 43 glomeruli (dark 
structures) and are the first centre of olfactory information processing. 

Since we are interested in the molecular composition of the MASC in the fly 

brain and its spatial variation, we examined MASC expression in the antennal lobe. 

We found that 18 different proteins from the fly MASC are expressed in the AL 

(Table 6.2). Of the 11 Synaptic vesicle and protein transport family proteins, 7 were 

expressed in the AL. This was the highest number of proteins from one family 

expressed in the AL. Surprisingly, none of the Channels and Receptor proteins or 

Protein phosphatases are expressed in the AL (Table 6.3). A selection of th

expressed in the AL have already been implicated in neurotransmission, learning and 

development of nervous system (Appendix 5.6). Defects in any of these functions 

can lead to cognitive dysfunction or neurodegenerative disease. For instance SGG 

and SCRIB have been implicated in olfactory learning in Drosophila 

Wolf, et al. 2007). Scribbled has also been shown to be involved in synaptic 

plasticity and synaptic vesicle dynamics (Roche, et al. 2002). Similarly, SHI has 

been shown to be an important component in vesicle recycling. DNOS has been 

shown to be involved in integrative processing of chemosensory stimuli 

and appetitive reflex habituation in the honeybee, 

tres, the mushroom bodies 

 

Fig. 6.1. The antennal lobes (AL). The antennal lobes comprise of 43 glomeruli (dark 

position of the MASC in the fly 

brain and its spatial variation, we examined MASC expression in the antennal lobe. 

We found that 18 different proteins from the fly MASC are expressed in the AL 

amily proteins, 7 were 

expressed in the AL. This was the highest number of proteins from one family 

expressed in the AL. Surprisingly, none of the Channels and Receptor proteins or 

Protein phosphatases are expressed in the AL (Table 6.3). A selection of the proteins 

expressed in the AL have already been implicated in neurotransmission, learning and 

development of nervous system (Appendix 5.6). Defects in any of these functions 

can lead to cognitive dysfunction or neurodegenerative disease. For instance SGG 

Drosophila  (Ganguly, et 

shown to be involved in synaptic 

. Similarly, SHI has 

been shown to be an important component in vesicle recycling. DNOS has been 

shown to be involved in integrative processing of chemosensory stimuli (Müller and 

and appetitive reflex habituation in the honeybee, Apis mellifera 
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(Müller and Hildebrandt 1995). Other proteins expressed in the AL include those 

which have developmental roles or scaffolding and adaptor functions. 

Table 6.2. Proteins expressed in Antennal lobe (AL) 

Protein Protein family Sub-family  

ARM Cell Adhesion and Cytoskeletal Catenins 
ARPC3B Cell Adhesion and Cytoskeletal Actin / ARP 
CHIC Cytoskeletal and Cell Adhesion Other Cytoskeletal Proteins 
BSG Cytoskeletal and Cell Adhesion Other Cell Adhesion Molecules 
GΒ13F G-proteins and Modulators G-proteins 
LIC Kinases Ser/Thr Kinases 
SGG Kinases Ser/Thr Kinases 
DLG MAGUKs / Adaptors / Scaffolders PDZ-domain containing scaffolders 
SCRIB MAGUKs / Adaptors / Scaffolders PDZ-domain containing scaffolders 
PYD MAGUKs / Adaptors / Scaffolders PDZ-domain containing scaffolders 
NOS Signalling molecules and Enzymes Other signalling molecules 
SYX1A Synaptic Vesicles / Protein Transport Synaptic vesicle 
SYN Synaptic Vesicles / Protein Transport Synaptic vesicle 
SHI Synaptic Vesicles / Protein Transport Synaptic vesicle 
ROP Synaptic Vesicles / Protein Transport Exocytosis 
SYT Synaptic Vesicles / Protein Transport Synaptic vesicle 
ZIP Synaptic Vesicles / Protein Transport Motor Proteins 
VAP-33A Synaptic Vesicles / Protein Transport Synaptic vesicle 

 

Out of all the 18 proteins that were expressed in the AL, the Synaptic Vesicles/ 

Protein Transport family was the largest to be expressed. An explanation for the 

expression of a large number of synaptic vesicle associated proteins in the antennal 

lobes could be the large number of afferent, efferent and the intra-glomerular 

synapses in the antennal lobes. Also the antennal lobes in Drosophila are the brain 

regions in most direct contact with the sensory system (e.g. olfactory neurons, taste 

and mechanical receptor neurons) and thus need to highly active for transmission of 

important information acquired from the environment to higher brain regions. This 

however remains to be a speculation in view of the numbers obtained in this study. 

Table 6.3. Number of proteins from each class expressed in the Antennal lobe 

Protein family No. of proteins in AL 

Channels and Receptors 0 
Cytoskeletal and Cell Adhesion 4 
G-proteins and Modulators 1 
Kinase 2 
MAGUKs / Adaptors / Scaffolders 3 
Signalling molecules and Enzymes 1 
Synaptic Vesicles / Protein Transport 7 
Total 18 
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6.1.3. Fly MASC expression in the mushroom bodies (MB)

MBs are lobed structures in the adult fly brain, consisting of at least three 

different types of axonal projections into different lobes (Fig 6.2). Each of the 

α′/β′ and γ lobes receive projections from different sets of neurons 

MB are required for sensory integration of multimodal information from the 

AL and OL. They are also required for different forms of learning and me

adult (reviewed by Zars et al, 2000). Chemical ablation of the MB abolishes short

term and long-term courtship memory in the adult flies while leaving learning un

affected (McBride, et al. 1999

(Heisenberg, et al. 1985

in MB ablated flies 

lobes of the mushroom body are re

and α′ lobes are required for long

the gamma lobes are required for short term memory (STM) 

Recently the α′/β′ subset of MB neurons have been shown to be required for 

acquisition and stabilisation of aversive and appetitive odour memory while the 

neurons is only required for memory retrieval 

Fig. 6.2. The Mushrooms bodies (MB). The adult MB consists of a cluster of Kenyon cells 
which project through calyces into three different lobes; the 
gamma lobes (γ). 
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6.1.3. Fly MASC expression in the mushroom bodies (MB) 

MBs are lobed structures in the adult fly brain, consisting of at least three 

different types of axonal projections into different lobes (Fig 6.2). Each of the 

 lobes receive projections from different sets of neurons 

MB are required for sensory integration of multimodal information from the 

AL and OL. They are also required for different forms of learning and me

adult (reviewed by Zars et al, 2000). Chemical ablation of the MB abolishes short

term courtship memory in the adult flies while leaving learning un

McBride, et al. 1999). MB are also required for olfactory learning in flies 

Heisenberg, et al. 1985), indicated by the fact that associative learning is disrupted 

in MB ablated flies (Connolly, et al. 1996). It has also been shown that different 

lobes of the mushroom body are required for different types/phases of memory. 

 lobes are required for long-term memory (LTM) (Pascual and Preat 2001

the gamma lobes are required for short term memory (STM) (

β′ subset of MB neurons have been shown to be required for 

acquisition and stabilisation of aversive and appetitive odour memory while the 

neurons is only required for memory retrieval (Krashes, et al. 2007

Fig. 6.2. The Mushrooms bodies (MB). The adult MB consists of a cluster of Kenyon cells 
which project through calyces into three different lobes; the - alpha (α) beta (

MBs are lobed structures in the adult fly brain, consisting of at least three 

different types of axonal projections into different lobes (Fig 6.2). Each of the α/β, 

 lobes receive projections from different sets of neurons (Lee, et al. 1999). 

MB are required for sensory integration of multimodal information from the 

AL and OL. They are also required for different forms of learning and memory in the 

adult (reviewed by Zars et al, 2000). Chemical ablation of the MB abolishes short-

term courtship memory in the adult flies while leaving learning un-

. MB are also required for olfactory learning in flies 

, indicated by the fact that associative learning is disrupted 

. It has also been shown that different 

quired for different types/phases of memory. α 

Pascual and Preat 2001) and 

(Zars, et al. 2000). 

 subset of MB neurons have been shown to be required for 

acquisition and stabilisation of aversive and appetitive odour memory while the α/β 

Krashes, et al. 2007). 

 

Fig. 6.2. The Mushrooms bodies (MB). The adult MB consists of a cluster of Kenyon cells 
α) beta (β) lobes and 
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Many different proteins expressed in the MB are required for learning and 

memory in the flies (Ganguly, et al. 2003, Han, et al. 1992, Nighorn, et al. 1991, 

Skoulakis and Davis 1996, Skoulakis, et al. 1993, Tan, et al. 2010, Xia, et al. 2005, 

Zhao, et al. 2009). Our experiments broaden this view of the molecular machinery 

underlying functioning of the MB many fold. Table 6.4 shows the list of different 

proteins that are expressed in the MB and Table 6.5 shows the family enrichment of 

these proteins. In addition we also know from this study, which of the different 

classes of proteins are expressed in the MB of the adult flies. Out of 46 different 

staining patterns obtained for the fly MASC we obtained clear and unambiguous 

staining for 25 proteins in the MB (i.e. excluding data from nuclear staining lacZ 

strains). Although the sample sizes are small, enrichment of fly MASC proteins in 

the MB can clearly be seen (further discussed in chapter 7). 

Table 6.4. List of fMASC proteins expressed in the MB 

Protein Name Family Sub-family 

ARM Cytoskeletal and Cell Adhesion Catenins 
ARPC3B Cytoskeletal and Cell Adhesion Actin / ARP 
CORA Cytoskeletal and Cell Adhesion Other Cytoskeletal Proteins 
CHIC Cytoskeletal and Cell Adhesion Other Cytoskeletal Proteins 
BSG Cytoskeletal and Cell Adhesion Other Cell Adhesion Molecules 
TAU Cytoskeletal and Cell Adhesion MAPs 
CHER Cytoskeletal and Cell Adhesion  actin binding 
GΒ13F G-proteins and Modulators G-proteins 
STI G-proteins and Modulators Modulators 
FRAY Kinase Ser/Thr Kinases 
LIC Kinases Ser/Thr Kinases 
SGG Kinases Ser/Thr Kinases 
HEP Kinases Ser/Thr Kinases 

DLG 
MAGUKs / Adaptors / 
Scaffolders 

PDZ-domain containing 
scaffolders 

SCRIB 
MAGUKs / Adaptors / 
Scaffolders 

PDZ-domain containing 
scaffolders 

14-3-3-Z 
MAGUKs / Adaptors / 
Scaffolders 

 14- 3- 3 

PYD 
MAGUKs / Adaptors / 
Scaffolders 

PDZ-domain containing 
scaffolders 

VLC 
MAGUKs / Adaptors / 
Scaffolders 

Non- PDZ-domain containing 
scaffolders 

CAZ 
Signalling molecules and 
Enzymes 

Other signalling molecules 

SYX1A 
Synaptic Vesicles / Protein 
Transport 

Synaptic vesicle 

SYN 
Synaptic Vesicles / Protein 
Transport 

Synaptic vesicle 

SHI 
Synaptic Vesicles / Protein 
Transport 

Synaptic vesicle 

ROP 
Synaptic Vesicles / Protein 
Transport 

Exocytosis 

CHC Synaptic Vesicles / Protein Clathrin 
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Transport 

VAP-33A 
Synaptic Vesicles / Protein 
Transport 

Synaptic vesicle 
 

Seven Cytoskeletal and Cell Adhesion proteins and six Synaptic Vesicles / 

Protein Transport proteins are expressed in the MB. Some of these proteins have 

already been postulated to be involved in cognition whilst little is known about the 

others (Appendix 5.6). SYX and VAP-33A are involved in vesicle release. BSG also 

has recently been shown to be involved in synaptic vesicle release in Drosophila  

(Besse, et al. 2007).  It is likely that BSG and other proteins of the cytoskeletal and 

cell adhesion family are involved in the regulation of synaptic function but no direct 

evidence to support this claim was yet found in literature. There are reports showing 

that some of the proteins belonging to MAGUK/adaptor/scaffolding family are also 

required for learning in Drosophila. For example, SCRIB has been shown to be 

required for olfactory behaviour in Drosophila  (Ganguly, et al. 2003, Roche, et al. 

2002). Similarly, 14-3-3 Z has been reported to be involved in learning in flies 

(Skoulakis and Davis 1996). It has also been shown to be involved in regulating pre-

synaptic function (Broadie, et al. 1997). SGG, a kinase has also been shown to be 

involved in olfactory habituation (Wolf, et al. 2007). Thus, many of the fly MASC 

proteins that are expressed in the MB are required for learning, memory and other 

cognitive functions, while others are involved in functions which have a cognitive 

phenotype (e.g. CHIC is indirectly involved in Fragile X mental retardation (FXMR), 

(Reeve, et al. 2005)). 

         Table 6.5. Number of proteins from each class expressed in the MB 

Protein  family No. of proteins in MB 

MAGUKs / Adaptors / Scaffolders 5 
Kinase 4 
G-proteins and Modulators 2 
Synaptic Vesicles / Protein Transport 6 
Cytoskeletal and Cell Adhesion 7 
Signalling molecules and Enzymes 1 
Total 25 

6.1.4. Fly MASC expression in the central complex (CC) 

The CC is composed of four neuropil structures in the adult fly brain which 

are situated around the midline. These are the fan shaped body (FB), the ellipsoid 
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body (EB), a pair of noduli (no) and the protocerebral bridge (pb).  The CC has been 

described in detail in Hanesch, et al. 1989, Young and Armstrong 2009a and Young 

and Armstrong 2009b 

(Ilius, et al. 1994, Strauss and Heisenberg 1993

lead to abnormal flying and walking behaviour

Heisenberg 1993). In addition to the above the ellipsoid body has been implicated in 

associative learning (

46% of fly MASC proteins for which staining was obtained were expressed 

in the CC. Out of 46 different staining patterns obtained, 21 different proteins were 

expressed in the CC (Table 6.6). Proteins belonging to different families are 

expressed here in the CC (Table 6.7). Like in MB synaptic vesicles, transport 

proteins, cytoskeletal and cell adhesion proteins comprise the biggest classes of 

protein expressed in the 

integration and processing, it is expected to receive multiple input

sensory structures. This could explain the expression of the proteins which are linked  

Fig. 6.3. The Central compl
the fan shaped body (FB), a wing like protocerebral bridge (PB) and a pair of ball like, noduli 
(no). 

to synaptic function. In addition to other proteins NR1 is expressed in the FB and 

NR2 is also expressed in the EB. The NMDA receptors have been demonstrated to 
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body (EB), a pair of noduli (no) and the protocerebral bridge (pb).  The CC has been 

described in detail in Hanesch, et al. 1989, Young and Armstrong 2009a and Young 

and Armstrong 2009b (336-338).  The CC is primarily involved in motor control 

Strauss and Heisenberg 1993). Mutations which disrupt the CC 

lead to abnormal flying and walking behaviour(Ilius, et al. 1994

. In addition to the above the ellipsoid body has been implicated in 

(Bouhouche, et al. 1993, Heisenberg 1989, Wu, et al. 2007

46% of fly MASC proteins for which staining was obtained were expressed 

in the CC. Out of 46 different staining patterns obtained, 21 different proteins were 

ed in the CC (Table 6.6). Proteins belonging to different families are 

expressed here in the CC (Table 6.7). Like in MB synaptic vesicles, transport 

proteins, cytoskeletal and cell adhesion proteins comprise the biggest classes of 

protein expressed in the CC. Since the CC is an important centre of information 

integration and processing, it is expected to receive multiple input

structures. This could explain the expression of the proteins which are linked  

Fig. 6.3. The Central complex (CC). The CC consists of almost circular, ellipsoid body (EB), 
the fan shaped body (FB), a wing like protocerebral bridge (PB) and a pair of ball like, noduli 

to synaptic function. In addition to other proteins NR1 is expressed in the FB and 

s also expressed in the EB. The NMDA receptors have been demonstrated to 

body (EB), a pair of noduli (no) and the protocerebral bridge (pb).  The CC has been 

described in detail in Hanesch, et al. 1989, Young and Armstrong 2009a and Young 

).  The CC is primarily involved in motor control 

. Mutations which disrupt the CC 

Ilius, et al. 1994, Strauss and 

. In addition to the above the ellipsoid body has been implicated in 

Wu, et al. 2007). 

46% of fly MASC proteins for which staining was obtained were expressed 

in the CC. Out of 46 different staining patterns obtained, 21 different proteins were 

ed in the CC (Table 6.6). Proteins belonging to different families are 

expressed here in the CC (Table 6.7). Like in MB synaptic vesicles, transport 

proteins, cytoskeletal and cell adhesion proteins comprise the biggest classes of 

CC. Since the CC is an important centre of information 

integration and processing, it is expected to receive multiple inputs from various 

structures. This could explain the expression of the proteins which are linked   

 

ex (CC). The CC consists of almost circular, ellipsoid body (EB), 
the fan shaped body (FB), a wing like protocerebral bridge (PB) and a pair of ball like, noduli 

to synaptic function. In addition to other proteins NR1 is expressed in the FB and 

s also expressed in the EB. The NMDA receptors have been demonstrated to 
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be important for LTM consolidation in the EB of the flies (Wu et al, 2007). It is 

intriguing why NR1 and NR2 expression patterns do not overlap fully, since one 

would expect a functional channel to be composed of both NR1 and NR2 subunits. 

 

 

Table 6.6. List of proteins expressed in the CC 

Protein 

Name 
Family Sub-family 

DNR1 Channels and Receptors  Glutamate Receptors 
DNR2 Channels and Receptors  Glutamate Receptors 
ARM Cytoskeletal and Cell Adhesion  Catenins 
CHIC Cytoskeletal and Cell Adhesion  Other Cell Adhesion Molecules 
LAMC  Cytoskeletal and Cell Adhesion Other Cytoskeletal Proteins 
CORA Cytoskeletal and Cell Adhesion  Other Cell Adhesion Molecules 
BSG Cytoskeletal and Cell Adhesion  Other Cell Adhesion Molecules 
ARPC3B Cytoskeletal and Cell Adhesion  actin binging 
GΒ13F G-proteins and Modulators  G-proteins 
FRAY Kinase  Ser/Thr Kinases 
HEP Kinases  Ser/Thr Kinases 
DLG MAGUKs / Adaptors / Scaffolders  PDZ-domain containing scaffolders 
DRK MAGUKs / Adaptors / Scaffolders non-PDZ-domain containing scaffolders 
SCRIB MAGUKs / Adaptors / Scaffolders  PDZ-domain containing scaffolders 
CAZ Signalling molecules and Enzymes  Other signalling molecules 
NOS Signalling molecules and Enzymes Other signalling molecules 
CHC Synaptic Vesicles / Protein Transport Clathrin 
ROP Synaptic Vesicles / Protein Transport Exocytosis 
SYN Synaptic Vesicles / Protein Transport Exocytosis 
ZIP Synaptic Vesicles / Protein Transport Motor Proteins 
VAP-33A Synaptic Vesicles / Protein Transport Synaptic vesicle 
SYX1A Synaptic Vesicles / Protein Transport Synaptic vesicle 

 

 

Table 6.7. Number of proteins from each class expressed in the CC 

Protein family No. of proteins in CC 

Channels and Receptors 2 

Cytoskeletal and Cell Adhesion 6 

G-proteins and Modulators 1 

Kinase 2 

MAGUKs / Adaptors / Scaffolders 3 

Signalling molecules and Enzymes 2 

Synaptic Vesicles / Protein Transport 6 

Total  22 
 

Other proteins which are expressed in the CC include SYX1A, SYN, VAP-

33A and DNOS. As in the case of MB, the proteins expressed in the CC were found 

to be involved in a range of cognitive functions and more importantly in motor 

control in the fly (Appendix 5.6). However in case of the CC the number of proteins 
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was higher in comparison to the MB. Given that the CC is involved in many different 

modalities of Drosophila

may reflect integration of multiple information pathways or evolutionary recruitment 

of proteins in these centres.

6.1.5. Fly MASC expression in the Optic lobes (OL)

The OL is a part

outer layer of neuropil called lamina (la) where the photoreceptors terminate. 

Towards the centre of the brain the lamina is followed by another layer called 

medulla (m) and the innermost plate li

Fig. 6.4.The Optic lobes (OL). 
medulla (m) and the inner lobula (lo).

Protein  

Name 
Family

CHER Cell adhesion and cytoske

ARM Cell adhesion and cytoskeletal

ARPC3B Cell adhesion and cytoskeletal
LAMC  Cell adhesion and cytoskeletal

TAU Cell adhesion and cytoskeletal
BSG Cell adhesion and cytoskele
CAPT Cell adhesion and cytoskeletal

CHIC Cell adhesion and cytoskeletal
FUTSCH Cell adhesion and cytoskeletal
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was higher in comparison to the MB. Given that the CC is involved in many different 

Drosophila behaviour, expression of more proteins in these structures 

may reflect integration of multiple information pathways or evolutionary recruitment 

of proteins in these centres. 

6.1.5. Fly MASC expression in the Optic lobes (OL) 

The OL is a part of the visual system of the fly. The fly OL consists of an 

outer layer of neuropil called lamina (la) where the photoreceptors terminate. 

Towards the centre of the brain the lamina is followed by another layer called 

medulla (m) and the innermost plate like lobula (lo). 

The Optic lobes (OL). Each of the OL comprise of the outer lamina (la), middle 
medulla (m) and the inner lobula (lo). 

Table 6.8. List of proteins expressed in the OL 

Family Sub-Family 

Cell adhesion and cytoskeletal Actin binding  

Cell adhesion and cytoskeletal Catenins 

Cell adhesion and cytoskeletal Actin / ARP 

Cell adhesion and cytoskeletal Other Cytoskeletal Proteins

Cell adhesion and cytoskeletal MAPs 

Cell adhesion and cytoskeletal Other Cell Adhesion Molecules

Cell adhesion and cytoskeletal Other Cytoskeletal Proteins

Cell adhesion and cytoskeletal Other Cytoskeletal Proteins

Cell adhesion and cytoskeletal MAPs 

was higher in comparison to the MB. Given that the CC is involved in many different 

behaviour, expression of more proteins in these structures 

may reflect integration of multiple information pathways or evolutionary recruitment 

of the visual system of the fly. The fly OL consists of an 

outer layer of neuropil called lamina (la) where the photoreceptors terminate. 

