
i 

 

DEFINING THE ROLE OF TROPOMYOSIN-1C IN CARGO 

TRANSPORT IN DROSOPHILA 

  
By 

DEVI PRASAD BOGGUPALLI 

 

Submitted to the Faculty of the Graduate School  

of Augusta University in partial fulfillment 

of the Requirements of the Degree of  

Doctor of Philosophy 

 

 

March 

2020 

 

 

COPYRIGHT© 2020 by Devi Prasad Boggupalli  

 

 

 



ii 

 

ACKNOWLEDGEMENTS 

 

Pursuing this PhD program has truly been a life defining experience for me. It is the 

culmination of long days, longer nights, and a whole lot of tea. However, this endeavor 

would not have been nearly possible without the paramount support of my mentor, 

colleagues, friends and family.   

First and foremost, I want to express my special appreciation and gratitude to my 

advisor, Dr. Graydon Gonsalvez. His open-door policy in all matters has been invaluable 

for my growth as a researcher. He has been supportive and has given me ample freedom to 

pursue the project in all possible ways without objection. He is a true role model for all 

young scientists and researchers. 

I gratefully acknowledge the members of my dissertation committee, Drs. Mark 

Hamrick, Patricia Schoenlein, William Hill, Zheng Dong, and Paul McNeil for their time, 

great support and invaluable advice that shaped my project. I am grateful to Dr. Meghan 

McGee-Lawrence for reading and reviewing my dissertation. I am so grateful to Augusta 

university for giving me a chance to study in this erudite institution. My special thanks to 

graduate school Dean Dr. Mitchel Watsky, Asst. Dean Dr. Patricia Cameroon, and the rest 

of the office staff from graduate school. Marvis Baynham, and Gibson Carol have been 

extremely helpful in getting my office work done. My sincere thanks are in line with CBA 

department chair, Dr. Sylvia Smith, all the office staff, students, and faculty members.  

I am grateful to my past colleagues from the lab, Dr. Paulomi, and Dr. Lawrence Hicks 

for making me feel comfortable and extending their support. My other colleagues in the 

lab, Chandler, Rajee, Hannah, and Frederik have been a very good support ready to help 



iii 

 

me anytime I needed extra hands. I extend my thanks to the NIH for supporting my work 

through grant R01GM100088 to Dr. Graydon B. Gonsalvez.  

This PhD program had been taxing yet a worthy endeavor for me and it has taken a 

whole village worth of effort to finish it. The steadfast support of my closest friends Kartik, 

Ashwin, and Sandeep have been an essential element for my success. I would especially 

like to thank my bestie, Anil Bhatta for accepting me as his roommate and guiding me 

through both at home and school.  

I cannot say enough thanks to any of the ones below. My better half, Harika - She was 

the only one standing with me in moments of gloom and pain while rest of the family was 

back in India. She brought a whole lot of joy and colours into my life, and Adhvi – my son, 

being the recent addition. My friends back home Ramnath and Kiran always wanted me to 

do my PhD and stood with me in all my failures guiding me towards right ways.  

Last but never the least my family back in India. My dad Shankarappa Naidu, my 

mother Bharathi, my brother Lakshmi Prasad, sister Sireesha, and my elder son Rishi. I 

have missed them a lot. But it was their relentless confidence in me, their support, their 

sacrifices, that have made this possible. 

Lastly, my heart goes for all the flies that sacrificed. I thank them the most. 

 

 

 

 

 



iv 

 

ABSTRACT 

 
DEVI PRASAD BOGGUPALLI 

Defining the role of Tropomyosin-1C in cargo transport in Drosophila 

(Under the direction of GRAYDON B. GONSALVEZ) 
 

 

Cell polarity is the asymmetric organization of different organelles in a cell, including 

the plasma membrane and cytoskeleton. Such organization results from asymmetric sorting 

of proteins, either post-translationally or pre-translationally by messenger RNA 

localization. In Drosophila oocytes, posterior localization of oskar mRNA is required for 

germplasm assembly and establishing antero-posterior polarity. oskar mRNA is 

transported by Kinesin, however the adaptor that links Kinesin to oskar mRNA was not 

known. In Aim 1 of this thesis, we demonstrate that a novel isoform of Tropomyosin, 

namely Tm1C, binds directly to kinesin and functions as the adaptor in linking kinesin to 

oskar mRNA. Oskar expression is limited to female germline, however Tm1C is also 

expressed in male flies. This suggests that there might be additional cargoes for Tm1C. We 

attempted to identify novel cargoes of Tm1C by performing a proteomic assay in 

Drosophila S2 cells. Apart from Khc, we identified Supernumerary limbs (Slmb) as the 

main interacting partner. Our further investigation of Slmb suggests that it might not be a 

cargo. Instead, Slmb which is a component of E3 ubiquitin ligase, might regulate the 

expression of Tm1C. In Aim 2 of the thesis, we show that Slmb regulates the levels of 

Tm1C by ubiquitinating it and facilitating its degradation by the Proteasome. 
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I. INTRODUCTION 

A. Statement of the Problem and Specific Aims 

The Drosophila melanogaster oocyte is a polarized cell. In addition to the Par proteins, 

mRNA localizations play a major role in cementing the established polarity in an oocyte. 

One such mRNA is oskar. oskar mRNA localizes to the posterior of the oocyte and this 

serves two functions. One function is that it determines posterior polarity in the developing 

oocyte. Another function is the assembly of germplasm, a specialized cytoplasm 

responsible for the formation of primordial germ cells in the future embryo. Loss of oskar 

mRNA or defects in its localization result in defective oocyte polarity and embryos that 

fail to survive. oskar mRNA persists until the conclusion of fertilization and is degraded 

only after the specification of germ cells in the embryo. Therefore, understanding the 

localization of oskar mRNA from a mechanistic standpoint is important as it is a prime 

example of how maternal transcripts are stockpiled and stored in the embryo to support 

early stages of development of an organism. oskar localization is known to be facilitated by 

the kinesin motor complex. Kinesin heavy chain (Khc) has been shown to be involved, 

however, kinesin light chain (Klc), the canonical kinesin heavy chain adaptor, is not 

involved. The adaptor involved in kinesin based oskar localization is unknown and this is 

an open question in this field. Therefore, the goal of these studies was to identify the 

adaptor involved in oskar mRNA localization. We hypothesized that one way of 

identifying this adaptor was to find out the potential interacting partners of kinesin heavy 

chain in Drosophila ovaries.  
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Aim 1: To test the hypothesis that Tropmyosin-1C is the adaptor required for oskar 

mRNA transport.  

We expressed GFP tagged Khc in the female germline of Drosophila to identify Khc 

binding partners using a purification and proteomic assay. We found that a novel isoform 

of Tropomyosin, namely Tropomyosin-1C (Tm1C), abundantly enriched in the Khc-GFP 

pellet. Follow up studies revealed that Tm1C is also expressed in embryo-based Drosophila 

S2 cell line and that Tm1C interacts with Khc in these cells as well. Considering these 

observations, we hypothesized that Tm1C is the adaptor required for kinesin based oskar 

mRNA transport. 

Aim 2: To test the hypothesis that Tm1C levels are regulated by Slmb mediated 

ubiquitination.  

This Drosophila specific Tm1C is structurally different from conventional coiled coil 

actin binding tropomyosins. The N-terminal half of the protein contains intrinsically 

disordered regions (IDRs) thus classifying this isoform as an intrinsically disordered 

protein (IDP). Using a proteomic purification/mass spectrometry strategy, we identified 

Supernumerary limbs (Slmb) and s-phase kinase associated protein-1 (Skp1A) as 

interacting partners of Tm1C in S2 cells. Slmb and Skp1A are core components of the SCF 

Ubiquitin ligase complex. Based on these observations, we hypothesize that the expression 

of Tm1C is controlled via ubiquitin mediated proteasomal degradation. The IDPs are 

generally aggregation prone. Dysregulation of IDPs is known to form toxic aggregates in 

several human diseases including Parkinson’s disease, Amyotrophic Lateral Sclerosis, and 

Huntington’s disease. In this aim, we propose to test the hypothesis that Tm1C levels are 

regulated via Slmb mediated ubiquitination and subsequent proteasomal degradation. 



3 

 

B. Review of Literature 

1. Cell Polarity 

Cell polarity broadly refers to the asymmetric distribution of structural components and 

functions within a cell. Most cells exhibit some degree of polarity. Although the key 

polarity associated proteins are widely conserved, there are different mechanisms by which 

polarity is established. However, two basic mechanisms have been suggested: Spontaneous 

polarization, and polarity based on intrinsic and/or environmental cues (Wedlich-Soldner 

& Li, 2003). 

Classical examples of polarized cells include; epithelial cells with apical-basal polarity, 

neurons where signals are unidirectionally propagated, and migratory cells which exhibit 

movement in one direction. Defects in establishing intestinal epithelial polarity is 

associated with diseases such as microvillus inclusion disease (MVID) (Schneeberger, 

Roth, Nieuwenhuis, & Middendorp, 2018). Loss of neuronal polarity is associated with 

several neurological disorders including Wiskott Aldrich Syndrome, Charcot-Marie tooth 

disorder, and Lissencephaly (Dotti, Sullivan, Banker, & Gary Banker, 1988; Tahirovic & 

Bradke, n.d.). Defective polarity in migratory cells such as T-lymphocytes, and 

macrophages is associated with compromised immune response (Piroli, Blanchette, & 

Jabbarzadeh, n.d.). 
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Figure 1. Examples of polarized cells 

(A) The polarized epithelial cell contains distinct apical and basolateral membranes which are separated by 

tight junctions. The apical membranes face the lumen and is rich in Par proteins and Crumbs complex. The 

basal membrane faces the extracellular matrix and contains Scribble complex. Basolateral membrane is 

involved in cell-cell adhesions and cell-Extra cellular matrix (ECM) interactions. 

(B) Neurons are polarized to facilitate unidirectional flow of information in the form of an electric impulse. 

The basal dendritic spines receive input from preceding/basal neuron and transfer it down the axon to the 

successive/apical neuron. The transfer of information between neurons is mediated by chemical 

messengers/neurotransmitters while transferred as electric impulse within the neuron. 

(C) Migratory cell exhibits front-rear polarity. As a response to migration inducing stimulus, branched actin 

networks form protrusions of lamellipodia at the front end. The protrusions are stabilized by nascent 

adhesions made up of Integrins and other scaffolding proteins. These adhesions would help in ECM 

attachment. Nascent adhesions would either result in stable focal adhesion complexes serving as attachment 

sites for actin-based contractile stress fibers enabling migration or would disassemble. Microtubules serve as 

tracks for the exocytic and endocytic vesicles, which carry signaling molecules. 
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2. mRNA localization 

Cell polarity is established and maintained by asymmetrically sorting proteins to 

specific sites within the cell. Although individual protein molecules can be sorted to a 

particular cellular site, localization of translationally repressed messenger RNAs (mRNAs) 

to discrete sub-cellular domains also contributes to protein sorting (Cajigas et al., 2012; 

Jambor et al., n.d.; Lécuyer et al., 2007; Zivraj et al., 2010). The process of mRNA 

localization is highly conserved from yeasts to mammals. There are several advantages to 

mRNA localization. For instance, mRNA localization is energy efficient; a single molecule 

of localized mRNA can give rise to hundreds of localized protein molecules. In addition, 

mRNA localization prevents the mis-localization of proteins which pose deleterious effects 

on the cell. For example, Oskar protein in the Drosophila oocyte can initiate the process of 

germplasm assembly at any site in the cell. By exclusively localizing oskar mRNA 

localization to the posterior of oocyte ensures that germplasm assembly only occurs at this 

site.  

The major mechanisms by which an mRNA is localized are: (1) local protection from 

degradation (Ding, Parkhurst, Halsell, & Lipshitz, 1993), (2) diffusion and entrapment by 

a localized anchor (P. Chang et al., 2004), (3) Direct transport by motor proteins on 

cytoskeletal filaments (Sanghavi, Laxani, Li, Bullock, & Gonsalvez, 2013a; Vanzo, 

Oprins, Xanthakis, Ephrussi, & Rabouille, n.d.). In some cases, a single mRNA can be 

localized by more than one mechanism. For instance, the localization of oskar mRNA 

involves both direct transport by motor proteins as well as diffusion mediated anchoring at 

the posterior pole (Glotzer, Saffrich, Glotzer, & Ephrussi, 1997; Zimyanin et al., 2008). 
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Figure 2. Mechanisms of mRNA transport  

(A) mRNA transcripts are transported across the cell but protected from degradation only at the destination 

where they encode protein. 

(B) mRNA transcripts are diffusely distributed throughout the cell. There are anchoring proteins at their 

destination sites, where they are trapped until translated into proteins. 

(C) mRNA transcripts are selected for transport while they are in the nucleus based on a sequence commonly 

referred to as the “zip code”. They are then transformed into transport complexes, picked up by motor 

proteins, and transported to their destination across microtubules or actin filaments. 
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The model organism that has been used most extensively to study the process of mRNA 

localization is the yeast, S. cerevisae. Because of the simple genetics of this model system, 

the mechanism by which the mRNA is localized is well documented. The best known 

example is the localization of  ASH1 mRNA (Gonsalvez, Urbinati, & Long, 2005a). 

Initially, it was thought that mating type switching in yeast was due to transport of Ash1 

protein to the daughter cell. However it was later discovered that the restriction of Ash1 

protein was due to the localization of ASH1 mRNA to the budding daughter cell (Long, 

Singer, Meng, & Gonzalez, 1997).  

The first step in the localization of ASH1 mRNA involves recognition by the RNA 

binding protein She2p. Once bound to mRNA, She2p then associates with the Myosin4p 

adaptor, She3p. This complex is then localized to the budding daughter cell by Myo4P 

moving along actin filaments (Niedner, Edelmann, & Niessing, 2014).  

Although these studies in yeast have helped elucidate the mechanism of ASH1 mRNA 

localization, it is important to also define the mechanism by which mRNAs are localized 

in multi-cellular organisms. The model that we use for our studies it the oocyte of 

Drosophila melanogaster. Drosophila offers the benefit of excellent genetic tools and the 

localization of several mRNAs have been well-characterized. oskar (osk) localizes to the 

posterior pole (Ephrussi, Dickinson, & Lehmann, 1991), bicoid (bcd) localizes to the 

anterior pole (Cha, Koppetsch, & Theurkauf, 2001; Johnston, Driever, Berleth, Richstein, 

& Nosslein-Volhard, 1989), and gurken (grk) localizes to the antero-dorsal surface of the 

oocyte (Shira Neuman-Silberberg & Schüpbach, 1993; Thio, Ray, Barcelo, & Schüpbach, 

2000). These mRNAs are transported by microtubule motors. Kinesin is responsible for 

the transport of osk mRNA to the posterior pole and Dynein is responsible for the transport 



9 

 

of grk and bcd mRNAs. The proper localization of these mRNAs and their subsequent 

protein production is required for establishing antero-posterior and dorso-ventral polarity 

in the oocyte and future embryo (Veeranan-Karmegam, Boggupalli, Liu, & Gonsalvez, 

2016). If these mRNAs are not localized, proper oocyte polarity is not established, and the 

resulting embryos do not survive. 
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Figure 3. Examples of mRNA localization  

(A) Yeast cell: Transport of ASH1 mRNA complex by Myosin from mother cell to budding daughter cell 

over actin filaments. 

(B) Drosophila egg chamber: Transport of oskar mRNA complex from anterior oocyte to the posterior pole 

over microtubules. 

(C) Xenopus laevis oocyte: Localization of veg-T mRNA to the vegetal pole. 

(D) Localization of map2 mRNA to the dendritic terminals in rat hippocampal neurons. 

