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Summary 

Dynamin family of proteins are a group of large GTPases which remodel their target 

membranes to cause membrane fission, fusion or tubulation. These proteins  which are 

categorized as classical dynamin and dynamin related proteins, perform vital cellular 

processes e.g. endocytosis, mitochondrial fission and fusion,  endoplasmic reticulum 

tubulation, cell plate formation and antiviral activity, by localizing at their site of action. This 

recruitment requires target membrane binding and self-assembly into helical spirals and/or 

rings. Self-assembly of dynamins occurs via interfaces which involve GTPase domain (G-

domain/GD), middle domain (MD) and GTPase effector domain (GED). Classical dynamins 

bind target membrane via their PH domain. Dynamin related proteins(Drps)which lack PH 

domain interact with target membrane via a transmembrane domain or membrane binding 

loop of positively charged residues.These properties of self-assembly and membrane binding 

together determine the localization of these proteins and are regulated by various post-

translational modifications. 

Tetrahymena thermophila has eight DRPs, of which Drp6 has evolved a novel function in 

nuclear remodelling. During macronuclear development stage of conjugation, 2 out of 4 

identical post-zygotic micronuclei expand to form new marconuclei. Drp6 exerts its functions 

during this macronuclear expansion stage. It localizes on the nuclear envelope and ER 

derived cytoplasmic puncta. It interacts with membrane by specifically interacting with three 

phospholipids namely, cardiolipin(CL), phosphatidic acid (PA) and phosphatidyl serine (PS), 

and interaction with CL determines its nuclear recruitment. This study aimed to understand 

the mechanism and regulation of Drp6 mediated nuclear expansion. The study also elucidates 

the molecular basis of how a single isoleucine residue in the membrane binding domain of 

Drp6 determines cardiolipin binding specificity and thereby its nuclear recruitment. 
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Mechanism and regulation of stage specific localization and function of Drp6 by post-

translational modification are also addressed in this study where we found that 

phosphorylation at a particular serine residue regulated membrane fusion fuction. 
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1.1 Membrane Remodeling 

Cellular membrane systems play vital roles in compartmentalization of contents of the cell. 

These compartments are dynamic and constantly undergo membrane remodeling to maintain 

their structures and perform their functions such as cell-division, endocytosis, inter-cell-cross 

talk, intra-cellular trafficking, and organelle maintenance. Membranes undergo constant turn 

over by formation of vesicles or tubules. These processes require generation of membrane 

curvatures and are essential for cell survival. Lipid bilayers among the eukaryotes have 

elastic properties that make them resistant to spontaneous bending.This necessitates active 

mechanisms to generate these changes in shapes. Specialised proteins like BAR proteins and 

clathrins harbour domains or motifs that are specialized in performing sensing, generating or 

stabilizating membrane curvature (1, 2). Additonally, some proteins act directly by changing 

lipid compositions, or providing scaffold or imposing tension on membranes.Membrane 

remodeling is carried out broadly in five ways: a) lipid asymmetry and composition variation, 

b) transmembrane domain partitioning and protein crowding (3) c) Insertion of hydrophobic 

protein motifs (4) d) scaffolding by oligomerizing hydrophilic protein domains and e) 

cytoskeleton mediated membrane scaffolding (5) (Fig 1.1.1). 

 

1.2 Membrane curvature 

Membrane curvature is defined as the bending of membranes to mediate changes in shapes to 

generate tubules and vesicles. The process of bending the otherwise resistant membranes is 

an energy-dependent process that involves specialized proteins such as COPI, COPII, 

caveolin, and flotillin, Arf proteins (4, 6) and BAR domain containing proteins like dynamins (7).  
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1.2.1 Mechanisms of membrane curvature generation 

A) Effect of lipid shape, distribution  

Properties like the head-group and acyl chain length confer specific shapes to the lipids. 

Change in their distribution across the membrane is essential for changes in membrane 

curvature (8). Lipids like phosphatidyl ethanolamine (PE) due to their smaller head group to acyl 

chain ratio attain a conical shape. As the head groups of PE lipid clusters come closer together, the 

broader acyl bases impose a negative curvature (membrane curved outward of the luminal side) on 

the membrane. On contrary, lipids like phosphatidyl inositol phosphates (PtdIns) have a large head 

group to acyl chain ratio, have an inverted conical shape and hence impart positive curvature 

(membrane curved towards of the luminal side,inwards)  to the membrane upon association (Fig. 

1.1.1).Cardiolipin (CL) is a negatively charged lipid present in the inner mitochondrial 

membrane (9) and in the bacterial plasma membrane (10). 

 

Figure 1.1.1: Effect of shape of lipids and proteins on membrane curvature. Conical shaped 

lipids like phosphatidylethanolamine (PE) provide a positive curvature to the membranes 

(buldging inward)  while inverted-conical shaped lipids like phosphatidyl inositol phosphates 

(PtdIn) provide a negative curvature (buldging outward) to the membranes. Cylindrical lipids like 
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phosphatidylcholine (PC) are cylindrical in shape and maintain lamellar membranes. Image 

source: https://creativecommons.org/licenses/by-nc/4.0/legalcode 

The CL molecule is composed of two phosphatidic acids linked together by a short glycerol 

bridge which gives it a conical shape that contributes to negative curvature (10, 

11).Phosphatidyl choline (PC) and phosphatidyl serine (PS) have a cylindrical shape which do not 

determine membrane curvature (Israelachvili J ,1991 Intermolecular & Surface Forces (Academic, 

London), 2nd Edition) 

B) Effect of proteins on membrane curvature 

Membrane bending is carried out by integral membrane proteins which generate curvature by 

oligomerization (5,12). Examples of such proteins include Arf-proteins endophilin, 

synaptogamin. Certain group of proteins such as the coat proteins and BAR domain proteins 

can induce membrane curvature by binding to the membranes peripherally (13). Coat proteins 

like clathrin organise into multimeric forms to provide a scaffold to induce membrane 

curvature during vesicle scission (14). Dynamins and dynamin related proteins belong to a 

group of proteins that act on pre-existing curvatures to oligomerize into rings and helical 

spirals and cause fission, fusion or tubulation of the underlying membrane (15-17).  

1.3 Dynamin family of mechanozymes 

This class of proteins called the “Dynamin superfamily” gets its name from the representative 

member,dynamin, a large GTPase which performs vesicle scisson during endocytosis (2, 18, 

19). This protein was initially discovered in a temperature-sensitive mutant in Drosophila 

melanogaster. The gene locus associated with this mutation was called the Shibire which 

gave temperature-sensitive paralysis phenotype due to mutation (20). The protein coded by 
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this locus was named “dynamin” (21,22). Dynamin was later found as a microtubule 

associating protein which dissociates from the microtubule bundles 

 

 

Figure 1.3.1:  An overview of functions of members of dynamin superfamily. The image 

shows various cellular processes which require membrane remodeling by dynamin 

superfamily of proteins (Image source: Jimah JR et al. ,2019). 

upon addition of nucleotides (23, 24). Further studies revealed that mutation in this protein 

inhibits neuronal endocytosis (25) and hence causes paralysis. Since then, a number of 

studies have been carried out to understand various aspects of this protein including its role, 

mechanism, cellular distribution and regulation of its functions. The ‘Dynamin superfamily’ 

is an umbrella term for mechanozymes that can be categorized based on their function (Fig. 

1.3.1) and domain organization. All the members of this group of proteins perform membrane 

remodeling, and can be grouped as fission, fusion or tubulation proteins (26). A more distinct 
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classification based on their domain architectures are classical dynamins or dynamin related 

proteins. Classical dynamin term is used for the founder members, mammalian dynamin 1, 

dynamin 2 and dynamin 3 proteins which contain a GTPase domain (GD), a middle domain, 

a pleckstrin homology (PH) domain, a GTPase effector domain (GED) and a proline-rich 

domain (PRD) (27) (28). Function of each domain has been discussed later. Dynamin 1 is 

enriched in pre-synapse of brain whereas dynamin 2 is ubiquitously present. Dynamin 3 is 

mainly present in testis but also is enriched in brain post-synaptic regions (29,30-32).These 

isoforms have many splice variants  which function at distinct locations within the cell. 

Invertebrates such as Caenorhabditis  elegans and Drosophila melanogaster possess only a 

single dynamin gene (20, 33).  On the other hand, dynamin related proteins are those group of 

proteins which lack a distinct PH domain and PRD while retaining the other three domains 

(26). This group of proteins include the dynamin relate protein-1 (Drp1), atlastin, MxA, 

MxB, Opa1, Mitofusin,Vps1, hGBP1, ARC5 etc. to name a few. 

 

1.3.1 Domain architecture of dynamin family proteins:  

 

 Classical dynamins have a five domain structure while dynamin related proteins have a three 

domain structure. While the classical dynamins have GTPase domain, middle domain, 

pleckstrin homology (PH) domain, GTPase effector domain (GED)  and Proline rich domain 

(PRD), the dynamin related proteins lack the PH domain and PRD domain but retain the 

other three domains. (Fig.1.3.1.1)         

 

 
Figure 1.3.1.1: Domain organization of classical dynamins and dynamin related 

proteins. Classical dynamins have five domains, GTPase, middle, PH, GED, PRD domains.  

Dynamin related proteins have GTPase, middle and GED domain. 

https://en.wikipedia.org/wiki/Caenorhabditis_elegans
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1.3.1.1 The GTPase domain: 

Dynamin, being a large GTPase, harbors an N-terminal GTPase domain which resembles 

Ras-like GTPases (34). It can be sub-divided into four relatively conserved elements, the P-

loop (G1 motif), switch-1 (G2), Switch-II (G3) and the nucleotide binding motif (G4) (34, 

35). The dynamin GTPase domain additionally contains sequences between G2 and G3, and 

downstream of G4 which are responsible for regulatory function of this domain. The bundle 

signalling element (BSE) includes the G-domain. The BSE consists of 3 helices which are 

derived  from the N and C terminal sides of the G-domain and the C-terminal region of the 

GED (36, 37). This stretch participates in GTP dependent conformational switch and self-

assembly of dynamins. G-domain dimerization is an indispensable step which precedes the 

self-assembly of dynamins (38) and allows bringing the opposing membranes closer (39). 

 

1.3.1.2 The middle domain (MD): 

 

The middle domain is an essential component of the stalk and is required for self-assembly. It 

shares its 3 helices along with one from the N-terminal portion of the GED to form an 

antiparallel four-helix bundle called the stalk (36, 40, 41). This structure is required for self-

assembly of dynamins via dimerization, tetramerization, and subsequent formation of higher-

ordered structures into rings or spirals (42). The middle domain is further divided into N-

terminal half which is more conserved than the C-terminal half among isoforms dynamin 1 

(92%) and dynamin 2 (72%) (43, 44) and contains a coiled –coil (aa 320-350) involved in 

self-assembly. This region contains alternative splicing sites for the classical dynamin 

isoforms (45, 46). 
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1.3.1.3 Pleckstrin homology (PH) domain: 

 

Pleckstrin homology (PH) domains are a hallmark of membrane binding proteins (47-49). In 

classical dynamins, PH domain bridges the MD and GED. This domain is sufficient for 

interaction of the dynamins with the target membranes (50-52). This highly conserved 

domain binds to negatively charged head group of phosphatidylinositol-4-5-biphosphate 

(PIP2) on the plasma membrane (50, 53, 54). Mutations in the PH domain that abolish 

membrane binding show inhibitory effects on clathrin-mediated endocytosis (51, 55-58). The 

PH domain membrane binding is mediated by a variable loop (VL1) which inserts into the 

membrane bilayer. Membrane insertion of the VL1 helps in generation of membrane 

curvature during endocytosis (59). Although Drps do not have a distinct PH domain, they too 

contain a stretch of positively charged residues in their disordered loop region which 

mediates membrane binding (60). 

 

1.3.1.4  The GTPase effector domain (GED): 

 

Dynamin family of proteins are distinguished from other GTPases as they function as a 

GTPase activating protein (GAP) for themselves (26). GED promotes the GTPase activity of 

the protein. This domain interacts with GED domains of other dynamin molecules via an 

arginine finger motif to bring about oligomerization of dynamins into rings and spirals (61, 

62). 

