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Synopsis 
 

Membrane tubulation coupled to fission is fundamental to numerous cellular 

processes. It manifests in all known forms of vesicular trafficking and its precise regulation is 

critical for inter and intra-cellular cross-talk. Over the years, research has significantly 

advanced our understanding of these processes separately and has identified candidate 

proteins capable of either membrane tubulation or fission. However, mechanisms regulating 

their coupling have so far remained unclear, mainly due to a dearth of assay systems allowing 

us to unambiguously probe early intermediates formed during the process. In this thesis, I 

describe our efforts at reconstituting a coupled membrane tubulation and fission reaction using 

a mixture of two proteins, the membrane tubulator BIN1 and the fission catalyst dynamin2. 

We uncover mechanistic insights into the process and discuss its significance in understanding 

muscle cell physiology. 

 

Chapter 1 of this thesis introduces cellular processes wherein membrane tubulation 

and fission manifest, with a focus on the T-system in skeletal muscles as an example of a 

regulated developmental process where the coupling of these two processes becomes 

important physiologically. It discusses our current understanding of the functions of the N-

BAR domain containing protein BIN1 and the large GTPase dynamin2, emphasizing the 

importance of mutations mapped to these proteins in centronuclear myopathies (CNMs), a 

class of hereditary muscular disorders characterized by progressive muscle weakening and 

disorganized T-tubules. Chapter 2 provides a comprehensive list and description of the 

materials and methods used to obtain the results presented in this thesis. Chapter 3 describes 

the utility of cushioned planar lipid bilayer islands as novel templates in monitoring membrane 

tubulation reactions in real-time. Using correlative time lapse imaging of the membrane and 

protein channels, we quantitate kinetics of BIN1 mediated tubulation encompassing each step 

of the reaction from membrane binding, oligomerization and subsequent tubulation. These 

templates provide an entirely new way of monitoring membrane remodeling and are likely to 

have wide applicability in reconstituting the functions of diverse proteins. Chapter 4 

highlights the use of these templates to bring out defects caused by different BIN1 mutants 

associated with CNM. The ability to distinguish subtle differences in membrane binding and 

self-assembly between mutants is described. Chapter 5 presents results reconstituting 

coupled membrane tubulation and fission for the first time. BIN1 and dynamin2 constitute a 
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minimal two-component module capable of such a reaction. BIN1’s ability to recruit dynamin 

to membrane tubules, and at the same compete for membrane engagement allow for a dose-

dependent regulation to dynamin2 catalyzed fission. Our results provide a mechanistic 

understanding of why the relative levels of BIN1 and Dyn2 become critical for proper muscle 

development, and highlight likely utility of using planar bilayers that are amenable to 

remodeling in advancing our understanding of other cellular processes where membrane 

tubulation is coupled to fission. Chapter 6 serves as a summary of the findings presented in 

this thesis and provides a platform for discussing the implications and potential future 

directions of the research. 

 

Figures presented in the thesis have been reproduced from a manuscript describing 

this work which is uploaded on biorxiv as the following pre-print: 

 

Bhattacharyya, S., & Pucadyil, T. (2023). Dynamics of membrane tubulation coupled with 

fission by a two-component module revealed on polymer cushioned bilayer islands. bioRxiv, 

2023-09. doi: https://doi.org/10.1101/2023.09.17.558094 
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Chapter 1: Membrane Tubulation and 
Fission in Cellular Physiology
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A 5nm thin bilayer sheet formed by the spontaneous self-assembly of amphipathic 

lipids delimit cellular contents of all known life-forms. Membranes exhibit fluidity, enabling 

rapid sealing upon rupture and also display elasticity resisting deformation. However, 

processes like membrane tubulation, fission and fusion, all of which require local changes in 

membrane topology, are commonplace and indispensable for cellular function. They become 

critical during organ development, cell migration, cellular entry of toxins, viruses and during 

intracellular protein trafficking (Suzuki et al. 2021; Boucrot et al. 2015; Renard et al. 2015; 

Chan Wah Hak et al. 2018; Hall et al. 2020; Feng and Yu 2021; Carlton et al. 2004). 

 

Such changes in membrane shape are brought about by the coordinated action of dedicated 

protein machineries that directly interact with lipids to deform membranes. The nature of these 

protein-lipid interactions and the modes by which membranes are remodeled have diverged 

across time evolving to suit requirements of the processes in which they function. The bending 

of a lipid bilayer into a tubule or bud followed by its subsequent release is mandatory across 

all forms of vesicular traffic including cellular entry and inter organellar cross-talk (Figure 

1.1). Decades of active research has identified several protein machineries that coordinate 

membrane tubulation and fission, and have laid out the foundation for a mechanistic 

understanding of how these two fundamental processes are coupled.  

 

1.1. Membrane tubulation and fission in cellular transport 

 

Regulated cycles of membrane tubulation and fission from the plasma membrane are 

critical for cellular entry and maintenance of plasmalemmal protein and lipid composition. Of 

the several modes of cellular entry discovered, clathrin mediated endocytosis (CME) has been 

the most studied (Kaksonen and Roux 2018; Mettlen et al. 2018). While CME proceeds via the 

formation of membrane buds ranging in size from ~60 to 120nm, clathrin independent forms 

of endocytosis like the CLIC/GEEC pathway form elongated tubular invaginations that are 

released into the cell (Mayor and Pagano 2007; Mayor, Parton, and Donaldson 2014). The final 

step of vesicle release in clathrin mediated endocytosis is mediated by the large GTPase 

dynamin with the site of dynamin activity precisely defined by BAR domain containing 

proteins like endophilins and amphiphysins. The CLIC/GEEC pathway however is dynamin 

independent, with the BAR domain containing protein GRAF1 helping regulate carrier 

morphology (Lundmark et al. 2008; Sabharanjak et al. 2002). Interestingly in budding yeast, 
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CME proceeds via tubular intermediates with the involvement of the BAR domain containing 

proteins Syp1p and Rvs161/167p (Buser and Drubin 2013; Weinberg and Drubin 2012). How 

fission of a clathrin coated carrier is mediated in yeast is however still unclear. Another 

specialized form of endocytosis termed Fast Endophilin Mediated Endocytosis (FEME) relies 

on endophilin for the generation of tubular invaginations of the plasma membrane. FEME is 

dynamin dependent, but clathrin independent and results in rapid uptake of receptors upon 

GPCR activation by their ligands (Casamento and Boucrot 2020; Watanabe and Boucrot 2017; 

Boucrot et al. 2015).   

Inside cells, tubular transport carriers (TTCs) from endosomes have been widely 

described, majorly aiding the segregation of cargo with different cellular fates. Whereas mostly 

short tubular protrusions have been observed for  early endosomes, longer tubular carriers have 

been described for cargo emerging from late endosomes being recycled back to the plasma 

membrane (Klumperman and Raposo 2014; Delevoye et al. 2014). Sorting nexins (SNXs) that 

comprise a BAR domain and a phosphoinositide binding PX domain have majorly been 

attributed membrane reshaping roles in the generation of endosomal TTCs (Worby and Dixon 

2002; Carlton et al. 2004; Cullen 2008). More recent reports have shown distinct tubular 

carriers necessary for the clearance of damaged lysosomal membranes (Bonet-Ponce et al. 

2020; Bonet-Ponce and Cookson 2022). Anterograde transport from the endoplasmic reticulum 

Figure 1.1. Multiple pathways of cellular transport. Schematic showing different pathways 
of vesicular transport along with proteins functioning in membrane tubulation and fission.  
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to golgi as well as retrieval of ER components from the golgi back to the ER proceed via the 

formation of ERGIC which comprises of tubulovesicular transport intermediates (Raote and 

Malhotra 2019). Whether these processes require BAR domain containing protein are still 

unclear and might rely on separate mechanisms for TTC generation.  

 

While evolutionarily conserved and potentially pervasive, the mechanisms governing the 

regulation of tubular transport carrier formation and fission continue to present a complex and 

incompletely elucidated landscape (Polishchuk, Capestrano, and Polishchuk 2009). To achieve 

optimal functionality within a TTC-based transport pathway, the synchronization of membrane 

tubulation with fission processes assumes critical importance. The undue occurrence of either 

excessive tubulation or premature fission carries the potential to disrupt the throughput of the 

transport reaction, yet the precise operational principles underpinning the orchestration of this 

intricate process remain unclear. In this thesis, we draw inspiration from T-tubules which are 

specialized tubular invaginations of the plasma membrane and comprise of the BAR domain 

containing amphiphysin 2 or BIN1 and the fission catalyst dynamin2 as structural components 

to elucidate molecular mechanisms that determine and regulate tubule growth coupled to 

membrane fission.  

 

1.2. T-system in skeletal muscles 

 

A striking example of a regulated tubulation process manifests during the formation of T-

tubules, which are regularly spaced plasma membrane invaginations in cardiac and skeletal 

muscle cell (Ibrahim et al. 2011; Al-Qusairi and Laporte 2011) (Figure 1.2). Myoblasts fuse 

to form multi-nucleate myocytes, which are some of the largest cells in humans (10-50µm wide 

and up to 40mm in length). These tubular invaginations project into the cell interior and are 

enriched in specific ion channels, dissipating and allowing for rapid transmission of an action 

potential delivered at neuro muscular junctions. Their growth, stabilization and maturation 

during muscle development coincides with a change in their protein composition, which allows 

them to become tightly associated with the sarcoplasmic reticulum to facilitate synchronous 

excitation-contraction across the entire myocyte by promoting calcium release from the ER. 

 

Mature T-tubules are continuous with the extracellular medium and thus their lumen takes 

up membrane impermeable dyes like dextran making them amenable to microscopic imaging. 

This has provided insights into T-tubular architecture in myocytes of different mammalian 
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species and revealed diameters ranging between ~60 to 100nm (Jayasinghe et al. 2015; 

Jayasinghe and Launikonis 2013). Although the morphology and distribution of mature T-

tubules in myocytes has been well studied, a comprehensive understanding of the initial steps  

of T-tubule biogenesis is just beginning to emerge. Interestingly, myoblasts lack any sort of 

tubular invagination of the plasma membrane akin to T-tubules, and it is only post cell fusion 

and during myocyte development that T-tubules begin to form. The N-BAR domain containing 

protein amphiphysin 2 also known as BIN1 is enriched along T-tubules and is a critical 

structural element aiding T-tubule biogenesis (Hohendahl, Roux, and Galli 2016). T-tubules 

associate with caveolar components giving rise to the notion that caveolae determine the sites 

for T-tubule formation (Parton et al. 1997; Al-Qusairi and Laporte 2011). Recent work looking 

at the sarcolemma in unroofed differentiated myotubes show dynamic BIN1 positive tubes 

emanating from ring like platforms composed of caveolar proteins (Lemerle et al. 2023). Live 

imaging of T-tubule development in zebrafish embryos suggests a pathway whereby BIN1 

along with other proteins form dynamic endocytic tubules at the plasma membrane, some of 

which are captured and stabilized by contacts with the sarcoplasmic reticulum. Subsequent 

trafficking and fusion of endosomes facilitates the guided growth of the tubule (Hall et al. 

2020). This endocytic capture model highlights similarities between early stages of T-tubule 

biogenesis and clathrin-independent trafficking pathways that involve a tubular membrane 

Figure 1.2. T-tubule morphology and function. (A) Schematic depicting the cross section 
of a mature myocyte showing T-tubule morphology. Inset shows the organisation of triads 
with T-tubules in close contact with the sarcoplasmic reticulum. (B) Diagram showing the 
steps of excitation-contraction coupling in skeletal muscle. Inset in (A) adapted form 
Wikipedia. (B) is reproduced from Chapter 1 of the book ‘Muscle Physiology’ by University 
of Washington Press. 
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intermediate. Interestingly, the fission catalyst dynamin2 directly interacts with BIN1 and thus 

is also a structural component of mature T-tubules, although how it remains stably associated 

along a membrane tube and the details of it molecular role in this context remain unclear.   

 

1.3 The membrane tubulator: amphiphysin 2 aka BIN1 

 

BIN1, a closely related protein to amphiphysin 1 with 54% identity, referred to as 

amphiphysin 2, was initially identified as a protein capable of interacting with myc through a 

box-dependent mechanism, leading to tumor suppression (Sakamuro et al. 1996). Soon after 

its discovery, it was found to be 

concentrated in the T-tubules 

of skeletal muscles and initial 

reports suggested a role in 

muscle cell differentiation 

because a reduction in BIN1 

levels led to improper myocyte 

differentiation (Butler et al. 