3. Cytoskeleton 

Our work primarily involves studying directed transport of mRNA by motor proteins. 

The model organism that we use for these studies is Drosophila melanogaster. Numerous 

mRNAs, such as osk, bcd and grk, have been shown to be localized in Drosophila oocytes 

and as stated in the previous section, correct localization of these mRNAs is required for 

polarizing the oocyte. The localization pathway of all three mRNAs involves transport on 

cytoskeletal filaments using motor proteins. The cytoskeleton comprises three basic 

components; Microfilaments (Actin), Intermediate filaments, and Microtubules. The three 

components are made up of different proteins, however there is regulated crosstalk amongst 

them that plays a significant role in cell division, cell migration, and cell polarity (Gotta, 

2005). 

a. Microfilaments: Microfilaments are also called as actin filaments. They are made 

up of globular proteins called “G-Actin”, and form filamentous polymers called “F-actin”. 

Actin filaments are polarized with a growing plus end, where the monomers are added, and 

an inert minus end. Each filament is 4-7nm in diameter. They form nearly 20% of the 
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muscle cells and are involved in muscle contraction by sliding across myosin motor 

filaments. They are also abundant in non-muscle cells and are particularly enriched at the 

cortical region of the cell, directly beneath the plasma membrane. Actin is involved in 

diverse cellular functions such as cell polarity, cell motility, and cell division.  

Actin filaments also act as tracks for cargo transport. One of the major cargoes of actin-

based transport is beta-actin mRNA, which is localized to the leading edge by myosin 

motor in many migratory cell types (Latham, Yu, Tullio, Adelstein, & Singer, 2001; 

Shestakova, Singer, & Condeelis, 2001). In mouse neurons, map2 mRNA that encodes the 

microtubule binding protein Map2, is transported to dendrites by Myosin Va along actin 

filaments (Murakami, Shionoya, Komenoi, Suzuki, & Sakane, 2016). In addition, as noted 

previously, ASH1 mRNA in yeast is localized to the bud tip via transport on actin filament 

by the Myosin motor, Myo4p (Gonsalvez, Urbinati, & Long, 2005b; Niedner et al., 2014). 

b. Intermediate filaments (IFs): Intermediate filaments (IFs) are used mostly to 

provide structural support to the cell (L. Chang & Goldman, 2004; Ishikawa, Bischoff, & 

Holtzer, 1968). These filaments are intermediate in size between Microfilaments (7nm) 

and Microtubules (25nm) at 10nm, hence the name, Intermediate filaments (IFs). More 

recent findings, however, suggest that this class of filament can range in size from 7nm to 

25nm (Herrmann, Bär, Kreplak, Strelkov, & Aebi, 2007). The family of IFs have shared 

common structural topology despite their large diversity. They have a central helical rod 

like structure which is flanked by non-helical structures on the N- and C-termini that form 

the head and tail of the protein. They occur as dimers where two filaments intertwine over 

their central helical rods and have two coiled-coils domains between the head and tail 

region. Despite a single dimer having structural asymmetry with a head and a tail region, 
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IFs are non-polar as two dimer units are arranged in an anti-parallel fashion to form a basic 

unit. Therefore, the basic units are half staggered non-polar tetramers rendering IFs non-

polar (Herrmann et al., 2007). Because their primary function is to provide mechanical 

support; they are less dynamic in comparison to microfilaments and microtubules. Based 

on amino acid sequences, IFs can be subcategorized into six types (Type I – Type-VI) 

(“Human Intermediate Filament Database,” n.d.). It has been shown that IFs are involved 

in endocytic and exocytic vesicular traffic (Margiotta & Bucci, 2016). However, unlike 

Microfilaments and Microtubules, Intermediate filaments are not known to participate in 

motor-based transport (Herrmann, Strelkov, Burkhard, & Aebi, 2009). 

c. Microtubules: Microtubules are the third type of cytoskeletal filament with an 

average diameter between 23-27nm (Ledbetter & Porter, 1963). The basic unit of 

microtubules is a dimer of two globular proteins, namely α-, and β- tubulin (Weisenberg, 

1972). The dimers polymerize in a unidirectional fashion to form protofilaments which are 

concentrically arranged to form tubular structures (Chaaban & Brouhard, 2017). 

Microtubules are polarized structures where one end has exposed α-tubulins (minus end), 

and other end has exposed β-tubulins (plus end) (Chaaban & Brouhard, 2017). In most 

cells, microtubule growth occurs from regions known as microtubule organizing centers 

(MTOCs), such as centrosome and basal bodies (Desai & Mitchison, 1997). Microtubules 

can be quite dynamic in cells displaying periods of growth and depolymerization (Desai & 

Mitchison, 1997). This property is referred to as dynamic instability. Microtubules play a 

significant role in both establishing and maintenance of cell polarity (J. Zhang, Guo, & 

Wang, 2014). mRNA localization across microtubules is one of the major mechanisms by 

which anteroposterior polarity is established in the Drosophila oocyte. Kinesin motors 
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transport cargoes towards the plus-ends of the microtubules, and Dynein transports towards 

the minus ends of the microtubules (Kanai, Dohmae, & Hirokawa, 2004; “Kinesin, Dynein, 

and Intracellular Transport - Molecular Cell Biology - NCBI Bookshelf,” n.d.; Sanghavi, 

Liu, Veeranan-Karmegam, Navarro, & Gonsalvez, 2016a). osk mRNA localization to the 

posterior oocyte is facilitated by Kinesin, and it forms the basis of this thesis (R. P. Brendza, 

Serbus, Duffy, & Saxton, 2000; Veeranan-Karmegam, Boggupalli, Liu, & Gonsalvez, 

n.d.). 
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Figure 4. Cytoskeleton 

(A) Free monomers called globular actin, represented as G-actin, polymerize to form actin filaments called 

F-actin. ATP is required to activate globular actin. 

(B) Single intermediate filament is polar with head and a tail. Two intermediate filaments intertwine to form 

a dimer and a dimer is polar. Two dimers are arranged in anti-parallel fashion to form a tetramer which is 

non-polar. Non-polar tetramers are basic units of intermediate filaments, therefore intermediate filaments are 

not polarized. 

(C) The basic unit of microtubule is a tubulin dimer made up of one α-tubulin unit and one β-tubulin unit. 

The dimers polymerize to form protofilaments. The dimers in a protofilament are polymerized in 

unidirectional fashion resulting in exposed alpha-tubulins at one end called the minus end, and exposed beta-

tubulins at the other end called the plus end. 13 such protofilaments arrange in a unidirectional concentric 

fashion to form hollow cylinder like structure called microtubule.  

4. Microfilament motors 

a. Myosins: Myosins are a superfamily of actin-based motors best known for their role 

in muscle contraction. Based on gene sequence homology, they are divided into 35 classes 

in eukaryotes (Odronitz & Kollmar, 2007). Mammals have 40 genes that code for myosins 

and account for 13 classes (Foth, Goedecke, & Soldati, 2006). Myosins typically occur as 

homodimers such as Myosin-IIb and Myosin-V, or as monomers such as Myosin-Ib and 
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Myosin-IXa (Bridgman & Elkin, 2000; Wu, Jung, & Hammer, 2000). Myosins typically 

contain three domains (Mermall, Post, & Mooseker, 1998); 1) an N-terminal motor domain 

that binds actin and hydrolyzes ATP (Sweeney & Houdusse, 2010), 2) a neck or lever-arm 

that transduces the force generated by the motor domain down the length of the peptide 

(Bridgman & Elkin, 2000; Ruff, Furch, Brenner, Manstein, & Meyhöfer, 2001), and 3) a 

C-terminal tail domain that binds to a wide variety of cargoes (Krendel & Mooseker, 2005). 

Myosins bind to barbed ends of actin filaments (Krendel & Mooseker, 2005). Some 

myosins, such as Myosin-V, are highly processive and move for long distances along the 

length of the actin filaments (Mehta et al., 1999). Low processive myosins, such as Myosin-

II, slide over short distances on actin filaments but can generate contractile movement as 

they do (O’Connell, Tyska, & Mooseker, 2007).  

Myosins are involved in establishing polarity (Breshears, Wessels, Soll, & Titus, 2010). 

Known examples includes - the formation of leading-edge of the cell during migration, 

orientation of the microtubule organizing center, and rearward movement of the nucleus in 

a migratory cell (Guo & Wang, 2012; Southern et al., 2016). This polarized organization 

is required for the movement of migratory fibroblasts. This process involves dynein (a 

microtubule motor), Cdc42, Cdc42 binding kinase (MRCK), and actin-myosin 

cytoskeleton (Vallee, Seale, & Tsai, 2009). Therefore, although actin-based transport 

differs from microtubule-based transport, these processes can often work in concert in a 

regulated manner in order to mediate a particular cellular function (Vallee et al., 2009). 

Myosins are also known to transport mRNAs along actin filaments. Examples include, 

ASH1 mRNA in S. cerevisiae (Gonsalvez et al., 2005a), β-actin mRNA in migratory cells 
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(Shestakova et al., 2001), and map2 mRNA in dendrites of neurons (Murakami et al., 

2016). 

 

Figure 5. Myosins 

(A) Myosin Va is a dimeric motor complex involved in map2a mRNA localization in neurons. Each myosin 

polypeptide has a head domain, neck/lever arm, and a cargo binding tail domain. Myosin IXb occurs as a 

monomer with all three domains. 

5. Microtubule motors 

a. Kinesins: Kinesins are one of the major family of cellular transporters that are ATP 

powered and move their cargoes along microtubules (Vale, 2003). They include a large 

superfamily organized into 14 families; Kinesin-1 through Kinesin-14 (Goldstein & Yang, 

2000). They comprise forty five different types in mammalian cells (Hirokawa, Niwa, & 

Tanaka, 2010). Kinesins in general, transport their cargoes towards “plus” end of the 

microtubules. This mostly involves transport of cargoes from the center of the cell to the 

periphery, which is termed “anterograde transport” or “orthograde transport” (Hoyt, 

Hyman, & Bähler, 1997).  
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Kinesins occur as both heteromeric and homopolymeric complexes. For example, the 

first identified Kinesin-1 is a heterotetrameric complex with two identical kinesin heavy 

chains and two identical kinesin light chains (Protein, Vale, Reese, & Sheetz, 1985). The 

kinesin heavy chain (KHC) comprises of a N-terminal globular head which houses the 

motor domain and a C-terminal tail which binds to kinesin light chain (KLC), the two 

connected via a flexible linker. However, Kinesin-2 occurs as both a heterotrimer and a 

homodimer although the functional significance between these two forms in not clear. In 

heterotrimeric form, it has two non-identical KHCs and one accessory subunit called 

Kinesin accessory protein (KAP). The homodimeric form of Kinesin-2 has two identical 

kinesin heavy chains. Although it has been purified, its ability to bind to a KAP has not 

been completely excluded (Cole et al., 1993; Scholey, 2013).  

The motor domain of KHC has two binding sites, one binds to microtubules and the 

other binds ATP (Xiao, Hu, Wei, & Tam, 2016). KHC binds to its cargo mostly via an 

adaptor like the conventional KLC in kinesin-1 or through a non-conventional adaptor like 

KAP in Kinesin-2 (Doodhi et al., 2009). However, many cases are also known in which 

KHC binds to its cargo directly via its tail domain (Hirokawa et al., 1989). Conventional 

cargoes transported by Kinesin include; synaptic vesicle precursors, plasma membrane 

precursors, endosomes, lysosomes, mitochondria, and mRNAs (Bananis, Murray, Stockert, 

Satir, & Wolkoff, 2000; Cai, Gerwin, & Sheng, 2005; Gross, Welte, Block, & Wieschaus, 

2002). Kinesin based transport serves several physiological functions in a cell including, 

specification of left and right cilia (Nonaka et al., 1998), establishing and maintenance of 

cell polarity, suppression of tumorigenesis (Teng et al., 2005), neuronal survival 

(Midorikawa, Takei, & Hirokawa, 2006), and higher brain function such as learning and 
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memory (Wong, Setou, Teng, Takei, & Hirokawa, 2002). The loss of Kinesin is lethal to 

most of the cells (Hirokawa, Noda, Tanaka, & Niwa, 2009). Compromised kinesin function 

is known to cause several disorders including, loss of ciliary function (Hirokawa et al., 

2009), loss of oocyte maturation in Drosophila (Radford, Go, & McKim, 2017), Spastic 

Paraplegia, Familial Neuropathy, Kartagener Syndrome, Joubert Syndrome, and Polycystic 

kidney disease (Hirokawa et al., 2009; Lin et al., 2003).   

b. Dynein: Dynein is another ATP powered cellular transporter that moves along 

microtubules (Bhabha, Johnson, Schroeder, & Vale, 2016). Dynein motor transports its 

cargoes towards the “minus ends” of microtubules, mostly from the periphery to the center 

of the cell which is called retrograde transport (Grotjahn & Lander, 2019). In 

Archaeplastidans, where dynein motors are absent, minus end directed kinesins carry out 

such transport (Roberts, Kon, Knight, Sutoh, & Burgess, 2013). Dyneins operate as protein 

complexes. Dynein heavy chain (DHC) is the force generating subunit, and it acts with 

multiple adaptor proteins including, intermediate chains, light intermediate chains, and 

light chains. Dyneins are considered complex compared to kinesins because of the 

involvement of multiple subunits and their operation in coherence (Xiao et al., 2016). DHC 

contains a motor domain that binds to ATP and microtubules, and a tail domain that binds 

cargo either directly or via adaptor proteins. Human genome encodes 16 dynein heavy 

chains, however, are classified into 9 major classes; Cytoplasmic dynein-1, Cytoplasmic 

dynein-2, and 7 classes of axonemal dyneins (Roberts et al., 2013; Yagi, 2009). 

Conventional cargoes of dynein include membrane particles, endosomes, lysosomes, 

phagosomes, melanosomes, peroxisomes, lipid droplets, mitochondria, centrosome, 

cytoskeletal filaments, mRNA etc. (Roberts et al., 2013). In S. cerevisiae, the only role of 
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dynein is to position the nucleus during cell division (Moore, Stuchell-Brereton, & Cooper, 

n.d.). Cytoplasmic dynein is known to play a role in assembling microtubules into 

chromosome segregating device known as spindle (Heald et al., 1996; Salina et al., 2002). 

Cytoplasmic dynein-2 facilitates intra flagellar transport (Rosenbaum, Witman, & Cilia, 

2002). Most of the dynein functions are regulated by its interaction with proteins, 

Lissencephaly-1 (LIS1), Nuclear distribution E (NUDE), and the dynactin complex 

(Kardon & Vale, 2009; Vallee, McKenney, & Ori-Mckenney, 2012). The complete 

understanding of Dynein function and mechanisms therefore require better understanding 

of these proteins. Hence understanding Dynein is considered complex compared to its 

counterpart Kinesin (Kardon & Vale, 2009; Vallee et al., 2012). 

In this thesis, we study transport of oskar mRNA to the posterior pole in the Drosophila 

oocyte by Kinesin motor over the microtubules. 
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Figure 6. Microtubule motors 

(A) Kinesin-I is a heterotetramer. It has two identical kinesin heavy chains which have the motor domain, 

and two identical light chains for cargo binding, however the kinesin heavy chains can bind with other 

proteins for cargo binding. Kinesin-II is a heterotrimer with two non-identical heavy chains and a kinesin 

accessory protein (KAP). Kinesin-II however can occur as just a dimer with no KAP. 

(B) Cytoplasmic dynein is a dimer of dimers comprising approximately twelve subunits. It has two identical 

dynein heavy chains with motor domains. It has two intermediate chains believed to anchor the cargo, two 

intermediate light chains, and multiple light chains. 