 

1.3.1.5  The Proline rich domain (PRD): 

 

The PRD of dynamin, as the name suggests, is rich in proline and basic amino acids. They 

provide a binding site for SH3-domain containing proteins which play important regulatory 

roles in functioning of dynamins (63). Some of the SH3 proteins that interact with classical 
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dynamins include amphiphysin, Grb2, and PLC (64-67) . These interactions assist dynamin to 

localize at endocytic sites (68) and facilitate dynamin inter-molecular interactions during self-

assembly (69). 

 

1.4 Biochemical properties of dynamin family proteins 

1.4.1 Self-assembly  

 

Dynamin family proteins remodel their target membrane (2, 70) and organise themselves into 

their functional forms which are either helical spirals (71, 72) or ring structures (73, 74). 

Formation of these self-assembled structures occur on their site of action, but in cytoplasm 

they mostly remain as monomers or dimers. Higher-order oligomerization proceeds by 

interaction of these protomers (monomers or dimers) into tetramers via not-so conserved 

interfaces. Structural studies in dynamin 1, MxA, Drp1, hGBP and Mgm1 have shown that 

these interfaces mostly reside in the stalk region which is comprised of the middle domain 

and the GED (37, 40, 75-77). The stalks of two dimers along with other domains orchestrate 

the cris-cross arrangement as observed in tetramers (37, 40). Dimerization, which is 

independent of the membrane binding, occurs in the cytoplasm through G-domain 

interactions (38). G-domain dimerization although independent of higher-order assembly is 

essential to bring two membrane layers closer to bring about fission or fusion (Fig.1.4.1.1) (2, 

78). Other domains such as the PH and PRD although not found in Drps are essential for 

stabilizing the self-assembled structures in classical dynamin (50, 79). 
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Figure 1.4.1.1: Self-assembly of dynamins. The diagram shows oligomerization of dynamin 

around the template membrane to form higher ordered structures through interaction between 

their stalk and G-domain. Inter G-domain interactions and GTP binding followed by GTP 

hydrolysis constricts the membranes (Adapted from Ferguson SM et al. 2011) 

1.4.2 GTP binding and hydrolysis: 

Membrane remodelling by dynamins is an energy dependent process (80, 81). The GTPase 

domain of dynamins which are conserved among the members (26, 27) harbors the motifs 

responsible for carrying out GTP binding as well as hydrolysis (82, 83). Dynamin 1 shows 

very low affinity for GTP and a robust basal GTPase activity (∼0.4–1 min−1) which is further 

stimulated by more than 100-fold by higher order self-assembly stimulated by either low salt 

conditions or membrane binding (43, 71, 84) . Its recruitment to the endocytic sites occur in 

GDP-bound form which is followed by self-assembly and GTP exchange. The GTP 

hydrolysis activity of the protein is activation dependent. Its interaction with microtubule 

enhances its activity by 16-fold (24). This enhancement in activity is achieved by positive 

cooperativity of the protein molecules to form higher ordered structure (43) upon interaction 

with microtubules or phospholipids, although, this does not change co-operativity of GTP 

binding (44). Similarly, dynamin like proteins such as Drp1, MxA also show high basal level 
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GTPase activity which further increases upon self-assembly. GTP binding brings 

conformational changes in dynamins that allow GTP hydrolysis (38, 85-87). MxA, known for 

tubulation of membranes, shows higher affinity for GTP than GDP (88). Membrane binding 

and self-assembly stimulates the GTPase activity to almost 100 fold in dynamin 1 (71). 

Inability of dynamins to bind GTP (as shown by mutations at K44, S45 residues of dynamin 

1) leads to inhibition of function (89, 90). This difference in preference of dynamins for GTP 

indicates that GTP binding and hydrolysis events are regulated to modulate the generation of 

the force required for membrane remodelling during their fission, fusion or tabulation 

functions. 

1.4.3 Membrane binding and remodelling  

Fission or fusion activities of dynamins require them to bind to their target membranes. Their 

interactions with lipids allow them to remodel the membrane by redistribution of lipids 

specifically clustering them on the membranes (70, 91-93).  Classical dynamins possess a 

dedicated PH domain which is responsible for membrane recognition and binding (50, 94). 

Dynamins work as curvature sensing enzymes (95). The PH domain can bind to flat 

membrane surfaces by electrostatic interactions, but this interaction is not stable. Forstable 

binding to PIP2 in the plasma membrane, dynamin uses its variable loop-1 region which 

resides in the PH domain (58). This stretch of residues (variable loop-1) consists of 

hydrophobic amino acids which inserts into the membrane bilayer and creates an anchor 

thereby limiting dynamin conformations (58). This restricted conformation upon membrane 

binding is essential for self-assembly of the protomers into higher-order structures. VL1 uses 

hydrophobic membrane interactions to perform sensing of high curvature of budding vesicles 

(96). In dynamin related proteins, which lack a distinct PH domain, positively charged 

residues in the unstructured loop regions of the stalk domain participate in membrane 
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binding. For example in  the mitochondrial fission protein, Drp1, the lysine residues within 

the B-insert region are essential for its interaction with cardiolipin (97). These loop residues 

provide a lipid interface equivalent to dynamins and form electrostatic interactions with the 

lipid head group for binding (98, 99). Though these dynamins require membrane binding to 

oligomerize and stimulate GTPase activity (43, 44), they remodel their target membranes in 

different ways. Albeit these differences in the membrane binding sequences among the 

dynamin members, a common mechanism can be seen where the dimers anchored on the 

juxtaposed membranes contact the dimers on the opposite membranes upon GTP hydrolysis 

andbrings about membrane fission or fusion (Fig.1.4.3.1) (39, 100, 101). 

1.5 Function of the dynamins and dynamin related proteins 

1.5.1 Vesicle Scission 

In mammals, classical dynamins (dynamin 1, 2 and 3) perform scission of vesiclesfrom 

plasma membrane during endocytosis (102, 103). They perform their function by 

translocatingin nucleotide bound form and oligomerization on the budding vesicle. GTP 

hydrolysis occurs to generate force which allows dynamin to constrict the neck of the vesicles 

required for scission from the plasma membrane (104-106). The binding of dynamin to the 

budding vesicle requires its interaction with the PH domain. Initially, dynamin is recruited to 

its site of action as a tetramer, and upon membrane binding via PH domain these interact with 

each other to form helical spirals around the neck of the coated-pits (42). Studies have shown 

that this helical structure reduces in diameter upon GTP hydrolysis which acts as a scaffold 

for constricting the underlying membrane (Fig.1.4.3.1) (104-106).  
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Figure1.4.3.1: Constriction of vesicles by dynamin. The diagram shows how dynamin self-

assembles around the template membrane through interaction of conserved interfaces. GTP 

binding and hydrolysis upon self-assembly generates a force that constricts the underlying 

membrane (Image source:Bruno Antonny et al. 2016 (39)) 

 

Apart from functioning as endocytic dynamin, the ubiquitously present dynamin 2 also 

performs scission of transport vesicles from trans-golgi network (107).Although dynamin 1 is 

considered as the universal endocytic dynamin, it is absent in yeast (108, 109). Vacuolar 

Protein Sorting -1 (Vps1), a golgi localizing dynamin related protein associates with 

endocytic proteins as well. Apart from endocytosis, this Vps1 also causes membrane fission 

within the golgi, vacuole, endosome and peroxisomal systems (110-114). 

 In plants, dynamin-related protein 2A and 2B (DRP2A and DRP2B) are homologous to the 

classical dynamin 1 (115, 116). These Drps are involved in post-golgi vesicle trafficking and 

are also important for endocytosis (117). Though a direct role of this protein has not been 
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established, their association with actin bundles at the plasma membrane is essential for 

active trafficking of vesicles (117).  

The involvement of more than one kind of dynamins in vesicle scission in different systems 

indicate that these proteins, although lack sequence similarity, are capable of performing 

similar functions with their mechanism of operation being essentially similar. 

 

1.5.2 Mitochondrial maintenance 

Mitochondria are dynamic organelle which are compartmentalized by double membrane 

system where the outer membrane and the inner membrane are separated by the inter-

membrane space. Mitochondrial maintenance by fission and fusion form the basis for cell 

survival.Mitochondrial fission process is required to carry out its distribution during cell 

division, to generate ROS andto facilitate mitophagy (118, 119). Fusion of mitochondria 

allows mixing of content to overcome accumulation of mutations in the mitochondrial DNA 

(120). These processes require protein machinery to carryout membrane remodeling to cause 

fission or fusion. First dynamin to be discovered as mitochondrial fusion dynamin was Mgm1 

(named after the gene mutation in yeast that caused mitochondrial genome maintenance 

defect) (121). This defect was later found to be due to abnormal fusion of inner mitochondrial 

membrane to which Mgm1 is anchored (122). Human homolog of Mgm1 is Opa1, its 

defective form leads to dominant optic atrophy (123, 124). 

Outer Mitochondrial membrane fusion is carried out by a different set of dynamin family 

proteins. First fusion dynamin was discovered in sperm cells of Drosophila and was called 

fuzzy onions for their appearances due to fragmented mitochondria (125). Its homolog in 

yeast and C.elegans is called Fzo1 (126, 127), whereas, mammals have 2 homologs namely, 
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Mitofusin 1 and 2 (128, 129). Unlike mitochondrial membrane fusion machinery which are 

specific for inner and outer mitochondrial membranes, eukaryotes use a single drp for 

mitochondrial fission. Yeast Dnm1 was the first one to be discovered as mitochondrial fission 

dynamin (130,131). Mammalian homolog is named as 

Drp1/DLP1/Dnm1L/DVLP1/Dymple(132-136). Fission proteins bind to their target 

membrane via adapter proteins. The membrane binding domain of the fusion proteins Mgm1 

and Opa1 are specific for cardiolipin (137, 138). On the other hand, the outer membrane 

fusion proteins Fzo1 and Mitofusins perform this function via their trans-membrane segments 

located at the N-termius of GTPase domain (139). Yeast Dnm1 forms multimeric structures 

to tubulate the membranes (140). It differs from the endocytic dynamin in terms of spiral 

size. While the spirals formed by endocytic dynamin is 50nm in diameter, Mgm1 forms 

spirals which measure 120nm (140, 141). This wide diameter is expected as, unlike endocytic 

dynamin, Mgm1 wraps around double membrane system keeping both, inner and outer 

membranes intact.  These fusion dynamins oligomerize on the opposing membranes and pull 

them together (142). 

 

1.5.3 Antiviral activity 

Mx proteins are interferon-induced dynamins. The Myxovirus resistance (Mx) genes were 

discovered in mice for their resistance to infection by influenza viruses. The observation that 

in comparison to the wild mice, the inbred mice were more susceptible to these infections 

mapped the locus on chromosome 16 of mouse (143-145). Mice chromosome consists of two 

Mx genes, Mx1 and Mx2 (146, 147). Although they both have antiviral activity, they show 

different localization and recognize distinct virus groups. While Mx1 is a nuclear localizing 

Drp that inhibits Thogoto virus and Influenza viruses (148-150), Mx2 is a cytoplasm 
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localizing Drp which restricts Rift Valley fever virus, Vesicular stomatitits virus and La 

Crosse virus (151-153). These genes are conserved across the vertebrates and their expression 

is induced by typeI and typeIII interferons (154, 155). In humans, there are two genes namely 

MxA and MxB (156). MxB in humans, apart from inhibiting the reported viruses, is known to 

inhibit HIV-1 infection by reducing integration of viral DNA (157) and Hepatitis C virus 

(158). Although they both are largely anti-viral proteins, their subcellular localization 

determines their specificity. MxA mostly exists as cytoplasmic protein, partly associated with 

the plasma membrane and recognizes the NP proteins via its L4 loop (159-161). MxB, on the 

other hand, exists as two forms where the long form includes an N-terminal NLS (162). It 

primarily localizes on the nuclear envelope on its cytoplasmic face (163). MxA acts like a 

gate-keeper protein in the cytoplasm by blocking the vRNPs in the infected cells (164). MxA 

organizes itself in ring-like structures around the tubular vRNPs to block their function (74). 