1997; Wechsler-Reya, Elliott, 

and Prendergast 1998). Mice 

depleted for BIN1 die after 

birth. In Drosophila, a single 

amphiphysin gene serves both 

the endocytic function of 

human amphiphysin 1 and the 

muscular function of BIN1 with 

the protein localised to both 

endocytic pits as well as T-tubules in flies (Razzaq et al. 2001). Interestingly, the homozygous 

null mutant of this gene was viable and displayed no significant phenotype related to synaptic 

vesicle endocytosis. However, it exhibited a severe phenotype in muscle contraction, rendering 

the flies incapable of flight and subsequent imaging showed that the T-tubule system was 

present but highly disorganized in the fly muscle, suggesting that the Drosophila 

amphiphysin/BIN1 homolog plays a role in T-tubule biogenesis.  

 

Figure 1.3. The BAR-domain containing family of 
proteins. Phylogenetic tree of proteins belonging to the 
BAR-domain family. Red star indicates position of 
amphiphysin2 or BIN1. Adapted from (Haberman 2004). 
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BIN1 belongs to the BAR-domain (BIN1/Amphiphysin/Rvs167) containing family of 

proteins (Figure 1.3). This BAR domain functions as a membrane binding domain, forming 

dimeric structures with a crescent banana-like shape (Peter et al. 2004) (Figure 1.4). The BAR 

dimer binds negatively charged lipids through its positively charged concave surface. Its 

crescent shape allows it to interact with membranes in a manner dependent on membrane 

curvature, making  it a crucial component for sensing membrane curvature (Casal et al. 2006). 

Furthermore, BIN1 belongs to the subgroup of N-BAR proteins due to the presence of an N-

terminal amphipathic helix. Amphipathic helices are short sequences consisting of 15 to 30 

amino acids that, when folded into an α-helix, position hydrophobic residues on one face and 

hydrophilic residues on the opposite face of the helix. These helices remain unfolded in 

solution but adopt an α-helical conformation when binding to lipids. Point mutations in the 

hydrophobic residues within these amphipathic helices impact the ability of proteins to bind 

Figure 1.4. Structural features of BIN1. (A) Domain organisation of BIN1 showing multiple 
splice variants expressed across different tissues. Reproduced from (Hohendahl, Roux and 
Galli 2016). (B) Structure of the Drosophila amhiphysin BAR-domain. Surface colour based 
on electrostatic potential with red indicating negative charge and blue positive charge. 
Reproduced from (Peter et al. 2004). (C) 3D reconstructions from cryo-EM of BIN1 coated 
tubules showing protein organisation on the membrane. Blue- protein, Yellow- membrane. 
Reproduced from (Adam et al. 2015). 
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and tubulate liposomes. The structure of BIN1's N-terminal amphipathic helix in micelles was 

determined using NMR, revealing that approximately 20 residues comprise the helix (Löw et 

al. 2008). Consequently, BIN1's BAR domain possesses structural characteristics typical of 

other N-BAR domains, enabling it to sense and induce membrane curvature. 

 

BIN1 is comprised of 20 exons, which undergo alternative splicing resulting in the 

generation of 11 distinct isoforms (Figure 1.4). In the muscle-specific isoforms of BIN1, a 

critical clathrin-AP2 (CLAP) binding motif, responsible for targeting BIN1 to clathrin-coated 

pits, is notably absent. This absence suggests a function independent of clathrin-mediated 

endocytosis (CME) within muscle cells (Ramjaun and McPherson 1998). Additionally, only 

the muscle-specific isoforms of BIN1, include exon 11, which encodes for a stretch of 

polybasic residues and is referred to as a phosphoinositide (PI) domain due to its specific 

binding to PI(4,5)P2 (Lee et al. 2002). Furthermore, experiments have shown that 

overexpression of BIN1 isoform 8, which contains the PI motif, induces membrane tubulation 

in various cell types (Cowling et al. 2017a; Lee et al. 2002). In contrast, this tubulation activity 

is not observed in the neuronal isoform 1, which lacks the PI motif suggesting it is critical for 

drawing tubes from the plasma membrane and plays a critical role in T-tubule biogenesis. 

PI(4,5)P2 concentration increases during myoblast-to-myotube differentiation and is important 

in recruiting BIN1 to the plasmalemma. The PI motif, due to its high affinity for PI(4,5)P2, 

together with the BAR-domain is proposed to aid in correct BIN1 localisation and locally 

increase protein density, promoting curvature generation (Adam, Basnet, and Mizuno 2015). 

 

The C-terminus of all BIN1 isoforms, similar to amphiphysin1, retain the Src 

Homology3 (SH3) domain. The SH3 domain interacts with the Proline Rich domain (PRD) in 

dynamins, and is indispensable for recruiting dynamin2 to T-tubules (Grabs et al. 1997; Lee et 

al. 2002). Thus the ability of amphiphysins to interact with the fission catalyst dynamin is 

conserved evolutionary as well as across isoforms irrespective of the type of tissue in which 

they are expressed. 

 

1.4. The membrane fission catalyst: dynamin2 

 

Dynamin was identified as a microtubule binding protein, and its similarity to ATP-

dependent motor proteins earned it the name dynamin (from dynamic) (Shpetner and Vallee 

1989). Subsequent studies revealed its similarity to the Drosophila shibire gene and flies 
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showed rapid and reversible paralysis upon depleting shibire expression in a temperature 

sensitive manner (Obar et al. 1990; Grigliatti et al. 1973). The paralysis stemmed from an arrest 

in synaptic transmission due to an endocytic block and ultrastructural analysis of the synaptic 

termini of these flies revealed omega shaped buds stalled at the plasma membrane (Kosaka and 

Ikeda 1983; Koenig and Ikeda 1989). Overexpression of a GTPase defective mutant of 

dynamin, replacing GTP for the non-hydrolysable analog GTPgS as well as depleting dynamin 

in mammalian cells showed the accumulation of long tubular necks from the plasma membrane 

and decorated by clathrin at their base (van der Bliek et al. 1993; Damke et al. 1994) (Figure 

1.5). These led to the suggestion of a possible role for dynamin in endocytosis. Subsequent 

biochemical studies with purified dynamin added to membrane templates in the presence of 

GTP showed dynamin alone is capable of membrane fission and have led to a model wherein 

dynamin assembles at the neck of a clathrin coated vesicle and mediates membrane fission for 

vesicle release utilising energy released upon GTP hydrolysis (Takei et al. 1999; Roux et al. 

2006; Pucadyil and Schmid 2008; Dar, Kamerkar, and Pucadyil 2015; Antonny et al. 2016).  

 

Mammals have three dynamin genes sharing ~80% homology, with multiple splice 

variants. Dynamin1 is the major neuronal isoform regulating synaptic vesicle release (Sontag 

Figure 1.5. Dynamin2 structure and function. (A) Domain organisation of dynamin2. 
Reproduced from (Hohendahl, Roux and Galli 2016). (B) 3D reconstructions from cryo-EM 
of dynamin scaffolds on the membrane showing the helical arrangement of dynamin 
polymers. Reprodeuced from (Kong et al. 2018). (C) Electron micrographs showing elongated 
tubules formed from the plasma membrane upon dynamin depletion in cells. C and D show 
the KO phenotype compared to buds present in WT. Adapted from (Ferguson et al. 2009). 
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et al. 1994; Cook, Urrutia, and McNiven 1994; Hong Cao, Garcia, and McNiven 1998). 

Dynamin2 is the more ubiquitous of the three dynamin isoforms and the major fission protein 

functioning in clathrin mediated endocytosis across different cell types. Dynamin3 is present 

at low levels in neurons, lungs and testis. Apart from CME, dynamin2 is also involved in other 

cellular pathways, some being the fission of endosomal carriers, vesicle release from the golgi, 

caveolae internalisation, recycling of autophagic membranes, lysosomal fission as well as in 

regulating cytoskeletal organisation (Jones et al. 1998; Oh, McIntosh, and Schnitzer 1998; H. 

Cao et al. 2000; Schulze et al. 2013; Rowland et al. 2014; Fang et al. 2016; Zhang et al. 2020). 

 

Dynamins are large GTPases with the GTP hydrolysing G-domain located at the N-

terminus. It is connected to the rest of the protein via the helical Bundle Signalling element 

(BSE) also called the neck. The stalk comprises of a unique middle domain and a GTPase 

Effector Domain (GED). The stalk is critical for dynamin dimer formation and aids in self-

assembly of the molecule. The GED is a coiled coil that interacts with the G-domain upon 

dimer formation and stimulates rates of GTP hydrolysis (Ford, Jenni, and Nunnari 2011; 

Faelber et al. 2012; Kong et al. 2018). The Pleckstrin Homology (PH) domain located at the 

foot of the molecule is what engages with the membrane and has high affinity for acidic 

phospholipids, particularly PI(4,5)P2 (Ramachandran et al. 2009). In solution, the PH domain 

folds back onto the stalk keeping dynamin in the auto-inhibited state. Membrane binding 

dissociates the PH domain leaving the stalk free to allow dynamin oligomerisation. Dynamin 

oligomers assemble as a helical filament around a membrane tube with G-domains of adjacent 

rungs coming together to stimulate the rates of GTP hydrolysis (Figure 1.5). GTP hydrolysis 

rates of dynamin bound as a helical array around negatively charged membranes show a 

stimulation of GTPase activity by almost 100 fold as compared to dynamin tetramers in 

solution. GTP hydrolysis cycles prompt constriction of the helical assembly eventually leading 

to membrane fission and dynamin disassembly (Warnock and Schmid 1996; S. M. Ferguson 

and De Camilli 2012). The C-terminal disordered Proline Rich domain (PRD) faces away from 

the membrane and is critical for dynamin’s association with other proteins. In muscles, the 

PRD is required for dynamin 2’s interaction with the BIN1 SH3 domain, and in turn its 

localisation to T-tubules (Lee et al. 2002; Bitoun et al. 2005). The three dynamins differ most 

in the sequences of their PRDs and despite their similarities, show differences in their 

membrane binding, GTP hydrolysis rates and in turn assembly induced constriction and fission 

efficiencies (Liu et al. 2011). Such differences likely become critical in a tissue specific context 
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and as such alterations in the levels of dynamin2 in myocytes leads to an altered T-tubule 

morphology disrupting muscle contractility (Buono et al. 2018; Gómez-Oca et al. 2022a). 

 

1.5. CNMs 

 

Since T-tubules are such critical components for skeletal and cardiac muscle function, 

organisms in which T-tubules are absent, or fail to mature properly during the early stages of 

development do not survive. This poses significant challenges in understanding T-tubule 

biogenesis. However, mapping genes mutated in patients with centronuclear myopathies 

(CNMs) has provided insights into proteins critical for optimal T-tubule organisation 

(Jungbluth, Wallgren-Pettersson, and Laporte 2008). CNMs are a group of congenital 

hereditary disorders characterized by hypotrophic muscle fibers, disorganized T-tubules and 

progressive muscle weakening leading to uncoordinated force generation(Hohendahl, Roux, 

and Galli 2016; Bitoun et al. 2005; Böhm et al. 2014; Fugier et al. 2011; Böhm et al. 2013; 

Gómez-Oca et al. 2022a). As the name suggests, myocytes in patients with CNM also present 

with nuclei that are located in the cell center due to defects in nuclear migration to the cell 

periphery.  

 

The first loci to be identified for the disease mapped to BIN1 and dynamin2. 

Subsequently, mutations in the phosphoinositide phosphatase myotubularin (MTM1), skeletal 

muscle ryanodine receptor (RYR1), titin (TTN) and the myotubularin related protein 14 

(MTMR14) have also been identified to cause CNM (Jungbluth, Wallgren-Pettersson, and 

Laporte 2008). Whereas MTM mutations are X-linked recessive, BIN1 mutations comprise 

autosomal recessive forms of the disease. Dyn2 mutations are autosomal dominant. Since their 

initial discovery, a large number of mutations have been identified across different regions of 

BIN1 and dynamin2, the two genes majorly affected (Hohendahl, Roux, and Galli 2016) 

(Figure 1.6). Currently there are ~11 mutations along BIN1 and ~24 spread across dynamin2. 

