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Abstract 
Vesicular trafficking in eukaryotic cells is tightly regulated by various families of 

small GTP binding proteins, including Rabs, Arfs, and Arf-like (Arl) proteins. Small 

GTP binding protein Arl8b is known to regulate lysosome motility and function in 

mammalian cells. Arl8b is recruited onto the lysosomes by BORC, and by 

interacting with various effectors, it governs essential cellular functions. Interaction 

of Arl8b with SKIP helps in the motility of lysosomes from minus end to the plus 

end of the microtubules. Arl8b also helps in late endosome-lysosome as well as 

autophagosome-lysosome fusion by interacting with proteins like HOPS and 

PLEKHM1. Since we now know that Arl8b has many effectors, it is crucial to 

establish novel interaction partners and effectors of Arl8b to better understand 

lysosome biology. The objective of the study was to characterize a possible novel 

interaction partner of small GTP binding protein Arl8b. 

In this study, we determined a novel interaction partner of lysosomal GTPase Arl8b, 

which is a member of Tre2/Bub2/Cdc16 family of proteins. Our preliminary 

observations indicate that upon RNAi depletion of this novel interaction partner, 

LAMP1, Rab14,and Rab7 compartments generally appear enlarged. Immunostaining 

for M6PR shows more endosomal staining for this cargo; moreover EEA1 also 

appears to be on enlarged endosomes. Our observations suggest that this protein 

interacts with Arl8b and may regulate the endo-lysosomal pathway. The detailed 

cellular roles and mechanism of action of this TBC protein need to be investigated in 

future studies. 
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Chapter 1 

Introduction 
1.1 Transport Pathways in a Eukaryotic Cell 

Eukaryotic cells are highly compartmentalized with various membrane-bound 

compartments present in them. Various events occur in the cell including the synthesis of 

macromolecules, transportation of cellular cargo either directly or packed in vesicles, and 

degradation and recycling of degraded material for new synthesis. Evolution has enabled 

the eukaryotic cells to compartmentalize and enable efficient separation of these cellular 

functions. However, communication of the cell with its environment and within different 

compartments is essential for the development of the cell.  Major part of the 

communication between the intracellular compartments is achieved by vesicular transport 

which is tightly regulated and directional. This transport takes place by budding off of a 

cargo-loaded vesicle from the donor compartment and it’s fusion with the acceptor 

compartment. Different trafficking pathways and transport routes are connected and 

governed by vesicular transport.  

One of the pathways 

which is crucial for cell 

communication and 

signaling is the Endocytic 

pathway. It involves the 

internalization of cargo; 

it’s delivery to the early 

endosomes and further 

recycling or degradation 

of endocytosed contents. 

Once internalization 

happens, the internalized molecules are delivered to the early endosomes which act as a 

single point sorting station for different destinations (Gruenberg Jean, et al 2001).  

Early endosomes are highly dynamic and pleiomorphic in nature as they can have distinct 

cisternal, tubular and multivesicular regions. Endocytosed materials from the early 

endosomes are directed either to the recycling pathway or the degradative pathway. Thus, 

some of the receptors and proteins are recycled back to the plasma membrane via the 

recycling endosomes whereas the contents destined for degradation are delivered to late 
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endosomes and lysosomes. Each step of trafficking is regulated by families of endocytic 

regulatory proteins; prominent amongst these are the small GTP-binding (G) proteins and 

their effectors. 

1.2 Small GTP binding proteins in Endocytic Pathways 

Small GTP binding proteins act as key factors in the 

regulation of cellular trafficking and dynamics. They 

alternate between two conformations in the cell – the 

membrane-localized GTP bound form and the cytosolic 

GDP bound form. This cyclical switching is governed by 

the activity of Guanine Nucleotide Exchange Factors 

(GEFs) and GTPase Activating Proteins (GAPs).In their 

GTP bound state, small GTP binding proteins recruit various effector proteins and 

mediate downstream processes. The active form is then converted into inactive GDP 

bound form by the activity of GAPs. The inactive form is thereafter maintained in the 

cytosol by Guanine Nucleotide dissociation inhibitors (GDI) which specifically bind to 

the GDP-bound form and inhibit the release of GDP. Further when required, GEFs 

mediate the exchange of GDP to GTP and help in transitioning of small G-proteins into 

their active membrane-bound state. 

Of all the small G-proteins, Ras superfamily is most prominent. Members of Rab, Arf and 

Arf-like (Arl) GTP binding proteins of the 

Ras superfamily act as key molecular players 

in intracellular trafficking. Besides these, 

Rho, Ran, Rap, Rad, Rheb and Miro 

subfamilies are also being characterized and 

studied extensively (Song, Siyang, et al). 

Among these subfamilies, Rab family of 

proteins is known to regulate various steps of 

trafficking in the endocytic pathway. For 

example (Figure 1.2b) Rab5 mediates the 

traffic from the plasma membrane to the 

early endosomes, Rab7 is well defined to 

direct the traffic towards the late endosomes 

and Rab4, Rab11 and Rab35 are known to mediate the recycling pathway. 

Figure 1.2 (a) Small GTPase Cycle
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1.3 Small G-proteinsat the Lysosome 

Arl8b is a member of Arl family of small G proteins that is present on lysosomes and 

regulates cellular lysosome distribution and functioning. It is highly conserved across 

different taxonomic groups including protozoans, metazoans as well as plants. Arl8b is 

different from other Arf proteins in the sense that a conserved glycine residue at the 

second position is replaced by leucine (Donaldson & Jackson et al., 2011). Though much 

has been studied about Arl8b, it’s GEF and GAP remain undiscovered.  

Previous studies show that the anterograde transport of lysosomes is mediated by BORC 

(BLOC-1 related complex), Arl8b-SKIP and kinesin-1 complex (Figure 1.3). BORC is 

associated on the cytosolic face of the lysosomes and is responsible for the recruitment of 

small G-protein Arl8b on the surface of lysosomes (Pu et al., 2015). Thereafter, Arl8b 

interacts with SKIP/PLEKHM2, which in turn binds to motor protein kinesin-1 and this 

association helps in the motility of lysosomes towards the cell periphery (Rosa-Ferreira 

and Munro, 2011; Bagshaw et al, 2006). Besides Arl8b and its effectors, Rab7 and its 

effector on ER membrane namely, Protrudin transfers lysosomes to another Rab7 

effector, FYCO1, which associates with kinesin-1 and transports lysosomes towards cell 

periphery (Raiborg et al., 2016; Matsuzaki et al., 2011). On the other hand, Rab7 has also 

been implicated in the retrograde transport of lysosomes towards the nucleus. Rab7 

recruits RILP on the late endosomes/lysosomes, which in turn binds to dynein-dynactin 

machinery to transport lysosomes towards the perinuclear region. 

