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Abstract: 

The regulated transport of materials in cells is an essential function of all living organisms. 

In eukaryotes, one main family of transport regulators is the Rab GTPases. Rab GTPases utilize 

GTP to move materials throughout the cell by binding to the membrane of vesicles or endosomes, 

and trafficking distinct, membrane-associated components throughout the cell. One member of 

this large family of proteins is Rab11. Rab11 is responsible for endosome recycling: returning 

membrane proteins and receptors from intracellular recycling endosomes to the cell membrane, 

where these membrane proteins and receptors may be reused. Although the exact mechanism of 

Rab11 trafficking is not known, Rab11 appears to be critical for the development and survival of 

many organisms. Drosophila mutants for the Rab11 gene are not viable, where lethality manifests 

during embryonic development. This early lethality has imposed significant limitations on 

elucidating the immediate effects of Rab11 inhibition. Thus, the goal was to engineer a novel 

method of inhibiting Rab11 in vivo in Drosophila melanogaster. Specifically, the goal was to 

generate a genomically non-invasive construct (Opto-Nanobody) utilizing an optogenetic, light-

sensitive Cryptochrome 2 (Cry2) fused to YFP-targeting nanobodies to bind functional, 

endogenous, YFP-tagged Rab11. This system promises to provide precise light-responsive spatio-

temporal control of Rab11 function in response to blue-light exposure through homo-oligomeric 

clustering, which has been shown to inhibit Rab-dependent trafficking. Using 

the Drosophila embryo as a model system, these tools were applied to directly determine the 

effects of Rab11 inhibition on Notch signaling, and to determine the mechanisms that govern 

Rab11 trafficking. The Opto-Nanobody was tested in vitro in S2 cells, and was shown to form 

homo-oligomeric clusters in the presence of blue light and demonstrated the ability to bind to YFP-

Rab11. This Opto-Nanobody construct has been inserted into a D. melanogaster injection vector, 
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so that the Opto-Nanobody may be inserted into the D. melanogaster genome, and used to control 

YFP::Rab11 activity in vivo to elucidate the role of Rab11 in Notch signalling.  
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Chapter 1 – Literature Review: 

1.01 General Overview: 

 Endocytic trafficking is an important component of all life. The endocytosis, exocytosis, 

and intracellular trafficking of endosomes and vesicles containing proteins and receptors in 

eukaryotes is largely performed by the Rab GTPase family (Stenmark, 2009). Rab GTPases are a 

large family of proteins that traffick many proteins involved in evolutionarily conserved signalling 

pathways, such as the Notch signalling pathway. The Notch signalling pathway is an evolutionarily 

conserved signalling pathway that is responsible for cell proliferation and cell differentiation 

among other roles during development and homeostasis (Tien et al., 2009; Fischer et al., 2006). 

One noteworthy Rab GTPase is Rab11. Rab11 is responsible for recycling endocytosed membrane 

proteins and receptors back to the plasma membrane (Pasqualato et al., 2004). One such membrane 

protein recycled by Rab11 is Delta, a membrane-bound ligand that is involved in the Notch 

signalling pathway (Emery et al., 2005). Due to its critical role in the cell, Rab11 is needed for 

survival, as model organisms with their Rab11 gene knocked out are not viable (Sato et al., 2008; 

Yu et al., 2014; Dunst et al., 2015). Traditional methods of studying protein activity and their 

effects on the cell via protein inhibition, such as gene knockouts and RNAi silencing, provide some 

temporal control in model organisms, such as Drosophila melanogaster, since RNA and proteins 

are maternally deposited into the embryo (Atallah and Lott, 2018). However, as these proteins and 

RNA are used or degraded, the embryo cannot replace them, leading to embryonic death in some 

scenarios, meaning that the effect of an inhibited protein cannot be studied throughout the 

development of the organism. Thus, new methods of protein inhibition must be developed.  

 One method of protein control that could be used to control Rab11 activity is optogenetics. 

Optogenetics uses light-activatable proteins as tags to control the distribution of a protein of 
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interest using light with spatial and temporal precision (Kushibiki et al., 2014). Optogenetics could 

allow for a model organism, such as D. melanogaster, to develop in a dark environment, and only 

activate or inactivate an optogenetically-tagged protein of interest by subjecting the developing 

embryo to light at a specific time point and in a specific location of the developing embryo.  

 Proteins can also be controlled non-invasively using nanobodies. Nanobodies are single-

domain antibodies derived from the Camelidae family that target a specific antigen or protein 

through direct binding (Arbabi-Ghahroudi, 2017). Nanobodies have been be used to target proteins 

of interest or their associated tags, including Notch and yellow fluorescent protein (YFP) tags (Falk 

et al., 2012; Saerens et al., 2005). By fusing an optogenetic tag to a nanobody, a protein of interest 

could be controlled with high specificity and with spatio-temporal precision. The mechanisms of 

how this optogenetic nanobody could function, as well as the importance of controlling Rab11 and 

Notch signalling via an optogenetic nanobody, will be further discussed in this literature review. 

 

1.02 Endosomal Trafficking Rab GTPases: 

  Endocytic trafficking is a critical process for cellular growth, proliferation, and 

homeostasis (Stenmark, 2009). Moreover, the trafficking of vesicles and endosomes after being 

endocytosed, being trafficked within the cell, or being trafficked to the cellular membrane for 

exocytosis in a timely manner is crucial for the development and homeostasis of all organisms. 

One family of endocytic trafficking proteins is the Ras-associated binding (Rab) GTPase proteins 

(Chia and Tang, 2009). The Rab GTPase family is a large family of G-proteins, with over 60 

different members identified in humans, and over 30 in Drosophila melanogaster (Wandinger-

Ness and Zerial, 2014; Zhang et al., 2007). Rab GTPases utilize guanine triphosphate (GTP) to 
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bind to effector proteins, which assist them in trafficking vesicles to various regions of the cell 

(Stenmark, 2009).  

 Rab GTPases have two active regions, termed Switch I and Switch II (Pfeffer, 2005). In an 

inactive state, Rab proteins are bound to guanine diphosphate (GDP), and many inactive Rabs form 

homodimers, dimerizing in their Switch I region (Lachance et al., 2014; Pasqualato et al., 2004). 

When GDP is phosphorylated to GTP by a guanine nucleotide exchange factor (GEF), a 

conformational change occurs in both the Switch I and Switch II regions (Stenmark, 2009; 

Pasqualato et al., 2004). The conformational change in the Switch I regions causes the monomeric 

Rab proteins to dissociate from one another, and the conformational change in the Switch II regions 

allows the Rab protein to bind to effector proteins at this region, as well as at Switch I (Pasqualato 

et al., 2004; Eathiraj et al., 2005). Once the Rab protein has fulfilled its trafficking function, it may 

be hydrolyzed by one or more GTP-hydrolysis activating proteins (GAPs) to terminate its activity 

(Barr and Lambright, 2010). GAPs, as their name implies, hydrolyze the GTP bound to the Rab 

protein to GDP, rendering the Rab protein to an inactive state (Stenmark, 2009). However, GAPs 

are not always necessary, as Rab proteins may be hydrolyzed during their trafficking, or may be 

recruited for additional trafficking after the Rab has trafficked its first vesicle (Barr and Lambright, 

2010). 

Binding of effector proteins to the Switch regions performs various roles to aid Rab 

GTPases in trafficking endosomes and vesicles. Sorting effector proteins can help Rabs, such as 

Rab5, to sort newly endocytosed vesicles by determining the contents within the vesicle (Zhen and 

Stenmark, 2015). The sorting effector protein can help recruit coat proteins and shape the vesicle 

to a specific curvature which aids in signalling where in the cell the vesicle should be transported 

(Hutagalung and Novick, 2011; McMahon and Boucrot, 2015). Phosphatases can then aid in 
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uncoating the vesicle, allowing for proper fusion to the receiving membrane at the target 

destination (Trahey and Hay, 2010). Motor adaptors can assist Rabs, such as Rab11 or Rab27, bind 

to motor proteins so that the vesicle or endosome can be moved throughout the cell along actin 

filaments or microtubules (Zhen and Stenmark, 2015). Once at its target destination, effector 

proteins can be used to help Rab proteins, such as Rab3 or Rab27, tether the endosome or vesicle 

to the acceptor membrane, and allow for proper fusion of the two membranes for the proper 

transfer of the materials within the endosome or vesicle (Stenmark, 2009). Many copies of the 

same Rab protein or its effector proteins may be used to traffick a single endosome or vesicle at 

any stage of this endocytic trafficking (Hutagalung and Novick, 2011). 

Rab protein activity is regulated by a few key factors. As previously stated, Rab proteins 

are converted to their active, GTP-bound state through GEFs, and can be inactivated through GAPs 

(Barr and Lambright, 2010). However, GAPs will not always inactivate the Rab protein if further 

trafficking is required. These GEFs and GAPs are generally specific to a single family of Rab 

proteins (Barr and Lambright, 2010). In order to avoid overexpression, and thus exogenous 

endocytic trafficking, Rab proteins in their inactive state may be targeted by Rab GDP dissociation 

inhibitors (GDIs). These GDIs form a complex with the Rab protein that prevents GEFs from 

activating the Rab (Stenmark, 2009). GDIs can also assist in returning the inactive Rab to a specific 

location in the cytosol where the activated Rab will be used in its active state (Ullrich et al., 1993). 

Rab GTPases are localized to specific organelles prior to activation and can be localized to distinct 

domains on the organelle (Stenmark, 2009; Sönnichsen et al., 2000). When Rab activity is 

required, a GDI displacement factor (GDF) will target the GDI, causing it to dissociate from the 

Rab, allowing the Rab GTPase to be activated by a GEF (Horgan and McCaffrey, 2009). 
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Due to their ability to control the trafficking of a plethora of material both into and out of 

the cell, Rab GTPases are believed to be involved in numerous signalling pathways, including the 

Notch, JAK/STAT, Wnt, Hedgehog, and Hippo signalling pathways (Emery et al., 2005; Fischer 

et al., 2006; Thomas and Strutt, 2014; Koles and Budnik, 2012; Evans et al., 2005; Takino et al., 

2014). Rab GTPases have altered expression levels in diseases caused by erroneous signalling, 

such as neurodegenerative diseases and cancers (Veleri et al., 2018; Parakh et al., 2018; Eyers, 

2018; Chia and Tang, 2009). These altered expression levels could play a role in the progression 

of the diseases, making Rab GTPases an important family of proteins to study. One key Rab 

GTPase that will be the highlighted focus of study in this thesis is the recycling Rab GTPase, 

Rab11. 

 

1.03 Rab11 – A Key Mediator of Endosomal Recycling: 

	 Rab11 is a Rab GTPase that is responsible for the recycling of endosomes and vesicles 

(Pasqualato et al., 2004). Rab11 can traffick endocytosed membrane proteins back to the cellular 

membrane, or aid in the exocytosis of proteins (Emery et al., 2005; Takahashi et al., 2012). A 

GTP-activated Rab11 can recognize endosomes and vesicles containing old or unused membrane 

proteins and receptors and bind to the membrane of the endosome or vesicle (Stenmark, 2009). 

Rab11, with the aid of its effector molecules, such as Rip11 or Rab coupling proteins, then shuttles 

the endosome or vesicle back to the cellular membrane, where the protein or receptor within the 

endosome can be reused or exocytosed (Caswell et al., 2008; Grant and Donaldson, 2009; 

Takahashi et al., 2012). This shuttling is normally performed along an actin filament scaffold, 

aided by the Rab11 family interacting protein (FIP) 1 or Rab11-FIP5 (Jing and Prekeris, 2009). 

Rab11 is responsible for trafficking many key signalling proteins, including Delta, Transferrin, 
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and cadherin, among many others (Fischer et al., 2006; Takahashi et al., 2012; Lindsay and 

McCaffery, 2016).  

 In simple organisms, such as Caenorhabditis elegans and D. melanogaster, there is only 

one variant of the Rab11 protein (Sato et al., 2008; Zhang et al., 2007). However in mammals, 

there are three variants of the Rab11 GTPase: Rab11A, Rab11B, and Rab11C, the last of which is 

also referred to as Rab25 (Lall et al., 2015). Rab11A and Rab11B are closely related, sharing 90% 

of their amino acid sequence identity, while only sharing 63% of their sequence identity with 

Rab25 (Scapin et al., 2006; Mitra et al., 2012). Effector proteins also appear to show no preference 

between Rab11A and Rab11B in vitro (Junutula et al., 2004). Despite these similarities, there are 

notable differences between Rab11A and Rab11B. Rab11A is expressed ubiquitously throughout 

an organism, whereas Rab11B expression is limited to certain locations, such as the brain and heart 

in mammals (Zulkefi et al., 2019; Lai et al., 1994). Rab11A and Rab11B also have some structural 

differences. Like many Rab GTPases, Rab11A homodimerizes in its inactive state, obstructing its 

Switch I binding site (Pasqualato et al., 2004). However, Rab11B remains a monomer in its 

inactive state, which leaves its Switch I region free and mobile allowing for easy conformational 

changes (Scapin et al., 2006). Rab11B has faster GTP-binding and GTP hydrolysis rates than 

Rab11A does, likely due to its free Switch I region compared to the obstructed Switch I region of 

Rab11A and the time required for Rab11A to dissociate into its monomeric state (Scapin et al., 

2006). 

 Rab25 is more divergent from Rab11A and Rab11B. Rab25 is only expressed in epithelial 

tissues, and carries a unique mutation in the Rab GTPase family (Goldenring et al., 1993; Lall et 

al., 2013). All Rab proteins have a conserved amino acid sequence in the GTP-binding domain of 

WDTAGQE (Goldenring et al., 1993; Lall et al., 2013). However, Rab25 has a mutation in this 
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region; glutamine is replaced by leucine, making the new sequence WDTAGLE (Goldenring et 

al., 1993). The effects of this mutation remain unclear (Lall et al., 2013). Despite these differences 

in localization and sequence from Rab11A and Rab11B, the function of Rab25 is similar and it 

uses the same Rab11-FIPs, causing it to be classified as a member of the Rab11 subfamily 

(Casanova et al., 1999; Lall et al., 2015). 

 Rab11 is a protein that appears to be crucial to eukaryotic life, as the Rab11 gene is found 

in nearly all eukaryotic organisms (Pereira-Leal and Seabra, 2001). In addition, C. elegans and 

Drosophila embryos without a functional Rab11 gene are not viable (Sato et al., 2008; Dunst et 

al., 2015). Mouse embryos with a Rab25 knockout are viable and Rab11A knockout limited to 

particular organs, such as the brain or intestines, have been viable; however a global knockout 

Rab11A remains embryonically lethal (Nam et al., 2010; Yu et al., 2014; Sobajima et al., 2014). 

A recent study by Zulkefi et al. (2019) developed stable cell lines of human ovarian cancer cells 

with Rab11A or Rab11B gene knockouts, indicating that the different isoforms of Rab11 may be 

able to rescue an organism from a knockout of one isoform; however in vivo studies of this 

phenomenon have not yet been performed globally in an organism. Taken together, these data 

indicate that although minor Rab11 knockouts are not lethal, the Rab11-mediated recycling of 

membrane proteins and receptors in vivo is critical to the early development of these organisms.  

It has recently been shown that Rab11 activity can be controlled using the new method of 

optogenetics. In a study by Nguyen et al. (2016) Rab11, as well as Rab5, were tagged with 

cryptochrome-interacting basic-helix-loop-helix 1 (CIB1) in mammalian neuronal cells. When 

subjected to blue light, CIB1 will form hetero-oligomers with Cryptochrome 2 (Cry2) (Duan et 

al., 2015). This mechanism is further described in Section 1.06. Cry2 was also transfected into the 

neuronal cells with CIB1-tagged Rab11 in the Nguyen et al. study (2016). When neurons were 
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exposed to blue light (488 nm), clusters of Rab11 were observed within the cell due to the hetero-

oligomerization of Cry2 and CIB1 (Nguyen et al., 2016). Similar results were observed in a study 

by van Bergeijk et al. (2015) where Rab11 was tagged with Cry2, as well as a combination of Cry2 

with the optogenetic light-oxygen-voltage-sensing domain (LOV). These experiments 

demonstrated that optogenetics is a viable method of controlling Rab11 localization and possibly 

its activity in vitro. 

Recent studies have shown that Rab11 has numerous roles in the cell. Firstly, Rab11 has 

been linked to many neurological processes, including neurite projection and growth cone 

development. Knockdowns of Rab11 were shown to decrease the length of the neurites in 

mammalian neuroblasts (Eva et al., 2010). In addition, Rab11 overexpression has been observed 

to enhance growth cone size and regeneration length in human neuronal cells, however Rab11 

knockdowns were shown to increase growth cone formation to initiate regeneration (Koseki et al., 

2017). This study by Koseki et al. demonstrated that Rab11 can have different effects on the same 

cell type based on its expression level. 

Rab11 has also been implicated in many evolutionary conserved signalling pathways, such 

as the Wnt, Hedgehog, and Notch signalling pathways (Feng and Gao, 2015; Yamamoto et al., 

2006; Franco et al., 2014; Emery et al., 2005). The Wnt signalling pathway is a regulator of cell 

polarity, cell migration, and cell fate determination among many other roles in early embryos 

(Komiya and Habas, 2008). During Wnt signalling, the Wnt protein will bind to the transmembrane 

receptor, Frizzled, and low-density lipoprotein receptor-related protein 6 (LRP6) to form a 

complex to activate Wnt signalling (Feng and Gao, 2015). LRP6 will be endocytosed and Frizzled 

may also be endocytosed, although this is not as prevalent as LRP6 internalization (Feng and Gao, 

2015). Rab11 is used to shuttle these internalized proteins back to the plasma membrane where 
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they may be reused (Feng and Gao, 2015; Yamamoto et al., 2006). Inhibition of Rab11 in vitro in 

human cancer cells causes LRP6 activity and Wnt signalling to decrease (Feng and Gao, 2015; 

Sakane et al., 2010), demonstrating Rab11 has a critical role in Wnt signalling. 

Rab11 has also been linked to the Hedgehog signalling pathway. The Hedgehog signalling 

pathway is responsible for cell differentiation and body patterning (Lee et al., 2016). Before 

Hedgehog signalling begins, a membrane-bound protein, known as Smoothened, is inhibited by 

another membrane-bound protein known as Patched, which causes Smoothened to be endocytosed 

(Pak and Segal, 2016; Lee et al., 2016). When the Hedgehog protein binds to the Patched ligand, 

Patched is degraded, which allows for Smoothened activity at the cellular membrane (Lee et al., 

2016). Rab11’s role in Hedgehog signalling has not been fully established, but it was shown that 

a loss of a class of phosphatidylinositol 3-kinases (PI3K) caused reduced activation of Rab11, as 

well as the mislocalization of both Rab11 and Smoothened (Franco et al., 2014). This leads to the 

belief that Rab11 trafficks Smoothened back to the cellular membrane; however, evidence for this 

has not yet been shown (Arensdorf et al., 2016). 

In addition to these signalling pathways, Rab11 is involved in the Notch signalling 

pathway, as described in Section 1.04. However, Rab11 does not appear to influence all 

biologically critical pathways, such as the JAK/STAT signalling pathway, although other Rab 

GTPases, such as Rab5, do indeed play a role (Devergne et al., 2007). Taken together, these data 

demonstrate that endocytic trafficking is crucial for all life-sustaining signalling pathways, and 

Rab11 plays a key role in many of these pathways.  

As a result of Rab11 being intricately linked to many signalling pathways, Rab11 has also 

been implicated in many diseases that arise from erroneous signalling or erroneous cell activity. 

One such disease is Alzheimer’s Disease. Rab11 has been shown to traffick b-secretase to the 
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cellular membrane (Udayar et al., 2013). b-secretase is an enzyme responsible for cleaving the 

amyloid precursor protein (APP) into the amyloid b protein (MacLeod et al., 2015). Amyloid b 

will self-aggregate, forming large plaques in the brain, which are thought to be responsible for the 

neuronal death leading to the dementia symptoms of Alzheimer’s Disease (MacLeod et al., 2015). 

Thus, investigations into Rab11 could lead to insights into Alzheimer’s Disease. 

Another neurodegenerative disease Rab11 to which has been connected is Huntington’s 

Disease. The Huntingtin protein binds to the inactivated Rab11-GDP complex (Bhuin and Roy, 

2015); thus it is likely that mutated Huntingtin will affect Rab11 activation. Rab11 activity is 

reduced in Huntington’s Disease (Shikanai et al., 2018), likely due to the binding of mutated 

Huntingtin. Rab11 overexpression has been shown to prevent synaptic dysfunction and rescue 

neurodegeneration loss in a mutant Drosophila model of Huntington’s Disease (Steinert et al., 

2012; Richards et al., 2011). Together, this lends credence to the idea that the mutated Huntingtin 

protein downregulates Rab11 in Huntington’s Disease, which helps contribute to the progression 

of the disease. 

A non-neurodegenerative disease with which Rab11 has been associated is cancer. Rab11 

variants, in particular Rab25, have been linked to the progression of many forms of cancer, 

including breast, ovarian, colon, prostate, and skin cancer (Yang et al., 2006; Mosesson et al., 

2008; Gebhardt et al., 2005). Rab25 has increased expression in both ovarian and breast cancer, 

and knocking down Rab25 halts the progression of both cancers in vitro and in vivo in mice (Bhuin 

and Roy, 2015; Yang et al., 2006). Rab25 is believed to mislocalize integrin vesicles, causing 

increased proliferation and cell survival while decreasing apoptosis, leading to tumour progression 

(Bhuin and Roy, 2015; Cheng et al., 2005). In addition, Rab11A has an increased expression level 

in skin cancer in mice (Gebhardt et al., 2005). Since Rab11 variants are linked to many different 
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forms of cancer, insight into Rab11 expression regulation may provide insights in cancer 

metastasis, and possible treatments. 

Overall, Rab11 can perform a variety of functions through endocytic recycling. It is a 

protein that is necessary for eukaryotic life, as it is involved in many evolutionary conserved 

signalling pathways. Improper Rab11 activity can lead to many life debilitating and life threatening 

diseases. Therefore, it is crucial to study Rab11 activity to elucidate its many roles in the cell and 

in signalling pathways. 

 

1.04 The Notch Signalling Pathway: 

 The Notch signalling pathway is a vital signalling pathway that is present in all metazoan 

life, from model organisms, like C. elegans and Drosophila, to humans (Gazave et al., 2009). The 

Notch signalling pathway has numerous roles in an organism, including cell proliferation, cell 

differentiation, apoptosis, and body patterning, both during development and during adult 

homeostasis (Tien et al., 2009; Gazave et al., 2009; Fischer et al., 2006). Notch signalling 

promotes the expression of numerous downstream target genes, including hairy/enhancer of split 

(Hes), hairy/enhancer of split related with YRPW motif (Hey), and single-minded (Xu and 

Gridley, 2012; Morel and Schweisguth, 2000). In mammals, there are four Notch receptors, termed 

Notch 1-4, and each receptor may play a different role in the organism (Andersson et al., 2011). 

Although Notch signalling can promote many different functions, the mechanism of Notch 

signalling activation remains constant for all these functions. 