Several mutations on the BIN1 BAR domain and the N-terminal amphipathic helix have been 

discovered and have been suggested to reduce or abrogate the membrane binding and 

tubulation abilities of BIN1. Chapter 4 of this thesis discusses these mutations in greater detail. 

The majority of dynamin2 mutations are missense mutations located in the stalk and PH 

domain. All the mutations that have undergone biochemical characterization (R465W, S619L, 

A618T, E368K, ΔV625, and R369W) exhibit heightened basal GTPase activity and reduced 
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GTP-triggered disassembly when compared to wild-type dynamin 2. Interestingly, majority of 

these mutations are located at or near the interface between the PH domain and the stalk seen 

in the case of nucleotide free Dyn2 with the PH domain folded back. Since these mutations 

locally change the charge or hydrophobicity of residues, they are predicted to disrupt this 

interface likely relieving or reducing dynamin2 auto-inhibition. This leads to increased rates of 

self-assembly and in turn GTP hydrolysis. Studies overexpressing these proteins in cells along 

with BIN1 have reported a gain of function phenotype with one interpretation being Dyn2 

lacking autoinhibition is capable of severing BIN1 drawn tubules (Cowling et al. 2011; Böhm 

et al. 2012; Cowling et al. 2017a; Buono et al. 2018b; Lionello et al. 2022; Gómez-Oca et al. 

2022a). Apart from the ones mentioned above, a large number of mutations are located on the 

SH3 domain in BIN1 as well as the Dyn2 PRD, and have been suggested to completely disrupt 

or reduce the affinity of these proteins for each other.  

 

The fact that so many of the CNM mutations are located at the interaction interface between 

these two proteins, and that a balance between their relative levels is essential for myocyte 

maturation and optimal T-tubule organization underscores the critical nature of the BIN1-Dyn2 

interaction in muscle physiology and highlights that modules coupling a tubulator and a fission 

protein play key roles across cellular physiology (Lionello et al. 2022; Perdreau-Dahl et al. 

2023) (Figure 1.6). Although attempts have been made to decipher mechanisms by which these 

two proteins regulate each other’s functions, a dearth of assays that allow segregating the effects 

Figure 1.6. CNM and BIN1-Dyn2 coupling. (A) CNM linked mutations in BIN1 and Dyn2. 
Adapted from (Hohendahl, Roux and Galli 2016). (B) Fluorescence micrographs showing 
disorganized T-tubules as compared to the normal organisation in rat cardiomyocytes. 
Adapted from (Setterberg et al. 2021). (C) Cells showing loss of dynamin2 staining from 
tubules formed upon overexpressing BIN1 lacking the SH3 domain (M-BAR*) compared to 
WT BIN1 (M-Amph2) (yellow arrows). Reproduced from (Lee et al. 2002).   
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each protein has independent of the other has precluded a comprehensive understanding. In this 

thesis, I describe the development of novel membrane templates, namely cushioned planar 

supported lipid bilayer islands that allow monitoring membrane tubulation reactions in real time 

and allow for an understanding of Dyn2’s effects only when recruited to BIN1 drawn tubules. 

Our results present general principles that are relevant to understanding T-tubule biogenesis 

and applicable across protein modules that couple membrane tubulation with fission. 
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Chapter 2: Materials and Methods 
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2.1. Constructs and cloning: 

Human BIN1-EGFP (isoform 8) (Addgene plasmid #27305) and human dynamin2 C-

terminally tagged to mCherry were cloned in pET15b with N-terminal 6xHis and C-terminal 

StrepII tags. Human dynamin 2 was cloned in pET15B with a C- terminal StrepII tag. Mutations 

were introduced using PCR. All clones were confirmed by sequencing. The following is a list 

of primers used in this study: 

 

Primer name Sequence(5’… 3’) 
BIN1 HTS IUS TATTTCCAAGGCTCGGCAGAGATGGGCAGT 

BIN1 HTS ILS CTGAGGATGAGACCACTTGTACAGCTCGTC 

BIN1 HTS VUS GACGAGCTGTACAAGTGGTCTCATCCTCAG 
BIN1 HTS VLS ACTGCCCATCTCTGCCGAGCCTTGGAAATA 

BIN1DGFP US ACTGAGAGGGTCCCATGGTCTCATCCTCAG 

BIN1DGFP LS CTGAGGATGAGACCATGGGACCCTCTCAGT 

BIN1 DK21 US AGCAACGTGCAGAAGCTCACCCGCGCGCAG 

BIN1 DK21 LS CTGCGCGCGGGTGAGCTTCTGCACGTTGCT 

BIN1 R145C US ATTGCCAAGCGGGGGTGCAAGCTGGTGGAC 
BIN1 R145C LS GTCCACCAGCTTGCACCCCCGCTTGGCAAT 
BIN1 D151N US AAGCTGGTGGACTACAACAGTGCCCGGCAC 
BIN1 D151N LS GTGCCGGGCACTGTTGTAGTCCACCAGCTT 
BIN1 R154Q US GACTACGACAGTGCCCAGCACCACTACGAG 
BIN1 R154Q LS CTCGTAGTGGTGCTGGGCACTGTCGTAGTC 
BIN1 delSH3 US CGCTTGGACCTGCCCCCATACCCAGCTTTCTTGTAC 

BIN1 delSH3 LS GTACAAGAAAGCTGGGTATGGGGGCAGGTCCAAGCG 
Dyn2HTS-Cherry IUS CTGTATTTCCAAGGCATGGGCAACCGCGGG 
Dyn2HTS-Cherry ILS CTCGCCCTTGCTCACGTCGAGCAGGGATGG 

Dyn2HTS-Cherry VUS CCATCCCTGCTCGACGTGAGCAAGGGCGAG 

Dyn2HTS-Cherry VLS CCCGCGGTTGCCCATGCCTTGGAAATACAG 

Dynamin2 E368K US AATCGCATCTTCCACAAACGGTTCCCATTT 

Dynamin2 E368K LS AAATGGGAACCGTTTGTGGAAGATGCGATT 

Dynamin2 S619L US GACAGCTGGAAGGCCCTGTTCCTCCGAGCT 

Dynamin2 S619L LS AGCTCGGAGGAACAGGGCCTTCCAGCTGTC 
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2.2. Expression, purification, and fluorescent labelling of proteins: 

BL21(DE3) cells were grown at 37 °C to an OD600 of 0.6. Protein expression was 

induced with 0.1 mM IPTG, and the cells were transferred to 18 °C and left for 16 h with 

shaking. Bacterial cells were pelleted and stored at -40 °C. The frozen bacterial pellet was 

thawed in 20 mM HEPES pH 7.4 with 500 mM NaCl, 1% Triton X-100 and a protease inhibitor 

cocktail tablet (Roche). Cells were lysed by sonication in an ice-water bath. The lysate was 

spun at 30,000 g for 20 min. For proteins containing 6xHis and StrepII tags (BIN1, BIN1-

EGFP, dynamin2-mCherry), the supernatant was incubated with HisPur™ Cobalt Resin 

(Thermo Fisher Scientific). The resin was washed with 20 mM HEPES pH 7.4 with 500 mM 

NaCl, and the bound protein was eluted with 20 mM HEPES pH 7.4 with 500 mM NaCl and 

250 mM imidazole. The elution was loaded onto a StrepTrap HP column (GE Lifesciences), 

washed with 20 mM HEPES pH 7.4 with 150 mM NaCl and eluted with the same buffer 

containing 2.5 mM desthiobiotin. For dynamin2, the supernatant was directly loaded onto a 

StrepTrap HP column, washed with 20 mM HEPES pH 7.4 with 500 mM NaCl, exchanged for 

20 mM HEPES pH 7.4 with 150 mM NaCl and eluted with the same buffer containing 2.5 mM 

desthiobiotin. Post binding to the StrepTrap HP column and buffer exchange, dynamins were 

additionally washed with buffer containing 100 mM EDTA to remove bound nucleotides prior 

to elution. Proteins were spun at 100,000 g to remove aggregates before use in assays. Protein 

concentrations were estimated using a BCA Protein Assay Kit (Takara). For FRAP 

experiments, BIN1 was labeled with 5-fold excess of Texas Red-C5-maleimide (Invitrogen) in 

20 mM HEPES pH 7.4 with 150 mM NaCl. The reaction was quenched with excess DTT and 

the unreacted dye was removed by extensive dialysis. 

 

2.3. Proximity-based labelling of membrane-associated proteins (PLiMAP): 

PLiMAP assays were carried out as described earlier (Jose et al. 2020; Jose and 

Pucadyil 2020). Briefly, lipids were aliquoted at desired ratios along with 1 mol% of BODIPY-

diazirine phosphatidylethanolamine (BDPE) in a glass tube and dried under high vacuum for 

30 min. Deionized water was added to the dried lipids to achieve a final concentration of 1 

mM. Lipids were hydrated at 50 °C for 30 min, vortexed vigorously and extruded through 50 

nm (for BIN1 alone) or 200 nm (for BIN1 and Dyn2) pore-size polycarbonate filters 

(Whatman). 100 µM liposomes was incubated with the indicated concentrations of proteins in 

a final volume of 30 µL. The reaction was incubated in the dark at room temperature for 30 

min and exposed to 365 nm UV light for 1 min of an intensity of 200 mJ.cm−2 (UVP crosslinker 

CL-1000L). For the coupled liposome co-sedimentation and PLiMAP assay, the mixture was 
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spun at 100,000 g. Samples were mixed with sample buffer, boiled, and resolved using SDS-

PAGE. Gels were first imaged for BODIPY fluorescence on a Typhoon Biomolecular imager 

(Amersham) and later fixed and stained with Coomassie Brilliant Blue (CBB). Binding data 

were fitted to a one-site binding isotherm using Graphpad Prism. 

 

2.4. PEG-cushioned bilayer islands and membrane nanotubes: 

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-

phospho-L-serine (sodium salt), (DOPS), and 1,2-dioleoyl-sn-glycero-3-phospho-(1′-myo-

inositol-4′,5′-bisphosphate) (ammonium salt) (PI(4,5)P2) were from Avanti Polar Lipids. 

Lipids were aliquoted at desired ratios to a final concentration of 1 mM in chloroform. Lipid 

mixes also contained 0.5 mol% of the fluorescent lipid pTexas-Red DHPE (Thermo Fisher 

Scientific). For FRAP experiments, lipid mixes contained 0.5% of BODIPY PE (Avanti Polar). 

3 µl of the lipid mix was spread as a band with a glass syringe on glass coverslips covalently 

conjugated with PEG400 or PEG8000 (Dar, Kamerkar, and Pucadyil 2017), dried, and 

assembled inside an FCS2 flow chamber (Bioptechs) connected to a peristaltic pump 

(Bioptechs). The lipid film was hydrated by flowing buffer at a low flow rate, which washed 

off excess membranes and left behind bilayer islands at the region where the lipid was spread 

and membrane nanotubes downstream of the island. The chamber was pre-equilibrated with an 

oxygen scavenger cocktail (Dar, Kamerkar, and Pucadyil 2017) in 20 mM HEPES pH 7.4 with 

150 mM NaCl and time-lapse images were acquired while flowing desired proteins in the same 

buffer in the absence or presence of 1 mM GTP (Jena Bioscience) and 1 mM MgCl2. 

 

2.5. Solid supported lipid bilayers: 

SUVs were prepared in MQ water with the desired lipid mix to a final concentration of 

1mM total lipid. Piranha treated coverslips were assembled in a FCS2 flow chamber 

(Bioptechs) ensuring coverslips do not dry. The chamber was equilibrated with 1X PBS prior 

to flowing in 0.2mM SUVs diluted in PBS. SUVs were allowed to settle and fuse to the glass 

surface by incubation for 15mins. Excess SUVs were washed off to leave behind SLBs, and 

the PBS based buffer was exchanged with buffer containing 20 mM HEPES pH 7.4 and 150 

mM NaCl prior to flowing in protein. 

 

2.6. Field emission scanning electron microscopy: 

BIN1-coated tubes were fixed inside the flow chamber. Samples were fixed with 

glutaraldehyde (3% w/v) for 10 mins and rinsed with 1% SDS and then with excess water. 
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Samples were dehydrated by sequentially flowing 10, 20, 40, 60, 80 and 100% ethanol. 