Towards the centre of the brain the lamina is followed by another layer called 

 

Each of the OL comprise of the outer lamina (la), middle 

Other Cytoskeletal Proteins 

Other Cell Adhesion Molecules 

Other Cytoskeletal Proteins 

Other Cytoskeletal Proteins 
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NR1 Channels and Receptors Glutamate Receptors 

GΒ13F G-proteins and Modulators G-proteins 

RAB6 G-proteins and Modulators G-proteins 
STI G-proteins and Modulators Modulators 
FRAY Kinase Ser/Thr Kinases 

HEP Kinase Ser/Thr Kinases 

LIC Kinase Ser/Thr Kinases 
PKC 61C Kinase Ser/Thr Kinases 

SGG Kinase Ser/Thr Kinases 
14-3-3 E MAGUKs / Adaptors / Scaffolders  14- 3- 3 

14-3-3 Z MAGUKs / Adaptors / Scaffolders  14- 3- 3 
DLG MAGUKs / Adaptors / Scaffolders PDZ-domain containing scaffolders 

DRK 
MAGUKs / Adaptors / Scaffolders 

non-PDZ-domain containing 
scaffolders 

PYD MAGUKs / Adaptors / Scaffolders PDZ-domain containing scaffolders 

SCRIB MAGUKs / Adaptors / Scaffolders PDZ-domain containing scaffolders 

VLC 
MAGUKs / Adaptors / Scaffolders 

non-PDZ-domain containing 
scaffolders 

FLW Protein Phosphatases Protein Phosphatases 
BLW Signalling molecules and Enzymes ATP synthases 
CAZ Signalling molecules and Enzymes Other signalling molecules 

CAM Signalling molecules and Enzymes Other signalling molecules 
DNOS Signalling molecules and Enzymes Other signalling molecules 

GS2 Signalling molecules and Enzymes Other enzymes 
PPD3 Signalling molecules and Enzymes Protein phosphatase 

CHC Synaptic Vesicles / Protein Transport Clathrin 
ROP Synaptic Vesicles / Protein Transport Exocytosis 
SHI Synaptic Vesicles / Protein Transport Synaptic vesicle 

SYN Synaptic Vesicles / Protein Transport Synaptic vesicle 
SYX1A Synaptic Vesicles / Protein Transport Synaptic vesicle 

SYT Synaptic Vesicles / Protein Transport Synaptic vesicle 
VAP-33A Synaptic Vesicles / Protein Transport Synaptic vesicle 
ZIP Synaptic Vesicles / Protein Transport Motor Proteins 

 

87% of the MASC proteins were expressed either in the neuropil or the cell 

bodies in the OL (Table 6.8). The largest number of proteins expressed were those 

from the Cell adhesion and cytoskeletal, MAGUKs / Adaptors / Scaffolding and 

Synaptic Vesicles / Protein transport protein families (Table 6.9). 

Table 6.9. Number of proteins from each class expressed in the OL 

Protein family No. of proteins 

Cell adhesion and cytoskeletal 9 

Channels and Receptors 1 

G-proteins and Modulators 3 

Kinase 5 

MAGUKs / Adaptors / Scaffolders 7 

Protein Phosphatases 1 
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Signalling molecules and Enzymes 6 

Synaptic Vesicles / Protein Transport 8 

Total 40 

6.2 Discussion 

6.2.1. Comparisons of abundances of fMASC proteins in the four brain 

neuropil 

We studied the different families of proteins to compare expression in the 

four different brain neuropil; AL, MB, OL and CC, and to examine how the 

distributions of these families compare with each other. Such information can point 

to specialisation of these compartments in terms of their MASC molecular 

compositions and protein family abundances. If the sample sizes are considerably 

large, such information will be useful to infer whether there are specific aspects of 

the molecular mechanisms of signal transduction that differ from one information 

integration centre to another. Also, a comparative study, in which a randomly 

selected set of proteins can be used as control would assist in concluding whether fly 

MASC has a reasonably high enrichment in the centres in the brain which are 

primarily associated with learning and memory. 

We used a set of 46 proteins which were obtained by the affinity purification 

of the fly head extracts and complemented with orthologues from a set of proteins 

which were affinity purified from the mouse brain using the NMDA receptor C-

terminals as purification tags. The aim of this study was to investigate whether these 

proteins showed enrichment in any specific brain neuropil in the fly brain. Our prior 

assumption was that since these proteins are involved in cognitive functions, they 

should show considerable enrichment in the brain neuropil required for cognition in 

the fly. 

Immunohistochemistry data shows that apart from the unstructured neuropil, 

most of these proteins expressed in one or more of the brain neuropil involved in 

cognition. We also found modest differences in the distribution of these proteins in 

the brain. Therefore a single homogenous complex does not fit the data, rather the 
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protein complex must vary in at least some of its components in different brain 

regions. However it was also observed that most of the families of proteins are 

expressed in all the four brain neuropil while yet others like protein phosphatases, 

were expressed in specific neuropil only and MB and AL did not express any of the 

Channels and Receptors. This shows that the composition of the fMASC complex 

may vary in specific detail from one brain region to the other but the broad 

composition may be similar. This supports the hypothesis put forward by Emes et al 

(2008) that subtle changes in complex composition across brain regions is a 

mechanism for generating functional diversity in the nervous system (the null 

hypothesis being that it can all be explained by connectivity alone). 

We observed considerable enrichment of fMASC proteins in the four brain 

regions that were examined (see following section). Notably we observed enrichment 

of cell adhesion molecules, synaptic vesicle and motor protein families in the OL. 

While cell adhesion and cytoskeletal molecules were enriched in all four brain 

regions, signalling molecules and enzymes were highly represented in the OL (Fig 

6.5). 

 

Fig.6.5. Comparison of MASC proteins expressed in the four brain regions. Almost all the 
protein families were expressed in the four brain regions. 
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Whilst care must be taken in the interpretation of this data, it does indicate 

brain region-specific variation in the number of proteins from different families. Th

could be an indication for the specialisation of the different neuropil in terms of their 

molecular complexity. This suggests that the fMASC presented here best represent 

the OL protein complex which would also account for the single biggest mass in 

terms of tissue in the original samples. When

of proteins become available, it will be possible to characterise the brain neuropil in 

terms of their protein complexity in more detail.

6.2.2. Comparison of fMASC protein e

proteins 

In order to see how the expression of the fMASC compares with a random set 

of neural proteins we tested 116 different protein trap lines for expression in the adult 

fly brain. As there is no other alternative we h

not differ significantly from a true random set of proteins. This provided a numerical 

control for fMASC enrichment. This also allowed us see the variability in expression 

of the fMASC proteins in the different brain 

of different protein families expressed in the different brain neuropil.

Fig. 6.6.  Enrichment of fMASC proteins in 
enrichment in the brain neuropil. The two data sets have
percentage of proteins expressed in each lobes has been calculated.
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Whilst care must be taken in the interpretation of this data, it does indicate 

specific variation in the number of proteins from different families. Th

could be an indication for the specialisation of the different neuropil in terms of their 

molecular complexity. This suggests that the fMASC presented here best represent 

the OL protein complex which would also account for the single biggest mass in 

e in the original samples. When reagents to probe for the complete set 

of proteins become available, it will be possible to characterise the brain neuropil in 

terms of their protein complexity in more detail. 

6.2.2. Comparison of fMASC protein expression with a non

In order to see how the expression of the fMASC compares with a random set 

of neural proteins we tested 116 different protein trap lines for expression in the adult 

fly brain. As there is no other alternative we have to assume that the collection does 

not differ significantly from a true random set of proteins. This provided a numerical 

control for fMASC enrichment. This also allowed us see the variability in expression 

of the fMASC proteins in the different brain neuropil and to compare the proportions 

of different protein families expressed in the different brain neuropil.

Fig. 6.6.  Enrichment of fMASC proteins in Drosophila brain. The fMASC proteins show 
enrichment in the brain neuropil. The two data sets have been normalised to 100 percent and 
percentage of proteins expressed in each lobes has been calculated. 

Whilst care must be taken in the interpretation of this data, it does indicate 

specific variation in the number of proteins from different families. This 

could be an indication for the specialisation of the different neuropil in terms of their 

molecular complexity. This suggests that the fMASC presented here best represent 

the OL protein complex which would also account for the single biggest mass in 

reagents to probe for the complete set 

of proteins become available, it will be possible to characterise the brain neuropil in 

xpression with a non-fMASC set of 

In order to see how the expression of the fMASC compares with a random set 

of neural proteins we tested 116 different protein trap lines for expression in the adult 

ave to assume that the collection does 

not differ significantly from a true random set of proteins. This provided a numerical 

control for fMASC enrichment. This also allowed us see the variability in expression 

compare the proportions 

of different protein families expressed in the different brain neuropil. 

 

brain. The fMASC proteins show 
been normalised to 100 percent and 
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The results obtained with the 116 protein trap lines and those obtained for the 

fly MASC proteins are summarised in appendices 7.1 and 7.2. The protein 

expression reveals that in each of the four brain neuropil the proportion of fMASC 

proteins expressed was higher than expected (Fig 6.6), in comparison to the random 

control. We tested this for significance using the Fisher exact test. This is a non-

parametric test for categorical data. The differences were significant with P-values of 

1.2 x 10-5 for expression in optic lobes, 1x10-5 for MB, 1x10-2 for CC and 1.02 x 10-4 

for AL (Table 6.10). Any of the proteins which did not express in neuropil were 

removed from the analysis. This exception was made because of the low confidence 

in their expression in the neuropil which could eventually have led to false 

conclusions.  

Table 6.10. Significance of difference between fMASC and Prot. trap proteins expressed in 

different brain neuropil 

 Expression MASC Prot trap P-value 

OL 
expressed 34 42 

1.2 x 10-5 
not expressed 12 74 

MB 
expressed 24 19 

1x10-6 
not expressed 22 97 

CC 
expressed 22 32 

0.014 

not expressed 24 84 

AL 
expressed 18 14 

1.02x 10-4 
not expressed 28 102 

 

A family-wise comparison of the fMASC proteins expressed in the four brain 

neuropil (OL, AL, MB and CC) with those of the protein trap lines did not show any 

significant difference except in the antennal lobes. Here the synaptic vesicle / Protein 

transport family of proteins show significant enrichment in comparison to the protein 

trap lines (Fig 6.7). Also in the CC, enriched receptor expression was observed 

whereas no other neuropil showed expression of both the NMDA receptors. NR1 was 

expressed throughout the brain but did not show enrichment in any of the brain 

neuropil except the fan shaped body. However, the small sample sizes here should be 

taken into consideration when looking at these conclusions. In the protein trap line 

set, of the four protein phosphatases only one was expressed in the CC. No other 
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neuropil expressed protein phosphatases. Although the differences in percentages of 

the proteins can be clearly seen they were not statistically significant.

Fig. 6.7. Family wise distrib
families is represented as a percentage of the total number of proteins, 46 and 116 respectively 
in the case of fMASC and protein trap.

6.2.3. Spatial variation in composition of the fMASC

The spatial distribution of fMASC across the fly brain obtained from the 

immunohistochemistry data shows that the composition of the MASC complex 

varies from one region to the other. Although the numbers are small it does suggest a 

degree of specialisation

the molecular machinery which distinguishes one brain neuropil from the other in its 

functional and structural complexity. The variation in the composition of this 
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neuropil expressed protein phosphatases. Although the differences in percentages of 

the proteins can be clearly seen they were not statistically significant.

Fig. 6.7. Family wise distribution of fMASC and control in the adult fly brain. Each of protein 
families is represented as a percentage of the total number of proteins, 46 and 116 respectively 
in the case of fMASC and protein trap. 

6.2.3. Spatial variation in composition of the fMASC 

The spatial distribution of fMASC across the fly brain obtained from the 

immunohistochemistry data shows that the composition of the MASC complex 

varies from one region to the other. Although the numbers are small it does suggest a 

degree of specialisation in the fMASC within distinct brain regions. This could be 

the molecular machinery which distinguishes one brain neuropil from the other in its 

functional and structural complexity. The variation in the composition of this 

neuropil expressed protein phosphatases. Although the differences in percentages of 

the proteins can be clearly seen they were not statistically significant. 

 

ution of fMASC and control in the adult fly brain. Each of protein 
families is represented as a percentage of the total number of proteins, 46 and 116 respectively 

The spatial distribution of fMASC across the fly brain obtained from the 

immunohistochemistry data shows that the composition of the MASC complex 

varies from one region to the other. Although the numbers are small it does suggest a 

in the fMASC within distinct brain regions. This could be 

the molecular machinery which distinguishes one brain neuropil from the other in its 

functional and structural complexity. The variation in the composition of this 
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complex also indicates that the type of synaptic activity in one compartment may be 

considerably different from the other. For instance, AL expressed the largest 

proportion of the Synaptic Vesicles / Protein Transport and cytoskeletal molecules 

which suggests high neurotransmission. 

The data presented in this chapter indicate that the fMASC is a specialised set 

of proteins which show enrichment in specific brain neuropil involved in motor 

control, and visual and olfactory learning in the Drosophila. By comparison with the 

protein trap data we show that the enrichment is beyond that expected by chance.
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7 

 

Discussion 

Although each chapter in this thesis is followed by its own discussion, here I 

attempt to give the reader an overall picture of the achievements of the work in this 

thesis, its impact on our understanding and the potential for future research. 

7.1. Protein complexes in the synapse: a reference to MASC 

complex 

A brief discussion of vertebrate synaptic protein complexes is appropriate as 

it is the pioneering work upon which this thesis is closely based: 

The synaptic proteome of excitatory neurons in vertebrates consists of a vast 

number of proteins most of which are organised into protein clusters. These protein 

clusters are implicated in learning, memory, decision making and in normal 

development and function of the synapse. Among these are the NMDA receptor 

complex (NRC), the AMPA receptor complex and the Kainate receptor complex. 

The NMDA receptor complex, also called the MAGUK-associated signalling 

complex or MASC (Collins, et al. 2006, Pocklington, et al. 2006), is an important 

protein complex in the vertebrate synapse. Changes in the composition of this 

complex, deletion or mutation of protein molecules of this complex leads to 

cognitive and developmental defects (Grant, et al. 2005). MASC is composed of 

~186 proteins which can be classified into 10 functional families. It contains  19.6% 



Chapter 7          Discussion 

142 

 

of the ~1100 proteins present in the synapse and 39.9% of the consensus post-

synaptic density (PSD) proteins (Husi and Grant 2001).  

Bioinformatic analyses led to our hypothesis that an orthologous protein 

complex exists in Drosophila (Emes et al,2008). However we predicted that the size 

of this complex will be smaller than the vertebrate MASC due to the smaller size of 

the fly genome –and gene duplications that have occurred in the vertebrate lineage 

(Dehal and Boore 2005). In summary, in silico predictions could map the 186 mouse 

MASC genes onto 88 orthologues in Drosophila (Appendix 5.1b). 

 Following our initial in silico investigation, we purified the fly synaptic 

protein complex, analysed its composition (See Sections 4.4, 4.8, 4.7) and compared 

it with that of mouse (Section 4.6). These experiments provided the first evidence 

supporting the hypothesis above that an expansion of some protein families of 

MASC in mammalian lineages occurred relative to the simpler fly complex. Notably 

we observed a large expansion in the signalling molecules and enzymes with 

upstream signalling and structural components (receptors, scaffolding proteins, 

signal transduction molecules, etc.) accounting for >60% in mMASC, compared to 

~25% in fMASC. Although, admittedly, preliminary in nature, this study was the 

first to biochemically isolate and characterise a synaptic signalling complex in any 

invertebrate nervous system. 

7.2. Localisation of fMASC in the fly brain and its enrichment in 

the cognitive centres of the fly brain 

We therefore generated a combined Drosophila MASC model here consisting 

of 88 proteins from the mouse orthologue list and 67 proteins obtained from the fly 

NR2 C-terminus hexapeptide (dPEP6) pull down list (Appendices 5.1 a, 5.1 b). 

Although the list of proteins investigated in this study was limited by the availability 

of appropriate experimental tools, we compared the spatial expression profiles of the 

46 fMASC proteins (as described in Chapter 5 Section 5.2), with a control set of 

proteins for which protein traps were available (Section 6.2.2). We concentrated on 

four major areas in the fly brain for the expression of these proteins which include 
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the AL, MB, OL and CC (ellipsoid body and fan shaped body). These brain regions 

are involved in visual and olfactory signal processing (Dubnau, et al. 2001, 

Skoulakis, et al. 1993), learning and memory (Akalal, et al. 2006, Folkers 1982, 

McBride, et al. 1999) and  motor co-ordination in flies (Strauss 2002, Strauss and 

Heisenberg 1993).  
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Fig. 7.1. Enrichment of fMASC in the fly brain. The fMASC proteins show clear 

enrichment within the four brain regions. 

 

Despite the limitations of the data presented here (due to the small number of 

proteins detected), we do observe clear enrichment of the MASC proteins in the 

regions thought to be most important for cognition in the fly (Fig 7.1). This supports 

the hypothesis that fMASC may have relevance to cognition in the fly. When we 

look at the individual proteins, there were numerous studies on MASC proteins 

showing that they are involved in cognition in the fly (Appendix 5.6). Thus, we have 

evidence that the MASC includes an important set of proteins which are involved in 

cognition in the fly and clearly demonstrate enrichment in the fly brain in those brain 

regions strongly implicated in learning, memory, motor co-ordination and vision. All 

of these three modalities in the fly lead to the acquisition of information from the 

environment and are also involved in the control and display of appropriate 

behaviours in response to it. 
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7.3. Anatomical diversification of the MASC complex in the 

Drosophila brain 

We also looked at the expression pattern of MASC proteins in order to 

explore the family-wise enrichment of proteins. Our study revealed notable trends in 

protein families in the four functionally distinct regions of the fly brain, namely the 

AL, MB, OL and the CC. These regions are involved in various types of information 

processing and transmission of information to higher information processing centres 

or to motor control circuits. One would expect significant enrichment of protein 

molecules/families which are involved in signal processing and signal transmission 

in these areas. Indeed this was the case, and we found that in these regions, 

significantly higher number of proteins from the signalling molecules, cell adhesion 

and scaffolding proteins were expressed. Together with synaptic vesicle/protein 

transport proteins, these constituted ~60% of proteins expressed in all the four brain 

regions. These protein families are involved in synaptic transmission and structural 

modification of the synapse in response to environmental cues. 

Although we have not isolated individual synapse families in this study, it can 

be concluded with a degree of confidence on the basis of expression differences 

alone that the synapses in the four studied brain regions differ from each other in 

their protein composition. An indication of such a diversity which has already been 

published is the expression pattern of different neurotransmitter genes (Fig. 7.2) in 

the adult fly brain (Chiang, et al. 2011). Chiang et al showed that neurons expressing 

different neurontransmitter genes showed very well-defined and distinctive 

innervation patterns. As an extention of this one can easily envisage that formation of 

different synapses by different neurons in different parts of the brain which might be 

partially the result of differential expression of MASC proteins. 
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Fig. 7.2. Expression of different neurotransmitters in the adult fly brain. Each colour represents 
a set of neurons expressin
expression patterns were obtained by expressing GFP in a subset of neurons labelled by a 
particular Gal4 line by the MARCM technique
OL are outlined (dotted black lines) showing clear difference in distribution of projections of 
these neurons. Cha- cholinergic neurons, 
neurons, TH- Dopaminergic neurons, 
neurons. Fru is a transcription factor which shows sexual dimorphism between males and 
females, (Adopted from Chiang et al, 2011)

The different MASC proteins expressed in the different brain regions

form a ‘molecular signature’ on these synapses, 

incoming stimuli and 

imply variable responses of synapses to similar cues.

proteins might allow neurons to respond to qualitatively different stimul

Taken together the diverse

(different proteins expressed in different synaptic regions), combined with 

various types of synaptic connections

simple fly brain suggests that a rather high level of complexity occurs within it

It is hard to define precisely the reason for the differential expression of 

proteins in the fly brain but one reason might be a differential control of 

or protein expression in various tissues. The molecular analysis of control elements 

of the MASC genes and comparative proteomics between different anatomical 
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Expression of different neurotransmitters in the adult fly brain. Each colour represents 
a set of neurons expressing one of the 6 neurotransmitters (indicated at the bottom). The 
expression patterns were obtained by expressing GFP in a subset of neurons labelled by a 
particular Gal4 line by the MARCM technique. The likely positions of the MB, CC, AL and 

(dotted black lines) showing clear difference in distribution of projections of 
cholinergic neurons, Gad1- GABAergic neurons, Tdc2

Dopaminergic neurons, Trh- Serotonergic neurons, VGlut

transcription factor which shows sexual dimorphism between males and 
(Adopted from Chiang et al, 2011) 

The different MASC proteins expressed in the different brain regions

form a ‘molecular signature’ on these synapses, changing th

incoming stimuli and making them behave differently from each other. 

variable responses of synapses to similar cues. Alternatively different MASC 

proteins might allow neurons to respond to qualitatively different stimul

diverse combinations of protein molecules expressed at synapses 

(different proteins expressed in different synaptic regions), combined with 

various types of synaptic connections (excitatory, inhibitory etc.), in the ana

simple fly brain suggests that a rather high level of complexity occurs within it

It is hard to define precisely the reason for the differential expression of 

proteins in the fly brain but one reason might be a differential control of 

protein expression in various tissues. The molecular analysis of control elements 

of the MASC genes and comparative proteomics between different anatomical 

 

Expression of different neurotransmitters in the adult fly brain. Each colour represents 
g one of the 6 neurotransmitters (indicated at the bottom). The 

expression patterns were obtained by expressing GFP in a subset of neurons labelled by a 
The likely positions of the MB, CC, AL and 

(dotted black lines) showing clear difference in distribution of projections of 
Tdc2-Octopaminergic 

VGlut- Glutamatergic 
transcription factor which shows sexual dimorphism between males and 

The different MASC proteins expressed in the different brain regions may 

changing their responses to 

ave differently from each other. This may also 

Alternatively different MASC 

proteins might allow neurons to respond to qualitatively different stimuli altogether. 

expressed at synapses 

(different proteins expressed in different synaptic regions), combined with the 

(excitatory, inhibitory etc.), in the anatomically 

simple fly brain suggests that a rather high level of complexity occurs within it. 

It is hard to define precisely the reason for the differential expression of 

proteins in the fly brain but one reason might be a differential control of transcription 

protein expression in various tissues. The molecular analysis of control elements 

of the MASC genes and comparative proteomics between different anatomical 
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regions of the brain should provide further insight into the mechanisms that leads to 

synaptic diversity both in terms of molecular composition and structural and 

functional classes. It would appear from comparative proteomics that the 

diversification of the proteomes may have been an essential evolutionary element in 

structural and functional diversification of the invertebrate and vertebrate nervous 

systems. 

7.4. Evolution of MASC: comparison between mouse and 

Drosophila 

MASC in both Drosophila and mouse comprises of different proteins which 

can be classified into 10 different functional families. In mouse, the MASC complex 

has 186 proteins (Pocklington, et al. 2006), and 21% of these molecules are involved 

in Signalling. The second largest family of proteins is cell adhesion and cytoskeletal 

molecules which is enriched in MAGUK proteins, hence the naming of this complex 

as MAGUK-associated Signalling Complex or MASC. Synaptic vesicle and 

recycling associated proteins make the third largest family of MASC proteins in 

mouse. This emphasises a synaptic role of the MASC complex. Other proteins such 

as glutamate receptors have also been associated with synaptic function and 

cognition in mice and in humans.  

In the Drosophila MASC complex purified using NMDA receptor C-terminal 

peptide affinity purification, the largest family of proteins is also the signalling 

molecules (Sections 4.4 and 4.5). The second largest and third largest families are 

transcription factors and synaptic vesicle-associated proteins respectively (Fig 7.3). 