This organization is induced by the helical nucleocapsids where the nearby MxA contact each 

other to form an active MxA form (165). MxB prevents infection by blocking nuclear import 

of DNA from the viruses (166-168). MxA and MxB differ on many other aspects apart from 

localization differences. As for example, GTP hydrolysis is an requirement essential for MxA 

activity but it is dispensable for activity of MxB (168).  

1.5.4 Endoplasmic reticulum (ER) fusion: 

 

The ER forms a continuous membrane system in the cell, which also remains continuous with 

the nuclear envelope. It forms flat sheet structures, and extensive tubules network throughout 

the cytoplasm. ER function is essential for cellular processes like lipid synthesis, 

transmembrane and secreted proteins synthesis, calcium homeostasis, post-translational 

modification of proteins (169, 170). 

ER fusion is mediated by a class of dynamin-like GTPases, Atlastin (ATL) (171, 172). Its 

depletion or mutations in ATL leads to fragmented ER (173). Atlastin localizes on opposing 



 
 

27 
 
 

membranes to form trans-oligomeric complexes (172). To perform this membrane terthering 

activity, Atlastin requires GTP hydrolysis (172, 174). Mutations in the atlastin gene which 

render Atlastin functionally defective, lead to a neurodegenerative disease, hereditary spastic 

paraplegia where the axons are shortened in cortico-spinal motor neurons (175, 176).  

 

1.5.5 Cytokinesis: 

 

Cell-cycle culminates into physical separation of cellular contents into progeny cells. 

Dynamins play essential roles in cell division of plants and the protists like Dictyostelium 

discoideum (177-180).  They translocate to cleavage furrow and cell plate axis for 

cytokinesis. In animals, classical dynamins interact with endocytic proteins like clathrin, 

syntaxin, and endobrevin during fusion events at the time of cell division (181, 

182).Dynamins in plants participate in the generation of tubulo–vesicular network which acts 

as precursors for the cell-plate formation. The first cytokinesis dynamin discovered was 

Phragmoplastin, a homolog of DRP1 (183). This dynamin accumulates at the cell plate axis 

and mediates tubulation of membranes which eventually are flattened to form membranes of 

the dividing cell (184, 185). In Arabidopsis, role of Drp1 in cytokinesis has been extensively 

studied. It localizes to the plane of spindle fibres and phragmoplast, and serve as an anchor 

for golgi-derived vesicles to accumulate and help in cell-plate formation (185, 186). 

 

1.6 Regulation of dynamins by post-translational modifications  

Dynamins remodel their target organelle membranes upon receiving appropriate cellular 

signals. Their properties like self-assembly, GTPase activity or membrane binding are tightly 

regulated by various factors including binding with their partner proteins, protein 

translocation, degradation. Post-translational modifications (PTMs) provide a mechanism to 

regulate activity of dynamins by reversibly attaching groups at specific sites of the proteins. 
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In response to cellular signals,dynamins are known to undergo modifications like 

phosphorylation, ubiquitination, sumoylation, S-nitrosylation. Cells employ various protein 

machineries to attach and detach these groups depending on cell-stage. An overview of 

regulation of dynamins by PTMs (187) is tabulated in Table 1.4.1 

1.6.1 Phosphorylation 

Phosphorylaiton is most common PTM where phosphate group is attached at serine, 

threonine and tyrosine residues of a protein by various kinases and is removed by 

phosphatases bringing about structural and functional changes. Classical dynamins, found 

exclusively in metazoans, are the first to be reported to undergo phosphorylation. For 

example, dynamin 2 undergoes phosphorylationat Y597 to regulate endocytosis by 

modulating its binding to Cav1. This phosphorylation enables localization of Dyn2 to the 

plasma memberane and hence becomes essential for caveolae scission (188). Phosphorylation 

of its serine residues in the GED regulate its binding with syndapin and amphiphysin through 

conformational changes (189, 190). Aberration in mitochondrial dynamics, which causes 

various diseases like Charcot-Marie tooth disease, Parkinson’s disease, Alzheimer’s disease 

is regulated by fission and fusion dynamins (123, 191-194). Drp1, a fission drp, undergoes 

phosphorylation at S585 which stimulates fission by enhancing interaction with adapter 

proteins (195). Phosphorylation at S637 and S635 in GED perturbs inter-domain interactions 

and determine differential localization of Drp1 (196, 197). Mitochondrial fusion proteins 

Mitofusin 1 and 2 also undergo regulation by phosphorylation during apoptotic cell death 

(198, 199). 
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1.6.2 Ubiquitination 

Uniquitinition regulates protein function by adding ubiquitin at lysine residues. This PTM 

conventionally is linked to proteasomal pathway for degradation of proteins. Apart from this 

function, ubiquitination also regulates localization, stability, interaction of partner proteins, 

and also degradation of proteins by lysosomal pathway (200). MARCH-V mediated 

ubiquitination of Drp1 at the mitochondrial fission sites regulates assembly at these sites 

(201). In oxygen glucose deprivation and reperfusion (OGDR) condition, another E3 ligase 

Parkin ubiquitinates Drp1 to degrade it which in turn protects the cell from mitochondrial 

dysfunction (202). Enhancing mitochondrial fission during cell cycle requires reduction in 

fusion activity of Mfn1. MARCH-V mediated ubiquitination of Mfn1 allows its degradation 

to facilitate mitochondrial fragmentation (203). During hypoxic stress, deacetylation by 

HDAC6 which recognizes MARCH-V, prevents Mfn1 ubiquitination to enhance 

mitochondrial fusion activity (204). MARCH-V mediated ubiquitination of Mfn2 at K192 

facilitates maintenance of ER- mitochondrial contact sites during mitochondrial fusion by 

upregulating self-assembly (205, 206). This ubiquitination is specific for the Mfn2 bound to 

mitochondrial membrane. This implies that regulation by ubiquitination by a common E3 

ligase like MARCH-V can regulate both fission and fusion of mitochondria. This specificity 

might be determined by cellular stress, apoptotic signals, cell cycle signals and specific lipid 

interactions. Homolog of Mfn in yeast, Fzo1 is deubiquitinated at K398 by Ubp2 and at K464 

by Ubp12. Ubiquitination at K398 leads to inhibition in mitochondrial fusion by promoting 

proteasomal degradation whereas Mdm-30 mediated K464 ubiquitination imparts stability to 

the protein which promotes mitochondrial fusion (207). 

 

 



 
 

30 
 
 

1.6.3 SUMOylation 

SUMOylation is a reversible PTM which is carried out by covalently conjugating Small 

Ubiquitin-like Modifier (SUMO) at lysine residues of a protein.  It provides an efficient 

method of modulating the activity, stability and subcellular localization, of a wide variety of 

substrate proteins. Mitochondrial fission drp, Drp1, is a target for SUMOylation by 3 SUMO 

forms, SUMO 1, 2, 3. The recruitment and dissociation of Drp1 on the mitochondrial 

membrane is regulated by  sumoylation by SUMO and de-sumoylation by SENP5(208). Drp1 

SUMOylation occurs at 4 lysine residues (K594, K597, K606, and K608) which reside in the 

B-insert region (209). SUMO-1 attaches to Drp1 at the onset of cell cycle which stabilizes 

Drp1 in the mitochondrial membrane to promote fission (210). During oxygen glucose 

deprived stress, when fusion of mitochondria is more favoured than fission, Drp1 is withheld 

in the cytosol by SUMO2/3 addition (211). The non-canonical drp, MxA, involved in 

antiviral activity, is sumoylated at K48 in its GTPase domain, although its role remains 

unknown. 

 

1.6.4 S-Nitrosylation 

S-nitrosylation is a reversible and targeted PTM wherein nitric oxide (NO) is covalently 

bonded to a thiol group of cysteine residue (S—NO) of target protein. Addition of NO exerts 

its effects during processes like DNA repair, host defence, endocytosis, and 

neurotransmission by modulating a protein’s stability and localization (212). Endocytic 

dynamin, dynamin 1, is a target for S-nitrosylation during receptor mediated endocytosis. NO 

synthase mediated S-nitrosylation of dynamin 1 at C607 (in the PH domain) stimulates its 

membrane binding, GTPase activity and oligomerization (213).While S-nitrosylationat 

another site in the GTPase domain (C86) regulates endocytosis favouring survival of the 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/nitric-oxide
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endothelial cells (214). Mitochondrial fission drp, Drp1 is a substrate for S-nitrosylation (215, 

216). This nitrosylation occurs in response to beta-amyloid oligomers during conditions like 

Alzheimer’s and Hutington disease to promote mitochondrial fragmentation  leading to 

neuronal damage (217). It promotes Drp1 dimerization and GTPase activity. The GED, 

which is responsible for self-assembly, undergoes nitrosylation at residue C644 of Drp1 

allowing dimerization of Drp1 to promote further self-assembly (217, 218). 

 

1.6.5 Acetylation 

Acetylation (also referred to as N𝜀-lysine acetylation) is the addition of  an acetyl group to 

the amino group of a lysine side chain . It neutralizes the positive charge that disrupts salt 

bridges and introduces steric bulk leading to altered protein–protein interactions, enzymatic 

activity and stability (219-221). OPA1 resides in the inner mitochondrial membrane and is 

crucial for maintenance of cristae formation. Its membrane fusion activity is regulated by a 

balance between acetylation and de-acetylation. Hyper-acetylation of OPA1 at K931 is  

observed during cardiac pathological conditions like cardiac hypertrophy. This PTM reduces 

mitochondrial fusion and GTP hydrolysis activity, and leads to abnormal mitochondrial 

distribution and fragmentation. This is restored by de-acetylation by SIRT3 de-acetylase 

(222, 223). 
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1.7  Nuclear envelope remodelling: 

 

A distinguishing feature of the eukaryotes is the compartmentalization of their genetic 

material. The nuclear envelope (NE), a semi-permeable bilayer membrane is highly selective. 

This membrane system is continuous with the endoplasmic reticulum. Cell division in all the 

eukaryotes requires division of the genetic material among the progeny cells. This requires 

the nuclear content to replicate and get distributed to new cells. NE on the basis of its 

integrity during this process can undergo either closed mitosis or open mitosis (Fig.1.7.1). 

Closed mitosis occurs in yeast and lower eukaryotes where the NE remains intact throughout 

the cell division (224, 225). Here, the spindle bodies embedded in the NE initiates spindle 

formation inside the nucleus. On contrary, open mitosis occurs in higher eukaryotes including 

mammalian cells and proceeds by nuclear envelope breakdown followed by disassembly of 

the nuclear lamina and nuclear pore complexes. Closed mitosis requires the intact nucleus to 

expand to accommodate the replicated genetic material and form two new nuclei from the 

pre-existing one whereas open mitosis proceeds by disassembly followed by reassembly of 

NE around the genetic material.  

 

 

Figure 1.7.1: Eukaryotes undergo division of nucleus by closed, semi-open or open 

mitosis. The image shows the modes by which nuclei divide by maintaining the nuclear 

envelope (closed, red), partial disintegration of NE (semi-open, yellow) or complete 
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disintegration of NE (open, green) in different organisms.(Image source Boettcher B et al. 

2013) 

 

Tetrahymena thermophila, a ciliate protozoa, undergoes closed mitosis. It has a large, 

somatic, polyploid macronucleus called the MAC and a small germline diploid micronucleus 

called the MIC. MACs being somatic, are transcriptionally active whereas the MICs are 

transcriptionally inactive in vegetative cells. The MIC DNA get actively transcribed during 

sexual reproduction. In vegetative cells, MIC and MAC replicate at separate time points of 

the cell cycle. The MAC division occurs before MIC, without functional centromeres. Copies 

of MAC chromosomesget partitioned randomlybetween the two progeny cells. Due to 

random segregation of alleles, vegetative heterozygousprogeny after conjugation becomes 

pure for one of the allele within approximately 100 cell fissions (226). This genetic 

phenomenon is known as phenotypic assortment.  