 
 

Both Rab7 and Arl8b are also implicated in the interactions of late endosomes and 

lysosomes. The delivery of endocytosed cargo to lysosomes by the late endosomes can 

occur either by kiss-and-run events or by fusion of the two compartments. Fusion of late 

endosome and lysosome requires a tethering complex- HOPS, and trans-SNARE 

Figure 1.3 Lysosome motility and functioning. Rab7 and Arl8b play crucial roles in regulating 
lysosome distribution and lysosomal degradation pathway. Image Courtsey – Ms. Shalini Rawat 
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complex. Arl8b and Rab7-RILP recruit HOPS complex to lysosomes, promoting tethering 

of late endosome-lysosome membranes (Khatter et al., 2015; van der kant et al., 

2013).The fusion event results in the formation of a hybrid organelle in which 

endocytosed macromolecules are degraded. Lysosomes can also be re-formed from these 

hybrid organelles (Bright NA et al., 1997).On the other hand, the fusion of 

autophagosome and lysosome (Figure 1.3) requires interactions of HOPS complex, 

PLEKHM1, SNAREs (STX17, VAMP8 & SNAP29), LC3B and small GTP binding 

protein Arl8b (Lőrincz, P., & Juhász, G. et al 2019). Thus, Arl8b and Rab7 act as crucial 

regulators of lysosome function as well as their distribution. 

Our research group is interested in exploring the role of small GTP binding protein Arl8b 

in lysosomal functioning and determining its novel effectors and interaction partners. To 

this end, we identified novel interaction partners of Arl8b by using GST-Arl8b as bait to 

pull down interaction partner from mammalian. Mass spectrometry of the eluate revealed 

TBC1D9B as one of the positive hits. The main aim of this study was to pursue 

TBC1D9B protein as a possible interaction partner of Arl8b and characterize its roles in 

the cell. Below I describe what are TBC domain-containing proteins and role of the TBC 

domain followed by a summary of literature on TBC1D9B. 

 

1.4 TBC family of proteins  

The conversion of Rab-GTP to GDP form is regulated by GAPs (Section 1.2). Many 

GAPs for Rab proteins contain a characteristic Tre2/Bub2/Cdc16 (TBC) domain which is 

usually (not always) the Rab-binding domain (Richardson and Zon, 1995). TBC domain 

is around 200 amino acids long and it conserved in all eukaryotes. TBC domain-

containing proteins (TBC proteins) were initially identified and described independently 

of Rab GTPases. Establishing TBC proteins as putative Rab GAPs opened a bundle of 

opportunities to determine the Rab substrates of different TBC proteins and to get better 

mechanistic insights at the functioning of these proteins.  

Initially, the identification of Rabs of TBC proteins primarily depended on their physical 

interactions. However, subsequent studies have established that the GAP activity of TBC 

proteins does not always require a close physical interaction. Complications in identifying 

Rab substrates for TBC proteins arise from the fact that not all TBC proteins have their 

primary role as Rab-GAPs. The Rab-GAP function of TBC proteins depends on two 

conserved motifs in the TBC domain - an arginine or R finger within an IxxDxxR motif, 

and a glutamine or Q finger within an YxQ motif. The Y residue of Q finger interacts 
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with the glutamate of the Rab GTPase while the R and Q residues coordinate with Rab-

bound GTP and promote its hydrolysis. (Pan et al., 2006; Gavriljuk et al., 2012). 

Catalytic arginine mutants and RYQ triple mutants of TBC proteins act as powerful tools 

for the screening of Rabs involved in intracellular trafficking. However, approx. a quarter 

of TBC proteins lack this conserved arginine residue and are unlikely to act as Rab-

GAPs. Most members of the TBC protein family still remain poorly studied. 

Despite these challenges, many TBC proteins with GAP activity have been implicated as 

regulators of intracellular membrane trafficking, including autophagy. TBC1D5, 

TBC1D10A, TBC1D14, and TBC1D25, are known to regulate starvation-induced 

autophagy (Minowa-Nozawa & Nagakawa et al 2017; Longatti, A. et al. 2012; Popovic, 

D. et al 2012; Itoh et al 2011), whereas TBC1D15 and TBC1D17 (Yamano & Kogel et al 

2014) are required for mitophagy, and TBC1D10A is involved in xenophagy and 

mitophagy (Minowa-Nozawa & Nagakawa et al 2017). 

 

1.5TBC1D9A/B – TBC domain-containing protein 

TBC1 domain family member 9 has two paralogues – TBC1D9A and TBC1D9B. The 

domain architecture of both these proteins is similar. TBC1D9A is 1266 amino acids long 

whereas TBC1D9B contains 1250 amino acids (differing in 16 amino acids in the N-

terminus region). TBC1D9A/B both proteins contain two GRAM domains, one TBC 

domain (including the R and Q fingers) and a C-terminal E-F Hand motif each (Doerks et 

al., 2000; Frasa et al., 2012) (Figure 1.6 a). Explicit functions of these domains have not 

been characterized yet. In general, the GRAM domains are thought to be protein/lipid 

binding signaling domains. TBC domain in some TBC proteins has been shown to bind to 

Rab proteins and govern the Rab-GAP activity. The E-F hand motif is known to fold into 

the helix-loop-helix structure and act as a calcium ion binding motif. 
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TBC1D9 proteins have homologs in other well-known model organisms as well. Besides 

this, TBC1D9B has two isoforms – longer isoform (a) and shorter isoform (b). Amino 

acid sequence similarity alignment done between the orthologs of TBC1D9 proteins in 

various organisms showed generally >50% similarity between the sequences. This 

observation indicates that TBC1D9A and B have remained conserved across 

evolutionarily time scales and thus might play an important role in the cell (Figure 1.6 b). 

 

 

Published literature on TBC1D9B protein is very limited. TBC1D9B has been shown to 

act as a GAP for Rab11A in a canine cell line (Fukuda et al 2014). Another report on 

TBC1D9B has shown that it interacts with LC3B and positively regulates autophagic flux 

(Liao et al 2018). One recent report also suggests that the paralogue TBC1D9 regulates 

TBK1 (TANK-binding kinase 1) activation in response to microbial infection by binding 

Ca2+ through the E-F hand motif in selective autophagy (Nozawa, Sano, Minowa-

Nozawa et al 2020). TBC1D9 has also been suggested to be involved in male breast 

carcinomas (Andres, S.A. et al 2012) Furthermore, sub-cellular localization and other 

roles and mechanism of action of TBC1DB need to be investigated. Another recent article 

reported that GFP-TBC1D9A showed localization to Rab7 endosomes in HEK293-AT1 

cells and GFP-TBC1D9B caused the Rab7 endosomes to localize to the cell periphery. 