In our complementary strategy to purify fly synapse signalling complexes using 

Basigin as bait, we purified 67 proteins which were associated with synaptic function 

(Sections 4.8.3 and 4.8.4). Again, the signalling molecules were the largest class of 

proteins. 

Preliminary attempts were made to purify the MASC complex using two 

other baits, 14-3-3 e and DLG (Sections 4.9). The results obtained with these two 

also showed the same trends for the protein families as discussed above. However 
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these data should be interpreted with caution as we did not use fly brains/heads in 

this experiment: instead whole flies were used as a starting material which may have 

led to the purification of mixture of proteins from different prote

may be present in tissues other than neuronal tissue of the fly.

Fig. 7.3. Distribution of MASC proteins as a percentage in the fly brain regions. The Synaptic 
vesicle, Cell adhesion and Signalling molecules make approximately 60% of th
proteins expressed in each lobe.

Evolutionary expansion of the MASC complex in mouse/vertebrates 

et al. 2008), has been biased towards the upstream signalling proteins which may 

cater to a larger number of stimuli in 

might also increase the computational capability and brain complexity of higher 

animals in comparison to invertebrates. Based on these observations, it has been 

hypothesised (Emes, et al. 200

increased the capacity of vertebrates to interact with their environment and to 

interpret a large number of signals in a more efficient, meaningful and specific 

manner which eventually leads to adapta

work presented here supports this in part with the available evidence pointing 

towards a lower molecular diversity of invertebrate synapse complexes compared to 
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these data should be interpreted with caution as we did not use fly brains/heads in 

instead whole flies were used as a starting material which may have 

d to the purification of mixture of proteins from different prote

may be present in tissues other than neuronal tissue of the fly. 

. Distribution of MASC proteins as a percentage in the fly brain regions. The Synaptic 
vesicle, Cell adhesion and Signalling molecules make approximately 60% of th
proteins expressed in each lobe. 

Evolutionary expansion of the MASC complex in mouse/vertebrates 

has been biased towards the upstream signalling proteins which may 

cater to a larger number of stimuli in the environment. It has been proposed that this 

might also increase the computational capability and brain complexity of higher 

animals in comparison to invertebrates. Based on these observations, it has been 

Emes, et al. 2008) that the expansion in the signalling machinery has 

increased the capacity of vertebrates to interact with their environment and to 

interpret a large number of signals in a more efficient, meaningful and specific 

manner which eventually leads to adaptation to changes in their environment. The 

work presented here supports this in part with the available evidence pointing 

a lower molecular diversity of invertebrate synapse complexes compared to 

these data should be interpreted with caution as we did not use fly brains/heads in 

instead whole flies were used as a starting material which may have 

d to the purification of mixture of proteins from different protein complexes that 

 

. Distribution of MASC proteins as a percentage in the fly brain regions. The Synaptic 
vesicle, Cell adhesion and Signalling molecules make approximately 60% of the total MASC 

Evolutionary expansion of the MASC complex in mouse/vertebrates (Emes, 

has been biased towards the upstream signalling proteins which may 

the environment. It has been proposed that this 

might also increase the computational capability and brain complexity of higher 

animals in comparison to invertebrates. Based on these observations, it has been 

that the expansion in the signalling machinery has 

increased the capacity of vertebrates to interact with their environment and to 

interpret a large number of signals in a more efficient, meaningful and specific 

tion to changes in their environment. The 

work presented here supports this in part with the available evidence pointing 

a lower molecular diversity of invertebrate synapse complexes compared to 
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those found in mammals

cognitive ability proposed by Emes et al., (2008) cannot be addressed. 

7.5. Modelling MASC complex in the fly brain

7.5.a. Anatomical variation of MASC:

Bioinformatics analysis of the three layer organisa

that the input layer has evolved most since a common unicellular ancestor. 

Immunohistochemical analysis in mouse brain suggests it contains proteins that are 

more variable in their expression levels by brain region 

Conversely, the output layer appears to be the least 

role of proteins in this layer in functions at the core of cell survival including 

transcription and translation. Thus the input layer should be least

words more specific in expression than the processing layer, which is followed by 

the output layer. Thus we looked, in the fly brain, at the specificity of expression of 

proteins in the three layers of the model: input, processing and 

the input layer shows highly specific expression with 33% 

generally and 67% expressed in a more restricted manner (Fig 7.

layer shows slightly more general expression than the input layer wit

and 47% specific expression profiles. The input layer shows more general expression 

with 70% proteins expressing generally and 30% expressing in a specific manner.

Fig. 7.4. The proportions of proteins in each of the three layers of the MAS
expressed either specifically in one or more neuropil or generally across most neuropil.
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those found in mammals. However, the correlation between synapse diversity and 

cognitive ability proposed by Emes et al., (2008) cannot be addressed. 

7.5. Modelling MASC complex in the fly brain  

7.5.a. Anatomical variation of MASC: the three layered model

Bioinformatics analysis of the three layer organisation of MASC suggests 

that the input layer has evolved most since a common unicellular ancestor. 

Immunohistochemical analysis in mouse brain suggests it contains proteins that are 

more variable in their expression levels by brain region (Emes, et al. 2008

Conversely, the output layer appears to be the least diversified, perhaps

role of proteins in this layer in functions at the core of cell survival including 

transcription and translation. Thus the input layer should be least

words more specific in expression than the processing layer, which is followed by 

the output layer. Thus we looked, in the fly brain, at the specificity of expression of 

proteins in the three layers of the model: input, processing and output. We find that 

the input layer shows highly specific expression with 33% of the 

generally and 67% expressed in a more restricted manner (Fig 7.

layer shows slightly more general expression than the input layer wit

and 47% specific expression profiles. The input layer shows more general expression 

with 70% proteins expressing generally and 30% expressing in a specific manner.

The proportions of proteins in each of the three layers of the MAS
expressed either specifically in one or more neuropil or generally across most neuropil.

een synapse diversity and 

cognitive ability proposed by Emes et al., (2008) cannot be addressed.  

three layered model 

tion of MASC suggests 

that the input layer has evolved most since a common unicellular ancestor. 

Immunohistochemical analysis in mouse brain suggests it contains proteins that are 

mes, et al. 2008). 

, perhaps due to the 

role of proteins in this layer in functions at the core of cell survival including 

transcription and translation. Thus the input layer should be least general or in other 

words more specific in expression than the processing layer, which is followed by 

the output layer. Thus we looked, in the fly brain, at the specificity of expression of 

output. We find that 

of the proteins expressed 

generally and 67% expressed in a more restricted manner (Fig 7.4). The processing 

layer shows slightly more general expression than the input layer with 53% general 

and 47% specific expression profiles. The input layer shows more general expression 

with 70% proteins expressing generally and 30% expressing in a specific manner. 

 

The proportions of proteins in each of the three layers of the MASC complex that are 
expressed either specifically in one or more neuropil or generally across most neuropil.. 
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Proteins which fall into the output layer are detected more specifically, proteins involved in 
processing do not show a clear trend with half of the proteins detected in certain specific  
regions of the brain and others are detected more or less generally throughout the brain. 
Proteins which fall into the output layer show a more general detection pattern. Each pie chart 
shows the percentage for proteins in that layer, making a total of 46 proteins over all three 
layers. 

These data support the same three layered organisation and expansion of 

MASC complexes in fly as proposed in mouse Emes et al (2008). 

7.6 Future work 

The biochemical analysis of the MASC complex presented here is a 

preliminary one. Further experiments using more reliable reagents will improve the 

confidence and reproducibility of the results and will improve our confidence in the 

composition of this complex. Although peptide affinity based on NMDA receptor 

interactions is one of the methods used for purifying protein complexes, other 

approaches which capture other protein interaction classes in vivo would be worth 

trying. I would propose extending the protein trap analysis which has provided some 

preliminary leads in this thesis. A wider range of proteomic baits could be used to 

provide a complex with maximum overlap between purifications using different 

baits. 

The available protein trap lines could also be used to pull down the complex 

from the flies at various developmental stages. Nothing is currently understood (in 

any organism), about either how these complexes change with development or how 

they would form in the even simpler larval brain. If this is studied in larvae, it may 

provide a unique window on the role of the fMASC in various learning tasks that 

have been established in the larvae. This includes the acquisition, consolidation and 

retrieval of olfactory memory (Gerber and Stocker 2007, Heimbeck, et al. 1999, 

Scherer, et al. 2003). 

Most of the proteins expressed in each of the sub-compartments of the fly 

brain neuropil could be classified into one of the 10 different protein families. This 

includes Channels and Receptors, Cytoskeletal and Cell Adhesion, G-proteins and 

Modulators, Kinases, MAGUK’s / Adaptors / Scaffolders, Signalling molecules and 
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Enzymes, Synaptic Vesicles / protein Transport, Transcription and translation, 

uncharacterised, Protein phosphatases. The distribution and classification of these 

proteins across the fly brain neuropil suggests a cognitive function as well as 

involvement in maintenance of the structure of the fly brain. Thus the fMASC is a 

strong candidate for functional studies where the role of fMASC in various kinds of 

cognitive tasks can be elucidated.  This could be achieved relatively easily using 

gene-by-gene or combinatorial knock-downs by RNAi in different neuropil regions. 

Furthermore, neuropil specific knockdowns could help establish the role of fMASC 

proteins in the functions of the different neuropil. A confounding issue in 

neuroscience is that signalling complexes are inherently small-world in nature and 

have the capacity to compensate at least partially for single gene/protein defects 

(Pocklington et al 2006), although this effect may be increased due to gene 

duplications in vertebrate evolution. In Drosophila, perhaps almost uniquely we have 

the opportunity to extend beyond single gene knock-outs and investigate multiple 

gene disruptions informed by systems biology models of the protein complex. 

The expression profile of all the fMASC proteins in adult fly brain requires 

completion as new reagents become available. On the same lines, co-immunostaining 

of the various fMASC proteins would render the data more robust. Since reagents are 

not available for all the proteins, key fMASC proteins can be chosen to begin with, 

and for them co-immunostaining can be performed. Also where there is no literature 

data to validate against we should check for available null mutations (or RNAi knock 

downs) that could be used to fully validate the staining patterns discussed earlier 

(Section 6.1).  

Conclusions 

We can now be fairly confident about the existence of a signalling complex 

related to MASC in fly. The cognitive role of the MASC in Drosophila looks 

tantalising but it really requires further validation. The picture that has emerged is 

pleasingly in accordance with observations in mammals suggesting common 

evolutionary pressures on MASC complexes down two distinct and divergent 

lineages. Extending the functional validation of proteins will allow us to establish 



Chapter 7          Discussion 

151 

 

which of the different proteins are required in particular cognitive tasks in 

Drosophila. Comparison of such data with mouse data will shed light on the 

conservation of function of the fMASC and the signalling pathways of which the 

fMASC proteins are a part. Similarly the comparison of the spatial localisation of the 

fMASC proteins in Drosophila with that in the mouse will help understand the 

conservation of function across species. 
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Appendices 

Appendix 2.1. List of primary antibodies, their sources and their 

concentrations used and Secondary antibodies 

 

 Protein name Fix Dilution ID/tag Host Source 

1.  Ankyrin-1  n/a Ank M Ron Dubreuil 

2.  Armadillo  PF 1:20 N2 7A1  M  DSHB, UIOWA 

3.  Arpc3B  H 1:100 Arpc3B  Rat  Lynn Cooley 

4.  
Abnormal wing 

discs 
PF 1:20 Awd Rab Tien Hsu 

5.  Basigin PF 1:100 anti-BSG Rat Anne Ephrussi 

6.  Cabeza  PF 1:500 44RBD  Rab  Susan Haynes 

7.  Calmodulin H+PF 1:200 RC-23  Rab  K Beckingham 

8.  Capulate  n/a anti-CAPT Rab Buzz Baum 

9.  Castor B 1:20 CAS  Rat Lynn Cooley 

10.  Chikadee/Profilin PF  chi 1J M DSHB, UIOWA 

11.  
Connector of 

kinase to AP-1 
 n/a Cka Rab Steven X. Hou 

12.  Coracle  PF 1:20 cora  M  DSHB, UIOWA 

13.  
CP antibody/capping 

protein beta 
 n/a anti-CP Rat Kathryn Miller 

14.  
Cysteine string 

protein 
PF 1:100 DSCP-2(6D6) M DSHB, UIOWA 

15.  Discs large PF 1:20 4F3(mono)  M  DSHB, UIOWA 

16.  dlkb1  n/a dlkb1 Rab Silvia Bonaccorsi 

17.  Dynamitin  n/a Dmn Rat Rahul Warrior 

18.  Nitric oxide synthase PF 1:100 mAb6/157  M  Tim Tully 

19.  
Downstream of 

receptor kinase 
B 1:20 anti-DRK  Rab  Tony Powson 

20.  
Drosophila Protein 

tyrosin phosphatase  
 n/a 3A6  M  DSHB, UIOWA 

21.  ebony  n/a e Rab Bernard T. Hovemann  

22.  Futsch PF 1:100 22C10 M DSHB, UIOWA 

23.  Gbeta13F PF 1:200 5600 Rab Juergen A. Knoblich 

24.  Gelsolin  H+PF 1:200 gel Rab Maria Leptin 

25.  Glutamate receptor  n/a 8B4D2(MH2B)  M DSHB, UIOWA 
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subunit IIA,DGluR-

IIA  

26.  
GST-Drosophila 

Short Stop  
 n/a 

anti-Shot 

mAbRod1  
M DSHB, UIOWA 

27.  

Inactivation no 

afterpotential 

D/PLC  

PF  inad Rab Craig Montell 

28.  Lamin C PF 1:200 LC28.26 M DSHB, UIOWA 

29.  Licorne PF 1:500 lic Rab Kahiniro Masumoto 

30.  
Microtubule-

associated protein  
 n/a 

MAP885,MAP8

86- C-terminal 

Rab 
Lawrence S. B. Goldstein 

31.  
Microtubule-

associated protein  
 n/a 

MAP884,MAP8

87- N-terminal 

Rab 
Lawrence S. B. Goldstein 

32.  Na, K-ATPase   n/a a5  Chic DSHB, UIOWA 

33.  NMDA receptor 1  n/a a-85S Rab Ann Shynn Chiang 

34.  NMDA receptor 2  PF 1:500 a-820-2 Rab Ann Shynn Chiang 

35.  NMDA receptor 2   n/a a-84S Rab Ann Shynn Chiang 

36.  NMDA receptor 2   n/a a-820-1 Rab Ann Shynn Chiang 

37.  NMDA receptor 2B   n/a NR2B  Rab Ann Shynn Chiang 

38.  NMDA receptor 2B   n/a NR2B  
Rab Raised by Genetic 

services 

39.  Peanuts   n/a 4C9H4 M DSHB, UIOWA 

40.  DPTP69D   n/a 3F11  M  DSHB, UIOWA 

41.  Rab6 PF  anti-Rab6  M Joseph O'Tousa 

42.  Raspberry  - 1:360 Ras 827-1  Rab Helmut Kramer  

43.  Raspberry  B  Ras827-2  Rab Helmut Kramer  

44.  Ras opposite B 1:200 4F8  M DSHB, UIOWA 

45.  SCAR PF 1:20 scar  GP Jennifer A. Zallen 

46.  Scrib PF 1:20 Scrib GP David Bilder 

47.  Shaggy   n/a 2G2C5  M 
Marc Bourouis, 

bourouis@unice.fr  

48.  Shaggy  B 1:50 4G1E11 M 
Marc Bourouis, 

bourouis@unice.fr  

49.  Shibire  PF 1:400 2074 Rab Mani Ramaswamy 

50.  Sticky PF 1:200 Sti Rab 
Pier Paolo D’Avino 

d.glover@gen.cam.ac.uk  

51.  Synapsin  PF 1:20 
3C11(anti-

SYNORF1) 
M  DSHB, UIOWA 

52.  Synaptotagmin   3H2 2D7 M  DSHB, UIOWA 

53.  Syntaxin  PF 1:20 8C3  M  DSHB, UIOWA 

54.  Tango  n/a Tango  M  DSHB, UIOWA 
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55.  Tau PF 1:20 Dt2 M  Mark E. Fortini 

56.  Tau   n/a 5A6  M  DSHB, UIOWA 

57.  Trio  PF 1:100 9.4A  M  DSHB, UIOWA 

58.  VAP-33A PF 1:200 GP33  GP Giusy Penneta 

59.  VAP-33A  n/a GP35 GP Giusy Penneta 

60.  VAP-33A  n/a R17 Rat Giusy Penneta 

Appendix 2.1.(contd.). Secondary Antibodies 

Specificity, name Host Ecit. / Emis. (nm) Dilution Source 

Anti-Rab , Alexa Fluor 488 Goat 488/519 1:400 Molecular Probes 

Anti-Mouse, Alexa Fluor 488 Goat 488/519 1:400 Molecular Probes 

Anti-Rat,  Alexa Fluor 488 Goat 488/519 1:400 Molecular Probes 

Anti-Guinea pig,  Alexa Fluor 488 Goat 488/519 1–10 µg/mL  Molecular Probes 

Abbev.PF: 4% Paraformaldehyde, B: Bouin’s fixative, M: Mouse, R: Rabbit, GP: Guinea pig, R: Rat, Chick: Chicken, H+PF: 

n-Heptane saturated with 4% PF 

Appendix 3.1. Sequence alignmement of Drosophila NR1 and NR2 

DNR1   -------------------------------MAMAEFVFCRP------------------ 11 

DNR2   MMPSRVKLKRGTDGPTPTPTPMPTTMRKHTPIATLNTASCQHNSTTSRRKRILTPPSGPI 60 

  :*  : . *:  

DNR1   --LFGLAIVLLVAPIDAAQRHTASDNPSTYNIGGVLS----------------------- 46 

DNR2   SLLLLTVLTLLILDTRSCQGLRLTNGGGSLSKGAAANKEQLNIGLIAPHTNFGKREYLRS 120 

*:  .:.**:    :.*    ::. .: . *.. .      

DNR1   -NSDSEEHFSTTIKHLNFDQQYVPRKVTYYDKTIRMDKNPIKTVFNVCDKLIENRVYAVV 105 

DNR2   INNAVTGLTKTRGAKLTFLKDYSFEQKNIHFDMMSLTPSPTAILSTLCKEFLRVNVSAIL 180 

        *.      .*   :*.* ::*  .: . : . : :  .*   : .:*.:::. .* *:: 

DNR1   VSHEQTSGDLSPAAVSYT---SGFYSIPVIGISSRDAAFSDKNIHVSFLRTVPP-YYHQA 161 

DNR2   YMMNNEQFGHSTASAQYFLQLAGYLGIPVISWNADNSGLERRASQSTLQLQLAPSIEHQS 240 

 :: . . *.*:..*    :*: .****. .: ::.:. :  : ::   :.*   **: 

DNR1   DVWLEMLSHFAYTKVIIIHSSDTDGRAILGRFQTTSQTYYDDVDVRATVELIVEFEPKLE 221 

DNR2   AAMLSILERYKWHQFSVVTSQIAG-------HDDFVQAVRERVAEMQEHFKFTILNSIVV 293 

        . *.:*.:: : :. :: *. :.       .:   *:  : *        :. ::. :  

DNR1   SFTEHLIDMKTAQSRVYLMYASTEDAQVIFRDAGEYNMTGEGHVWIVTEQALFSN----N 277 
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DNR2   TRTSDLMELVNSEARVMLLYATQTEAITILRAAEEMKLTGENYVWVVSQSVIEKKDAHSQ 353 

       : *..*::: .:::** *:**:  :* .*:* * * ::***.:**:*::..: .:    : 

DNR1   TPDGVLGLQLEHAHSDKG-HIRDSVYVLASAIKEMISN-----ETIAEAPKDCGDSAVN- 330 

DNR2   FPVGMLGVHFDTSSAALMNEISNAIKIYSYGVEAYLTDPANRDRRLTTQSLSCEDEGRGR 413 

        * *:**:::: : :    .* ::: : : .::  :::     . ::  . .* *.. .  

DNR1   WESGKRLFQYLKSRNITGETG--QVAFDDNGDRIYAGYDVINIREQQKKHVVGKFSYDSM 388 

DNR2   WDNGEIFFKYLRNVSIEGDLNKPNIEFTADGDLRSAELKIMNLRPSANNKNLVWEEIGVW 473 

       *:.*: :*:**:. .* *: .  :: *  :**   *  .::*:* . ::: :   . .   

DNR1   RAKMRMRINDSEIIWPGKQRRKPEGIMIPTHLRLLTIEEKPFVYVRRMGDDEFRCEPDE- 447 

DNR2   KSWETQKLDIRDIAWPGNSHAPPQGVPEKFHLKITFLEEAPYINLSPADPVSGKCLMDRG 533 

       ::    :::  :* ***:.:  *:*:    **::  :** *:: :   .  . :*  *.  

DNR1   RPCPLFNNSDATAN------------EFCCRGYCIDLLIELSKRINFTYDLALSPDGQFG 495 

DNR2   VLCRVAADHEMAADIDVGQAHRNESFYQCCSGFCIDLLEKFAEELGFTYELVRVEDGKWG 593 

* :  : : :*:     ** *:***** ::::.:.***:*.   **::* 

DNR1   HYILRNNTGAMTLRKEWTGLIGELVNERADMIVAPLTINPERAEYIEFSKPFKYQGITIL 555 

DNR2   TLENG----------KWNGLIADLVNRKTDMVLTSLMINTEREAVVDFSEPFMETGIAIV 643 

    :*.***.:***.::**:::.* **.**   ::**:**   **:*: 

DNR1   EKKPSRSSTLVSFLQPFSNTLWILV-MVSVHVVALVLYLLDRFSPFG-RFKLSHSDSNEE 613 

DNR2   VAKRTGIISPTAFLEPFDTASWMLVGIVAIQAATFMIFLFEWLSPSGYDMKLYLQNTNVT 703 

* :   : .:**:**..: *:** :*:::..:::::*:: :** *  :**  .::*   

DNR1   -KALNLSSAVWFAWGVLLNSGIGEGTPRSFSARVLGMVWAGFAMIIVASYTANLAAFLVL 672 

DNR2   PYRFSLFRTYWLVWAVLFQAAVHVDSPRGFTSRFMTNVWALFAVVFLAIYTANLAAFMIT 763 

 :.*  : *:.*.**:::.:  .:**.*::*.:  *** **::::* ********::  

DNR1   ERPKTKLSGINDARLRNTMEN---LTCATVKGSSVDMYFRRQVELSNMYRTMEANNYATA 729 

DNR2   REEFHEFSGLNDSRLVHPFSHKPSFKFGTIPYSHTDSTIHKYFNVMHNY--MRQYNKTSV 821 

       ..   ::**:**:** :.:.:   :. .*:  * .*  ::: .:: : *  *.  * ::. 