 

1.8 Nuclear expansion in Tetrahymena 

Tetrahymena undergoes sexual reproduction by forming conjugating pairs with the mating 

partners. The otherwise transcriptionally inactive MIC elongates to almost 50 folds to attain a 

crescent shape during meiosis (227). At this stage chromosome pairing and recombination 

occur in MIC. Following this meiotic division, four nuclei are formed, of which, three 

degenerate and one is selected for inheritance. This selected nucleus undergoes mitosis to 

produce two pronuclei which are genetically identical. Of these two, one is transferred to the 

partner cell which fuses with the resident micronucleus to yield a zygotic MIC.  This zygotic 

nucleus undergoes two rounds of mitosis which results in 4 MICs. Out of these four MICs, 

two expand ~15 folds to become MACs. This stage is termed as ‘macronuclear expansion’ 

(Fig.1.8.1). This expansion is necessary for accommodating the increased genetic material.  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/centromere
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/genetic-determinism
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/genetic-determinism
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MAC expansion which occurs by increase in the volume of the nucleus, requires addition of 

new membrane. This process although occurs during closed mitosis and interphase stages of 

cell cycle during open mitosis, remains yet to be fully understood. 

 

 

 

Figure 1.8.1: Stages of nuclear division during conjugation in Tetrahymena thermophila. 

The diagram shows stages during conjugation of Tetrahymena  where it undergoes mitosis 

and meiosis and forms new MAC during macronuclear development stage of conjugation 

(8hr). Yellow and dark green colors show opposite mating-type cells. (Image source: Wei 

Miao et al., 2009)   
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This bi-nucleated protozoa has evolved a well-organised membrane-trafficking system. This 

is evident from the presence of several Rab GTPases (228). Along with these, Tetrahymena 

harbors eight dynamins which further indicates towards well evolved membrane 

organization. TtDrp1 performs important role during endocytosis, whereas TtDrp2 localizes 

on parasomal sacs. Drp3-6form a lineage specific group which might have evolved to 

perform specific functions (229) (Fig.1.8.2). Drp7 and Drp8 are known to localize in 

subcortical mitochondria and might have functions in mitochondria.  

 

 

 

Figure 1.8.2: Tetrahymena contains 8 Dynamin Related Proteins. Phylogenetic tree 

showing different members of dynamin family of proteins. Drp3-6 of Tetrahymena form a 

separate clade and have evolved to perform specific functions.(229) (Image source: Elde NC 

et al. 2005) 
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Dynamin related protein 6 (Drp6) is a nuclear localizing dynamin in Tetrahymena 

thermophila. Macronuclear expansion in cells lacking Drp6 or expressing its dominant 

negative form remains inhibited, indicating its role during this stage (230). Drp6 is required 

for expansion of the nuclear envelope during transition from MIC to MAC. Its localization 

during the vegetative state is at the nuclear envelope with a lesser population present as the 

cytoplasmic puncta. Depending on the cell cycle stage, this protein keeps switching between 

its cytoplasmic and nuclear membrane localization. Apart from the localization, its function is 

also cell cycle regulated. It shows peak in activity in starved conditions or during 

macronuclear expansion (230).  

 

In this thesis, we investigated how the localization and activity of Drp6 is regulated in 

Tetrahymena thermophila. The chapters in the following sections were an attempt to study 

how Drp6 regulation in terms of localization and activity can be brought about by various 

factors like post-translational modifications, lipid specificity, self-assembly and interaction 

with cytoskeletal proteins like microtubule and dynein. The findings of the study has been 

divided into the following objectives: 

1. Mechanism of Drp6 function and regulation by post-translational modifications  

2. Mechanism of cardiolipin interaction specificity and nuclear recruitment of Drp6. 

3. The role of G domain and middle domain in the self-assembly and nuclear recruitment 

of Drp6. 

4. Mechanism of nuclear expansion by Drp6 and role of microtubule structure. 
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  CHAPTER 2 

Mechanism of Drp6 function 

and regulation by post-

translational modifications  
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2.1 Introduction 

Post-translational modifications (PTMs) provide mechanisms to regulate the activities of 

proteins in response to various cellular cues afterthey are synthesised in eukaryotic cells.  

The vast arrays of protein PTMs namely ubiquitylation, S-nitrosylation, phosphorylation, 

SUMOylation, acetylation are known to regulate protein function.Dynamin family proteins 

that perform membrane remodelling functions are also regulated by various post-translational 

modifications.Several examples of how phosphorylation affects the functioning of dynamins 

are known. Dynamin 1 and 2 undergo phosphorylation at Y597 which leads to increased 

endocytosis by actuating self-assembly and GTP hydrolysis during caveolae mediated or 

ligand activated receptor endocytosis but not constitutive endocytosis. In dynamin 2 this 

phosphorylation is required for Cav1 binding and its translocation to plasma membrane 

(188). This indicates that phosphorylation is capable of regulating dynamin function in 

specific processes (231). In post-mitotic neurons, residues S774 and S778 in GED of 

dynamin 1 are phosphorylated by CDK5 leading to impairement of its membrane recruitment 

by impairing its interaction with amphiphysin and syndapin. Whereas calceneurin-mediated 

dephosphorylation is required for restoring these interactions and hence recruitment to target 

membrane (189, 190, 232). Vps1 in yeast mediates clathrin mediated endocytosis as well as 

trans-golgi protein trafficking (114, 233, 234). An inter-play of phosphorylation and 

dephosphorylation at S599 determines its binding with amphiphysin Rvs167 to regulate the 

progression of endocytosis (235). Mitochondrial dynamics regulation if impaired, lead to 

various disorders like Optic atrophy, Charcot-Marie tooth disease, Alzheimers’s disease, etc. 

(123, 191, 192). Mitochondrial fission dynamin, Drp1 undergoes phosphorylation at S585 by 

multiple kinases at different cell stages and under cellular stress (236, 237), which stimulates 

its fission activity without affecting its GTPase activity. Loss of this phosphorylation leads to 

reduction in mitochondrial fission probably by augmenting its interaction with the adapter 
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proteins. Phosphorylation at a particular residue can lead to many opposing downstream 

effects. For example, Drp1 phosphorylation at S585 by CDK5 in neuronal cells leads to 

fragmentation upon injury (238) whereas in healthy cells, it inhibits fragmentation by 

inhibiting self-assembly (239). Another impact of phosphorylation on self-assembly of Drp1 

can be seen at S637 inits GED. It augments its interaction with GTPase domain which 

inhibits both GTPase activity and oligomerization (240). Dephosphorylation of S637 by 

calceneurin during apoptosis translocates Drp1 to mitochondria.  

Mitofusin 2, upon pro-apoptotic signals during cellular stress, undergoes phosphorylation at 

S27.  This phosphorylation in turn activates ubiquitination mediated proteasomal degradation 

of Mfn2 to promote mitochondrial fragmentation (199).  

During Tetrahymena conjugation, the activity of Drp6 is most pronounced at a stage when 

the MIC (2n) expands to form a polyploid MAC (45n). Elimination or inhibition of Drp6 

activity  inhibits this nuclear transition. This protein is present in the vegetative growth phase 

of the cells as well indicating its requirement at this stage. Drp6 localizes to nuclear 

envelopes of growing cells with a subset of population that localizes as cytoplasmic puncta. 

The proportion of this cytoplasmic subset increases during starvation when the NE locating 

population starts falling off. At early conjugation stages, Drp6 completely loses its NE 

localization and remains cytoplasmic. During the MIC to MAC transition stage called the 

nuclear expansion stage, Drp6 begins to re-associate specifically with the new developing 

MAC and Mic. Apart from differential localization, Drp6 exhibits differential activity as 

well. Its rapid assembly on the NE during starvation and MAC expansion stage but not 

vegetative condition further points towards its highly regulated function. Earlier in the lab it 

has been shown that Drp6 undergoes phosphorylation and ubiquitination. This chapter 

attempted to elucidate the role of phosphorylation in regulating function and localization of 

Drp6. 
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2.2 Materials and methods 

2.2.1 Materials 

 pRSETB vector was a kind gift from Prof. M.S.Shaila, IISc, Bangalore. 

 3xmCherry 2xHA Neo4 vector was a kind gift from Prof. Aaron Turkewitz, 

University of Chicago, USA 

 PCR reagents and restriction enzymes were purchased from New England Biolabs. 

 Primers were purchased from Eurofins MWG. 

 Lipids and extruder apparatus used in the assays were purchased from AvantiPolar 

Lipids. 

 Proteose peptone, Yeast extract were purchased from BD Bacto. Glucose and Fe-

EDTA were purchased from Sigma-Aldrich. 

 Luria Bertani broth and agar were from Himedia. 

 All other chemicals unless otherwise mentioned were from Sigma-Aldrich. 

 TEM accessories were from Ted Pella, Inc. 

 

2.2.2 Methods: 

(A) Cloning and generation of point mutants 

Codon optimized DRP6 was synthesized and supplied in pUC57 vector by Eurofins (MWG). 

It was cloned in pRSETB using KpnI and EcoRI sites. Stratagene quickchange protocol was 

used to design primers for incorporation of point mutations to generatephosphomimic 

mutation (serine to aspartate) and Phosphonull mutation (serine to alanine). Primer details are 

listed in Table 2.2.1.1.1 Mutations were incorporated in DRP6-pRSETB construct using the 

following PCR protocol.  
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Table 2.2.1.1.1: PCR reaction mix and program 

Component Volume 

Template (50ng/µL)   1 µL 

dNTP mix (10mM)   1 µL 

Forward primer   1 µL 

Reverse primer   1 µL 

MgCl2 (50mM)   1 µL  

5x Phusion polymerase buffer   10 µL 

Hotstart Phusion Polymerase  1 µL 

Deionised water 34 µL 

 

 

 

 

 

20 µL of the PCR products were treated with 0.5µL DpnI for 7-8 hours at 37 ˚C. 3 µL of the 

DpnI treated PCR product was transformed in DH5α competent cells. Mutations were 

confirmed by sequencing.  

 

(B) Expression and purification of recombinant Drp6 and its variants. 

For expression of protein, chemically competent E. coli C41-DE3 cells were transformed 

with the pRSETB constructs and grown on ampicillin (100 µg/ml) containing LB agar plates 

PCR program:   

95˚C   30 s 

95˚C   30 s 

55˚C 1 min 

72˚C  3 min 

 

PCR was performed for 18 cycles. 
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for 16 hours at 37 ˚C. Under sterile conditions, few colonies were picked and transferred to 

800ml LB broth supplemented with ampicillin (100 µg/ml)and allowed to grow at 37 ˚C at 

220 rpm till the OD600 reached 0.2. Culture was then transferred to 18 ˚C and incubated for 

40 mins. Protein expressionwas induced with 0.5mM IPTG (at 0.4 O.D600) and grown at 18 

˚C for 16 hours. Cells were harvested at 12000 rpm at 4˚C and used for protein purification. 

Harvested cells were resuspended in ice-cold buffer A (25mM HEPES pH 7.5, 300mM NaCl, 

2mM MgCl2 , 2mM β- mercaptoethanol.) supplemented with  1mM PMSF (Sigma-Aldrich) 

and EDTA- free protease inhibitor cocktail (Roche). Lysis was carried out using sonication at 

4 ˚C and a clear lysate was obtained by centrifugation at 15000 rpm at 4 ˚C for 1h. Lysate 

was incubated with Ni-NTA agarose resins (Qiagen) for 2 hours at 4 ˚C. Resins were 

collected at 4000 rpm, 4 ˚C and washed with 100 bed volumes of wash buffer (50mM 

imidazole in buffer A). Protein was eluted with buffer A containing 250mM imidazole. For 

assessing the purity of the proteins, SDS-PAGE gels were imaged using QuantityOne 

software, Biorad. Protein band intensity measurement was done using ImageJ image (NIH) 

software to assess the purity of Drp6 band against the contaminant proteins in the same lane. 

Protein was dialyzed in lysis buffer at a concentration of 150 µg/ml.  

(C) Measurement of GTPase activity 

GTPase activity of Drp6 and its variants were performed using 1 μM protein and 1mM GTP 

(Sigma- Aldrich) in Buffer B (25mM HEPES pH 7.5, 150mM NaCl, 2mM MgCl2).The 

reaction mix was incubated in 37°C. For time kinetics assay, 20µL aliquots were collected at 

different time intervals and 0.5mM EDTA was added to stop the reaction. 1 mL of Biomol 

Green reagent was added to samples and incubated for 20min at RT beforemeasuring the 

absorption at 620nm. The amount of phosphate released was estimated using a standard 
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curved prepared using the phosphate supplied with the kit. The assays were performed more 

than three times for analysis. 