 The Notch protein is a transmembrane protein composed of two domains: the Notch 

intracellular domain (NICD) and the Notch extracellular domain (NECD) (Tien et al., 2009). The 

Notch protein is translated as a single unit (Aster et al., 2017). However, before it is trafficked to 



	
12 

the cellular membrane, Notch is shuttled to Golgi, where the protein is cleaved at the site 1 (S1) 

cleavage site by a furin-like convertase into its intracellular and extracellular domains (Aster et 

al., 2017). The heterodimer Notch protein is then trafficked and inserted into the cellular 

membrane (Aster et al., 2017). The two domains of Notch interact non-covalently on the 

intercellular side of the cell membrane (Tien et al., 2009) (Figure 1.01).  

During the canonical Notch pathway, Notch signalling is activated when a ligand from a 

neighbouring cell, the signalling cell, binds to the NECD on the receiving cell (Fischer et al., 

2006). In humans, this ligand can be one of the three variants of the Delta protein, Delta-like 1, 3, 

or 4, or one of two variants of the Jagged protein, Jagged 1 or 2 (D’Souza et al., 2010). This binding 

stimulates a proteolytic cleavage of Notch by pulling the NECD to reveal the Site 2 (S2) cleavage 

locus on the Notch receptor (van Tetering and Vooijs, 2011). This S2 cleavage is performed by 

the membrane-bound a-secretase a disintegrin and metalloproteinase (ADAM) on the NECD near 

the cellular membrane (van Tetering and Vooijs, 2011). The NECD and its bound ligand are then 

endocytosed by the signalling cell where the NECD is degraded (Fischer et al., 2006). The 

remaining NICD on the receiving cell is then cleaved at cleavage Site 3 (S3) by g-secretase 

(Olsauskas-Kuprys et al., 2013). The liberated NICD is then translocated to the nucleus, where it 

binds to a repressor, such as C promoter-binding factor 1 (CBF1) in humans, inhibiting the 

repressor and allowing for expression of downstream target genes (Andersson et al., 2011) (Figure 

1.01). 
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Figure 1.01: The Canonical Notch Signalling Pathway. 
Once the Notch protein (orange) has been translated, it is shuttled to the Golgi (brown) where it is 
cleaved into the NECD and the NICD at S1 by a furin-like convertase (red). The two domains of 
Notch interact non-covalently, and shuttled to the cellular membrane of the receiving cell. When 
a ligand, such as Delta (blue), from a signalling binds to the NECD, the S2 sequence on the NECD 
is revealed and subsequently cleaved by ADAM (pink). Delta and the NECD are endocytosed into 
the signalling cell, where the NECD is degraded and Delta is recycled back to the cellular 
membrane by Rab11 (green). The remaining NICD on the receiving cell is cleaved by g-secretase 
(lime green) at S3. The NICD is then translocated to the nucleus where it binds to a repressor, such 
as CBF1 (grey), inhibiting the repressor and allowing for expression of downstream target genes 
(DTG). This figure was based upon information contained in Tein et al. (2009) and Fischer et al. 
(2006).  
 
 

In addition to the simple canonical Notch signalling pathway, there are many alternative, 

non-canonical Notch pathways. These pathways can include: cis-binding of a ligand to NECD on 

the same cell; the interaction of Notch signalling with the Wnt signalling pathway and b-catenin; 

and the regulation of Notch by hypoxia (Andersson et al., 2011; Andersen et al., 2012). These 

non-canonical Notch pathways can result in Notch promoting the expression or repression of 

different genes, Notch being prematurely degraded, or possibly Notch being recycled to the 

cellular membrane (Andersson et al., 2011; Andersen et al., 2012). This is one aspect of how 
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versatile Notch can be, which allows the Notch signalling pathway to be involved in many 

developmental and homeostatic functions.  

As Notch is heavily involved in many important cellular and developmental functions in 

humans, erroneous Notch signalling can lead to many life-impairing diseases. One main disease 

that arises from misregulation of Notch signalling is cancer. As previously stated, one role of Notch 

is cell proliferation. Tumours can utilize this Notch-promoted cell proliferation to grow and thrive 

(Aster et al., 2017). This is achieved by Notch promoting the expression of Myc, a family of 

proteins that promote cell proliferation in tumours (Palomero et al., 2006; Dang et al., 2009). Notch 

is also commonly mutated in cancer through frameshift or nonsense mutations (Aster et al., 2017). 

These mutations can lead to ligand-independent Notch activation, which is seen in breast and 

mouth cancers (Robinson et al., 2011; Frierson Jr. and Moskaluk, 2013); or these mutations can 

inactive Notch activity, which is seen in some skin cancers as well as lung cancer (Wang et al., 

2011). Notch also helps in the process of angiogenesis, which is used to produce new arteries to 

bring nutrients and growth factors to cancerous tumour (Venkatesh et al., 2018). Notch signalling 

can promote the growth of many forms of cancers in a variety of manners. 

In addition to its role in many different cancers, altered Notch activity is also observed in 

many other diseases. Mutated Notch genes have been linked to many heart diseases, as Notch is 

involved in many cardiac developmental processes, such as angiogenesis (Penton et al., 2012). 

Mutations in the Notch 2 gene, as well as the ligand Jagged 1 gene, can lead to Alagille syndrome, 

a disease that affects the proper function of many organs in the body, but primarily the heart, liver, 

and kidneys (Penton et al., 2012). Notch also plays a role in vertebrae formation in humans, and 

erroneous Notch signalling can lead to improper vertebrae and spinal formation (Dunwoodie, 

2009). As Notch signalling is implicated in many human diseases, it is crucial that the Notch 
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signalling pathway is fully understood, so that methods of controlling Notch signalling can be 

developed. 

One potential method of controlling Notch signalling is by controlling Rab11 activity. 

During non-canonical, ligand-independent Notch signalling, Rab11 may traffick full-length Notch 

back to the cellular membrane if Notch is not degraded (Wilkin et al., 2004). Rab11 has also been 

shown to recycle Delta back to the cellular membrane after it has been endocytosed with the NECD 

(Emery et al., 2005) (Figure 1.01). Inactivating Rab11 or its effector protein Sec15 can inactivate 

Delta activity (Fischer et al., 2006; Zhang et al., 2004). Rab11 may be required for recycling Delta 

to the cellular membrane in its activated form, which would allow Delta to bind to Notch (Fischer 

et al., 2006), but this mechanism of action has not yet been concretely proven.  

Although Rab11 has been linked to the Notch signalling pathway, its precise role in Notch 

signalling has not yet been elucidated. The research presented in this thesis investigates the role of 

Rab11 in Notch signalling, with the goal to determine if Rab11 can be used to control Notch 

signalling. 

 

1.05 Drosophila melanogaster as a Model Organism: 

 One model in which Rab11 and Notch signalling can be simultaneously interrogated is the 

model organism Drosophila melanogaster. Rab11 and Notch are both active in D. melanogaster, 

but on a simpler scale than in humans. Rab11 only has one variant in D. melanogaster instead of 

the three found in humans (Zhang et al., 2007; Lall et al., 2015). The D. melanogaster Rab11 

protein has very similar amino acid sequence to the Rab11A and Rab11B proteins found in humans 

(Zade et al., 2015). Notch also only has one variant in D. melanogaster and only two ligands, Delta 

and Serrate, a Jagged homolog (Xu and Gridley, 2012; Bray, 2006). Another difference between 
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Notch signalling in humans and Drosophila is that once the NICD has been cleaved by g-secretase 

and translocated to the nucleus, it binds to the repressor Suppressor of Hairless to promote the 

expression of downstream target genes instead of CBF1 (Xu and Gridley, 2012). Despite these 

differences, Rab11 activity and Notch signalling are highly conserved in D. melanogaster and 

humans with respect to all of the essential components for Notch signalling, therefore much of 

what is learned about these proteins in flies can be applied to further understand the mechanisms 

involved in Notch signalling in humans.  

 Importantly, D. melanogaster provides a suitable model system, owing to the availability 

of a wide range of molecular and genetic tools and ease of propagation. In addition, genetic 

manipulations in flies allow for the detailed study of proteins and mechanisms that would 

otherwise be both difficult to accomplish and unethical to test in humans. One such genetic 

manipulation involves the tagging of genes of interest with fluorophores. In D. melanogaster, each 

Rab gene has been tagged homozygously with YFP at its N-terminus (Dunst et al., 2015). This 

YFP-tag allows for the tracking of endogenous levels of Rab GTPase activity in vivo (Figure 

1.02), without affecting the function of the Rab protein at its active C-terminus (Dunst et al., 2015; 

Li et al., 2014). The extracellular domain of Notch has also been tagged with YFP in 

D. melanogaster (Lowe et al., 2014). These lines of D. melanogaster with Rab11 and extracellular 

Notch tagged with YFP are used in combination with a YFP-targeting nanobody, described in 

Sections 1.07 and 1.08. 
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Figure 1.02: YFP::Rab11 Expression in D. melanogaster Embryos and Adult Tissue. 
(A) D. melanogaster embryos with a YFP-tagged Rab11 gene were imaged at the germ band 
retraction. YFP::Rab11 (yellow) is seen throughout the embryo. (B) Salivary glands from mature 
YFP::Rab11 D. melanogaster were also imaged. YFP::Rab11 is seen at high concentrations in the 
cytoplasm of the salivary glands, with much lower expression levels in fat cells (seen as a shadow 
[white arrow] in front of the right salivary gland). 
 
 
 Another method of genetic manipulation in D. melanogaster involves the Gal4/upstream 

activating sequence (UAS) expression system. Gal4 is a transcriptional activator protein 

originating from yeast that can be expressed in flies (Brand and Perrimon, 1993). Gal4 binds to 

the UAS operator DNA sequence and serves to recruit RNA polymerase, thereby activating 

transcription and expression of a downstream gene of interest (Brand and Perrimon, 1993). The 

Gal4/UAS system can, therefore, be thought of as a binary expression system, as the gene of 

interest will only be expressed if both Gal4 and UAS are present (Brand and Perrimon, 1993). This 

expression system is commonly utilized in D. melanogaster in order to drive tissue-specific 

expression of transgenes of interest. This transgene expression can begin in early development, 

and continue throughout the life of the fly (Brand and Perrimon, 1993). The early embryo of 

D. melanogaster is of particular interest to this study due to the fact that Notch signalling begins 

A B 
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in early embryos at the ventral mesoderm (Cowden and Levine, 2002), making the early embryo 

a great system to quickly observe and alter Notch signalling in vivo.  

  In early embryos of all animals, including D. melanogaster, the embryo relies on 

maternally deposited proteins and mRNA to grow and develop, until the embryo is developed 

enough to produce its own zygotic mRNA and protein (Atallah and Lott, 2018). Gal4 is a protein 

that can be maternally deposited into D. melanogaster embryos (Rørth, 1998). Depending on the 

enhancers and promoters used with the Gal4/UAS expression system, the maternally deposited 

Gal4 may allow for expression in the early embryo, before the embryo is able to synthesize its own 

Gal4 protein (Rørth, 1998). Alternatively, the enhancers and promoters can allow for the protein 

of interest to only be expressed later in development, or in specific tissues, bypassing the need for 

maternally-deposited Gal4 (Brand and Perrimon, 1993; Duffy, 2002). Thus, the Gal4/UAS 

expression system is a valuable method of genetic manipulation in D. melanogaster that allows 

for a protein of interest to be expressed at various stages of development in the whole animal or in 

specific tissues.  

 In order to express a protein of interest in D. melanogaster under the Gal4/UAS expression 

system, a UAS-driven gene construct must be inserted into the genome. Multiple methods of 

genetic recombination in flies, such as P-element-mediated recombination, CRISPR/Cas9-

mediated recombination, FLP-FRT recombination, Cre-Lox recombination, and site-specific 

recombination using fC31 integrase have been well established (Zhang et al., 2014; Bateman et 

al., 2006; Groth et al., 2004). The fC31 integrase site-specific recombination, used in the 

experiments described herein, is a highly efficient method of non-reversible genetic recombination 

that involves the use of two specific DNA sequences: a bacterial attachment site (attB) and a phage 

attachment site (attP), as well as fC31 integrase, which is an enzyme derived from the fC31 



	
19 

bacteriophage that is used to insert foreign DNA into a host genomic DNA sequence (Groth et al., 

2004; Thorpe and Smith, 1998). In general, an attP site specific to the fC31 bacteriophage is first 

inserted into a genomic DNA locus, and an attB site specific to the fC31 bacteriophage on a 

foreign DNA plasmid containing a genetic construct of interest can be inserted into the genomic 

attP site in a site-specific manner (Groth et al., 2004). When the plasmid DNA nears the genomic 

attB site, fC31 integrase will cleave both the attB and attP sites, and subsequently ligate the sites 

together at two locations, termed attL and attR (att site left and att site right, respectively), with 

the genetic construct of interest flanked by these sites (Groth et al., 2004) (Figure 1.03). The new 

attL and attR DNA sequences are not recognized by fC31, making the insertion non-reversible 

(Bateman et al., 2006). The plasmid containing the gene of interest will generally also carry a 

phenotypic marker, so that D. melanogaster that have incorporated the gene of interest into their 

genome can be identified without genetic sequencing. Therefore, the fC31 integrase method of 

genetic recombination can allow for a protein of interest to be inserted into the genome of 

D. melanogaster with a high efficiency and specificity.  

 

 
Figure 1.03: fC31 Integrase-Mediated Site-Specific Genetic Recombination. 
In this method of genetic recombination, a foreign plasmid DNA carrying an attB site (blue), a 
phenotypic marker gene (red), and a transgene encoding a gene of interest (pink) is injected into 
an organism carrying an attP site (green) on a selected chromosome. fC31 integrase (yellow) will 
irreversibly cleave the attP and attB sites, and ligate the sites together to produce an attL and attR 
site (green and blue). These new sites will flank the transgene of the protein of interest and the 
phenotypic marker. This figure was based upon information contained in Bateman et al. (2006). 
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 To be able to utilize the fC31 integrase site-specific recombination, a plasmid carrying a 

gene of interest must be present in D. melanogaster. A common method of inserting a plasmid into 

D. melanogaster is through transgenesis. Transgenesis is the process of injecting plasmid DNA 

into an early D. melanogaster embryo so that a transgene can be incorporated into the cell’s 

genome (Venken and Bellen, 2007). This process is facilitated by the fact that the early 

D. melanogaster exists as a syncytium where discrete nuclei are distributed throughout a shared 

cytoplasm (Leptin, 1995). In the early embryo, cellularization begins at the outer edges of the 

embryo surrounding a shared nutritional yolk, and serves to enclose individual nuclei within a 

cellular membrane (Leptin, 1995). The cells at the posterior end of the embryo are known as the 

“pole cells” and develop into germ line cells (Leptin, 1995; Venken and Bellen, 2007). Injecting 

D. melanogaster embryos expressing fC31 integrase with a plasmid carrying an attB site can allow 

for genetic recombination in a small proportion of these cells at an attP site (Groth et al., 2004; 

Venken and Bellen, 2007). These embryos are then grown and can be crossed with wild-type 

D. melanogaster. The progeny from this fly cross can be screened for a phenotypic marker that 

indicates that the fly received the transgene allele from an injected parent (Cornell et al., 2008; 

Venken and Bellen, 2007). Typically, the marker employed confers a visible phenotypic change, 

such as eye colour, in transgenic progeny carrying the transgene of interest (Venken and Bellen, 

2007). Transgenesis paired with fC31 integrase site-specific recombination is a powerful tool to 

develop D. melanogaster lines expressing any protein of interest.  

 Some transgenic insertions into D. melanogaster can be lethal to the animal if the 

transgenic allele is homozygous, and balancer chromosomes are frequently used to circumvent this 

problem (Greenspan, 1997). Balancer chromosomes have a number of gene inversions and 

rearrangements such that the chromosome cannot undergo genetic recombination with a wild-type 
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chromosome in germ cells during meiosis (Greenspan, 1997). Balancer chromosomes are 

homozygous lethal, due to self-recombination events in meiosis producing chromatids that do not 

segregate properly or have deficiencies that result in embryonic lethality (Miller et al., 2016). 

Balancer chromosomes exist for the three largest chromosomes in D. melanogaster, chromosomes 

X, 2, and 3 (Miller et al., 2016). A balancer chromosome also carries a distinct phenotypic allele 

(Appendix Figure 1.01), that allows for flies carrying the balancer chromosome to be easily 

identified based upon phenotype alone (Greenspan, 1997). Breeding a fly carrying a lethal 

transgene with a balancer fly line, allows for a homozygous lethal transgene to be paired with a 

homozygous lethal balancer chromosome. This allows for the transgene to be expressed in vivo in 

D. melanogaster along with a wild-type version of the gene, and for flies that have this transgene 

to be identified using the balancer chromosome. Balancer chromosomes can also be used to pair 

non-lethal transgenes on different chromosomes together in a homozygous manner in the same 

animal through the gain and subsequent loss of balancer chromosome phenotypes through a series 

of fly crosses (Hales et al., 2015). This process is described in Section 2.14. Fly crosses are 

performed with mature male flies and virgin female flies. The female flies must be virgins to avoid 

any unwanted and unaccounted for phenotypes being present in the progeny (Hales et al., 2015). 

Virgin flies can be identified by the presence of the meconium in their abdomen (Appendix Figure 

1.02), the first bowel movement of the animal which is only present before the fly is sexually 

mature (Pulver and Berni, 2012). Balancer chromosomes and genetic fly crossing are powerful 

tools to express lethal and non-lethal transgenes in vivo in a model organism. 

 Producing D. melanogaster lines that express a unique transgene is a long process. 

D. melanogaster take up to 19 days to develop at 18°C (Hales et al., 2015), so rearing flies that 

express a protein of interest may take months if multiple fly crosses are needed. To quickly test if 
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a protein of interest is functional in a D. melanogaster system, cell cultures can be used to test 

protein functionality in vitro. Two commonly used D. melanogaster cell types are Schneider 2 

(S2) cells and Drosophila primary cells. S2 cells are an immortalized line of macrophage cells 

harvested from late stage D. melanogaster embryos (Schneider, 1972). These S2 cells can be 

cultured and transfected with a plasmid carrying a potential transgene under a Drosophila 

promoter, such as Actin 5C (Chung and Keller, 1990). The subsequent transfected cells can be 

observed or imaged, if the transgene carries a fluorophore, to ensure the protein produced by this 

transgene is functional. One alternative cell line that can be used to test D. melanogaster transgenic 

proteins in vitro are Drosophila primary cells. Drosophila primary cells are derived from 

homogenizing D. melanogaster embryos (Bai et al., 2009). Unlike S2 cells, Drosophila primary 

cells can only be cultured for up to ten days (Bai et al., 2009). One advantage of Drosophila 

primary cells over S2 cells is that the primary cell culture can be obtained from any 

D. melanogaster line, including lines that already carry a transgene of interest. This can allow for 

a new transgenic construct to be tested against endogenous levels of another transgenic protein, 

rather than against an overexpressed level produced by the promoters in S2 cells (Chung and 

Keller, 1990). Despite the flaws of each cell type, both cell lines allow for a transgenic protein to 

be tested quickly in vitro before moving forward to an in vivo system. 

 In summary, D. melanogaster provides an ideal system for studying Rab11 and Notch 

signalling. The ease of genetic manipulation in D. melanogaster also allows for the production of 

proteins that could alter the activity of Rab11 and Notch, which will allow the consequences of 

inhibiting or activating each protein to be observed, and what effect this inhibition or stimulation 

has on the other. 
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1.06 Optogenetics – A Method of Controlling Protein Activity with Spatial and Temporal 

Precision: 

 A newer method of controlling protein activity is optogenetics. Optogenetics involves the 

use of light-activatable proteins to activate or inhibit a system, cell, or protein of interest (Kushibiki 

et al., 2014). The first optogenetic protein observed and characterized was channelrhodopsin, a 

light-sensitive ion channel that was used to stimulate rat hippocampal neurons (Boyden et al., 

2005). Since then, the fields of both neuronal and non-neuronal optogenetics have expanded 

greatly. In the area of non-neuronal optogenetics, many optogenetic proteins have been identified 

and used as optogenetic tags, including the LOV domain, the photo-switch magnets, the cobalamin 

binding domain (CBD), and Cry2 and CIBN (de Mena et al., 2018; Kawano et al., 2015; Kainrath 

et al., 2017; Cui et al., 2014).  

The LOV domain is a protein originating in plants that is folded on itself in the dark (de 

Mena et al., 2018). Upon exposure to blue light (460 to 500 nm), the LOV domain will unfold and 

potentially homodimerize, depending on the variant used (de Mena et al., 2018; Wang et al., 2012). 

When light treatment is stopped, the LOV domain will dissociate back to monomer, and fold onto 

itself once more (Wang et al., 2012). The photo-switch magnets are derived from the vivid domain 

of LOV (Kawano et al., 2015). The system consists of two optogenetic “magnet” proteins, termed 

the positive magnet (pMag) and the negative (nMag) (Kawano et al., 2015). The pMag protein has 

positively charged amino acids in a central domain, and the nMag has negatively charged amino 

acids in the same central domain (Kawano et al., 2015). This causes the magnet system to only 

form heterodimers under blue light exposure, as similar charges will repel each other, preventing 

homodimers (Kawano et al., 2015). Like the LOV domain, stopping the exposure to blue light will 
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cause the magnets to return to a monomeric state (Kawano et al., 2015). The photo-switch magnets 

can be used to recombine split proteins in a precise spatial and temporal manner (Jung et al., 2019).  

The CBDs are vitamin B12 derivatives that are found in two different species of bacteria 

(Padmanabhan et al., 2017; Kainrath et al., 2017), and are more noticeably different than LOV 

and the photo-switch magnets. In a dark environment, the CBDs form homotetramers (Kainrath et 

al., 2017). Upon exposure to green light (520 nm to 550 nm), the homotetramers will dissociate 

into monomers (Kainrath et al., 2017). The CBD tetrameric state has the potential to block the 

active site of a protein in the dark and allow for protein activity in the presence of green light, 

acting as an optogenetic “on/off” switch for protein activity. 

Cry2 is an optogenetic protein that was first observed in Arabidopsis thaliana (Ahmad and 

Cashmore, 1993). Cry2 is one of two cryptochromes found in A. thaliana, the other being Cry1 

(Cashmore, 2003). Cry2 is involved in light dependent activities in plants, such as flowering (Lin, 

2000). Mammals also contain cryptochrome proteins, which help to regulate their circadian 

rhythms, including sleep and wakefulness (van der Horst et al., 1999). When plant-derived Cry2 

is exposed to blue light (450 nm to 500 nm), it binds to CIBN (Liu et al., 2008; Cui et al., 2014). 

The Cry2-CIBN pair then oligomerizes with other Cry2-CIBN pairs to produce clusters of Cry2-

CIBN (Duan et al., 2015). These clusters are hetero-oligomers, consisting of only Cry2 and CIBN 

proteins. However, Cry2 is also able to homo-oligomerize in the absence of CIBN (Park et al., 

2017). Importantly, both the homo-oligomeric and hetero-oligomeric clustering is completely 

reversible if the proteins are no longer treated with blue light (Park et al., 2017; Cui et al., 2014). 