Fluorescence imaging at each step confirmed no gross changes to protein distribution during 

sample preparation. The chamber was disassembled, and coverslips were kept under vacuum 

overnight. Samples were gold-coated using a Q150T turbo-pumped sputter coater (Quorum 

Technologies) and imaged on an Ultra Plus field emission scanning electron microscope 

(Zeiss) using a 1.9-kV electron beam and secondary electron detector.  

 

2.7. Fluorescence recovery after photobleaching: 

Area photobleaching experiments were carried out in a wide-field microscopy mode. 

Bilayer islands were first incubated with the desired proteins. Excess protein was washed off 

and the lipid probe in the bilayer island was bleached by increasing the incident light intensity. 

This bleached a large area of the bilayer. The incident light intensity was lowered, and the 

bleached region was imaged at 10 or 20 s intervals to monitor recovery of fluorescence. 

 

2.8. Cell culture and transfections: 

Cells were cultured in DMEM supplemented with 10%FBS and 1% penicillin-

streptomycin at 37°C with 5%CO2. Transfections were done using Lipofectamine 3000 

according to manufacturer’s instructions. DNA lipofectamine complexes were made in Opti-

MEM and added to cells grown on glass coverslips. Imaging was done 24 hours post 

transfection.  

  

2.9. Fluorescence imaging and image analysis: 

Membrane templates were imaged through 100x, 1.4 NA oil-immersion objective on an 

Olympus IX83 inverted microscope connected to an LED light source (CoolLED) and an 

Evolve 512 EMCCD camera (Photometrics). Image acquisition was controlled by µManager 

and images were analysed using Fiji (Schindelin et al. 2012). Tube sizes were estimated based 

on a calibration procedure as described earlier (Dar, Kamerkar, and Pucadyil 2017). To obtain 

kinetic traces for analysing tubulation reactions, images were first minima subtracted and the 

mean intensity of an ROI placed on the SLB was plotted over time. Fission efficiency was 

calculated by estimating the fraction of tubes that showed at least one cut after 10 mins or by 

estimating the number of cuts per tube after 2 min from time-lapse movies. 
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Tubulation on Cushioned Bilayer Islands 
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3.1. Introduction: 

 

Since a large number of proteins act together to co-ordinate cellular processes, it 

becomes difficult to assign membrane remodeling functionalities to proteins simply by looking 

at cellular localization or through readouts from genetic screens. Scientists have therefore 

relied on in-vitro reconstitution whereby candidate proteins are purified and added to lipid 

templates to monitor their interaction. Several templates have so far been developed that allow 

visualization of a protein’s ability to bind and deform membranes to tubules. 

 

Majority of studies have and continue to rely on electron micrographs of membrane 

tubes formed upon incubating purified proteins with liposomes (Farsad et al. 2001; Peter et al. 

2004; Frost et al. 2008; Mim et al. 2012). These have provided rich insights into ultrastructural 

details of how proteins oligomerize and interact with membranes. Our understanding of how 

BAR domain containing proteins deform membranes has largely come from looking at tubes 

formed upon their addition to liposomes. Interestingly, even proteins like endocytic dynamins 

and several dynamin related proteins (DRPs) which have now been ascribed roles in membrane 

fission are capable of binding and tubulating liposomes due to their inherent propensity for 

oligomerizing on membranes (Takei et al. 1999; Kong et al. 2018; Kalia et al. 2018). Although 

liposomes allow for preliminary screening of a protein’s ability to tubulate membranes, being 

diffraction limited, they are difficult to monitor in real-time and provide only an end point 

readout of whether or not a protein is capable of deforming membranes. Giant unilamellar 

vesicles (GUVs) are a popular template but their finite reservoir, leading to heightened 

membrane tension deters tubulation. SUPER templates, made by depositing an excess lipid 

reservoir onto silica beads, are a work around, but their spherical geometry, as is also the case 

with GUVs, makes it difficult to track early intermediates during the tubulation reaction 

(Pucadyil and Schmid 2008).  

 

Planar supported lipid bilayers (SLBs) possess the ideal geometry for imaging and have 

been widely used to study membrane binding and organization of proteins (Kiessling, Yang, 

and Tamm 2015; Castellana and Cremer 2006). Conventionally, SLBs are formed by fusing 

small unilamellar vesicles (SUVs) to glass surfaces. However, due to strong interactions 

between the bilayer and glass surface, SLBs are not readily amenable to membrane tubulation 

by proteins despite allowing their binding. Attempts to overcome this have resulted in the use 

of multilamellar membrane sheets, formed by hydration of lipids deposited on glass surfaces 
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(Picas et al. 2014; Itoh et al. 2005; Roux et al. 2006). In this case, since the bulk of the 

membrane reservoir is not in contact with glass, dramatic tubulation is seen upon protein 

addition. So far, the use of multilamellar membrane sheets has been restricted to visualizing 

late stages of membrane tubulation reactions, only after long tubules have been drawn out from 

the membrane reservoir. None of the existing assays allow for monitoring kinetics of a 

membrane tubulation reaction and as a result, a mechanistic understanding of the initial steps 

of the process are still unclear. 

 

Here, we report the utility of PEG-cushioned planar bilayer islands in the quantitative 

analysis of kinetics of membrane tubulation reactions. The addition of a cushion of inert 

polyethylene glycol polymers between the membrane and glass surface leads to enhanced 

diffusion of lipids (Mashaghi and Van Oijen 2014; Karatekin and Rothman 2012; Le Roux et 

al. 2021; Wagner and Tamm 2000) and reduces binding of the membrane with glass making 

these templates amenable to deformation upon protein binding. We monitor membrane 

tubulation of bilayers mimicking the plasma membrane upon addition of BIN1, describing the 

early steps of protein binding followed by oligomerisation and kinetics of tubule growth.  

 

3.2 Results: 

 

3.2.1 Assessing the lipid binding specificity of BIN1: 

 

We obtained human BIN1 

isoform8 C-terminally tagged to GFP 

from Addgene (plasmid #27305). 

Previous work has reported the 

formation of BIN1 positive tubules 

from the plasma membrane in 

cultured mammalian cells upon BIN1 

over-expression. To validate the 

construct, we overexpressed BIN1 in 

Cos7 and C2C12 myoblasts. BIN1 

overexpression led to the formation of 

prominent tubules protruding inward in cells (Figure 3.1). The addition of the membrane 

impermeable dye FM4-64 to the medium show the tubules formed by BIN1 become positive 

Figure 3.1. BIN1 overexpression tubulates the 
plasma membrane. Fluorescence micrographs 
showing tubules positive for FM4-64 drawn out from 
the plasma membrane in Cos7 cells.  

BIN1-GFP FM4-64 

60.5 µm 



 
 

31 

for FM4-64 signal immediately post dye fusion to the plasma membrane indicating these 

tubules are indeed connected to the plasma membrane and the lumen is continuous with the 

outside of the cell. The degree of BIN1 mediated tubulation is dependent on BIN1 expression 

levels with profuse tubulation in cells with higher BIN1 levels and smaller more punctate 

structures in cells with low BIN1 levels. 

Previous work suggests BIN1 remains auto-inhibited in solution with its polybasic PI 

stretch bound by the SH3 domain (Wu and Baumgart 2014). The authors suggest a model 

whereby the simultaneous presence of the plasma-membrane enriched phosphoinositide 

PI(4,5)P2 along with the proline rich domain (PRD) of dynamin2 releases this autoinhibition. 

To test membrane binding of BIN1, we first cloned the construct into a bacterial expression 

vector with an N-terminal 6xHis tag and a C-terminal Strep tag, purified the protein via two-

step tandem affinity chromatography and subjected it to a PLiMAP assay (Jose et al. 2020; 

Jose and Pucadyil 2020). In the assay, a bifunctional lipid probe with a fluorophore at the tail 

and a diazirine moiety at the head is covalently attached to proteins bound to liposomes and 
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Figure 3.2. Assessing BIN1's membrane binding. (A) Results from a representative 
PLiMAP experiment showing in-gel fluorescence (fluor) and Coomassie brilliant blue (CBB) 
staining of BIN1 on liposomes containing different phosphoinositides. (B) Results from 
PLiMAP done with increasing amounts of BIN1 with liposomes containing PI(4,5)P2. BIN1 
fluorescence plotted against BIN1 concentration and fitted to a one-site binding isotherm gives 
the binding affinity (Kd). Data for (A) and (B) has been normalized to maximum binding. 
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then resolved using SDS-PAGE. On liposomes containing 5 mol% of different 

phosphoinositide lipids and 1 mol% of the bifunctional probe in the background of DOPC, 

BIN1 displays a binding preference in the order of PI(4,5)P2 > PI(3,4,5)P3 > PI(3,4)P2 = PI(3)P 

> PI(3,5)P2>> PI(4P) > PI(5)P (Figure 3.2.A). BIN1 thus readily binds several of the 

phosphoinositide lipids and associated best with liposomes containing PI(4,5)P2. We estimated 

an apparent binding affinity of ~0.13µM (Figure 3.2.B), which falls in the range of previous 

estimates and is consistent with BIN1’s ability to associate with the plasma membrane (Wu 

and Baumgart 2014). To probe BIN1’s ability to remodel lipid bilayers, we proceeded to work 

with templates containing PI(4,5)P2. 

 

3.2.2 PEG-cushioned planar bilayer islands  

 

To sample membrane templates without any curvature, we made planar supported lipid 

bilayers on a PEG cushion. Chloroform stock of a lipid mix of choice is spread as a thin film 

on PEGylated glass coverslips, dried and hydrated under a gentle flow of buffer in a flow cell 

(Figure 3.3.A for schematic). Hydration followed by washing off excess lipid leaves behind 

membrane bilayer islands (Figure. 3.3.B). As a consequence of buffer flow and lipid extrusion, 

membrane nanotubes are also formed (Figure. 3.3.B). However, regions near the lipid source 

have vast expanses of planar bilayers easily distinguishable from tubes and that is what we 

focused on for all subsequent assays.  

A
. 

B
. 

C
. 

Figure 3.3. PEG-cushioned planar bilayer islands. (A) Schematic showing the preparation 
of bilayer islands on PEGylated glass coverslips. (B) Fluorescence image of a bilayer island 
with membrane buds and nanotubes. Membrane is colored in gray and inverted in contrast for 
clarity. (C) Fluorescence images showing a bilayer island incubated with the PI(4,5)P2 sensor 
mEGFP-PLCd PH domain. Membrane is colored in gray and inverted in contrast for clarity. 
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To mimic the plasma membrane, we made SLBs containing 1,2-dioleoyl-sn-glycero-3-

phospho-(1'-myo-inositol-4',5'- bisphosphate) (PIP2), 1,2-dioleoyl-sn-glycero-3-

phosphatidylserine (DOPS) and 1,2-dioleoyl-sn- glycero-3-phosphatidylcholine (DOPC) 

(5:15:79.5 mol%) with 0.5% Texas Red-DHPE for visualization. Binding of mEGFP tagged 

PLCdPH domain to these membranes was uniform and did not alter membrane morphology 

(Figure. 3.3.C), confirming uniform distribution of PIP2 within bilayer islands as well as their 

inherent stability to buffer flow and protein binding.  