This article also showed that the independent knockdowns of TBC1D9A and TBC1D9B 

caused defects in the fusion of autophagosomes and lysosomes (Baba, T. et al 2019). All 

these published reports suggest a role of TBC1D proteins in the endo-lysosomal pathway. 

We did a mass spectrometric analysis to discover novel interaction partners of Arl8b and 

got TBC1D9B as a candidate. We further confirmed the interaction of Arl8b with 

TBC1D9B by GST pull down assays. To further define the roles of TBC1D9B, we did 

RNAi depletion of TBC1D9B and analyzed different intracellular compartments using 

Figure 1.5 (b) Amino acid sequence similarity alignment of TBC1D9 homologs. Sequences of homologs 
were extracted using BLAST and NCBI. Alignment was done using the EMBOSS tool ‘Needle’. 
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well-characterized markers of these compartments, such as LAMP1 (lysosomes), Rab7 

(late endosomes/lysosomes), Rab14 (early endosomes/Golgi), EEA1 (early endosomes) 

and CI-M6PR (endosomes, golgi). Our observations indicate that various compartments 

along the endo-lysosomal pathway are affected upon TBC1D9B knockdown. Thus, we 

propose that TBC1D9B plays a role in the endo-lysosomal network. Determination of 

detailed mechanism of action and other roles of TBC1D9B shall be pursued in future 

studies.  
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Chapter 2 

Methods and Materials 
2.1Materials 

2.1.1 Plasmids and Constructs 

Myc tagged TBC1D9B construct was subcloned from TBC1D9B-pGADT7 and a 

myc tag was added at the N terminus of full-length TBC1D9B. pcDNA3.1(-) vector 

used to clone TBC1D9B with myc tag. 

2.1.2 Media 

Ultrapure type 1 water was used for preparing all the buffers and media. Sterilization 

was done by autoclaving before use. 

LB Media: Luria Broth Powder was used for making LB Media. 2.5g of the powder 

was added in 100mL of type 1 water and autoclaved before use.  

Superbroth Media:1.2g of Tryptone, 2.4g of Yeast Extract and 400μL of 100% 

glycerol was added to make up the volume till 90mL with Type1 water. The media 

was autoclaved and 10mL of previously prepared salt solution was added to the 

media before use. 

SOB Broth: 50mg of NaCl, 2g of tryptone, 0.5g of yeast extract, 18.6mg of KCl and 

203.3mg of MgCl2were dissolved in 100mL of type 1 water and the media was 

autoclaved before use. 

2.1.3 Buffers and stock solutions 

All the buffers and stock solutions were prepared as per the following compositions:- 

Transformation Buffer #1 - For 100mL of transformation buffer #1, 10mM of MOPS 

(pH 6.5), 100mM of KCl, 45mM of MnCl2 , 10mM of CaCl2 and 10mM of potassium 

acetate (pH 7.5) were added as per the calculations and the final volume was made upto 

100mL.  

Transformation Buffer #2 - For 100mL of transformation buffer #2, 10mM of MOPS 

(pH 6.5), 100mM of KCl, 45mM of MnCl2 , 10mM of CaCl2 and 10mM of potassium 

acetate (pH 7.5) were added as per the calculations from the stock solutions and 
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dissolved in around 60mL of type 1 water. Then, 12.5mL of glycerol was added and the 

final volume was made upto 100mL.  

Transformation Buffer #3 - A buffer containing a final concentration of 100mM of 

CaCl2 and 50mM of MgCl2 was prepared in type 1 water as per need. 

50X TAE:242g of Tris-base was dissolved in 700mL of autoclaved type 1 water and 

then 57.1mL of 100% glacial acetic acid and 100mL of 0.5M EDTA (pH 8.0) was 

added to it. The final volume was adjusted to 1 liter.  

Prep Buffer for protein purification:Buffer with working concentrations of 20mM 

Tris-Cl (pH 8.0), 150mM NaCl, 0.5% Triton-X 100 and 5% glycerol was made using 

autoclaved type 1 water as per the calculations. Two tablets of Roche Protease 

Inhibitor were added for 100mL buffer and 1mM working concentration of PMSF 

was used.  

TAP Lysis Buffer: 2mL of 1M Tris-Cl (pH 8.0), 15mL of 1M NaCl, 200µL of 0.5M 

EDTA, 50µL of 1M DTT, 5mL of 10% Triton-X and 5mL of 100% glycerol was 

added to autoclaved type 1 water to make final volume of 100mL. Two tablets of 

Roche PI cocktail were added along with 1mL of 100mM PMSF.  

10X SDS Gel Running Buffer: 144g glycine, 30.2g Tris base and 10g powdered SDS 

was dissolved in 600mL of type 1 water. The solution was nixed properly until it 

becomes clear and then the volume was made up to 1 literusing type 1 water. 

1X Transfer Buffer: 6g of Tris base, 28.5g glycine and 400mL of methanol were 

dissolved in type 1 water and used to make a total of 2 litres of ready to use 1X 

transfer buffer. The buffer was stored at 4°C until further use.  

Resolving Gel Buffer:36.342g of Tris base was added to 100mL of autoclaved type 1 

water. After Tris gets dissolved in the water completely, set the pH of the buffer to 

8.8 using HCl. Make up the final volume to 200mL using autoclaved type 1 water.  

Stacking Gel Buffer:12.114g of Tris base was added to 100mL of autoclaved type 1 

water. After Tris gets dissolved in the water completely, set the pH of the buffer to 

6.8 using HCl. Make up the final volume to 200mL using autoclaved type 1 water 

and filter the buffer before use.  
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10X phosphate-buffered saline (PBS):2 g KCl, 80 g NaCl, 2.4 g KH2PO4, 14.4 g 

Na2HPO4 were dissolved in 800 mL of Type 1 water. The volume made up to a liter 

and the buffer was filtered and autoclaved. 1X PBS was prepared from 10X PBS 

stock and its pH was adjusted to 7.4 before use. 

0.05% and 0.3% PBST:2.5mL of 20% Tween-20 was added to 1X PBS and the 

volume was made upto 1 liter using 1X PBS to make 00.5% PBST. Similarly, 15mL 

of 20% Tween-20 was added to 1X PBS and volume was made upto 1 liter using 1X 

PBS. 

16% paraformaldehyde (PFA):16 g paraformaldehyde was dissolved in 70 ml of PBS 

(1X) at 40-60°C by adding 1 M NaOH till the solution turned transparent. The pH of 

the solution was adjusted to 7.4 and the volume was made up to 100 mL. Aliquots of  

2mL were made and stored at -20°C. 4% working PFA was made (in PHEM Buffer) 

from 16% PFA as and when required.  