The homo-oligomeric and hetero-oligomeric clustering of Cry2 and its complete reversibility 

makes it a unique optogenetic tool.  
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Although the three-dimensional crystal structures of the active and inactive states of Cry2 

have yet to be solved, the general mechanism of Cry2 has been determined. Cry2 is a flavoprotein 

that contains an N-terminal photolyase homology region (PHR) to which flavin adenine 

dinucleotide (FAD) binds (Liu et al., 2016; Kennedy et al., 2010). Upon exposure to blue light, 

FAD is reduced to FADH, which triggers a conformational change in Cry2 that allows it to homo-

oligomerize or hetero-oligomerize (Liu et al., 2016). This conformational change likely occurs at, 

or at the very least impacts, the C-terminal end of the PHR, as modifications to or extensions of 

this C-terminus of Cry2PHR can increase or decrease the clustering rates and efficiency of 

Cry2PHR (Duan et al., 2017; Park et al., 2017). 

The PHR domain of Cry2 has been isolated, and is used as an optogenetic tool over native 

Cry2 since it has a faster rate of homo-oligomeric and hetero-oligomeric clustering, as well as an 

increased amount of total protein that can bind in a single cluster (Kennedy et al., 2010). As 

previously mentioned, Cry2PHR has also been modified to increase the clustering rate and 

clustering efficiency of Cry2PHR (Duan et al., 2017; Park et al., 2017). The rates of Cry2 

clustering are easily quantifiable (Cui et al., 2014; Bugaj et al., 2015), and if Cry2 is fused to a 

fluorophore, the clustering of Cry2 and any associated proteins can be tracked in real time (Duan 

et al., 2017; Park et al., 2017).  

Cry2 has been used previously to control organelle distributions in mammalian cells, as 

well as to control receptor tyrosine kinases in human stem cells (Duan et al., 2015; Bugaj et al., 

2015). Cry2 has also been tagged to b-catenin in Drosophila to control Wnt signalling during 

Drosophila embryogenesis (Kaur et al., 2017). As previously described in Section 1.03, Rab5 and 

Rab11 have been tagged with CIB1 in rat neurons to control endosome trafficking via Cry2/CIB1 
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clustering (Nguyen et al., 2016). Cry2 is becoming a more commonly used optogenetic tool that 

has been used in combination with Rab GTPases, as well as in Drosophila. 

Cry2 allows for precise temporal control over protein activity. Cry2 can be fused to proteins 

that are embryonically lethal if knocked out, such as Rab11. If the specimen is left in a dark 

environment, the protein will function normally. The protein can then be activated or inhibited 

through Cry2 clustering when the specimen is subjected to blue light. This allows for complete 

temporal control over the activity of the protein of interest. If a precise light source is used, such 

as a monochromatic laser, the protein of interest can be activated or inhibited in a single location, 

providing precise spatial control within the system under investigation. Overall, Cry2 is an 

optogenetic tool that can provide precise spatio-temporal control over a protein of interest. 

 

1.07 Nanobodies – Small Proteins, Big Applications: 

 Another tool that can have a variety of applications in molecular genetics are nanobodies. 

Nanobodies are derived from antibodies (Arbabi-Ghahroudi, 2017). In humans, antibodies are 

involved in the immune response to foreign materials (Berlot et al., 2015). Immunoglobulin G 

(IgG) are a subset of antibodies are secreted by B lymphocytes that circulate through the blood 

stream. After binding to complementary antigens, the process of the degradation of the foreign 

body by the rest of the immune system is initiated (Berlot et al., 2015). In humans, IgG antibodies 

are comprised of two domains, a large heavy chain and a smaller light chain (Schroeder Jr. and 

Cavacini, 2010) (Figure 1.04A). Each IgG antibody has two heavy chains and two light chains 

paired together producing a “Y” shape, wherein each side of the Y has a heavy and light chain 

(Schroeder Jr. and Cavacini, 2010). Both the heavy and the light chain have a central, conserved 

constant region, as well as a variable region (with respect to amino acid sequence) at the tip of 
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each “arm” (Schroeder Jr. and Cavacini, 2010) (Figure 1.04A). This variable region is responsible 

for binding to a specific antigen, and it is this union which will induce the subsequent immune 

response (Berlot et al., 2015).  

 

 
Figure 1.04: Human and Camelid Antibody Structures. 
(A) In humans, IgG antibodies are made up of a tetramer consisting of two pairs of a large heavy 
chain (blue), and a small light chain (green). Each chain has a constant region (dark blue/green) 
shared among all antibodies, and a variable region (light blue/green) that comprises the binding 
site for a specific antigen. (B) Antibodies from the Camelidae family are unique in the fact that 
they only have a heavy chain, lacking the light chain. This figure was based upon information 
contained in Schroeder Jr. and Cavacini (2010) and Hamers-Casterman et al. (1993). 
 
 
 Antibodies have a wide variety of uses in research. Antibodies harvested from different 

animals can be used to facilitate staining and fluorescently image fixed samples (Ramos-Vara, 

2005). Artificially produced antibodies are also being investigated as treatments for various 

diseases (Singh et al., 2018). Notch antibodies have been harvested from mice to bind to the 

various Notch receptors in human stem cells to induce differentiation (Falk et al., 2012). One 

relatively new use of antibodies is the isolation of the variable heavy chain domain (vhh) of 

camelid antibodies to produce small “nanobodies”. Camelid antibodies are unique in that they have 

heavy chains but no light chains (Hamers-Casterman et al., 1993; Arbabi-Ghahroudi, 2017) 
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(Figure 1.04B). This makes the small vhh domain of the heavy chain easy to identify and isolate 

from camelids, so that the nanobody can be used in other research applications (Hassanzadeh-

Ghassabeh et al., 2013). 

 Camelid-derived nanobodies have already been used in a wide variety of studies. In a study 

by van de Broek et al. (2011), an anti-human epidermal growth factor receptor 2 (HER2) nanobody 

was conjugated to gold nanoparticles. Gold nanoparticles can absorb near-infrared light and covert 

this energy into heat (Broek et al., 2011). In this study, the HER2 nanobody bound to HER2 

receptors on ovarian cancer cells, and treatment with near-infrared light caused heat-induced cell 

death in vitro (van de Broek, 2011). Nanobodies have also been observed to interact with G-

coupled protein receptors. In a study by Steyaert and Kobilka (2011), a camelid-derived nanobody 

was able to stabilize the active state of b2 adrenergic receptor, a G-coupled protein receptor that 

interacts with epinephrine (Johnson, 2006). The potential for camelid-derived nanobody uses in 

biological research is broad, as the high specificity of antibodies allows for a wide range of 

nanobody targets. 

The nanobody of particular interest to the work presented in this thesis is the anti-GFP/anti-

YFP nanobody, vhhGFP4. The vhhGFP4 nanobody is able to target and bind to both green and 

yellow fluorescent proteins (GFP and YFP, respectively) (Harmansa et al., 2017). The vhhGFP4 

nanobody binds to GFP or YFP at three complementarity determining regions (CDRs), which 

causes a high binding affinity of the vhhGFP4 nanobody to GFP and YFP (Kubala et al., 2010) 

(Figure 1.05).  
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Figure 1.05: Structure of the vhhGFP4 Nanobody Binding to YFP. 
The nanobody vhhGFP4 (orange) is a small protein that binds to the side of the “barrel”-like 
structure of YFP (yellow). This binding is performed at three CDR loops (black arrows), away 
from the N- and C-termini (blue). PDB ID: 3OGO (Kubala et al., 2010). 
 
 

The vhhGFP4 nanobody was first isolated and screened by Saerens et al. in 2005. Since 

then, vhhGFP4 has been used in many studies. The vhhGFP4 nanobody has been fused to red 

fluorophores to track chromatins throughout human mitosis in vitro (Rothbauer et al., 2006). The 

vhhGFP4 nanobody has also been fused to the supernumerary limbs (Slmb) protein in vitro in 

mammalian cells and in vivo in D. melanogaster (Caussinus et al., 2012). The Slmb protein is 

responsible for targeting and degrading specific proteins, and the fusion of vhhGFP4 to Slmb 

allowed for the degradation of targeted proteins tagged with GFP (Jiang and Struhl, 1998; 

Caussinus et al., 2012). In addition, the vhhGFP4 nanobody was able to control the localization of 

both GFP-tagged and YFP-tagged proteins in vivo in D. melanogaster (Harmansa et al., 2017). 

The vhhGFP4 is also small enough to be able to pass through the blood-brain barrier in mouse 

models to target astrocytes (Li et al., 2012). Recently, the vhhGFP4 nanobody has been fused to 



	
30 

Cry2 to induce clustering of GFP-tagged kinases in S2 cells through Cry2-CIBN hetero-

oligomerization (Osswald et al., 2019). The vhhGFP4 nanobody has been developed into a tool 

for targeting GFP-tagged and YFP-tagged proteins of interest and can be fused to additional 

proteins both in vitro and in vivo.   

 

1.08 Summary and Proposed Mechanism of Action: 

 In summary, Rab11 is a member of a family of Rab GTPase endocytic trafficking proteins, 

and its role in the cell is to recycle endocytosed membrane proteins back to the cellular membrane 

(Pasqualato et al., 2004). Rab11 plays a role in many evolutionarily conserved pathways, including 

the Notch signalling pathway, where it returns endocytosed Delta back to the cellular membrane 

(Emery et al., 2005). Elucidating Rab11’s precise role in Notch signalling can be difficult. Rab11 

is necessary for embryonic survival, therefore traditional methods of protein inhibition, such as 

gene knockouts and RNAi silencing, are not viable as they cause embryonic death (Yu et al., 2014; 

Dunst et al., 2015). One newer method that has the potential to control Rab11 activity is 

optogenetics. Optogenetics uses light-activatable tags to control protein function with spatio-

temporal precision (Kushibiki et al., 2014), meaning that Rab11 could be inactivated at various 

stages of development in specific tissues using optogenetics. This can also be done in a non-

genomically invasive manner using nanobodies. Nanobodies are single domain antibodies that 

recognize a specific protein or protein domain (Arbabi-Ghahroudi, 2017). One such nanobody of 

interest is vhhGFP4, a nanobody that will bind to either GFP or YFP (Saerens et al., 2005). This 

nanobody can be used in D. melanogaster that have their Rab11 gene tagged with YFP (Dunst et 

al., 2015), providing a system to observe Rab11 inhibition in vivo. 
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 Our goal was to synthetically produce an optogenetically controllable YFP-nanobody 

(Opto-Nanobody) that could be used in D. melanogaster to control Rab11 activity. The Opto-

Nanobody consisted of an N-terminal mScarlet fluorophore to track the localization of the Opto-

Nanobody in real-time, a Cry2 optogenetic tag, followed by the C-terminal vhhGFP4 nanobody. 

mScarlet was chosen as the fluorophore used in these experiments due to its excitation wavelength 

of 569 nm being far from the wavelength of 500 nm used to activate Cry2 (Bindels et al., 2017; 

Che et al., 2015). This allowed us to observe the Opto-Nanobody distribution prior to Cry2 

activation. As there was only one protein of interest in these experiments, Rab11, only the Cry2 

optogenetic tag was needed for oligomerization. Thus, only the Cry2 optogenetic tag was used for 

homo-oligomerization in these experiments, not the pair of Cry2 and CIBN needed for hetero-

oligomerization. 

Once the Opto-Nanobody was successfully inserted into the D. melanogaster genome also 

containing YFP::Rab11, the vhhGFP4 nanobody would bind to the YFP portion of YFP::Rab11 in 

a dark environment in D. melanogaster embryos (Figure 1.06A). When the embryo is subjected 

to blue light, the Cry2 portion of the Opto-Nanobody would homo-oligomerize, which would cause 

the entire Opto-Nanobody to homo-oligomerize. Since the vhhGFP4 was bound to YFP::Rab11, 

the Opto-Nanobody clustering should also cause YFP::Rab11 to cluster together (Figure 1.06B). 

This clustering of YFP::Rab11 is proposed to cause Rab11 to become inactivated due to the 

mislocalization of the protein as well as steric hindrance from the large clusters of proteins. The 

effects of inhibiting Rab11 activity on Notch signalling could then be observed at various stages 

of D. melanogaster embryonic development by observing any changes to the expression levels of 

Notch downstream targets, such as single-minded.  
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Figure 1.06: Predicted Mechanism of YFP::Rab11 Inhibition via Opto-Nanobody 
Clustering. 
(A) Once the Opto-Nanobody is in a D. melanogaster system expressing YFP::Rab11, the 
vhhGFP4 nanobody (orange) will bind to the YFP (yellow) portion of YFP::Rab11. (B) In a dark 
environment, the Opto-Nanobody should be colocalized with YFP::Rab11, without affecting the 
normal activity of Rab11 (green). This colocalization can be visualized by mScarlet (red) and YFP, 
respectively. Once the system is subjected to blue light, the Cry2 (blue) portion of the Opto-
Nanobody will homo-oligomerize, causing the Opto-Nanobody to cluster, which in turn will cause 
YFP::Rab11 to cluster as well due to vhhGFP4 being bound to YFP. It is believed that this 
clustering of YFP::Rab11 will inhibit Rab11 activity. Returning the system to a dark environment 
will cause the Cry2 to dissociate, dissociating the Opto-Nanobody and YFP::Rab11, allowing for 
normal Rab11 activity. 
	
	

Notch activity could also be directly influenced by the Opto-Nanobody protein. By adding 

a Drosophila secretory sequence (sec) to the N-terminus of the Opto-Nanobody protein, the Opto-

Nanobody could be secreted into the extracellular fluid (Costa et al., 1994). This secreted Opto-

Nanobody (sec-Opto-Nanobody) could be used in flies that have their NECD tagged with YFP 

(Lowe et al., 2014). The sec-Opto-Nanobody will bind to the YFP portion of YFP::Notch in the 

embryo in a dark environment without activating or inhibiting Notch. Once the embryos are 
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subjected to blue light, the sec-Opto-Nanobody will cluster together, causing YFP::Notch to 

cluster together as well. This could cause Notch inhibition through steric hindrance or activation 

if the NECD is ripped off by shearing forces of the large protein cluster. Both Notch inhibition or 

activation can be observed by observing the expression levels of Notch downstream targets. 

The Opto-Nanobody construct will allow us to elucidate the role of Rab11 in Notch 

signalling both in vitro and in vivo in D. melanogaster, as well as provide us a non-genomically 

invasive method of controlling both Rab11 and Notch activity. 
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Chapter 2 – Materials and Methods: 

2.01 In silico Design of Protein Constructs: 

 The Opto-Nanobody construct was designed such that the YFP nanobody and optogenetic 

protein were fused together with a fluorophore without affecting the functionality of any 

component. The fluorophore was required so the Opto-Nanobody could be visualized and tracked 

in live samples. This fluorophore also needed to be excited by an excitation wavelength outside of 

the blue spectrum, so that the Opto-Nanobody could be visualized without activating the protein. 

The bright mCherry variant, mScarlet, was obtained from Bindels et al. (2017) for this purpose. 

mScarlet has a peak excitation wavelength of 570 nm, well away from the activation wavelength 

of Cry2 of 488 nm (Bindels et al., 2017; Che et al., 2015). The active site of Cry2PHR (obtained 

from Duan et al., 2017) is not yet known, however it is believed that the C-terminus of Cry2PHR 

helps facilitates the homo-oligomerization of Cry2PHR (Duan et al., 2017). Thus, mScarlet was 

fused to the N-terminus of Cry2PHR. Previous work in the laboratory performed by Ryan Hallam 

confirmed the functionality of mScarlet-Cry2PHR, in that order. The active sites of the YFP 

nanobody, vhhGFP4, obtained from Caussinus et al. (2012) are at three CDRs spread throughout 

the amino acid sequence, away from the N- and C-termini (Kubala et al., 2010) (Figure 1.05), 

allowing for additional proteins to be fused to the vhhGFP4 nanobody without altering its function. 

Since the functionality of mScarlet-Cry2 was already observed, the vhhGFP4 was amended to the 

N-terminus of Cry2, without altering the positively charged N-terminus of Cry2 involved in homo-

oligomerization. A Plasmid Editor (ApE) was used to compile the sequence of each component, 

and order them in pAc5.1A (http://jorgensen.biology.utah.edu/wayned/ape/). The full Opto-

Nanobody DNA sequence of mScarlet-Cry2-vhhGFP4 can be found in Appendix Table 2.1. 
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 The synthetically constructed YFP::Rab11 used in the overexpression of YFP::Rab11 in 

S2 cells was designed such that the YFP fluorophore was fused to Rab11 at its N-terminus 

(Appendix Table 2.1), away from the active C-terminal region (Li et al., 2014). The YFP used 

was mVenus, generously donated by Kainrath et al. (2017), and the Rab11 used was cDNA 

harvested from Drosophila melanogaster.  

 

2.02 Amplification the Opto-Nanobody Components: 

 Each component of the Opto-Nanobody construct was amplified using the polymerase 

chain reaction (PCR). This was performed using Q5 polymerase from New England Biolabs Inc. 

(NEB) (#M0491S). Using NEB’s Q5 polymerase, the PCR protocol used for these amplifications 

consisted of: an initial DNA denaturation of 98°C for 30 seconds; then 35 cycles of: 98°C for 10 

seconds to denature DNA, a primer-specific annealing temperature for 20 seconds, then 72°C for 

a certain time depending on the length of the component; followed by a final extension at 72°C for 

two minutes to complete the amplification of any fragments. The sequence annealing temperature, 

and extension times for each set of primers are listed in Appendix Table 2.2. These primers were 

ordered from Sigma-Aldrich Co. LLC. 

The primers used in these PCRs were designed such that the forward and reverse primers 

contained 20 to 35 base pairs (bp) of homology to the upstream or downstream component, 

respectively. The annealing temperature of these primers were selected using the NEB Tm 

Calculator (http://tmcalculator.neb.com/#!/). Due to the additional length of these primers, two-

step PCRs were performed to ensure proper amplification of each component. These two-step 

reactions consisted of five cycles of a regular PCR reaction at the annealing temperature specific 

to each set of primers, followed by 30 cycles of PCR with an annealing temperature of 72°C. This 
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increased annealing temperature allowed for better annealing of the long primers. All PCRs were 

performed using a BioRad DNAEngine Peltier Thermal Cycler. 

Each component of the Opto-Nanobody construct was successfully amplified using a two-

step PCR, and had the length verified by performing gel electrophoresis on the amplified sample 

on a 1% agarose gel (Appendix Figures 2.01-2.02). The samples were extracted from the 1% 

agarose gel using a Monarch DNA Gel Extraction Kit from NEB (#T1020S).  

 

2.03 Linearization of pAc5.1-V5-His: 

 Before the Opto-Nanobody construct could be inserted into the pAc5.1 expression vector, 

it needed to be linearized and have its V5 epitope and His-tag removed. Analysis of the pAc5.1 

vector obtained from Invitrogen (#V4110-20) showed that cutting with KpnI and SacI restriction 

enzymes would remove the V5 epitope and His-tag from the multiple cloning site (MCS), and 

allow for insertion of the Opto-Nanobody. Cutting the pAc5.1A vector with two restriction 

enzymes also prevented the vector from re-ligating to itself during future Gibson assembly 

reactions. 2 µg of pAc5.1-V5-His was cut overnight with KpnI and SacI at 37°C. The reaction mix 

was used in gel electrophoresis on a 1% agarose gel to confirm that the vector had been cleaved, 

and was the correct size (Appendix Figure 2.03). The vector was extracted from the 1% agarose 

gel using a Monarch DNA Gel Extraction Kit from NEB. 

 

2.04 Gibson Assembly of pAc5.1-Opto-Nanobody: 

 The individual components of the Opto-Nanobody construct were fused together and 

inserted into a pAc5.1 expression vector using Gibson assembly. Gibson assembly is a single-

reaction technique of ligating DNA components together (Gibson et al., 2009). The Gibson 
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assembly reaction consists of three stages: first, a 5’ exonuclease chews back the 5’ ends of double-

stranded DNA, revealing programmed homology and allowing fragments to bind; then a DNA 

polymerase fills in the nucleotides removed by the exonuclease; and then a DNA ligase seals the 

phosphate backbone of the DNA (Gibson et al., 2009). The reactions were performed at 50°C for 

one hour in a BioRad DNAEngine Peltier Thermal Cycler, and contained a 3:1 ratio of insert to 

vector for optimal efficiency. 

 In order to insert the Opto-Nanobody construct into pAc5.1, the components were inserted 

in two reactions. This was done to optimize the efficacy of proper plasmid formation. The first 

reaction consisted of the mScarlet and vhhGFP4 fragments along with the linearized pAc5.1 

vector. 22 ng of mScarlet, 12 ng of vhhGFP4, and 50 ng of linearized pAc5.1 were added to the 

NEBuilder Hifi DNA Assembly Master Mix (#E2621L) for a 3:1 molar ratio of insert to vector. 

This reaction mix was purified using the NEB Monarch PCR & DNA Cleanup Kit (#T1030S), and 

the resulting DNA was used in a second Gibson assembly. This second Gibson assembly reaction 

consisted of 50 ng of linear pAc5.1-mScarlet-vhhGFP4 and 36 ng of Cry2 for a 2:1 molar ratio of 

insert to vector. The resulting plasmid was cleaned using a NEB Monarch PCR & DNA Cleanup 

Kit, so it could be amplified in bacteria. 

 

2.05 Amplification of pAc5.1-Opto-Nanobody in DH5a Escherichia coli: 

In order to collect large amounts of the pAc5.1-Opto-Nanobody, the plasmid was 

electroporated into a strain of electrically competent DH5a E. coli, using a BioRad MicroPulser. 

Electroporation is a method of transfection in which a square electrical wave is pulsed through a 

sample of bacterial cells and foreign DNA. The electrical signal temporarily causes a stasis of the 

cellular membrane, producing pores that are large enough for DNA to pass through the cell 
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membrane (Potter and Heller, 2003). Following the electroporation, the DH5a E. coli were grown 

in Super Optimal growth medium with Catabolite repression (SOC) at 37°C for one hour shaken 

at 300 RPM. This allowed for the shocked bacteria to recover and grow. Following this recovery, 

the bacteria was plated onto Luria-Bertani (LB) agar plates containing 100 µg/mL of ampicillin. 

The ampicillin containing LB agar plates ensured that only E. coli that had been transfected with 

pAc5.1 would survive, as pAc5.1 carries an ampicillin resistance gene. The electroporated E. coli 

was left to grow overnight at 37°C. 

Following this incubation, single, isolated colonies of E. coli were re-streaked onto a new 

LB agar plate containing 100 µg/mL of ampicillin and catalogued for future identification. The re-

streaked E. coli was grown overnight at 37°C. Following this incubation, single, isolated bacterial 

colonies were transferred to liquid LB medium containing 100 µg/mL of ampicillin, and incubated 

overnight at 37°C while being shaken at 250 RPM. After this incubation, the pAc5.1-Opto-

Nanobody plasmid was isolated from the bacterial cultures using a NEB Monarch Plasmid 

Miniprep Kit (#T1010S). 