3.2.3. BIN1 addition forms extensive tubular networks: 

In stark contrast to the PLCdPH domain, addition of purified BIN1 (C-terminally 

tagged to mEGFP) led to drastic remodelling of the planar membrane forming a network of 

tubes drawn out from the underlying bilayer (Figure.3.4.A, white arrows). BIN1 fluorescence 

completely colocalises with membrane fluorescence indicating tubulation is a direct 

consequence of BIN1 binding the membrane. BIN1-mEGFP caused rapid growth of numerous 

tubules from the island, which in turn caused the bilayer to retract and shrink in size. BIN1 

exposed bilayer islands displayed an extensive network of tubules after 10 mins formed 

because BIN1-coated tubules showed a tendency to coil around each other (Figure.3.4.E black 

arrow). Scanning electron micrographs after fixation and gold-coating confirmed the 

formation of coiled tubular networks (Figure.3.4.B, white arrows). Tubules formed in our 

assay showed remarkable similarities to the extended tubular networks formed in cells upon 

BIN1 over-expression and reflect the potency of this molecule in inducing the formation of 

tubules from plasma membrane (Figure.3.4.C). FRAP of a portion of  SLBs morphed into 

tubules shows complete recovery of membrane fluorescence on BIN1-coated tubes concurrent 

with the underlying planar bilayer (Figure.3.4.F), indicating their connectedness. This 

highlights the amenability of PEG-cushioned SLBs to protein-mediated membrane 

remodelling. In contrast, similar experiments carried out on SLBs formed by liposome fusion 

on glass showed binding but no apparent tubulation, even with a 12-fold higher concentration 

of 2.5 µM BIN1 (Figure.3.4.D). In the case of conventionally made SLBs, the bilayer is too 

tightly adsorbed to the glass surface to allow for remodelling, which we overcome by the 

addition of a PEG cushion that allows monitoring tubulation reactions from planar bilayers for 

the first time.  
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Figure 3.4. BIN1 forms extensive tubular networks. Fluorescence (A) and scanning 
electron microscopic (B) images showing BIN1-coated tubules on the bilayer island. Tubules 
are marked by white arrows. (C) Coiled network of tubules formed in myoblasts upon BIN1 
overexpression showing their similarity to BIN1 tubes formed in-vitro. (D) Fluorescence 
images showing a glass-supported lipid bilayer before and after exposure to BIN1-mEGFP. 
Membrane is coloured grey and inverted in contrast for clarity. (E) Time-lapse images 
showing coiling of BIN1-coated tubules, marked with the black arrow. (F) Time-lapse images 
showing fluorescence recovery after bleaching the lipid probe in a large area of the bilayer 
island displaying BIN1-coated tubules. Dotted line represents the boundary of the bleached 
region. 

BIN1-mEGFP 

A. B. C. 

D. E. 

F. 

72.4 µm 

15.8 µm 
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3.2.4. Real-time monitoring of BIN1 mediated membrane tubulation: 

 

In order to analyze tubules before they began to coil, we imaged the reaction at a high 

frame rate. The gentle flow of buffer facilitated the deposition of emergent tubules, making 

them easily observable (Figure.3.5.A, white arrows). Tubules exhibited an apparent growth 

rate of approximately ~0.9 µm.s⁻¹ (Figure.3.5.B). Utilizing a fluorescence-based calibration 

procedure, we estimated the size of tubules to be around ~17 nm in radius (Figure.3.5.C), 

aligning well with the dimensions of the BIN1 scaffold derived from cryo-EM reconstructions 

and our previous estimations of BIN1 scaffolds on membrane nanotubes (Adam, Basnet, and 

Mizuno 2015; Khurana et al. 2023). To monitor the early stages of the tubulation reaction, we 

introduced a low concentration of 50 nM BIN1 and imaged the island. Initially, the protein 

bound uniformly and, over time, organized into oligomers that diffused across the island 

A. B. C. 

D. E. F. 

Figure 3.5. Kinetics of BIN1 mediated membrane tubulation. (A) Time-lapse images 
showing initiation and growth of BIN1 tubules, marked by white arrows. (B) Plot showing 
growth of BIN1 tubules. Data represent the mean ± SD of 9 tubules. (C) Plot showing the 
radius of BIN1 tubules. Data represent the mean ± SD of 37 tubules. (D) Time-lapse images 
showing the formation of BIN1-mEGFP oligomers marked by white arrows on the bilayer 
island. (E) Overlay of images taken 10 sec apart of time-lapse sequence in (D). (F) Plot 
showing kinetics of BIN1 oligomerization and membrane tubulation fitted to a segmental 
linear regression equation. Data represent the mean ± SD of fluorescence intensities of 5 
events. 
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(Figure.3.5.D, white arrows). BIN1 oligomers coincided with high membrane fluorescence 

due to the tubulation of the underlying bilayer. Overlaying frames acquired 10 seconds apart 

revealed the emergence of new BIN1 oligomers over time, with a few oligomers remaining 

relatively immobile (Figure.3.5.E, white arrows). Tracking the time-dependent changes in 

fluorescence on these oligomers showed a plateau followed by a sharp rise in both BIN1 and 

membrane fluorescence, indicating the kinetics of nucleation and growth of a BIN1-coated 

tubule. Surprisingly, the onset of the rise in BIN1 fluorescence occurred before the onset of the 

rise in membrane fluorescence, by almost 20 seconds ((Figure.3.5.F). This suggests that BIN1 

initially forms an oligomer likely planar in geometry, which grows by recruiting proteins from 

the solution and eventually acquires curvature and the capacity to tubulate the membrane. 

Consequently, BIN1 oligomerization and membrane tubulation are sequential but not 

simultaneous processes. These results underscore the potential of bilayer islands as a valuable 

platform for monitoring and analyzing membrane tubulation. 

 

3.3. Discussion: 

 

Existing assays to monitor membrane tubulation provide mostly end point readouts of 

whether or not a protein is capable of tubulating membranes. Here we describe cushioned 

planar bilayer islands as a platform for the real time imaging of membrane tubulation reactions. 

Since these templates are planar, they allow monitoring the kinetics of tubulation starting from 

the very initial steps of protein binding leading to self-assembly promoting the drawing out of 

membrane tubes. We use the N-BAR domain protein BIN1 to demonstrate each step of this 

process and show BIN1 oligomer formation precedes the growth of a membrane tube coated 

with BIN1. BIN1 drawn tubules diffuse freely across the surface of the bilayer and the 

extensive tubular network formed due to tubules coiling around each other distinctly resemble 

tubular networks formed in cells upon BIN1 overexpression.  

 

Bilayer islands require extremely low amounts of lipids and are easy to prepare. They 

present a novel template to assay for membrane remodelling attributes of proteins and 

subsequent work in the lab is already showing the wide applicability of these templates in 

monitoring kinetics of membrane tubulation across different BAR domain containing proteins. 

Since these islands are laid out on a PEG cushion on a glass coverslip, their membrane tension 

is expectedly higher than that of liposomes. This is also allowing for the visualization of 
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completely novel forms of membrane remodelling by different kinds of proteins involved in 

various cellular pathways.  

 

These templates are also proving useful in the design of new assay systems by tethering 

liposomes to the membrane using protein anchors that allow the liposomes to diffuse freely on 

its surface and potential applications include testing membrane fusion and lipid transfer. In the 

next few chapters of this thesis, I describe our results highlighting defects caused to different 

aspects of the tubulation process by several CNM mutations on BIN1 and underscore the utility 

of the planar geometry of these templates in understanding how dynamin2 mediated membrane 

fission is coupled to tubulation.  
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Chapter 4: Defects Associated with CNM 
Mutants Linked to BIN1 
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4.1 Introduction: 

The BIN1 N-BAR domain is characterized by a unique structure consisting of a 

trihelical coiled-coil, which forms a distinctive crescent-shaped dimer (Casal et al. 2006). This 

dimer exhibits positively charged residues primarily located on its concave surface, a feature 

crucial for its interaction with cell membranes. Despite its structural resemblance to other BAR 

domain-containing proteins, BIN1 distinguishes itself significantly in several aspects. One key 

distinction lies in the rigidity of BIN1-coated tubules. This rigidity arises from additional 

interactions between adjacent BAR domains and tighter protein packing along the tubule's 

surface. Cryo-electron microscopy (Cryo-EM) reconstructions have provided valuable insights 

into this phenomenon, revealing that one end of the N-BAR dimer (specifically, residues 130-

190) inserts itself into the cellular membrane, while the other end extends outward. This tip 

insertion into the membrane serves the vital function of optimizing the packing of the 

oligomeric structure (Adam, Basnet, and Mizuno 2015). Similar to other N-BAR proteins, 

BIN1's unstructured N-terminal regions undergo a conformational change upon binding 

membranes (Isas et al. 2015; Löw et al. 2008). This transformation involves the formation of 

an amphipathic H0 helix, which generates membrane curvature and stabilizes protein-protein 

contacts within the tightly packed oligomeric assembly (Adam, Basnet, and Mizuno 2015). 

Moreover, research has shown that the residues located at the dimer's tip become more ordered 

once they are inserted into the membrane. Importantly, mutations in the tip residues and the H0 

helix have been directly associated with centronuclear myopathy (CNM) (Hohendahl, Roux, 

and Galli 2016; Wu, Shi, and Baumgart 2014; Fujise et al. 2021). Previous investigations have 

revealed that these mutations result in defects in membrane binding and tubulation, shedding 

light on the underlying pathology of CNM. Furthermore, a more recently identified mutant, 

R145C, located at the dimer's tip, has also been linked to CNM, emphasizing the critical role 

of these specific residues in the molecular mechanisms involved in the disease (Cabrera-

Serrano et al. 2018). 

4.2. Results 

4.2.1. Analysis of membrane binding and tubulation defects 

 

Adding high amounts of BIN1 causes rapid tubule growth, with simultaneous retraction 

of the underlying membrane making it difficult to resolve membrane binding from subsequent 
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tubulation. To monitor differences in the kinetics of 

binding and tubulation of the tip and H0 helix mutants, 

we therefore chose to add moderate  amounts (0.1µM) 

of BIN1 WT and the mutants (Figure 4.1) and analyze 

the initial rates of membrane binding. In comparison to 

wild type (WT), all the centronuclear myopathy 

(CNM)-linked mutants (Figure 4.2. A) exhibited 

slower binding rates, indicating significant defects, 

albeit to varying degrees (Figure 4.2. B,C and D) 

Analysis of protein density retained on the island after 

a buffer wash revealed that the mutants were severely 

impaired in membrane binding. Under these conditions,  

membrane-bound amounts of BIN1 R145C and R154Q 

are 1.7 and 3.7 times lower than WT respectively (Figure 

4.2. E). ΔK21 and D151N show the least binding and 

completely lack membrane tubulation capabilities. When 

the protein concentration was increased to 0.3 µM, imaging the islands after a buffer wash 

showed retention of the tip mutants R145C and R154Q, along with associated tubulation 

(Figure 4.2.F). This underscores that the defect in these mutants lies in oligomerization, as 

raising the protein concentration partially rescues the defect. Correspondingly, tubules grew 

more slowly with both these mutants compared to WT. Notably, the R154Q mutant appeared 

to be more defective than R145C, both in rates and the extent of tubulation. Tubules formed 

by these mutants were thin and spindly, with a radius of approximately ~10 nm for R145C and 

~11 nm for R154Q (Figure 4.2. G). Electron microscopy studies revealed that the tip mutants 

could form tubules but exhibited disorganized protein packing. Our results suggest that 

disorganized packing resulted in thinner tubules. On the other hand, the other tip mutant, 

D151N, showed no retention on the bilayer, which is surprising given that D151N has been 

demonstrated to bind but not tubulate liposomes. Low levels of D151N were detected on pre-

existing tubes on the island, implying a possible defect in binding planar bilayers (Figure 4.2. 

F, white arrows). The low membrane curvature of bilayer islands compared to liposomes may 

have accentuated the binding defect in this mutant. Importantly, the H0 helix mutant ΔK21 

demonstrated retention on the bilayer but no tubulation, highlighting the crucial role of H0 

helix insertion in membrane tubulation. 

Figure 4.1. CNM linked BN1 

mutants. SDS-PAGE showing 

purified BIN1 and CNM linked 

mutants post two-step affinity 

based chromatography. 
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This is the first report showing tubulation defects with the BAR tip mutant R145C. We 

expressed this mutant along with another tip mutant R154Q in myoblasts (Figure 4.2.H). 

Unlike WT BIN1, whose overexpression led to the drastic tubulation of the plasma membrane 

in myoblasts, R145C, similar to R154Q was largely cytosolic and the little that was membrane  
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bound did not result in significant tubulation. These results together highlight the utility of 

planar bilayers to probe membrane tubulation capabilities of proteins and bring out easily 

quantifiable differences that arise due to subtle differences in binding as compared to 

oligomerisation.  