6. Oogenesis in Drosophila 

Each Drosophila female has a pair of ovaries and each ovary has approximately 18 

linear structures called ovarioles. Each ovariole starts with a germarium from which 

differentiating egg chambers arise, undergo the process of oogenesis before maturing into 

a competent egg cell (Bastock & St Johnston, 2008). During the process of oogenesis, a 

non-polarized oocyte is converted into a mature polar egg. It takes roughly seven days for 

egg chamber maturation and involves 14 stages based on morphological features. 
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a. The germarium: Germarium is made up of both somatic and germ cells. The 

somatic structure to which it is attached at the anterior is called terminal filament (Fig. 7A). 

The germline stem cells are connected to terminal filament cells via somatic cap cells. A 

germline stem cell undergoes asymmetric division to produce another stem cell and a 

differentiated daughter cell called the cystoblast. The cystoblast undergoes four mitotic 

divisions to produce 16 cells which are all interconnected by cytoplasmic bridges or ring 

canals due to incomplete cytokinesis (Bastock & St Johnston, 2008). This makes 

Drosophila ovaries a prime model tissue for studying incomplete cytokinesis (Ong & Tan, 

2010). The 16 celled cyst travels posteriorly through germarium, it flattens between 

somatic follicle stem cells and eventually gets surrounded by follicle cells in region 2a (Fig. 

7A). It passes through region 2b and develops into a stage 1 egg chamber. By now, one of 

the 16 cells assumes a oocyte fate and starts to progress through meiosis, but is arrested in 

Prophase-I until it separates from the ovariole as a mature egg (Fig. 7A). The rest of the 

cells adopt nurse cell fate providing nutrients and cytoplasmic components to the 

developing oocyte (Waghmare & Page-McCaw, 2018). 

b. Oogenesis: As mentioned above, oogenesis occurs through 14 stages of 

development. During this process, and until stage 12, egg chambers are interconnected to 

one another by specialized somatic cells called stalk cells (Fig. 7B). As the cyst emerges 

from the germarium, Notch-Delta signaling is activated and results in the specification of 

polar cells. 

The germline cyst budding off from the germarium into a stage 1 egg chamber gives 

out Delta signal that differentiates anterior follicle cells into polar cells. These polar cells 

further give out signal to the anterior follicle cells to become stalk cells (Bastock & St 
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Johnston, 2008). The oocyte starts migrating posterior starting from stage 2 and remains 

posterior. The microtubules have their minus ends placed at the posterior of oocyte until 

stage 4, and grk mRNA along with Grk protein are at the posterior until this stage. An 

unspecified signaling event during the stage 5 initiates microtubule rearrangement in the 

oocyte and plus ends of the microtubules are now placed at the posterior. This initiates 

transport of osk mRNA by Kinesin in a random biased walk to the posterior pole starting 

from stage 8. On the other hand, Dynein motor transports bcd mRNA the minus ends of 

microtubules which is the anterior pole of the oocyte. This rearrangement also now 

localizes grk to the anterodorsal surface of the oocyte facilitated by Dynein (Fig. 3B). It is 

fascinating how Dynein motor uses just laterally nucleating microtubules to transport bcd, 

and microtubules nucleating both laterally and then from envelope to transport grk. 

Together all these mRNA localizations play a significant role in Drosophila oocyte 

patterning and development. After stage 12, the egg chamber matures and fall off from the 

germarium (Fig. 7B). The oocyte them progresses through the rest of meiotic events before 

fertilization by sperm (Fedorova et al., 2019). 

c. oskar mRNA: osk mRNA like many other mRNAs is synthesized in the nurse cells 

and transported to the oocyte via ring canals during mid oogenesis (stage 8-10)(Kim-Ha, 

Smith, & Macdonald, 1991). It is the transported by the kinesin motor to the posterior pole 

and is anchored at this site. During transit, osk is in translationally repressed state (Kim-

Ha, Smith, & Macdonald, 2017). Only once osk is delivered to the posterior pole is 

translation repression is relieved. Proteins such as Cup and Bruno associate with osk 

mRNA and regulate its translational state (Broyer, Monfort, & Wilhelm, 2017). 

Localization of fmr1 mRNA that codes for Fragile X mental retardation protein follows a 
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similar localization pathway as oskar mRNA (Ling, Fahrner, Greenough, & Gelfand, 

2004). Several factors required for the localization of osk mRNA are also required for fmr1 

mRNA localization. However, unlike osk, fmr1 mRNA is localized in neurons. osk 

localization is essential for germplasm assembly as mentioned earlier, and defects in this 

process result in embryos that lack primordial germ cells. Because osk is also required for 

establishment of polarity, defective localization results in embryonic lethality. Therefore, 

osk plays a significant role in the development of Drosophila (Ephrussi et al., 1991).   
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Figure 7. Drosophila germarium and oogenesis.  

(A) The oocytes are assembled from precursor cells called germline stem cells which originate from the 

anterior most tissue in the ovary called the germarium. Terminal filament cells, cap cells, and escort cells 

form the stem cell niche for the germline stem cells. Asymmetric division of germline stem cell results in a 

daughter called a cystoblast. The cystoblast then undergoes 4 incomplete mitotic divisions resulting in 16 

cells. During these divisions, cytokinesis does not proceed to completion. This results in the formation of 

ring canals which enables transport between nurse cells and the oocyte. The 16-cell rudimentary cyst then 

become encapsulated by follicle cells to become a stage 1 egg chamber where one of these cells differentiates 

into oocyte.   

(B) Drosophila oogenesis progresses through 14 stages, and egg chambers are connected via stalk cells until 

last stage where the mature egg chamber filled with oocyte detaches from the ovariole. Stages S1-S6 comprise 

early oogenesis. Stages S7-S10a comprise mid-oogenesis. Stages S10b-S14 comprise late oogenesis. By 

stage 14 the entire egg chamber develops into a mature egg. Nurse cells undergo apoptosis and transfer their 

contents into the oocyte via a process called dumping. By stage 10b, special somatic cells called centripetal 

cells develop between oocyte and nurse cells. Dynamic actin remodeling within nurse cells followed by 

centripetal cell inward movement will result in final nurse cell dumping. 

As mentioned previously, oskar mRNA is localized to the posterior of the oocyte by 

Kinesin-1. However, the adaptor required to link Kinesin with oskar mRNA is not kinesin 

light chain. In this thesis, we show that a novel isoform of Tropomyosin, namely Tm1C, 

acts as the adaptor in linking Kinesin to oskar mRNA. 

7. Tropomyosins 

These proteins were first isolated from muscle tissues and have been extensively 

studied for their role in muscle contraction (Lehman, Galińska-Rakoczy, Hatch, 

Tobacman, & Craig, 2009). Isoforms of tropomyosins were later found in platelets, and 
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subsequently in all tissues. In fact, they are found in numerous actin-based cytoskeletal 

structures (Gunning, Hardeman, Lappalainen, & Mulvihill, 2015). Tropomyosins are now 

classified as a large family of proteins that are integral to actin filament function. In 

humans, there are as many as 40 tropomyosin isoforms encoded by 4 genes, namely tpm1 

through tpm4 (Pittenger, Kazzaz, & Helfman, 1994). They are rod like structures and are 

arranged in tandem with actin filament in a head to tail fashion. These proteins in an end-

to-end linked state bind to actin filaments with a 1000-fold greater affinity compared to 

individual subunits (Gunning, Schevzov, Kee, & Hardeman, 2005). In muscle cells, they 

mask the myosin binding sites on actin filaments and are held in place by Troponin 

complexes. They facilitate muscle contraction in a calcium dependent manner (Lehman et 

al., 2009). Rise in intracellular calcium induces a conformational change in the troponin 

complex and tropomyosins are displaced providing access to myosins on actin filaments. 

Knock-down studies on different tropomyosin isoform have illustrated that in non-muscle 

tissue, they are mostly involved in stabilizing actin-based structures such as cell-cell 

junctions, stress fibers, lamellipodia etc. (Bryce et al., 2003). In addition, the Tropomyosin-

actin interaction also prevents the binding of filament severing proteins such as Cofilin, 

and Gelsolin (Bernstein & Bamburg, 1982; Bryce et al., 2003). 

The Drosophila genome contains two Tropomyosin genes, tpm1 and tpm2. Genome 

annotation data suggests the possibility of numerous isoforms. However, only 2 isoforms 

for tpm1 and one isoform for tpm2 have been reported. They are Tm1A, Tm1J, and Tm2A 

(L. M. Goins & Mullins, 2015). These isoforms are coiled-coil proteins much like 

conventional mammalian tropomyosins, differ minimally in length. Tm1A is expressed 

around the cortex  of cells, and Tm1J and Tm2A are localized to the Golgi complex. 
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However, the genome annotation suggests possibility of 17 isoforms for tpm1 gene; listed 

as Tm1-G, F, K, P, M, L, N, S, O, E, J, H, I, C, A, Q, and R. Our studies have identified a 

novel isoform of Tropomyosin, Tm1C. Tm1C functions as an adaptor in linking Kinesin 

with oskar mRNA in Drosophila oocytes (Veeranan-Karmegam et al., 2016). Concurrent 

with our publication, the Montell lab demonstrated that Tm1C exhibits Intermediate 

filament like properties(Cho, Kato, Whitwam, Kim, & Montell, 2016a). In addition, the 

structure of Tm1C is unique in that it possesses multiple intrinsically disordered regions 

(IDRs) in addition to a single coiled-coil domain. In general, proteins with IDRs are 

referred to as Intrinsically disordered proteins (IDPs). 

8. Intrinsically Disordered Proteins (IDPs) and Tropomyosin-1C 

Proteins form unique three-dimensional structures, and they often interact with each 

other like a lock and key. However, proteins that lack a unique 3D structure are being 

increasingly uncovered. Such proteins are called Intrinsically disordered proteins (IDPs) 

(Deiana, Forcelloni, Porrello, & Giansanti, 2019). However, not all the IDPs are 

completely devoid of structure. There are several proteins that have been shown to carry 

both disordered regions and ordered domains. Therefore, a new name has been proposed 

for such proteins, IDPRs, Intrinsically disordered proteins with ordered domains. In 

general, a protein with more than 30 percent of intrinsic disordered residues is considered 

an IDP. A protein with a less than 30 percent proportion of disordered residues and has 

ordered domains is considered an IDPR (Deiana et al., 2019).  

IDPs/IDPRs are very flexible in nature, can interact with many other proteins and 

nucleic acids, albeit with less affinity compared to ordered proteins (ORDPs). They also 

have smaller half-lives compared to ordered proteins and cannot form stable structures over 
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prolonged periods of time (Uversky, 2019). These proteins are involved in multiple 

interactions and are promiscuous in nature, therefore, they need to be expressed at the right 

time and right places in order to carry out their functions. In general, misfolded proteins 

are deleterious to the cell and therefore must be cleared immediately. Similarly, the 

unfolded proteins, IDPs and IDPRs, can also have deleterious effects on the cell if not 

properly regulated. Their expression is often tightly regulated by several mechanisms such 

as RNA splicing (Fuxreiter et al., 2008; Ribeiro et al., 2013), and post-translational 

modifications (PTMs) (Dunker, Cortese, Romero, Iakoucheva, & Uversky, 2005; Uversky, 

2017, 2019).  

Dysregulation of IDPs and IDPRs has been noted in several cancers, neurological 

disorders, and cardiovascular disorders (Y. Cheng, LeGall, Oldfield, Dunker, & Uversky, 

2006). Few of the major examples include, p51 in cancer, α-synuclein in neurological 

disorders such as Alzheimer’s and Parkinson’s, CFTR in cystic fibrosis, prions in 

Creutzfeldt-jacob disease, scrapie, and ataxin in spinocerebellar ataxia (Baker et al., 2007; 

S. H. Cheng et al., 1990; Uversky, 2014, 2019). Many of the diseases are attributed to the 

ability of the IDP to act as hubs facilitating multiple protein-protein and protein-nucleic 

acid interactions. Dysregulated IDPs and IDPRs form stable molecular complexes rather 

than transient ones, and will lead to toxicity, such as formation of β-amyloid plaques in the 

case of Alzheimer’s (Breydo, Wu, & Uversky, 2012; Uversky, 2014).  

9. Regulation of Proteins by degradation 

Protein degradation plays a major role in many cellular functions. For example, the 

check point proteins must be degraded in a timely fashion for the cell cycle to operate 

smoothly. Dysregulation of these proteins could drive the formation of cancer (Schrader, 
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Harstad, & Matouschek, 2009). Protein degradation also plays a key role in clearing 

misfolded and damaged proteins which would otherwise be toxic to the cell (Schrader et 

al., 2009; Wang, Peng, Ren, & Wang, 2015). There are two main systems in cells that 

regulate protein degradation. They are: 1) The Autophagy Lysosome system, and 2) The 

Ubiquitin/Proteasome system. 

In the Autophagy Lysosome system, proteins targeted for degradation are loaded into 

an autophagosome, which later fuses with a Lysosome where the proteins are degraded. It 

can be both specific and non-specific. In non-specific Microautophagy, the misfolded 

proteins aggregate to form large plaques. The HDAC6 binds these aggresomes in absence 

of active lysosomes, and recruits Dynein motor to transport the aggresome to MTOC for 

degradation until the lysosomes become available (Rodriguez-Gonzalez et al., 2008). In 

Macroautophagy, specific proteins are degraded in Ubiquitin- dependent and independent 

manner (Wang et al., 2015). The Ubiquitin/Proteasome system regulates degrading of 

proteins in a target-specific manner. Protein degradation occurs in a two-step process. In 

step 1, a target is identified and tagged with a small 8 kD protein called Ubiquitin. In step 

2, the Ubiquitin tagged target protein is degraded by a macromolecular complex referred 

to as the Proteasome (Baugh, Viktorova, & Pilipenko, 2009). The first step of this pathway 

involves 3 enzymes/enzyme complexes. First, a Ubiquitin conjugating enzyme (E1) tags 

itself with a Ubiquitin molecule. E1 then transfers ubiquitin to a second enzyme called 

Ubiquitin transferring enzyme (E2). E2 is found bound to a third enzyme complex called 

Ubiquitin ligase complex (E3) which is target specific. E3 is a multi-subunit complex and 

binds target protein before E2 accepts ubiquitin from E1. E2 facilitates ubiquitin tagging 

of the target bound to E3, where target gets ubiquitinated by E2 directly or indirectly via 
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E3. Various combinations of E1, E2, and, E3 work together in a cell to degrade a large 

repertoire of proteins in a target specific manner (Figure 8). 

In a proteomic study we performed in the Drosophila S2 cell line, we identified a 

protein called Supernumerary limbs (Slmb) as in interacting partner of Tm1C. Slmb is one 

of the components of a major Ubiquitin ligase complex called SCF found in Drosophila. 

Slmb represents F in the abbreviation SCF, which is an F box protein and is the target 

specific subunit (Cardazo & Pagano, 2004). Slmb mediates proteasomal degradation of a 

variety of proteins in Drosophila.  Major candidates include the clock proteins, Period (Per) 

and Timeless (Tim)(Grima et al., 2002). In this thesis, we have shown that Tm1C levels in 

S2 cell lines are regulated by Slmb. 
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Figure 8. Mechanisms of Protein regulation by degradation 

(A) Autophagy: Microautophagy, Macroautophagy, and chaperone mediated autophagy are the three main 

forms of autophagy. Microautophagy is non-specific, the damaged organelles are collected as cargo material, 

assimilated into autophagosome that fuses with lysosome where the cargo is degraded. Macroautophagy also 

works in the same fashion as microautophagy. However, it can be both specific and non-specific in ubiquitin 
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dependent and independent manner. Chaperone mediated autophagy is mostly specific, the proteins carrying 

KFERQ consensus sequence are identified by heat shock protein HSC70 and are directed to lysosome.  