 

2.06 Verification of pAc5.1-Opto-Nanobody: 

 In order to ensure that the plasmid isolated was the pAc5.1A vector containing the Opto-

Nanobody insert, diagnostic experiments were conducted to verify the plasmid and insert size, as 

well as the sequence of the Opto-Nanobody insert. The first experiment conducted on the isolated 

samples was a colony PCR. This PCR used Taq polymerase (FroggaBio #FBTAQM) in place of 

Q5 polymerase. This PCR also used primers flanking the MCS of pAc5.1A (Appendix Table 2.2), 

which would amplify the Opto-Nanobody insert with an additional 100 bp if the sample contained 

the insert, or amplify approximately 300 bp if the sample did not contain the insert and pAc5.1A-
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V5-His plasmid re-ligated to itself. The colony PCR was performed in a BioRad DNAEngine 

Peltier Thermal Cycler and followed the protocol of: a three-minute initial DNA denaturation at 

94°C; followed by 35 cycles of: a DNA denaturation of 94°C for 30 seconds, a primer annealing 

stage of 55°C for 30 seconds, and an extension period of 72°C for 150 seconds; followed by a final 

extension period of 10 minutes. The samples were used in gel electrophoresis on a 1% agarose gel 

(Appendix Figure 2.04). The gel electrophoresis was performed at 100 V for 35 minutes. 

 A second diagnostic reaction performed was cutting the pAc5.1-Opto-Nanobody samples 

with KpnI and SacI. The primers used to amplify mScarlet and vhhGFP4 were designed such that 

the KpnI and SacI cut sites, respectively, would be conserved in the pAc5.1-Opto-Nanobody 

plasmid. The isolated samples were cut with KpnI and SacI overnight at 37°C. The cut samples 

were then used in gel electrophoresis to ensure the size of the pAc5.1 and the Opto-Nanobody 

insert were correct (Appendix Figure 2.05). The gel electrophoresis was performed at 100 V for 

35 minutes. 

 The final method of verification was to sequence the Opto-Nanobody insert using Sanger 

sequencing. This was done at The Centre for Applied Genomics at the Hospital for Sick Children 

in Toronto, Ontario. The DNA sequences obtained from these reactions were aligned to the 

intended sequence via a multiple sequence alignment (MSA) using ClustalX (Larkin et al., 2007; 

http://www.clustal.org) to verify that isolated plasmid contained the exact Opto-Nanobody 

sequence (Appendix Figure 2.06).  

 

2.07 Molecular Cloning of pAc5.1-YFP-Rab11: 

 In order to overexpress YFP-Rab11 in S2 cell culture, a YFP-Rab11 needed to be 

synthetically constructed and inserted into pAc5.1. This was done using a similar method as the 
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molecular cloning of pAc5.1-Opto-Nanobody. Each component was amplified using a two-step 

PCR with primers that were homologous to its adjacent components (Appendix Table 2.2). The 

fragments were used in gel electrophoresis to confirm the size of each component (Appendix 

Figure 2.07). The fragments were extracted from the 1% agarose gel using Monarch DNA Gel 

Extraction Kit. The pAc5.1 expression vector used in this system was pAc5.1B-eGFP obtained 

from the Izaurralde lab (Addgene: #21181) due to a contamination in the stock pAc5.1A vector. 

pAc5.1B-eGFP was cut with KpnI and SacI to remove the enhanced green fluorescent protein 

(eGFP), and linearized the vector for Gibson assembly. The cut vector was used in gel 

electrophoresis to confirm its size and proper cut (Appendix Figure 2.08), and the cut vector was 

extracted from the 1% agarose gel. A Gibson assembly was performed with 41 ng of YFP, 37 ng 

of Rab11 cDNA, and 100 ng of linearized pAc5.1B for a 3:1 molar ratio of insert to vector. The 

Gibson assembly reaction mixture was purified using a NEB Monarch PCR & DNA Cleanup Kit. 

 The purified Gibson assembly plasmid was transfected into Top10 E. coli cells using 

chemical transformation. This method of transfection consisted of heat shocking chemically 

competent Top10 E. coli cells (generously donated by the Vincenzo de Luca lab at Brock 

University) with DNA at 42°C in order to pass the plasmid through the cellular membrane. The 

heat shocked cells were cooled on ice for five minutes, then transferred to SOC and grown at 37°C 

for one hour while being shaken at 300 RPM. The bacterial culture was then plated onto LB agar 

plates containing 100 µg/mL of ampicillin, and incubated at 37°C overnight. Single isolated 

colonies were then re-streaked onto a new LB agar plate containing 100 µg/mL of ampicillin, and 

grown overnight at 37°C. Isolated colonies from selected re-streaks were grown in LB medium 

containing 100 µg/mL of ampicillin overnight at 37°C while being shaken at 250 RPM. The 
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pAc5.1-YFP-Rab11 plasmids were isolated from the Top10 E. coli using a NEB Monarch Plasmid 

Miniprep Kit. 

 To ensure that the isolated pAc5.1-YFP-Rab11 plasmid was correct, a diagnostic cut was 

performed on the plasmid samples using KpnI and SacI restriction enzymes (Appendix Figure 

2.09). The pAc5.1-YFP-Rab11 plasmid also had its insert region amplified using Taq polymerase 

in a diagnostic PCR to reaffirm the YFP-Rab11 insert was the proper length (Appendix Figure 

2.10). The samples were then sent to The Centre for Applied Genomics at the Hospital for Sick 

Children to have the YFP-Rab11 insert sequenced using Sanger sequencing. The results were used 

in a MSA using ClustalX (Appendix Figure 2.11).  

 

2.08 Schneider 2 Cell Transfection for Opto-Nanobody Expression and Functionality: 

 To test whether the Opto-Nanobody protein construct could bind to YFP-Rab11 and induce 

clustering, the plasmids were transfected into S2 cells. S2 cells were generously donated by Craig 

Simmons at the University of Toronto. The S2 cells were cultured at 27°C in a 75 cm2 T-flask in 

Schneider’s Insect Medium (Sigma-Aldrich Co. LLC #S0146) supplemented with 10% heat-

inactivated fetal bovine serum (FBS), 500 ng/mL of insulin, and 100 µg/mL of Penicillin and 

Streptomycin (serum-containing Schneider’s Insect Medium).  

 S2 cells were seeded onto 35 mm MatTek dishes (MatTek Corp. #P35COL-1.5-14-C) at a 

concentration of 6 ´ 106 cells/mL. The S2 cells were given 3 days to grow to reach a confluency 

of approximately 80%. At this stage, the serum-containing Schneider’s Insect Medium was 

removed, and the S2 cells were washed with phosphate buffered saline (PBS). The PBS was 

removed and replaced with serum-free Schneider’s Insect Medium, and the S2 cells were left to 

acclimatize to the new medium for one hour.  
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 During this acclimatization period, 6 µL of Lipofectamine 3000 (Invitrogen #L3000-015) 

was added to 119 µL of serum-free Schneider’s Insect Medium and mixed together in an 

Eppendorf tube. 4 µL of P3000 was added to 2 µg of DNA in an Eppendorf tube, and then serum-

free Schneider’s Insect Medium was added until the total volume was 125 µL. The amount of 

DNA was dependent on the transfection attempted. Three different S2 cell transfections were 

completed: pAc5.1-Opto-Nanobody alone (2 µg), pAc5.1-YFP-Rab11 alone (2 µg), and a co-

transfection of pAc5.1-Opto-Nanobody (1 µg) and pAc5.1-YFP-Rab11 (1 µg). The contents of the 

P3000 tube were mixed into the Lipofectamine 3000 tube, and the contents were incubated 

together at room temperature for 20 minutes. 

 After this incubation period, the Lipofectamine reagent was added dropwise to the S2 cells. 

The Lipofectamine was left in the S2 cell medium for six hours. The serum-free Schneider’s Insect 

Medium with Lipofectamine was then removed from the MatTek dishes, and replaced with serum-

containing Schneider’s Insect Medium. The S2 cells were incubated in the dark at 27°C for 48 

hours to allow for protein production. The S2 cells were then imaged with a Zeiss Axio Observer 

Z.1 with an ApoTome 2 Processor, using an X-Cite 120 LED and a Hamamatsu Orca Flash 4.0 

Digital Camera. 

 

2.09 YFP::Rab11 Drosophila melanogaster Embryo Dissociation: 

 To observe the in vitro effects of the Opto-Nanobody construct on Rab11 function, the 

Opto-Nanobody construct was transfected into a YFP::Rab11 primary Drosophila cell culture. 

These cells were derived from a D. melanogaster line that had its Rab11 gene endogenously tagged 

with YFP at the N-terminus (Bloomington Drosophila Stock Center #62545). The method used to 
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dissociate YFP::Rab11 D. melanogaster embryos based on the protocol described by Bai et al. 

(2009). 

In preparation of the embryo dissociation, YFP::Rab11 D. melanogaster were placed in fly 

cages consisting of a hollow plastic cylinder sealed with a Nitex mesh at the top of the cage for air 

flow and an apple juice agar plate with autoclaved yeast paste at the bottom of the cylinder 

(Appendix Figure 2.12). Eight fly cages were maintained at room temperature (22°C) in a 12-

hour light/dark cycle. The apple juice agar plates were replaced once per day with fresh autoclaved 

yeast paste for a period of five days.  

On the fifth day, the apple juice agar plates were replaced and the flies were left for 30 

minutes as a pre-lay. After this pre-lay session, the apple juice agar plates were replaced again. 

The flies were left for 12 hours to lay embryos. The apple juice agar plates containing embryos 

were removed from the cages, and left at room temperature for four hours to develop. Any 

remaining autoclaved yeast paste was also removed from the plates at this time.  

After the four-hour development period, the apple juice agar plate was flooded with PBS 

with 0.1% Tween-20 (PBT). The YFP::Rab11 D. melanogaster embryos were gently loosened 

from the agar with a paintbrush, and suspended in the PBT. This PBT/embryo mixture was poured 

through a sieve to collect the embryos. The embryos in the sieve were washed with tepid tap water 

to remove any debris and keep the embryos moist. The embryos were then transferred to a 

biosafety cabinet. 

In a biosafety cabinet, the embryos were dechorionated using 50 mL of 50% (v/v) bleach 

in a dechorionation basket. The embryos were submerged in the bleach for 10 minutes while being 

swirled periodically. The embryos were then removed from the dechorionation basket and washed 
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with 50 mL of 70% (v/v) ethanol. This was followed by multiple washes of autoclaved distilled 

water to remove all traces of bleach and ethanol.  

A sterile 15 mL Dounce homogenizer was filled with 6 mL of Schneider’s Insect Medium 

supplemented with 10% heat-inactivated FBS, 500 ng/mL of insulin, and 100 µg/mL of Penicillin 

and Streptomycin (serum-containing Schneider’s Insect Medium). The rinsed embryos were 

transferred to the Dounce using a sterilized paintbrush and left to acclimatize for five minutes. The 

embryos were suspended in the Schneider’s Insect Medium using three short strokes, and then 

homogenized using eight firm, full strokes. 

The homogenate was transferred to a 15 mL centrifuge tube, and centrifuged at 30g for 10 

minutes to pellet tissue debris and large cell clumps. The supernatant was transferred to a new 

centrifuge tube and centrifuged 30g for five minutes to remove any remaining debris. The 

supernatant was transferred to a new centrifuge tube and centrifuged at 360g to pellet the primary 

cells. The supernatant was removed, and the primary cells were resuspended in 600 µL of serum-

containing Schneider’s Insect Medium. Two samples of 300 µL of this resuspension was plated 

into the well of a 35 mm MatTek dish. The primary cells were left for four hours in order to adhere 

to the bottom of the dish before an additional 1.5 mL of serum-containing Schneider’s Insect 

Medium was added to the dish. The YFP::Rab11 Drosophila primary cells were incubated in the 

dark at 27°C. 

After one day, the cells were imaged to ensure the survival of the cells and the expression 

of YFP::Rab11. The primary cells were imaged with a Zeiss Axio Observer Z.1 with an ApoTome 

2 Processor, using an X-Cite 120 LED and a Hamamatsu Orca Flash 4.0 Digital Camera. 
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2.10 YFP::Rab11 Drosophila Primary Cell Transfection: 

Once the YFP::Rab11 Drosophila primary cell culture was established, the cells were 

transfected with the pAc5.1-Opto-Nanobody plasmid. The primary cells were transfected using 

the same Lipofectamine protocol as described for the S2 cell cultures. However, the primary cells 

were only transfected with the pAc5.1-Opto-Nanobody plasmid, and not with the pAc5.1-YFP-

Rab11 plasmid. After the transfection, the primary cells were incubated in the dark at 27°C for 48 

hours to allow for production of the Opto-Nanobody protein. After this incubation period, the cells 

were imaged with a Zeiss Axio Observer Z.1 with an ApoTome 2 Processor, using an X-Cite 120 

LED and a Hamamatsu Orca Flash 4.0 Digital Camera. 

 

2.11 Immunostaining of YFP::Rab11 Embryos: 

 Before applying the Opto-Nanobody construct to an in vivo model, a baseline of 

YFP::Rab11, Notch, and Delta activity in D. melanogaster had to be established. This was 

achieved by fixing D. melanogaster embryos in the gastrulation stage and observing the spatial 

distribution of YFP::Rab11, Notch, and Delta at the ventral mesoderm using antibody staining. 

The invagination of the ventral mesoderm is the first site of Notch activity in the early 

D. melanogaster embryo (Cowden and Levine, 2002).  

 YFP::Rab11 D. melanogaster were placed in a fly cage, and embryos were collected on an 

apple juice agar plate for a period of five hours. The apple juice agar plate was flooded with PBT, 

and the YFP::Rab11 embryos were loosened from plate using a paintbrush. The PBT/embryo 

mixture was filtered through a sieve to collect the embryos. The sieve was placed in a 

dechorionation basket, and submerged with 50% (v/v) bleach for two minutes to dechorionated 

the embryos. The embryos were then washed with room temperature tap water to remove all traces 
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of bleach from the embryos. The embryos were then transferred to a scintillation vial containing 

5 mL of heptane and 5 mL of PBS containing 4% (v/v) formaldehyde to fix the embryos in their 

developmental stage. The embryos were shaken in this solution on a Heidolph Rotamax 120 rotary 

shaker for 20 minutes at 300 RPM.  

The embryos were then removed from the solution with 500 µL of heptane and placed in 

an Eppendorf tube. 500 µL of methanol was added to the tube, and the embryos were vortexed 

using a SciLogex MX-S vortex for 20 seconds. The liquid was decanted from the embryos, and 

the embryos were washed and vortexed three times with 1 mL of methanol. The fixed YFP::Rab11 

D. melanogaster embryos were then stored at -20°C until the staining procedure was performed. 

The fixed embryos were washed once with a 50/50 methanol and PBT solution. The 

embryos were then washed three times with PBT, with each wash consisting of the embryos being 

placed on a Lab-Line Maxi Rotator nutator for a five minute cycle. The embryos were then placed 

in blocking solution of 5% skim milk in PBT, and placed on a nutator for 20 minutes. The blocking 

solution was removed, and the embryos were submerged in a 1% skim milk in PBT solution 

containing primary antibodies. These antibodies targeted YFP::Rab11 and Delta or Notch 

(Appendix Table 2.3). The monoclonal Notch or Delta antibodies were added to the skim milk 

solution at a 1 in 20 dilution, while the polyclonal YFP::Rab11 antibody was added at a 1 in 1000 

dilution. The embryos were incubated in the primary antibodies overnight at 4°C.  

Following this incubation, the primary antibody solution was removed, and the embryos 

were washed with 1% skim milk in PBT five times on a nutator for five minute intervals. The 

embryos were then incubated in secondary antibody solution consisting of secondary antibodies 

(Appendix Table 2.3) at a 1 in 500 dilution in 1% skim milk in PBT. This incubation was 

performed for two hours at room temperature on a nutator.  
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Following this incubation, the secondary antibody solution was decanted, and the embryos 

were washed twice with 1% skim milk in PBT. The embryos were then washed once with PBT, 

and once with PBS. The embryos were then submerged in a PBS solution containing 1´ DAPI in 

a dark environment. The embryos were incubated in the DAPI solution at room temperature for 30 

minutes. Following this, the DAPI solution was removed and the embryos were washed with PBS. 

The embryos were then submerged in 50% (v/v) glycerol, and placed on the nutator for 30 minutes. 

Following this final incubation, the embryos were mounted onto a microscope slide and 

imaged using a Zeiss Axio Observer Z.1 with an ApoTome 2 Processor, using an X-Cite 120 LED 

and a Hamamatsu Orca Flash 4.0 Digital Camera.  

 

2.12 Molecular Cloning of the Opto-Nanobody Construct into a UAS Expression Vector: 

In order to have the Opto-Nanobody construct expressed in vivo in D. melanogaster, the 

Opto-Nanobody construct needed to be inserted into a vector capable of being injected into 

D. melanogaster embryos and promoting expression of the inserted sequence. The pUASp-attB 

vector utilizes the Gal4/UAS expression system to promote the expression of a sequence of interest 

(Rørth, 1998), and carries an attB recombination site that allows for the plasmid DNA to be 

inserted into the genome of the fly. 

The Opto-Nanobody construct was amplified from the pAc5.1-Opto-Nanobody construct 

using a two-step PCR. This amplified product had homology on the 5’ and 3’ ends for the pUASp-

attB vector (Appendix Table 2.2). The reaction mixture was used in gel electrophoresis to confirm 

the proper size of the amplified product (Appendix Figure 2.13). The amplified product was 

extracted from the 1% agarose gel using Monarch DNA Gel Extraction Kit. 3 µg of pUASp-attB 

(Drosophila Genomics Resource Center #1358; Takeo et al., 2012) was double digested with KpnI 
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and XbaI overnight at 37°C. The cut sample was used in gel electrophoresis to confirm the length 

and proper cutting of the vector (Appendix Figure 2.14). The Opto-Nanobody was inserted into 

the pUASp-attB vector using Gibson assembly. The Gibson assembly mix was subsequently 

purified using a NEB Monarch PCR & DNA Cleanup Kit. 

The pUASp-attB-Opto-Nanobody plasmid was transfected into Top10 E. coli cells using 

chemical transformation, then plated onto LB agar plates containing 100 µg/mL of ampicillin and 

incubated at 37°C overnight. Single isolated colonies were then re-streaked onto a new LB agar 

plate containing 100 µg/mL of ampicillin, and grown overnight at 37°C. Isolated colonies from 

selected re-streaks were cultured in LB medium containing 100 µg/mL of ampicillin overnight at 

37°C while being shaken at 250 RPM. The pUASp-attB-Opto-Nanobody plasmids were isolated 

from the Top10 E. coli using a NEB Monarch Plasmid Miniprep Kit. 

 To ensure that the isolated pUASp-attB-Opto-Nanobody plasmid was correct, a diagnostic 

cut was performed on the plasmid samples using KpnI and XbaI restriction enzymes (Appendix 

Figure 2.15). The samples were then sent to The Centre for Applied Genomics at the Hospital for 

Sick Children to have the YFP-Rab11 insert sequenced using Sanger sequencing. The results were 

used in a MSA using ClustalX (Appendix Figure 2.16).  

 

2.13 Microinjection of pUASp-attB-Opto-Nanobody into D. melanogaster Embryos: 

 Once the Opto-Nanobody was successfully inserted into the pUASp-attB vector, the 

plasmid was sent to BestGene Inc. to be injected into Drosophila embryos. The attB site was used 

to integrate the UAS-Opto-Nanobody sequence into an attP site on the second chromosome of the 

embryo via fC31-mediated integration. The injected embryos were grown and self-crossed. The 

progeny from this self-cross were screened for red eyes, the phenotype of the mini-white gene 
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which indicated that the UAS-Opto-Nanobody sequence was successfully integrated into the 

second chromosome. These flies were then crossed with a third chromosome balancer fly line. The 

progeny of this cross were received from BestGene Inc. to be used in future fly crosses. 

 

2.14 Production of the Opto-Nanobody D. melanogaster Line: 

 To test the Opto-Nanobody in an in vivo system, genetic crosses were performed to produce 

D. melanogaster lines capable of expressing the Opto-Nanobody and YFP::Rab11. The first fly 

cross consisted of crossing virgin female YFP::Rab11 flies (Bloomington Drosophila Stock Center 

#62545) with males from a double balancer fly line (Bloomington Drosophila Stock Center 

#59967). This balancer line consisted of balancer chromosomes in the second, third, and X 

chromosomes. These balancer chromosomes include the white gene (w–) on the X chromosome(s) 

which produces a white eye phenotype; a Sternoplueral allele (Sp) and a Curly O (CyO) allele on 

the second chromosomes which produce a hairy armpit and curly wing phenotype, respectively; 

and a Droop allele (Dr) and a third multiple 3 allele (TM3Sb), which produce a drooped eye and 

stubble back bristles phenotypes, respectively (w–; Sp/CyO; Dr/TM3Sb). The YFP::Rab11 flies 

also carried the white eye gene on the X chromosome(s) but had a wild-type second chromosome 

(w–; +/+; YFP::Rab11/YFP::Rab11). The progeny of this fly cross were screened for virgin female 

flies with white eyes, hairy armpits, and stubble back bristles (♀ w–; Sp/+; YFP::Rab11/TM3Sb) 

and male flies with white eyes, curly wings, and stubble back bristles (♂ w–; +/CyO; 

YFP::Rab11/TM3Sb) (Appendix Figure 2.17). 

 The selected male and female progeny were crossed together (Appendix Figure 2.18). The 

resulting offspring from this cross were screened for males and virgin female both having hairy 

armpits, curly wings, and a loss of the stubble back bristles allele, which indicated that the 
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YFP::Rab11 gene was homozygous in these flies (w–; Sp/CyO; YFP::Rab11/YFP::Rab11). These 

YFP::Rab11-balancer flies were continually self-crossed, as their genotype would not change, and 

used in two future fly crosses (Appendix Figure 2.19). 

 In order to express the Opto-Nanobody protein via the UAS promoter, Gal4 needed to be 

integrated into the second chromosome. A D. melanogaster line homozygous for maternally-

deposited Gal4 on the second chromosome (+; Gal4/Gal4; +/+) was purchased from Bloomington 

Drosophila Stock Center (#6715). Male flies from this stock were crossed with virgin female flies 

from the balancer chromosomes fly line (Appendix Figure 2.20). Offspring from this fly cross 

were screened for virgin female flies with white eyes, curly wings, and drooped eyes (♀ w–; 

Gal4/CyO; Dr/+), and male flies with white eyes, curly wings, and stubble back bristles (♂ w–/+; 

Gal4/CyO; +/TM3Sb). These selected progenies were then crossed (Appendix Figure 2.21), and 

the resulting progeny were screened for males and virgin females having white eyes, drooped eyes, 

stubble back bristles, and a loss of curly wings, which would indicate that the Gal4 gene was 

homozygous on the second chromosome (w–; Gal4/Gal4; Dr/TM3Sb). These Gal4-balancer flies 

were self-crossed, as their genotype would not change, until their use in future fly crosses 

(Appendix Figure 2.22). 