DNR1   EQAIQDVKKGKLMAFIWDSSRLEYEAS--KDCELVTAGELFGRSGYGIGLQKGSPWTDAV 787 

DNR2   ADGVAAVLNGNLDSFIYDGTVLDYLVAQDEDCRLMTVGSWYAMTGYGLAFSRNSKYVQMF 881 

        :.:  * :*:* :**:*.: *:* .:  :**.*:*.*. :. :***:.:.:.* :.: . 
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DNR1   TLAILEFHESGFMEKLDKQWIFHGHVQQNCELFEKTPNTLGLKNMAGVFILVGVGIAGGV 847 

DNR2   NKRLLEFRANGDLERLRRYWMTG--TCRPGKQEHKSSDPLALEQFLSAFLLLMAGILLAA 939 

       .  :***: .* :*:* : *:    . :  :  .*:.:.*.*::: ..*:*: .**  .. 

DNR1   GLIIIEVIYKKHQVKKQKRLDIARHAADKWRGTIEKRKTIRASLAMQRQYNVGLNSTHAP 907 

DNR2   LLLLLEHVYFKYIRKRLAKKDGG-HCCALISLSMGKSLTFRGAVFEATEILKKHRCNDPI 998 

        *:::* :* *:  *:  : * . *..     :: *  *:*.::    :     .....  

DNR1   GTISLAVDKRRYPRLGQRLGPERAWPGDAADVLRIRRPYELGNPGQSPKVMAANQPGMPM 967 

DNR2   CDTHLWKVKHELDMSRLRVR----QLEKVMDKHGIKAPQLR--LASSSDLLNHHHLKERP 1052 

  *   *:.      *:        .. *   *: *      ..*..::  ::      

DNR1   PMLGKTRPQQSVLPPRYSPGYTSDVSHLVV-- 997 

DNR2   PLLGNLS-LAASAQDLYRWSYKTEIAEMETVL 1083 

       *:**:     :     *  .*.::::.: .   

Appendix 3.2. Sequence alignment of NR1 between mouse, rat, 

human, Drosophila and C.elegans. 

MouseNR1          DALTLSSAMWFSWGVLLNSGIGEGAPRSFSARILGMVWAGFAMIIVASYTANLAAFLVLD 658 

RatNR1            DALTLSSAMWFSWGVLLNSGIGEGAPRSFSARILGMVWAGFAMIIVASYTANLAAFLVLD 658 

HumanNR1          DALTLSSAMWFSWGVLLNSGIGEGAPRSFSARILGMVWAGFAMIIVASYTANLAAFLVLD 658 

DrosoNR1          KALNLSSAVWFAWGVLLNSGIGEGTPRSFSARVLGMVWAGFAMIIVASYTANLAAFLVLE 673 

C.elegansNR1      ENVNFGEAMWFVWGVLLNSGVSEKTPRSCSARVLGIVWCGFCMIMVASYTANLAAFLVLD 679 

           . :.:..*:** ********:.* :*** ***:**:**.**.**:**************: 

 

MouseNR1          RPEERITGINDPRLRNPSDKFIYATVKQSSVDIYFRRQVELSTMYRHMEKHNYESAAEAI 718 

RatNR1            RPEERITGINDPRLRNPSDKFIYATVKQSSVDIYFRRQVELSTMYRHMEKHNYESAAEAI 718 

HumanNR1          RPEERITGINDPRLRNPSDKFIYATVKQSSVDIYFRRQVELSTMYRHMEKHNYESAAEAI 718 

DrosoNR1          RPKTKLSGINDARLRNTMENLTCATVKGSSVDMYFRRQVELSNMYRTMEANNYATAEQAI 733 

C.elegansNR1      QPEKGLTGVTDPRLRNPSANFSFGTVLNSNVYQYFKRHVELSSMFRKMEPHNVRRASEAV 739 
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           :*:  ::*:.*.****.  ::  .**  *.*  **:*:****.*:* ** :*   * :*: 

 

MouseNR1          QAVRDNKLHAFIWDSAVLEFEASQKCDLVTTGELFFRSGFGIGMRKDSPWKQNVSLSILK 778 

RatNR1            QAVRDNKLHAFIWDSAVLEFEASQKCDLVTTGELFFRSGFGIGMRKDSPWKQNVSLSILK 778 

HumanNR1          QAVRDNKLHAFIWDSAVLEFEASQKCDLVTTGELFFRSGFGIGMRKDSPWKQNVSLSILK 778 

DrosoNR1          QDVKKGKLMAFIWDSSRLEYEASKDCELVTAGELFGRSGYGIGLQKGSPWTDAVTLAILE 793 

C.elegansNR1      HSLLNGSLDAFIWDSTRLEFEAARHCELRTRGSLFGRSAYGIGLQKNSPWTPHITSAILR 799 

                  : : ...* ******: **:**::.*:* * *.** **.:***::*.***.  :: :**. 

 

MouseNR1          SHENGFMEDLDKTWVRY----QECDSRSNAPATLTFENMAGVFMLVAGGIVAGIFLIFIE 834 

RatNR1            SHENGFMEDLDKTWVRY----QECDSRSNAPATLTFENMAGVFMLVAGGIVAGIFLIFIE 834 

HumanNR1          SHENGFMEDLDKTWVRY----QECDSRSNAPATLTFENMAGVFMLVAGGIVAGIFLIFIE 834 

DrosoNR1          FHESGFMEKLDKQWIFHGHVQQNCELFEKTPNTLGLKNMAGVFILVGVGIAGGVGLIIIE 853 

C.elegansNR1      MSESGVMEKLDQKWIDRGG-PNCVVEAHKSPARLGLVNMKDIFILVSSGVALGIFLSFVE 858 

           *.*.**.**: *:      :      ::*  * : ** .:*:**. *:. *: * ::* 

 

MouseNR1          IAYKRHKDARRKQMQLAFAAVNVWRKNLQ--DRKSGRAEPDPKKKATFRAITSTLASSF- 891 

RatNR1            IAYKRHKDARRKQMQLAFAAVNVWRKNLQ--DRKSGRAEPDPKKKATFRAITSTLASSF- 891 

HumanNR1          IAYKRHKDARRKQMQLAFAAVNVWRKNLQ--DRKSGRAEPDPKKKATFRAITSTLASSF- 891 

DrosoNR1          VIYKKHQVKKQKRLDIARHAADKWRGTIE--KRKTIRASLAMQRQYNVGLNSTHAPGTIS 911 

C.elegansNR1      VSYGRRLADKGRRRRIVTRYFQKWHDLTLGKKRRPYRLKYNLDRMIVRRGFSGLERCSFQ 918 

           : * ::   : ::  :.    : *:      .*:. * .   .:       :     ::  

 

MouseNR1          ----KRRRSSKDTSTGGGRGALQNQKD--------TVLPRRAIER-EEGQ---------- 928 
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RatNR1            ----KRRRSSKDTSTGGGRGALQNQKD--------TVLPRRAIER-EEGQ---------- 928 

HumanNR1          ----KRRRSSKDTSTGGGRGALQNQKD--------TVLPRRAIER-EEGQ---------- 928 

DrosoNR1          LAVDKRRYPRLGQRLGPERAWPGDAAD--------VLRIRRPYELGNPGQSPKVMAANQP 963 

C.elegansNR1      ELRERRQIRGLPTSKVDPYCFWPDLDFKDKPLVLFCSRCRNIVESDVHRETGLFAFLSCF 978 

                :*:                :               *.  *     :           

 

MouseNR1          ---LQLCSRHRES---------------------------------- 938 

RatNR1            ---LQLCSRHRES---------------------------------- 938 

HumanNR1          ---LQLCSRHRES---------------------------------- 938 

DrosoNR1          GMPMPMLGKTRPQQSVLPPRYSPGYTSDVSHLVV------------- 997 

C.elegansNR1      LFAILFLWPCSPLPCFLSSFSDFVHICPLCSHIMGRFRRARSTRFYV 1025 

Appendix 3.3. Sequence alignment of Drosophila NR2 with 

vertebrate and invertebrate orthologues 

MoNR1           ------------MSTMHLLTFALLFSCSFARAACDPKIVNIGAVLSTRKHEQMFREAVNQ 48 

HuNR1           ------------MSTMRLLTLALLFSCSVARAACDPKIVNIGAVLSTRKHEQMFREAVNQ 48 

DmelNR1         MAMAEFVFCRPLFGLAIVLLVAPIDAAQRHTASDNPSTYNIGGVLSNSDSEEHFSTTIKH 60 

CelegNR1        -----------MFRISVIFIWIFLQLGYTIDYKVSVLIVSEPNQETFKELKVSVTAAFVE 49 

RatNR1          ----MKPSAECCSPKFWLVLAVLAVSGSKARSQKSPPSIGIAVILVGTSDEVAIKDAHEK 56 

 

MoNR1           AN--KRHGSWKIQLNATSVTHKPNAIQMALS---VCEDLISSQVYAILVSHPPTPNDHFT 103 

HuNR1           AN--KRHGSWKIQLNATSVTHKPNAIQMALS---VCEDLISSQVYAILVSHPPTPNDHFT 103 

DmelNR1         LNFDQQYVPRKVTYYDKTIRMDKNPIKTVFN---VCDKLIENRVYAVVVSHEQTSGD-LS 116 

CelegNR1        VFGSTSYHLGNDTISAAFVDAKSGDNRLELTQDIVCSQMLNHSLASVIFSPLLTSSSRFI 109 

RatNR1          DD----FHHLSVVPRVELVAMNETDPKSIITR--ICDLMSDRKIQGVVFADDTDQEAIAQ 110 
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                      .   .       :  .    :  :.   :*. : .  : .::.:           

MoNR1           PTPVS--YTAGFYRIPVLGLTT-RMSIYSDKSIHLSFLRTVPPYSHQSSVWFEMMRVYNW 160 

HuNR1           PTPVS--YTAGFYRIPVLGLTT-RMSIYSDKSIHLSFLRTVPPYSHQSSVWFEMMRVYSW 160 

DmelNR1         PAAVS--YTSGFYSIPVIGISS-RDAAFSDKNIHVSFLRTVPPYYHQADVWLEMLSHFAY 173 

CelegNR1        DLVTSSAYTLSFYKLPVVGVMV-RDAEFSKKNIYPTFVRPTAPLSDEAFVFLHMLLSLKY 168 

RatNR1          ILDFIS----AQTLTPILGIHGGSSMIMADKDESSMFFQFGPSIEQQASVMLNIMEEYDW 166 

                          .    *::*:        :.*.    *.:  ..  .:: * :.::    : 

MoNR1           NHIILLVSDDHEGRAAQKRLETLLE------ERESKAEKVLQFDPGTKN-VTALLMEARD 213 

HuNR1           NHIILLVSDDHEGRAAQKRLETLLE------ERESKAEKVLQFDPGTKN-VTALLMEAKE 213 

DmelNR1         TKVIIIHSSDTDGRAILGRFQTTSQTYYDDVDVRATVELIVEFEPKLES-FTEHLIDMKT 232 

CelegNR1        RQVVVLSVKRDINADQFVEEFEKRR-----VEFKIIVQRYIEVELNENL-NDTLAESFEE 222 

RatNR1          YIFSIVTTYFPGYQDFVNKIRSTIEN----SFVGWELEEVLLLDMSLDDGDSKIQNQLKK 222 

                  . ::            .     .            :  : .:   .        . .  

MoNR1           LEARVIILSASEDDAATVYRAAAMLNMTGSGYVWLVGEREISGNALR--YAPDGIIGLQL 271 

HuNR1           LEARVIILSASEDDAATVYRAAAMLNMTGSGYVWLVGEREISGNALR--YAPDGILGLQL 271 

DmelNR1         AQSRVYLMYASTEDAQVIFRDAGEYNMTGEGHVWIVTEQALFSN-----NTPDGVLGLQL 287 

CelegNR1        VTSNIIVLFAKKDDAVRIFANAG--DLTGKGKVWIVSESAGEAHN-----VPNGSLGCRL 275 

RatNR1          LQSPIILLYCTKEEATYIFEVANSVGLTGYGYTWIVPSLVAGDTDTVPSEFPTGLISVSY 282 

            : : :: .. ::*  ::  *   .:** * .*:* .             * * :.    

MoNR1           INGKNES-AHISDAVGVVAQAVHELLEKENITDPPRGCVGNTNIWKTGPLFKRVLMSSKY 330 

HuNR1           INGKNES-AHISDAVGVVAQAVHELLEKENITDPPRGCVGNTNIWKTGPLFKRVLMSSKY 330 

DmelNR1         EHAHSDK-GHIRDSVYVLASAIKEMISNETIAEAPKDCGDSAVNWESGKRLFQYLKS-RN 345 

CelegNR1        G--QTAF-SVLRDSFSILKSAMETIFRESKIDIFPPVECDRDSVDAEWNSLQAPALLNEI 332 

RatNR1          DEWDYGLPARVRDGIAIITTAASDMLSEHSFIPEPKSSCYNTHEKRIYQSNMLNRYLINV 342 
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                   .    . : *.. ::  *   :: : .:   *                       .  

 

MoNR1           ADGVTGRVEFNEDGDRKFANYSIMNLQNRKL---VQVG-------IYNGTHVIPNDRKII 380 

HuNR1           ADGVTGRVEFNEDGDRKFANYSIMNLQNRKL---VQVG-------IYNGTHVIPNDRKII 380 

DmelNR1         ITGETGQVAFDDNGDRIYAGYDVINIREQQK---KHVVGKFSYDSMRAKMRMRINDSEII 402 

CelegNR1        CGTSTSRVHFNDKCERIGVEYDIINFHMERKQVGN-----------MVGDILRLDEDSIE 381 

RatNR1          TFEGR-NLSFSEDGYQMHPKLVIILLNKERK-------------WERVGKWKDKSLQMKY 388 

                      .: *.:.  :      :: :. .:                        .      

MoNR1           WPGGETEKPRGYQMSTRLKIVTIHQEPFVYVKPTMSDGTCKEEFTVNGDP--VKKVICTG 438 

HuNR1           WPGGETEKPRGYQMSTRLKIVTIHQEPFVYVKPTLSDGTCKEEFTVNGDP--VKKVICTG 438 

DmelNR1         WPGKQRRKPEGIMIPTHLRLLTIEEKPFVYVR-RMGD----DEFRCEPDE--RPCPLFNN 455 

CelegNR1        WAGG--TKPLEISLPKHLRVVTVADPPFVYTTPIGSPSQCAELGNTVVEWSIFDKIVVSG 439 

RatNR1          YVWPRMCPETEEQEDDHLSIVTLEEAPFVIVESVDPLSGTCMRNTVPCQK----RIISEN 444 

                :               :* ::*: : *** .                 :       :  . 

MoNR1           PNDTSPGSPR-HTVPQCCYGFCVDLLIKLAR-----TMNFTYEVHLVADGKFGTQERVNN 492 

HuNR1           PNDTSPGSPR-HTVPQCCYGFCIDLLIKLAR-----TMNFTYEVHLVADGKFGTQERVNN 492 

DmelNR1         SDATAN--------EFCCRGYCIDLLIELSK-----RINFTYDLALSPDGQFGHYILRNN 502 

CelegNR1        PWYSCPLTLENSTEYFCCAGLAIDLLSNLSLPEANNSIDTSFTFSLHLNESYGVVQASET 499 

RatNR1          KTDEEPGYIK-----KCCKGFCIDILKKISK-----SVKFTYDLYLVTNGKHGKKIN--- 491 

                                ** * .:*:* :::       :. :: . *  : ..*        

 

MoNR1           S----NKKEWNGMMGELLSGQADMIVAPLTINNERAQYIEFSKPFKYQGLTILVKKEIPR 548 

HuNR1           S----NKKEWNGMMGELLSGQADMIVAPLTINNERAQYIEFSKPFKYQGLTILVKKEIPR 548 

DmelNR1         TGAMTLRKEWTGLIGELVNERADMIVAPLTINPERAEYIEFSKPFKYQGITILEKKPSRS 562 
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CelegNR1        TG-----ITISGVIGELDGDTADMAIGGITINPERERIVDFTEPWLYHGIRILEKNIPRD 554 

RatNR1          -------GTWNGMIGEVVMKRAYMAVGSLTINEERSEVVDFSVPFIETGISVMVSRSNGT 544 

                          .*::**:    * * :. :*** ** . ::*: *:   *: :: ..     

MoNR1           STLDSFMQPFQSTLWLLVGLSVHVV-AVMLYLLDRFSPFGRFKVN-SEEEE--------- 597 

HuNR1           STLDSFMQPFQSTLWLLVGLSVHVV-AVMLYLLDRFSPFGRFKVN-SEEEE--------- 597 

DmelNR1         STLVSFLQPFSNTLWILVMVSVHVV-ALVLYLLDRFSPFGRFKLSHSDSNE--------- 612 

CelegNR1        SPMQSFLQPLQSSLWTALFISVILV-GLAIYCLDFKSPFERFYQADKEMEQDLKKEFELW 613 

RatNR1          VSPSAFLEPFSADVWVMMFVMLLIVSAVAVFVFEYFSPVGYNRCLADGREP--------- 595 

                 .  :*::*:.  :*  : : : :* .: :: ::  **.       .  :           

MoNR1           -----EDALTLSSAMWFSWGVLLNSGIGEGAPRSFSARILGMVWAGFAMIIVASYTANLA 652 

HuNR1           -----EDALTLSSAMWFSWGVLLNSGIGEGAPRSFSARILGMVWAGFAMIIVASYTANLA 652 

DmelNR1         -----EKALNLSSAVWFAWGVLLNSGIGEGTPRSFSARVLGMVWAGFAMIIVASYTANLA 667 

CelegNR1        IGKDADENVNFGEAMWFVWGVLLNSGVSEKTPRSCSARVLGIVWCGFCMIMVASYTANLA 673 

RatNR1          ----GGPSFTIGKAIWLLWGLVFNNSVPVQNPKGTTSKIMVSVWAFFAVIFLASYTANLA 651 

                        ..:..*:*: **:::*..:    *:. :::::  **. *.:*::******** 

MoNR1           AFLVLDRPEERITGINDPRLRNP---SDKFIYATVKQSSVDIYFRRQVELSTMYRHMEKH 709 

HuNR1           AFLVLDRPEERITGINDPRLRNP---SDKFIYATVKQSSVDIYFRRQVELSTMYRHMEKH 709 

DmelNR1         AFLVLERPKTKLSGINDARLRNT---MENLTCATVKGSSVDMYFRRQVELSNMYRTMEAN 724 

CelegNR1        AFLVLDQPEKGLTGVTDPRLRNP---SANFSFGTVLNSNVYQYFKRHVELSSMFRKMEPH 730 

RatNR1          AFMIQEEYVDQVSGLSDKKFQRPNDFSPPFRFGTVPNGSTERNIR--NNYAEMHAYMGKF 709 

                **:: :.    ::*:.* :::..      :  .**  ...   ::   : : *.  *    

MoNR1           NYESAAEAIQAVRDNKLHAFIWDSAVLEFEASQK--CDLVTTG--ELFFRSGFGIGMRKD 765 

HuNR1           NYESAAEAIQAVRDNKLHAFIWDSAVLEFEASQK--CDLVTTG--ELFFRSGFGIGMRKD 765 

DmelNR1         NYATAEQAIQDVKKGKLMAFIWDSSRLEYEASKD--CELVTAG--ELFGRSGYGIGLQKG 780 
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CelegNR1        NVRRASEAVHSLLNGSLDAFIWDSTRLEFEAARH--CELRTRG--SLFGRSAYGIGLQKN 786 

RatNR1          NQRGVDDALLSLKTGKLDAFIYDAAVLNYMAGRDEGCKLVTIGSGKVFASTGYGIAIQKD 769 

                *   . :*:  :  ..* ***:*:: *:: *.:.  *.* * *  .:*  :.:**.::*. 

MoNR1           SPWKQNVSLSILKSHENGFMEDLDKTWVRY----QECDSRSNAPATLTFENMAGVFMLVA 821 

HuNR1           SPWKQNVSLSILKSHENGFMEDLDKTWVRY----QECDSRSNAPATLTFENMAGVFMLVA 821 

DmelNR1         SPWTDAVTLAILEFHESGFMEKLDKQWIFHGHVQQNCELFEKTPNTLGLKNMAGVFILVG 840 

CelegNR1        SPWTPHITSAILRMSESGVMEKLDQKWIDRGG-PNCVVEAHKSPARLGLVNMKDIFILVS 845 

RatNR1          SGWKRQVDLAILQLFGDGEMEELEALWLTG---ICHNEKNEVMSSQLDIDNMAGVFYMLG 826 

                * *.  :  :**.   .* **.*:  *:               .  * : ** .:* ::. 