2.1.3 Antibodies 

Anti-myc mouse monoclonal antibody (sc-40 9E10) was purchased from Santa Cruz 

Biotechnology, USA and used for western blotting experiments with 1:1000 dilution. 

Anti-LAMP1 rabbit (ab24170), anti-Rab14 rabbit, anti-(Transferrin receptor) rabbit 

and anti-M6PR rabbit antibodies were purchased from abcam (UK). Anti-GM130 

mouse (610823) and anti-EEA1 mouse (610456) antibodies were purchased from 

BD Biosciences. Anti-Rab7 mouse antibody (sc-376362) was procured from 

SantaCruz Biotechnology and anti-LC3 rabbit antibody (PM036) was purchased 

from MBL Ltd. (Japan). All the Alexa fluorophore-conjugated secondary antibodies 

were purchased from Life Technologies. HRP-conjugated goat anti-mouse and goat 

anti-rabbit were purchased from Jacksons Immuno Research Laboratories. 

2.1.4 siRNA oligos and RT PCR reagents 

For gene silencing, siRNA oligos were purchased from Dharmacon and prepared 

according to the manufacturer’s manual. Sequences of the oligos are as follows:-

Control siRNA seq 

Sense Seq - GGGCAAAGAGUGAGAGAUAUU 

Anti-Sense Seq - UAUCUCUCACUCUUUGCCCUU 
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hTBC1D9B 813 oligo Seq 

Sense Seq - CAGGAACAUCUCAGCCCUGAAUU 

Anti-Sense Seq - UUCAGGGCUGAGAUGUUCCUGUU 

hTBC1D9B 1039 oligo Seq 

Sense Seq - AGGGAGGUGACCAUUGUCGAAUU 

Anti-Sense Seq - UUCGACAAUGGUCACCUCCCUUU 

RT PCR primers for TBC1D9B were purchased from BioRad Laboratories, USA. 

SYBR Green RT PCR mix was purchased from Applied Biosciences and DEPC 

treated water was purchased from Invitrogen (USA). 96 well RT PCR plates were 

purchased from Genaxy Scientific.  

2.1.5 Cell Culture Reagents 

Dulbecco’s modified eagle medium (DMEM), Trypsin-EDTA 0.05%, DPBS, antibiotic–

antimycotic mix, Polyethylenimine (PEI), fetal bovine serum (FBS), RNase free water, 

Opti-MEM media and most other cell culture reagents were obtained from Lonza 

Bioscience (USA) and Thermoscientific (USA). Dharmafect transfection reagent was 

purchased from DHARMACON and X-tremeGene HP DNA transfection reagent was 

purchased from Sigma Aldrich (USA). Paraformaldehyde (PFA) was purchased from 

Sigma Aldrich and Fluoromount-GTM aqueous mounting medium was purchased from 

Southern Biotech.  

HEK293T cells used were from MBB lab and HeLa cells used were from NA lab. 

2.1.6 Cell Culture Instruments 

Cell culture hoods were from Labconco (USA), Confocal Microscope (Zeiss 710) 

was from Zeiss (Germany), tissue culture incubators were from NEB (USA), 

Eppendorf 5810R centrifuge was from Eppendorf (Germany), EasyPets were from 

Eppendorf, pipette aids were from Thermo Fisher Scientific (USA).  

2.1.7 Plasticware and Chemicals 

Plastic and glasswares for tissue culture studies were purchased from Thermo 

Scientific®; Falcon®, USA; Tarsons®, India; Fisher Scientific®, USA and BD 

Biosciences, USA. Bacterial media, agar, salts and chemicals were purchased from 

BD Difco, Himedia, Sigma Aldrich, Merck limited® and Thermo Scientific. 
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2.2 Methods 

2.2.1 Preparation of Ultra-Competent E. coli DH5α cells 

E. coli DH5α cells were streaked from a strain on a fresh Luria agar plate without 

antibiotics and incubated overnight at 37°C. A single colony was picked and inoculated 

in 5 mL LB medium overnight at 37°C. 1% of the primary culture was inoculated in 

50mL of SOB and incubated at 37°C until the optical density of the culture reached 0.4 - 

0.6. The culture was then incubated on ice for 10 mins and centrifuged for 10 mins at 

3500rpm at 4°C. The supernatant was discarded and the pellet was resuspended gently 

by adding 25mL Transformation buffer #1. The suspension was incubated on ice for 10 

mins and subsequently it was centrifuged at 3500 rpm at 4°C for 10 min. Supernatant 

was discarded and the pellet was resuspended in 4 ml of Transformation Buffer #2 and 

140µL of DMSO was added thereafter. The suspension was incubated on ice for 15 mins 

and another 140µL of DMSO was added.  

Aliquots of 100µL each were prepared in pre-chilled 1.5mL microcentrifuge tubes and 

stored immediately in -80°C. 20µL of the prepared competent cells were spread each on 

Amp, Kan or Strep plate to check for contamination.  

For transformation of ligation, a 1:1 ratio of competent cells and transformation buffer #3 

was used and the standard protocol was followed. 

2.2.2 Transformation into E. coli cells 

The E. coli competent cells were thawed on ice for 10 minutes. 100 ng DNA was added 

to 50µL cells and incubated on ice for 30 mins. Heat shock was given at 42°C for 90 

seconds and the cells were transferred back on the ice for 5 mins. Subsequently, 1 mL 

LB media was added and the culture was incubated at 37°C for an hour. The cells were 

then centrifuged at 6000 rpm for 5 mins. The media was discarded and the pellet was 

resuspended in 100 µL LB media and plated on antibiotic-containing LB agar plates. 

2.2.3 Plasmid Isolation 

Isolation of plasmids for transfection purposes in cells was done using Thermo 

Scientific™ Gene JET Plasmid Miniprep kits according to the instruction manual. 

2.2.4 Cloning 

PCR amplification was done using the template and the primers for the required 

gene. The PCR was checked by running some amount of it on 0.8% Agarose gel. 
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The PCR product was then purified using Thermo Scientific™ Gene JET PCR 

purification kit. 2µg of the purified product was digested along with the vector. The 

digested product and vector were run on 1% nuclease-free agarose gel and suitable 

bands of the insert and vector were purified from the gel. Ligation was set up at 25°C 

for 3 hours using the vector and insert in the ratio of 1:3. The ligated product was 

transformed into DH5α cells as per protocol in 2.2.1 and 2.2.2. The colonies thus 

obtained were then screened for positive clones using the Phenol-chloroform-

isopropyl alcohol screening method. The positive clones were verified by digesting 

their DNA and checking on gel. Finally, the positive clones were verified using 

sanger sequencing.  