 With two stable stocks obtained, virgin females from the Gal4-balancer fly line were 

crossed with male flies from the YFP::Rab11-balancer fly line (Appendix Figure 2.23). The 

progeny from this cross were screened for male and virgin female flies with white eyes, curly 

wings and stubble back bristles (w–; Gal4/CyO; YFP::Rab11/TM3Sb). The selected offspring from 

this cross were crossed together (Appendix Figure 2.24), and screened for male and virgin female 

progeny with a loss of the curly wings and stubble back bristle phenotypes. The loss of these 

phenotypes would indicate that these flies were homozygous for the Gal4 gene on the second 
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chromosome, and the YFP::Rab11 gene on the third chromosome (w–; Gal4/Gal4; 

YFP::Rab11/YFP::Rab11). These flies were self-crossed (Appendix Figure 2.25) to create a 

stable Gal4-YFP:Rab11 stock that would be used in a future fly cross. 

 Male flies homozygous for UAS promoting the Opto-Nanobody sequence (UAS>Opto-

NB) on the second chromosome with a balancing third chromosome obtained from BestGene Inc. 

(♂ w–; UAS>Opto-NB/UAS>Opto-NB; Dr/TM3Sb) were crossed with virgin female flies from 

the YFP::Rab11-balancer fly line (Appendix Figure 2.26). The offspring from this cross were 

screened for male and virgin female flies with white eyes, curly wings and stubble back bristles 

(w–; UAS>Opto-NB/CyO; YFP::Rab11/TM3Sb). These selected progeny were crossed together 

(Appendix Figure 2.27), and the resulting offspring were screened for male and virgin female 

flies with white eyes, and a loss of both the curly wing and stubble back bristle phenotypes. The 

loss of these phenotypes indicated that the Opto-Nanobody sequence expressed by UAS and the 

YFP::Rab11 gene sequences were homozygous on the second and third chromosome of the flies, 

respectively (w–; UAS>Opto-NB/UAS>Opto-NB; YFP::Rab11/YFP::Rab11). These flies were 

self-crossed (Appendix Figure 2.28) to produce a stable UAS>Opto-NB-YFP::Rab11 fly stock 

that would be used in future experiments. 

 The final fly cross consisted of virgin female Gal4-YFP::Rab11 flies with male 

UAS>Opto-NB-YFP::Rab11 flies (Appendix Figure 2.29). This cross would result in progeny 

that could produce the Opto-Nanobody protein via the Gal4/UAS expression system in vivo in 

D. melanogaster that also solely express YFP::Rab11 (w–; Gal4/UAS>Opto-NB; 

YFP::Rab11/YFP::Rab11). 
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2.15 Molecular Cloning of the sec-Opto-Nanobody: 

 In order for the Opto-Nanobody to bind to YFP::Notch in D. melanogaster, the Opto-

Nanobody would need to be secreted out of the cell to bind to YFP on the NECD. This was 

achieved by adding a Drosophila secretory sequence (sec) to the N-terminus of the Opto-

Nanobody sequence, which would allow the Opto-Nanobody to be secreted into the extracellular 

fluid (Costa et al., 1994). This secreted Opto-Nanobody (sec-Opto-Nanobody) was constructed by 

adding the sec sequence to the 5’ end of the Opto-Nanobody DNA sequence through iterative 

PCRs. The first PCR consisted of adding the second half of the sec sequence onto the 5’ end of the 

Opto-Nanobody. This was achieved using a two-step PCR that had an extension time of 75 seconds 

with an initial annealing temperature of 69°C for five cycles before being increased to 72°C for 30 

cycles. This PCR product had its length verified by performing gel electrophoresis on the amplified 

sample on a 1% agarose gel. The sample was extracted from the 1% agarose gel using a Monarch 

DNA Gel Extraction Kit from NEB, and was used as a template in the second PCR. The second 

PCR added the first half of the sec sequence to the 5’ end of the Opto-Nanobody. This was 

achieved using a two-step PCR with an extension time of 75 seconds and an initial annealing 

temperature of 68°C for five cycles before being increased to 72°C for 30 cycles. The PCR product 

had its length verified by performing gel electrophoresis on the amplified sample on a 1% agarose 

gel (Appendix Figures 2.30) and was extracted from the 1% agarose gel using a Monarch DNA 

Gel Extraction Kit from NEB. The primers used to add the sec sequence to the Opto-Nanobody 

are found in Appendix Table 2.2. 

A unique restriction enzyme site, BspEI, was also added to the sec-Opto-Nanobody 

sequence in between the sequence for Cry2 and vhhGFP4. This unique restriction enzyme site 

would allow for the GFP/YFP nanobody to be removed and replaced with a different nanobody in 
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future experiments. This was done by amplifying sec-mScarlet-Cry2 and vhhGFP4 individually 

using PCR, and adding the BspEI sequence to the 3’ end of Cry2 as well as the 5’ end of vhhGFP4. 

The primers used to add these sequence to the sec-Opto-Nanobody are found in Appendix Table 

2.2. These amplified products had their lengths confirmed by performing gel electrophoresis on 

the amplified samples on a 1% agarose gel (Appendix Figures 2.31). The amplified fragments 

were extracted from the 1% agarose gel using a Monarch DNA Gel Extraction Kit from NEB.  

The DNA fragments were cut with the BspEI restriction enzyme overnight at 37°C. The 

cut DNA fragments were then purified using a NEB Monarch PCR & DNA Cleanup Kit so the 

DNA could be used in a T4 ligation (NEB #M0202S) to ligate the fragments together at the BspEI 

site. This was performed overnight at 22°C. This ligated product was purified using an NEB 

Monarch PCR & DNA Cleanup Kit, and the purified product was used in a Gibson assembly 

reaction with pAc5.1B that was linearized by cutting the vector with KpnI and SacI (Section 2.07). 

This reaction was performed at 50°C for one hour. The product of the Gibson assembly was 

purified using an NEB Monarch PCR & DNA Cleanup Kit. 

The purified Gibson assembly plasmid was transformed into chemically competent Top10 

E. coli cells by heat shocking a mixture of competent cells and plasmid DNA at 42°C for 75 

seconds. The heat shocked cells were cooled on ice for five minutes, then transferred to SOC and 

grown at 37°C for one hour while being shaken at 300 RPM. The bacterial culture was then plated 

onto LB agar plates containing 100 µg/mL of ampicillin, and incubated at 37°C overnight. Single 

isolated colonies were then re-streaked onto a new LB agar plate containing 100 µg/mL of 

ampicillin, and grown overnight at 37°C. Isolated colonies from selected re-streaks were grown in 

LB medium containing 100 µg/mL of ampicillin overnight at 37°C while being shaken at 
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250 RPM. The pAc5.1-sec-Opto-Nanobody plasmids were isolated from the Top10 E. coli using 

an NEB Monarch Plasmid Miniprep Kit. 

 To ensure that the isolated pAc5.1-sec-Opto-Nanobody plasmid was correct, a diagnostic 

cut was performed on the plasmid samples using KpnI and SacI restriction enzymes to confirm the 

proper lengths of the sec-Opto-Nanobody as well as the pAc5.1 vector. This cutting reaction was 

performed for one hour at 37°C, and the cut mixture was used in gel electrophoresis for 35 minutes 

at 100 V on a 1% agarose gel (Appendix Figure 2.32). 

 

2.16 sec-Opto-Nanobody Production in S2 Cells and Treatment on YFP::Notch Drosophila 

Primary Cells: 

 With the sec-Opto-Nanobody confirmed to be within the pAc5.1B expression vector, the 

pAc5.1-sec-Opto-Nanobody was transfected into S2 cells using the same protocol described in 

Section 2.08. These S2 cells would then secrete the sec-Opto-Nanobody into the surrounding 

Schneider’s Insect Medium. After two days of protein production, this medium containing the sec-

Opto-Nanobody was collected and centrifuged at 3000g for five minutes to remove any S2 cells 

or debris from the medium.  

 D. melanogaster with their NECD tagged with YFP were used in an embryo dissociation 

to create a YFP::Notch Drosophila primary cell culture using the same protocol described in 

Section 2.09. The only notable exception was that after the cells had been imaged, the medium of 

the culture was changed from normal Schneider’s Insect Medium to Schneider’s Insect Medium 

containing the sec-Opto-Nanobody. The culture was left for one day before being imaged again 

with a Zeiss Axio Observer Z.1 with an ApoTome 2 Processor, using an X-Cite 120 LED and a 

Hamamatsu Orca Flash 4.0 Digital Camera. 
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2.17 Quantification of Opto-Nanobody Clustering Kinetics and Colocalization with YFP-Rab11: 

 The images obtained from the S2 cell transfections were quantified to observed the kinetics 

of Opto-Nanobody clustering as well as to determine the degree of colocalization between the 

Opto-Nanobody and YFP-Rab11. All image analysis was performed using Fiji (Fiji is just ImageJ) 

(Schindelin et al., 2012). Individual cells that fluoresced at the correct wavelengths were isolated 

for singular cell analysis. 

 The first step in this analysis consisted of splitting each fluorescence channel into its 

individual time series stack. These channels were then thresholded visually such that only punctae 

of intense fluorescence were captured in the new image. This thresholding process produced a 

binary image (Appendix Figure 2.33) of the punctae of fluorescence in each fluorescence channel. 

The binary image was then mapped to the original image of the cell, so that the area of the punctae 

and the integrated density (a measure of fluorescence) of the punctae could be obtained from the 

raw data in the original image. The sum of the area and integrated density of the punctae in the 

cell was determined for each time point, so that the total fluorescence of the punctae in the cells 

per µm2 could be determined. This would allow for any change in fluorescence over time to be 

observed. 

 The binary images for mScarlet signal and YFP signal from the co-transfected S2 cells 

were used in a colocalization analysis to determine the efficiency of vhhGFP4 binding to YFP. 

The binary images of mScarlet and YFP were used in a Just Another Colocalization Plugin 

(JACoP) analysis in Fiji (Bolte and Cordelières, 2006). This plugin allowed for the Manders’ 

correlation coefficient to be determined for the mScarlet signal overlaying with YFP signal, as 

well as the YFP signal overlaying with mScarlet signal. These Manders’ correlation coefficient 
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values were then plotted to determine any change in the degree of colocalization between the two 

fluorescent signals, which would indicate a change in the amount of protein colocalization. 

 

2.18 Quantification of YFP::Rab11 and Delta/Notch at the Ventral Mesoderm: 

 In order to quantify the colocalization between YFP::Rab11 and Delta or the NECD at the 

ventral mesoderm in D. melanogaster embryos, JACoP analyses were performed on the images 

obtained from the antibody stains. Similar to the JACoP analyses performed on the S2 cell co-

transfection images, the antibody stain images had the threshold of each fluorescence channel set 

to remove any background noise. This produced binary images for each channel. The individual 

images from a z-stack of the ventral mesoderm were used in a JACoP analysis to obtain a Manders’ 

correlation coefficient value. These values were averaged for all the images in the z-stack that 

contained the ventral mesoderm so that the colocalization of YFP::Rab11 and Delta or NECD 

could be compared before and during gastrulation. 

 All materials and stocks used throughout these methods are listed in Appendix Tables 2.4-

2.5 with their supplier. 
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Chapter 3 – Results: 

3.01 Opto-Nanobody Verification in S2 Cells: 

In order to verify that the Cry2 portion of the Opto-Nanobody was able to cluster properly 

with the fusion of mScarlet and vhhGFP4 to its N- and C-termini, respectively, the Opto-Nanobody 

was transfected into S2 cells. The cells were subjected to blue light (500 nm) for 500 ms every 30 

seconds for a period of 15 minutes to stimulate Cry2 homo-oligomerization (Figure 3.01). The 

cells were also subjected to 500 ms of green light (587 nm) to excite the mScarlet fluorophore 

prior to blue light exposure, as well as 70 ms of white light after blue light exposure in order to 

obtain a phase contrast of the S2 cells to observe their morphology. Clusters of mScarlet signal 

became prominent after two minutes and remained present throughout the course of the 

experiment. 

 
Figure 3.01: Opto-Nanobody Homo-Oligomeric Clustering in S2 Cells. 
The Opto-Nanobody (red) construct was transfected into S2 cells, and the culture was treated with 
500 ms of blue light (500 nm) every 30 seconds to activate Cry2. The homo-oligomerization of 
Cry2 caused the clustering of the whole Opto-Nanobody, evident by the formation of punctae of 
mScarlet signal (white arrows) seen at 5 minutes, 10 minutes, and 15 minutes. 
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 To measure the kinetics of the Opto-Nanobody clustering, the total fluorescence of the 

punctae of mScarlet was quantified over the course of the experiment, using the protocol described 

in Section 2.17. These fluorescence values were normalized to the total area of the punctae (Figure 

3.02). This was done to observe how “bright” the clusters of protein became over time, which 

would indicate how many Opto-Nanobody proteins were homo-oligomerizing over the course of 

the experiment. It was observed that after an initial lag phase of two minutes, the mScarlet 

fluorescence in punctae increased rapidly before reaching a saturation point at seven minutes of 

light treatment, after which no additional Opto-Nanobody proteins could homo-oligomerize.  

 

 
Figure 3.02: mScarlet Fluorescence in Opto-Nanobody Produced Punctae. 
The mScarlet fluorescence in punctae created by Opto-Nanobody homo-oligomerization was 
quantified to observe the changes in signal intensity over time. It was observed that after a two-
minute lag period, bright clusters of signal were produced and increased in fluorescence/µm2 for 
five minutes, before reaching a point of saturation. N = 4 (where N is the number of transfected S2 
cells observed). 
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 This clustering of protein was not observed in non-transfected S2 cell cultures or S2 cell 

cultures transfected with YFP-Rab11 only (Figures 3.03-3.04). This shows that the Opto-

Nanobody was required to observed cluster formation in S2 cells, as S2 cells did not naturally 

exhibit protein clustering at these excitation wavelengths (500 nm and 587 nm). These results also 

showed that there were no other fluorescent proteins present in the S2 cells. 

 

 
Figure 3.03: Overexpression of YFP-Rab11 in S2 Cells. 
YFP-Rab11 (green) was transfected into S2 cells to observe the proper overexpression of the 
protein. YFP-Rab11 was seen throughout the cytosol of the cells. In addition, exposure to blue 
light (500 nm) did not produce punctae of YFP signal, showing that YFP-Rab11 is unable to cluster 
on its own. 
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Figure 3.04: Non-Transfected S2 Cells Treated with Excitatory Wavelengths. 
An untransfected S2 cell culture was imaged to ensure there were no cryptic proteins in the cells 
that would fluorescence at either excitatory wavelength of 500 nm or 587 nm and that exposure to 
these wavelengths did not cause fluorescent punctae to form. The S2 cells had some 
autofluorescence, evident by the cells being marginally brighter than the medium and a near perfect 
overlap (yellow) of mScarlet (red) and YFP (green) signal in the merge panels. However, there 
were no endogenous fluorescent proteins in the S2 cells, nor any punctae of signal forming over 
time. 
 
 
 Altogether these controls showed that both the Opto-Nanobody and YFP-Rab11 could be 

expressed in S2 cells and be detected as intended. It also showed that the Opto-Nanobody was 

required for fluorescent punctae to form in the S2 cells, and that there was a limit to the amount of 

Opto-Nanobody protein that could cluster together in a single cell. 

 

3.02 Co-Transfection of the Opto-Nanobody with Overexpressed YFP::Rab11 in S2 Cells: 

 Once all the individual components were confirmed to function properly, the Opto-

Nanobody was co-transfected into S2 cells with overexpressed YFP-Rab11. These S2 cells were 

treated with green light (587 nm) for 500 ms to excite mScarlet, then blue light (500 nm) for 500 ms 
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to excite YFP and activate Cry2, and finally white light for 70 ms to obtain a phase contrast of the 

cells. This treatment was repeated every 30 seconds for 15 minutes (Figure 3.05). In many cells, 

punctae of both mScarlet signal and YFP signal were observed at time 0 minutes, and remained 

throughout the course of the experiment. It was also observed that mScarlet signal was colocalized 

with YFP signal, indicating that the vhhGFP4 nanobody portion of the Opto-Nanobody was 

binding to the YFP on YFP-Rab11. 

 

 
Figure 3.05: Colocalization and Clustering of the Opto-Nanobody and YFP-Rab11. 
The Opto-Nanobody and YFP-Rab11 were co-transfected into S2 cells to observe the localization 
and clustering of both proteins. Both mScarlet signal (red) from the Opto-Nanobody and YFP 
signal (green) from YFP-Rab11 were observed in punctae at time 0 (white arrows). Over time, the 
punctae appeared to increase in size and number. Colocalization of the mScarlet and YFP signals 
(yellow) was also observed throughout the entire experiment. 
 
 
 The kinetics of the rate of clustering of both the Opto-Nanobody and YFP-Rab11 were 

then determined by quantifying the total amount of fluorescence in the punctae of the S2 cells. 

These fluorescence values were normalized to the total area of the punctae in the cell (Figure 3.06) 
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to observe any change in the fluorescence of the punctae over time. Unlike when only the Opto-

Nanobody construct was transfected into the S2 cells, the mScarlet fluorescence of the punctae in 

the co-transfected S2 cells did not increase substantially over the course of the experiment. Instead, 

the mScarlet fluorescence remained constant, similar to Opto-Nanobody construct once the 

punctae fluorescence became saturated. The fluorescence of YFP remained also constant 

throughout the experiment, however at a lower level of fluorescence than mScarlet. 

 

 
Figure 3.06: mScarlet and YFP Fluorescence in the Punctae in S2 Cells. 
The fluorescence of mScarlet signal and YFP signal in discrete punctae in co-transfected S2 cells 
was quantified to observe any changes in fluorescence over time. It was observed that there was 
no change in the fluorescence of either mScarlet signal nor YFP signal. Overall, more mScarlet 
signal was present than YFP signal throughout the entire experiment. N = 10 (where N is the 
number of S2 cells observed). 
 

 The colocalization of the Opto-Nanobody and YFP-Rab11 was also quantified in punctae 

of the S2 cell cultures to determine the efficiency of the vhhGFP4 portion of the Opto-Nanobody 
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binding to YFP. This was done using a JACoP analysis to determine the Mander’s correlation 

coefficient of mScarlet signal overlaying with YFP signal and YFP signal overlaying with 

mScarlet signal (Figure 3.07). It was observed that the amount of total Opto-Nanobody 

colocalizing with YFP-Rab11 slightly increased over time, as there was a higher proportion of 

total mScarlet signal overlaying with YFP signal throughout the experiment. However, the amount 

of total YFP-Rab11 colocalizing with the Opto-Nanobody protein slightly decreased over time, as 

there was a slightly lower proportion of total YFP signal overlaying with mScarlet signal 

throughout the experiment. 

 

 
Figure 3.07: Colocalization of the Opto-Nanobody and YFP-Rab11 in Punctae in S2 Cells. 
The colocalization of the Opto-Nanobody protein and YFP-Rab11 was determined using the 
Manders’ correlation coefficient. The YFP signal in YFP-Rab11 punctae gradually decreased in 
colocalization proportion over time, while the proportion of mScarlet signal in the Opto-Nanobody 
punctae colocalizing with YFP gradually increased over time. N = 10 (where N is the number of 
S2 cells observed). 
 
 
 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

M
an
de
rs
'	C
or
re
la
tio

n	
Co
ef
fic
ie
nt

Time	(min)

mScarlet	on	YFP

YFP	on	mScarlet



	
64 

3.03 Production and Transfection of YFP::Rab11 Drosophila Primary Cells: 

 The Opto-Nanobody protein was then tested against basal levels of YFP::Rab11 expression 

to observe the efficacy of the vhhGFP4 nanobody binding to endogenous levels of YFP::Rab11 

and determine if the Opto-Nanobody could cause inhibition of Rab11 activity via clustering. This 

was achieved by creating a Drosophila primary cell culture from D. melanogaster embryos with 

their Rab11 gene tagged with YFP. Once the Drosophila primary cell culture was produced, the 

cells were imaged to ensure the survival of the YFP::Rab11 cells from the embryo to an in vitro 

culture (Figure 3.08). The localization of basal expression levels of YFP::Rab11 in 

undifferentiated Drosophila primary cells matched the localization of overexpressed YFP::Rab11 

in transfected S2 cells (Figure 3.03). YFP::Rab11 expression was also observable in both 

undifferentiated cells and differentiated cells, indicating that YFP::Rab11 could be tracked 

throughout cell differentiation. 
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Figure 3.08: YFP::Rab11 Expression in Drosophila Primary Cells. 
A Drosophila primary cell culture was produced from D. melanogaster embryos that had their 
Rab11 gene tagged with YFP. The cell culture was imaged to ensure that the cells survived the 
homogenization process, and were expressing YFP::Rab11 (green). YFP::Rab11 expression was 
observed in both undifferentiated (left) and differentiated (right) primary cells. 
 
 
 Once it was confirmed that the Drosophila primary cells were alive and expressing 

YFP::Rab11, the cell culture was transfected with the Opto-Nanobody. Like the co-transfected S2 

cell cultures, the Drosophila primary cells were imaged with 500 ms of green light (587 nm) to 

excite mScarlet, followed by 500 ms of blue light (500 nm) to excite YFP and activate Cry2, 

followed by 70 ms of white light to obtain a phase contrast of the cells. This cycle was repeated 

every 30 seconds for 15 minutes (Figure 3.09). The transfection of the Opto-Nanobody into 

Drosophila primary cells was unsuccessful, as all mScarlet signal appeared to be autofluorescence 

and no punctae of fluorescence formed after exposure to blue light.  
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Figure 3.09: YFP::Rab11 Drosophila Primary Cell Opto-Nanobody Transfection. 
The YFP::Rab11 (green) Drosophila primary cells previously imaged were transfected with the 
Opto-Nanobody construct. The transfection was unsuccessful, as only autofluorescence was 
observed in the mScarlet channel (red) and no punctae of fluorescence formed over 15 minutes of 
blue light treatments. 
 
 
3.04 Immunostaining of YFP::Rabs, NECD, and Delta at the Ventral Mesoderm of 

D. melanogaster Embryos: 

 Before injecting the Opto-Nanobody construct into D. melanogaster embryos, the 

localization of YFP::Rab11, Notch, and Delta were observed at the ventral mesoderm of D. 

melanogaster embryos prior to and during gastrulation. If the localization of Delta or Notch differs 

after Opto-Nanobody treatment at this early site of Notch activation (Cowden and Levine, 2002), 

it would indicate that Notch signalling was disrupted by the Opto-Nanobody. This initial 

localization was determined using antibody staining. YFP::Rab11 was stained against both the 

Delta (Figure 3.10) and the NECD (Figure 3.11) to observe the localization of all proteins and if 

the proteins were colocalizing at these stages of development.  
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Figure 3.10: Antibody Stain of YFP::Rab11 and Delta at the Ventral Mesoderm. 
D. melanogaster embryos were fixed and stained to observe the distribution of YFP::Rab11 
(green) and Delta (magenta) at the ventral mesoderm before and during (mid) gastrulation. Once 
gastrulation begins, there is slight colocalization between YFP::Rab11 and endocytosed Delta 
(white arrows). 
 
 

 
Figure 3.11: Antibody Stain of YFP::Rab11 and the NECD at the Ventral Mesoderm. 
D. melanogaster embryos were fixed and stained to observe the distribution of YFP::Rab11 
(green) and the NECD (magenta) at the ventral mesoderm before and during (mid) gastrulation. 
Once gastrulation begins, there is slight colocalization between YFP::Rab11 and endocytosed 
NECD (white arrows). 
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 In order to quantify the degree of colocalization between Rab11 and Delta or the NECD, a 

JACoP analysis was performed on the cells at the ventral mesoderm during gastrulation. The 

Manders’ correlation coefficients for these analyses are listed in Table 3.1. The Manders’ 

correlation coefficient decreased for YFP signal overlaying with both Delta and NECD when 

gastrulation began at the ventral mesoderm. However, there was more Delta colocalized with 

YFP::Rab11 than NECD colocalized with YFP::Rab11 during gastrulation. 