(D) Size-exclusion chromatography 

Size-exclusion chromatography was performed using Superdex 200 GL 10/300 column (GE 

Life Sciences).The column was equilibrated with buffer A. 500μL of 0.4mg/ml protein was 

loaded on the column and A280 was monitored. Void volume was determined using dextran 

blue and the positions of molecular weights by various protein molecular weight standards. 

(E) Determination of nucleotide binding affinity 

Binding affinity of Drp6 and Drp6-S248D for GDP and GTPℽS was determined by Micro-

Scale Thermophoresis (MST) (NanoTemper). 200nM of His-tagged protein in Buffer B was 

incubated with nucleotides varying in concentration from 15nM to 500μM. Fluorescence of 

each sample capillary was recorded upon subjecting to temperature variation. Fnorm% was 

plotted against ligand concentration for analysing the results. Experiments were performed 

thrice. 

(F) Liposome co-floatation assay 

Floatation assay was performed using liposomes comprising 70% PC and30% PE or with 

70% PC and20% PE along with 10% CL or PS or PA. 2.5mg of total lipid were re-suspended 

in chloroform and used to create a thin film in a 50ml round bottom flask. The flask was 

exposed to nitrogen for 30mins or until the chloroform smell disappeared. 1 mL of pre-

warmed buffer B was added to the film and the flask was subjected to freeze thaw cycles 

until the lipid film fully resuspended into the buffer. To obtain 100nm liposomes, this 

solution was extruded 17-21 times using 100nm filter in Avanti Polar Lipid Extruder. The 

liposomes were checked for size uniformity using DLS.  
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To set up the floatation reaction, a 500µL reaction in buffer B was set up using 1µM protein, 

1mM GTP and 0.5mg (200µL) of liposomes. The reaction mix was incubated at RT for 1 

hour.  

For setting up the sucrose gradient, the reaction mix was adjusted to contain 40% sucrose. 

The reaction mix was placed at the bottom of ultra-centrifuge tubes and overlaid with 2mL 

each of 35%, 30%, 25%, 20%, 15% and 10%sucrose solutions (in buffer B) . The gradient 

was subjected to ultra-centrifugation using SW41 rotor at 35000rpm, 4 ºC for 15 hoursin a 

Beckman Coulter Ultra-centrifuge. 1mL fractions were collected from the top and analysed 

bywestern blotingusinganti-His antibody (Sigma-Aldrich). Quantitation of protein bandswere 

performedusing Quantity One software. Experiment was performed atleast thrice for 

quantitation. 

 

(G) Invitro membrane fusion assay 

Apolyvinyl alcohol (5% w by w) solution in hot water was prepared and was used to coat the 

inner surface of petri plates . The plates were allowed to dry overnight. 

A smear of the lipid solution in chloroform  having 10% CL, 20% PE, 70% PC with 18 mol% 

R18 dye was made on this dried surface and kept in vacuum for 2 hours. 1 ml of buffer B  

was added to the dried lipid film and allowed to hydrate for 5 mins. The GUV solution was 

collected in a tube. To remove the excess dye, the GUV solution was dialysed in the same 

buffer. For the fusion assay, reaction using 1µM protein, equal volumes of R18 labelled and 

unlabelled GUVs, 1mM  GTP/GDP/GTPℽS/GMPPCP (added just before fluorescence 

mesurements) was performedon ice. Fluorescence measurements were carried out using λexc 

at 560 nm and λem at 585 nmfor 2 hours at RT using Varioscan (Thermo Scientific). 
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(H)   TEM imaging 

For TEM experiments, purified recombinant Drp6 and Drp6-S248D were concentrated to 

4.5µM in buffer A and kept overnight at 4 ºC. 20µL sample containing 1µM of protein and 

1mM GTPℽS in buffer B was incubated at RT for 45 mins before adsorbing onto the copper 

coated 200 mesh grid by placing the grid on the sample for 2 min followed by placing on 2% 

Uranyl Acetate (MP Biomedicals) for 2 min. Excess stain was removed using a Watman filter 

paper and the grid was dried for10min before imaging in TEM (JEOL JEM transmission 

electron microscope). 

(I) Liposome tubulation assay 

Liposomes comprising 70%PC. 20%PE, 10%CL was prepared as mentioned earlier. A 20µL 

reaction was set-up using 1µM purified recombinant protein, 9µL of liposomes, 1mM 

GTPℽS. The reaction was incubated for 2hours at RT and sample grids were prepared as 

mentioned above. 

(J) Tetrahymena strains and culturing 

Wild-type Tetrahymena cells (CU428.1 and B2086.1) were procured from Tetrahymena 

stock centre, Cornell university, USA. SPP media containing 2% Proteose peptone, 0.2% 

Yeast extract, 0.1% glucose and 0.003% Fe-EDTA was sterilised by autoclaving for 40 min 

at 121˚C. Cells were grown in conical flasks at 30 ˚C. 

(K) Expression of Drp6 and its mutants from the endogenous locus 

To perform studies on localization of Drp6, the gene was endogenously tagged with mCherry 

at C-terminus followed by Neo4 cassette for selection. For this purpose, a vector consisiting 

of 3x mCherry, 2x HA and Neo4 was used. For studying the effect of phosphorylation on 
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localization of Drp6, point mutations were generated using Stratagene QuickChange protocol 

in DRP6-pENTRD TOPO vector. Serine at 248 was replaced by alanine for phosphonull 

mutant and by aspartate for phosphomimic mutant. The mutant fragments were cloned after 

PCR amplification in the 3x mCherry, 2x HA Neo4 vector using SacI and XbaI sites. 3’UTR 

of Drp6 (1kb) was amplified from the genomic DNA andcloned C-terminus to NEO4 cassette 

using EcoRV and XhoI sites. 

For transformation, 25µg of plasmid was digested with SacI and XhoI restriction enzymes.  

The DNA was ethanol precipitated and resuspended in 13µL of sterile deionised water.  For 

coating of gold particles, 10µL of the DNA was used along with 62.5µL of 2.5M CaCl2 and 

32.5µL Spermidine. Particle coating was carried out at 4 ºC by vortexing for 10min.  Particles 

were then spun at 3000rpm for 5s and the supernatant was completely removed. The particles 

were washed with 150 µL of 70% ethanol followed by 150µL of 100% ethanol tofinally 

resuspend in 40 µL of 100% ethanol. 10 µL of particles were evenly spreaded on the 

microcarrier and allowed to dry. Tetrahymena cells were grown in SPP media and starved 

using DMC for 14-16 hours. Cells were centrifuged at 1100g for 1 min at RT and were 

resuspended in 500 µL of DMC to use1x107 cells for a sngletransformation. Cells were 

spread at the centre of a Watman filter paper in 100mm petri-dish. Filter was soaked in DMC 

and particle delivery was carried out using BioRad PDS1000/He Biolistic particle delivery 

system. Cells were then transferred to 50mL of SPP media supplemented with streptomycin-

penicillin-fungizone and revived at 25 ºC for 14 hours. To the cells 120µg/mL paromomycin 

sulphate and 1µg/mL cadmium chloride were added and grown at 30 ºC in 96 well plate. 

Transformants were selected and  subjected to increasing concentration of paromomycin 

sulphate (200µg/mL) each passaging keeping the cadmium concentration  
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same). Once the cells were grown at 1mg/ml paromomycin,cadmium chloride concentration 

was reduced successively till it reached 0.1µg/mL concentration. At this stage, paromomycin 

sulfate concentration was further increased till concentration reached ot 3.5mg/mL. Cells 

were passaged without drug and complete replacement of the transgene was confirmed by 

RT-PCR analysis. The cells were grown to a density of 2x105 cells/mL. Cells were fixed 

using 4% paraformaldehyde for 20min at RT. Cells were then stained with DAPI and imaged 

using confocal microscopy. 
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2.3 Results 

2.3.1 Drp6 is a fusion dynamin:  

Classical dynamins and Drps function by remodeling of their target membranes to bring 

about change in curvature. Remodeling involvesin fission, fusion or tubulation of the 

membranes. Tetrahymena thermophila macronucleus undergoes expansion not only during 

conjugation but also during vegetative cell division. Although the expansion during nuclear 

transition from micronucleus to macronucleus is much more pronounced than the 

macronuclear division during fed-state, both the cases require active nuclear remodeling. As a 

result, activity of Drp6 is more prominentduring nuclear transition phase. Macronucleus 

expansion requires addition of new membranes to the existing nucleus. Since absence of 

Drp6 inhibits nuclear expansion (230) an invitro membrane fusion assay was performed to 

understand if Drp6 is a fusion dynamin. GUV composed of 10% CL, 20% PE, 70% PC were 

mixed with a set of same GUV additionally labelled with R18 dye. This R18 dye, when used 

in high concentrations shows self-quenching property. So, fluorescence can be detected only 

when the dye is de-quenched upon dilution (Fig. 2.3.1.1).  The fusion assay was performed 

by mixing equal amounts of labelled and unlabeled GUVs. When Drp6 was added to this 

reaction, fluorescence was observed under confocal microscope (Fig. 2.3.1.2A). Along with 

this, many hemi-fusion states were also observed in presence of Drp6 (Fig. 2.3.1.3A). In 

absence of Drp6, fluorescence was not observed and hemi-fusion population was also less 

frequent (Fig. 2.3.1.3B). The increase in fusion activity in presence of Drp6 with time was 

measured byincrease in fluorescence intensity. Addition of Drp6 led to enhanced 

fluorescence intensity over time indicative of an increased fusion activity (Fig.2.3.1.2B). 

These results establish that Drp6 functions as a fusion dynamin.  
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Figure 2.3.1.1: Schematic representation of R18 dye dequenching during in-vitro 

membrane fusion assay. Fusion of R18 labeled GUVs with unlabeled GUVs dequenches the 

dye in an event of full fusion which leads to detectable fluorescence. While hemifusion 

doesnot dequench the dye and hence doesnot give any detectable fluorescence. 

 

(A) 
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       (B)  

 

 

Figure 2.3.1.2: In-vitro membrane fusion by Drp6.  (A) Confocal images showing 

fluorescence of R18 labelled GUVs upon fusion with unlabeled GUVs after addition of Drp6. 

Bar=10µm. 

(B) Graph showing fluorescence intensity with time either in presence of Drp6 (GUV-

GUV+Drp6+GTP) or in absence of Drp6 (GUV-GUV). 
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  (A) 

 

 

 

 

 

 

 

(B) 

 

 

 

 

 

 

 

Figure 2.3.1.3:(A) DIC image showing GUV fusion in-vitro.The fusing population is more 

abundant when Drp6 is added to the GUVs. The inset shows a magnified image of the fusing 

GUVs. Bar=10µm (B)Image showing GUVs in the absence of Drp6, fusion states are less 

and the GUVs are smaller. Bar=5µm 
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2.3.2 Effect of phosphorylation on self-assembly of Drp6 

Invitro phosphorylation assay and mass-spectroscopic analysis have establishedthat Drp6 

undergoes phosphorylation at four serine residues along with ubiquitination at six lysine 

residues (done previously in lab). Phosphorylation was identified at S86, S248, S701, and 

S705 (Fig. 2.3.2.1A).Self-assembly of dynamins into higher-order structures is pre-requisite 

for their function. In most of the dynamins, self-assembly depends onbinding to the target 

membrane. Drp6, unlike other dynamins, does not require association with membrane for its 

self-assembly. To understand the role of phosphorylation on  self-assembly property of Drp6,  

phosphomimic forms of Drp6 were generated by replacing the serine residue with aspartate. 