2.2.5 Purification of GST protein and GST Pulldown assay 

pGEX4T3 vector containing GST and GST bound protein of interest were 

transformed into E. coli BL21 cells and primary culture was set up from the freshly 

transformed plate. One colony from each of the two was picked and incubated in 

5mL LB media (with 5 µL Ampicillin) at 37°C for 8-10 hours. 50mL of superbroth 

media each (with salt solution) was taken and 1% inoculum from the primary culture 

was added to the respective flasks to set up the secondary culture. The secondary 

cultures were incubated at 37°C until the optical density reached 0.4-0.6 (approx. 

2.5-3 hours). Induction with 0.5mM IPTG was given to the secondary cultures and 

they were kept for overnight incubation at 16°C for protein induction.  

The secondary cultures were then centrifuged at 4000 rpm for 10  mins at 4°C. The 

supernatant was discarded carefully and the pellet was suspended in 5-10mL of Prep 

buffer on ice. Sonication of cells was done using ultrasound sonicator and the 

sonicated culture was then centrifuged at 10,000 rpm for 15 mins to separate the cell 

debris. The supernatant was carefully collected in a 15 mL falcon. Meanwhile, 50µL 

slurry of glutathione beads each was taken out in two 1.5mL MCT and 2-3 washes 

were given to the beads with Prep buffer. The beads were then transferred to the 

15mL falcon containing protein soup for both GST only and GST bound protein, and 

it was kept on a Hula mixer at 4°C for 2-3 hours for the GST bound protein to bind 

to the glutathione beads. 

After 3 hours, the beads were collected in a 1.5mL MCT by spinning down the 

sample at 1512 rpm at 4°C. Subsequently, 6-7 washes were given to the beads using 
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Prep buffer and the samples were prepared using 8 µL of bead slurry + 20µL of 2X 

reducing dye and heating it at 100°C for 10 mins. The samples were run on 10% 

SDS-Page gel until the dye front reached the end of the plate. The gel was then kept 

in Coomassie Blue staining solution overnight on the see-saw shaker. After 

overnight staining, the gel was put in the destaining solution for 4-6 hours on the see-

saw shaker. Protein induced was quantified and the amount of slurry to be used for 

further experiment was decided to maintain similar protein levels.  

The amount of beads taken in an MCT was such that the protein amount was 

sufficient enough for the experiment. 500 µL of 5% BSA prepared in 1X PBS was 

added to the MCTs and they were left for blocking on the Hula mixer for 3 hours at 

4°C. Meanwhile, lysate of HEK293T cells (untransfected or transfected - as per the 

experiment) was prepared by collecting the cells in the TAP lysis buffer and leaving 

it on the Hula mixer for 30 mins at 4°C. 

1% of the prepared lysate was saved as input and stored at -20°C after sample 

preparation. The rest of the lysate was divided equally in the MCTs with beads and 

the beads were left on the Hula mixer for 3 hours at 4°C. After pull-down, each of 

the samples was given 4 washes with TAP lysis buffer. The samples were prepared 

by adding 2X loading dye and heating at 100°C for 10 mins. The samples were run 

on 10% SDS-Page gel until the dye front reached the end of the plate. Semidry 

transfer was setup at 10V for 2 hours using the PVDF membrane. The membrane 

after transfer was put in 10% skimmed milk for 2 hours on see-saw shaker. 

After blocking, 3 washes with 0.05% PBST of 10 mins each were given to the 

membrane on the dancing shaker. The primary antibody solution was then added to 

the membrane and it was kept on see-saw shaker for 3 hours. After incubation with 

primary antibody, 3 washes with 0.05% PBST of 10 mins each were given. The 

secondary antibody mix was added thereafter and the membrane was kept on see-

saw shaker for 45 mins. After this, 3 washes with 0.3% PBST of 10 mins each were 

given to the membrane. The blot was finally developed in the darkroom using 

Amersham™ ECL™ Western Blotting Detection kit as per the protocol. 
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2.2.6 RNA Isolation and cDNA Synthesis 

Isolation of RNA from cells was done using Qiagen® RNeasy mini kit as per the 

given protocol and subsequent cDNA synthesis was done using Invitrogen 

SuperScript™ III cDNA synthesis kit according to the manual. 

2.2.7 RT PCR setup and Analysis 

The reactions were prepared in the sets of three for getting triplicate readings. 0.6µL 

of RT PCR primers (0.3µL forward and 0.3µL reverse) for the gene were mixed with 

5µL of SYBR Green RT PCR mix, 1µL of the synthesized cDNA and 3.4µL of 

DEPC treated water in each well for the set of three in Axygen 96 well RT PCR 

plate.  For control triplicate, primers were not added and the volume was 

compensated using DEPC treated water. The PCR plate was given a short spin to 

settle down the reaction mix. The qPCR was set up in Eppendorf realplex4 qPCR 

machine. 

Analysis of the qPCR data was done in MS Excel. 

2.2.8 Cell culture - Transfection and siRNA Knockdown 

2.2.8.1 HEK cells Transfection:- HEK293T cells were cultured in Dulbecco’s 

modified eagle medium (DMEM) supplemented with 10% fetal bovine 

serum and antibiotic–antimycotic mix (1X) at 37̊C and 5% CO2. Cells 

were grown to a confluence of 65-70% on 60mm dishes. Transfection 

mix per well contained 1 µg of DNA and PEI in three times the volume of 

the DNA. Cells were then cultured with the transfection mix and 10% 

DMEM complete media and the constructs were allowed to express for 

20-24 hours before performing experiments.  

2.2.8.2 HeLa cells Transfection:- HeLa cells were cultured in Dulbecco’s 

modified eagle medium (DMEM) supplemented with 10% fetal bovine 

serum and antibiotic–antimycotic mix (1X) at 37̊C, 95% humidity and 5% 

CO2. 0.18 million cells were seeded on coverslips placed in a 35mm dish. 

After 20-24 hours of seeding the cells, the coverslips were transferred in 

the wells of a 24 well plate containing 10% DMEM complete media. 

Transfection mix was prepared containing 50µL of Opti-MEM and 1:1 

ratio of the amount of DNA (µg) and the volume (µL) of XtremeGene HP 
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transfection reagent. After mixing the components well, the transfection 

mix was allowed to incubate at room temperature for 30 mins. 

Transfection mix was then poured dropwise onto the coverslips in the 

well and the contents of the wells were mixed by moving the plate 

vertically and horizontally. The transfected coverslips were incubated at 

37̊C and 5% CO2 for 12-16 hours before performing further experiments. 