(B) Ubiquitin mediated proteasomeal degradation. The proteins destined for degradation are ubiquitinated by 

ubiquitin ligases and are degraded by proteasome. 

(C) Slmb based SCF ligase. SCF ligase is a three-subunit ubiquitin ligase (E3). S stands for Skp1, while C 

stands for Cullin, and F stands for “F box” protein. Slmb is one of the major F box proteins is Drosophila. 

E3 ligase ubiquitinates its target proteins and facilitates their degradation by 26S proteasome. 
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II. MATERIALS AND METHODS 

1. Fly stocks 

The following stocks were used: Oregon-R-C (used as wild-type; Bloomington stock 

center; #5); GFP-Stau (Zimyanin et al., 2008); eb1 shRNA (Bloomington stock center; 

#36680, donor TRiP); egl shRNA-1 (Bloomington stock center; #43550, donor TRiP); khc 

shRNA (Bloomington stock center; #35409, donor TRiP), and Kin:βgal(I. Clark, Giniger, 

Ruohola-Baker, Jan, & Jan, 1994); . shRNA expression was driven using P{w[+mC] 

=matalpha4- GAL-VP16}V37 (Bloomington stock center; #7063, donor Andrea Brand). 

GFP–Tm1C was expressed by cloning the Tm1C coding sequence into a vasa-GFP 

expression vector (Sano, Nakamura, & Kobayashi, 2002a). The Tm1C coding sequence 

with silent mutations at the shRNA site was synthesized by Genewiz. Tm1 shRNA flies 

were generated by cloning the following sequences into the NheI and EcoR1 sites of the 

Valium 22 vector (Ni et al., 2011): Tm1 shRNA-1, 5′-

GCCGACGACGATGACAACCAA-3′; Tm1 shRNA-2, 5′- 

AAGGTCAGAGAAATCGGACAA-3. Transgenic flies containing these constructs were 

generated by BestGene Inc (inserted at the attP40 site on chromosome 2). The null 

tm1_delC mutants were created by injecting a mix containing two guide RNA plasmids, 

and endogenous gfp-tm1C knock-in strain was created by using single guide RNA, along 

with a donor vector for homology-directed repair (Gratz et al., 2015, 2014).  

2. Antibodies and imaging reagents 

Unless specifically stated, the indicated dilutions are for immunofluorescence: mouse 

anti-Dhc (Developmental Studies Hybridoma bank; 1:150; donor J. Scholey); rabbit anti-
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Khc (cat. no AKIN01-A, Cytoskeleton, Inc.; 1:150, western blotting, 1:1500); chicken anti-

Oskar (Sanghavi et al., 2016; 1:50); FITC-conjugated mouse anti-α-tubulin (cat. no F2168-

.2ML, Sigma; 1:100); mouse anti-β-galactosidase (cat. no Z3781, Promega; 1:1000); 

mouse anti-γ- tubulin (cat. no T5326-100UL, Sigma; 1:100); rat anti-GFP (cat. no 04404- 

84, Nacalai USA, Inc.; 1:600); rabbit anti-GFP (cat. No PABG1, Chromotek); mouse anti-

LaminDmO (Developmental Studies Hybridoma bank; cloneADL84.12; 1:200; donor P.A. 

Fisher); mouse anti-GFP (cat. no 632381, Clontech; western blotting, 1:4000); rat anti-RFP 

(cat. no 5f8-100, Chromotek; western blotting, 1:1000); rabbit anti-Vas (1:1000 from Paul 

Lasko, Department of Biology, McGill University, Canada);Tm1C (custom-made as 

described below;western blotting, 1:1500); goat anti-rabbit-IgG conjugated to Alexa Fluor 

594 and 488 (Life Technologies, 1:400 and 1:200, respectively); goat anti-mouse-IgG 

conjugated to Alexa 594 and 488 (Life Technologies, 1:400 and 1:200); goat anti-chicken-

IgG conjugated to 594 (Life Technologies, 1:400); mouse anti-FLAG (cat. No. 8146, 

Sigma). Anti-Slmb was a generous gift from Dr. Gregory Rogers (University of Arizona), 

Anti- Tm1C antibody was generated by injecting the following peptides into rabbits: N-

DKSEKSDRKKKSSGKKERSKRSNP-C and N-KEARFLAEEADKKYDEVQLK-C. 

The injection and purification of peptide-specific antibodies was performed by Pacific 

immunology (Ramona, CA). TRITC conjugated phalloidin (Sigma Aldrich) was used to 

visualize F-actin and ToPro3 (Life Technologies) was used to visualize DNA. 

3. DNA constructs 

For binding studies in S2 cells, cDNA for Tm1C and klc was cloned into the pAGW 

gateway vector; khc constructs were cloned into the pARW vector (obtained from the 

Drosophila Genomics Resource Center). Internal deletions in khc were made using the Q5 
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site-directed mutagenesis kit (NEB, Ipswich, MA). Transfections were performed using 

Effectene (Qiagen). For the direct binding experiment, Tm1C was cloned into pDEST15 

and the khc cDNA was cloned into the pSP64 vector (Promega). We cloned Tm1C guide 

RNAs into the pU6-3 Bbsi plasmid and Tm1C homology arms were cloned into the pHd-

DsRed-attP plasmid obtained from the laboratory of Kate O’Connor-Giles (Cell and 

Molecular Biology, University of Wisconsin, Madison). For purification of GFP and Khc–

GFP from ovarian lysates, the coding sequence of either GFP or Khc–GFP was cloned into 

the pUASp-attB-K10 vector. The Tm1C-turboid and Tm1J-turboid constructs were 

inserted into same plasmid (Koch, Ledermann, Urwyler, Heller, & Suter, 2009). The 

turboid sequence is an adaptation of publication for Dr. Alice Ting’s group (Branon et al., 

2018). 

4. Protein–protein interaction 

In order to purify Khc-interacting partners, two fly strains were generated which 

express exogenous GFP and GFP-Khc in the female germline under germline specific vasa 

promoter elements as described by Sano et al. The ovaries were homogenized in lysis 

buffer (50 mM Tris-HCl pH 7.5, 50 mM NaCl, 0.2 mM EDTA, 0.05% NP40 and Halt 

protease inhibitor cocktail, Pierce). To purify Tm1C interacting partners, lysates from S2 

cells transiently transfected with plasmids expressing recombinant GFP-Tm1C were 

prepared in standard RIPA. The lysates were cleared by centrifugation at 10,000 g at 4°C 

for 5 min. 1000 μg of lysate was added to GFP-trap beads (Chromotek). The binding was 

performed at 4°C for 1 h. Next, the beads were washed twice with NP40-containing wash 

buffer (50 mM Tris-HCl pH 7.5, 200 mM NaCl, 0.2 mM EDTA, 0.05% NP40). 

Subsequently, the beads were washed twice with the same buffer but lacking NP40. Next, 
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the co-precipitating proteins from lystaes were eluted using a 0.2 M Glycine pH 2.5 

solution. After elution, the pH was neutralized with Tris-HCl pH 8.0. The samples were 

digested with trypsin and analyzed by tandem mass spectrometry. They trypsin digestion 

and mass spectrometry analysis; for Khc interacting proteins was performed the facility in 

Harvard university, and for Tm1C interacting proteins was performed at the Genomics core 

in Augusta university. For detecting protein–protein interaction using S2 cells, lysates were 

prepared using the indicated transfected cells. The cells were lysed using RIPA buffer (50 

mM Tris-HCl pH 7.5, 150 nM NaCl, 1% NP40, 1 mM EDTA). The lysates were cleared 

by centrifugation as described above and added to GFP-trap beads (Chromotek). After 

binding and wash steps, the coprecipitating proteins were eluted in Laemmli buffer, run on 

a gel, and analyzed by western blotting. For the direct binding studies, GST and GST–

Tm1C were expressed in BL21 DE3 pLysS cells (Life Technologies). The proteins were 

induced using 0.5 mM IPTG for 6 h at room temperature. Lysates were prepared using a 

French press. The induced proteins were purified by incubation with glutathione–

Sepharose beads (Pierce). GelCode Blue (Pierce) was used to visualize these proteins in a 

gel. The RFP-tagged Khc construct was expressed using the TnT SP6 Coupled Wheat 

Germ Extract System (Promega). 

5. Immunofluorescence and in situ hybridization 

Ovaries were processed for immunofluorescence as previously described(Sanghavi, 

Liu, Veeranan-Karmegam, Navarro, & Gonsalvez, 2016a). In situ hybridization was used 

to detect bcd, grk, nos and CycB mRNA and was performed using a published procedure 

(Sanghavi, Laxani, Li, Bullock, & Gonsalvez, 2013b). smFISH was used for detection of 

osk. Quasar570-conjugated Stellaris DNA oligonucleotide probes against osk and gapdh1 
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and gapdh2 were obtained from LGC Biosearch Technologies (Petaluma, CA). Ovaries 

were fixed in 4% formaldehyde (diluted in PBS) for 20 min. Subsequently, the ovaries 

were washed with several changes of PBS. Next, methanol was added, and the ovaries were 

stored at −20°C for 1 h. The ovaries were then washed with a 7:3 methanol:PBST (PBS 

plus 0.1% Triton X-100) solution for 10 min at room temperature. Next, 3:7 

methanol:PBST was used. The ovaries were then washed 4× with PBST. PBST was 

removed and the samples were incubated in pre-hybridization buffer (4× SSC, 35% 

deionized formamide, 0.1% Tween-20) for 10 min. The prehyrbidization solution was 

removed and the probe diluted to 100 nM in hybridization buffer [10% dextran sulfate, 0.1 

mg/ml salmon sperm single-stranded (ss)DNA, 100 μl vanadyl ribonucleoside (NEB 

Biolabs, Ipswich, MA), 20 μg/ml RNAse-free BSA, 4× SSC, 0.1% Tween-20 and 35% 

deionized formamide was added. The ovaries were incubated with probe overnight at 37°C. 

The next day, the probe was removed, and the ovaries were washed twice in 

prehybridization buffer for 30 min each. The samples were then stained with DAPI, washed 

in PBST, and mounted onto slides using Aqua Poly mount (Polysciences, Inc., Warrington, 

PA). In order to detect filaments of GFP–Tm1C and Khc, ovaries expressing the transgene 

were processed as previously described (Cho et al., 2016). 

6. Preparation of dsRNAs 

For preparation of dsRNAs against slmb and khc, plasmids containing these sequences 

were purified using Thermo-Fischer Mini Prep plasmid purification kit. The required 

sequences were then amplified from plasmids by PCR using appropriate primers with T7 

sequence at the 5’ ends. The amplicon is then purified using Thermo-Fischer PCR 

purification kit and quantified. Approximately 1µg of amplicon is used to prepare dsRNA 
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using T7 Megascript kit as described in the manual. The dsRNAs produced were purified 

by precipitating them in ice-cold Phenol-Chloroform mix by centrifugation at highest RPM 

at 4°C. The precipitate containing dsRNAs was dissolved in Ambion RNA-secure mix and 

quantified using Thermo-Fischer NanoDrop. The dsRNAs were stored at -20°C and 

approximately 1µg of any dsRNA was used for our studies in S2 cells. 

 

T7-khc-forward: 

5’TTAATACGACTCACTATAGGGAATATGTCCGCATCGGTTGC3’ 

T7-khc-reverse: 

5’TTAATACGACTCACTATAGGGGCAGCGAATCGATTTGTTCC3’ 

 

T7-slmb-forward: 

5’TTAATACGACTCACTATAGGGAGACCCGCGAGTTGTTCCCCAAGATA3’ 

T7-slmb-reverse: 

5’TTAATACGACTCACTATAGGGAGACCATGTTCCATCAAGGCCGGTG3’ 

7. Microscopy 

Images were captured on a Zeiss LSM 780 upright confocal microscope and were 

prepared for presentation using Fiji, Adobe Photoshop and Adobe Illustrator. 

8. Quantification 

Localization phenotypes were quantified by scoring oocytes of the indicated genotype 

from three independent experiments. At least 100 egg chambers have been scored for each 

genotype, and the phenotypes obtained are color coded representatively (Fig. 15). The level 

of GFP–Tm1C in stage 10 egg chambers was quantified using the Zen software (Zeiss) as 
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a measure of green fluorescence intensity in 50-μm-square area sections. The fluorescence 

intensity levels in nurse cells of control and Khc-depleted egg chambers were determined 

by measuring average pixel intensity of the fluorescent signal. A total of 25 stage 10 

chambers from a single confocal slice have been quantified (Fig. 14). The relative intensity 

of the bands in the western blots has been measured using ImageJ software (Fig. 23). 

Unpaired t-tests were performed between control and experimental samples using standard 

deviation, mean and n value (Fig. 14, 23). 
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III. RESULTS 

1. Genomic locus of tropomyosin-1 (tm1) gene in Drosophila 

The mechanism by which Khc localizes osk mRNA is unknown, however Klc the 

conventional Kinesin adaptor has been shown dispensable in this process. The possibility 

of a different adaptor has been proposed. In order to identify the adaptor that associates 

with Khc, we undertook a proteomic purification strategy. Ovarian lysates were prepared 

from strains expressing either GFP or Khc–GFP. The tagged proteins were 

immunoprecipitated, and the co-precipitating proteins were eluted and identified by mass 

spectrometry. The entire experiment was performed twice. 

Peptides corresponding to Klc were highly enriched in Khc–GFP pellets (Table 1). 

Thus, even though several Kinesin-1 cargoes in the oocyte are localized independent of 

Klc, the light chain remains abundantly associated with Khc in vivo. Excluding typical 

contaminants, the next most abundant protein in Khc–GFP pellets corresponded to 

Tropomyosin 1 (Tm1) (Table 1). 

Tropomyosins are actin-binding proteins that have a well- documented role within 

muscle in mediating contraction (Gunning et al., 2015). However, non-muscle isoforms are 

also expressed and these function in a variety of actin-dependent processes(Manstein & 

Mulvihill, 2016). Drosophila contains two tropomyosin genes, tropomyosin 1 (tm1) and 

tropomyosin 2 (tm2). Although most publications simply refer to these genes as tm1 and 

tm2, genome annotation suggests that this family can express numerous isoforms (Fig. 9A). 

In fact, a recent publication by Goins and Mullins has demonstrated that Drosophila S2 
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cells express two isoforms of tm1 (Tm1A and Tm1J) and one isoform of tm2 (Tm2A) 

(Lauren M. Goins & Mullins, 2015). Three isoforms were of different lengths. Tm1A is 

expressed across cortex, and Tm1J and Tm2A are found colocalized around Golgi 

apparatus. 

 

Table 1. Key candidate Khc-interacting proteins 

The table lists proteins that were identified as co-precipitating with either GFP or Khc–GFP. The number of 

peptides obtained for these proteins as well as their respective spectral count is indicated. Proteins that were 

found at relatively equivalent levels in both pellets were considered proteomic contaminants and were 

therefore excluded from this list. Most of these contaminants corresponded to ribosomal proteins. Proteins 

that were represented by fewer than two peptides were also excluded. 