MoNR1           G------------------------GIVAGIFLIFIEIAYKRHKDARRKQMQLAFAAVNV 857 

HuNR1           G------------------------GIVAGIFLIFIEIAYKRHKDARRKQMQLAFAAVNV 857 

DmelNR1         V------------------------GIAGGVGLIIIEVIYKKHQVKKQKRLDIARHAADK 876 

CelegNR1        S------------------------GVALGIFLSFVEVSYGRRLADKGRRRRIVTRYFQK 881 

RatNR1          AAMALSLITFICEHLFYWQFRHCFMGVCSGKPGMVFSISRGIYSCIHGVAIEERQSVMNS 886 

                                        *:  *    ...:        :           :  

MoNR1           WRKNLQ--DRKSGRAEPDPKKKATFRAITSTLASSF------------------------ 891 

HuNR1           WRKNLQ--DRKSGRAEPDPKKKATFRAITSTLASSF------------------------ 891 

DmelNR1         WRGTIE--KRKTIRASLAMQRQYNVGLNSTHAPGTISLAV-------------------- 914 

CelegNR1        WHDLTLGKKRRPYRLKYNLDRMIVRRGFSGLERCSFQELR-------------------- 921 

RatNR1          PTATMNNTHSNILRLLRTAKNMANLSGVNGSPQSALDFIRRESSVYDISEHRRSFTHSDC 946 

                        . .  *     ..       .     ::                         

MoNR1           ------------------------------------------------------------ 

HuNR1           ------------------------------------------------------------ 

DmelNR1         ------------------------------------------------------------ 
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CelegNR1        ------------------------------------------------------------ 

RatNR1          KSYNNPPCEENLFSDYISEVERTFGNLQLKDSNVYQDHYHHHHRPHSIGSTSSIDGLYDC 1006 

 

MoNR1           --------KRRRSSKDTSTGGGRGALQNQKD----------------------------- 914 

HuNR1           --------KRRRSSKDTSTGGGRGALQNQKD----------------------------- 914 

DmelNR1         -------DKRRYPRLGQRLGPERAWPGDAAD----------------------------- 938 

CelegNR1        -------ERRQIRGLPTSKVDPYCFWPDLDFKD--------------------------- 947 

RatNR1          DNPPFTTQPRSISKKPLDIGLPSSKHSQLSDLYGKFSFKSDRYSGHDDLIRSDVSDISTH 1066 

                         *                 :                                 

MoNR1           ----------TVLPRRAIER-EEGQ-------------LQLCSRHRES------------ 938 

HuNR1           ----------TVLPRRAIER-EEGQ-------------LQLCSRHRES------------ 938 

DmelNR1         ----------VLRIRRPYELGNPGQSPKVMAANQPGMPMPMLGKTRPQQS---------- 978 

CelegNR1        ----KPLVLFCSRCRNIVESDVHRETGLFAFLSCFLFAILFLWPCSPLPC---------- 993 

RatNR1          TVTYGNIEGNAAKRRKQQYKDSLKKRPASAKSRREFDEIELAYRRRPPRSPDHKRYFRDK 1126 

                              *.        :             : :                    

MoNR1           ------------------------------------------------------------ 

HuNR1           ------------------------------------------------------------ 

DmelNR1         ------VLPPRYSPGYTSDVSHLVV----------------------------------- 997 

CelegNR1        ------FLSSFSDFVHICPLCSHIMGRFRRARSTRFYV---------------------- 1025 

RatNR1          EGLRDFYLDQFRTKENSPHWEHVDLTDIYKERSDDFKRDSVSGGGPCTNRSHLKHGTGEK 1186 

 

MoNR1           ------------------------------------------------------------ 

HuNR1           ------------------------------------------------------------ 

DmelNR1         ------------------------------------------------------------ 
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CelegNR1        ------------------------------------------------------------ 

RatNR1          HGVVGGVPAPWEKNLTNVDWEDRSGGNFCRSCPSKLHNYSSTVAGQNSGRQACIRCEACK 1246 

 

MoNR1           ------------------------------------------------------------ 

HuNR1           ------------------------------------------------------------ 

DmelNR1         ------------------------------------------------------------ 

CelegNR1        ------------------------------------------------------------ 

RatNR1          KAGNLYDISEDNSLQELDQPAAPVAVTSNASSTKYPQSPTNSKAQKKNRNKLRRQHSYDT 1306 

 

MoNR1           ------------------------------------------------------------ 

HuNR1           ------------------------------------------------------------ 

DmelNR1         ------------------------------------------------------------ 

CelegNR1        ------------------------------------------------------------ 

RatNR1          FVDLQKEEAALAPRSVSLKDKGRFMDGSPYAHMFEMPAGESSFANKSSVPTAGHHHNNPG 1366 

 

MoNR1           ------------------------------------------------------------ 

HuNR1           ------------------------------------------------------------ 

DmelNR1         ------------------------------------------------------------ 

CelegNR1        ------------------------------------------------------------ 

RatNR1          SGYMLSKSLYPDRVTQNPFIPTFGDDQCLLHGSKSYFFRQPTVAGASKTRPDFRALVTNK 1426 

 

MoNR1           -------------------------------------------------------- 

HuNR1           -------------------------------------------------------- 

DmelNR1         -------------------------------------------------------- 



 

 

CelegNR1        --------------------------------------------------------

RatNR1          PVVVTLHGAVPGRFQKDICIGNQSNPCVPNNKNPRAFNGSSNGHVYEKLSSIESDV 1482

Appendix 3.4. Evolutionary relationship between 

NMDA receptors (DNR1 and DNR2) 

different species by neighbour joining using % identity.

Appendix 4.1. List of proteins purified using BSG protein trap

 

Fly Gene 

symbol 

1 
acp65aa 

2 
actn 

3 
ade2 

4 
akap200 

5 
alphacop 

6 
ank 

7 
ank2 

8 
ap-50 

9 
awd 

10 
bai 

11 
betacop 

12 
bgcn 

13 
bl 

14 
bnb 

15 
bor 

16 
bsg 

17 
cana-14f-ra 

18 
capt 

19 
cg10233 

20 
cg10362 

21 
cg10627 

22 
cg10664 

23 
cg10932 

24 
cg11129 

25 
cg11980 

26 
cg12000 
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--------------------------------------------------------

RatNR1          PVVVTLHGAVPGRFQKDICIGNQSNPCVPNNKNPRAFNGSSNGHVYEKLSSIESDV 1482

Appendix 3.4. Evolutionary relationship between Drosophila

NMDA receptors (DNR1 and DNR2) and NMDA receptors from 

different species by neighbour joining using % identity.

Appendix 4.1. List of proteins purified using BSG protein trap

Ensembl Fly 

Gene ID 
Fbgn ID 

CG10297 FBgn0020765 Other 

CG4376 FBgn0000667 Synaptic function

CG9127 FBgn0000052 Other 

CG13388 FBgn0027932 Synaptic function

CG7961 FBgn0025725 Protein metabolism

CG1651 FBgn0011747 Synaptic function

CG7462 FBgn0085445 Synaptic function

CG7057 FBgn0024832 Synaptic function

CG2210 FBgn0000150 Other 

CG11785 FBgn0045866 Protein metabolism

CG6223 FBgn0008635 Protein metabolism

CG30170 FBgn0004581 Protein metabolism

CG13425 FBgn0015907 Other 

CG7088 FBgn0001090 Other 

CG6815 FBgn0040237 Synaptic function

CG31605 FBgn0011219 Synaptic function

CG9819 FBgn0030758 Synaptic function

CG33979 FBgn0028388 Synaptic function

CG10233 FBgn0087005 Other 

CG10362 FBgn0030358 Synaptic function

CG10627 FBgn0036298 Other 

CG10664 FBgn0032833 Other 

CG10932 FBgn0029969 Other 

CG11129 FBgn0004047 Other 

CG11980 FBgn0037652 Protein metabolism

CG12000 FBgn0250746 Protein metabolism

-------------------------------------------------------- 

RatNR1          PVVVTLHGAVPGRFQKDICIGNQSNPCVPNNKNPRAFNGSSNGHVYEKLSSIESDV 1482 

Drosophila 

and NMDA receptors from 

different species by neighbour joining using % identity.

 

Appendix 4.1. List of proteins purified using BSG protein trap 

Category 

 

Synaptic function 

 

Synaptic function 

Protein metabolism 

Synaptic function 

Synaptic function 

Synaptic function 

 

Protein metabolism 

Protein metabolism 

Protein metabolism 

 

 

Synaptic function 

Synaptic function 

Synaptic function 

Synaptic function 

 

Synaptic function 

 

 

 

 

Protein metabolism 

Protein metabolism 
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27 
cg13185 CG13185 FBgn0033661 Other 

28 
cg13718 CG13718 FBgn0052245 Synaptic function 

29 
cg14648 CG14648 FBgn0037245 Other 

30 
cg14762 CG14762 FBgn0033250 Synaptic function 

31 
cg15216 CG15216 FBgn0032978 Other 

32 
cg15828 CG15828 FBgn0032136 Other 

33 
cg15894 CG15894 FBgn0029864 Other 

34 
cg1597 CG1597 FBgn0030289 Other 

35 
cg16857-pa CG16857 FBgn0028482 Synaptic function 

36 
cg17024 CG17024 FBgn0032437 Other 

37 
cg17331-pa CG17331 FBgn0032596 Protein metabolism 

38 
cg17471 CG17471 FBgn0039924 Other 

39 
cg17839 CG17838 FBgn0038826 Protein metabolism 

40 
cg17896 CG17896 FBgn0023537 Other 

41 
cg1814 CG1814 FBgn0033426 Other 

42 
cg1924 CG1924 FBgn0030377 Protein metabolism 

43 
cg2118 CG2118 FBgn0039877 Other 

44 
cg2165 CG2165 FBgn0259214 Synaptic function 

45 
cg2254 CG2254 FBgn0029994 Other 

46 
cg2985 CG2985 FBgn0004045 Other 

47 
cg3011-pa CG3011 FBgn0029823 Other 

48 
cg30122-pb CG30122 FBgn0050122 Other 

49 
cg30165 CG30165 FBgn0259210 Other 

50 
cg30194 CG30194 FBgn0050194 Other 

51 
cg31075 CG31075 FBgn0051075 Other 

52 
cg32626 CG32626 FBgn0052626 Other 

53 
cg32758 CG32758 FBgn0052758 Synaptic function 

54 
cg3560 CG3560 FBgn0030733 Other 

55 
cg3564 CG3564 FBgn0029709 Protein metabolism 

56 
cg3585 CG3585 FBgn0023458 Protein metabolism 

57 
cg3961 CG3961 FBgn0036821 Other 

58 
cg3967 CG3967 FBgn0035989 Other 

59 
cg4587-pa CG4587 FBgn0028863 Synaptic function 

60 
cg4598 CG4598 FBgn0032160 Other 

61 
cg5064 CG5064 FBgn0035947 Protein metabolism 

62 
cg5482-pa CG5482 FBgn0034368 Protein metabolism 

63 
cg5594 CG5594 FBgn0025698 Synaptic function 

64 
cg5599 CG5599 FBgn0030612 Other 

65 
cg5653-pa CG5653 FBgn0035943 Other 

66 
cg5948-pa CG5948 FBgn0039386 Other 

67 
cg5958 CG5958 FBgn0031913 Other 

68 
cg6370-pa CG6370 FBgn0034277 Protein metabolism 

69 
cg6448 CG6448 FBgn0032976 Other 

70 
cg6455 CG6455 FBgn0019960 Other 

71 
cg6904 CG6904 FBgn0038293 Other 

72 
cg7144 CG7144 FBgn0025687 Other 
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73 
cg7235 CG7235 FBgn0031728 Protein metabolism 

74 
cg7349 CG7349 FBgn0030975 Other 

75 
cg7356 CG7356 FBgn0031975 Protein metabolism 

76 
cg7461 CG7461 FBgn0034432 Other 

77 
cg7891 CG7891 FBgn0037551 Synaptic function 

78 
cg8286 CG8286 FBgn0037718 Synaptic function 

79 
cg8306-pa CG8306 FBgn0034142 Other 

80 
cg8479 CG8479 FBgn0086250 Synaptic function 

81 
cg8635 CG8635 FBgn0033317 Other 

82 
cg8665 CG8665 FBgn0032945 Other 

83 
cg8743 CG8743 FBgn0036904 Synaptic function 

84 
cg8863-pa CG8863 FBgn0038145 Protein metabolism 

85 
cg8888-pa CG8888 FBgn0033679 Other 

86 
cg9140 CG9140 FBgn0031771 Other 

87 
cg9172 CG9172 FBgn0030718 Other 

88 
cg9231 CG9231 FBgn0036887 Other 

89 
cg9297-pb CG9297 FBgn0038181 Synaptic function 

90 
cg9510 CG9510 FBgn0032076 Other 

91 
chic CG9553 FBgn0083419 Synaptic function 

92 
cka CG7392 FBgn0044323 Synaptic function 

93 
cora-ra CG11949 FBgn0010434 Synaptic function 

94 
cova CG14724 FBgn0019624 Other 

95 
crmp CG1411 FBgn0023023 Other 

96 
cyp28a5-ra CG8864 FBgn0028940 Other 

97 
cyt-b5-r CG13279 FBgn0000406 Other 

98 
deltacop CG14813 FBgn0028969 Synaptic function 

99 
dip-b CG9285 FBgn0000454 Protein metabolism 

100 
dlg1-rc CG1725 FBgn0001624 Synaptic function 

101 
dl-ra CG6667 FBgn0000462 Other 

102 
dmn CG8269 FBgn0021825 Synaptic function 

103 
drp1 CG3210 FBgn0026479 Synaptic function 

104 
dsp1-ra CG12223 FBgn0011764 Other 

105 
e CG3331 FBgn0000527 Other 

106 
ef1alpha100e CG1873 FBgn0000557 Protein metabolism 

107 
ef1gamma CG11901 FBgn0029176 Protein metabolism 

108 
eftum CG6050 FBgn0024556 Other 

109 
eif3-s10-ra CG9805 FBgn0037249 Protein metabolism 

110 
eif3-s9 CG4878 FBgn0034237 Protein metabolism 

111 
ergic53 CG6822 FBgn0035909 Protein metabolism 

112 
fatp CG7400 FBgn0021953 Other 

113 
fax CG4609 FBgn0014163 Other 

114 
flw CG2096 FBgn0000711 Synaptic function 

115 
futsch-rb CG3064 FBgn0259108 Synaptic function 

116 
gammacop CG1528 FBgn0028968 Protein metabolism 

117 
gdi CG4422 FBgn0004868 Synaptic function 

118 
gl-ra CG9206 FBgn0001108 Synaptic function 
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119 
granny-smith CG7340 FBgn0040493 Protein metabolism 

120 
g-salpha60a CG2835 FBgn0001123 Synaptic function 

121 
hel25e CG7269 FBgn0014189 Protein metabolism 

122 
hex-c CG8094 FBgn0001187 Other 

123 
hrb27c-ra CG10377 FBgn0083432 Other 

124 
hsc70-5 CG8542 FBgn0001220 Protein metabolism 

125 
hsc70cb CG6603 FBgn0026418 Protein metabolism 

126 
hsp23 CG4463 FBgn0001224 Protein metabolism 

127 
idh CG7176 FBgn0001248 Other 

128 
inac-ra CG6518 FBgn0004784 Synaptic function 

129 
karybeta3 CG1059 FBgn0087013 Other 

130 
l(1)g0030 CG3861 FBgn0086133 Other 

131 
l(1)g0255 CG4094 FBgn0028336 Other 

132 
l(2)05070 CG8392 FBgn0010590 Protein metabolism 

133 
lamc-ra CG10119 FBgn0010397 Synaptic function 

134 
lanb2 CG3322 FBgn0002528 Synaptic function 

135 
lap CG2520 FBgn0086372 Synaptic function 

136 
lsd-1 CG10374 FBgn0039114 Other 

137 
ltd-rc CG8024 FBgn0002567 Synaptic function 

138 
map205 CG1483 FBgn0002645 Synaptic function 

139 
mdh CG5889 FBgn0029155 Other 

140 
mgstl CG1742 FBgn0025814 Other 

141 
mod CG2050 FBgn0002780 Other 

142 
mov34 CG3416 FBgn0002787 Protein metabolism 

143 
mrpl12 CG5012 FBgn0011787 Protein metabolism 

144 
msk CG7935 FBgn0026252 Synaptic function 

145 
nacalpha-rb CG8759 FBgn0086904 Protein metabolism 

146 
nap1 CG5330 FBgn0015268 Other 

147 
nca CG7641 FBgn0013303 Synaptic function 

148 
nd42 CG6343 FBgn0019957 Other 

149 
nipsnap CG9212 FBgn0030724 Synaptic function 

150 
nod-ra CG1763 FBgn0002948 Synaptic function 

151 
nsf2 CG33101 FBgn0013998 Synaptic function 

152 
ntpase CG3059 FBgn0024947 Other 

153 
past1 CG6148 FBgn0016693 Protein metabolism 

154 
patj-rb CG12021 FBgn0067864 Synaptic function 

155 
pgi CG8251 FBgn0003074 Other 

156 
pgk CG3127 FBgn0250906 Other 

157 
pkc53e-rb CG6622 FBgn0003091 Synaptic function 

158 
pkc98e-ra CG1954 FBgn0003093 Synaptic function 

159 
ple CG10118 FBgn0005626 Other 

160 
pnut CG8705 FBgn0013726 Synaptic function 

161 
pont CG4003 FBgn0040078 Other 

162 
pp2a-29b CG17291 FBgn0005776 Synaptic function 

163 
pp2b-14d-ra CG9842 FBgn0011826 Synaptic function 

164 
pr CG16784 FBgn0003141 Other 
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165 
prat2 CG10078 FBgn0041194 Other 

166 
pros25 CG5266 FBgn0086134 Protein metabolism 

167 
pros26 CG4097 FBgn0002284 Protein metabolism 

168 
pros45 CG1489 FBgn0020369 Protein metabolism 

169 
pros54 CG7619 FBgn0015283 Protein metabolism 

170 
prosalpha6 CG18495 FBgn0026781 Protein metabolism 

171 
prosalpha7 CG1519 FBgn0023175 Protein metabolism 

172 
qm CG17521 FBgn0024733 Protein metabolism 

173 
rab1 CG3320 FBgn0016700 Synaptic function 

174 
rad23 CG1836 FBgn0026777 Other 

175 
ras CG1799 FBgn0003204 Other 

176 
rdga CG10966 FBgn0085373 Synaptic function 

177 
rept CG9750 FBgn0040075 Other 

178 
retinin CG13057 FBgn0053061 Other 

179 
rho-5 CG33304 FBgn0041723 Synaptic function 

180 
rhogef2-rd CG9635 FBgn0023172 Synaptic function 

181 
rl CG12559 FBgn0003256 Synaptic function 

182 
rpl14 CG6253 FBgn0017579 Protein metabolism 

183 
rpl22 CG7434 FBgn0015288 Protein metabolism 

184 
rpl23 CG3661 FBgn0010078 Protein metabolism 

185 
rpl31 CG1821 FBgn0068071 Protein metabolism 

186 
rpl38 CG18001 FBgn0040007 Protein metabolism 

187 
rpl8 CG1263 FBgn0024939 Protein metabolism 

188 
rplp0 CG7490 FBgn0000100 Protein metabolism 

189 
rplp1 CG4087 FBgn0002593 Protein metabolism 

190 
rplp2 CG4918 FBgn0003274 Protein metabolism 

191 
rpn6 CG10149 FBgn0028689 Protein metabolism 

192 
rps15 CG8332 FBgn0034138 Protein metabolism 

193 
rps15aa CG2033 FBgn0068057 Protein metabolism 

194 
rps16 CG4046 FBgn0034743 Protein metabolism 

195 
rps23 CG8415 FBgn0033912 Protein metabolism 

196 
rps6 CG10944 FBgn0004922 Protein metabolism 

197 
rps9 CG3395 FBgn0010408 Protein metabolism 

198 
rpt1 CG1341 FBgn0028687 Protein metabolism 

199 
rpt3 CG16916 FBgn0028686 Protein metabolism 

200 
rpt4 CG3455 FBgn0028685 Protein metabolism 

201 
sc2 CG10849 FBgn0035471 Other 

202 
scrib-ra CG5462 FBgn0026178 Synaptic function 

203 
sec23 CG1250 FBgn0037357 Protein metabolism 

204 
sep-2 CG4173 FBgn0014029 Synaptic function 

205 
sgg CG2621 FBgn0003371 Synaptic function 

206 
sip1 CG30173 FBgn0061198 Synaptic function 

207 
skf-ra CG30021 FBgn0050021 Synaptic function 

208 
stn CG40306 FBgn0016976 Protein metabolism 

209 
syn1 CG7152 FBgn0037130 Synaptic function 

210 
syn2 CG4905 FBgn0034135 Synaptic function 
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211 
t-cp1 CG5374 FBgn0003676 Protein metabolism 

212 
tctp CG4800 FBgn0037874 Synaptic function 

213 
trip1 CG8882 FBgn0015834 Protein metabolism 

214 
trxr-1 CG2151 FBgn0020653 Other 

215 
tsp42ea CG18817 FBgn0029508 Other 

216 
ugp CG4347 FBgn0035978 Other 

217 
vap-33-1 CG5014 FBgn0029687 Synaptic function 

218 
veli CG7662 FBgn0039269 Synaptic function 

219 
vig CG4170 FBgn0024183 Protein metabolism 

220 
zip-rc CG15792 FBgn0005634 Synaptic function 

Appendix 4.2. List of 67 proteins purified using dDPEP6 affinity 

purification 

 
Fly Gene 

Symbol 
Fbgn ID 

Mouse 

Homolog 

Protein 

Class 
Neuron

al exp 
Behaviour 

Phenotype 

1 cg2165 FBgn0025704 atp2b3 CH-R 0 0 

2 cg4587  FBgn0028863 CH-R 0 0 

3 best:ck01510 FBgn0025698 slc12a6 CH-R 0 0 

4 cg8743 FBgn0036904 mcoln3 CH-R 0 0 

5 dlg1 FBgn0001624 dlgh1 MAG 1 1 

6 cg32758 FBgn0052758 snx27  MAG 0 0 

7 skf FBgn0050021 mpp3 MAG 1 0 

8 veli FBgn0039269 lin7c MAG 0 0 

9 sip1 FBgn0010620 slc9a3r1 MAG 0 0 

10 scrib FBgn0026178 scrib MAG 1 1 

11 syn2 FBgn0034135 sntg1  MAG 0 0 

12 cg10362 FBgn0030358 pdzd8 MAG 0 0 

13 patj FBgn0067864 inadl MAG 0 0 

14 cka FBgn0044323 strn4 MAG 0 0 

15 sgg FBgn0003371 gsk3b KIN 1 1 

16 pkc98e FBgn0003093 prkch  KIN 1 0 

17 pkc53e FBgn0003091 prkcb1 KIN 1 0 

18 rl FBgn0003256 mapk1 KIN 1 1 

19 inac FBgn0004784 prkcb1 KIN 1 1 

20 ltd FBgn0002567 KIN 1 1 

21 pp2b-14d FBgn0011826 ppp3cb  PRO PH 1 0 

22 pp2a-29b FBgn0005776 ppp2r1a PRO PH 1 0 

23 flw FBgn0000711 ppp1cb  PRO PH 1 1 

24 cana-14f FBgn0030758 ppp3cb  PRO PH 0 0 

25 sep-02 FBgn0014029 sep-11 GP-MO 1 0 

26 pnut FBgn0013726  sept7  GP-MO 1 0 

27 rab1 FBgn0016700 rab1 GP-MO 1 0 

28 g-s-alpha-60a FBgn0001123 gnal GP-MO 1 1 

29 rhogef2 FBgn0023172 arhgef12 GP-MO 0 0 

30 gdi FBgn0004868 gdi1   GP-MO 1 0 

31 msk FBgn0026252 ipo8   GP-MO 0 0 

32 arl8 FBgn0037551 arl8b GP-MO 1 0 

33 bor FBgn0040237 atad3a SIG-E 0 0 

34 rdga FBgn0003217 dgki  SIG-E 1 1 

35 rho-5 FBgn0041723 rhbdf2 SIG-E 0 0 
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36 akap200 FBgn0027932 marcksl1 SIG-E 0 0 

37 nca FBgn0013303 ncald SIG-E 0 0 

38 p58ipk FBgn0037718 dnajc3  SIG-E 0 0 

39 actn FBgn0000667 actn1 CAD-PT 0 1 

40 futsch FBgn0015390 mtap1b CAD-PT 1 0 

41 syn1 FBgn0037130 sntb CAD-PT 0 0 

42 map205 FBgn0002645 CAD-PT 0 0 

43 lamc FBgn0010397 lmna CAD-PT 0 0 

44 cora FBgn0010434 epb41l1 CAD-PT 0 0 

45 capt FBgn0028388 CAD-PT 0 0 

46 tctp FBgn0037874 eg627798 CAD-PT 0 0 

47 chic FBgn0000308 CAD-PT 0 0 

48 nod FBgn0002948 CAD-PT 0 0 

49 cg13718 FBgn0052245 stom CAD-PT 0 0 

50 ank2 FBgn0017645 ank1 CAD-PT 0 0 

51 ank FBgn0011747 CAD-PT 0 0 

52 bsg FBgn0011219 nptn CAD-PT 1 0 

53 lanb2 FBgn0002528 lamc1 CAD-PT 1 0 

54 bcdna.gh11322 FBgn0028482 lgsf9 CAD-PT 0 0 

55 cg9297 FBgn0038181 srl CAD-PT 0 0 

56 cg14762 FBgn0033250 CAD-PT 0 0 

57 delta-cop FBgn0028969 arcn1 SV-PT 0 0 

58 nsf2 FBgn0013998 nsf SV-PT 1 0 

59 ap-50 FBgn0024832 ap2m1  SV-PT 1 0 

60 lap FBgn0026210 picalm SV-PT 1 0 

61 nipsnap FBgn0030724 nipsnap1 SV-PT 0 0 

62 vap-33-1 FBgn0029687 vapb SV-PT 1 0 

63 gl FBgn0001108 dctn1 SV-PT 1 1 

64 zip FBgn0005634 myh10 SV-PT 1 0 

65 dmn FBgn0021825 dctn2 SV-PT 1 0 

66 cg8479 FBgn0033914 opa1 SV-PT 0 0 

67 drp1 FBgn0026479 dnm1l  SV-PT 1 0 

 