 

4.3. Discussion: 

 

The mutations associated with centronuclear myopathy (CNM) have distinct and 

separable impacts on various aspects of BIN1's functions related to membrane binding, 

oligomerization, and tubulation. Previous work characterising mutations in BIN1 associated 

with CNM by over-expressing these proteins in cells or adding purified proteins to liposomes 

have shown similar defects with DK21, R154Q and D151N (Wu, Shi, and Baumgart 2014; 

Böhm et al. 2014). R145C was identified to be present heterozygous with an R234C mutation 

(Cabrera-Serrano et al. 2018). Here, we test BIN1 R145C on planar membranes and cells for 

the first time and demonstrate associated defects in membrane oligomerisation and tubulation. 

Figure 4.2. CNM-linked BIN1 mutants are defective in membrane binding and 
tubulation. (A) Crystal structure of the BIN1 N-BAR domain (PDB: 2FIC). Model shows 
the charge distribution on the domain and has the tip residues marked. The model was 
rendered using ChimeraX (Jurrus et al. 2018; Pettersen et al. 2021). (B) Representative 
images of the bilayer and protein channel after incubation with 0.1µM BIN1 WT and 
indicated mutants showing defects in membrane binding. (C) Representative traces showing 
membrane associated BIN1 fluorescence plotted against time. (D) Plot showing the initial 
rates of membrane binding of BIN1 mutants. Data represent the mean ± SD of binding rates 
monitored in 5 different region-of-interest (ROI) placed on the bilayer island for each 
mutant. Binding rates were estimated by fitting the rise in BIN1-mEGFP fluorescence on 
bilayers to a segmental linear regression equation. (E) Membrane density of BIN1 mutants 
measured as the ratio of protein and membrane fluorescence after washing off excess 
protein. Data represent the mean ± SD of ratios estimated from different ROIs placed on the 
bilayer islands. Data from 48 ROIs for WT, 63 ROIs for R145C, 35 ROIs for R154Q, 17 
ROIs for D151N and 17 ROIs for ΔK21 were analyzed. (F) Representative images of the 
bilayer and protein channel after incubation with 0.3µM BIN1 WT and indicated mutants 
showing defects in membrane tubulation. (G) Plot showing tube radii estimates for R145C 
and R154Q compared to WT. Tube radius estimates represent the mean ± SD of 47 tubes 
for R145C and 33 tubes of R154Q. For D151N fields of bilayer islands with pre-existing 
membrane tubules are marked by white arrows. The BIN1 fluorescence image has been 
contrast adjusted for visualization. (H) Representative images of C2C12 myoblasts 
transfected with BIN1 WT, R145C and R154Q showing the lack of tubules in the tip 
mutants.  
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The thinner tubules formed with higher amounts of R145C and R154Q bring out defects caused 

due to faulty oligomerisation. This tubes would likely be more prone to fragmentation or 

dissociation during the early development stages of myocytes. Defects seen with DK21 

highlight the importance of the amphipathic helix anchoring into the membrane and forming 

stable oligomers in curvature induction. Interestingly, D151N is defective majorly in 

membrane binding suggesting the BAR association with the membrane becomes critical during 

early steps of the tubulation process.  

 

Previous work has suggested BAR domain proteins may be capable of catalysing 

membrane fission as well. This has come from studies showing vesiculation of liposomes along 

with tubules formed when monitored under an electron microscope (Snead et al. 2019). Sample 

preparation for EM is a harsh process and these conclusions have largely arisen because of an 

inability to monitor these reactions undisturbed. Our templates provide a significant 

advancement in this regard and highlight the advantage and ease of using planar bilayers to 

distinguish between defects caused due to a lack of binding compared to faulty self-assembly. 
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Chapter 5: Membrane Tubulation Coupled 
to Fission (MTCF) 
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5.1. Introduction: 

 

Dynamin’s ability to catalyze membrane fission has been well established (Antonny et 

al. 2016). Inside a cell, dynamin’s activity needs to be spatiotemporally regulated. 

Amphiphysins recruit dynamin to their site of action via the SH3 domain interacting with the 

PRD on dynamins (Daumke, Roux, and Haucke 2014). However, how the BAR domain 

containing protein influences dynamin mediated fission is still unclear largely due to a dearth 

of systems that allow understanding the effect of an amphiphysin-dynamin complex 

independent of the constituent protein’s functions. Amphiphysin and dynamin are shared 

components of both a CCP and T-tubules. Whereas the average lifetime of a CCP is ~30-60s 

with membrane fission manifesting approximately 2500 times per minute, stable T-tubules are 

formed progressively across hours during post-natal muscle development. How do the same 

set of proteins coordinate membrane tubulation and fission across such diverse timescales? 

 

The relative levels of BIN1 and Dyn2 are tightly regulated during development, with 

an increase in BIN1 and a decrease in Dyn2 levels correlating with increased T-tubule densities 

in myocytes (Perdreau-Dahl et al. 2023). Increased expression of Dyn2 inhibits T-tubule 

growth during development and overexpression of Dyn2 in myoblasts leads to the 

fragmentation of BIN1 tubules (Lionello et al. 2022; Gómez-Oca et al. 2022b). Additionally, 

modulating expression of Dyn2 levels rescues CNM-like defects in disease models (Silva-

Rojas et al. 2022; Lionello et al. 2022; Cowling et al. 2017a; Fujise et al. 2021; Buono et al. 

2018b). From a protein design perspective, if BIN1's exclusive role were membrane tubulation, 

the N-BAR and PI stretch alone would have sufficed. However, the retention of the dynamin-

interacting SH3 domain in BIN1 suggests that the fission of BIN1-coated tubules becomes 

crucial at some stage in the biogenesis of T-tubules. 

 

Amphiphysin1 and dynamin1 when mixed, and added to liposomes without GTP forms 

a hybrid coat with the addition of GTP leading to vesiculation (Takei et al. 1999; Yoshida et 

al. 2004). Dynamin1 with GTP added to preassembled BIN1 on membrane nanotubes 

specifically binds BIN1 scaffolds and catalyzes fission (Khurana et al. 2023). Besides 

membrane tubulation, BIN1 recruits dynamin during vesicular transport in neuronal and non-

neuronal cells and during the formation of T-tubules in muscle cells (Cowling et al. 2017a; 

David et al. 1996; Volchuk et al. 1998; Chin et al. 2015; Laiman et al. 2023; Fujise et al. 2021). 
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However, studies showing a lack of fission upon sequential addition of dynamin2  to BIN1 

tubes formed from membrane sheets or SUPER templates, coupled to observations of BIN1 

hampering dynamin’s stimulated GTPase activity, have led to the notion of BIN1 negatively 

regulating dynamin2 functions (Cowling et al. 2017b; Laiman et al. 2022; Neumann and 

Schmid 2013; Daumke, Roux, and Haucke 2014). Our inability to monitor early intermediates 

and their dynamics especially in scenarios where tubulation is coupled to fission has led to 

contradictory models on the functional partnership between BIN1 and dynamin. 

 

Both BIN1 and dynamin2 can bind PIP2 containing membranes and dynamin alone is 

capable of tubulating liposomes. However, unlike BIN1, dynamin2’s binding is strictly 

dependent on membrane curvature and the protein is excluded from planar membranes (Liu et 

al. 2011). With our assay system, we were able to sample a scenario where addition of a mixture 

of BIN1 and Dyn2 would allow us to segregate the individual contributions these proteins have 

and understand the functions of a BIN1-Dyn2 complex. Our results reveal that this mixture 

constitutes a minimal two-component module that demonstrates membrane tubulation coupled 

to fission (MTCF). MTCF is an emergent property and arises because BIN1 dually functions 

in facilitating peripheral recruitment while inhibiting membrane binding of Dyn2 in a dose-

dependent manner. 

  

5.2. Results: 

 

5.2.1. BIN1 and Dyn2 comprise a minimal MTCF module  

 

Flowing Dyn2 alone had no impact on the bilayer because it did not bind planar 

membranes (Figure.5.1.A). However, it did bind to pre-existing buds and tubes, aligning with 

its known preference for interacting with high curvature membranes (Figure.5.1.B). Therefore, 

bilayer islands offer a notable advantage by selectively reporting Dyn2 functions only in 

response to membrane tubulation. To replicate a physiologically relevant scenario where both 

proteins encounter each other prior to binding the membrane, we introduced a pre-mixed 

solution of BIN1 and Dyn2 with GTP onto bilayer islands. Surprisingly, this yielded results 

distinct from the extensive tubulation observed with BIN1 alone. The islands now exhibited 

numerous bright foci containing both BIN1 and Dyn2 (Figure.5.1.C). Bleaching of the lipid 

probe showed fluorescence recovery on the underlying bilayer but not on the foci, indicating 

that the foci represent severed vesicles (Figure.5.1.D) . The reason for the vesicles remaining 
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tethered to the island is uncertain, but it is possible that multivalent interactions between BIN1 

and Dyn2 contributed to this tethering. 

 

Substituting BIN1 with a construct where the SH3 domain is deleted (BIN1ΔSH3) 

resulted in tubulation without fission (Figure.5.1.E), underscoring the critical role of Dyn2 

binding BIN1 for tubule fission. Additionally, fission necessitated a high relative concentration 

of Dyn2. Reactions with equimolar concentrations of Dyn2 and BIN1 or even with a 2-fold 

molar excess of Dyn2 exclusively exhibited tubulation with no fission (Figure.5.1.F).  
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Despite the reported low binding affinity of the BIN1 SH3 domain for the Dyn2 PRD 

(approximately ~70 µM with more recent analyses suggesting an affinity of ~10 µM, which is 

still relatively low), Dyn2 was present on BIN1 tubules even under conditions that showed no 

fission or throughout reactions leading to vesicle formation. Thus, the unexpected requirement 

for high relative concentrations of Dyn2 for fission cannot be solely attributed to the reported 

low binding affinity between these proteins. 

 

5.2.2. Pathway to tubule growth and fission 

 

Two-channel time-lapse imaging of BIN1-mEGFP with excess Dyn2-mCherry showed 

the transient emergence of tubular intermediates before foci formed (Figure.5.1.G). For a more 

detailed analysis of this reaction, we recorded single-channel time-lapse images of BIN1-

mEGFP combined with excess Dyn2 at a high frame rate. In the absence of GTP, the addition 

of this mixture resulted in the formation of tubules from the bilayer island (Figure.5.2.A, black 

arrows). These tubules exhibited a growth rate of approximately ~1 µm.s⁻¹, similar to the rate 

observed with BIN1 alone (Figure.5.2.B). Thus, the presence of Dyn2 did not impact the 

tubule growth rate. Notably, the tubules grew while remaining tethered to the island, and a 

comparable rate in the absence of Dyn2 suggests that these estimates reflect an intrinsic 

property of BIN1 oligomerization unaffected by tethering or buffer flow. Over time, the tubules 

began to coil upon themselves or with neighbouring tubules, eventually coalescing into bright 

foci (Figure.5.2.A, green arrows). Flowing a mixture of BIN1 and Dyn2 in the presence of 

Figure 5.1. BIN1 and Dyn2 comprise a minimal two-component MTCF module. (A) 
Fluorescence image showing the distribution of Dyn2-mCherry on the bilayer island. White 
arrows mark pre-existing buds on the island. (B) Plot showing Dyn2 membrane density 
measured as the ratio of Dyn2-mCherry and membrane fluorescence on bilayers, buds and 
tubules. Data represent the mean ± SD of 11 bilayer patches, 5 buds and 9 tubes. (C) 
Fluorescence image of a bilayer island exposed to BIN1 with excess Dyn2 and GTP. (D) Time-
lapse images showing fluorescence recovery after bleaching the lipid probe in a large area of 
the bilayer island exposed to BIN1 with Dyn2 and GTP. Dotted line represents the boundary 
of the bleached region. (E) Fluorescence image showing the distribution of BIN1DSH3-
mEGFP in the presence of excess Dyn2 with GTP. Bilayers were imaged after 10 mins 
incubation with 0.2µM BIN1DSH3-mEGFP and 1.6µM Dyn2 with 1mM GTP. (F) 
Fluorescence image showing the distribution of BIN1-mEGFP in presence Dyn2 with GTP. 
Bilayers were imaged after 10 mins of incubation with 0.2µM BIN1-mEGFP and 0.2µM or 
0.4µM Dyn2 with 1mM GTP. (G) Time-lapse images of bilayer islands exposed to BIN1-
mEGFP and Dyn2-mCherry with 1mM GTP. White arrows mark tubular intermediates.  
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GTP resulted in the formation of tubules that got severed rapidly (Figure.5.2.C, black and 

yellow arrows). Tubules occasionally underwent more than one fission event, generating 

multiple tubule fragments. Similar to observations in the absence of GTP, tubules displayed a 

tendency to coil before or after fission, subsequently coalescing into bright foci (Figure.5.2.A, 

green arrows). Under these conditions, tubules grew at a rate of ~0.8 µm.s⁻¹ (Figure.5.2.D)  
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and the time interval between their appearance and fission was approximately ~5 seconds, 

indicating a fission rate of ~0.2 s⁻¹  (Figure.5.2.E). 