In order to determine which isoform of Tm1 associated with Khc, we analyzed peptide 

sequences obtained in Khc–GFP pellets. Each Tm1 peptide could be mapped to the Tm1C, 

Tm1I, and Tm1H isoforms (Table 2). Tm1C and Tm1I differ in their 5′ untranslated region 

(UTR) but encode identical proteins (Fig. 9B). By contrast, Tm1H is predicted to contain 

an N-terminal extension not found in Tm1C and Tm1I (Fig. 9B). Peptides corresponding 

to this region were not recovered in Khc–GFP pellets. Thus, the most likely interacting 
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partner for Khc is either Tm1C or Tm1I. Because these isoforms encode identical proteins, 

for the sake of simplicity, we will refer to the potential Khc-interacting isoform as Tm1C.  

 

Tm1 Peptides obtained Tm1 isoforms 

LSNNNNNSNSNNIEISK I, C, H 

CTSEAAEIVAER I, C, H, E 

SESCNASDIGGTNNNNASR I, C, H, E 

RPNVPNVQEILAALYR I, C, H, E 

CADYPGLAFGR I, C, H, E 

MDALENQLK I, C, H, E, K, F, O, 

M, G, J 

YDEVQLK I, C, H 

NELHNIMNTQLK I, C, H, E 

TIASAAVGEETSTLSSTSHEHNNNPNNDT I, C, H 

MEHDDSSTSGTGSHTASNTSLVPASLK I, C, H, E 

SNPMEQSSDSLATDLSAGAIDEGIALADDDDNQAAEWSK I, C, H, E 

RSNPMEQSSDSLATDLSAGAIDEGIALADDDDNQAAEWSK I, C, H, E 

GETQPEEEQPQQQTEEVLPPSR I, C, H, E 

 

Table 2. Specific Tm1 peptides enriched with Khc-GFP and corresponding isoforms. 
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Figure 9. tm1 gene locus and key isoforms 

(A). Schematic of the tm1 genomic locus adapted from FlyBase. 

(B). Schematic of the Tm1 locus. Untranslated regions are in gray and coding regions are in orange. 
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2. Tm1C interacts with Kinesin heavy chain 

As a first step towards validating the Khc–Tm1C interaction, we immunoprecipitated 

Khc–GFP from ovarian lysates and examined the pellet using an antibody against 

endogenous Tm1C. The antibody was generated using peptide sequences found in both 

Tm1C, and Tm1J, and is therefore capable of detecting both isoforms. Consistent with our 

proteomic results, endogenous Tm1C, but not Tm1J, co-immunoprecipitated with Khc–

GFP (Fig. 10A). By using a complementary approach, we generated transgenic flies 

expressing GFP–Tm1C in the female germline driven by the female germline specific vasa 

promoter (Sano, Nakamura, & Kobayashi, 2002b). As expected, endogenous Khc 

specifically co-precipitated with GFP–Tm1C (Fig. 10B). 

In order to further characterize the Khc–Tm1C interaction, we expressed tagged 

versions of these proteins in Drosophila S2 cells and performed a co-immunoprecipitation 

experiment. Consistent with the ovary purification result, RFP–Khc specifically co- 

precipitated with GFP–Tm1C (Fig. 10C). For this experiment, a version of Khc lacking the 

N-terminal motor domain was used. However, a full-length RFP–Khc construct containing 

the motor domain is also able to bind GFP–Tm1C. In contrast to GFP–Tm1C, RFP–Khc 

did not co-precipitate with GFP– Tm1A, Tm1J or Tm2A (Fig. 10D). Thus, the interaction 

between Khc and Tropomyosin is specific for the Tm1C isoform. We further demonstrate 

that purified GST–Tm1C produced in bacteria was able to interact with recombinant RFP–

Khc produced using coupled in vitro transcription and translation (Fig. 10E). Thus, the 

interaction between Khc and Tm1C is direct. 
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Most tropomyosins, including those found in mammals, are relatively small, consisting 

of fewer than 300 amino acids. Their structure consists ofα-helical coiled-coil domains 

suited for binding along the sides of actin filaments (Gunning et al., 2005). These features 

are shared by Tm1A, Tm1J and Tm2A. By contrast, at 441 amino acids, Tm1C represents 

a very large tropomyosin. In addition, Tm1C contains a long N-terminal extension that is 

not predicted to form a coiled-coil (Fig. 10F). Because this N-terminal extension is unique 

to Tm1C, we predicted that this region would be involved in Khc binding. Unexpectedly, 

a Tm1 construct containing the C-terminal region was able to interact more strongly with 

Khc than the construct containing the N- terminal region (Fig. 10F). 
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Figure 10. Tm1C interacts with khc 

(A) Ovarian lysates were prepared from flies expressing either GFP (lane 1) or Khc-GFP (lane 2). The lysate 

was added to GFP-trap beads. The immunoprecipitating proteins were examined using the anti-tropomyosin 

antibodies.  

(B) A complementary experiment using flies expressing either GFP (lane 1) or GFP-Tm1C (lane 2). As with 

panel A, the lysate was added to GFP-trap beads and the co-precipitating proteins were analyzed using the 

anti-Khc antibodies. 

E 

F 
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(C) Co-immunoprecipitation experiment in S2 cells between RFP–Khc and GFP (lanes 1, 3) or GFP–Tm1C 

(lanes 2, 4). The Khc construct did not contain the motor domain. The immunoprecipitation (IP) was 

performed using GFP-trap beads. The co-precipitating proteins and total fraction were analyzed by blotting 

using the indicated antibodies.  

(D) A co-immunoprecipitation experiment between RFP–Khc and GFP–Tm1C (lanes 1, 5), Tm1J (lanes 2, 

6), Tm2A (lanes 3, 7) or Tm1A (lanes 4, 8). The immunoprecipitation was performed as in B and the co-

precipitating proteins were detected by blotting using the indicated antibodies. The arrow indicates full-length 

GFP–Tm1C and the arrowhead denotes full-length GFP–Tm1J, Tm2A and Tm1A. Overexpression of GFP-

tagged Tropomyosins in S2 cells often resulted in smaller faster-migrating bands (indicated by asterisks in 

this panel). We assume these bands represent breakdown products resulting from protein turnover.  

(E) A direct binding experiment using recombinant GST or GST–Tm1C produced in bacteria and RFP–Khc 

produced using in vitro transcription and translation. The binding reaction was run on a gel and analyzed by 

blotting using an anti-RFP antibody (top panel). The bottom panel is a GelCode-Bluestained gel showing the 

amount of GST and GST–Tm1C used in the binding reaction.  

(F) The domain structure of Tm1A, Tm1J and Tm1C proteins is shown at the top of the figure. Numbers 

correspond to the amino acid positions for the various domains. The bottom part of the figure shows a 

coimmunoprecipitation experiment using RFP–Khc and either GFP (lanes 1, 5), full-length GFP–Tm1C 

(lanes 2, 6), an N-terminal GFP–Tm1C construct (lanes 3, 7) or a C-terminal GFP–Tm1C construct (lanes 4, 

8). Immunoprecipitation was performed as in B. The arrow indicates full-length GFP–Tm1C, the arrowhead 

corresponds to N-terminally truncated GFP–Tm1C and the asterisk denotes C-terminally truncated GFP–

Tm1C. 
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3. Localization of Tm1C 

As noted in the preceding section, we generated an antibody against Tm1C. Although 

our antibody could detect Tm1C on western blots, we were unable to detect specific signal 

using immunofluorescence, thus limiting its use for localization studies. We therefore made 

use of a strain expressing GFP–Tm1C in which expression of the fusion protein was driven 

by vasa regulatory elements (Sano et al., 2002b). 

In early stage egg chambers (stages 2 through 5), GFP–Tm1C was highly localized to 

the oocyte (Fig. 11A). GFP–Tm1C also displayed perinuclear localization in an area known 

as the nuage (Fig. 11A, 11E; the nuage is an electron-dense region that surrounds nurse 

cell nuclei). In stage 8 egg chambers, GFP–Tm1C could be detected at the anterior corners 

of the oocyte as well as at the posterior (Fig. 11B, arrow and arrowhead, respectively). A 

similar localization was observed in stage 9 egg chambers (Fig. 11C). At stage 10, the 

nuage localization of GFP–Tm1C persisted and, within the oocyte, GFP–Tm1C localized 

around the cortex (Fig. 11D). 

In order to validate the localization pattern of GFP–Tm1C, a strain expressing unfused 

GFP in the germline was processed in a similar manner. Although unfused GFP was not 

specifically enriched in the oocyte and did not localize to the nuage, it could be detected 

around the oocyte cortex (Fig. 11F). Based on this result, we are not able to conclude 

whether the cortical localization of GFP–Tm1C is a specific property of Tm1C, or whether 

it is an artifact of the GFP–Tm1C fusion protein. 
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Figure 11. Localization of GFP-Tm1C in the female germline 

(A–D) Localization of GFP–Tm1C at various stages of egg chamber maturation. DAPI staining of nuclei is 

indicated in red. The arrow indicates enrichment of GFP–Tm1Cat the anterior of stage 7 oocytes and the 

arrowhead indicates posterior enrichment. 

(E) GFP-Tm1C colocalizes with nuage marker Aubergine. 

(F) GFP does not show oocyte enrichment or nuage localization. But cortical localization is seen. 
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4. GFP tagged Tm1C colocalizes with Khc 

Consistent with the protein–protein interaction result, a substantial degree of 

colocalization was observed between GFP–Tm1C and Khc (Fig. 12A, B). However, a few 

differences are worth noting. The oocyte enrichment and nuage localization was more 

evident for GFP–Tm1C in comparison to Khc (Fig. 12A). Furthermore, in stage 10 egg 

chambers, the posterior enrichment was more apparent for Khc in comparison to GFP–

Tm1C (Fig. 12B′, arrow). 

  

 

Figure 12. GFP-Tm1C colocalizes with Khc 

(A, B) Ovaries from the same strain as in A–D were fixed and processed using an antibody against GFP 

(green, E, F) and Khc (red, A′, B′). A merged image is also shown (A″, B″). The arrow in B′ indicates 

posterior enrichment of Khc. 
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(C-E) Ovaries from flies expressing GFP-Tm1C were incubated with a PIPES pH 6.8 buffer for 1 hours prior 

to fixation in order to visualize filaments(Cho, Kato, Whitwam, Kim, & Montell, 2016b). The samples were 

then processed using antibodies against GFP (C) or Khc (D). A merged image is shown in E.  C’, C’’, D’, 

D’’, E’ and E’’ are enlarged images of the boxes shown in the main figure. 

Scale bars: 50 microns (A-B); 25 microns (C, D, E); 5 microns (C’, C’’, D’, D’’, E’, and E’’). 
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5. GFP-Tm1C and F-Actin 

Within egg chambers, filamentous actin (F-actin) is highly enriched around the cortex 

and within ring canals. Given that Tropomyosins are actin-binding proteins, it was 

surprising that minimal colocalization was observed between GFP–Tm1C and F- actin 

(Fig. 13A, B). In order to test the dependence of GFP–Tm1C localization on F-actin, we 

treated egg chambers with Latrunculin A, a drug that destabilizes F-actin. Although F-actin 

staining was virtually eliminated by Latrunculin A treatment, the localization of GFP–

Tm1C appeared to be unaffected (Fig. 13C–F). 
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Figure 13. Colocalization between GFP-Tm1C and F-Actin 

(A, B) Egg chambers from the strain were processed using an antibody against GFP and were counterstained 

with TRITC–phalloidin to visualize F-actin. The GFP–Tm1 signal is depicted in A. The actin signal is 

depicted in A′ and the merge signal is shown in A″, B and B′. B′ is a magnified view of the posterior pole. 

(C-F) GFP-Tm1C localization in control (C, C’, E, E’) or LatA treated (D, D’, F, F’) egg chambers. The 

green signal indicates the localization of GFP-Tm1C and the red signal indicates the presence of F-actin. 
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6. GFP-Tm1C localization is sensitive to the presence of Khc 

We next determined whether the localization of GFP–Tm1C was sensitive to the 

presence of Khc. In order to deplete Khc, we expressed a short hairpin RNA (shRNA) 

against khc using a germline driver (Sanghavi, Liu, Veeranan-Karmegam, Navarro, 

Gonsalvez, et al., 2016). As expected, expression of this shRNA resulted in substantial 

depletion of Khc (Fig. 14A). Unexpectedly, the germline level of GFP–Tm1C was also 

greatly reduced in these flies. This result is specific to Khc depletion. GFP– Tm1C levels 

were unaffected in strains expressing a control shRNA against eb1 (Fig. 14B-D). Eb1 is an 

evolutionarily conserved End binding-1 protein that has no effect on Khc dependent 

trafficking. It should be noted, however, that because these lysates were prepared using 

whole ovaries, western analysis underestimates the true level of depletion in stage 10 egg 

chambers. Khc is not depleted in follicle cells or in early stage egg chambers, both of which 

are present in whole ovary lysates. 

As shown using khc-null mutants (Januschke et al., 2002; Mische, Li, Serr, & Hays, 

2007), depletion of Khc results in formation of numerous actin foci within the oocyte (Fig. 

14D). Despite using a high-gain setting, we were not able to detect colocalization between 

the residual GFP– Tm1C and these foci (Fig. 14D). Thus, the localization and expression 

level of GFP–Tm1C in egg chambers correlates to a greater degree with the presence of 

Khc than with F-actin. 
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Figure 14. GFP-Tm1C levels are sensitive to Khc 

(A) Western blot showing lowered levels of Tm1C in fly ovaries upon khc depletion shRNA against it. 

(B) The intensity of the GFP–Tm1 signal in nurse cells of control (eb1 shRNA) or khc-depleted egg chambers 

was quantified. The results are mean±s.d. (n=25 egg chambers for each genotype). ***P<0.0001 (unpaired 

t-test). 

(C–D) Egg chambers from strains expressing GFP–Tm1 and either a control shRNA against eb1 (C) or an 

shRNA against khc (D) were fixed and processed for immunofluorescence using an antibody against GFP. 

The samples were also counterstained with TRITC– phalloidin. D′–D‴ represent individual and merged 

images from the boxed region in D. Scale bars: 50 μm (C, D); 5 μm (D′–D‴). 
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7. Tm1c depletion results in delocalization of oskar mRNA 

In order to determine whether Tm1C is required for osk localization, we designed 

shRNA constructs that were specific for this isoform. The shRNAs were expressed using 

a previously characterized germline driver (Sanghavi, Liu, Veeranan-Karmegam, Navarro, 

Gonsalvez, et al., 2016). Ovarian lysates were prepared from these flies and examined by 

blotting using our anti- Tm1 antibody. Although Tm1 shRNA-1 and Tm1 shRNA-2 were 

capable of depleting Tm1C, Tm1 shRNA-2 consistently displayed greater depletion (Fig. 

15A). In contrast with Tm1C, neither shRNA depleted Tm1J. osk mRNA was still enriched 

at the posterior in egg chambers expressing the less strong shRNA, Tm1 shRNA-1 (Fig. 

15C, E). However, a substantial fraction of egg chambers also contained delocalized signal 

close to the posterior pole (Fig. 15C, E). By contrast, osk mRNA was almost completely 

delocalized around the cortex in egg chambers expressing the more potent Tm1 shRNA-2 

(Fig. 15D, E). 
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Figure 15. Depletion of Tm1C results in oskar mRNA delocalization 

(A) Ovarian lysates from flies expressing a control shRNA (lane 1), Tm1 shRNA-1 (lane 2) or Tm1 shRNA-

2 (lane 3) were analyzed by blotting using an antibody against Tm1C (top panel). This antibody also detects 

Tm1J. The blot was subsequently stripped and probed with an antibody against γ-tubulin (bottom panel). 

(B–D) Ovaries from these strains were dissected and processed for single-molecule fluorescence in situ 

hybridization (smFISH) using oligonucleotide probes against osk mRNA. The osk signal (white) is 

superimposed over a bright-field image. 