Appendix 4.3. Protein clusters identified using cluster analysis 

Cluster1 Cluster2 Cluster3 Cluster4 Cluster5 Cluster6 

PNUT RHOGEF2 RAB3 GAPDH1 TCTP APLIP1 

SGG CANA-14F SYT PPD3 ACON PLC21C 

CHER CG2165 
VAP-
33A CORA RAB6 GS2 

PK61C ARPC3B NSF2 JAFRAC1 GL LIC 
CSW ARC-P34 ANK TPI DMN   

INAC AP-50 LAP DRP1     
PKC53E CG31352 SNAP24 GDI     
PYD CPB TAU RAB2     

DSOR1 CHIC ROP       
NMDAR2 DRK FUTSCH       

AKAP200 CAM CHC       
SCRIB PP2B-14D SHI       
PATJ CAPT SYN2       
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CAZ ZIP SYX1A       

ACTN SYN1 SL       
STI BOR         
LAMC FLW         

ARM 17 15 8 5 4 

PKC98E   

HEP   
LAM Cluster7 Cluster8 Cluster9 Cluster10 Cluster11 

RL CKA RAB1 ANK2 FRAY RPL13A 

RAS85D SESB RAN ARF79F PORIN RPL13 
NMDAR1 BLW MSK RALA GEL   

DLG1 CG5703         

25 4 3 3 3 2 

Appendix 4.4.  Buffers 

(a)Lysis buffer for DPEP6 affinity purification:  50 mM Tris, pH 7.4, , 0.5 % 

Nonidet P-40 (v/v) , 50 mM , NaF, 20 mM ZnCl2, 1 mM o-vanadate , 1mM PMSF, 2 

ugml–1 aprotinin, 2 ug ml–1 , leupeptin 

(b) Dissction solution: Phosphate buffered saline pH 7.4 

(C) Tissue Fixation solution: PBS+0.4% Paraformaldehyde 

(d) Tissue Washing Solution: PBS+0.3% Triton-x-100 

(d)NP-40, lysis Buffer for Strep tag affinity purification: 150 mM Tris•HCI, pH 

7.4, 150 mM NaCl, 1%NP40, 1% SDS 1 mM EDTA, 20% Glycerol, 5mM NaF, and  

Complete mini (Roche) 

 (e)Elution solution: 10mM D-desthiobiotin. Stock- 25mM solutions in water (at 

higher conc solubility is very low.)Working solution -10uM in lysis budder 

Appendix 4.5. List of proteins purified using Bsg protein trap line 

 
FBgn ID 

Gene 

Symbol 
 

 
FBgn ID 

Gene 

Symbol 

1 FBgn0010339 128up  52 FBgn0025582 int6 

2 FBgn0004907 14-3-3zeta  53 FBgn0019960 cg6455 

3 FBgn0035811 cg12262  54 FBgn0016687 nurf-38 

4 FBgn0000042 act5c  55 FBgn0003071 pfk 

5 FBgn0000045 act79b  56 FBgn0000116 argk 

6 FBgn0000046 act87e  57 FBgn0003178 pyk 
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7 FBgn0000047 act88f  58 FBgn0040108 larp 

8 FBgn0000055 adh  59 FBgn0004419 me31b 

9 FBgn0003360 sesb  60 FBgn0033883 cg16935 

10 FBgn0000064 ald  61 FBgn0005278 m(2)21ab 

11 FBgn0016724 rfabp  62 FBgn0002772 mlc1 

12 FBgn0000120 arr1  63 FBgn0002780 mod 

13 FBgn0004551 ca-p60a  64 FBgn0002789 mp20 

14 FBgn0002921 atpalpha  65 FBgn0086783 mhc 

15 FBgn0016120 atpsyn-d  66 FBgn0003149 prm 

16 FBgn0011211 blw  67 FBgn0003149 prm 

17 FBgn0010217 atpsyn-beta  68 FBgn0019957 nd42 

18 FBgn0016691 oscp  69 FBgn0032393 cg12264 

19 FBgn0038681 cyp12a4  70 FBgn0020392 nmt 

20 FBgn0020385 pug  71 FBgn0014868 ost48 

21 FBgn0015610 caf1  72 FBgn0003031 pabp 

22 FBgn0013675 mt:coii  73 FBgn0004181 peb 

23 FBgn0010019 cyp4g1  74 FBgn0003075 pgk 

24 FBgn0038194 cyp6d5  75 FBgn0004625 norpa 

25 FBgn0015039 cyp9b2 

 
76 FBgn0003134 

pp1alpha-

96a 

26 FBgn0038037 cyp9f2  77 FBgn0040309 jafrac1 

27 FBgn0000406 cyt-b5-r  78 FBgn0020369 pros45 

28 FBgn0004516 gad1  79 FBgn0020513 ade5 

29 FBgn0017539 scs-fp  80 FBgn0027493 cg17273 

30 FBgn0029176 ef1gamma  81 FBgn0003279 rpl4 

31 FBgn0000559 ef2b  82 FBgn0003261 rm62 

32 FBgn0000579 eno  83 FBgn0086897 sqd 

33 FBgn0004654 pgd  84 FBgn0035947 srp68 

34 FBgn0000639 fbp1  85 FBgn0004888 scsalpha 

35 FBgn0013269 fk506-bp1  86 FBgn0003884 alphatub84b 

36 FBgn0001091 gapdh1  87 FBgn0003885 alphatub84d 

37 FBgn0001092 gapdh2  88 FBgn0003887 betatub56d 

38 FBgn0031845 cg9232  89 FBgn0004028 wupa 

39 FBgn0001145 gs2  90 FBgn0004169 up 

40 FBgn0001128 gpdh  91 FBgn0004117 tm2 

41 FBgn0010226 gsts1  92 FBgn0003721 tm1 

42 FBgn0038293 cg6904  93 FBgn0020653 trxr-1 

43 FBgn0001218 hsc70-3  94 FBgn0003941 rpl40 

44 FBgn0001219 hsc70-4  95 FBgn0028665 vhaac39 

45 FBgn0001233 hsp83  96 FBgn0005671 vha55 

46 FBgn0020415 idgf2  97 FBgn0020611 vha44 

47 FBgn0026415 idgf4  98 FBgn0004363 porin 

48 FBgn0027291 l(1)g0156  99 FBgn0004045 yp1 

49 FBgn0004925 eif-2alpha  100 FBgn0005391 yp2 

50 FBgn0003600 su(var)3-9  101 FBgn0004047 yp3 

51 FBgn0015834 trip1  
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Appendix 4.6. List of Bsg pull down proteins which were identified 

in either DPEP6 or mMASC pull down 

S. No FBgn ID Symbol S. No FBgn ID Symbol 

1 FBgn0004907  14-3-3zeta  18 FBgn0000639  fbp1  

2 FBgn0000042  act5c  19 FBgn0001091  gapdh1  

3 FBgn0000045  act79b  20 FBgn0001092  gapdh2  

4 FBgn0000046  act87e  21 FBgn0001145  gs2  

5 FBgn0000047  act88f  22 FBgn0001219  hsc70-4  

6 FBgn0000064  ald  23 FBgn0019957  nd42  

7 FBgn0003884  alphatub84b  24 FBgn0004625  norpa  

8 FBgn0002921  atpalpha  25 FBgn0003071  pfk  

9 FBgn0003887  betatub56d  26 FBgn0003075  pgk  

10 FBgn0011211  blw  27 FBgn0004363  porin  

11 FBgn0004551  ca-p60a  28 FBgn0003178  pyk  

12 FBgn0032393  cg12264  29 FBgn0003279  rpl4  

13 FBgn0019960  cg6455  30 FBgn0003360  sesb  

14 FBgn0038293  cg6904  31 FBgn0035947  srp68  

15 FBgn0038037  cyp9f2  32 FBgn0015834  trip1  

16 FBgn0000406  cyt-b5-r  33 FBgn0020653  trxr-1  

17 FBgn0029176  ef1gamma  

 

Appendix 4.7.a. List of proteins purified with DLG protein traps 

DLG pull down DLG pull down 
SYMBOL FBID KEY SYMBOL FBID KEY 

14-3-3EPSILON FBgn0020238 HIS3:CG33803 FBgn0053803 

14-3-3ZETA FBgn0004907 HIS3:CG33806 FBgn0053806 
26-29-P FBgn0250848 HIS3:CG33809 FBgn0053809 

AATS-ASN FBgn0086443 HIS3:CG33812 FBgn0053812 
AATS-THR FBgn0027081 HIS3:CG33815 FBgn0053815 
ACCOAS FBgn0012034 HIS3:CG33818 FBgn0053818 

ACON FBgn0010100 HIS3:CG33821 FBgn0053821 
ACT5C FBgn0000042 HIS3:CG33824 FBgn0053824 

ACT79B FBgn0000045 HIS3:CG33827 FBgn0053827 
ACT87E FBgn0000046 HIS3:CG33830 FBgn0053830 

ACT88F FBgn0000047 HIS3:CG33833 FBgn0053833 
ACTN FBgn0000667 HIS3:CG33836 FBgn0053836 
ADE2 FBgn0000052 HIS3:CG33839 FBgn0053839 

ADE5 FBgn0020513 HIS3:CG33842 FBgn0053842 
ADH FBgn0000055 HIS3:CG33845 FBgn0053845 

ADK1 FBgn0022709 HIS3:CG33848 FBgn0053848 
AHCY13 FBgn0014455 HIS3:CG33851 FBgn0053851 
ALD FBgn0000064 HIS3:CG33854 FBgn0053854 

ALDH FBgn0012036 HIS3:CG33857 FBgn0053857 
ALDH-III FBgn0010548 HIS3:CG33860 FBgn0053860 

ALPHA-ADAPTIN FBgn0015567 HIS3:CG33863 FBgn0053863 
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ALPHA-SPEC FBgn0250789 HIS3:CG33866 FBgn0053866 

ALPHATUB84B FBgn0003884 HIS4 FBgn0001200 
AMY-P FBgn0000079 HIS4:CG31611 FBgn0051611 
ANNX FBgn0000084 HIS4:CG33869 FBgn0053869 

ARF79F FBgn0010348 HIS4:CG33871 FBgn0053871 
ARM FBgn0000117 HIS4:CG33873 FBgn0053873 

ARR1 FBgn0000120 HIS4:CG33875 FBgn0053875 
ARR2 FBgn0000121 HIS4:CG33877 FBgn0053877 
ATPALPHA FBgn0002921 HIS4:CG33879 FBgn0053879 

ATPCL FBgn0020236 HIS4:CG33881 FBgn0053881 
ATPSYN-B FBgn0019644 HIS4:CG33883 FBgn0053883 

ATPSYN-BETA FBgn0010217 HIS4:CG33885 FBgn0053885 
ATPSYN-D FBgn0016120 HIS4:CG33887 FBgn0053887 

ATPSYN-GAMMA FBgn0020235 HIS4:CG33889 FBgn0053889 
AWD FBgn0000150 HIS4:CG33891 FBgn0053891 
BC FBgn0000165 HIS4:CG33893 FBgn0053893 

BETATUB56D FBgn0003887 HIS4:CG33895 FBgn0053895 
BETATUB97EF FBgn0003890 HIS4:CG33897 FBgn0053897 

BLW FBgn0011211 HIS4:CG33899 FBgn0053899 
BSF FBgn0032679 HIS4:CG33901 FBgn0053901 
BSG FBgn0011219 HIS4:CG33903 FBgn0053903 

BT FBgn0005666 HIS4:CG33905 FBgn0053905 
CABP1 FBgn0025678 HIS4:CG33907 FBgn0053907 

CAMKII FBgn0004624 HIS4:CG33909 FBgn0053909 
CA-P60A FBgn0004551 HIS4R FBgn0013981 

CAT FBgn0000261 HSC70-3 FBgn0001218 
CATHD FBgn0029093 HSC70-4 FBgn0001219 
CCTGAMMA FBgn0015019 HSC70-5 FBgn0001220 

CG10373 FBgn0032704 HSC70CB FBgn0026418 
CG10527 FBgn0034583 HSP60 FBgn0015245 

CG10576 FBgn0035630 HSP68 FBgn0001230 
CG10639 FBgn0032729 HSP83 FBgn0001233 
CG10664 FBgn0032833 IDH FBgn0001248 

CG10863 FBgn0027552 INOS FBgn0025885 
CG10882 FBgn0031408 IRP-1B FBgn0024957 

CG11015 FBgn0031830 JAFRAC1 FBgn0040309 
CG11089 FBgn0039241 KDN FBgn0086133 

CG11198 FBgn0033246 L(1)G0156 FBgn0027291 
CG11267 FBgn0036334 L(1)G0230 FBgn0028342 
CG11876 FBgn0039635 L(1)G0255 FBgn0028336 

CG11963 FBgn0037643 L(1)G0334 FBgn0028325 
CG12030 FBgn0035147 L(2)01289 FBgn0010482 

CG12079 FBgn0035404 L(2)03709 FBgn0010551 
CG12140 FBgn0033465 L(2)06225 FBgn0010612 
CG12262 FBgn0035811 L(2)37CC FBgn0002031 

CG13394 FBgn0032037 LAMC FBgn0010397 
CG14022 FBgn0031700 LMPT FBgn0036672 

CG14207 FBgn0031037 LSP1BETA FBgn0002563 
CG14235 FBgn0031066 LSP1GAMMA FBgn0002564 
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CG14482 FBgn0034245 LSP2 FBgn0002565 

CG1516 FBgn0027580 LVPH FBgn0002570 
CG1640 FBgn0030478 MDH FBgn0029155 
CG1648 FBgn0033446 MEN FBgn0002719 

CG16935 FBgn0033883 MF FBgn0038294 
CG17097 FBgn0032275 MGSTL FBgn0025814 

CG1732 FBgn0039915 MHC FBgn0086783 
CG17374 FBgn0040001 MLC1 FBgn0002772 
CG17838 FBgn0038826 MLC2 FBgn0002773 

CG17896 FBgn0023537 MLP84B FBgn0014863 
CG18522 FBgn0038347 MOD FBgn0002780 

CG1970 FBgn0039909 MP20 FBgn0002789 
CG2118 FBgn0039877 MPCP FBgn0026409 

CG2947 FBgn0029676 MT:COII FBgn0013675 
CG3011 FBgn0029823 MT:CYT-B FBgn0013678 
CG31198 FBgn0051198 NC73EF FBgn0010352 

CG31343 FBgn0051343 ND23 FBgn0017567 
CG3214 FBgn0031436 ND42 FBgn0019957 

CG32230 FBgn0052230 ND75 FBgn0017566 
CG32495 FBgn0052495 NEB-CGP FBgn0083167 
CG32626 FBgn0052626 NINAC FBgn0002938 

CG3267 FBgn0042083 NLP FBgn0016685 
CG32789 FBgn0260484 NPLP2 FBgn0040813 

CG3301 FBgn0038878 NRV3 FBgn0032946 
CG33138 FBgn0053138 OBP44A FBgn0033268 

CG33303 FBgn0053303 OBP99C FBgn0039682 
CG3415 FBgn0030731 OSCP FBgn0016691 
CG34172 FBgn0085201 OST48 FBgn0014868 

CG34425 FBgn0085454 OX FBgn0011227 
CG3446 FBgn0029868 PABP FBgn0003031 

CG3523 FBgn0027571 PDH FBgn0011693 
CG3560 FBgn0030733 PDI FBgn0014002 
CG3683 FBgn0035046 PFK FBgn0003071 

CG3699 FBgn0040349 PGD FBgn0004654 
CG3731 FBgn0038271 PGI FBgn0003074 

CG3902 FBgn0036824 PGK FBgn0250906 
CG4169 FBgn0250814 PGLYM78 FBgn0014869 

CG4365 FBgn0037024 PHGPX FBgn0035438 
CG4389 FBgn0028479 PKA-R2 FBgn0022382 
CG4598 FBgn0032160 PORIN FBgn0004363 

CG4685 FBgn0039349 PP2A-29B FBgn0260439 
CG4692 FBgn0035032 PRM FBgn0003149 

CG4769 FBgn0035600 PROS26.4 FBgn0015282 
CG5023 FBgn0038774 PROS28.1 FBgn0004066 
CG5162 FBgn0030828 PROSALPHA6 FBgn0026781 

CG5171 FBgn0031907 PROSALPHA7 FBgn0023175 
CG5177 FBgn0031908 PRX2540-1 FBgn0033520 

CG5214 FBgn0037891 PRX5037 FBgn0038519 
CG5261 FBgn0031912 PSA FBgn0035226 
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CG5288 FBgn0035950 PYK FBgn0003178 

CG5362 FBgn0032237 RAB8 FBgn0015796 
CG5384 FBgn0032216 RACK1 FBgn0020618 
CG5506 FBgn0036766 RAN FBgn0020255 

CG5590 FBgn0039537 RAS FBgn0003204 
CG5676 FBgn0032200 REGUCALCIN FBgn0030362 

CG5703 FBgn0030853 RFABG FBgn0087002 
CG6020 FBgn0037001 RFESP FBgn0021906 
CG6084 FBgn0086254 RHO1 FBgn0014020 

CG6287 FBgn0032350 ROE1 FBgn0014877 
CG6439 FBgn0038922 RPL11 FBgn0013325 

CG6463 FBgn0047038 RPL12 FBgn0034968 
CG6543 FBgn0033879 RPL14 FBgn0017579 

CG6663 FBgn0036969 RPL23 FBgn0010078 
CG6767 FBgn0036030 RPL23A FBgn0026372 
CG6783 FBgn0037913 RPL24 FBgn0032518 

CG6904 FBgn0038293 RPL31 FBgn0025286 
CG7033 FBgn0030086 RPL40 FBgn0003941 

CG7145 FBgn0037138 RPL5 FBgn0064225 
CG7430 FBgn0036762 RPLP0 FBgn0000100 
CG7433 FBgn0036927 RPLP1 FBgn0002593 

CG7461 FBgn0034432 RPLP2 FBgn0003274 
CG7470 FBgn0037146 RPN1 FBgn0028695 

CG7834 FBgn0039697 RPN2 FBgn0028692 
CG7920 FBgn0039737 RPN9 FBgn0028691 

CG7998 FBgn0038587 RPS10A FBgn0027494 
CG8036 FBgn0037607 RPS12 FBgn0260441 
CG8193 FBgn0033367 RPS13 FBgn0010265 

CG8258 FBgn0033342 RPS14A FBgn0004403 
CG8443 FBgn0034087 RPS14B FBgn0004404 

CG8834 FBgn0033733 RPS15AA FBgn0010198 
CG9090 FBgn0034497 RPS16 FBgn0034743 
CG9140 FBgn0031771 RPS17 FBgn0005533 

CG9172 FBgn0030718 RPS18 FBgn0010411 
CG9297 FBgn0038181 RPS23 FBgn0033912 

CG9306 FBgn0032511 RPS27A FBgn0003942 
CG9331 FBgn0032889 RPS29 FBgn0037752 

CG9485 FBgn0034618 RPS3 FBgn0002622 
CG9577 FBgn0031092 RPS30 FBgn0038834 
CG9674 FBgn0036663 RPS3A FBgn0017545 

CG9914 FBgn0030737 RPS7 FBgn0039757 
CHC FBgn0000319 RPS8 FBgn0039713 

CHER FBgn0014141 RPT1 FBgn0028687 
CHIC FBgn0000308 RPT4 FBgn0028685 
COMT FBgn0000346 RS1 FBgn0021995 

CP1 FBgn0013770 RTNL1 FBgn0053113 
CPR FBgn0015623 SCP1 FBgn0020908 

CRMP FBgn0023023 SCPR-A FBgn0037889 
CTA FBgn0000384 SCPX FBgn0015808 
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CYP1 FBgn0004432 SCSALPHA FBgn0004888 

CYP4G1 FBgn0010019 SCS-FP FBgn0017539 
CYP6D5 FBgn0038194 SCU FBgn0021765 
CYPE FBgn0015031 SDHB FBgn0014028 

CYT-C-P FBgn0000409 SEC13 FBgn0024509 
DIP-B FBgn0000454 SESB FBgn0003360 

DP1 FBgn0027835 SLS FBgn0086906 
DPPIII FBgn0037580 SMP-30 FBgn0038257 
EF1ALPHA100E FBgn0000557 SOD FBgn0003462 

EF1ALPHA48D FBgn0000556 SOD2 FBgn0010213 
EF1GAMMA FBgn0029176 SPN3 FBgn0028986 

EF2B FBgn0000559 SSRBETA FBgn0011016 
EFTUM FBgn0024556 STA FBgn0003517 

EIF-2ALPHA FBgn0004925 STRN-MLCK FBgn0013988 
EIF3-S9 FBgn0034237 SUCB FBgn0029118 
EIF-4A FBgn0001942 TAL FBgn0023477 

ENO FBgn0000579 TAPDELTA FBgn0021795 
ERP60 FBgn0033663 TBP-1 FBgn0028684 

FBP FBgn0032820 T-CP1 FBgn0003676 
FBP1 FBgn0000639 TCTP FBgn0037874 
FDH FBgn0011768 TER94 FBgn0024923 

FER1HCH FBgn0015222 THIOLASE FBgn0025352 
FER2LCH FBgn0015221 TM1 FBgn0003721 

FIM FBgn0024238 TM2 FBgn0004117 
FK506-BP2 FBgn0013954 TPI FBgn0086355 

FKBP59 FBgn0029174 TPS1 FBgn0027560 
FLN FBgn0005633 TRAP1 FBgn0026761 
GAPDH1 FBgn0001091 TSF1 FBgn0022355 

GAPDH2 FBgn0001092 TSR FBgn0011726 
GATE\POLYPROTEIN FBgn0044067 TUDOR-SN FBgn0035121 

GDH FBgn0001098 UBA1 FBgn0023143 
GDI FBgn0004868 UBI-P63E FBgn0003943 
GLYP FBgn0004507 UGP FBgn0035978 

GOT2 FBgn0001125 UP FBgn0004169 
GP93 FBgn0039562 V(2)K05816 FBgn0042627 

GPDH FBgn0001128 VHA44 FBgn0020611 
GPO-1 FBgn0022160 VHA55 FBgn0005671 

GSTE3 FBgn0063497 VHA68-2 FBgn0020367 
GSTE9 FBgn0063491 VHAAC39 FBgn0028665 
GSTS1 FBgn0010226 VHASFD FBgn0027779 