The reactions described above involved pre-mixed Dyn2 and BIN1, where Dyn2 

seemed to remain stably bound to BIN1 throughout the entire tubulation and fission process. 

To explore how this compares to a sequential reaction, we introduced Dyn2 to preformed 

BIN1-coated tubules. Initially, bilayer islands were incubated with BIN1, leading to a network 

of tubules. Subsequently, we imaged the network while flowing an excess of 1 µM Dyn2 with 

GTP. The arrival of Dyn2 resulted in the rapid fission of BIN1-coated tubules (Figure.5.2.F). 

However, upon closer examination, it became apparent that the fission events were 

predominantly confined to uncoiled tubes (Figure.5.2.F, yellow arrows), with coiled tubules 

(Figure.5.2.F, green arrows) seldom undergoing severance. Consequently, these reactions 

produced long BIN1-coated tubule fragments. The tendency of tubules to coil presents a kinetic 

barrier, making fission appear less processive under these conditions. Nevertheless, plotting 

the cumulative frequency of cuts on uncoiled tubes yielded an apparent fission rate of 

approximately ~7 s⁻¹, significantly faster than the fission rate observed with pre-mixed Dyn2 

and BIN1 (Figure.5.2.G). 

 

5.2.3. Mechanistic basis for MTCF 

 

Our findings show tubules undergo growth before fission becomes evident suggesting 

membrane tubulation and fission are temporally linked. This phenomenon could be attributed 

to the preference of Dyn2 for binding membranes with high curvature, with fission occurring 

Figure 5.2. Pathway to MTCF. (A) Time-lapse images of a bilayer island exposed to the 
indicated proteins in the absence of GTP. Black arrows mark single tubes and green arrows 
mark coiled regions. (B) Plot showing the rate of growth of BIN1 tubules under conditions 
described in (A). Data represent the mean ± SD of 10 tubules. (C) Time-lapse images of a 
bilayer island exposed to the indicated proteins in the presence of GTP. Black arrows mark 
single tubes, green arrows mark coiled regions and yellow arrows mark fission. (D) Plot 
showing the rate of growth of BIN1 tubules under conditions described in (C). Data represent 
the mean ± SD of 6 tubules. (E) Plot showing the fission time, defined as the time interval 
between appearance and fission of a tubule. Data represent the mean ± SD of 12 events. (F) 
Time-lapse images of BIN1-coated tubules exposed to Dyn2 with GTP. Bottom panel is a 
magnified view of the ROI marked with dotted line in the top panel. White arrows mark single 
tubules, green arrows mark coiled tubules and yellow arrows mark fission. (G) Plot showing 
the cumulative frequency of cuts seen in (F) and fitted to a linear regression. The slope of this 
fit gives the fission rate.  
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only after the formation of a BIN1 tubule. However, results with BIN1ΔSH3 indicate that the 

mere formation of a high-curvature tubule is not sufficient for fission. Additionally, when Dyn2 

is added to preformed BIN1 tubules, fission occurs at a rate of ∼7 s⁻¹, whereas Dyn2 pre-mixed 

with BIN1 yields a slower fission rate of 0.2 s⁻¹, allowing tubules to attain a considerable 

length. This suggests that the Dyn2 incorporated into growing BIN1 tubules may be inhibited 

in fission, and the requirement for high relative concentrations of Dyn2 could be a necessity to 

overcome this inhibition. 

 

A. 

B. C. 

Figure 5.3. BIN1 facilitates Dyn2 recruitment. (A) Results from a representative PLiMAP 
experiment showing in-gel fluorescence (fluor) and Coomassie brilliant blue (CBB) staining 
of Dyn2 on liposomes containing different phosphoinositides. (B) Fluorescence mages 
showing Dyn2-mCherry on nanotubes (top) or BIN1-coated nanotubes (bottom). Nanotubes 
were exposed to 0.2 µM BIN1-mEGFP and excess protein was washed off. Nanotubes were 
then incubated with excess 4.6 µM Dyn2-mCherry with 1 mM GppNHp (Jena Bioscience), 
incubated for 10 mins, washed and imaged. PI(4,5)P2 concentration was brought down from 
5 to 1 mol% to assess BIN1-dependent Dyn2 recruitment. Membrane is colored in gray and 
inverted in contrast for clarity. (C) Plot showing Dyn2 membrane density measured as the 
ratio of Dyn2-mCherry and membrane fluorescence on nanotubes of varying sizes with or 
without BIN1. Each data point represents the mean ± SD of Dyn2 membrane density on 
tubes binned to their integral radius values.  
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The necessity of BIN1 for tubulation poses challenges in analyzing the impact of BIN1 

on Dyn2 functions. To address this, we investigated Dyn2 functions on preformed nanotubes 

with the same lipid composition as bilayer islands. Control experiments demonstrated that 

BIN1 facilitates the recruitment of Dyn2 onto nanotubes of various sizes (Figure.5.3.B). 

Flowing 0.1 µM Dyn2 with GTP in the absence of BIN1 resulted in rapid and processive 

severing of nanotubes (Figure.5.4.A). Subsequently, we examined the effect of flowing 0.1 

µM Dyn2 and GTP mixed with increasing concentrations of BIN1. Imaging the nanotubes after 

10 minutes revealed fission up to a concentration of 0.6 µM BIN1 (Figure.5.4.A). Beyond this 

concentration, nanotubes became entirely resilient to fission, as indicated by estimates of the 

fraction of nanotubes exhibiting at least one cut after 10 minutes (Figure.5.4.B) . Time-lapse 

imaging further unveiled inhibitory effects even at lower BIN1 concentrations, evident from 

estimates of the frequency of cuts on individual nanotubes after a brief 2-minute interval 

(Figure.5.4.C). This demonstrates BIN1 inhibits Dyn2-catalyzed membrane fission in a dose-

dependent manner. 

 

The N-BAR and SH3 domain-containing protein endophilin inhibits Dyn1 functions by 

disrupting the formation of Dyn1 scaffolds crucial for stimulated GTP hydrolysis and fission. 

However, a mechanism involving structural inhibition would be expected to influence BIN1 

tubule growth rates in the presence of Dyn2, particularly when both proteins are present on the 

tubule, which does not seem to be the case. The question then arises: how can the inhibition of 

Dyn2 functions by BIN1 be explained? To address this, we conducted a coupled liposome co-

sedimentation and PLiMAP assay with Dyn2 and BIN1. Co-sedimentation reports on the total 

levels of liposome-associated proteins, while PLiMAP reports on their proximity to the 

membrane interface, offering a more stringent measure of membrane binding. Liposomes were 

incubated with 0.3 µM Dyn2 mixed with varying BIN1 concentrations for 30 minutes. The 

mixture was then exposed to UV and sedimented. In the absence of BIN1, a substantial fraction 

of Dyn2 co-sedimented with liposomes and exhibited fluorescence, indicating consistency 

between co-sedimentation and PLiMAP readouts (Figure.5.4.D). Increasing BIN1 

concentrations did not significantly alter Dyn2 levels in the pellet; in fact, a densitometric 

analysis revealed an increase in Dyn2 levels, consistent with BIN1 facilitating the recruitment 

of Dyn2 onto nanotubes (Figure.5.4.E). Surprisingly, the fluorescence signal of Dyn2 in the 

pellet exhibited a significant decline, with a 75% reduction at a 1:6 Dyn2:BIN1 ratio. 

Therefore, increasing BIN1 levels recruited more Dyn2 but reduced the fraction of membrane-

bound Dyn2. This phenomenon could explain the observed inhibition in fission with higher 
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BIN1 concentrations. Given that the inhibition is dose-dependent, increasing Dyn2 

concentration would overcome this inhibition, elucidating why fission requires a high relative 

concentration of Dyn2. Tubules formed with BIN1ΔSH3 are resistant to fission, indicating that 

the SH3-PRD interaction helps overcome the inhibition. This is likely because the multivalent 

SH3-PRD interaction aids in reaching the critical Dyn2 concentration required for fission on 

the tubule.  
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Dyn2 binds to PI(4,5)P2 in the membrane through its pleckstrin-homology domain 

(PHD). Our results suggest that BIN1 inhibits Dyn2 functions by reducing its membrane 

binding. The PHD binds to the stalk domain and obstructs an oligomerization interface, 

resulting in autoinhibition of Dyn2 in solution. The S619L mutation in the stalk domain 

interferes with this binding, relieving autoinhibition and facilitating Dyn2 oligomerization. 

Notably, this mutation enhances Dyn2's membrane binding and promotes fission, representing 

a gain-of-function mutation linked to centronuclear myopathy (CNM). On membrane 

nanotubes, increasing concentrations of BIN1 only partially inhibited Dyn2(S619L)-catalyzed 

fission. In the presence of 0.6 µM BIN1, while Dyn2 showed no fission, the fraction of severed 

tubes with Dyn2(S619L) increased to approximately 0.75 (Figure.5.4.F). This effect was more 

pronounced when considering the frequency of cuts on individual nanotubes after a 2-minute 

fission reaction. Dyn2(S619L) exhibited significantly higher fission efficiency than Dyn2 and 

was less susceptible to BIN1-mediated inhibition (Figure.5.4.G). Finally, we tested 

Dyn2(S619L) mixed with BIN1 on bilayer islands. In reactions with a 2-fold molar excess of 

Dyn2 over BIN1, only tubulation and no fission were observed, as seen in time-lapse images 

Figure 5.4. Mechanistic basis for MTCF. (A) Fluorescence images of membrane nanotubes 
after being exposed to the indicated proteins for 10 mins. Images show membrane 
fluorescence inverted in contrast for clarity. (B) Plot showing the fraction of nanotubes 
showing at least one cut in presence of 0.1 µM Dyn2 and 1 mM GTP with increasing 
concentrations of BIN1. Data represent the mean ± SD from 6 separate fields of nanotubes. 
(C) Plot showing the frequency of cuts on single nanotubes after 2 mins of exposure to 0.1 
µM Dyn2 and 1 mM GTP with increasing concentrations of BIN1. Data represent the mean ± 
SD from 7-10 nanotubes. (D) Results from a coupled liposome co-sedimentation and PLiMAP 
experiment showing in-gel fluorescence (Fluor) and Coomassie brilliant blue (CBB) staining 
of Dyn2 and BIN1 in the supernatant (S) and pellet (P) fractions. (E) Plot showing 
densitometric (black) and fluorescence (red) quantitation of Dyn2 in the pellet fraction in (D). 
(F) Plot showing the fraction of nanotubes showing at least one cut in presence of 0.1 µM 
Dyn2(S619L) and 1 mM GTP with increasing concentrations of BIN1. Data represent the 
mean ± SD from 6 separate fields of nanotubes. Data for Dyn2 is reproduced from (B) for 
comparison. (G) Plot showing the frequency of cuts on single nanotubes after 2 mins of 
exposure to 0.1 µM Dyn2(S619L) and 1 mM GTP with increasing concentrations of BIN1. 
Data represent the mean ± SD from 5-10 nanotubes. Data for Dyn2 is reproduced from (C) 
for comparison. Statistical significance was estimated using Mann-Whitney’s test where *** 
denotes P =0.003 and ** denotes P = 0.0015. (H) Time-lapse images showing the bilayer 
island exposed to the indicated concentrations of proteins with 1 mM GTP. Insets show 
magnified images of intermediates adjusted in contrast for clarity. White arrows mark tubules 
and yellow arrows mark vesicles.  
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of the bilayer island exposed to 0.2 µM BIN1 and 0.4 µM Dyn2 with GTP (Figure.5.4.H, 

yellow arrows). However, reactions with 0.2 µM BIN1 and 0.4 µM Dyn2(S619L) with GTP 

revealed remnants of severed tubules, appearing as foci indicative of fission (Figure.5.4.H, 

yellow arrows). The PI stretch in BIN1 binds and clusters PI(4,5)P2, and a likely mechanism 

by which BIN1 inhibits Dyn2 function is by sequestering PI(4,5)P2. This aligns with 

observations that the inhibitory effect of BIN1 on Dyn2 can be overcome by the S619L 

mutation, which enhances Dyn2's membrane binding affinity. 