 

Table 3.1: Colocalization of YFP::Rab11 and Delta/NECD at the Ventral Mesoderm. 
The colocalization of YFP::Rab11 and Delta or NECD was approximated by the Manders’ 
correlation coefficient using a JACoP analysis. The Manders’ correlation coefficient values listed 
are an average of individual images of a z-stack of going throughout the ventral mesoderm. N = 3. 

Membrane 
Protein Stained 

Stage of 
Gastrulation 

Manders’ Correlation Coefficient 
YFP::Rab11 Colocalized 

to Delta/NECD 
Delta/NECD Colocalized 

to YFP::Rab11 
Delta Early Stage 0.56 ± 0.02 0.7 ± 0.1 
Delta Late Stage 0.072 ± 0.008 0.25 ± 0.09 
NECD Early Stage 0.11 ± 0.05 0.4 ± 0.2 
NECD Late Stage 0.019 ± 0.003 0.04 ± 0.03 

 
 

3.05 sec-Opto-Nanobody Production and Application of YFP::Notch Drosophila Primary Cells: 

 The sec-Opto-Nanobody construct was transfected into an S2 cell culture so that the Opto-

Nanobody could be secreted out of the S2 cells into the surrounding medium. The transfected S2 

cells were imaged to observe the sec-Opto-Nanobody in the cells or the medium (Figure 3.12). 

The cells were imaged with 500 ms of green light (587 nm) to excite mScarlet, followed by 500 

ms of blue light (500 nm) to activate Cry2, followed by 70 ms of white light to obtain a phase 

contrast of the cells. This cycle was repeated every minute for five minutes. Although no mScarlet 

signal was observed in the medium, mScarlet signal was observed in the secretory vesicles of the 

S2 cells. This indicated that the sec-Opto-Nanobody was being produced by the cells, and was 
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likely being secreted from the S2 cells. In addition, the mScarlet signal produced punctae when 

treated with blue light, indicating that the Cry2 portion of the sec-Opto-Nanobody was functioning 

as intended. 

 

 
Figure 3.12: sec-Opto-Nanobody Production in S2 Cells. 
The sec-Opto-Nanobody was transfected into S2 cells so that the Opto-Nanobody could be 
secreted out of the S2 cells into the surrounding medium. Although no mScarlet signal (red) was 
observed in the medium, there was mScarlet signal within the S2 cells limited to secretory vesicles 
(white arrows). The mScarlet signal also began to form punctae throughout the duration of the 
experiment. 
 
 
 Following the confirmation of the sec-Opto-Nanobody being produced, the medium from 

the transfected S2 cell culture was collected and used to culture YFP::Notch Drosophila primary 

cells. The S2 cell medium contained the secreted Opto-Nanobody, and when used to culture 

YFP::Notch Drosophila cells, the vhhGFP4 portion of sec-Opto-Nanobody would bind to the YFP 

on the NECD. This would allow for YFP::Notch to be clustered via the sec-Opto-Nanobody when 

subjected to blue light. The Drosophila primary cells were treat with 500 ms of green light 

(587 nm) to excite mScarlet, followed by 500 ms of blue light (500 nm) to excite YFP and activate 
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Cry2, followed by 70 ms of white light to obtain a phase contrast of the cells. This cycle was 

repeated every 30 seconds for 15 minutes (Figure 3.13). Although there appeared to be some 

colocalization of the mScarlet and YFP signals and some punctae formation, these observations 

were not seen in the majority of Drosophila primary cells, indicating that these results may have 

been artifacts of fluorescence, and not true sec-Opto-Nanobody-induced YFP::Notch clustering. 

 

 
Figure 3.13: sec-Opto-Nanobody Cultured with YFP::Notch Drosophila Primary Cells. 
The medium containing the sec-Opto-Nanobody was used to culture YFP::Notch Drosophila 
primary cells. Colocalization (yellow) of the mScarlet signal (red) and YFP signal (green) was 
seen throughout the cell. There were also punctae of mScarlet and YFP signals (white arrows), 
however these punctae did not appear to change in size or location. 
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Chapter 4 – Discussion: 

4.01 Opto-Nanobody-Mediated Inhibition of YFP-Rab11 in vitro: 

 The experiments described in Chapter 3 involved the design and creation of an Opto-

Nanobody consisting of an mScarlet fluorophore fused to a Cry2 optogenetic tag fused to an anti-

YFP nanobody, vhhGFP4. Once constructed, this Opto-Nanobody was inserted into a pAc5.1 

expression vector so the Opto-Nanobody protein could be expressed in a Drosophila cell culture. 

The first Drosophila cell culture in which the Opto-Nanobody was tested were S2 cells.  

 When the Opto-Nanobody was transfected into S2 cells and cultured in the dark, a uniform 

distribution of mScarlet signal, thus Opto-Nanobody protein, was observed throughout the cytosol 

of the cells. When the S2 cells were treated with blue light, the Cry2 portion of the Opto-Nanobody 

began to homo-oligomerize, causing the entire Opto-Nanobody to cluster together forming punctae 

(Figure 3.01). There was an initial lag period of two minutes during which the mScarlet signal 

from cluster formation was not appreciably different from the uniform distribution of mScarlet 

signal from Opto-Nanobody dispersed throughout the cell. After this lag phase, the fluorescence 

of mScarlet signal within the punctae increased, as the Cry2 domains of the Opto-Nanobody 

proteins began to homo-oligomerize. After approximately seven minutes of blue light treatment, 

the mScarlet fluorescence stabilized, indicating that more Opto-Nanobody could not homo-

oligomerize (Figure 3.02). This phenomenon could have occurred for two reasons: the clusters of 

Opto-Nanobody proteins may have become so large that no more Cry2 proteins could access each 

other due to steric hindrance from the mScarlet and vhhGFP4 proteins; or there were no more 

monomers of Opto-Nanobody protein left in the cytosol to oligomerize. This saturation of Cry2 

protein in homo-oligomeric clusters has been observed in a previous study by Taslimi et al. (2014) 

performed over a long time scale. As a control in this study, untransfected S2 cells were treated 
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with blue light and imaged for mScarlet signal; as expected there was no endogenous fluorescence 

at the emission wavelength of mScarlet nor any clustering of proteins in these cells (Figure 3.04). 

These experiments showed that the mScarlet and Cry2 portions of the Opto-Nanobody were 

functional in a D. melanogaster system. 

 To test the functionality of the vhhGFP4 portion of the Opto-Nanobody, the Opto-

Nanobody was co-transfected into S2 cells with YFP-Rab11, which would be overexpressed by 

the actin 5C promoter (Chung and Keller, 1990). When cultured in the dark, there was some 

colocalization between the mScarlet and YFP signals, indicating that the vhhGFP4 portion of the 

Opto-Nanobody was successfully binding to the YFP portion of YFP-Rab11. Unlike the two-

minute lag time seen when the Opto-Nanobody was transfected into S2 cells without YFP-Rab11, 

the YFP signal and mScarlet signal formed punctae of signal at time 0 (Figure 3.05). This was 

likely due to multiple YFP-Rab11 proteins trafficking individual endosomes, which would cause 

the concentration of YFP signal, forming punctae of signal. When vhhGFP4 binds to YFP, the 

Opto-Nanobodies would cluster around the same endosome, producing punctae of mScarlet signal 

in this region as well. The punctae present at time 0 could also have resulted from the Opto-

Nanobody clusters not fully dissociating after blue light exposure. The 15 minute time course 

experiment was repeated multiple times in order to observe a greater number of co-transfected S2 

cells. The S2 cell cultures were left in the dark for five to twenty minutes to allow the Opto-

Nanobody clusters to dissociate into monomers. Although previous studies have used this 

timescale for Cry2 recovery after blue light treatment (Taslami et al., 2014; Duan et al., 2015), the 

recovery time of the Opto-Nanobody was not determined in these experiments. This recovery time 

for the Opto-Nanobody clusters to dissociate into monomers is a future study that needs to be 

performed, as the fusion of mScarlet and vhhGFP4 to Cry2 may have altered its ability to dissociate 
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from itself, which would lengthen the recovery time needed for the Opto-Nanobody to return to 

its original state. 

  When the co-transfected S2 cells were treated with blue light, the fluorescence of the 

mScarlet and YFP punctae did not notably change (Figure 3.06). This could be a result of the limit 

of the resolution of the microscope used in these experiments. If multiple YFP-Rab11 proteins 

bound to an endosome were to oligomerize on the membrane of the endosome, the microscope 

used in these experiments would not be able to track the nanometer scale of displacement of these 

proteins. Multiple Rab11-bound vesicles and endosomes oligomerizing due to the Opto-Nanobody 

oligomerization would also have more steric hindrance than the Opto-Nanobody oligomerizing on 

its own, increasing the difficulty of clustering. A previous study by Nguyen et al. (2016) also 

observed Rab11 in punctae prior to Cry2/CIBN-induced clustering. However, this group was able 

to observe a change in fluorescence in punctae using super-resolution structured illumination 

microscopy.  

 The extent of colocalization between the Opto-Nanobody and YFP-Rab11 was also 

determined throughout this experiment (Figure 3.07). Prior to blue light exposure, approximately 

50% of the YFP signal was colocalized with mScarlet signal, while approximately 20% of 

mScarlet signal was colocalized with YFP signal. Although some of the Opto-Nanobody was 

bound to YFP-Rab11, it was not bound to every YFP-Rab11 protein and there was a large 

proportion of free Opto-Nanobody proteins in the cytosol of the S2 cells. When the cells were 

treated with blue light, the amount of YFP signal colocalized with mScarlet signal slightly 

decreased to approximately 40%, while the amount of mScarlet signal colocalized with YFP signal 

increased to approximately 40%. The increase in mScarlet signal colocalization can be explained 

by free Opto-Nanobody proteins in the cytosol oligomerizing with Opto-Nanobody proteins bound 
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to YFP-Rab11, which would increase the amount of mScarlet fluorescence at these endosomes, 

thus increasing the colocalization of mScarlet signal to YFP signal. The decrease in YFP signal to 

mScarlet signal colocalization could be an artifact of photobleaching, which would cause the signal 

of YFP to decrease in some areas in which it was colocalized with mScarlet; or because of new 

endosomes being trafficked to the cellular membrane to recycle proteins as a response to the light 

treatment.  

 These S2 cell transfections demonstrated that the Opto-Nanobody could be expressed in a 

D. melanogaster system, and that each component of the Opto-Nanobody protein remained 

functional when fused together. 

 The second in vitro Drosophila system used for these experiments was Drosophila primary 

cells. These primary cells were derived from D. melanogaster embryos that had their Rab11 gene 

homozygously tagged with YFP. These cells would allow for the Opto-Nanobody to be tested 

against basal levels of YFP-Rab11 expression with no wild-type Rab11 in the system. The 

homozygous expression of YFP-Rab11 would also allow for the effects of complete Rab11 

inhibition to be observed. A Drosophila primary cell culture expressing normal levels of 

homozygous YFP::Rab11 was successfully created (Figure 3.08). However, any attempt to 

transfect the Opto-Nanobody into these primary cells proved unsuccessful (Figure 3.09).  

These failed transfections could be due to several factors. First, the Drosophila primary 

cell culture was made up of both undifferentiated and differentiated cells. Differentiated cells are 

extremely difficult to transfect with foreign DNA, which would lower the total number of 

Drosophila primary cells available for transfection. Another related factor that increased the 

difficulty of Drosophila primary cell transfection was that these cells can only survive for up to 

ten days (Bai et al., 2009). With the procedure used in these experiments, the primary cells were 
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imaged for YFP::Rab11 expression one day after the culture was established. The cells were then 

transfected and then left to express the Opto-Nanobody for two days before being imaged again. 

At this point, all the cells were a minimum of 30% into their lifespan, which increased the chances 

of the primary cells being differentiated or dead, lowering the total number of cells available to be 

transfected. One reason why the S2 cells were able to be transfected but Drosophila primary cells 

were not, is that S2 cells are macrophages while Drosophila primary cells are stem cell-like 

(Schneider, 1972; Bai et al., 2009). S2 cells being macrophages means that the cells undergo 

phagocytosis, the process by which the cell can endocytosis many particles of varying sizes 

(Stroschein-Stevenson et al., 2006). This makes S2 cells easy to transfect, as they reliably 

endocytose foreign plasmids. Drosophila primary cells are not macrophages, thus it is more 

difficult for these cells to endocytose foreign plasmids.  

One potential workaround to this issue of transfecting Drosophila primary cells would be 

to use a recently developed S2 cell line that has been endogenously tagged to express GFP::Rab11 

from its endogenous locus (Drosophila Genomics Resource Center, cell line #274). Although these 

cells do not express YFP-Rab11, the vhhGFP4 nanobody is able to bind to both YFP and GFP 

(Saerens et al., 2005), meaning that the Opto-Nanobody could be tested against these cells 

expressing basal levels of Rab11. These GFP::Rab11 S2 cells would also be much easier to 

transfect than YFP::Rab11 Drosophila primary cells, which would allow the effects of complete 

Rab11 inhibition through Opto-Nanobody clustering to be observed. 

These in vitro experiments showed that the Opto-Nanobody protein was functional in a 

Drosophila system, being able to homo-oligomerize and bind to YFP-Rab11. In the future, the 

dissociation kinetics of the Opto-Nanobody will be determined in S2 cells and the Opto-Nanobody 

will be tested against basal levels of homozygously expressed GFP::Rab11 in S2 cells. 
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4.02 Opto-Nanobody-Mediated Inhibition of YFP-Rab11 in vivo: 

With confirmation that the Opto-Nanobody was functional in an in vitro Drosophila 

system, the next experiments would involve expressing the Opto-Nanobody in vivo in 

D. melanogaster embryos. This consisted of producing a D. melanogaster line that expressed 

homozygous YFP::Rab11 and expressed the Opto-Nanobody through the Gal4/UAS system 

(Section 2.14). A fly line expressing both YFP::Rab11 and Gal4 homozygously was developed. 

The Opto-Nanobody has also been cloned into a pUASp-attB expression vector that can be inserted 

into the D. melanogaster genome through fC31 integrase site-specific recombination. However, 

injection of the pUASp-attB-Opto-Nanobody into D. melanogaster embryos has been 

unsuccessful. This has been due to a loss of the attB site in the vector backbone, which would not 

allow the transgene to be incorporated into the genomic DNA, and issues with the phenotypic 

white gene expression not allowing for flies that incorporated the transgene into their genomic 

DNA to be identified. A fresh stock of pUASp-attB was purchased from the Drosophila Genomics 

Resource Center (#1358) so that the Opto-Nanobody can be re-cloned into a new sample of 

pUASp-attB. Unfortunately, this delayed the experiments involved in vivo testing of the Opto-

Nanobody in D. melanogaster. 

Once the Opto-Nanobody controlled by UAS expression has been successfully inserted 

into the genome of D. melanogaster, these flies can be used to produce a fly line that expresses 

both the Opto-Nanobody as well as YFP::Rab11. In D. melanogaster embryos, the Opto-

Nanobody should bind to YFP::Rab11, and treatment with blue light should induce clustering of 

both the Opto-Nanobody and YFP::Rab11. This should inhibit Rab11 activity in the developing 

embryo, and the effect of Rab11 inhibition on Notch signalling can be observed. One method to 

observe this effect is through immunohistochemistry. Antibody stains have been performed on 
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YFP::Rab11 D. melanogaster embryos to observe the distribution and colocalization of 

YFP::Rab11 and Delta (Figure 3.10) or YFP::Rab11 and the NECD (Figure 3.10) at the ventral 

mesoderm, a site of Notch signalling in the early embryo. When YFP::Rab11 is inhibited by the 

Opto-Nanobody, these antibody stains can be repeated to observe any changes to the distribution 

and colocalization of YFP::Rab11 and Delta or YFP::Rab11 and the NECD. 

Another method to more directly observe if Opto-Nanobody-induced YFP::Rab11 

inhibition affects Notch signalling is the observation of Notch downstream target genes. One such 

downstream target gene in D. melanogaster is single-minded (sim). Sim is a transcription factor 

involved in the mapping of cells in the ventral mesoderm and determining cell fate by producing 

the ventral midline (Morel and Schweisguth, 2000; Nambu et al., 1991). Sim expression is limited 

to a single row of cells in D. melanogaster embryos separating the mesoderm from the 

neuroectoderm (Figure 4.01) (Morel and Schweisguth, 2000). This expression pattern is clearly 

defined in D. melanogaster embryos, and embryos with mutated Notch signalling lack this 

expression pattern of sim, indicating that Notch signalling is required for sim expression. 
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Figure 4.01: Single-Minded Expression in Wild-Type and Notch Mutant D. melanogaster 
Embryos.  
Under normal circumstances, D. melanogaster embryos express SINGLE-MINDED (purple) on 
their ventral side in two discrete rows of cells between the mesoderm and neuroectoderm (top). 
When Notch signalling is inhibited in a Notch mutant embryo, this expression pattern of single-
minded is no longer present (bottom). 
 
 
 The sim expression pattern is an excellent method of observing whether Notch signalling 

is functional in D. melanogaster embryos. By inhibiting YFP::Rab11 activity using the Opto-

Nanobody, sim expression identified by in situ staining can be used as a measure to determine if 

Rab11 inhibition causes Notch signalling to become inhibited as well. This method of observing 

Rab11’s effect of Notch signalling is better than the immunostaining methods, as it directly 

assesses whether Rab11 inhibition causes altered Notch signalling, rather than determining if 

Rab11 is colocalizing with Delta or the NECD. 

 Although a D. melanogaster line expressing both the Opto-Nanobody and YFP::Rab11 has 

not yet been produced, progress has been made in its development and methods of determining 

whether Opto-Nanobody-induced Rab11 inhibition has an effect on Notch signalling have been 

established for future experiments. 

Wild-Type

Notch	
Mutant
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4.03 sec-Opto-Nanobody-Mediated Activation of YFP::Notch: 

 The effects of Opto-Nanobody clustering on Notch signalling was also tested on the Notch 

protein directly. This was achieved by adding a secretory sequence to the Opto-Nanobody, so that 

the sec-Opto-Nanobody could be secreted out of Drosophila cells into the surrounding medium or 

extracellular fluid. Using a Drosophila system with the NECD tagged with YFP, Notch signalling 

could be activated or inactivated through sec-Opto-Nanobody clustering. In the dark, the sec-Opto-

Nanobody should bind to YFP on the NECD without affecting the activity of Notch. When the 

YFP::Notch Drosophila primary cells are treated with blue light, the sec-Opto-Nanobody should 

cluster together due to Cry2 homo-oligomerization, which will cause the YFP::Notch proteins to 

cluster as well. This clustering of YFP::Notch could inactive Notch signalling by blocking ligand 

binding through steric hindrance. Alternatively, this clustering could active Notch signalling if the 

large clusters of sec-Opto-Nanobody and YFP::Notch tear the NECD from the cellular membrane 

through shearing forces. This activation or inactivation of Notch signalling could be determined 

by measuring the expression levels of Notch target genes, such as Hes and Hey, using quantitative 

PCR to determine if the target genes expression levels increase or decrease.  

The sec-Opto-Nanobody was first tested on its own in S2 cells. Although no mScarlet 

signal was visible in the surrounding medium, mScarlet signal was observed only in the secretory 

vesicles of the S2 cells (Figure 3.12). This indicated that the sec-Opto-Nanobody was being 

produced by the S2 cells, and was likely being secreted into the surrounding medium. One reason 

for the sec-Opto-Nanobody not being observed in the medium when it was present in the secretory 

vesicles is that the mScarlet signal may have become too dilute in the medium. The volume of 

medium present in the culture was much greater than the volume of the S2 cells. When the sec-

Opto-Nanobody was contained within the S2 cells, or their secretory vesicles, the signal for 
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mScarlet becomes concentrated enough to be detected by the microscope camera. However, when 

the sec-Opto-Nanobody is secreted into the surrounding medium, there is more volume in which 

the proteins can disperse, which would weaken the signal produced by the individual sec-Opto-

Nanobody proteins and making it undetectable. Despite the lack of mScarlet signal in the medium 

of the S2 cells, it was believed that this medium contained the sec-Opto-Nanobody protein. This 

will be further validated by performing a Western blot using the Schneider’s Insect medium to 

determine whether the sec-Opto-Nanobody was present in the medium. 

 The medium containing the sec-Opto-Nanobody was then used to culture Drosophila 

primary cells with their NECD tagged with YFP. Since S2 cells and Drosophila primary cells can 

be cultured in the same medium, this allowed for the sec-Opto-Nanobody to be added to the 

Drosophila primary cell culture without the need to transfect the primary cells. The primary cells 

were cultured for one day, so that the sec-Opto-Nanobody could bind to YFP::Notch before the 

Drosophila primary cells were treated with blue light to induce sec-Opto-Nanobody clustering 

(Figure 3.13). There were some primary cells that appeared to have colocalization of mScarlet 

and YFP signals and punctae of both fluorescent signals. This indicated that the vhhGFP4 portion 

of the sec-Opto-Nanobody was binding to YFP::Notch. However, these signals did not appear to 

cluster when treated with blue light, and the punctae that were already present in the cells did not 

appear to change in size or cellular location. Thus, the Cry2 portion of the sec-Opto-Nanobody 

was either not functioning properly with respect to oligomerization or the mScarlet and YFP 

signals observed were not being emitted from the sec-Opto-Nanobody and YFP::Notch, 

respectively. The latter explanation seems more likely, as there were few cells with YFP signal; 

thus there was likely little to no sec-Opto-Nanobody binding to YFP::Notch. The lack of 

Drosophila primary cells expressing YFP::Notch could be due to the fact that Notch is not 
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expressed at all stages of Drosophila embryonic development (Xu and Gridley, 2012). Thus, some 

cells in the Drosophila primary cell culture may not have been expressing YFP::Notch. In addition, 

Notch proteins are destroyed during canonical Notch signalling (Fischer et al., 2006). If Notch was 

activated by a ligand or if the binding of sec-Opto-Nanobody on its own activated Notch signalling, 

the NECD carrying the YFP tag would be degraded before the culture was imaged.  

To correct for this in future experiments, YFP::Notch Drosophila primary cells without the 

sec-Opto-Nanobody present could be imaged for an extended period of time to determine if and 

when Notch signalling occurs in these cells. This would allow for the time lag before Notch 

signalling is activated in primary cells to be determined, so that YFP::Notch Drosophila primary 

cells cultured with sec-Opto-Nanobody could be imaged before this Notch activation time point. 