HEL25E FBgn0014189 WAL FBgn0010516 
HIS2AV FBgn0001197 YIP2 FBgn0040064 

HIS3 FBgn0001199 YP1 FBgn0004045 
HIS3:CG31613 FBgn0051613 YP2 FBgn0005391 

YP3 FBgn0004047 

Appendix 4.7.b.List of proteins purified with 14-3-3-E protein traps 

14-3-3- Epsilon pull down 14-3-3- Epsilon pull down 
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SYMBOL FBID KEY SYMBOL FBID KEY 

14-3-3EPSILON FBgn0020238 HIS2B:CG33870 FBgn0053870 
14-3-3ZETA FBgn0004907 HIS2B:CG33872 FBgn0053872 
ACON FBgn0010100 HIS2B:CG33874 FBgn0053874 

ACT79B FBgn0000045 HIS2B:CG33876 FBgn0053876 
ACT88F FBgn0000047 HIS2B:CG33878 FBgn0053878 

ACTN FBgn0000667 HIS2B:CG33880 FBgn0053880 
ADE5 FBgn0020513 HIS2B:CG33882 FBgn0053882 
ADH FBgn0000055 HIS2B:CG33884 FBgn0053884 

ALD FBgn0000064 HIS2B:CG33886 FBgn0053886 
ALDH FBgn0012036 HIS2B:CG33888 FBgn0053888 

ALPHA-SPEC FBgn0250789 HIS2B:CG33890 FBgn0053890 
ALPHATUB84B FBgn0003884 HIS2B:CG33892 FBgn0053892 

ARGK FBgn0000116 HIS2B:CG33894 FBgn0053894 
ARM FBgn0000117 HIS2B:CG33896 FBgn0053896 
ARR2 FBgn0000121 HIS2B:CG33898 FBgn0053898 

ATPALPHA FBgn0002921 HIS2B:CG33900 FBgn0053900 
ATPSYN-B FBgn0019644 HIS2B:CG33902 FBgn0053902 

ATPSYN-BETA FBgn0010217 HIS2B:CG33904 FBgn0053904 
ATPSYN-D FBgn0016120 HIS2B:CG33906 FBgn0053906 
ATPSYN-GAMMA FBgn0020235 HIS2B:CG33908 FBgn0053908 

BC FBgn0000165 HIS2B:CG33910 FBgn0053910 
BETATUB56D FBgn0003887 HSC70-3 FBgn0001218 

BLW FBgn0011211 HSC70-4 FBgn0001219 
BSF FBgn0032679 HSC70-5 FBgn0001220 

BT FBgn0005666 HSP83 FBgn0001233 
CA-P60A FBgn0004551 IMPL3 FBgn0001258 
CAT FBgn0000261 KDN FBgn0086133 

CG10527 FBgn0034583 L(1)G0156 FBgn0027291 
CG10664 FBgn0032833 L(2)03709 FBgn0010551 

CG11015 FBgn0031830 L(2)06225 FBgn0010612 
CG11198 FBgn0033246 LSP1BETA FBgn0002563 
CG11963 FBgn0037643 LSP1GAMMA FBgn0002564 

CG14482 FBgn0034245 LSP2 FBgn0002565 
CG1516 FBgn0027580 MF FBgn0038294 

CG17097 FBgn0032275 MHC FBgn0086783 
CG17374 FBgn0040001 MLC1 FBgn0002772 

CG1970 FBgn0039909 MT:COII FBgn0013675 
CG2014 FBgn0039669 NC73EF FBgn0010352 
CG2118 FBgn0039877 ND75 FBgn0017566 

CG3267 FBgn0042083 NINAC FBgn0002938 
CG33138 FBgn0053138 OSCP FBgn0016691 

CG33966 FBgn0053966 OX FBgn0011227 
CG3523 FBgn0027571 PFK FBgn0003071 
CG3609 FBgn0031418 PGI FBgn0003074 

CG3731 FBgn0038271 PGLYM78 FBgn0014869 
CG3902 FBgn0036824 PORIN FBgn0004363 

CG4169 FBgn0250814 PRM FBgn0003149 
CG4389 FBgn0028479 PSA FBgn0035226 
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CG4692 FBgn0035032 PYK FBgn0003178 

CG5177 FBgn0031908 RAB1 FBgn0016700 
CG5214 FBgn0037891 RACK1 FBgn0020618 
CG5261 FBgn0031912 RAS FBgn0003204 

CG6084 FBgn0086254 RFABG FBgn0087002 
CG6439 FBgn0038922 ROE1 FBgn0014877 

CG6543 FBgn0033879 RPL12 FBgn0034968 
CG6663 FBgn0036969 RPL22 FBgn0015288 
CG6783 FBgn0037913 RPL23A FBgn0026372 

CG6904 FBgn0038293 RPL30 FBgn0086710 
CG7430 FBgn0036762 RPL31 FBgn0025286 

CG7461 FBgn0034432 RPL40 FBgn0003941 
CG7470 FBgn0037146 RPL5 FBgn0064225 

CG7834 FBgn0039697 RPN9 FBgn0028691 
CG7920 FBgn0039737 RPS14A FBgn0004403 
CG7998 FBgn0038587 RPS14B FBgn0004404 

CG8036 FBgn0037607 RPS15AA FBgn0010198 
CG9090 FBgn0034497 RPS16 FBgn0034743 

CG9140 FBgn0031771 RPS27A FBgn0003942 
CG9485 FBgn0034618 RPS3 FBgn0002622 
CG9603 FBgn0040529 RPS3A FBgn0017545 

CG9914 FBgn0030737 RYA-R44F FBgn0011286 
CHC FBgn0000319 SCP1 FBgn0020908 

COVA FBgn0019624 SCSALPHA FBgn0004888 
CYP4G1 FBgn0010019 SCS-FP FBgn0017539 

CYT-B5 FBgn0033189 SDHB FBgn0014028 
CYT-C-P FBgn0000409 SESB FBgn0003360 
DP1 FBgn0027835 SLS FBgn0086906 

EF1ALPHA48D FBgn0000556 STA FBgn0003517 
EF1GAMMA FBgn0029176 STRN-MLCK FBgn0013988 

EF2B FBgn0000559 STWL FBgn0003459 
EIF-4A FBgn0001942 SUN FBgn0014391 
ENO FBgn0000579 TIM FBgn0014396 

FAS1 FBgn0000634 TM2 FBgn0004117 
FBP1 FBgn0000639 TPI FBgn0086355 

FER2LCH FBgn0015221 TPNC4 FBgn0033027 
GAPDH1 FBgn0001091 TPS1 FBgn0027560 

GATE\POLYPROTEIN FBgn0044067 TSF1 FBgn0022355 
GDH FBgn0001098 TSR FBgn0011726 
GLYP FBgn0004507 TUDOR-SN FBgn0035121 

GP93 FBgn0039562 UBI-P63E FBgn0003943 
GPO-1 FBgn0022160 UGP FBgn0035978 

GSTS1 FBgn0010226 UP FBgn0004169 
HIS2AV FBgn0001197 VHA55 FBgn0005671 
HIS2B FBgn0001198 VHA68-2 FBgn0020367 

HIS2B:CG17949 FBgn0061209 YP1 FBgn0004045 
HIS2B:CG33868 FBgn0053868 YP2 FBgn0005391 

YP3 FBgn0004047 
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Appendix 4.7.c.List of proteins purified with BSG protein traps 

BSG pull down 
 

BSG pull down 
 

SYMBOL FBID KEY SYMBOL FBID KEY 

14-3-3zeta FBgn0004907 His4:CG33883 FBgn0053883 
Acon FBgn0010100 His4:CG33885 FBgn0053885 
Act5C FBgn0000042 His4:CG33887 FBgn0053887 

Adh FBgn0000055 His4:CG33889 FBgn0053889 
Ald FBgn0000064 His4:CG33891 FBgn0053891 

Aldh FBgn0012036 His4:CG33893 FBgn0053893 
alphaTub84B FBgn0003884 His4:CG33895 FBgn0053895 

Argk FBgn0000116 His4:CG33897 FBgn0053897 
ATPsyn-beta FBgn0010217 His4:CG33899 FBgn0053899 
ATPsyn-gamma FBgn0020235 His4:CG33901 FBgn0053901 

blw FBgn0011211 His4:CG33903 FBgn0053903 
Ca-P60A FBgn0004551 His4:CG33905 FBgn0053905 

CG11198 FBgn0033246 His4:CG33907 FBgn0053907 
CG11963 FBgn0037643 His4:CG33909 FBgn0053909 
CG14482 FBgn0034245 His4r FBgn0013981 

CG1516 FBgn0027580 Hsc70-4 FBgn0001219 
CG1970 FBgn0039909 Hsp83 FBgn0001233 

CG2118 FBgn0039877 Lsp1gamma FBgn0002564 

CG30484 FBgn0050484 
Max-element\gag-
pol 

FBgn0063918 

CG3267 FBgn0042083 Mhc FBgn0086783 
CG3523 FBgn0027571 mt:CoII FBgn0013675 

CG3731 FBgn0038271 Oscp FBgn0016691 
CG4169 FBgn0250814 porin FBgn0004363 

CG4692 FBgn0035032 Prm FBgn0003149 
CG5214 FBgn0037891 psidin FBgn0243511 
CG7920 FBgn0039737 PyK FBgn0003178 

CG8036 FBgn0037607 Rab6 FBgn0015797 
CG9090 FBgn0034497 Rack1 FBgn0020618 

CG9297 FBgn0038181 Rfabg FBgn0087002 
CG9914 FBgn0030737 RpL12 FBgn0034968 

cype FBgn0015031 RpL22 FBgn0015288 
Cyt-c-p FBgn0000409 RpL31 FBgn0025286 
dlg1 FBgn0001624 RpL40 FBgn0003941 

Ef1alpha48D FBgn0000556 RpS27A FBgn0003942 
Ef1gamma FBgn0029176 RpS3A FBgn0017545 

Eno FBgn0000579 Scp1 FBgn0020908 
Fbp1 FBgn0000639 Scs-fp FBgn0017539 
Fer2LCH FBgn0015221 SdhB FBgn0014028 

Gapdh1 FBgn0001091 sesB FBgn0003360 
Gdh FBgn0001098 Slip1 FBgn0024728 

Gpo-1 FBgn0022160 Strn-Mlck FBgn0013988 
His2Av FBgn0001197 stwl FBgn0003459 

His4 FBgn0001200 sun FBgn0014391 
His4:CG31611 FBgn0051611 TpnC4 FBgn0033027 
His4:CG33869 FBgn0053869 Ubi-p63E FBgn0003943 
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His4:CG33871 FBgn0053871 UGP FBgn0035978 
His4:CG33873 FBgn0053873 up FBgn0004169 

His4:CG33875 FBgn0053875 
  

His4:CG33877 FBgn0053877 
  

His4:CG33879 FBgn0053879 
  

His4:CG33881 FBgn0053881 
  

Appendix 5.1(a). Drosophila Basigin pull down proteins and their 

mouse homologues 

Symbol Flybase Ac 
Mouse 

Homolog 

Protein 

Class 

Neuronal 

Expression 

Behaviour 

Phenotype 

1 CG2165 FBgn0025704 ATP2B3 CH-R 0 0 

2 CG4587  FBgn0028863 CH-R 0 0 

3 BEST:CK01510 FBgn0025698 SLC12A6 CH-R 0 0 

4 CG8743 FBgn0036904 MCOLN3 CH-R 0 0 

5 DLG1 FBgn0001624 DLGH1 MAG 1 1 

6 CG32758 FBgn0052758 SNX27  MAG 0 0 

7 SKF FBgn0050021 MPP3 MAG 1 0 

8 VELI FBgn0039269 LIN7C MAG 0 0 

9 SIP1 FBgn0010620 SLC9A3R1 MAG 0 0 

10 SCRIB FBgn0026178 SCRIB MAG 1 1 

11 SYN2 FBgn0034135 SNTG1  MAG 0 0 

12 CG10362 FBgn0030358 PDZD8 MAG 0 0 

13 PATJ FBgn0067864 INADL MAG 0 0 

14 CKA FBgn0044323 STRN4 MAG 0 0 

15 SGG FBgn0003371 GSK3B KIN 1 1 

16 PKC98E FBgn0003093 PRKCH  KIN 1 0 

17 PKC53E FBgn0003091 PRKCB1 KIN 1 0 

18 RL FBgn0003256 MAPK1 KIN 1 1 

19 INAC FBgn0004784 PRKCB1 KIN 1 1 

20 LTD FBgn0002567 KIN 1 1 

21 PP2B-14D FBgn0011826 PPP3CB  PRO PH 1 0 

22 PP2A-29B FBgn0005776 PPP2R1A PRO PH 1 0 

23 FLW FBgn0000711 PPP1CB  PRO PH 1 1 

24 CANA-14F FBgn0030758 PPP3CB  PRO PH 0 0 

25 SEP-02 FBgn0014029 SEP-11 GP-MO 1 0 

26 PNUT FBgn0013726  SEPT7  GP-MO 1 0 

27 RAB1 FBgn0016700 RAB1 GP-MO 1 0 

28 G-S-ALPHA-60A FBgn0001123 GNAL GP-MO 1 1 

29 RHOGEF2 FBgn0023172 ARHGEF12 GP-MO 0 0 

30 GDI FBgn0004868 GDI1   GP-MO 1 0 

31 MSK FBgn0026252 IPO8   GP-MO 0 0 

32 ARL8 FBgn0037551 ARL8B GP-MO 1 0 

33 BOR FBgn0040237 ATAD3A SIG-E 0 0 

34 RDGA FBgn0003217 DGKI  SIG-E 1 1 

35 RHO-5 FBgn0041723 RHBDF2 SIG-E 0 0 

36 AKAP200 FBgn0027932 MARCKSL1 SIG-E 0 0 

37 NCA FBgn0013303 NCALD SIG-E 0 0 

38 P58IPK FBgn0037718 DNAJC3  SIG-E 0 0 

39 ACTN FBgn0000667 ACTN1 CAD-PT 0 1 

40 FUTSCH FBgn0015390 MTAP1B CAD-PT 1 0 
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41 SYN1 FBgn0037130 SNTB CAD-PT 0 0 

42 MAP205 FBgn0002645 CAD-PT 0 0 

43 LAMC FBgn0010397 LMNA CAD-PT 0 0 

44 CORA FBgn0010434 EPB41L1 CAD-PT 0 0 

45 CAPT FBgn0028388 CAD-PT 0 0 

46 TCTP FBgn0037874 EG627798 CAD-PT 0 0 

47 CHIC FBgn0000308 CAD-PT 0 0 

48 NOD FBgn0002948 CAD-PT 0 0 

49 CG13718 FBgn0052245 STOM CAD-PT 0 0 

50 ANK2 FBgn0017645 ANK1 CAD-PT 0 0 

51 ANK FBgn0011747 CAD-PT 0 0 

52 BSG FBgn0011219 NPTN CAD-PT 1 0 

53 LANB2 FBgn0002528 LAMC1 CAD-PT 1 0 

54 BCDNA.GH11322 FBgn0028482 LGSF9 CAD-PT 0 0 

55 CG9297 FBgn0038181 SRL CAD-PT 0 0 

56 CG14762 FBgn0033250 CAD-PT 0 0 

57 DELTA-COP FBgn0028969 ARCN1 SV-PT 0 0 

58 NSF2 FBgn0013998 NSF SV-PT 1 0 

59 AP-50 FBgn0024832 AP2M1  SV-PT 1 0 

60 LAP FBgn0026210 PICALM SV-PT 1 0 

61 NIPSNAP FBgn0030724 NIPSNAP1 SV-PT 0 0 

62 VAP-33-1 FBgn0029687 VAPB SV-PT 1 0 

63 GL FBgn0001108 DCTN1 SV-PT 1 1 

64 ZIP FBgn0005634 MYH10 SV-PT 1 0 

65 DMN FBgn0021825 DCTN2 SV-PT 1 0 

66 CG8479 FBgn0033914 OPA1 SV-PT 0 0 

67 DRP1 FBgn0026479 DNM1L  SV-PT 1 0 

       

Appendix 5.1(b). Mouse genes with their Drosophila orthologues 

Gene Symbol Flybase Ac 
PPID (mouse 

Homologue) 

Protein 

Class 

Neuronal 

Expression 

Behaviour 

Phenotype 

1 ImpL3 FBgn0001258 A0369 SIG-E 0 0 

2 Gbeta13F FBgn0001105 A0069 GP-MO 1 0 

3 Arc-p34 FBgn0032859 A0233 CAD-PT 0 0 

4 -- FBgn0031854 A0231 CAD-PT 0 0 

5 tgo FBgn0015014 A0488 SIG-E 1 0 

6 Aplip1 FBgn0040281 A0162 MAG 1 1 

7 Pk61C FBgn0020386 A0260 KIN 1 0 

8 lic FBgn0015763 A0491 KIN 0 0 

9 rl FBgn0003256 A0181 KIN 1 1 

10 cas FBgn0022213 A0446 CAD-PT 1 0 

11 ran FBgn0020255 A0152 GP-MO 0 0 

12 RpL13A FBgn0037351 A0368 TRC-TRL 0 0 

13 Dsor1 FBgn0010269 A0266 KIN 1 0 

14 Jafrac1 FBgn0040309 A0372 SIG-E 0 0 

15 CG17494 FBgn0040011 A0216 CAD-PT 0 0 

16 CG1965 FBgn0037466 A0298 TRC-TRL 0 0 

17 sgg FBgn0003371 A0222 KIN 1 1 

18 Prx6005 FBgn0031479 A0432 SIG-E 0 0 

19 CG31033 FBgn0039705 A2084 NO-UNCH 0 0 
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20 Rab2 FBgn0014009 A0363 GP-MO 1 0 

21 caz FBgn0011571 A0217 SIG-E 1 0 

22 Cortactin FBgn0025865 A0083 CAD-PT 0 0 

23 cher FBgn0014141 A0204 0 1 

24 csw FBgn0000382 A0020 SIG-E 1 0 

25 sl FBgn0003416 A0012 SIG-E 1 0 

26 Got2 FBgn0001125 A0423 SIG-E 1 1 

27 hep FBgn0010303 A0164 KIN 1 0 

28 Plc21C FBgn0004611 A0330 PRO PH 1 1 

29 chico FBgn0024248 A0484 SIG-E 0 0 

30 drk FBgn0004638 A0126 MAG 1 1 

31 Rab6 FBgn0015797 A0364 GP-MO 1 0 

32 -- FBgn0036687 A4015 NO-UNCH 0 0 

33 nos FBgn0011676 A0262 SIG-E 1 0 

34 Lam FBgn0002525 A0430 CAD-PT 1 1 

35 Rab26 FBgn0037072 A0365 GP-MO 0 0 

36 fray FBgn0023083 A0166 KIN 1 0 

37 Arf79F FBgn0010348 A0421 GP-MO 1 0 

38 vlc FBgn0010633 A0107 MAG 0 0 

39 PpD3 FBgn0005777 A0289 PRO PH 0 0 

40 Cam FBgn0000253 A0008 SIG-E 1 1 

41 Arpc3B FBgn0065032 A0232 CAD-PT 0 0 

42 Ras85D FBgn0003205 A0200 GP-MO 1 0 

43 sti FBgn0002466 A0276 GP-MO 1 0 

44 synaptogyrin FBgn0033876 A0288 SV-PT 0 0 

45 Gel FBgn0010225 A0419 CAD-PT 0 0 

46 arm FBgn0000117 A0112 CAD-PT 1 0 

47 Gapdh1 FBgn0001091 A0331 SIG-E 0 0 

48 zip FBgn0005634 A3961 SV-PT 1 0 

49 Rop FBgn0004574 A0238 SV-PT 1 0 

50 sesB FBgn0003360 A0396 1 1 

51 cpb FBgn0011570 A0418 CAD-PT 1 1 

52 dlg1 FBgn0001624 A0014 MAG 1 1 

53 Gs2 FBgn0001145 A0424 SIG-E 1 0 

54 14-3-3zeta FBgn0004907 A0361 MAG 1 1 

55 shi FBgn0003392 A0095 SV-PT 1 1 

56 -- FBgn0037969 A3773 SV-PT 0 0 

57 Pkc98E FBgn0003093 A0144 KIN 1 0 

58 aralar1 FBgn0028646 A0443 SV-PT 0 0 

59 Tpi FBgn0003738 A0433 SIG-E 1 1 

60 G-salpha60A FBgn0001123 A0051 GP-MO 1 1 

61 Rala FBgn0015286 A0203 GP-MO 0 0 

62 Nmdar1 FBgn0010399 A0001 CH-R 1 1 

63 G9a FBgn0040372 A0444 SIG-E 0 0 

64 Prosap FBgn0040752 A0075 MAG 0 0 

65 tau FBgn0051057 A0134 CAD-PT 1 0 

66 Syx1A FBgn0013343 A0040 SV-PT 1 1 

67 14-3-3epsilon FBgn0020238 A0280 MAG 1 1 

68 pyd FBgn0003177 A0086 MAG 1 1 

69 -- FBgn0051352 A3976 CAD-PT 0 0 

70 syt FBgn0004242 A0039 SV-PT 1 1 

71 Eaat2 FBgn0026438 A0422 CH-R 1 0 
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72 Nsf2 FBgn0013998 A0117 SV-PT 1 0 

73 Rtnl1 FBgn0053113 A0445 SV-PT 0 1 

74 Pp2A-29B FBgn0005776 A0295 PRO PH 1 0 

75 Nmdar2 FBgn0053513 A0003 CH-R 1 1 

76 blw FBgn0011211 A0377 SIG-E 1 0 

77 RpL13 FBgn0011272 A0367 TRC-TRL 0 0 

78 -- FBgn0031912 A0605 SIG-E 0 0 

79 Atpalpha FBgn0002921 A0342 CH-R 1 1 

80 -- FBgn0030853 A0431 SIG-E 0 0 

81 beta-Spec FBgn0003471 A0010 CAD-PT 1 1 

82 porin FBgn0004363 A0426 CH-R 0 1 

83 Rab3 FBgn0005586 A0037 GP-MO 1 0 

84 ATPsyn-gamma FBgn0020235 A0379 SIG-E 0 0 

85 Chc FBgn0000319 A0119 SV-PT 1 0 

86 Acon FBgn0010100 A0429 SIG-E 0 0 

87 Snap24 FBgn0028401 A0333 SV-PT 0 0 

88 CanA-14F FBgn0030758 A0123 PRO PH 0 0 

51 26 

Total  =    67(fMASC)  +  88(mMASC)     = 155 – 10(common) = 145 
 

CH-R - Channels and Receptors, MAG - MAGUK/Adaptor/Scaffolder, SIG-E - Signalling molecules and enzymes, CAD-CYTSKL - 

Cell adhesion/ Cytoskeletal, SV-PT - Synaptic vesicle/ protein transport, PRO PH - Protein Phosphatase, TRC-TRL - 

Transcription / Translation, GP-MO - G Proteins and Modulators, KIN - Kinase, NO-UNCH - Novel/ Uncharacterised 