(E) The localization pattern of osk mRNA was quantified in strains expressing control shRNA, Tm1 shRNA-

1 or Tm1 shRNA-2, and a strain co-expressing Tm1 shRNA-2 and the GFP–Tm1C transgene. The number 

of egg chambers scored is indicated. 
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8. Visualization of oskar mRNA using single molecule FISH  

We next examined the localization of osk. osk mRNA was visualized using single-

molecule fluorescent in situ hybridization (smFISH)(Little, Sinsimer, Lee, Wieschaus, & 

Gavis, 2015; Little, Tikhonov, & Gregor, 2013). In this approach, the target mRNA is 

examined using 48 unique DNA oligonucleotide probes that are directly conjugated to a 

fluorochrome. smFISH enables detection of mRNA with a much higher sensitivity and 

specificity in comparison to traditional methods. As expected, osk mRNA was highly 

enriched at the posterior pole in egg chambers expressing a control shRNA (Fig. 15B, E, 

16B). As a control for specificity, we examined egg chambers using smFISH probes against 

gapdh1 and gapdh2. Higher levels of gapdh1 and gapdh2 mRNA were observed in nurse 

cells in comparison to the oocyte, and no enrichment was detected at the posterior pole 

(Fig. 16E). 

A recent analysis of osk using smFISH revealed that the mRNA undergoes assembly 

into large particles (Little et al., 2015). This occurs in a stepwise fashion. Upon entry into 

the oocyte, osk particles coalesce and increase in size (Little et al., 2015). Subsequently, 

during transit to the posterior, osk mRNA oligomerizes further to generate larger particles 

(Little et al., 2015). We obtained similar results using egg chambers expressing a control 

shRNA (Fig. 16A′, A″). This phenotype was specific to osk and was not observed for 

gapdh1 and gapdh2 mRNA (Fig. 16E). High-resolution imaging of stage 10 egg chambers 

expressing tm1shRNA-2 revealed that osk retained the ability to coalesce into large particles 

upon entry into the oocyte (Fig. 16C, C′). In addition, large osk particles could also be 

visualized close to the posterior and lateral cortex (Fig. 16C″, C‴). In fact, these particles 

were easier to observe in Tm1C-depleted egg chambers (Fig. 16A versus 16C). This result 
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is expected because, in control egg chambers, the majority of osk particles are anchored at 

the posterior pole(Little et al., 2015). By contrast, in Tm1C-depleted oocytes, the bulk of 

osk was present in delocalized particles. In late stage egg chambers, osk particles could be 

detected around the cortex of Tm1C-depleted oocytes but were restricted to the posterior 

in controls (Fig. 16B, D). Thus, Tm1C is required for localization of osk mRNA at the 

oocyte posterior but is dispensable for assembly of osk into oligomeric particles.  

We next examined the localization of osk in Khc-depleted egg chambers. Loss of Khc 

has been shown to result in osk mRNA delocalization (R. P. Brendza et al., 2000). 

However, these mutants have not been examined using smFISH. Consistent with Tm1C 

functioning in concert with Khc in the osk localization pathway, depletion of Khc resulted 

in mislocalization of osk mRNA around the oocyte cortex (Fig. 16F, G). As with Tm1C 

depletion, oligomerization of osk was not affected upon loss of Khc (Fig. 16 F′, F″, F‴). 

A different phenotype was observed in egl-depleted egg chambers. Egl is thought to 

function as an adaptor for Dynein (Navarro, Puthalakath, Adams, Strasser, & Lehmann, 

2004) and has been shown to link Dynein to localized transcripts in the embryo (Dienstbier, 

Boehl, Li, & Bullock, 2009). In egl- depleted egg chambers, osk mRNA was diffusely 

distributed (Fig. 16H). A substantial accumulation of osk was detected in nurse cells (Fig. 

16H′). This is consistent with the role of Dynein in transporting osk mRNA from nurse 

cells into the oocyte (A. Clark, Meignin, & Davis, 2007; Mische et al., 2007). 

Consequently, the oligomerization of osk into larger particles upon oocyte entry was less 

obvious in Egl-depleted egg chambers (Fig. 16H″). Furthermore, osk particles in the 

posterior region of Egl-depleted egg chambers were smaller than those observed in controls 
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(Fig. 16H‴). Thus, in contrast to Tm1C and Khc, Egl appears to be required for efficient 

transport of osk into the oocyte and for formation of oligomeric particles. 
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Figure 16. Visualization of osk mRNA using smFISH 

(A, B) Ovaries from females expressing a control shRNA were processed for smFISH using probes against 

osk (red). The samples were counterstained with DAPI (cyan). F′ and F″ are enlarged images of boxes in F. 

A stage 14 egg chamber is shown in G, the posterior of which is enlarged in G′. 

(C, D) Ovaries from females expressing Tm1 shRNA-2 were processed as above. C′, C″ and C‴ are enlarged 

images of boxes in H. Panel D is a stage 14 egg chamber and D′ shows an enlargement of the posterior pole. 

(E) smFISH performed on wild-type egg chambers using probes against gapdh 1 and 2 (red). The samples 

were counterstained with DAPI (cyan). E’ and E’’ are enlarged images of the boxes shown in E. 

(F, G) Similar layout to the above panels using flies expressing an shRNA against khc. 

(H) Ovaries from females expressing egl shRNA-1 were processed as above. H′, H″ and H‴ are enlarged 

images of boxes in H. The dashed line in F′,H′,J′ and L″ indicate the border between nurse cells and the 

oocyte. 

Scale bars: 50 μm(A, C, E, F, H); 5 μm(A′- A″, C′–C”, E’-E”, F′–F‴,H’′–H”). 
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9. oskar delocalization restored in Tm1C depleted flies using functional 

GFP-Tm1C 

Delocalization pattern similar to osk mRNA was observed for the osk mRNP 

component Staufen in Tm1C-depleted egg chambers (Fig. 17A–C) (Zimyanin et al., 2008). 

Translation of osk mRNA is regulated by several factors to ensure that only localized 

transcripts are translated (Kugler and Lasko, 2009). Thus, delocalization of osk mRNA 

often results in greatly reduced expression of Osk protein. As expected, Osk protein could 

not be readily detected in Tm1C-depleted egg chambers (Fig. 17D, E). Osk protein is 

required for recruiting pole plasm components such as Vasa to the posterior pole. 

Consistent with reduced Osk protein expression, Vasa was no longer enriched at the 

posterior pole in Tm1C-depleted oocytes (Fig. 15D′, E′). 

To demonstrate the specificity of this phenotype, the GFP–Tm1C construct used in the 

preceding section was expressed in the background of Tm1 shRNA-2. We mutated the 

Tm1C coding sequence in this construct using code degeneracy such that it was no longer 

recognized by the shRNA, yet still encoded wild-type protein. Thus, these flies will be 

depleted of endogenous Tm1C, but will express transgenic GFP– Tm1C. osk mRNA and 

pole plasm components were correctly localized to the posterior pole in these flies (Fig. 

15B; Fig. 17F–H). We therefore conclude that these phenotypes are specific to Tm1C 

depletion. 
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Figure 17. Delocalization of oskar in tm1C depleted flies, and rescue using functional GFTm1C 

expression. 

(A) Staufen, an osk tethering protein as GFP tagged Stau, is properly localized to the posterior of the oocyte 

in egg chambers of the flies where a control shRNA is expressed.  

(B) GFP-Stau is partially delocalized in flies where tm1_shRNA1 is expressed, consistent with osk mRNA 

delocalization in Fig. 15C.  
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(C) Localization of GFP-Stau is severely affected in flies where tm1_shRNA2 is expressed, consistent with 

osk mRNA delocalization in Fig. 15D.  

(D, E) Localization of Osk protein and Vasa (another oocyte posterior enriched female germline marker) are 

delocalized I flies where tm1_shRNA2 (E) is expressed compared to flies where a control shRNA is 

expressed.  

(F-F’) Localization of GFP-Tm1C in tm1_ShRNA2 expressed flies where a mutated copy of GFP-tm1C 

resistant to shRNA is expressed. The localization follows the pattern observed in flies where GFP-tm1C is 

expressed in absence of shRNA against tm1 (Fig.  11).  

(G-H) osk mRNA localization is rescued in flies where mutated GFP-tm1C not sensitive to tm1_shRNA2 is 

expressed (Fig 17C, Fig. 19G), and Vasa protein localization is also restored (Fig. 19E, H). 

Scale bars, A-H – 50µm. 
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10. Tm1C is not required for all Kinesin processes 

Apart from osk mislocalization, khc-null mutants are also associated with 

delocalization of the oocyte nucleus, aberrant formation of actin spheres, and delocalization 

of gurken (grk) and bicoid (bcd) mRNAs (Robert P Brendza, Serbus, Saxton, & Duffy, 

2002; Duncan & Warrior, 2002; Januschke et al., 2002). shRNA-mediated depletion of 

Khc produced a similar range of phenotypes (Fig. 18 A–L). In contrast, the oocyte nucleus 

was correctly localized in Tm1C-depleted egg chambers (Fig. 5F). Additionally, actin 

spheres were not observed, and grk and bcd mRNAs remained correctly localized (Fig. 18 

C, I, L). Thus, Tm1C appears to be required for only a subset of Khc- dependent functions. 

Several mRNAs including nanos (nos) and cyclin B (cycB)are localized at the posterior 

of late stage egg chambers and embryos (Dalby & Glover, 1992; Gavis & Lehmann, 1992). 

The localization of these mRNAs requires Osk protein. Consistent with the reduced 

expression of Osk in Tm1C-depleted egg chambers, early stage embryos from these 

mothers contained delocalized nos and cycB mRNA (Fig. 18 M–P). As expected, given the 

defect in pole plasm formation, blastoderm-stage embryos from these mothers failed to 

form primordial germ cells (Fig. 18 N′, P′). 
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Figure 18. Tm1C is not required for all Kinesin based processes. 

(A–C) Ovaries were fixed from flies expressing either a control shRNA (A), khc shRNA (B) or tm1 shRNA-

2 (C) and were counterstained with TRITC–phalloidin to visualize F-actin.  

(D–F) Ovaries were dissected from the same strains used in A–C. The egg chambers were fixed and processed 

using an antibody against Lamin DmO (green). Arrows indicates the oocyte nucleus. 

(G–I) Ovaries from flies expressing a control shRNA (G), khc shRNA (H) or tm1 shRNA-2 (I) were 

processed for in situ hybridization using probes against grk mRNA (green). The egg chambers were 

counterstained with ToPro3 (red). 
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(J–L) The same strains were fixed and processed for in situ hybridization using probes against bcd mRNA 

(green). The egg chambers were counterstained with ToPro3 (red). 

(M, N) Embryos were collected and fixed from mothers expressing control shRNA (M) or tm1 shRNA-2 (N). 

The embryos were processed for in situ hybridization using probes against nanos mRNA (nos, green). M′ 

and N′ represent blastoderm stage egg chambers from the indicated strains. The posterior region of these 

embryos is shown. 

(O, P) Embryos from these same strains were fixed and processed for in situ hybridization using probes 

against cyclin B mRNA (cycB, green). As with the above panel, O′ and P′ represent blastoderm stage egg 

chambers from the indicated strains. Quantification of phenotypes and the number of egg chambers or 

embryos scored are indicated.  

Scale bars: 50 μm (A–P); 25 μm (M′, N′, O′, P′). 
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11. Generation of a Tm1C-null mutant (tm1_delC) 

In the preceding section, we examined the role of Tm1C in osk mRNA localization 

using shRNA-mediated depletion. In order to independently validate this finding, and to 

determine whether Tm1C has roles outside of the germline, we sought to create an isoform-

specific null. In order to create this null, we chose to delete a small region between the 

5′UTR and the first exon of the Tm1C and Tm1I isoforms (Fig. 19A). This removes the 

initiating ATG codon, changes the reading frame, and results in several premature stop 

codons. We used a recently described CRISPR/Cas9 approach to delete this region(Gratz 

et al., 2014). In this strategy, two independent guide RNAs are designed to cleave at desired 

loci, and the intervening sequences are replaced using homology-directed repair(Gratz et 

al., 2014). We refer to this mutant as tm1_delC. We then confirmed the status of this mutant 

as a true null, the band corresponding to Tm1C was absent in mutant lysates (Fig. 19B). 

However, the levels of Tm1J and Khc were unaffected (Fig. 19B). 

We next examined the localization of osk mRNA in tm1_delC females (Fig. 19C, D). 

As with shRNA-mediated depletion, complete loss of Tm1C resulted in delocalization of 

osk mRNA around the oocyte cortex (Fig. 19D). However, transport of osk into the oocyte 

and oligomerization into large particles was not affected (Fig. 19D). Furthermore, 

expression of GFP–Tm1C in the tm1_delC background completely restored posterior osk 

mRNA localization (Fig. 19E). 
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Figure 19. Generation and validation of Tm1C null fly (tm1_delC)  

(A) Schematic showing the region deleted in Tm1C-null mutants. We refer to this strain as tm1_delC. Gray 

boxes represent untranslated regions and orange boxes indicate coding regions. The sequences of the guide 

RNAs used to generate this deletion are also indicated.  

(B) Ovarian lysates were prepared from wild-type (lane 1) or the tm1_delC mutant (lane 2). The lysates were 

analyzed by blotting using the anti-Tm1C antibody. The blot was subsequently stripped and probed with an 

anti-Khc antibody (bottom panel).  

(C, D) Ovaries from tm1_delC mutants were processed for smFISH using probes against osk (red) and were 

counterstained with DAPI (cyan). D′, D″ and D‴ are enlarged images of boxes in D.  

(F) Ovaries from tm1_delC mutants expressing the GFP–Tm1C transgene were processed for smFISH using 

probes against osk (red) and were counterstained with DAPI (cyan). The arrow indicates localized osk 

mRNA. 

Scale bars: C, E - 50µm, D - 25µm, D’- D”’ - 5µm. 
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12. Other Kinesin dependent processes are unaffected in Tm1C null flies 

Consistent with Tm1C depletion, grk mRNA was correctly localized in tm1_delC 

mutants (Fig. 20A). Furthermore, the oocyte nucleus was correctly positioned, and aberrant 

actin spheres were not observed (Fig. 20B). Finally, although the pole plasm component 

Vasa was delocalized in tm1_delC mutants, (Fig. 20C, D), Khc and the Dynein heavy 

chain (Dhc, also known as Dhc64c) remained enriched at the posterior pole (Fig. 20E, F). 

Thus, in the absence of Tm1C, Khc retains the ability to transport Dhc to the oocyte 

posterior.  
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Figure 20. Other Kinesin dependent processes in tm1_delc flies. 

(A) Ovaries from tm1_delC nulls were fixed and processed for in situ hybridization using probes against grk 

mRNA (green). The arrow indicates localized grk mRNA in tm1_delC oocytes.  

(B) Localization of the oocyte nucleus shown using Lamin DmO staining (green). F-actin is shown using 

TRITC conjugated phalloidin (red).  

(C, D) Ovaries from wild-type (C) or tm1_delC mutants (D) were fixed and processed for 

immunofluorescence using an antibody against Vasa. The arrow indicates localization of Vasa to the pole 

plasm in wild-type egg chambers.  

(E, F) Ovaries from tm1_delC mutants were processed for immunofluorescence using antibodies against Khc 

(E) or Dhc (F). Arrows indicate posterior-localized Khc and Dhc in Tm1C-null mutants. 

(G) Distribution of α-tubulin, a core component of the microtubule polymer remained unperturbed in control 

and tm1_delC flies. 

(H) Distribution of γ-tubulin, a component of the microtubule organizing center remained unperturbed in 

control and tm1_delC flies. 