2.2.8.3 HeLa cells siRNA Knockdowns:-  HeLa cells were cultured in 

Dulbecco’s modified eagle medium (DMEM) supplemented with 10% 

fetal bovine serum and antibiotic–antimycotic mix (1X) at 37̊C, 95% 

humidity and 5% CO2. 0.06 million cells were seeded on coverslips 

placed in a 35mm dish. After 20-24 hours of seeding the cells, siRNA 

knockdown was performed. For control knockdown, scrambled siRNA 

was used. Two sets of MCTs for both control and experiment were 

prepared. For each control coverslip, set A consisted of (25µL opti-MEM 

+ 24µL RNase free water + 1µL control siRNA) whereas Set B had 

(49µL opti-MEM + 1µL Dharmafect). Similarly, Set A and B for 

‘experiment’ were made with the only change being that 2µL of siRNA 

was used. These were incubated for 10-15 mins at room temperature and 

then respective Set B was added to Set A and mixed thoroughly. The 

mixture was incubated at room temperature for 30 mins and poured 

dropwise onto the respective coverslips. Contents of the wells were mixed 

well and the transfected coverslips were incubated at 37̊C and 5% CO2 for 

60 hours before performing further experiments. 

2.2.9 Immunostaining of HeLa cells  

Cells grown on coverslips that were used for transfection or knockdown were first 

fixed in 4% PFA in PHEM buffer (60mM PIPES, 10mM EGTA, 25mM HEPES and 

2mM MgCl2 and final pH 6.8) for 10min at room temperature. Post-fixation, cells 

were incubated with the blocking solution (0.2% saponin + 5% FBS in PHEM 

buffer) at room temperature for 30mins, followed by three washes with 1X PBS. 

Following this blocking step, cells were incubated with primary antibodies in 

staining solution(PHEM buffer + 0.2% saponin) for 2 hours at room temperature. 

The coverslips were then given three washes with 1X PBS. Further, the coverslips 

with cells were incubated for 30-45 mins with Alexa fluorophore-conjugated 
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secondary antibodies made in staining solution. The coverslips were given three 

washes with 1X PBS and the cells were mounted in Fluoromount-G (Southern 

Biotech) on a slide. Finally, the confocal images were acquired using Carl Zeiss 

710Confocal Laser Scanning Microscope. 

2.2.10 Confocal Imaging and Analysis  

Images were captured by Zeiss LSM 710 confocal laser scanning microscope using 63X 

oil immersion objective. Digital gain, digital offset, laser power and all other parameters 

were set as per experimental controls and were preserved throughout the experiment. 

ImageJ, an open-source software (NIH, USA) was used to analyze all images. Final 

processing of images was done using Adobe Photoshop.  
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Chapter 3 

Results 
 TBC1D9B, a TBC domain-containing protein interacts with Arl8b 

To discover novel interaction partners of Arl8b, the approach of pull-down assays 

followed by mass spectrometric analysis was employed. GST-Arl8b was incubated with 

HEK293T cell lysate and mass spectrometry was performed previously in the lab (data 

not shown). Mass spectrometry results showed TBC1D9B protein as a possible positive 

hit and thus we hypothesized it to be an interaction partner of Arl8b. 

Myc tagged TBC1D9B construct was made by incorporating myc tag at the N terminus 

of full-length TBC1D9B protein. GST pull-down assays were performed using GST-

Arl8b WT bound on glutathione beads and incubating with cell lysate of HEK293T cells 

expressing myc tagged TBC1D9B. Two independent experiments were performed and 

our findings suggest that TBC1D9B interacts with Arl8b in GST pull-down assays. 

 
Figure 3.1.1: GST Pulldown assays were done using GST-Arl8b WT and lysate from 

HEK 293T cells transfected with myc tagged TBC1D9B. 6µg of myc tagged TBC1D9B 

DNA was used for transfection per 60mm dish of HEK293T cells. Since TBC1D9B has 

transfection issues, DNA isolated from freshly transformed E. coli cells was used. Two 

independent experiments were performed and for both (A) and (B), 1% lysate was saved 

and run as input. Only GST bound to glutathione beads was used as negative control. 

Samples were resolved on SDS-Page gel and semi-dry gel transfer settings were kept the 

same for both the experiments. The blot was probed using anti-myc mouse antibody 

(SCBT). HRP-conjugated goat anti-mouse antibody was used as secondary and the blot 

was developed using Amersham ECL kit in darkroom. TBC1D9B band was seen at 

around 140 kDa in both the experiments. Band of TBC1D9B in expt. (B) was stronger as 

more amount of cell lysate was used. 

 

(A) 
 

(B) 
 



19  

Further, we were intrigued to find out sub-cellular localization of TBC1D9B; however, 

we observed that it is majorly cytosolic (Figure 3.1.2) when myc tagged TBC1D9B is 

expressed in HeLa cells. Since no working antibody for TBC1D9B was available, 

determining its sub-cellular localization was not possible. Interestingly, when myc tagged 

TBC1D9B was co-transfected with Arl8b tagged with HA in HeLa cells, some weak co-

localization was seen at the tips of the cells (Figure 3.1.2). 

 
Figure 3.1.2 Weak localization of myc tagged TBC1D9B at the cell tips. 1µg DNA of 

myc tagged TBC1D9B and 0.3µg DNA of Arl8b tagged with HA were transfected into 

HeLa cells. Immunostaining was done with anti-myc mouse antibody and anti-HA rabbit 

antibody. Three independent experiments were performed. Images were analyzed offline 

after acquisition using ImageJ and processing was done using Adobe Photoshop. 

 

3.2 Late endosomal/lysosomal structures are affected upon TBC1D9B depletion, but 

autophagosomes seemed to be unaffected.  

To determine the cellular roles of TBC1D9B, we took an unbiased approach of looking at 

different cellular compartments upon the knockdown of TBC1D9B.  We used well-

known markers for various intracellular compartments (Figure 3.2.2) and looked for 

changes upon TBC1D9B depletion.  

For RNAi depletion, we used two different 

siRNAs (Section 2.1.4) and tested their 

efficiency by doing RT PCR (Figure 3.2.1). 

hTBC1D9B 813 oligo showed around 70% 

knockdown efficiency while hTBC1D9B 

1039 oligo had more than 90% knockdown 

efficiency. All the experiments were 

performed using both the knockdown 

siRNA oligos to assess whether the 

phenotype is observed with both oligos. 
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Figure 3.2.2 Intracellular Trafficking. Markers used for immunostaining upon 

TBC1D9B depletion are highlighted in red colour. Image prepared using BioRender. 