Appendix 5.2. List of protein trap lines 

CPTI number CG number Gene Name 

1. CPTI-000023 CG2621 sgg 

2. CPTI-000030 CG31000 heph 

3. CPTI-000031 CG7147 kuz 

4. CPTI-000033 CG3218 fs (1)k10 

5. CPTI-000037 CG5374 t-cp1 

6. CPTI-000049 CG1866 moca-cyp 

7. CPTI-000056 CG17342 lk6 

8. CPTI-000076 CG9805 elf3-s10 

9. CPTI-000077 CG1770 hdac4 

10. CPTI-000091 CG10033 for 

11. CPTI-000130 CG4140 cg4140 

12. CPTI-000155 CG6575 glec 

13. CPTI-000161 CG31794 pax 

14. CPTI-000165 CG9983 hrb98de 

15. CPTI-000168 CG10521 netb 

16. CPTI-000176 CG6014 cg6014 

17. CPTI-000194 CG31057 tau 
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18. CPTI-000207 CG1725 dlg1 

19. CPTI-000216 CG17342 lk6 

20. CPTI-000245 CG6575 glec 

21. CPTI-000256 CG2244 mta1-like 

22. CPTI-000274 CG6297 jil-1 

23. CPTI-000286 CG5336 ced-12 

24. CPTI-000299 CG5336 ced-12 

25. CPTI-000303 CG8430 got1 

26. CPTI-000326 CG8465 l(1)g0222 

27. CPTI-000330 CG32683 cg32683 

28. CPTI-000332 CG10379 mbc 

29. CPTI-000335 CR32886 uhg1 

30. CPTI-000337 CG5227 sdk 

31. CPTI-000340 CG33158 cg33158 

32. CPTI-000342 CG16812 cg16812 

33. CPTI-000365 CG5935 dek 

34. CPTI-000378 CG17117 hth 

35. CPTI-000379 CG6724 cg6724 

36. CPTI-000408 CG30084 cg30084 

37. CPTI-000433 CG3936 n 

38. CPTI-000442 CG17839 cg17839 

39. CPTI-000445 CG32146 dlp 

40. CPTI-000448 CG5935 dek 

41. CPTI-000472 CG5295 bmm 

42. CPTI-000483 CG3665 fas2 

43. CPTI-000493 CG3395 rps9 

44. CPTI-000560 CG11166 cg11166 

45. CPTI-000567 CG7524 src64b 

46. CPTI-000590 CG2534 cno 

47. CPTI-000609 CG6382 elf 

48. CPTI-000616 CG12676 ed 

49. CPTI-000633 CG32701 l(1)g0320 

50. CPTI-000657 CG11486 cg11486 

51. CPTI-000658 CG4032 abl 

52. CPTI-000668 CG16765 ps 

53. CPTI-000688 CG6988 pdi 

54. CPTI-000720 CG10975 ptp69d 
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55. CPTI-000737 CG5830 cg5830 

56. CPTI-000738 CG17839 cg17839 

57. CPTI-000739 CG34422 cg34422 

58. CPTI-000743 CG17839 cg17839 

59. CPTI-000760 CG4898 tm1 

60. CPTI-000762 CG34401 cg34401 

61. CPTI-000763 CG1440 cg1440 

62. CPTI-000764 CG13956 kat80 

63. CPTI-000765 CG7338 cg7338 

64. CPTI-000774 CG3036 cg3036 

65. CPTI-000794 CG17839 cg17839 

66. CPTI-000798 CG4700 sema-2a 

67. CPTI-000812 CG5227 sdk 

68. CPTI-000833 CG5803 fas3 

69. CPTI-000847 CG3937 cher 

70. CPTI-000850 CG8114 pbl 

71. CPTI-000876 CG3166 aop 

72. CPTI-000886 CG9650 cg9650 

73. CPTI-000902 CG9480 glycogenin 

74. CPTI-000905 CG31352 cg31352 

75. CPTI-000915 CG2151 trxr-1 

76. CPTI-000925 CG9258 nrv1 

77. CPTI-000936 CG6315 fl(2)d 

78. CPTI-001015 CG6584 selr 

79. CPTI-001025 CG31137 twin 

80. CPTI-001036 CG1210 pk61c 

81. CPTI-001039 CG4974 dally 

82. CPTI-001053 CG15307 cg15307 

83. CPTI-001064 CG6315 fl(2)d 

84. CPTI-001117 CG30193 cg30193 

85. CPTI-001137 CG8846 thor 

86. CPTI-001175 CG5723 ten-m 

87. CPTI-001194 CG8402 ppd3 

88. CPTI-001198 CG11579 arm 

89. CPTI-001234 CG31641 stai 

90. CPTI-001261 CG16765 ps 

91. CPTI-001272 CG10579 eip63e 
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92. CPTI-001282 CG34339 cg34339 

93. CPTI-001284 CG8472 cam 

94. CPTI-001291 CG33113 rtnl1 

95. CPTI-001306 CG11486 cg11486 

96. CPTI-001330 CG17931 cg17931 

97. CPTI-001356 CG17117 hth 

98. CPTI-001360 CG2096 flw 

99. CPTI-001455 CG9261 nrv2 

100. CPTI-100000 CG9338 cg9338 

101. CPTI-100001 CG3902 cg3902 

102. CPTI-100002 CG1743 gs2 

103. CPTI-100004 CG2678 cg2678 

104. CPTI-100005 CG31605 bsg 

105. CPTI-100012 CG1648 cg1648 

106. CPTI-100017 CG31352 cg31352 

107. CPTI-100021 CG2678 cg2678 

108. CPTI-100026 CG31196 14-3-3epsilon 

109. CPTI-100032 CG7985 cg7985 

110. CPTI-100036 CG15792 zip 

111. CPTI-100041 CG3161 vha16 

112. CPTI-100048 CG11142 obst-e 

113. CPTI-100051 CG5771 rab11 

114. CPTI-100059 CG10686 tral 

115. CPTI-100063 CG17369 vha55 

116. CPTI-100067 CG32683 cg32683 

Appendix 5.3. List of lacZ enhancer trap lines 

LacZ 

Enhancer 

trap lines 

Source Description 

4377 Bloomington w[*]; P(w[+mC]=lacW)syt[T77]/CyO 

10082 Bloomington P(w[+mC]=lacW)hep[G0107]/FM7c 

11215 Bloomington P(ry[+t7.2]=PZ)zip[02957]/CyO; ry[506] 

11356 Bloomington 
w[1118]; cn[1] P(ry[+t7.2]=PZ)Cam[03909]/CyO, 

P(ry[+t7.2]=sevRas1.V12)FK1 

11721 Bloomington 
ry[506] P(ry[+t7.2]=PZ)fray[07551] CG7694[07551]/TM3, ry[RK] 

Sb[1] Ser[1] 
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11756 Bloomington cn[1] P(ry[+t7.2]=PZ)blw[1]/CyO; ry[506] 

11800 Bloomington w[67c23] P(w[+mC]=lacW)ran[G0075]/FM7c 

11843 Bloomington P(w[+mC]=lacW)csw[G0170] w[67c23]/FM7c 

12331 Bloomington cn[1] P(ry[+t7.2]=PZ)vlc[07022]/CyO; ry[506] 

12335 Bloomington P(ry[+t7.2]=PZ)14-3-3zeta[07103] cn[1]/CyO; ry[506] 

12352 Bloomington cn[1] P(ry[+t7.2]=PZ)Rab6[08323]/CyO; ry[506] 

19609 Bloomington 
w[*]; P(w[+mW.hs]=FRT(w[hs]))2A P(ry[+t7.2]=neoFRT)82B 

PBac(GAL4D,EYFP)pyd[PL00355] 

Appendix 5.4 Proteins classified into different layers of the three 

layered model. 

Input layer proteins 

FBgn0000117 ARMADILLO Cell Adhesion and Cytoskeletal 

FBgn0065032 ARPC3B Cell Adhesion and Cytoskeletal 

FBgn0011219 BSG Cell Adhesion and Cytoskeletal 

FBgn0028388 CAPT Cell Adhesion and Cytoskeletal 

FBgn0022213 CAS Cell Adhesion and Cytoskeletal 

FBgn0014141 CHER Cell Adhesion and Cytoskeletal 

FBgn0000308 CHIC/CHIKADEE Cell Adhesion and Cytoskeletal 

FBgn0010434 CORA Cell Adhesion and Cytoskeletal 

FBgn0015390 FUTSCH Cell Adhesion and Cytoskeletal 

FBgn0010225 GELSOLINE Cell Adhesion and Cytoskeletal 

FBgn0010397 LAMINC  Cell Adhesion and Cytoskeletal 

FBgn0051057 TAU Cell Adhesion and Cytoskeletal 

FBgn0010399 NR1 Channels and Receptors 

FBgn 0014432 NR2 Channels and Receptors 

FBgn0020238 14-3-3-EPSILON MAGUKs / Adaptors / Scaffolders 

FBgn0004907 14-3-3-ZETA MAGUKs / Adaptors / Scaffolders 

FBgn0001624 DLG MAGUKs / Adaptors / Scaffolders 

FBgn0004638 DRK MAGUKs / Adaptors / Scaffolders 

FBgn0003177 PYD MAGUKs / Adaptors / Scaffolders 

FBgn0026178 SCRIB MAGUKs / Adaptors / Scaffolders 

FBgn0010633 VLC MAGUKs / Adaptors / Scaffolders 

Processing layer proteins 

FBgn0001105 GΒ13F G-proteins and Modulators 

FBgn0015797 RAB6 G-proteins and Modulators 

FBgn0020255 RAN G-proteins and Modulators 

FBgn0003204 RAS G-proteins and Modulators 

FBgn0002466 STI G-proteins and Modulators 

FBgn0023083 FRAYED Kinases 

FBgn0010303 HEP Kinases 
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FBgn0015763 LICORNE Kinases 

FBgn0003093 PKC 61C Kinases 

FBgn0003371 SHAGGY Kinases 

FBgn0011211 BLW Signalling molecules and Enzymes 

FBgn0011571 CABEZA Signalling molecules and Enzymes 

FBgn0031191 CALMODULIN Signalling molecules and Enzymes 

FBgn0011676 DNOS (MONO)  Signalling molecules and Enzymes 

FBgn0001145 GS2 Signalling molecules and Enzymes 

Output layer proteins 

FBgn0000711 FLW Protein Phosphatases 

FBgn0005777 PPD3 Protein Phosphatases 

FBgn0000319 CHC Synaptic Vesicles / Protein Transport 

FBgn0004574 ROP Synaptic Vesicles / Protein Transport 

FBgn0003392 SHIBIRE Synaptic Vesicles / Protein Transport 

FBgn0004575 SYNAPSIN Synaptic Vesicles / Protein Transport 

FBgn0033583 SYNTAXIN Synaptic Vesicles / Protein Transport 

FBgn0004242 SYT Synaptic Vesicles / Protein Transport 

FBgn0029687 VAP-33A Synaptic Vesicles / Protein Transport 

FBgn0005634 ZIP Synaptic Vesicles / Protein Transport 

 

Appendix 5.5. Expression pattern of fMASC proteins in the fly 

brain 

Protein Flybase Ac Source 
Annota

-tion 
Evidence Notes on expression 

14-3-3 
EPSILON 

FBgn0020238 mMASC G Enhancer trap Cortex 

14-3-3-
ZETA 

FBgn0004907 mMASC SM Enhancer trap Calyces can be seen 

ARM FBgn0000117 mMASC GV Antibody 
Throughout the brain particularly the AL, 
MB, EB, FB and PCB and OLs 

ARPC3B FBgn0065032 mMASC G Antibody Everywhere/cellular 

BLW FBgn0011211 mMASC G Enhancer trap Perikarya cell bodies 

BSG FBgn0011219 fMASC SM Protein trap MB, EB, many neurons across the brain 

CAZ FBgn0011571 mMASC SM Antibody 
Cell bodies in the cortex, fan shaped body, 
MB, pars intercerebralis and the optic lobes.  

CAM FBgn0031191 mMASC GV Antibody 
Everywhere in the cell bodies in enhancer 
trap line 

CAPT FBgn0028388 fMASC SM Antibody 
Looks like everywhere but missing in lots of 
neuropile 

CAS FBgn0022213 mMASC S Antibody 
Faint staining  in median bundle and a group 
of neurons which send processes to the SOG 

CHC FBgn0000319 mMASC SM Enhancer trap Missing in PCB 

CHER FBgn0014141 mMASC GV Protein trap 
Everywhere, non cellular, non-neuronal, non 
neuropil 

CHIC FBgn0000308 fMASC GV Antibody 
Staining strong in the cortex and weak in the 
structured neuropile. 

CORA FBgn0010434 fMASC S Antibody MB and moderate staining in CC and 
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elsewhere 

DLG FBgn0001624 mMASC GV Antibody 
Everywhere but elevated in MB, al, CC and 
PCB 

DNOS FBgn0011676 fMASC SM Antibody 
Few neurons around the central brain 
neuropile and a network of processes 
spanning the whole brain. 

DRK FBgn0004638 mMASC SM Antibody Stains MB, neuroplillar staining not clear 

FLW FBgn0000711 fMASC G Protein trap Cortex 

FRAYED FBgn0023083 mMASC GV Enhancer trap 
Cell bodies and in very weakly in MB, EB 
and the OL 

FUTSCH FBgn0015390 fMASC GV Antibody 
Everywhere, most prominent around 
antennal lobes 

GEL FBgn0010225 mMASC SM Antibody 
Looks like trachea and a few neurons in the 
lateral horn region 

GS2 FBgn0001145 mMASC G Antibody Looks like everywhere/low confidence 

GΒ13F FBgn0001105 mMASC G Antibody AL,MB,PCB,SOG 

HEP FBgn0010303 mMASC SM Enhancer trap MB, EB, 

LAMINC FBgn0010397 mMASC SM Antibody 
Only a subset of cell bodies seem to be 
stained 

LICORNE FBgn0015763 mMASC SM Antibody Everywhere and one layer of FB 

NR1 FBgn0010399 mMASC SM Antibody FB and lots of cell bodies in the perikarya 

NR2 FBgn 0014432 mMASC S Antibody 
Stains one layer of FB  and some cell bodies 
around  it 

PKC 61C FBgn0003093 mMASC SM Protein trap Everywhere in the cortex 

PPD3 FBgn0005777 mMASC SM Protein trap 
General, cellular and partially neuropil 
(stains optic lobes) 

PYD FBgn0003177 mMASC SM Enhancer trap 
FB, MB, EB, optic lobes, antennal lobes not 
well seen. 

RAB6 FBgn0015797 mMASC G Enhancer trap Perikarya 

RAN FBgn0020255 mMASC SM Enhancer trap 
Stains beta lobes of MB (or may be EB) and 
everywhere else/low confidence 

RAS FBgn0003204 mMASC G,SM,GV Antibody 

Conflict between the two antibodies, one 
staining a few neurons in the dorsal brain and 
the other staining a lots of them and MB and 
AL 

ROP FBgn0004574 mMASC SM Antibody Peduncles don't stain 

SCRIB FBgn0026178 fMASC SM Antibody 
Alpha' lobes and fan shaped body are 
missing 

SHAGGY FBgn0003371 mMASC GV Antibody 
Everywhere but elevated in MB and antennal 
lobes 

SHIBIRE FBgn0003392 mMASC G Antibody Everywhere 

STI FBgn0002466 mMASC S Antibody MB 

SYNAPSIN FBgn0004575 fMASC G Antibody Everywhere 

SYT FBgn0004242 mMASC G Enhancer trap Cell bodies in the perikarya 

SYNTAXIN FBgn0033583 mMASC GV Antibody 
Everywhere, elevated in optic lobed, PCB 
and calyces of the MB 

TAU FBgn0051057 mMASC SM Antibody Missing in parts of MB 

VAP-33A FBgn0029687 fMASC G Antibody Everywhere 

VLC FBgn0010633 mMASC SM Enhancer trap Mushroom body peduncles 

ZIP FBgn0005634 mMASC G Enhancer trap Perikarya 

Abbrev.G- General, GV- General variable, SM- Specific missing, S- specific, 

fMASC- fly MASC, mMASC- mouse MASC 
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Appendix 5.6. Phenotypes/function of some key fMASC proteins 

Gene Name FBgn ID Function 

14-3-3 E FBgn0020238 
Ras protein signal transduction (Chang and Rubin, 
1997) 

14-3-3 Z FBgn0004907 
Associative learning (Broadie, et al., 1997, Philip, et 
al., 2001) 

ARM FBgn0000117 
Wnt signalling (Orsulic and Peifer, 1996),Protein 
localisation  

ARPC3B FBgn0065032 Actin polymerisation (Hudson and Cooley, 2002) 

BSG FBgn0011219 Cell architecture organisation (Curtin, et al., 2005) 

CAPT FBgn0028388 neuronal dendrite homeostasis (Medina, et al., 2008 ) 

CAS FBgn0022213 Cell adhesion  

CHC FBgn0000319 Recognition memory (Solomonia, et al., 1997 ) 

CHER FBgn0014141 olfactory learning and memory (Dubnau, et al., 2003) 

CHIC FBgn0000308 
Intercellular cytoplasm transport (Cooley, et al., 1992, 
Verheyen and Cooley, 1994) 

CORA FBgn0010434 Protein localisation (Fehon, et al., 1994) 

DLG1 FBgn0001624 
Development (Bilder, et al., 2000), scaffolding,protein 
localisation (Chen and Featherstone, 2005, Ohshiro, et 
al., 2000) 

DRK FBgn0004638 
Olfactory learning (Moressis, et al., 2009, Sacharidou 
and Skoulakis, 2002) 

FRAY FBgn0023083 
Serine/threonine protein kinase (Leiserson, et al., 
2000) 

FUTSCH FBgn0015390 
Neuronal cytoskeleton, axonal transport defects, and 
progressive neurodegeneration, olfactory learning 
impairment (Bettencourt, et al., 2005) 

GEL FBgn0010225 Actin binding protein (Sun, et al., 1999) 

GΒ13F FBgn0001105 
G-coupled receptor protein signalling pathway (Yu, et 
al., 2003) 

HEP FBgn0010303 serine/threonine kinase I, development (Glise, 1995) 

LIC FBgn0015763 
MAPK pathway activation, development (Suzanne, et 
al., 1999) 

NR1 FBgn0010399 
 Synaptic plasticity and olfactory learning (Wu, et al., 
2007, Xia, et al., 2005) 

NR2 FBgn 0014432 
Synaptic plasticity and olfactory learning (Wu, et al., 
2007, Xia, et al., 2005) 

PKC 61C FBgn0003093 serine/threonine kinase (Clyde, et al., 1997) 

PYD FBgn0003177   

RAB6 FBgn0015797 
vesicle trafficking (Novick and Zerial, 1997, 
Woodman, 1998) 

RAS85D FBgn0003205 
developmental pathways (Vidal and Cagan, 
2006),carcinogenesis(Dunn, et al., 2005) 

ROP FBgn0004574 Vesicle transport (Littleton, 2000) 

SCRIB FBgn0026178 Olfactory behaviour (Ganguly, et al., 2003) 

SGG FBgn0003371 olfactory habituation in Drosophila (Wolf, et al., 2007) 
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SHI FBgn0003392 
Vesicle transport and locomotor behaviour  (Dubnau, 
et al., 2001, Van der Bliek and Meyerowitz, 1991 ) 

STI FBgn0002466 protein serine/threonine kinase (D'Avino, et al., 2004 ) 

SYN FBgn0004575 
Complex behaviours (Godenschwege, et al., 2004), 
neurotransmitter release(Feng, et al., 2002) 

SYT FBgn0004242 
Memory and motor performance (Ferguson, et al., 
2000) 

SYX FBgn0033583 Neurotransmitter release (Wu, et al., 1999) 

TAU FBgn0051057 
Alzheimer’s disease and fronto-temporal dementia 
(Zipursky, et al., 1984) 

VAP-33A FBgn0029687 
Bouton formation at neuromuscular junctions 
(Pennetta , et al., 2002) 
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Appendix 7.1. Summary of protein expression profile of fMASC 

proteins in the four fly brain regions 

Protein family 

Total 

in 

fMASC 

fMASC in 

OL 

 (% Total) 

fMASC 

in AL 

(% Total) 

fMASC in 

MB  

(% Total) 

fMASC in CC  

(% Total) 

Channels and 
Receptors 

2 1 (2.2) 0 (0) 0 (0) 2 (4.3) 

Cytoskeletal and Cell 
Adhesion 

13 9 (19.6)* 4 (8.7) 7 (15.2) * 6 (13) * 

G-proteins and 
Modulators 

4 3 ( 6.5) 1 (2.2) 2 (4.3) 1 (2.2) 

Kinases 5 5 (10.9) 2 (4.3) 4 (8.7) 2 (4.3) 

MAGUKs / Adaptors / 
Scaffolders 

7 7 (15.2) 3 (6.5) 4 (8.7) 3 (6.5) 

Protein phosphatases 1 1 (2.2) 0 (0) 0 (0) 0 (0) 

Signalling molecules 
and Enzymes 

6 6 (13) 1 (2.2) 1 (2.2) 2 (4.3) 

Synaptic Vesicles / 
Protein Transport 

8 8 ( 17.4) 7 (15.2) * 6 (13) 6 (13) * 

Transcription and 
translation 

0 0 (0) 0 (0) 0 (0) 0 (0) 

Novel/Uncharacterised 0 0 (0) 0 (0) 0 (0) 0 (0) 
* The largest families are highlighted 

Appendix 7.2. Summary of the protein expression profile of 

control (protein trap) set of protein in the four fly brain regions 

Protein family 

Total 

protein 

trap 

Protein trap 

in OL  

(% Total) 

Protein 

trap in AL  

(% Total) 

Protein 

trap in MB  

(% Total) 

Protein 

trap in CC  

(% Total) 

Channels and 
Receptors 

4 0 (0) 0 (0) 0 (0) 0 (0) 

Cytoskeletal and Cell 
Adhesion 

20 11 (9.5) 4 (3.4)* 7 (6)* 11 (9.5) * 

G-proteins and 
Modulators 

2 1 (0.9) 1 (0.9) 0 (0) 1 (0.9) 

Kinases 9 5 (4.3) 4 (3.4)* 2 (1.7) 4 (3.4) 

MAGUKs / Adaptors / 
Scaffolders 

2 2 (1.7) 2 (1.7) 2 (1.7) 2 (1.7) 

Protein phosphatases 4 0 (0) 0 (0) 0 (0) 1 (0.9) 

Signalling molecules 
and Enzymes 

24 5 (4.3) 1 (0.9) 2 (1.7) 5 (4.3) 

Synaptic Vesicles / 
Protein Transport 

3 2 (1.7) 1 (0.9) 1 (0.9) 1 (0.9) 

Transcription and 
translation 

26 3 (2.6) 1 (0.9) 2 (1.7) 2 (1.7) 

Novel/Uncharacterised 22 13 (11.2)* 0 (0) 3 (2.6) 5 (4.3) 
* The largest families are highlighted
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