 Another future experiment involving the sec-Opto-Nanobody would consist of injecting 

the sec-Opto-Nanobody into D. melanogaster as a transgene through fC31 integrase site-specific 

recombination. This would allow for a D. melanogaster line to be developed expressing both the 

sec-Opto-Nanobody as well as YFP::Notch so that the effects of the sec-Opto-Nanobody-induced 

clustering of YFP::Notch could be tested in vivo. These effects could be determined by observing 

sim expression to observe if the sec-Opto-Nanobody activates or inactivates Notch signalling. If 

the sec-Opto-Nanobody activates Notch signalling, this could be observed by measuring the 

expression levels of Hes and Hey genes through qPCR. If sec-Opto-Nanobody-induced clustering 

of YFP::Notch inactivates Notch signalling, this could be observed by tracking sim expression 

patterns (Figure 4.01). 

 Overall, the sec-Opto-Nanobody was shown to be produced in S2 cells, and has the 

potential to control Notch activity in Drosophila systems with the NECD tagged with YFP. 
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4.04 Future Uses of the Opto-Nanobody: 

 These experiments showed that an optogenetically controllable nanobody system has 

potential for studying endocytic trafficking and the Notch signalling pathway. The Opto-

Nanobody developed here has been shown to cluster on its own and bind to YFP-tagged proteins 

in vitro in D. melanogaster systems. The immediate next steps are to move this Opto-Nanobody 

to an in vivo system to observe its functionality and effects on Rab11 activity and Notch signalling 

in live D. melanogaster embryos. However, the Opto-Nanobody construct is not limited to YFP-

tagged proteins in D. melanogaster. The addition of the unique restriction enzyme site between 

Cry2 and vhhGFP4 allows for the YFP/GFP nanobody to be easily removed from the sec-Opto-

Nanobody sequence and replaced with an alternative desired nanobody. For instance, human 

Notch nanobodies identified and isolated by Falk et al. (2012) could replace the vhhGFP4 

nanobody in the Opto-Nanobody sequence. This would allow for the Opto-Nanobody to bind to 

human Notch receptors instead of YFP or GFP. In addition, as mScarlet, Cry2PHR, and 

nanobodies require no post-translational modifications (Bindels et al., 2017; Kennedy et al., 2010; 

Hassanzadeh-Ghassabeh et al., 2013), the sec-Opto-Nanobody protein could still be produced in 

S2 cells and secreted into the surrounding medium. The Opto-Nanobody protein could then be 

harvested from the medium and used in a different species. Using human Notch antibodies would 

allow for a Notch Opto-Nanobody to be produced by S2 cells, then collected and used in a human 

cell culture. If the Notch Opto-Nanobody activates Notch activity, it could be used to induce cell 

differentiation in human cell cancer lines, allowing for the investigation of Opto-Nanobodies as a 

potential cancer therapy. This “modular” architecture of the Opto-Nanobody allows for the 

targeting of many potential cell surface targets in numerous species and eventually, possible use 

in human therapeutics.  
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 While this modular nanobody system allows for a wide variety of targets for the Opto-

Nanobody, the Opto-Nanobody will automatically bind to its target, with no control over the 

binding of the nanobody portion of the Opto-Nanobody to its target. However, this nanobody 

binding could potentially be controlled optogenetically using the light sensitive cobalamin binding 

domains (CBDs). CBDs are light-activatable proteins that form homotetramers in the dark and 

dissociate into monomers in the presence of green light (Kainrath et al., 2017). These CBDs could 

be used to block the binding site of vhhGFP4. By inserting a CBD protein on the 5’ and 3’ ends of 

vhhGFP4 with appropriate sized linker proteins, the CBDs would dimerize in front of the binding 

site of vhhGFP4, masking its binding site. The CBDs on the Opto-Nanobody form a tetramer with 

the CBDs from another Opto-Nanobody protein. When treated with green light, the CBDs would 

dissociate into monomers, allowing for the Opto-Nanobody to bind to YFP-tagged proteins, such 

as YFP::Rab11. Once bound to YFP, the Opto-Nanobody could be treated with blue light to induce 

homo-oligomeric clustering of the Opto-Nanobody as well as the YFP-tagged protein of interest 

(Figure 4.02). These CBDs could also be used in the sec-Opto-Nanobody system that has an 

alternative nanobody in place of vhhGFP4. The addition of the CBD proteins to the Opto-

Nanobody sequence would allow for dual control over both the binding and clustering of the Opto-

Nanobody system. 

 

 

 



	
84 

 

 

 

 
Figure 4.02: Predicted Mechanism of vhhGFP4 Binding Inhibition and Activation via 
Cobalamin Binding Domain Blocking. 
(A) Under normal dark conditions, the Opto-Nanobody will bind to YFP (yellow) or GFP on 
tagged proteins of interest, such as Rab11 (green). (B) With addition of two CBDs (lime green) 
flanking the vhhGFP4 nanobody via linker proteins (black lines), the active site of vhhGFP4 could 
be blocked by CBD tetramerization, preventing the Opto-Nanobody from binding to YFP. (Note: 
the CBDs are presented as a dimer to simplify the image.) (C) When treated with green light, the 
CBDs will dissociate into monomers, moving away from the active site of vhhGFP4 (orange), 
allowing the Opto-Nanobody to bind to YFP. 
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 Without the addition of the CBDs or an alternative nanobody, the current Opto-Nanobody 

has a broad range of additional applications. As all Rab proteins have been tagged with YFP in 

D. melanogaster, the Opto-Nanobody can be used to control the activity of any YFP-tagged Rab 

protein through clustering in vivo. To further investigate the role of Rab GTPases in Notch 

signalling, the Opto-Nanobody can be used to inhibit the activity of Rab5, Rab7, and Rab8. Rab5 

has been linked to ligand-independent Notch activation (Palmer and Deng, 2015), while 

methylated Rab7 and Rab8 have been implicated in canonical Notch signalling (Court et al., 2016). 

The inhibition of these Rab GTPases could further elucidate the roles of Rab proteins in Notch 

signalling. Although Rab GTPases are the focus of this study, any cytosolic protein tagged with 

YFP or GFP could have its activity controlled using the Opto-Nanobody. 

 In summary, the Opto-Nanobody has a broad range of future applications. The current 

Opto-Nanobody can be used to control the activity of YFP or GFP-tagged proteins in 

D. melanogaster. The Opto-Nanobody can also be modified to control the binding of the nanobody 

portion with optogenetic precision. The sec-Opto-Nanobody has the potential to replace the anti-

YFP nanobody domain with an alternative nanobody so that the sec-Opto-Nanobody can target a 

different protein of interest, possibly in different species. Although nanobodies are small in size, 

the Opto-Nanobody system has a large amount of potential applications. 
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Chapter 5 – Conclusions: 

 In summary, an optogenetically controllable YFP/GFP nanobody was designed and 

constructed to control YFP::Rab11 activity in Drosophila melanogaster with spatio-temporal 

precision in a non-genomically invasive manner. This was done to inhibit Rab11 activity in a live 

organism to elucidate the role of Rab11 in Notch signalling. The Opto-Nanobody was tested in 

vitro in S2 cells, and was shown to cluster in the presence of blue light and demonstrated the ability 

to bind to YFP-Rab11. This Opto-Nanobody construct has been inserted into a D. melanogaster 

injection vector, so that the Opto-Nanobody may be inserted into the D. melanogaster genome. 

This would allow for the creation of a D. melanogaster line expressing both YFP::Rab11 and the 

Opto-Nanobody. With this fly line, Rab11 activity could be spatially and temporally controlled in 

D. melanogaster embryos, allowing for the role of Rab11 in Notch signalling to be determined.  

 This Opto-Nanobody system was also modified to include a secretory sequence such that 

the Opto-Nanobody could be secreted out of the cells and act directly on YFP-tagged Notch 

proteins to activate or inhibit Notch signalling in a D. melanogaster system. The addition of a 

unique cut sites flanking the Opto-Nanobody also allows for the YFP/GFP nanobody in the sec-

Opto-Nanobody to be replaced with another desirable nanobody that can be used to target 

alternative proteins in different species, allowing for near limitless applications of the Opto-

Nanobody system. 

Overall, this Opto-Nanobody system has the potential to be used in many cell signalling 

research projects, and may someday be further optimized to be used as a therapy for some human 

diseases. 
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Appendix: 

 
Appendix Figure 1.01: Drosophila melanogaster Balancer Chromosome Phenotypes 
Compared to Wild-Type Phenotypes. 
The five phenotypes of the balancer chromosome in D. melanogaster line (top row) compared to 
their corresponding wild-type phenotypes (bottom row). The phenotypes from the second 
chromosome are the hairy armpits from Sternoplueral (black arrows) and curly wings from Curly 
O (blue arrows). The phenotypes from the third chromosome are drooped eyes from Droop (red 
arrows) and stubble back bristles from TM3Sb (yellow arrows). The phenotype on the X 
chromosome is the white eye phenotype (red arrows). 
 



	
101 

 
Appendix Figure 1.02: Meconium of a Virgin Female D. melanogaster. 
The identification of virgin females was performed by identifying the meconium (black arrow) in 
female flies. The meconium is the first bowel movement of the fly, which occurs before sexual 
maturity (Pulver and Berni, 2012). Thus, any female flies with a meconium present would be a 
virgin. 
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Appendix Table 2.1: DNA Sequence of Synthetic Protein Constructs. 
The DNA sequences of synthetically engineered proteins used throughout the various experiments. 
The different colour fonts correspond to the colour in the name of the protein. 

Protein Construct DNA Sequence 
Opto-Nanobody: 
mScarlet-Cry2-
vhhGFP4 

ATGGTGAGCAAGGGCGAGGCAGTGATCAAGGAGTTCATGCGGTTCAAGG
TGCACATGGAGGGCTCCATGAACGGCCACGAGTTCGAGATCGAGGGCGA
GGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTG
ACCAAGGGTGGCCCCCTGCCCTTCTCCTGGGACATCCTGTCCCCTCAGTTC
ATGTACGGCTCCAGGGCCTTCACCAAGCACCCCGCCGACATCCCCGACTA
CTATAAGCAGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACT
TCGAGGACGGCGGCGCCGTGACCGTGACCCAGGACACCTCCCTGGAGGA
CGGCACCCTGATCTACAAGGTGAAGCTCCGCGGCACCAACTTCCCTCCTG
ACGGCCCCGTAATGCAGAAGAAGACAATGGGCTGGGAAGCGTCCACCGA
GCGGTTGTACCCCGAGGACGGCGTGCTGAAGGGCGACATTAAGATGGCC
CTGCGCCTGAAGGACGGCGGCCGCTACCTGGCGGACTTCAAGACCACCTA
CAAGGCCAAGAAGCCCGTGCAGATGCCCGGCGCCTACAACGTCGACCGC
AAGTTGGACATCACCTCCCACAACGAGGACTACACCGTGGTGGAACAGT
ACGAACGCTCCGAGGGCCGCCACTCCACCGGCGGCATGGACGAGCTGTA
CAAGATGAAGATGGACAAAAAGACTATAGTTTGGTTTAGAAGAGACCTA
AGGATTGAGGATAATCCTGCATTAGCAGCAGCTGCTCACGAAGGATCTGT
TTTTCCTGTCTTCATTTGGTGTCCTGAAGAAGAAGGACAGTTTTATCCTGG
AAGAGCTTCAAGATGGTGGATGAAACAATCACTTGCTCACTTATCTCAAT
CCTTGAAGGCTCTTGGATCTGACCTCACTTTAATCAAAACCCACAACACG
ATTTCAGCGATCTTGGATTGTATCCGCGTTACCGGTGCTACAAAAGTCGT
CTTTAACCACCTCTATGATCCTGTTTCGTTAGTTCGGGACCATACCGTAAA
GGAGAAGCTGGTGGAACGTGGGATCTCTGTGCAAAGCTACAATGGAGAT
CTATTGTATGAACCGTGGGAGATATACTGCGAAAAGGGCAAACCTTTTAC
GAGTTTCAATTCTTACTGGAAGAAATGCTTAGATATGTCGATTGAATCCG
TTATGCTTCCTCCTCCTTGGCGGTTGATGCCAATAACTGCAGCGGCTGAA
GCGATTTGGGCGTGTTCGATTGAAGAACTAGGGCTGGAGAATGAGGCCG
AGAAACCGAGCAATGCGTTGTTAACTAGAGCTTGGTCTCCAGGATGGAGC
AATGCTGATAAGTTACTAAATGAGTTCATCGAGAAGCAGTTGATAGATTA
TGCAAAGAACAGCAAGAAAGTTGTTGGGAATTCTACTTCACTACTTTCTC
CGTATCTCCATTTCGGGGAAATAAGCGTCAGACACGTTTTCCAGTGTGCC
CGGATGAAACAAATTATATGGGCAAGAGATAAGAACAGTGAAGGAGAA
GAAAGTGCAGATCTTTTTCTTAGGGGAATCGGTTTAAGAGAGTATTCTCG
GTATATATGTTTCAACTTCCCGTTTACTCACGAGCAATCGTTGTTGAGTCA
TCTTCGGTTTTTCCCTTGGGATGCTGATGTTGATAAGTTCAAGGCCTGGAG
ACAAGGCAGGACCGGTTATCCGTTGGTGGATGCCGGAATGAGAGAGCTT
TGGGCTACCGGATGGATGCATAACAGAATAAGAGTGATTGTTTCAAGCTT
TGCTGTGAAGTTTCTTCTCCTTCCATGGAAATGGGGAATGAAGTATTTCTG
GGATACACTTTTGGATGCTGATTTGGAATGTGACATCCTTGGCTGGCAGT
ATATCTCTGGGAGTATCCCCGATGGCCACGAGCTTGATCGCTTGGACAAT
CCCGCGTTACAAGGCGCCAAATATGACCCAGAAGGTGAGTACATAAGGC
AATGGCTTCCCGAGCTTGCGAGATTGCCAACTGAATGGATCCATCATCCA
TGGGACGCTCCTTTAACCGTACTCAAAGCTTCTGGTGTGGAACTCGGAAC
AAACTATGCGAAACCCATTGTAGACATCGACACAGCTCGTGAGCTACTAG
CTAAAGCTATTTCAAGAACCCGTGAAGCACAGATCATGATCGGAGCAGC
AATGGATCAAGTCCAACTGGTGGAGTCTGGTGGCGCTTTGGTGCAGCCAG
GTGGCTCTCTGCGTTTGTCCTGTGCCGCTTCTGGCTTCCCAGTGAACCGCT
ATTCCATGCGCTGGTATCGCCAGGCTCCAGGCAAAGAGCGTGAGTGGGTA
GCCGGTATGTCCAGCGCGGGTGATCGTAGCTCCTATGAAGACTCCGTGAA
GGGCCGTTTCACCATCAGCCGTGACGATGCCCGTAACACGGTGTATCTGC
AAATGAACAGCTTGAAACCTGAAGATACGGCCGTGTATTACTGTAATGTG 
AACGTGGGCTTCGAGTATTGGGGCCAAGGCACCCAGGTCACCGTCTCCAG 
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Protein Construct DNA Sequence 
Opto-Nanobody: 
mScarlet-Cry2-
vhhGFP4 

CTAA 

YFP-Rab11 ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGG
TCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGA
GGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGCTGATCTGC
ACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGGG
CTACGGCCTGCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCACG
ACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATC
TTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCG
AGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAA
GGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGC
CACAACGTCTATATCACCGCCGACAAGCAGAAGAACGGCATCAAGGCCA
ACTTCAAGATCCGCCACAACATCGAGGACGGCGGCGTGCAGCTCGCCGA
CCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCG
ACAACCACTACCTGAGCTACCAGTCCAAACTGAGCAAAGACCCCAACGA
GAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCA
CTCTCGGCATGGACGAGCTGTACAAGATGGGTGCAAGAGAAGACGAGTA
CGATTATCTGTTCAAAGTTGTCCTTATCGGTGACTCCGGTGTTGGCAAAA
GTAATTTGCTCTCACGTTTCACGCGCAATGAATTCAACTTGGAGTCCAAG
TCGACGATTGGCGTTGAGTTTGCAACGCGCAGCATAGAGGTCGATGGCAA
AACAATTAAAGCGCAAATCTGGGATACGGCCGGCCAGGAGCGTTATCGC
GCCATCACCTCTGCCTACTACCGCGGTGCCGTGGGGGCCCTGCTCGTCTA
TGACATTGCCAAGCATCTGACCTACGAGAACGTGGAGCGGTGGCTGCGG
GAATTGCGCGACCATGCCGACCAGAACATCGTCATCATGCTGGTGGGCAA
CAAGTCCGACTTGCGGCACTTGCGCTCCGTGCCCACGGACGAGGCGAAGC
TGTTTGCCGAGCGCAACGGCTTGAGTTTCATAGAAACCTCGGCCCTCGAC
TCAACGAACGTTGAAACGGCATTCCAGAACATACTCACAGAGATCTATCG
CATTGTGTCGCAGAAACAGATCAGAGATCCGCCGGAAGGCGACGTCATC
CGCCCGTCGAACGTGGAGCCCATCGACGTAAAGCCGACTGTCACCGCCG
ATGTGCGCAAACAGTGCTGTCAGTGA 

sec-Opto-Nanobody: 
sec-mScarlet-Cry2- 
BspEI Linker-
vhhGFP4 

ATGTCTCCGCCCAATTGTCTGCTGGCTGTTCTGGCGCTCACGGTTTTCATA
GGGGCCAACAACGCCATGGTGAGCAAGGGCGAGGCAGTGATCAAGGAGT
TCATGCGGTTCAAGGTGCACATGGAGGGCTCCATGAACGGCCACGAGTTC
GAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCG
CCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCTCCTGGGACATC
CTGTCCCCTCAGTTCATGTACGGCTCCAGGGCCTTCACCAAGCACCCCGC
CGACATCCCCGACTACTATAAGCAGTCCTTCCCCGAGGGCTTCAAGTGGG
AGCGCGTGATGAACTTCGAGGACGGCGGCGCCGTGACCGTGACCCAGGA
CACCTCCCTGGAGGACGGCACCCTGATCTACAAGGTGAAGCTCCGCGGCA
CCAACTTCCCTCCTGACGGCCCCGTAATGCAGAAGAAGACAATGGGCTGG
GAAGCGTCCACCGAGCGGTTGTACCCCGAGGACGGCGTGCTGAAGGGCG
ACATTAAGATGGCCCTGCGCCTGAAGGACGGCGGCCGCTACCTGGCGGA
CTTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGATGCCCGGCGCC
TACAACGTCGACCGCAAGTTGGACATCACCTCCCACAACGAGGACTACAC
CGTGGTGGAACAGTACGAACGCTCCGAGGGCCGCCACTCCACCGGCGGC
ATGGACGAGCTGTACAAGATGAAGATGGACAAAAAGACTATAGTTTGGT
TTAGAAGAGACCTAAGGATTGAGGATAATCCTGCATTAGCAGCAGCTGCT
CACGAAGGATCTGTTTTTCCTGTCTTCATTTGGTGTCCTGAAGAAGAAGG
ACAGTTTTATCCTGGAAGAGCTTCAAGATGGTGGATGAAACAATCACTTG
CTCACTTATCTCAATCCTTGAAGGCTCTTGGATCTGACCTCACTTTAATCA
AAACCCACAACACGATTTCAGCGATCTTGGATTGTATCCGCGTTACCGGT
GCTACAAAAGTCGTCTTTAACCACCTCTATGATCCTGTTTCGTTAGTTCGG
GACCATACCGTAAAGGAGAAGCTGGTGGAACGTGGGATCTCTGTGCAAA 
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Protein Construct DNA Sequence 
sec-Opto-Nanobody: 
sec-mScarlet-Cry2- 
BspEI Linker-
vhhGFP4 

GCTACAATGGAGATCTATTGTATGAACCGTGGGAGATATACTGCGAAAA
GGGCAAACCTTTTACGAGTTTCAATTCTTACTGGAAGAAATGCTTAGATA
TGTCGATTGAATCCGTTATGCTTCCTCCTCCTTGGCGGTTGATGCCAATAA
CTGCAGCGGCTGAAGCGATTTGGGCGTGTTCGATTGAAGAACTAGGGCTG
GAGAATGAGGCCGAGAAACCGAGCAATGCGTTGTTAACTAGAGCTTGGT
CTCCAGGATGGAGCAATGCTGATAAGTTACTAAATGAGTTCATCGAGAAG
CAGTTGATAGATTATGCAAAGAACAGCAAGAAAGTTGTTGGGAATTCTAC
TTCACTACTTTCTCCGTATCTCCATTTCGGGGAAATAAGCGTCAGACACGT
TTTCCAGTGTGCCCGGATGAAACAAATTATATGGGCAAGAGATAAGAAC
AGTGAAGGAGAAGAAAGTGCAGATCTTTTTCTTAGGGGAATCGGTTTAAG
AGAGTATTCTCGGTATATATGTTTCAACTTCCCGTTTACTCACGAGCAATC
GTTGTTGAGTCATCTTCGGTTTTTCCCTTGGGATGCTGATGTTGATAAGTT
CAAGGCCTGGAGACAAGGCAGGACCGGTTATCCGTTGGTGGATGCCGGA
ATGAGAGAGCTTTGGGCTACCGGATGGATGCATAACAGAATAAGAGTGA
TTGTTTCAAGCTTTGCTGTGAAGTTTCTTCTCCTTCCATGGAAATGGGGAA
TGAAGTATTTCTGGGATACACTTTTGGATGCTGATTTGGAATGTGACATCC
TTGGCTGGCAGTATATCTCTGGGAGTATCCCCGATGGCCACGAGCTTGAT
CGCTTGGACAATCCCGCGTTACAAGGCGCCAAATATGACCCAGAAGGTG
AGTACATAAGGCAATGGCTTCCCGAGCTTGCGAGATTGCCAACTGAATGG
ATCCATCATCCATGGGACGCTCCTTTAACCGTACTCAAAGCTTCTGGTGTG
GAACTCGGAACAAACTATGCGAAACCCATTGTAGACATCGACACAGCTC
GTGAGCTACTAGCTAAAGCTATTTCAAGAACCCGTGAAGCACAGATCATG
ATCGGAGCAGCAGGATCCGGAATGGATCAAGTCCAACTGGTGGAGTCTG
GTGGCGCTTTGGTGCAGCCAGGTGGCTCTCTGCGTTTGTCCTGTGCCGCTT
CTGGCTTCCCAGTGAACCGCTATTCCATGCGCTGGTATCGCCAGGCTCCA
GGCAAAGAGCGTGAGTGGGTAGCCGGTATGTCCAGCGCGGGTGATCGTA
GCTCCTATGAAGACTCCGTGAAGGGCCGTTTCACCATCAGCCGTGACGAT
GCCCGTAACACGGTGTATCTGCAAATGAACAGCTTGAAACCTGAAGATAC
GGCCGTGTATTACTGTAATGTGAACGTGGGCTTCGAGTATTGGGGCCAAG
GCACCCAGGTCACCGTCTCCAGCTAA 
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Appendix Table 2.2: PCR Primer Sequences. 
The DNA sequences of all primers used to amplify insert DNA fragments, as well as those used 
in diagnostic PCRs. Primers with additional homology have the homology region denoted in gray. 
All annealing temperatures and extension times are suited for Q5 polymerase unless denoted by 
an asterisk (*), indicating they are suited for Taq polymerase. 