The negative charge of aspartate mimics the negative charge imparted to the protein upon 

phosphorylation. Different phosphomimic variants along with wildtype were expressed as N-

terminal His6 tagged proteins in E.coli C41 DE3 cells. The proteins were purified to 

approximately 80% purity as estimated by using Fiji software (Fig. 2.3.2.1B). Size-exclusion 

chromatography in Superdex 200 analytical gel-filtration column was performed with these 

recombinant phosphomimic mutant proteins and compared with that of wildtype protein. All 

the four phosphomimic mutant proteins eluted in the void volume (Fig. 2.3.2.2). The elution 

profile was similar to that of the un-phosphorylated form suggesting that phosphorylation 

does not inhibit self-assembly property of Drp6.  
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(A)  

 

 

 

(B) 

 

Figure 2.3.2.1: (A) Schematic representation showing residues of Drp6 which undergo 

phosphorylation and ubiquitination as identified by mass-spectrometry. (B) Coomassie 

stained SDS-PAGE gel showing Drp6 and the phosphomimic variants (as indicated on top of 

the gel) purified from E.coli. Marking on the left indicates the molecular weight of the 

proteins. 
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Figure 2.3.2.2: Size-exclusion chromatography of phosphomimic variants. Analytical 

gel-filtration was performed usingSuperdex 200 column for the four phosphomimics and the 

un- phosphorylated Drp6. Color code on the right indicates the proteins.The mutants eluted 

majorly in the void fraction as the un- phosphorylated Drp6. 

 

2.3.3 Effect of phosphorylation on GTPase activity of Drp6 

GTP hydrolysis is an intrinsic property of all the dynamin family proteins. Drp6 also 

hydrolyses GTP in vitro. To study the effect of phosphorylation on basal GTPase activity of 

Drp6, His-tagged phosphomimic forms were expressed and purified. GTP hydrolysis activity 

was measured using colorimetric assay and compared to that of wildtype Drp6. Phosphate 

release was 0.056±0.002 nmol/min/ µM protein for S86D, 0.057±0.0016 nmol/min/ µM 

protein for S701D, 0.059±0.0021 nmol/min/ µM protein for S705D (Fig.2.3.3.1A,B) The 

phosphomimics, S86D, S701D, and S705D showed very similar activity and did not differ 
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significantly from the non-phosphorylated wild-type form (0.058±0.0017 nmol/min/ µM 

protein). However, S248D showed 50% of the GTPase activity as compared to the wildtype 

protein (0.029±0.0014 nmol/min/ µM protein) (Fig.2.3.3.1A,B). The inhibition in activity 

was also observed when TAP tagged Drp6-S248D and Drp6 were purified from Tetrahymena 

thermophile and their GTPase activities were assessed (Fig.2.3.3.2).These results lead us to 

conclude that phosphorylation of serine residue at 248th position inhibits GTPase activity of 

Drp6. 

 

 

 

Figure 2.3.3.1: GTPase activity of Drp6 and phosphomimic variants.(A) The graph 

shows phosphate released by Drp6 and the phosphomimics in 30mins. Statistical significance 

of Drp6-S248D compared with Drp6 was <0.0001 (****), for other mutants it was non-

significant (ns). (B) Graph shows phosphate released by Drp6 and the phosphomimic variants 

(as indicated on right)from 0 to 30 min. Assays were performed atleast three times.  

(B) 
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Figure 2.3.3.2: TAP-tagged Drp6-S248D purified from Tetrahymena shows reduced 

GTPase activity. TAP-Drp6 and TAP-Drp6-S248D were purified from Tetrahymena and 

their GTPase activity (phosphate release in nmol) was assessed for 0 to 30 min. 

 

2.3.4 Inhibition in GTPase activity is not due to reduced GTP binding  

Inhibition in GTPase activity can be either due to reduced GTP hydrolysis or due to reduced 

GTP binding affinity. Dynamins have lower affinity for GTP than GDP. The GDP bound 

molecules exchange GDP for GTP upon self-assembly on the target membranes. To 

understand if phosphorylation at S248 inhibits activity by reducing GTP binding affinity, 

Micro-Scale Thermophoresis (MST) experiments using GTPℽS (non-hydrolyzable GTP 

analog) were performed and compared with that of Drp6. The dissociation constant (KD) of 

1.3µM for Drp6-S248D was comparable to 0.697 µM of Drp6 (Fig. 2.3.4.1). Affinity of Drp6 

for GDP (2.7 µM) was also comparable to that of S248D (1.89µM). These results suggest 

that phosphorylation at Ser248 reduces GTPase activity by reducing GTP hydrolysis and not 

GTP binding. 
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Figure 2.3.4.1: Phosphomimic Drp6-S248D binding to GTPℽS is similar to  Drp6. Micro-

scale thermophoresis (MST) measurement of Drp6-S248D and Drp6 binding affinity with 

GTPℽS was performed.  KD was computed from this binding curve using NanoTemper 

binding affinity software. 

 

2.3.5  Effect of phosphorylation on localization of Drp6 

Drp6 exhibits differential localizations in different cell cycle stages and expected to be 

regulated by post-translational modifications. To observe if phosphorylation at S248 affects 

the localization, Drp6-mCherry or Drp6-S248D-mCherry or Drp6-S248A-mCherry was 

incorporated into the genome by replacing the cellular copies of Drp6. The Schematic 

representation of the homologous recombination based endogenous tagging of Drp6 is shown 

in the figure 2.3.5.1 The complete replacement was confirmed by RT-PCR analyses 

(Fig.2.3.5.2). The localization of the endogenously expressed tagged proteins was assessed by 

confocal microscopy. As shown in the figure 2.3.5.3, Drp6-S248A-mCherry failed to 

associate with nuclear envelope suggesting that phosphorylation at S248 is important for 

nuclear recruitment of Drp6. Although as expected both Drp6-mCherry and Drp6-S248D-
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mCherry were recruited into the nuclear envelope, S248D were visibly more prominent in the 

nuclear envelope as compared to the wild type Drp6 (Fig.2.3.5.3). These results further 

confirm that phosphorylation of Drp6 at S248 enhances nuclear association of Drp6. 

 

 

 

Figure 2.3.5.1: Schematic representation of strategy used for mCherry tagging of 

endogenous Drp6. Homologous recombination based strategy was used to replace genomic 

copy of Drp6 with mCherry tagged Drp6 using a construct containinig DRP6 gene sequence 

followed by 3x mCherry-tag, Neo4 casette and 3’UTR sequence. 

 

 

Figure 2.3.5.2: confirmation of endogenous replacement of Drp6 by semi-quantitative 

PCR. Semi-quantitative RT-PCR  was performed using cDNA synthesized from RNA 
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isolated from Tetrahymena cells expressing either mCherry-Drp6 (WT+RT) or mCherry-

Drp6-S248A (S248A+RT) or mCherry-Drp6-S248D (S248D+RT).Cu428+RTrepresents RT-

PCR  performed using cDNA synthesized from is the wild-type Tetrahymena without 

replacement.+RT represents the PCR amplification from cDNA template generated using the 

reverse transcriptase(RT) enzyme. –RT represents the PCR amplificationfromtemplate which 

lacked RT enzyme and served as control. ATU1 is tubulin gene used as control. 

 

 

(A) 
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Figure 2.3.5.3: Localization of Drp6 in presence or absence of phosphorylation at S248. 

Confocal images showing either fixed DAPI stained (A) or Live Tetrahymena cells (B) 

expressing mCherry-Drp6 or Drp6-S248D or Drp6-S248A. Bar = 10µm. Arrow indicates 

nuclear envelope localization. 

 

 

2.3.6 Phosphorylation at S248 enhances cardiolipin binding affinity  

Recruitment of Drp6 to the nuclear envelope is mediated by interaction with 

cardiolipin(241)also discussed in detail in chapter 3. To check if phosphorylation enhances 

nuclear association by increasing cardiolipin binding affinity of Drp6, we have performed in 

vitro membrane binding assaywas performed by liposome floatation assay. Drp6 associates 

with three phospholipids namely cardiolipin (CL), phosphatidic acid (PA) and 

phosphatidylserine (PS). The co-floatation assay of Drp6 in presence or absence of GTP 

showed that GTP enhances Drp6 interaction with CL-membrane in vitro (Fig.2.3.6.1). To 

examine the effect of phosphorylation at S248 on membrane binding affinity, either 

recombinant Drp6 or its phosphomimic variant (S248D) were used for binding to liposomes 

either containing CL or PS or PA. Quantitative estimation of floatation assay showed that 35-

(B) 
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42% of Drp6 associates with CL containing liposomes. The floatation of 55-60% Drp6-

S248D in the same assay suggests that phosphorylation enhances cardiolipin binding affinity 

of Drp6 (Fig 2.3.6.2A). The effect of phosphorylation at other serine residues (S86, S701 and 

S705) was also assessed and it was found that phosphorylation at these positions did not 

show significant difference in CL binding when compared with wild type Drp6 (Fig.2.3.6.3). 

Interestingly, interactions of S248D with PS liposomes or PA liposomes was similar to that 

of wild type Drp6 (Fig.2.3.6.2B,C). These results suggest that phosphorylation at any of the 

four serine residues does not change over all membrane binding of Drp6 except enhanced 

CLbinding due to phosphorylation at S248. Taken together, it can be concluded that 

phosphorylation specifically at S248 enhances nuclear recruitment by increasing CLbinding 

affinity. 

 

Figure 2.3.6.1: GTP enhances Drp6 binding with CL. Liposome co-floatation assay was 

performed with liposomes containing 70% PC 20% PE supplemented with 10%CL in 

presence (+GTP) or absence (-GTP) of GTP showing that GTP enhances binding of Drp6 

with CL. Western blot analysis of the collected fractions was performed using anti-His 

antibody. 



 
 

63 
 
 

(A)     

 

(B) 

 

(C)      

 

Figure 2.3.6.2: Drp6 S248D shows enhanced binding specifically with cardiolipin. (A) 

Liposome co-floatation assay of Drp6 and Drp6-S248D was performed with liposomes 

containing 70% PC, 20% PE supplemented with 10% CL. Fractions were collected from the 

topand analyzed by western blotting using anti-His monoclonal antibody. Quantitation using 

ImageJ software is shown on the right. P value = 0.001 (**). 
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(B) Same as (A) except liposome containing 70% PC, 20% PE supplemented with 10% PS 

was used for the assay. Western-blot was perforomed and analysedas mentioned above. P 

value= 0.39 (ns) 

(C) Same as (A) except liposome containing 70% PC, 20% PE supplemented with 10% PA. 

Western-blot was perforomed and analysed as mentioned above. P value= 0.42 (ns) 

 

 

 

Figure 2.3.6.3: Liposome co-floatation assay of Drp6-S86D, Drp6-S701D and Drp6-

S705D. Liposomes containing 70% PC, 20% PE supplemented with 10% CL were used for 

the assay. Fractions were collected from the top and analyzed by western blotting using anti-

His monoclonal antibody. Molecular weights are indicated on the right. 

 

2.3.7 Phosphorylation at S248 enhances membrane fusion activity of Drp6 

Drp6 is essential during the transition of micronucleus to macronucleus that requires nuclear 

expansion. The nuclear expansion involves addition of new membrane to the existing nuclear 

membrane. Therefore, it can be hypothesized that Drp6 performs membrane fusion during 

87kDa 

87kDa 

87kDa 
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nuclear expansion. Since phosphorylation enhances the recruitment of Dpr6 to the nuclear 

membrane implying enhanced nuclear expansion, we examined the effect of this 

phosphorylation on the membrane fusion activity of Drp6. For this purpose, an in vitro 

membrane fusion assay was carried out as mentioned in the mehtods. The results showed that 

when the mixture of R18 labelled and unlabeled GUVs were incubated with Drp6 either in 

presence or absence of GTP, the fusion activity (as measured by fluorescence intensity) 

increased with time only when GTP was added in the reaction. When Drp6-S248D was 

assessedunder the same assay conditions, the fusion activity was found to be higher (~2 fold) 

as compared to that of un-phosphorylated Drp6. It has beenshown that phosphorylation at 

S248 inhibits GTPase activity of Drp6. It can beargued that if the enhanced fusion activity by 

phosphorylation was due to inhibition in GTPase activity, then the GTPase activity of un-

phosphorylated Drp6 would increase when GTP is replaced with GTPℽS (non-hydrolysable 

GTP analog). Interestingly, the fusion activity of un-phosphorylated Drp6 increased almost 2 

fold (Fig.2.3.7.1) in presence of GTPℽS strongly suggesting that phosphorylation at S248 

enhances membrane fusion function by inhibiting GTPase activity. Taken together, the 

results suggest that phosphorylation at Ser248 promotes membrane fusion during nuclear 

expansion by inhibiting hydrolysis of GTP.  
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Figure 2.3.7.1: Phosphorylation at S248 (Drp6-S248D) enhances membrane fusion 

activity. In-vitro membrane fusion assay was performed with GUVscontaining 70% PC, 20% 

PE and 10% CL. The assay was performed by mixing R18 labeled and un-labeled GUVs 

either in absence (GUV_GUV) or in presenceof Drp6 and GTP (GUV_GUV+WT+GTP) or 

in presence of Drp6 and GDP (GUV_GUV+WT+GDP) or in presence of Drp6 and GTPℽS 

(GUV_GUV+WT+GTPS) or in presence of Drp6-S248D and GTP 

(GUV_GUV+S248D+GTP). Percent of maximum fluorescence intensity was derived using 

fluorescence aftertreatment with TritonX100. 
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Figure2.3.8.1: Drp6-S248D stabilizes self-assembled ring structures. Electron micrograph of 

Drp6(A) and Drp6-S248D(B)  in physiological salt concentration. Drp6 forms helical 

spirals(long arrows)  as well as ring structures (short arrows) whereas Drp6-S248D forms stable 

ring structures. Bar=200nm.  