To begin with, we chose to check LAMP1 compartments upon TBC1D9B depletion. We 

had already established that TBC1D9B interacts with Arl8b (Section 3.1) and Arl8b is a 

crucial regulator of lysosome motility and functioning. Thus, looking at LAMP1 (+) 

compartments in the background of TBC1D9B depletion was the obvious next step. 
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Figure 3.2.3 LAMP1 (+) compartments are enlarged in TBC1D9B knockdown.  

(A) siRNA knockdown in HeLa cells was done as per 2.2.8.3 and anti-LAMP1 rabbit 

antibody (abcam) was used along with phalloidin (to get an idea of the shape of the cell). 

Analysis of images was done using ImageJ and the final processing was done using 

Adobe photoshop.  

 

The experiments showed that upon TBC1D9B depletion, LAMP1 (+) structures are 

enlarged significantly (Figure 3.2.1). Besides the change in size, some cells even showed 

few changes in the distribution of LAMP1 compartments. The LAMP1 structures in some 

cells appeared to be positioned in the perinuclear region along with the phenotype of size 

enlargement. Since LAMP1 is a lysosomal associated membrane protein, some LAMP1 

(+) structures appeared as rings due to size enlargement. LAMP1 particle size was 

quantified over two experiments (n ≥50) (Figure 3.2.2) using ImageJ. These findings 

suggest that LAMP1 particle size and LAMP1 integrated density (area x mean intensity) 

both are increased upon TBC1D9B depletion. Also, the number of LAMP1 compartments 

was observed to be less in knockdown cells. Surprisingly, knockdown with 813 oligo 

(~70% KD) showed more dramatic effects as compared to with 1039 oligo (>90% KD). 

This trend was observed with some other markers too. Thus, we speculate that maybe 

partial knockdown of TBC1D9B affects the cell more or maybe upon >90% knockdown 

of TBC1D9B, some compensatory pathway is activated involving it’s paralogue 

TBC1D9A. All these speculations need further experimentation to be verified.   

 
Figure 3.2.4 Quantification of LAMP1 particle size and intensity. ImageJ was used to 

quantify the data for particle size and intensity. Cells were individually selected and 

threshold was set using Otsu algorithm. Integrated density, Average particle size and 

intensity were calculated using the ‘Analyze Particles’ tool in ImageJ.  

Control Control 9B 813 9B 813 9B 1039 9B 1039 
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To further determine other endosomal compartments affected by TBC1D9B knockdown, 

we looked at late endosomal compartments. Although late endosomes are of different 

forms with distinct cisternal, tubular and multivesicular regions, they are mainly 

considered to the multivesicular bodies that act as key sorting hubs and are responsible 

for sorting and delivery of vesicular contents to the lysosomes. We chose Rab7 GTPase 

present on the late endosomal membrane as a marker to visualize late endosomes in 

TBC1D9B depletion conditions. 

 

 

 
Figure 3.2.5 Rab7(+) compartments are enlarged upon TBC1D9B knockdown. 

siRNA knockdown in HeLa cells was done as per 2.2.8.3. 0.3 µg DNA of HA-tagged 

Arl8b was transfected each into control and knockdown cells 48 hours after siRNA 

knockdown and 12 hours transfection period is given before the experiment. Anti-rab7 

mouse and anti-HA rabbit antibodies were used for immunostaining. Image acquiring 

parameters were kept the same for all the images. Analysis of images was done using 

ImageJ and final processing was done using Adobe Photoshop. 

 

We observed that Rab7 (+) compartments are enlarged in TBC1D9B knockdown cells 

(Figure 3.2.5). The late endosomes appear to be bigger and brighter in staining as 
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compared to control cells. The number of late endosomes also seemed to have increased 

in some of the knockdown cells. The change in intensity of Rab7 signal was quantified 

for one experiment with n=40 cells and we noted that the intensity of Rab7 signal 

increased in TBC1D9B knockdown cells (Figure 3.2.6).  

 

 
Figure 3.2.6 Quantification of Rab7 size and intensity.  ImageJ was used to quantify 

the data. Threshold-ing was done using Otsu algorithm and integrated density particle 

size ofRab7 endosomes were calculated using the ‘Analyze particles’ tool in ImageJ. 

Final plots were prepared in MS excel using the average values. 

 

A change in average size of Rab7 endosomes in knockdown cells was noted upon 

quantification. The change in intensity of Rab7 signal was also dramatic in TBC1D9b 

depleted cells. However, the changes were more dramatic with hTBC1D9B 813 oligo 

than 1039 oligo. Further experiments and independent repeats are needed to determine 

the causes of the defects observed in Rab7 endosomes upon TBC1D9B depletion. 

 

 

Our findings till now suggested that late endosomes and lysosomes were affected in 

TBC1D9B knockdown. Autophagosome formation is a key step in the autophagic 

pathway which is marked by the recruitment of LC3 on the autophagosomal membrane. 

One published report (Liao et al 2018) already shows that TBC1D9B interacts with LC3B 

and positively regulates autophagic flux. Thus, to check the effect on TBC1D9B 

depletion on autophagosomes, we used LC3 as a marker and checked whether 

autophagosomes were affected or not. 

Control Control 9B 813 9B 813 9B 1039 9B 1039 
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Figure 3.2.7 LC3 structures seemed to be unaffected in TBC1D9B knockdown. 

siRNA knockdown in HeLa cells was done as per 2.2.8.3 and polyclonal antibody against 

LC3 was used to stain autophagosomes. Analysis was done using ImageJ processing was 

done using Adobe Photoshop. 

 

Visibly, we found that autophagosomes were not significantly affected in TBC1D9B 

knockdown conditions (Figure 3.2.7). The size and distribution of autophagosomes in 

TBC1D9B knockdown cells was similar to control cells. However, due to numerous LC3 

punctae in the cell, it is difficult to assess visually whether there was a modest change in 

the number of LC3 punctae. This experiment was performed once and thus these 

observations are preliminary. More independent repeats are needed to derive conclusions. 

 

3.3 Endosomal structures other than late endosomes are also affected upon 

TBC1D9B depletion 

To further investigate the vesicles that were affected by TBC1D9B knockdown, we 

decided to look upon endosomal compartments. Rab14 is a GTPase that is known to 

localize on early/recycling endosomes. It is also known to be on rough endoplasmic 
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reticulum and trans-Golgi network. Nonetheless it is usually considered as a good marker 

for early endosomes and recycling endosomes. Thus, we used Rab14 GTPase as a marker 

and looked at early/recycling endosomal structures. 

 

 

 
Figure 3.3.1 Rab14 (+) structures are enlarged upon TBC1D9b knockdown. siRNA 

knockdown in HeLa cells was done as per 2.2.8.3. Anti-rab14 rabbit antibody was used 

for immunostaining. ImageJ was used for analysis and Adobe Photoshop for processing. 