(I) Localization of Kin:βgal (red) in control (I) or tm1_delC null (J) egg chambers. The egg chambers were 

counterstained with DAPI (cyan). Arrows indicate posterior localized Kin:βgal.  

(J) Ovaries from wild-type (J) or tm1_delC nulls (J’) were incubated with a PIPES pH 6.8 buffer for 1 hour 

prior to fixation in order to visualize filaments. The samples were then processed using an antibody against 

Khc. Khc localized to filaments in the presence or absence of Tm1C. 

Scale bars: 50 microns. 
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13. Tm1C is expressed outside female germline 

The tm1_delC homozygous nulls are semi-viable. Approximately 20% of mutants die 

during pupation. Ovarian lysates were prepared from homozygous and wild-type adult 

females and analyzed by western blotting. The partial lethality associated with tm1_delC 

prompted us to examine whether this unique Tropomyosin isoform was expressed outside 

of the female germline. Consistent with this notion, Tm1C could be detected in lysates 

prepared from male flies (Fig. 21A). These findings are supported by previously published 

RNA-seq results (Graveley et al., 2011)(Fig. 21B). However, Osk expression is restricted 

to the female germline (Fig. 21B). This raises the intriguing possibility that Tm1C might 

function along with Khc to facilitate cargo transport in additional tissues. Further studies 

are needed to fully examine the organismal roles of Tm1C. 

 

A 
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Figure 21. Tm1C is expressed outside female germline 

(A) Lysates from wild-type males (lanes 1, 3) or tm1_delC males (lanes 2, 4) were examined by western 

blotting using the Tm1C antibody.  

(B) RNA-seq data from Garveley et al.(Graveley et al., 2011). Image adapted from FlyBase. 
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14. Tm1C interacts with Supernumerary limbs (Slmb) 

Our earlier studies with the CRISPR-Cas9 based tm1_delc null strain have shown that 

Tm1C is expressed in tissues in addition to the female germline (Veeranan-Karmegam et 

al., 2016). For instance, Tm1C can be detected in male flies and is also expressed by S2 

cells, a cell line that is of embryonic origin. This suggests the possibility of Tm1C acting 

as an adaptor for other kinesin-based cargoes. Therefore, in order to identify additional 

interacting partners of Tm1C, we expressed and purified GFP-Tm1C from S2 cells and 

performed a mass spectrometric analysis. The predominant protein enriched with Tm1C 

was Khc. The next abundant proteins in these precipitates were Slmb and Skp1A, which 

are components of SCF ubiquitin ligase (E3). Another protein that was modestly enriched 

in the GFP-Tm1C pellet was the 26S proteasomal subunit, Pros 26 (Table 3)(“PSMB4 - 

Proteasome subunit beta type-4 precursor - Homo sapiens (Human) - PSMB4 gene & 

protein,” n.d.).   

We next sought to validate these identifications through a different approach and 

possibly identify additional binding partners. To do so, we tagged a mutated promiscuous 

biotin ligase known as TURBO-ID to Tm1C(Branon et al., 2018). The construct was then 

expressed in S2 cells in presence of exogenous Biotin. A different Tropomyosin isoform, 

Tm1J, fused to TURBO-ID was used as a control. Lysates from these cells were 

precipitated using high affinity Streptavidin beads and analyzed by mass spectrometry. The 

entire experiment was done in triplicate. In all three cases, Slmb was specifically 

biotinylated and precipitated by Tm1C-TURBOID (Table 4). Khc was also recovered in 

all three replicates and SkpA was recovered in two of the three replicates (Table 4). 
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Unfortunately, this experiment failed to identify any additional interacting partners for 

Tm1C. We therefore sought to follow up on the Tm1C/Slmb interaction. 

We next determined whether Tm1C would bind to endogenous Slmb. We expressed 

GFP-Tm1C in S2 cells and precipitated the lysates using GFP-TRAP beads. Slmb 

specifically co-precipitated with GFP-Tm1C but not GFP alone. (Fig. 22A).  In order to 

further identify whether Slmb is a cargo of Kinesin, we expressed GFP tagged Slmb (GFP-

Slmb) with RFP, RFP tagged Khc, and RFP-Tm1C in separate sets of S2 cells. Somewhat 

surprisingly, Slmb interacted with Tm1C but not Khc (Fig. 22B). Thus, Slmb might not be 

a cargo of Kinesin. Instead, because Slmb is a ubiquitin ligase, it might function in 

regulating Tm1C levels. 

 

Table 3. Proteins that are enriched with GFP-Tm1C in S2 cells in comparison to GFP alone. 
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Table 4. Proteins precipitated with Tm1C-TurboID in comparison to Tm1J-TurboID - Triplicate. 

 

 

Figure 22. Tm1C interacts with Slmb.  

(A) Endogenous Slmb from S2 cells precipitates with GFP-Tm1C but not with GFP.  

(B) GFP-Slmb is co-transfected into S2 cells along with RFP, RFP-Tm1C, or RFP-Khc. GFP-Slmb co-

precipitates with RFP-Tm1C but not with RFP-Khc. 
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15. Tm1C levels are regulated by Slmb mediated Ubiquitination in S2 

cells. 

Slmb is known to regulate the level of several proteins by ubiquitinating them for 

subsequent proteasomal degradation. Some of the Slmb targets include the circadian 

proteins Period and Timeless, and the atypical protein kinase C in Drosophila 

(Muzzopappa & Wappner, 2005a). Rather than Slmb being a cargo of Kinesin, it is possible 

that Tm1C is ubiquitinated by Slmb for proteosomal degradation. As mentioned 

previously, Tm1C contains intrinsically disordered regions. Proteins with these regions are 

aggregation-prone and therefore their mis-expression is often regulated by proteosomal 

degradation. To test this possibility, we co-expressed RFP or RFP tagged Slmb (RFP-

Slmb) with GFP-Tm1C in S2 cells. GFP-Tm1C levels were significantly decreased in cells 

co-transfected with RFP-Slmb. This phenotype could be partially rescued using a known 

Proteasome inhibitor, MG132 (Fig. 23A). In a complementary experiment, we depleted 

slmb in S2 cells expressing RFP-Tm1C by transfecting these cells with dsRNA against 

slmb. Control cells expressed dsRNA against GFP. Consistent with our hypothesis, RFP-

Tm1C levels were higher in cells expressing dsRNA against slmb (Fig. 23B). The 

experiment was done in triplicate and band intensities were quantified. This revealed that 

a three-fold increase in RFP-Tm1C levels in the cells that received dsRNA against slmb 

(Fig. 23C).  

Slmb is a component of E3 ubiquitin ligase and is known to ubiquitinate its target 

proteins(Jiang & Struhl, 1998). In order to determine whether Tm1C undergoes 

ubiquitination, we expressed GFP-Tm1C along with FLAG tagged ubiquitin (FLAG-Ubi) 

in S2 cells. GFP-Tm1C was then immunoprecipitated using GFP trap beads and the pellets 
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were probed with the FLAG antibody. This revealed that GFP-Tm1C was poly-

ubiquitinated while GFP was not (Fig. 23D). Most of the proteins that undergo proteasomal 

degradation are polyubiquitinated (Sadowski & Sarcevic, 2010).  

We next tested whether depletion of slmb using dsRNA treatment would decrease the 

level of Tm1C ubiquitination. We co-expressed RFP-Tm1C with FLAG-Ubi in S2 cells, 

and one set of these cells received a control dsRNA while the other received slmb dsRNA. 

As shown previously, depletion of Slmb results in increased expression of Tm1C. Despite 

the higher level of Tm1C in these cells, the level of Tm1C ubiquitination was reduced (Fig. 

23E). The experiment was done in triplicate and band intensities were quantified. The level 

of ubiquitination was normalized to the total level of RFP-Tm1C. This revealed that upon 

Slmb depletion, the level of Tm1C ubiquitination is reduced seven-fold (Fig. 23F). 
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Figure 23. Tm1C levels are regulated by Slmb. 

(A) Overexpression of RFP-Slmb results in reduced GFP-Tm1C expression. This phenotype could be 

partially rescued by incubating the cells with the proteasomal inhibitor, MG132. 

(B, C) RFP-Tm1C levels increase by almost three-fold in S2 cells that received dsRNA against slmb.  

(D) GFP-Tm1C in S2 cells undergoes poly-ubiquitination. FLAG tagged ubiquitin is incorporated into GFP-

Tm1C. 

 (E, F) Poly-ubiquitination intensity in slmb dsRNA treated S2 cells is reduced seven-fold after normalizing 

against total RFP-Tm1C levels in the lysates. 
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16. Khc depletion results in loss of Tm1C in S2 cells. 

We observed loss of Tm1C levels in ovarian tissues of flies when an shRNA against 

khc was expressed in the female germline (Fig 14). Therefore, in order to test whether the 

same phenomenon is also observed in S2 cells, we depleted Khc using dsRNAs against 

khc. Consistent with our finding in egg chambers, we observed that loss of Khc is 

associated with decreased expression of Tm1C in S2 cells (Fig. 24A). This phenotype could 

be reversed by the addition of the proteosomal inhibitor, MG132(Fig. 24A). We then 

performed the complementary experiment by overexpressing khc. Transfecting cells with 

RFP tagged khc (RFP-Khc) along with GFP-Tm1C, resulted in significant increase in the 

level of GFP-Tm1C (Fig. 24B). Thus, GFP-Tm1C levels decrease upon Slmb 

overexpresion, whereas the opposite is observed upon khc overexpression. It is therefore 

possible that if Tm1C is bound by Khc, it is protected from Slmb mediated ubiquitination 

and degradation. 
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Figure 24. Tm1C levels are sensitive to Khc – S2 cell data. 

(A) RFP-Tm1C levels in S2 cells treated with dsRNA against khc decreased in contrast to the upregulation 

observed with Slmb depletion (Fig. 23B). This is in consistence with decreased levels observed in ovary 

lysates (Fig. 14A). Treatment of cells with MG132 restored the expression of RFP-Tm1C. 

(B) Expression of GFP-Tm1C levels in S2 cells increased significantly upon co-expression of RFP-Khc. This 

effect is in contrast to what is observed upon Slmb overexpression. 
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17. Generation of CRISPR-Cas9 based fly expressing endogenous GFP-

Tm1C. 

In order to understand Tm1C regulation in vivo, we sought to develop a CRISPR-Cas9 

based endogenous GFP-Tm1C knock-in fly. We did so by using single guide RNA to insert 

a sequence that codes for GFP into the 5’ UTR of tm1C(Gratz et al., 2015). The plasmids 

for this project were provided by Dr. Kate O’Connor-Giles. Developing this fly was 

necessary as our current antibody against Tm1C was able to identify it on western blots but 

was not able to detect the native protein in immunofluorescence studies. We validated this 

fly by both immunofluorescence and western blot analysis. GFP-Tm1C localization in the 

egg chambers of these flies was consistent with our previous studies using a transgenic 

GFP-Tm1C construct where expression of Tm1C was driven by the vasa promoter (Fig. 

11A-E, Fig. 25A). osk was properly localized in these flies indicating that GFP-Tm1C was 

functional (Fig. 15 B-D, Fig. 25B). As we have observed Tm1C expression in male flies 

(Fig. 21), to identify the fly tissues that express Tm1C, we prepared lysates from head, 

thorax, and posterior segments of male flies. Interestingly, GFP-Tm1C was produced in 

abundance in head and thoracic segments of males (Fig. 25C). Thus, unlike Osk, Tm1C is 

not restricted to the female germline. 
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Figure 25. CRISPR-Cas9 based fly expressing endogenous GFP-Tm1C. 

(A) Localization of GFP-Tm1C in the endogenously tagged strain. 

 (B) osk mRNA is properly localized to the posterior oocyte in flies that are homozygous for GFP-Tm1C 

(C) Endogenous GFP-Tm1C is expressed in head and thoracic segments of male flies. The blot was probed 

with an antibody against Khc to serve as a loading control. 
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18. Tm1C levels downregulated by Khc depletion are partially restored 

by co-depleting Slmb. 

Khc depletion resulted in reduced expression of Tm1C (Fig.14, 24). Conversely, 

depletion of Slmb resulted in increased expression of Tm1C levels in S2 cells (Fig. 23). To 

test whether Khc protects Tm1C from Slmb mediated degradation, flies were generated 

that express shRNA against both khc and slmb. Khc and Slmb were co-depleted using a 

maternal germline specific driver (Sanghavi, Liu, Veeranan-Karmegam, Navarro, & 

Gonsalvez, 2016b). As expected, depletion of Khc alone reduced the expression of Tm1C. 

However, unlike our results in S2 cells, depletion of Slmb alone did not increase the 

expression of Tm1C. Thus, under normal conditions, Tm1C might not be targeted for Slmb 

mediated degradation in ovarian tissue. Despite this, the level of Tm1C was partially 

rescued when Khc and Slmb were co-depleted (Fig. 26). Based on this result, we conclude 

that in the absence of Khc, Tm1C is regulated by Slmb mediated degradation in ovarian 

tissues. 
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Figure 26. Restoration of Tm1C levels lost due to Khc depletion by Slmb co-depletion. 

(A) A strain expressing GFP-Tm1C from the endogenous locus were used for these experiments. Depletion 

of Khc resulted in decreased expression of GFP-Tm1C (lane 2). Co-depletion of Slmb in this background 

resulted in partial rescue of GFP-Tm1C levels (lane 4).  
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IV. DISCUSSION 

Aim 1: Localization of osk mRNA at the posterior of Drosophila oocytes requires Khc, 

but is independent of the canonical Kinesin-1 adaptor, Klc (R. P. Brendza et al., 2000; 

Palacios & St Johnston, 2002). We demonstrate in this thesis that a new isoform of 

Tropomyosin, referred to as Tm1C, directly interacts with Khc and functions in concert 

with the motor to localize osk mRNA. 

Tropomyosins are actin-binding proteins that are crucial for muscle contraction 

(Gunning et al., 2005). However, non-muscle isoforms are also expressed, and these 

isoforms contribute to a variety of actin-dependent processes (Gunning et al., 2005). As 

mentioned in the literature review, mammalian genomes contain four tropomyosin genes 

and encode more than 40 different isoforms (Albert Wang & Coluccio, 2010). By contrast, 

the Drosophila genome contains two tropomyosin genes, Tm1 and Tm2. Genome 

annotation suggests that both genes can produce multiple alternatively spliced isoforms. 

However, not much is known regarding the expression profile of the various tropomyosin 

isoforms in non-muscle tissues. A recent study by Goins and Mullins revealed that three 

tropomyosin isoforms are expressed in Drosophila S2 cells: Tm1A, Tm1J and Tm2A(L. 

M. Goins & Mullins, 2015). 

The Tropomyosin isoform that interacts with Khc is Tm1C or Tm1I. These isoforms 

encode the same protein but differ in their untranslated regions. For simplicity, we refer to 

this Khc-interacting isoform as Tm1C. Although Kinesin has been shown to interact with 

a Myosin motor(Huang et al., 1999), this is the first report of a Tropomyosin that is capable 

of directly binding a microtubule motor. In comparison to canonical Tropomyosins, Tm1C 

has a unique domain organization. Most tropomyosins, including the high-molecular-mass 
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isoforms detected in mammals, are composed of coiled-coil domains that enable binding 

along the sides of actin filaments(Gunning et al., 2015). Interestingly, the high-molecular 

mass isoforms in mammalian cells are still less than 300 amino acids long. By contrast, 

Tm1C encodes a 441-amino-acid protein. In addition to being much larger than classical 

Tropomyosins, Tm1C also contains a long N-terminal extension that is devoid of coiled-

coil motifs (Fig. 10F). 