(B) Drp6-S248D 

(A) Drp6  
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2.3.8 Phosphorylation at S248 stabilizes the self-assembled ring structures  

The dynamin superfamily of proteins is distinguished as self-assembly activated GTPases. 

Functional structures of dynamins are helical spirals and ring structures which are usually 

formed upon membrane binding. Drp6 in contrast self assembles into helical spirals and rings 

even in absence of membranes. As discussed in the earlier section, similar to Drp6, Drp6-

S248D also elutes in the void fraction suggesting that it is also capable of forming oligomeric  

structures. To visualize and find out if the Drp6-S248D is capable of forming ordered 

assemblies like wild type Drp6 and is not mere irregular aggregates, TEM experiments with 

purified proteins were performed. The results showed that Drp6 under physiological salt 

concentration forms rings and helical spiral structures upon incubation with non-hydrolyzable 

GTP analog. These helical spirals varied in length between 70nm to 110nm and had a 

diameter of roughly 35-50nm whereas the ring structures were about 55-65nm in diameter. 

The Drp6-S248D under same conditions formed predominantlyring structures albeit with a 

very less number of helical spirals. These rings were measured to be around 50-70nm in 

diameter (Fig.2.3.8.1).  

To study dependence of Drp6 on nucleotide for self-assembly, Drp6 was imaged after 

negative staining in absence or presence of GDP or GMPPNP. In nucleotide-free state, Drp6 

remains mostly in open, long, filament-like structures varying in lengths whereas Drp6-

S248D was able to organize itself in ring structures which were either closed or partially 

closed structures with a diameter ranging from 60-70nm. Addition of GDP yielded structures 

which were similar in both Drp6 and Drp6-S248D. Most abundant structures found in both 

the cases were filament like structures and comma shaped (incomplete rings) structures with 

occasional presence of ring structures throughout the scanned fields. Upon addition of GMP-

PNP (a non-hydrolyzable GTP analog), Drp6 could form helical spirals of various lengths in 
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addition to rings, whereas Drp6-S248D showed mostly ring structures of about 55-70nm 

(Fig.2.3.8.2). Drp6-S248D also formed open rod like structures which might be precursor for 

the formation of ring structures. While some dynamins require helical spirals for function, 

ring structures are the functional forms for other family members. As for example, the 

classical dynamins like dynamin 1 is active in its helical spiral form whereas MxA forms ring 

like organization during membrane fusion. Therefore, it was concludedthat phosphorylation 

of serine residue at 248th position enhances membrane fusion activity of Drp6 by stabilizing 

its ring structures.  

Figure 2.3.8.2:Electron micrograph of Drp6 (top) and Drp6-S248D (bottom) either in 

absence of nucleotide (Nucleotide free) or in presence of GDP (+GDP) or in presence of 

GMP-PNP (+GMPPNP). Arrows indicate helical spirals and thick arrows indicate the rings. 

Yellow arrow indicates helical-rod like structures. 
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2.3.9 Phosphorylation atS248 enhances membrane tubulation and tubular network 

formation  

Fusion dynamins perform their function by membrane tabulation and bringing two opposing 

membranes together via G-domain dimerization. To understand how phosphorylation at S248 

enhances membrane fusion activity, Drp6 and Drp6-S248D were assessed for their membrane 

tethering activities by electron microscopic analysis. For this purpose, electron micrographs 

of negatively stained liposomes were evaluated after incubation with Drp6 or Drp6-S248D. 

Negative stained electron micrographs showed that Drp6 tethers liposomes to form fusion 

precursors, a property shown by fusion dynamin. When Drp6-S248D was incubated with 

liposomes under similar condition, extensive tubulation of the liposomes were observed along 

with tethering (Fig.2.3.9.1). These tubulated structures appeared mostly as networks with 

three (or more) way connections, resembling endoplasmic reticulum (ER) network. 

Moreover, fusion of liposomes in these networks were readily visible confirming membrane 

fusion activity of Drp6.  

Taken all the results together discussed in this section it can be concluded that Drp6 is a 

fusion dynamin and phosphorylation of serine residue at 248th position enhances nuclear 

recruitment of Drp6 by enhancing cardiolipin binding affinity and membrane fusion activity 

by enhancing membrane tethering and membrane tubulation function of Drp6 possibly by 

stabilizing its GTP bound ring structures. 
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(A)                                                                    (B) 

 

 

 

 

 

 

 

C)  

 

 

 

 

 

 

Figure 2.3.9.1: Electron micrographs  of CL containing liposomes either in absence of any 

protein (A) or in presence of Drp6 (B) or in presence of Drp6-S248D (C). Arrows indicate 

the tethered liposomes. Membrane tubulation and networks are indicated as thick arrow. 

 

 

Cardiolipin liposome Drp6+Cardiolipin 

Drp6-S248D+Cardiolipin 
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2.4 Discussion 

Dynamins perform their function in cell under highly regulated conditions. Regulation 

encompasses factors like protein synthesis, activation, translocation and degradation 

following appropriate cellular signals. Post-translational modifications allow modulation of 

their functions as well as presence in the cell. Drp6 like other dynamins undergoes 

phosphorylation at four serine residues which are, S86, S248 in the GD and S701 and S705 in 

the GED. This study attempted to understand the mechanism and regulation by 

phosphorylation of Drp6 function. In vitro membrane fusion assay established that Drp6 is a 

fusion dynamin since it could tether as well as fuse the membranes. This result support the 

role of Drp6 in nuclear expansion during transition of micronucleus to macronucleus which 

requires many-fold increase in the membrane surface area. The fusion of ER derived vesicles 

with the nuclear membrane would enable addition of new membranes to the nucleus thereby 

causing nuclear expansion. Comparison of GTPase activity of phosphorylated Drp6 with un-

phosphorylated forms showed that phosphorylation at S248 reduces the GTPase activity of 

Drp6. This inhibition in GTPase activity is due to inhibition in catalytic activity of Drp6 and 

not due to inhibition in GTP binding. Though dynamins are oligomerization stimulated 

GTPases, size-exclusion chromatography results showed that the inhibition in GTPase 

activity due to phosphorylation does not arise from defective self-assembly. Phosphorylation 

at S248 enhanced nuclear envelope localization of Drp6 by increasing cardiolipin binding 

affinity. This phosphorylation also leads to increase in membrane fusion function and hence 

nuclear expansion. The increase in membrane fusion was attributed to increased membrane 

tubulation possibly by stabilizing the self-assembled ring structures. All the results together 

discussed in this chapter unravels the mechanism of nuclear expansion in which the Drp6 

associates with cardiolipin containing membrane and brings about fusion of ER vesicles 
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either with each other or with nuclear membrane by homotypic interaction and expands the 

nuclear membrane by incorporating new  

membrane. This study also reveals that phosphorylation in a single serine residue in the 

GTPase domain (particularly serine at 248th position) enhances membrane fusion function by 

enhancing tubulation of cardiolipin containing membrane and also by inhibiting GTPase 

activity possibly by stabilizing the ring structures of the protein Drp6.  
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Chapter 3 

Mechanism of cardiolipin 

interaction specificity and 

nuclear recruitment of Drp6 
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3.1 Introduction 

Dynamin family of proteins require binding to their target membranes to perform their 

function. As discussed in earlier sections, dynamin-1 wraps around the neck of the 

invaginated endocytic vesicles. This association is carried out by signature PH domain which 

binds to the plasma membrane through PIP2 recognition (50, 53, 54). However, the PH 

domain does not rely on its lipid-binding property for targeting of endocytic dynamin to the 

clatherin-coated pits suggesting that membrane specific targeting of endocytic dynamins is 

carried out by protein-protein interactions.  

Other members of this family also show functional activation upon membrane binding. These 

include the mitochondrial fission protein Drp1, yeast dynamin Vps1, mitochondrial fusion 

protein Opa1 being some of them (97, 235, 242, 243).  Although they do not contain a 

defined PH domain, they contain at an equivalent position, a region termed Insert B. This 

region is variable among the proteins with a very low sequence complexity. Evidences 

indicate that this association arise from the direct interactions between this region and 

specific lipids on the membrane, and are essential for the full functionality of the protein in 

membrane remodelling. For example, Drp1 interacts with membranes enriched in cardiolipin 

using a 4 lysine residues within the Insert B region (97). MxA, which is also a member of the 

dynamin superfamily, interacts with lipids via stretch of 4 lysine residues in the unstructured 

loop L4 that lies in an equivalent position of the Insert B regions and PH domains (73). Vps1 

in yeast localize to both endocytic sites and endosomes, and bind to and tubulate liposomes 

(243).  The membrane binding and deformation occurs by two mechanisms by direct binding 

of the proteins with the target membrane. One mechanism depends on the electrostatic 

interactions between the membrane-binding domains of the protein and the anionic lipids in 

the membrane. Direct insertion of protein into the membrane is another mechanism for 
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inducing membrane curvature. Here, the hydrophobic protein residues inserts into the 

membrane, thereby enlarging the area of the bilayer and inducing membrane deformation 

(244). 

Most of the effect of PH domain on membrane binding property of dynamin has been studied 

in dynamin 1 and 2. By mutational analysis of this domain, the key residues have been 

identified that perturb their functions (51, 59). Curvature generation is a hallmark of 

dynamins and dynamin 1 with a functionally defective PH domain surprisingly shows 

membrane fission when it binds to highly curved membrane surfaces (95, 59). These findings 

have led to a conclusion that PH domains of dynamin 1 or 2 do not directly cause membrane 

binding but induce membrane curvature to cause membrane fission (59). A key residue 

I533in the disordered loop 1 region shows a dominant negative phenotype when replaced 

with other hydrophobic residues. Depending on the hydrophobicity introduced by these 

mutations, the inhibition in its activity is observed thus highlighting the importance of the 

presence of hydrophobic residue at this position.  

Drp6 is a nuclear localizing dynamin in Tetrahymena which carries out macronuclear 

expansion during sexual reproduction (230) in which 2 of the 4 micronuclei expand 10-15 

folds in volume to form the somatic macronuclei (245). Apart from the localization on the 

nuclear envelope, a sub-set of the protein also associates with ER vesicles (230). This 

dynamin functions as a GTPase, and self-assembles into higher-ordered rings and helical 

spirals (246). This chapter elucidates the significance of interaction of Drp6 with lipids and 

the consequent effect of these interactions on the localization of Drp6. The study explains the 

mechanism by which Drp6 distinguishes its interaction with cardiolipin for its recruitment to 

the nuclear envelope. It also identifies a single amino acid in the membrane binding domain 

that determines cardiolipin binding specificity and nuclear recruitment. 
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3.2 Materials and methods 

3.2.1 Materials 

Same as 2.2.1 

3.2.2Methods 

(A) Generation of point mutations 

To introducepoint mutation, Stratagene Quickchange protocol was followed to design the 

primers with the desired mutation using either Drp6-pRSETB (for His-tag protein 

purification) or Drp6-pENTRD TOPO (for gateway cloning in pIGF vector) as template. A 

50µL PCR reaction was set-up and the following PCR program was used to amplify the DNA 

with the desired mutation. 