 

At least 50 cells were imaged and analyzed and the confocal images represented that 

Rab14 (+) structures were enlarged in TBC1D9B knockdown. Most of the knockdown 

cells showed that Rab14 structures were larger than in control cells. From this 

observation, we can speculate that TBC1D9B might be acting as a GAP for Rab14 and its 

depletion is leading to less of membrane-bound Rab14-GTP being converted into Rab14-

GDP form. Further investigations are needed to confirm this hypothesis.  

 

We next used EEA1 as a marker to visualize early endosomes upon TBC1D9B depletion. 

EEA1 (Early endosome antigen 1) is known to localize exclusively to early endosomes. It 

is a membrane-bound effector of Rab5 and plays a crucial role in membrane trafficking. 

Thus, we used EEA1 to look at early endosomes upon TBC1D9B knockdown. 
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Figure 3.3.2 Some EEA1 puncta are enlarged upon TBC1D9B knockdown. siRNA 

knockdown in HeLa cells was done as per 2.2.8.3 and anti-EEA1 antibody was used in 

for immunostaining. Image acquiring parameters were kept the same for all the images. 

Analysis of images was done using ImageJ and final processing was done using Adobe 

Photoshop. 

 

At least 50 cells were imaged and we found that not all EEA1 (+) compartments were 

affected by TBC1D9B knockdown (Figure 3.3.2). Still many puncta in the knockdown 

cells appeared enlarged as compared to the control cells. EEA1 could act as a bridge for 

the fusion of two membrane vesicles that bear Rab5. Thus, some increase in EEA1 might 

suggest that there is more homotypic fusion of Rab5 compartments. Further detailed 

investigation is needed to determine the reasons for the change in EEA1 staining.  

 

Next we decided to check Mannose-6-phosphate receptor (M6PR)staining upon 

TBC1D9B depletion. M6PRs are transmembrane receptors responsible for binding the 

newly synthesized enzymes in the trans-Golgi network and transport them to the 

lysosomes. M6PRs are essential for the delivery of hydrolases that are responsible for the 
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degradation of lysosomal contents. Rab14 compartments are one of the vesicles that carry 

M6PRs and since Rab14 (+) compartments were enlarged in TBC1D9B knockdown 

(Figure 3.3.1), we thought of looking at M6PR staining in TBC1D9B knockdown cells. 

 

 

 
Figure 3.3.3 M6PR staining is enhanced upon TBC1D9B knockdown. siRNA 

knockdown in HeLa cells was done as per 2.2.8.3 and anti-M6PR rabbit antibody was 

used for immunostaining. Image acquiring parameters were kept the same for all the 

images. Analysis of images was done using ImageJ. 

 

We found that in TBC1D9B knockdown cells, M6PR staining is significantly enhanced 

as compared to the control cells. M6PR usually can be on the same compartment as 

Rab14. Increase in Rab14 compartment size (Figure 3.3.1) as well as enhanced M6PR 

staining can suggest that a defect in the delivery pathway of lysosomal hydrolases from 

Golgi to lysosomes. Such hypotheses need to be tested to derive conclusive observations. 

 

 

 

 

Phalloidin 
 

Phalloidin 
 

Phalloidin 
 

Rb-M6PR 

Rb-M6PR 

Rb-M6PR 

Merged 
 

Merged 
 

Merged 
 

 



28  

3.4 Transferrin receptor was similar in control and upon TBC1D9B knockdown 

We next assessed the distribution of transferrin receptor (TfR) that marks the recycling 

endosomes. TfR is expressed on the membrane surface of the cell and is responsible for 

the import of iron by forming a transferrin-iron complex that is endocytosed. Once the 

receptor is internalized, iron is dissociated from the transferrin-receptor complex and both 

transferrin and the receptor undergo slow recycling from the endocytic recycling 

compartment to the plasma membrane (Donaldson & Grant et al., 2009).We stained and 

observed the Transferrin receptor in TBC1D9B knockdown conditions. 

 

 

 
Figure 3.4TfR is unaffected in TBC1D9B knockdown. siRNA knockdown in HeLa 

cells was done as per 2.2.8.3 and anti-TfR rabbit antibody was used for immunostaining. 

Image acquiring parameters were kept the same for all the images. Analysis of images 

was done using ImageJ and final processing was done using Adobe Photoshop. 

 

At least 50 cells were imaged and we observed that the Transferrin receptor staining was 

not affected in TBC1D9B knockdown. The TfR staining was similar in both control and 

knockdown cells. Again, it is to be noted that this experiment was done once and thus 

these findings are preliminary and need to be reconfirmed with independent experiments. 
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Chapter 4  

Conclusion and Future Directions 
In summary, our findings present TBC1D9B as a novel interaction partner of Arl8b. 

Establishing the significance of this interaction and the regions in TBC1D9B and Arl8b 

responsible for this interaction is the goal of our future experiments. Also, the function of 

different domains of TBC1D9B needs to be investigated. Further, we report that human 

TBC1D9B has homologs in other established model systems as well. Upon knockdown 

of TBC1D9B, we observed several changes in various intracellular organelles and 

membrane vesicles. LAMP1(+) compartments were enlarged upon TBC1D9B depletion, 

which could be due to many reasons including homotypic fusion of LAMP1 structures or 

impaired degradation of lysosomal contents. Further investigation is needed to establish 

the exact cause of the enlargement of LAMP1 compartments. Besides this, we also 

observed larger and brighter endosomes positive for Rab7 and Rab14 upon TBC1D9B 

depletion. We also observed enlarged EEA1 compartments and enhanced staining for 

M6PR upon TBC1D9B knockdown.  

The changes observed in Rab14 and Rab7 structures upon TBC1D9B knockdown can be 

an interesting finding to pursue. Previous studies have established that one TBC protein 

can act as GAP for multiple Rabs in the cell (Itoh et al., 2006). Thus, we speculate that 

Rab7 or Rab14 might both act as Rab substrates for TBC1D9B. Another possibility can 

be that hyperactivation of one Rab affects the other compartments. For instance, 

constitutive activation of Rab7 can affect the upstream endosomal compartments 

including EEA1/Rab14 compartments. That may be one of the reasons why EEA1 and 

Rab14 compartments are affected upon TBC1D9B depletion. Recent reports also suggest 

Rab2A as a potential substrate for TBC1D9B. Further investigations are needed to 

establish the Rab substrate of TBC1D9B. Besides this, TBC1D9B also has a paralogue, 

TBC1D9A, which also interacts with Arl8b according to our preliminary investigations 

(unpublished work by Shalini Rawat). As part of future studies, we are keenly interested 

in deciphering the cellular roles of TBC1D9A and TBC1D9B, identity of their Rab 

substrates and their roles in regulating cargo transport and degradation. 
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