How might Tm1C function in osk localization? One possibility is that Tm1C might be 

required for organization of the microtubule cytoskeleton. Thus, a defect in this process 

could indirectly result in osk localization. Our results suggest that this scenario is unlikely. 

The distribution of α-tubulin, a core component of the microtubule polymer, was the same 

in control and Tm1C-null egg chambers (Fig. 20G). In addition, no difference was detected 

in the distribution of microtubule minus-ends, and Kin:βgal, a reporter of microtubule plus-

ends(I. Clark et al., 1994), remained correctly localized at the posterior pole in Tm1C-null 

mutants (Fig. 20G-I). Finally, cargoes such as bcd and grk mRNA, whose localization 

requires a correctly polarized cytoskeleton, were correctly sorted in egg chambers lacking 

Tm1C (Fig. 18I, L; Fig. 20A). We initially hypothesized that Tm1C directly or indirectly 

links Khc to the osk mRNP (Figs 15, 16 and 19). However, soon after we published our 

findings(Veeranan-Karmegam et al., 2016), Ephrussi et al. have demonstrated that Tm1C 

directly binds osk mRNA(Gáspár, Sysoev, Komissarov, & Ephrussi, 2017). We were able 

to verify their finding in our lab.  

 

Several years back, Erdélyi et al. and Tetzlaff et al., demonstrated a requirement for 

cytoplasmic Tropomyosin in the localization of osk mRNA(Erdélyl, Michon, Guichet, 
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Glotzer, & Ephrussi, 1995; Tetzlaff, Jäckle, & Pankratz, 1996). In these papers, the gene 

was referred to as tmII(Erdélyl et al., 1995; Tetzlaff et al., 1996). However, current genome 

annotation suggest that this P-element resides within the Tm1 gene. Furthermore, the 

position of the P-element transposons used in these publications suggests that the isoform 

most likely affected in these mutants is Tm1A. The mechanism by which loss or reduction 

of Tm1A could contribute to osk mRNA delocalization is unknown. However, it is unlikely 

to function through Kinesin because, unlike Tm1C, Khc does not appear to associate with 

Tm1A (Fig. 10D). In addition, osk accumulates at the anterior margin of these previous 

described tropomyosin mutants and not along the oocyte cortex(Erdélyl et al., 1995; 

Zimyanin et al., 2008). If indeed Tm1A also participates in the localization of osk mRNA, 

further studies will be required to reveal its mechanism of action. 

 

Although tm1_delC adult females can be obtained, the mutant is semi-lethal. 

Approximately 20% of homozygotes die during pupal stages. By contrast, complete loss 

of Osk is not associated with lethality. This raised the possibility that Tm1C has additional 

functions and that loss of these functions contributes to partial lethality. Consistent with 

this notion, Tm1C could be detected in whole male flies (Fig. 21A). In addition, RNA-seq 

results suggest that, unlike Osk, this unique isoform of Tropomyosin is expressed at several 

developmental stages (Fig. 21B)(Graveley et al., 2011). Cho et al. independently identified 

a role for Tm1C in border cell migration(Cho et al., 2016a). Furthermore, these authors 

demonstrated that Tm1C shares some properties with intermediate filaments(Cho et al., 

2016a). Under in vitro conditions, Tm1C was able to form filamentous structures. In 

addition, when ovaries were incubated with a PIPES pH 6.8 buffer, mCherry–Tm1C 
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formed filaments in vivo that colocalized with microtubules(Cho et al., 2016a). We 

obtained similar results using our Vasa driven GFP–Tm1C strain (Fig. 12C). Interestingly, 

a similar localization pattern was also observed for Khc using these same fixation 

conditions (Fig. 12D, E). However, Khc maintained this filament or microtubule 

localization pattern in the tm1_delC null mutants (Fig. 20J). Thus, the role of Tm1C in the 

osk localization pathway does not involve recruitment of Khc to microtubules. Based on 

our findings and the findings of the Ephrussi lab, the most likely scenarios is that Tm1C 

directly binds to both osk mRNA and to Khc, thus linking the mRNA with the microtubule 

motors responsible for its posterior transport. 

Aim 2: We observed semi-lethality in tm1_delC flies. In addition, in contrast to osk 

mRNA, Tm1C is expressed in male flies (Fig. 21A, B). This suggest that Tm1C might have 

functions in addition to localizing osk mRNA. We therefore sought to determine whether 

Tm1C might link other cargoes with Khc. Khc does not always use Klc, its canonical 

adaptor, for binding cargo. In fact, several unique adaptors for Khc have been reported 

under different processes and loss of some of them was also lethal. Milton is one such 

example in Drosophila. Milton acts as an adaptor for Khc in transporting mitochondria 

across axons(Cai et al., 2005; Glater, Megeath, Stowers, & Schwarz, 2006). Milton also 

works in transporting mitochondria in non-neuronal cells including, 

photoreceptors(Stowers & Schwarz, 1999). In addition, Milton controls early acquisition 

of mitochondria by Drosophila oocytes(Cox & Spradling, 2006), and is required for 

unfurling of sperms during spermatogenesis(Aldridge et al., 2007). Other known non-Klc 

adaptors include DISC1 in transport of NUDEL/LIS1/14-3-3ε complex in axons(Taya et 

al., 2007), and UNC51 in transport of synaptic vesicles along axons(Toda et al., 2008).  
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In order to identify additional cargoes that might be associated with Tm1C, we use a 

proteomic purification strategy in S2 cells. Two independent approaches were done. In the 

first approach, cells expressing either GFP alone or GFP-Tm1C were harvested and lysates 

were prepared. The interacting proteins were purified using GFP-trap beads and identified 

using mass-spectrometry. For the second approach, we used proximity biotin ligation. A 

recently described promiscuous biotin ligase called TurboID was used for these studies. 

Unlike previous ligases such as BioID, TurboID is active at lower temperatures. It is 

therefore well suited for studies in Drosophila, which is typically cultured between 25C to 

27C. Cells expressing Tm1J-TurboID or Tm1C-TurboID were incubated with exogenous 

biotin. Proteins that come within 30nm of the tagged proteins become biotinylated. Lysates 

were prepared from these cells and the biotinylated proteins were purified using high 

capacity Streptavidin beads. Using both approaches, Khc was recovered as a specific 

interacting partner of Tm1C. Apart from Khc, the next most highly enriched proteins were 

Slmb and Skp1A (Table. 3).  

Slmb and Skp1A are components of E3 ubiquitin ligase complex called SCF. Skp1A 

represents S in SCF, and Slmb represents the F-box protein of this particular ubiquitin 

ligase(Kamura et al., 1999; Muzzopappa & Wappner, 2005b; Ohta, Michel, Schottelius, & 

Xiong, 1999). F-box proteins perform the role of substrate recognition. This, within this 

complex Slmb would be the protein to associate most directly with Tm1C. Cosistent wit 

this, Slmb had more representative peptide spectral matches (PSMs) from mass 

spectrometry in the Tm1C-TurboID samples (Table 3). Slmb has been shown to interact 

with many targets in Drosophila regulating several processes such as oocyte polarity, and 

circadian rhythm(Eurico-de-Sá, Mukherjee, Lowe, & St Johnston, 2014; Grima, Dognon, 



91 

 

Lamouroux, Chélot, & Rouyer, 2012; Muzzopappa & Wappner, 2005b; Skwarek, Windler, 

De Vreede, Rogers, & Bilder, n.d.; H. Zhang et al., 2014).  

The presence of Slmb as an interacting partner for Tm1C could suggest that either Slmb 

is a cargo for the Kinesin motor or that Slmb participates in regulating the expression of 

Tm1C via ubiquitin mediated degradation. Our results are most consistent with the latter 

scenario. Although Slmb interacts with Tm1C, we did not detect an interaction with Khc 

(Figure. 22B). In addition, our results indicate that Tm1C is poly-ubiquitinated in S2 cells 

in a Slmb dependent manner (Figure 23). 

Our next step was to determine whether Tm1C expression was regulated by Slmb in 

vivo. We have shown that Tm1C levels are reduced in egg chambers that are depleted of 

Khc(Veeranan-Karmegam et al., 2016). Thus, we hypothesized that in the absence of Khc, 

Slmb would target Tm1C for ubiquitin mediated proteosomal degradation. One way to test 

this hypothesis would be to examine Tm1C levels in slmb mutant flies. Unfortunately, this 

approach will not work because Slmb has many in vivo targets. As such, loss of Slmb 

results in organismal lethality. We therefore attempted to identify the site with Tm1C that 

is bound by Slmb. Tm1C contains a motif that is similar to the Slmb recognition site in the 

protein Expanded (H. Zhang et al., 2015). However, mutation of the critical Serine residues 

within this motif did not affect the expression of Tm1C in S2 cells. 

We therefore tested this hypothesis using a different strategy. GFP-Tm1C levels in 

ovarian lysates were examined in strains that were depleted of Khc in the female germline. 

As expected, this resulted in reduced GFP-Tm1C expression. However, depletion of Slmb 

using the same driver did not affect the expression of GFP-Tm1C. This treatment however 

increased the expression of Armadillo, a known target of Slmb mediated degradation.  
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Thus, under normal conditions, when Khc is present, Tm1C does not appear to be targeted 

for degradation by Slmb. We next examined ovarian lysates form a strain in which both 

Khc and Slmb were depleted in the female germline. Under these conditions, the expression 

of GFP-Tm1C was restored. Thus, in the absence of Khc, Slmb targets Tm1C for 

degradation. 

Why might Tm1C be regulated by Slmb? As described previously, Tm1C can be 

categorized as an Intrinsically Disordered Protein (IDP). These proteins are known to form 

toxic aggregates in the cell when they are expressed at high levels. Dysregulation of IDPs 

including, α-synuclein, β-amyloid, and Tau, is involved in disorders such as Huntington’s, 

Alzheimer’s, and Parkinson’s(Beyer, 2006; Breydo et al., 2012; Patel et al., 2015). It is 

therefore possible that Slmb prevents the over-expression of Tm1C in tissues where this 

might lead to toxicity. The oocyte does not appear to be the primary site of this activity. 

However, Tm1C is also expressed in somatic tissues. It is possible that in these tissues, 

Tm1C levels are kept in check by Slmb mediated ubiquitination and proteosomal 

degradation. Further studies are required to address this issue. 

Future studies: Tm1C acts as link between oskar mRNA and Khc in female germline 

and is required for oskar localization to the oocyte posterior (Fig. 15). We have observed 

semi-lethality and flight compromise in our CRISPR-Cas9 based Tm1C isoform specific 

null flies. Most importantly, Tm1C was also expressed in male flies as opposed to Oskar 

whose expression is limited to female germline (Fig. 21). To identify interacting partners 

of Tm1C in other tissues like brain and muscles, we generated a CRISPR-Cas9 based 

endogenous GFP-Tm1C knock-in fly that expresses GFP-Tm1C from the genomic locus 

instead of Tm1C. We have observed in these flies that Tm1C is expressed in head and 
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thoracic segments (Fig. 25). Our future studies include identifying potential protein and 

RNA interacting partners of Tm1C in these segments. Head segments are abundant in 

neurons. Large number of flies are taken into a 15ml tube and flash frozen in liquid 

nitrogen. Immediate mechanical disturbance such as vertexing will separate the heads from 

rest of the body segments. These segments are then transferred through a set of two sieves 

of different pore sizes to collect heads in large number in one sieve and the rest of the 

segments in the another. The heads and the remaining carcasses will be immediately stored 

in -80°C. Lysates can be made from these segments separately and then 

immunoprecipitated to identify the interacting protein partners of Tm1C in these tissues by 

mass spectrometry. To identify the interacting RNAs of Tm1C, we are planning to develop 

a fly strain that expresses Tm1C tagged to ADAR (Adenosine deaminase acting on RNA) 

endogenously through CRISPR-Cas9 based technique. The interacting RNAs of Tm1C be 

deaminated to Inosine resulting in a permanent change in RNA sequence where adenosines 

are replaced by Inosines. These RNA sequences can then be identified by high throughput 

sequencing. This technique is called TRIBE (targets of RNA binding proteins identified by 

editing). We are planning to use HyperTRIBE, wherein ADAR with a hyperactive mutation 

with increased activity will be used (Rahman, Xu, Jin, & Rosbash, 2018). Once the protein 

and RNA partners of Tm1C are identified by the techniques described above, these 

interactions will be validated in vitro, and functional consequences will be studied in vivo. 

We have shown that Tm1C interacts with Slmb (Fig. 22). However, the actual residues 

or motif in Tm1C required for this interaction is unknown. We have observed that depleting 

Slmb results in overexpression of Tm1C in somatic derived S2 cells (Fig. 23). Identifying 

the region of interaction on Tm1C might be necessary to understand consequences of 
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overexpressing Tm1C in somatic cells in vivo, because depleting Slmb might have off-

target effects as it has many targets in fly. Slmb identifies phosphorylated targets for 

ubiquitination, which are generally phosphorylated on serine residues. We have observed 

few consensus motifs on Slmb targets like Expanded and Period (Grima et al., 2002; H. 

Zhang et al., 2015). We have found one such motif in Tm1C and mutating the Serines in 

this motif has no effect on Tm1C-Slmb interaction (data not shown). Upon studying more 

known Slmb targets, we identified that Slmb has more than one consensus motif. We tried 

to identify kinase that phosphorylates Tm1C by analyzing mass spectrometric data, but we 

could not. We have observed that Slmb interacts with both N-terminal half (1-268) and C-

terminal half (225-441) of Tm1C (data not shown). We therefore predict that a consensus 

motif in the overlapping region (225-268) is possibly involved in the Tm1C-Slmb 

interaction. We are currently performing experiments to mutate this region and validate 

this interaction. After successful identification of the interacting region, we plan to express 

mutated Tm1C that compromises interaction with Slmb. Therefore, it would result in 

overexpression of Tm1C where we can study the functional consequences of Tm1C 

overexpression in somatic tissues like heads and thoracic segments. Since Tm1C is an 

intrinsically disordered protein (IDP), dysregulating the levels of Tm1C in the fly tissues 

would have several functional consequences that might also help to understand the 

mechanistic aspects of other IDPs in general. 

We have shown in vitro in S2 cells that Tm1C levels are upregulated on depleting Slmb 

and are downregulated on overexpressing Slmb (Fig. 23). This effect is independent of the 

presence of Khc. However, our results indicate that in the female germline, Tm1C 

expression is regulated by Slmb only in the absence of Khc. We are currently attempting 
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to test this directly. A strain in which Slmb is tagged with TurboID is currently being 

generated. Using this strain, we should be able to identify the Slmb interacting proteins 

specifically in the female germline. Interacting proteins will be biotinylated and can be 

purified and identified by mass spectrometry. This will be done under control conditions 

as well as conditions under which Khc is depleted. If our hypothesis is correct, Slmb will 

specifically interact with Tm1C in Khc depleted strain. 
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V. SUMMARY 

In summary, we have identified a novel isoform of Tropomyosin in Drosophila that 

acts as an adaptor for Kinesin in transporting oskar mRNA in oocytes. It was known that 

Kinesin transports oskar as early as 2000. However, the adaptor that linked Kinesin to 

oskar mRNA was unknown. We used a proteomic approach to identify this adaptor. We 

discovered that a novel isoform of Tropomyosin, namely Tm1C, functioned as the adaptor. 

Tm1C is different from other known tropomyosins which are generally involved in muscle 

contraction and Actin based cytoskeleton dynamics. This is the first report where an 

adaptor role for a tropomyosin is documented. We have also identified that Tm1C is a 

binding partner of Supernumerary limbs (Slmb), an E3 ubiquitin ligase. We have further 

shown that Slmb regulates the cellular levels of Tm1C.  
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