Primer Name Primer Sequence Annealing 
Temperature (°C) 

Extension 
Time (s) 

mScarlet Forward  
(pAc5.1 Homology) 

CAGTCGTCTAATCCAGAGACCC
CGGATCGGGGTACCACCATGG
TGAGCAAGGGCGAG 67 25 mScarlet Reverse  

(Cry2 Homology) 
CCAAACTATAGTCTTTTTGTCC
ATCTTCATCTTGTACAGCTCGT
CCATGC 

Cry2 Forward  
(mScarlet Homology) 

TCCACCGGCGGCATGGACGAG
CTGTACAAGATGAAGATGGAC
AAAAAGACTATAGTTTGGTT 67 40 Cry2 Reverse  

(vhhGFP4 Homology) 
ACCAGACTCCACCAGTTGGACT
TGATCCATTGCTGCTCCGATCA
TGATCTGT 

vhhGFP4 Forward 
(Cry2 Homology) 

GCAGCCCGCGATCCACCAGAT
CTGGATAATATGGATCAAGTCC
AACTGGTGGA 68 15 vhhGFP4 Reverse 

(pAc5.1 Homology) 
GATCCTCGATCGAGGCTGATCA
GCGAGCTCTCTAGATTAGCTGG
AGACGGTGACCTG 

YFP Forward 
(pAc5.1 Homology) 

ATCCAGAGACCCCGGATCGGG
GTACCACCATGGTGAGCAAGG
GCGAG 67 25 

YFP Reverse 
(Rab11 Homology) 

TCGTCTTCTCTTGCACCCATCTT
GTACAGCTCGTCCATGC 

Rab11 Forward 
(YFP Homology) 

GCATGGACGAGCTGTACAAGA
TGGGTGCAAGAGAAGACG 66 25 Rab11 Reverse 

(pAc5.1 Homology) 
GATCGAGGCTGATCAGCGAGC
TCTCACTGACAGCACTGTTTGC 

pAc5.1 MCS 
Forward 

ACACAAAGCCGCTCCATCAG 

55* 150* pAc5.1 MCS 
Reverse 

CTGCATTCTAGTTGTGGTTTGT
CC 

Opto-Nanobody 
Forward 
(pUASp Homology) 

CGGCCGCATAGGCCACTAGTG
GTACCACCATGGTGAGCAAG 

66 75 Opto-Nanobody 
Reverse 
(pUASp Homology) 

CGTTACGTTAACGTTAACGTTC
GAGGTCGACTCTAGATTAGCTG
GAGACGGTG 
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Primer Name Primer Sequence Annealing 
Temperature (°C) 

Extension 
Time (s) 

pUASp MCS 
Forward  

GGCAAGGGTCGAGTCGATAG 

55* 180* pUASp MCS 
Reverse  

AGGTTTAACCAGGGGATGCT 

sec-Opto-
Nanobody Forward 
(sec 2 Homology) 

GCGCTCACGGTTTTCATAGGGG
CCAACAACGCCATGGTGAGCA
AGGGCGAG 69 75 sec-Opto-

Nanobody Reverse 
(pAc5.1 Homology) 

TCGATCGAGGCTGATCAGCGA
GCTCACGCGTTTAGCTGGAGAC
GGTGACCTG 

sec-Opto-
Nanobody Forward 
(sec 1 Homology) 

ATGTCTCCGCCCAATTGTCTGC
TGGCTGTTCTGGCGCTCACGGT
TTTCATAGG 68 75 sec-Opto-

Nanobody Reverse 
(pAc5.1 Homology) 

TCGATCGAGGCTGATCAGCGA
GCTCACGCGTTTAGCTGGAGAC
GGTGACCTG 

sec-mScarlet-Cry2-
Forward 
(pAc5.1 Homology) 

ACAGTGGCGGCCGCTCGAGTC
TAGACACCATGTCTCCGCCCAA
TTGTC 66 60 

sec-mScarlet-Cry2-
Reverse 
(BspEI Homology) 

ATTATCCGGATCCTGCTGCTCC
GATCATGATC 

vhhGFP4 Forward 
(BspEI Homology) 

TAATTCCGGAATGGATCAAGTC
CAACTGGTG 

65 15 vhhGFP4 Reverse 
(pAc5.1 Homology) 

TCGAGGCTGATCAGCGAGCTC
ACGCGTTTAGCTGGAGACGGT
GAC 
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Appendix Figure 2.01: PCR Amplification of mScarlet and Cry2.  
The DNA sequences of mScarlet and Cry2 were amplified using Q5 polymerase in a PCR. The 
reaction mixtures were run on a 1% agarose gel to confirm the size of the amplified products. Both 
mScarlet and Cry2 had dominant bands at the appropriate size of approximately 700 bp and 
1500 bp, respectively. 
 
 

 
Appendix Figure 2.02: PCR Amplification of vhhGFP4. 
The DNA sequence of vhhGFP4 was amplified using Q5 polymerase in a PCR. The reaction 
mixture was run on a 1% agarose gel to confirm correct the size of the amplified product. vhhGFP4 
with Cry2 and pAc5.1 homology was found to have a band at the appropriate size of approximately 
350 bp. Cry2clust (seen in DNA bands on the left lanes) is a modified version of Cry2PHR that 
was ultimately not used in this experiment. 
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Appendix Figure 2.03: Double Digest of pAc5.1A-V5-His using KpnI and SacI. 
pAc5.1A-V5-His plasmid was cut with KpnI and SacI to linearize pAc5.1A and remove V5-His 
from the MCS. The reaction run on a 1% agarose gel to confirm correct the size of the digested 
plasmid. The linearized pAc5.1A vector was found to be at the appropriate size of approximately 
5.4 kb. 
 
 

 
Appendix Figure 2.04: Diagnostic Colony PCR of the pAc5.1-Opto-Nanobody Plasmid. 
The isolated pAc5.1-Opto-Nanobody plasmid was used as a template in a PCR with primers 
flanking the MCS. The reaction mixture was run on a 1% agarose gel to confirm correct the size 
of the amplified product, and a dominate band was observed at the expected size of approximately 
2.8 kb, confirming the presence of the Opto-Nanobody insert. 
 

DNA	Size	(kb)

3

4

1

10

2

1.5

1	kb	DNA	
Ladder

6

2.5

5

8

pAc5	cut	with	KpnI and	SacI

0.75

0.5

0.25

DNA	Size	(kb)

3

1

10

2

1.5

1	kb	DNA	
Ladder

6
5

0.75

0.5

0.25

8

2.5

4

pAc5.1A-mScarlet-Cry2-vhhGFP4	
Diagnostic	PCR



	
109 

 
Appendix Figure 2.05: Diagnostic Double Digest of the pAc5.1-Opto-Nanobody Plasmid. 
The isolated pAc5.1-Opto-Nanobody plasmid was cut with KpnI and SacI to confirm that the Opto-
Nanobody sequence was successfully inserted into the pAc5.1 vector. The reaction mixture was 
run on a 1% agarose gel to confirm correct the size of the digested plasmid. The gel showed that 
one colony isolated, Colony 3, had bands of appropriate sizes of approximately 2.5 kb and 5.4 kb 
(blue arrows) for the Opto-Nanobody and pAc5.1, respectively. 
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Appendix Figure 2.06: Multiple Sequence Alignment of the Opto-Nanobody Insert. 
The isolated pAc5.1-Opto-Nanobody plasmid had its insert sequenced to confirm that the sequence 
matched the intended sequence. A MSA was performed using ClustalX, and it was confirmed that 
the insert sequence in the isolated plasmid matched the intended Opto-Nanobody sequence with 
minimal sequencing errors, indicated by the lack of a star above the nucleotide and decrease in 
grey identity bar below the nucleotide. 
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Appendix Figure 2.07: Amplification of YFP and Rab11 cDNA. 
YFP and Rab11 cDNA were amplified using two-step PCRs so that the fragments could be inserted 
into the pAc5.1B expression vector. The reaction mixtures were run on a 1% agarose gel to confirm 
correct the sizes of the amplified fragments. Both the YFP and Rab11 cDNA sequences had DNA 
bands corresponding to their predicted lengths of approximately 700 bp and 650 bp, respectively 
(blue arrows). 
 
 

 
Appendix Figure 2.08: Double Digest of pAc5.1B-eGFP using KpnI and SacI. 
The pAc5.1B-eGFP plasmid was cut with KpnI and SacI to linearize pAc5.1B and remove eGFP 
sequence from the MCS. The reaction run on a 1% agarose gel to confirm correct the size of the 
digested plasmid. The linearized pAc5.1A vector was found to be at the appropriate size of 
approximately 5.4 kb, and the excised eGFP DNA sequence was found to be at the appropriate 
size of approximately 800 bp. 
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Appendix Figure 2.09: Diagnostic Double Digest of the pAc5.1-YFP-Rab11 Plasmid. 
The isolated pAc5.1-YFP-Rab11 plasmid was cut with KpnI and SacI to confirm that the YFP-
Rab11 sequence was successfully inserted into the pAc5.1 vector. The reaction mixture was run 
on a 1% agarose gel to confirm correct the size of the digested plasmid. The gel showed that all 
colonies tested had bands of appropriate sizes of approximately 1.5 kb and 5.4 kb for the YFP-
Rab11 DNA sequence and pAc5.1, respectively (blue arrows). There was also some full-length, 
uncut pAc5.1B-YFP-Rab11 plasmid seen at approximately 6.9 kb (red arrows). 
 
 

 
Appendix Figure 2.10: Diagnostic Colony PCR of the pAc5.1-YFP-Rab11 Plasmid. 
The isolated pAc5.1-YFP-Rab11 plasmid was used as a template in a PCR with primers flanking 
the MCS. The reaction mixture was run on a 1% agarose gel to confirm correct the size of the 
amplified product, and a dominate band was observed at the expected size of approximately 1.6 kb, 
confirming the presence of the YFP-Rab11 insert. 
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Appendix Figure 2.11: Multiple Sequence Alignment of the YFP-Rab11 Insert. 
The isolated pAc5.1-YFP-Rab11 plasmid had its insert sequenced to confirm that the sequence 
matched the intended sequence. A MSA was performed using ClustalX, and it was confirmed that 
the insert sequence in three isolated plasmid samples matched the intended YFP-Rab11 sequence 
with minimal sequencing errors, indicated by the lack of a star above the nucleotide and decrease 
in grey identity bar below the nucleotide. 
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Appendix Figure 2.12: Drosophila melanogaster Cage. 
The D. melanogaster cage used to collect embryos consisted of a plastic, hollow cylinder with a 
Nitex mesh glued to the top of the cylinder. Flies were put into the cage, and the bottom was sealed 
with an apple juice agar plate with a small amount of yeast paste. 
 
 
Appendix Table 2.3: List of Antibodies. 
The primary and secondary antibodies used to stain YFP-tagged Rab proteins, Delta, and Notch in 
D. melanogaster embryos. The Developmental Studies Hybridoma Bank at the University of Iowa 
is referred to as DSHB. 
Antibody Name Primary/Secondary 

Antibody 
Source and Product 
Number 

Rabbit anti-GFP Primary Torrey Pines Biolabs Inc.; 
TP401 

Goat Alexa Fluor 488 anti-
Rabbit 

Secondary Abcam; ab150077 

Mouse anti-Extracellular 
Notch 

Primary DSHB; C458.2H 

Goat Alexa Fluor 647 anti-
Mouse 

Secondary ThermoFisher Scientific;  
A-11077  

Mouse anti-Extracellular 
Delta 

Primary DSHB; C594.9B 

Goat Alexa Fluor 647 anti-
Mouse 

Secondary ThermoFisher Scientific;  
A28181 
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Appendix Figure 2.13: Amplification of the Opto-Nanobody Sequence. 
The complete Opto-Nanobody DNA sequence was amplified using Q5 polymerase in a PCR. The 
reaction mixture was run on a 1% agarose gel to confirm correct the size of the amplified product. 
The Opto-Nanobody with pUASp-attB homology was found to have a band at the appropriate size 
of approximately 2.5 kb. 
 
 

 
Appendix Figure 2.14: Double Digest of pUASp-attB using KpnI and XbaI. 
Three samples of pUASp-attB plasmid was cut with KpnI and XbaI to linearize pUASp-attB. The 
reaction mixtures were run on a 1% agarose gel to confirm correct the size of the digested plasmids. 
The linearized pUASp-attB vector was found to be at the appropriate size of approximately 10 kb 
for all samples tested. 
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Appendix Figure 2.15: Diagnostic Double Digest of the pUASp-attB-Opto-Nanobody 
Plasmid. 
The isolated pUASp-attB-Opto-Nanobody plasmids were cut with KpnI and XbaI to confirm that 
the Opto-Nanobody sequence was successfully inserted into the pUASp-attB vector. The reaction 
mixtures were run on a 1% agarose gel to confirm correct the size of the digested plasmid. The gel 
showed that both isolated samples had bands of appropriate sizes of approximately 2.5 kb and 
10 kb for the Opto-Nanobody DNA sequence and pUASp-attB, respectively. 
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Appendix Figure 2.16: Multiple Sequence Alignment of the Opto-Nanobody Insert in 
pUASp-attB. 
The isolated pUASp-attB-Opto-Nanobody plasmid had its Opto-Nanobody insert sequenced to 
confirm that the sequence matched the intended sequence. A MSA was performed using ClustalX, 
and it was confirmed that the insert sequence in the two isolated plasmid samples matched the 
intended Opto-Nanobody sequence with minimal sequencing errors, indicated by the lack of a star 
above the nucleotide and decrease in grey identity bar below the nucleotide. 
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Appendix Figure 2.17: YFP::Rab11/Balancer Fly Cross. 
Virgin female flies from the balancer line were crossed with males flies from the YFP::Rab11 line. 
The offspring were screened for virgin female flies with a hairy armpit (Sp), stubble back hair 
(TM3Sb) phenotype and male flies with a curly wing (CyO), drooped eye (Dr) phenotype (green 
boxes). 
 
 

 
Appendix Figure 2.18: YFP::Rab11/Balancer Progeny Fly Cross. 
Virgin female flies from the YFP::Rab11/balancer cross with a hairy armpit (Sp), stubble back hair 
(TM3Sb) phenotype were crossed with males flies from the YFP::Rab11/balancer cross with a 
curly wing (CyO), drooped eye (Dr) phenotype. The offspring were screened for virgin female 
flies and male flies with a hairy armpit (Sp), curly wing (CyO) phenotype (green box). Flies with 
this phenotype were termed the YFP::Rab11-balancer line. 
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Appendix Figure 2.19: YFP::Rab11-Balancer Flies Self-Cross. 
Virgin female flies from the YFP::Rab11-balancer line were self-crossed with male flies from the 
YFP::Rab11-balancer line. The offspring from this cross did not need to be screened, as any 
embryos homozygous for a single balancer chromosome would not survive (red boxes). 
 
 

 
Appendix Figure 2.20: Gal4/Balancer Fly Cross. 
Virgin female flies from the balancer line were crossed with male flies from the Gal4 line. The 
offspring were screened for virgin female flies with a curly wing (CyO), drooped eye (Dr) 
phenotype and male flies with a curly wing (CyO), stubble back hair (TM3Sb) phenotype (green 
boxes). 
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Appendix Figure 2.21: Gal4/Balancer Progeny Fly Cross. 
Virgin female flies from the Gal4/balancer cross with a curly wing (CyO), drooped eye (Dr) 
phenotype were crossed with male flies from the Gal4/balancer cross with a curly wing (CyO), 
stubble back hair (TM3Sb) phenotype. The offspring were screened for virgin female flies and 
male flies with a hairy armpit (Sp), curly wing (CyO) phenotype (green box). Flies with this 
phenotype were termed the Gal4-balancer line. 
 
 

 
Appendix Figure 2.22: Gal4-Balancer Flies Self-Cross. 
Virgin female flies from the Gal4-balancer line were self-crossed with male flies from the Gal4-
balancer line. The offspring from this cross did not need to be screened, as any embryos 
homozygous for a single balancer chromosome would not survive (red boxes). This cross also 
ensured that only white eyed flies were used in future crosses. 
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Appendix Figure 2.23: Gal4-Balancer/YFP::Rab11-Balancer Fly Cross. 
Virgin female flies from the Gal4 line were crossed with males flies from the YFP::Rab11-balancer 
line. The offspring were screened for male flies and virgin female flies with a curly wing (CyO), 
stubble back hair (TM3Sb) phenotype (green box). 
 
 

 
Appendix Figure 2.24: Gal4-Balancer/YFP::Rab11-Balancer Progeny Fly Cross. 
Virgin female flies from the Gal4/YFP::Rab11-balancer cross a curly wing (CyO), stubble back 
hair (TM3Sb) phenotype were crossed with male flies from the Gal4/YFP::Rab11-balancer cross 
a curly wing (CyO), stubble back hair (TM3Sb) phenotype. The offspring from this cross were 
screened for flies with wild-type phenotypes (green box), which indicated a loss of the curly wing 
and stubble black hair phenotype. These flies were termed as the Gal4-YFP::Rab11 line. 
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Appendix Figure 2.25: Gal4-YFP::Rab11 Flies Self-Cross. 
Virgin female flies from the Gal4-YFP::Rab11 line were self-crossed with male flies from the 
Gal4-YFP::Rab11 line. The offspring from this cross did not need to be screened, as only one 
genotype, thus one phenotype, would be produced from this cross. 
 
 

 
Appendix Figure 2.26: UAS>Opto-Nanobody-Balancer/YFP::Rab11-Balancer Fly Cross. 
Virgin female flies from the YFP::Rab11-balancer line were crossed with male flies from the 
UAS>Opto-Nanobody-balancer line. The offspring were screened for male flies and virgin female 
flies with a curly wing (CyO), stubble back hair (TM3Sb) phenotype (green box). 
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Appendix Figure 2.27: UAS>Opto-Nanobody-Balancer/YFP::Rab11-Balancer Progeny Fly 
Cross. 
Virgin female flies from the UAS>Opto-Nanobody/YFP::Rab11-balancer cross a curly wing 
(CyO), stubble back hair (TM3Sb) phenotype were crossed with male flies from the UAS>Opto-
Nanobody/YFP::Rab11-balancer cross a curly wing (CyO), stubble back hair (TM3Sb) phenotype. 
The offspring from this cross were screened for flies with wild-type phenotypes (green box), which 
indicated a loss of the curly wing and stubble black hair phenotype. These flies were termed as the 
UAS>Opto-Nanobody-YFP::Rab11 line. 
 
 

 
Appendix Figure 2.28: UAS>Opto-Nanobody-YFP::Rab11 Flies Self-Cross. 
Virgin female flies from the UAS>Opto-Nanobody-YFP::Rab11 line were self-crossed with male 
flies from the UAS>Opto-Nanobody-YFP::Rab11 line. The offspring from this cross did not need 
to be screened, as only one genotype, thus one phenotype, would be produced from this cross. 
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Appendix Figure 2.29: Gal4-YFP::Rab11/UAS>Opto-Nanobody-YFP::Rab11 Fly Cross. 
Virgin female flies from the Gal4-YFP::Rab11 line were crossed with male flies from the 
UAS>Opto-Nanobody-YFP::Rab11 line in order to obtain embryos expressing both YFP::Rab11 
and the Opto-Nanobody protein. 
 
 

 
Appendix Figure 2.30: PCR Amplification of the sec-Opto-Nanobody. 
The sec sequence was added to the 5’ end of the Opto-Nanobody DNA sequence. After the second 
PCR amplification was performed to finish adding the sec sequence to the Opto-Nanobody, the 
reaction mixture was run on a 1% agarose gel to confirm the size of the amplified product. The 
sec-Opto-Nanobody (sec-mScarlet-Cry2-vhhGFP4) had a dominant band at the appropriate size 
of approximately 2.5 kb.  
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Appendix Figure 2.31: PCR Amplification of sec-mScarlet-Cry2-BspEI and BspEI-
vhhGFP4. 
The DNA sequences of sec-mScarlet-Cry2 and vhhGFP4 had the BspEI cut site added to the 3’ 
and 5’ end, respectively, of their sequence through PCR. The reaction mixtures were run on a 1% 
agarose gel to confirm the size of the amplified products. Both sec-mScarlet-Cry2-BspEI and 
BspEI-vhhGFP4 had dominant bands at the appropriate size of approximately 2200 bp and 350 bp, 
respectively. 
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Appendix Figure 2.32: Diagnostic Double Digest of the pAc5.1-sec-Opto-Nanobody Plasmid. 
The isolated pAc5.1-sec-Opto-Nanobody plasmid was cut with KpnI and SacI to confirm that the 
sec-Opto-Nanobody sequence was successfully inserted into the pAc5.1B vector. The reaction 
mixture was run on a 1% agarose gel to confirm correct the size of the digested plasmid. The gel 
showed that two colonies tested, Colony 4 and 5, had bands of appropriate sizes of approximately 
2.5 kb and 5.4 kb for the sec-Opto-Nanobody DNA sequence and pAc5.1B, respectively (blue 
arrows). There was also some full-length, uncut pAc5.1B-sec-Opto-Nanobody plasmid seen at 
approximately 7.9 kb (red arrows). 
 
 

  
Appendix Figure 2.33: Representative Binary Image of mScarlet Punctae. 
In order to quantify the fluorescence observed in the transfected S2 cells, the images of individual 
cells (A) were thresholded visually to remove all low signal intensities, leaving only the 
fluorescence of punctae. This produced a binary image of punctae fluorescence (B), which could 
be mapped to the original cell image to obtain the area and integrated density of the punctae.  
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Appendix Table 2.4: List of Fly Line and Plasmid DNA Stocks. 
The fly lines and plasmid DNA stocks used throughout the experiments are listed below with their 
associated supplier they were purchased from, as well as their specific product number. 

Stock Supplier Product Number 
Double Balancer 
D. melanogaster 

Bloomington Drosophila 
Stock Center 

59967 

Gal4 D. melanogaster Bloomington Drosophila 
Stock Center 

6715 

pAc5.1-V5-His Invitrogen V4110-20 
pAc5.1B-eGFP Addgene 21181 
pUASp-attB Drosophila Genomics 

Resource Center 
1358 

YFP::Rab11 D. melanogaster Bloomington Drosophila 
Stock Center 

62545 

 
 
Appendix Table 2.5: List of Consumable Reagents. 
The consumable reagents used throughout the experiments are listed below with their associated 
supplier they were purchased from, as well as their specific product number. 

Reagent Supplier Product Number 
35mm MatTek Dish MatTek Corp. P35COL-1.5-14-C 
BspEI New England Biolabs Inc. R0540S 
KpnI New England Biolabs Inc. R3142S 
Lipofectamine 3000 Invitrogen L3000-015 
Monarch DNA Gel 
Extraction Kit 

New England Biolabs Inc. T1020S 

Monarch PCR & DNA 
Cleanup Kit 

New England Biolabs Inc. T1030S 

Monarch Plasmid Miniprep 
Kit 

New England Biolabs Inc. T1010S 

NEBuilder Hifi DNA 
Assembly Master Mix 

New England Biolabs Inc. E261L 

Q5 Polymerase New England Biolabs Inc. M0491S 
SacI New England Biolabs Inc. R3156S 
Schneider’s Insect Medium Sigma-Aldrich Co. LLC S0146 
T4 Ligase New England Biolabs Inc. M0202S 
Taq Polymerase FroggaBio FBTAQM 
XbaI New England Biolabs Inc. R0145S 

 