 

5.3. Discussion: 

 

Although membrane tubulation is relevant to cellular physiology, the mechanistic 

understanding of participant proteins has traditionally relied on end-point electron microscopic 

(EM) analyses of tubulated liposomes (Peter et al., 2004; Mim et al., 2012; Farsad et al., 2001). 

While these analyses have offered valuable insights into the organization of proteins on 

tubulated membranes, our understanding of early intermediates and their dynamics, has been 

limited, particularly when tubulation is coupled with fission. The results presented here are the 

first to describe the reconstitution of a minimal tubulation and fission reaction. Our results 

provide novel insights into the functional partnership between BIN1 and Dyn2 and as such the 

principles uncovered are likely to be applicable to a wide range of cellular processes where 

tubulation and fission are coupled.   

 

Our results highlight the dual ability of BIN1 to recruit dynamin2 to the membrane, but 

at the same time prevent its engagement with the membrane. This allows for tubules to grow 

and it is only after enough molecules of dynamin have been recruited to compete out BIN1’s 

association with PI(4,5)P2 that the dynamin PH domain likely engages with the membrane 

resulting in fission. Our work leads to a better understanding of how modulating BIN1 and 

Dyn2 levels could regulate T-tubule growth, either by stabilising or fragmenting nascent tubes 

arising from the sarcolemma. Indeed, during early developmental stages when Dyn2 levels are 

relatively high, it is possible that fission of nascent BIN tubules serves as a quality control 

mechanism. In this scenario, tubules forming contacts with the sarcoplasmic reticulum might 

be preserved, while others could be selectively pruned and turned over. Hypoactive BIN1 

mutants might generate fewer and structurally defective tubules, whereas hyperactive Dyn2 

mutants could lead to excessive pruning. Both scenarios could result in reduced tubule 

densities, ultimately impacting T-tubule architecture. This intricate interplay between BIN1 
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and Dyn2 dynamics highlights their potential roles in shaping and maintaining the integrity of 

the T-tubule network during early developmental processes. This presents a possible 

mechanistic understanding as to why the levels of BIN1 and Dyn2 are under tight regulation 

during the early stages of T-tubule maturation and explains how simply modulating their levels 

rescues CNM like defects in disease models. Reducing the levels of dynamin in mice models 

for CNM present a promising avenue for therapeutics against the disease. 

 

Our results also bring to light possible mechanisms that could be common across 

vesicular transport pathways. Dynamin depletion in case of clathrin mediated endocytosis, 

leads to the formation of deeply invaginated pits, suggesting fission is necessary to curtail 

extended tubulation (S. Ferguson et al. 2009). Proteins, such as sorting nexins (SNXs) are 

equipped with a BAR domain that forms a tubular scaffold or coat, along with a PX domain 

responsible for binding phosphoinositide lipids (van Weering et al., 2010; Chandra and Collins, 

2019). The incorporation of these domains in SNXs suggests their ability to both initiate and 

progressively tubulate donor membranes, while also potentially intrinsically regulating the 

fission process. The dynamics observed in the BIN1 and Dyn2 tubulation and fission reaction, 

where the tubule extends significantly before undergoing fission, parallel several intracellular 

transport reactions involving a tubular intermediate. Our findings with BIN1, which also 

possesses a membrane-bending BAR domain and a membrane-binding PI stretch, offer insights 

into a mechanism wherein membrane tubulation becomes intricately linked with membrane 

fission. BIN1 recruits Dyn2 through SH3-PRD interactions but concurrently inhibits the 

membrane binding of Dyn2, likely due to the competition between the PI stretch of BIN1 and 

the PHD of Dyn2 for PIP2 binding. This dual effect of facilitating recruitment while inhibiting 

membrane binding represents a novel mechanism for how a membrane scaffold regulates 

membrane fission. Although the precise mechanism governing the release of tubulovesicular 

carriers remains elusive, a similar competition for phosphoinositide lipids between the SNX 

coat and the putative membrane fission catalyst could establish a coupling between tubulation 

and fission. This coupling may serve to regulate the throughput of tubulovesicular transport 

pathways, contributing to the fine-tuned control of intracellular vesicular transport processes. 
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Chapter 6: Summary
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6.1. Summary: 

 

Vesicular transport is critical to numerous cellular pathways and is a primary mode of 

inter and intra-cellular crosstalk. Membrane tubulation and fission manifest regularly in these 

processes segregating cargo to be transferred out of a donor compartment leading to its 

release and transfer to an acceptor compartment. Live-cell imaging has allowed monitoring of 

these processes in real time and has revealed the diversity in transport intermediates that exist 

across different pathways. Depending on cellular requirement, the rates of membrane fission 

are regulated to allow for temporally coordinated vesicle release. Faster fission rates lead to 

the formation of short lived small tubular intermediates, while slower rates of fission lead to 

more stable elongated tubular compartments. The molecular mechanisms that allow for such 

a regulation in events where membrane tubulation is coupled to fission have so far remained 

unclear. Identification of protein families like the BAR domain containing family of proteins 

that are capable of membrane tubulation, or the dynamin family that catalyzes membrane 

fission have provided a preliminary understanding of how these processes may be brought 

about. Existing biochemical or cellular assays have allowed for an understanding of the 

functions of these proteins in isolation, but details of their interplay have largely remained 

unexplored.  

 

The formation and maturation of T-tubules in muscles is an excellent example of a 

cellular process where regulated membrane tubulation and fission events become critical. The 

BAR domain containing amphiphysin2 or BIN1 and the more ubiquitous dynamin2 are 

important structural components of T-tubules. They are both mutated in patients suffering 

from Centronuclear Myopathies (CNM) and their levels are tightly regulated during muscle 

development. Simply modulating the levels of one protein relative to the other have shown to 

be effective in rescuing CNM like symptoms in animal models of the disease. However, a 

lack of assay systems that allow monitoring the early stages of T-tubule biogenesis and 

intermediates formed during membrane tubulation along with their subsequent fission have 

resulted in contradictory models with respect to the influence these proteins have on each 

other. 

 

In this thesis I describe planar cushioned supported lipid bilayer islands as templates 

that allow us to monitor membrane tubulation reactions from a planar surface in real time for 

the first time. Our results allow for measuring kinetics of and visualizing every step of the 
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tubulation process by BIN1 at high temporal resolution allowing us to capture dynamics of 

the process in its entirety. I describe the utility of these templates in bringing out defects in 

this process caused by subtle differences to membrane binding and self-assembly of mutants 

of BIN1 associated with CNM. Furthermore, I describe our efforts to reconstitute a coupled 

tubulation and fission reaction from planar bilayers for the very first time. We show that 

BIN1 and dynamin2 comprise a minimal two component module that allows for membrane 

tubulation to be coupled to fission. Fission manifests at higher dynamin to BIN1 ratios and 

probing the effect of increasing BIN1 concentrations on dynamin mediated fission, we show 

how BIN1’s ability to inhibit fission allows for tubule growth prior to fragmentation. 

Utilizing assays that allow us to distinguish pools of dynamin that are membrane bound from 

dynamin fractions that are simply peripherally recruited by BIN1, we highlight how 

competition between the two molecules for engaging with the membrane result in fission 

being sensitive to dynamin amounts. Our results thus provide a mechanistic basis for why the 

levels of these two proteins become so important during T-tubule biogenesis and for 

Figure 6.1. Schematic depicting how BIN1's ability to recruit dynamin2 but prevent 
its membrane binding allows for MTCF. Increasing Dyn2 amounts leads to a state where 
enough Dyn2 is recruited to a BIN1 drawn tube to outcompete the BIN1-PI(4,5)P2 
interaction to allowing for the Dyn2 PH domain to engage with the membrane. Dynamin 
membrane engagement then leads to fission. Since BIN1’s affinity for PI(4,5)P2 is higher 
than that of Dyn2, BIN1 mediated growth precedes fission and Dyn2 levels dictate how 
much a tube grows before fragmentation. 
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achieving optimal T-tubule organization and function during muscle development. The 

insights obtained from our experiments present a mechanistic understanding of how 

membrane tubulation can be coupled to fission and are likely to be relevant in understanding 

diverse cellular pathways that require the formation of such intermediates to facilitate 

vesicular transport.  

 

6.2. Future perspectives: 

 

Tubules formed on bilayers upon BIN1 addition have a radius of ~17 nm. In 

comparison, mature T-tubules are much thicker with diameters ranging between ~100-

3000nm (Jayasinghe et al. 2015). How these structures eventually form is unknown. T-

tubules also have an extremely regular distribution across myocytes and how this process is 

regulated spatially is unclear. Caveolar components have been shown to be part of T-tubules 

with caveolin 3 (Cav3) being the major muscle specific isoform (Parton et al. 1997). Recent 

work using corelative light and electron microscopy to look at BIN1 distribution in unroofed 

differentiated myocytes show dynamic BIN1 positive tubules on ring like platforms 

consisting of caveolar proteins (Lemerle et al. 2023). How BIN1 tubules emerge from these 

platforms and mechanisms regulating their interaction are all open questions. Since planar 

supported lipid bilayers provide an excellent platform to image protein organisation, 

incorporating caveolar components onto the membrane prior to BIN1 addition provides an 

exciting avenue for future research. Systematically analysing the lipid and protein 

components required to spatially restrict BIN1 tubules and understanding the components 

required to specify BIN1 mediated growth from caveolar hubs on the membrane should 

further our understanding of what specifies T-tubule origins at the sarcolemma.   

 

Live-cell imaging of tubules formed in myoblasts upon BIN1 overexpression show 

complex dynamics with BIN1 positive tubules undergoing processive extension and 

retraction (Laiman et al. 2022). The SH3 domain of BIN1 is known to engage with proteins 

aiding actin polymerization and the BAR domain has also been shown to bundle actin 

filaments (Dräger et al. 2017). With significant progress being made in reconstituting actin 

polymerization on bilayers (Sonal et al. 2018), these templates are ideal to test the influence 

of cytoskeletal elements on tubule growth. With the proposal of an endocytic capture model 

for T-tubule maturation (Hall et al. 2020), our assay also provides a possibility of testing how 

vesicles could fuse to growing membrane tubes. How guided growth of a mature T-tubule 
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occurs and the steps required to form stable contacts with the sarcoplasmic reticulum could 

be addressed by testing the ability of BIN1 positive tubules to tether microsomal vesicles and 

identifying protein components necessary to the process. 

 

The assay system described here is the first to allow monitoring membrane remodelling of  

planar membrane surfaces. This provides exciting avenues to understand the minimal set of 

proteins required to build a clathrin coated pit. While a lot has been studied with regards to 

the constituent proteins required for efficient CME, an understanding of the role of 

membrane curvature in regulating the assembly of constituent proteins and subsequent 

clathrin recruitment is still an area of active research. Studies have shown that the forced 

recruitment of the b hinge and appendage of the adaptor protein AP2 to the plasma 

membrane is sufficient to specify the formation of clathrin positive buds (Wood et al. 2017). 

Previous work from our lab has highlighted the stimulatory role of membrane curvature in 

clathrin recruitment to membranes by AP2 (Pucadyil and Holkar 2016). Several BAR domain 

proteins are known to be involved in CME, and it is unclear whether they play overlapping in 

this process. Our assay allows for testing candidate proteins to narrow down on the minimal 

set of components required for the self-assembly of a clathrin coated bud from planar 

membranes.  

 

More widely, the templates described in this thesis open up possibilities of expanding the 

observations described here to other proteins involved in coupling membrane tubulation with 

fission. It is now possible to test the vast array of BAR domain proteins discovered and 

elucidate subtle differences in membrane binding and tubulation efficiencies between them. 

Although not many fission catalysts have yet been identified, using the methodology 

described here, it will be possible to identify and characterize proteins capable of specifically 

binding and severing a tubular protein coat. This should further our understanding of 

different mechanisms that come into play across different modes of intracellular trafficking. 
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