 

 

 

 

 

20 µL of the PCR products were treated with 0.5µL DpnI for 7-8 hours at 37 ˚C. 3 µL of the 

DpnI treated PCR product was transformed into E. coli DH5α competent cells. Incorporation 

of desired mutations were confirmed by sequencing. The list of mutations and the 

corresponding primers are mentioned in the table below. 

 

 

PCR program:   

95˚C   30 s 

95˚C   30 s 

55˚C 1 min 

72˚C  3 min 

 

PCR was performed for 18 cycles. 
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Table:3.2.1 List of primers used for point mutations 

Mutation Primer sequence 

Tt I553A- Forward 5’AAATCATTTATGGAATGGACTGTTTAAGAAGCAATGATAAAAGCAGAAAATTT

ATGTAATG3’ 

Tt I553A- Reverse 5’CATTACATAAATTTTCTGCTTTTATCATTGCTTCTTAAACAGTCCATTCCATA

AATGATTT 3’ 

BD6M554L- 

Forward 

5’GGAATGGACCGTGCAGGAAATTTTGATTAAAGCGGAAAACCTG 3’ 

 

BD6M554L- 

Reverse 

5’CAGGTTTTCCGCTTTAATCAAAATTTCCTGCACGGTCCATTCC3’ 

 

BD6E552D-Forward 5’GGAATGGACCGTGCAGGACATTATGATTAAAGCGG 3’ 

 

BD6 E552D-Reverse 5’CCGCTTTAATCATAATGTCCTGCACGGTCCATTCC 3’ 

 

(B)  Gateway cloning into pIGF vector for GFP-tagging. 

For generating C-terminal GFP tagged proteins,150ng of entry clone was added to 220ng of 

pIGF vector. 1µL of LR clonase enzyme (Invitrogen) was used (the enzyme was vortexed for 

2s and placed on ice immediately, it was repeated twice) and the reaction volume was 

adjusted to 5 µL using plasmid elution buffer. The reaction was carried out at 25˚C for 7-8 

hours and terminated using 0.5 µL ProteinaseK enzyme at 37 ˚C for exactly 10min. 3 µL of 

the reaction mix was used for chemical transformation of E. coli DH5α cells. Individual 

colonywasgrown in 3mL LB broth to isolate the plasmid. The positive clonewas confirmed 

by restriction digestion using Apa1 and Xho1.  

(C) Transformation and expression of GFP-tagged Drp6 variants in Tetrahymena 

To study the localization of the GFP-tagged proteins, CU428 and B2086 strains were grown 

to a density of 4x105 cells/mL in SPP media at 30 ˚C, 90rpm. The cells were starved using 
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DMC media at a density of 2.5x105 cells/mL for 14-16 hours undersame conditions. To 

initiate conjugation, 40 mL of each strain was mixed in a 1L conical flask and kept at 30 ˚C 

without rotation. At 9 hour 40 min post-mixing, 50mL cells were pelleted at 1100g for 1min 

and washed in 10mM HEPES, pH7.5 and resuspended in 300 µL in the residual buffer. 18-22 

µg of plasmid was resuspended in 125 µL of the same buffer. 125 µL each of cells and the 

plasmid were added and mixed in 2mm electrocuvette. Electroporation was carried out at 250 

V, 275 µF capacitance, 13 Ώ resistance, 4ms. SPP was added 1 min post-pulse to recover the 

cells. Cells were plated in 96 well plate (125 µL cells /well) and incubated at 30 ˚C in a well 

hydrated closed chamber for 16-18 hours. Cells were drugged next day using 100 µg/mL 

paromomycin sulfateand incubated in the same condition to select the transformants. To 

induce expression, the cells were passaged twice in presence of drug and then grown in 5mL 

media to a density of 2.5x105. Expression was induced using cadmium chloride at a 

concentration of 1 µg/mL for 4 hours at same conditions. For imaging, cells were pelleted at 

1100g for 2 min. For fixation, 3mL of 4% paraformaldehydewas added to the cells and 

incubatedfor 20 min at RT. Cells were washed with 10mM HEPES, pH 7.5 beforeimaging. 

(D) Protein expression and purification  

Protocol mentioned  in 2.2.1.2 was followed. 

(E) Fluorescence spectroscopy 

For measuring the intrinsic fluorescence, 300 µL of protein (in buffer A) at a concentration of 

0.2 µM was used in 10mm quartz cuvette. The samples were excited at 295nm with a 2 nm 

band pass using FLS-1000 fluorescence spectrophotometer (Edinburgh Instruments Ltd., UK) 

and emission was recorded at310-400nm with 10nm band pass. Experiment was performed at 

least thrice. 
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(F) Acrylamide quenching assay 

For this assay, 1.5 µM protein in presence of varying concentrations of acrylamide (0mM-

400mM) wasused in Cary-Eclipse  fluorescence spectrophotometer, Agilent technologies. 

The excitation was at 295 nm. Emission at 332nm was consideredfor Stern-Volmer plot using 

the following equation:  

F0 / F = 1+Ksv[Q] 

F0  indicates fluorescence without a quencher, F indicates fluorescence in presence of 

quencher. Q is the quencher concentration in M. Ksvdenotes the Stern-Volmer constant. The 

values were plotted using GraphPad Prism 8. Ksv was derived from the slope of the graph. 

Quenching constant was derived using the following equation: 

kq = Ksv/τ 

kq  denotes quenching constant (in Mol-1 ns-1) and τ is tryptophan life-time (ns), value used 

here is 2.7 ns. Experiment was done twice. 

 

(G) Circular Dichorism (CD) spectroscopy 

145 µg/mL protein was used in buffer A for CD measurements using Jasco J-1500 instrument 

(Jasco Inc. USA). Ellipticity in millidegrees was recorded between 260nm -250nm. Mean 

Residue Ellipticity was derived using the following formula: 

[θ]MRW = θ.100.Mr.(c.I.NA)-1 
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θ denotes ellipticity in mdeg. Mr shows the molecular weight in Da, c is concentration of 

protein in mg/ml, l is path length (cm), NA denotes number of residues in the protein. 

Experiments were performed thrice. 

 

(H) Fractionation of membrane protein and soluble protein 

GFP-drp6 or GFP-DTD expressing Tetrahymena cells were lysed in 500 µl of ice-cold lysis 

buffer containing 25 mM Tris–Cl pH 7.5, 300 mM NaCl, 10% glycerol supplemented with 

protease inhibitors (pepstatin, E-64, aprotinin, protease inhibitor cocktail (Roche) and PMSF, 

by passing through a 12mm ball-bearing homogenizer. The lysates were centrifuged at 

16,000 g for 15 min, 4˚C, the supernatant was collected as soluble protein fraction and the 

pellet representing membrane fraction was resuspended in 500 µl of lysis buffer. The proteins 

in both soluble fraction and membrane fraction were separated using 12% SDS–PAGE gel 

and analyzed after western blotting using anti-GFP polyclonal antibody (1:4000; Sigma–

Aldrich). Experiment was done twice. 

(I) Measurement of GTPase activity and size exclusion chromatography 

Protocols mentioned in 2.2.1.3 and 2.2.1.4 were followed. Assay was done atleast thrice for 

plotting the graph. 
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3.3 Results: 

 

3.3.1 Drp Targeting Determinant (DTD) of Drp6 is the membrane binding domain 

Unlike the classical dynamin,Drp6 lacks a distinct membrane binding PH domain 

(Fig.3.3.1.1A). Earlier it has been shown in the lab that the DTD of Drp6 interacts with 

threephospolipids namely CL, PS and PA (241). It was also shown that DTD alone is not able 

to associate with nuclear membrane. To assess if DTD is the membrane binding domain of 

Drp6, GFP-Drp6-DTD and GFP-Drp6 were expressed in Tetrahymena and the cell lysate was 

subjected to fractionation. As expected, the wildtype Drp6 was found in the membrane 

fraction along with in the soluble fraction. Similar to wild type Drp6-DTDwas also present in 

the membrane fraction. Therefore, it can be concluded that DTD is the membrane binding 

domain of Drp6 (Fig.3.3.1.1B). 

 

 

 

Figure 3.3.1.1: (A) Domain organization of Drp6 (top) and HDyn1 (bottom). Diagramatic 

representation of domain organization of Drp6 and Hdyn1. Numbers indicate the positions of 

amino acids in the protein. (B) Sub-cellular fractionation of GFP-Drp6 (top) and GFP-

(B) 
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Drp6-DTD (bottom).The soluble fraction (S) and pellet fractions containing membrane 

fraction (P) were analysed using western blotting using anti-GFP polyclonal antibody. 

Molecular weights are indicated on right. 

 

3.3.2 Identification of a hydrophobic patch in the DTD. 

Drp6 lacks PH domain and adopted a loop (DTD) in the equivalent position. A hydrophobic 

patch in the PH domain of dynaminis known to be important for membrane 

association/insertion. To find out if a similar hydrophobic patch is also present in the 

membrane binding domain of Drp6, the DTD sequence was aligned with PH domain. Since 

there was very less sequence similarity between them, the equivalent hydrophobic patch in 

Drp6 was not evident from sequence alignment. The 3D structures of all the dynamin family 

proteins are conserved. A 3D model of Drp6 was generated using human dynamin 1 as 

template and compared the membrane binding domain of Drp6 with PH domain. In the 3D 

model three hydrophobic residues IMI (amino acid residues 553-555) (Fig.3.3.2.1B) were 

found that is located around the position where the hydrophobic patch (IGI) in PH domain of 

human dynamin is present. This hydrophobic patch in human dynamin 1 contains a critical 

isoleucine at 533rd position (Fig.3.3.2.1A) which is important for membrane insertion.   In the 

subsequent sections, we have analysed the importance of hydrophobic patch in membrane 

binding and nuclear recruitment of Drp6. 
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Figure 3.3.2.1: (A) Drp6 contains a hydrophobic patch. Protein sequence alignment of 

Drp6 (top) and Hdyn1 (bottom) using clustal omega showing the hydrophobic patch in the 

membrane binding domain of Drp6 and HDyn1 (marked within the box).  
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(B) 3-D structureof Drp6 generated using I-TASSER.Homology model of Drp6 (green) 

was generated using HDyn1(red) as template. The region marked within the box shows the 

loop region containing the hydrophobic patch ( numbers indicate the amino acid residues of 

the patch)in the PH domain of HDyn1 (red) and the membrane binding domain of Drp6 

(green).The inset shows a magnified view of the amino acid residue positions (Purple 

indicates residues in HDyn1 and Blue indicates residues in Drp6) 

 

3.3.3 An isoleucine residue at 553rd position is essential for nuclear recruitment and 

cardiolipin binding specificity of Drp6. 

It was earlier shown that a mutation isoleucine to methionine at 553rd position results in loss 

of nuclear recruitment and cardiolipin binding. However, it was not clear if the loss was due 

to absence of isoleucine or due to incorporation of methionine. Another mutant was generated 

at 553rd position where isoleucine was replaced with alanine, and evaluated its nuclear  

envelope localization after expressing it as GFP tagged protein (GFP-Drp6-I553A ) in 

Tetrahymena. GFP-Drp6-I553A localizes mostly as cytoplasmic puncta but does not localize 

on the nuclear envelope (Fig.3.3.3.2) which is similar to GFP-Drp6-I553M. This result 

confirms that isoleucine at this position is critical for nuclear recruitment of Drp6. 

To assess if the loss of nuclear recruitment of I553A is also due to loss of CL binding, a 

floatation assay was performed. Earlier floatation assays were performed using total 

Tetrahymena lipid supplemented additionally with either CL or PS. To rule out the role of 

other Tetrahymena lipids in Drp6 binding if any, liposomes with PC and PE supplemented 

with either CL or PS or PA were prepared and used for floatation assays. The results showed 

that Drp6 does not interact with membrane containing only PC and PE, but require CL or PS 

or PA for membrane binding (Fig.3.3.3.1A). The membrane binding of Drp6-I553M was 
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evaluated  and confirmed that the mutation causes loss of interaction specifically with CL 

without affecting its interaction with PS and PA (Fig.3.3.3.1B). To examine if the loss of 

I553A nuclear recruitment is also due to lack of interaction with CL, floatation assays with 

the liposomes were carried out. Similar to I553M, I553A also specifically lost interaction 

with CL but retained interactions with PS and PA. All these results suggest that isoleucine at 

553rd position of Drp6is important for interaction with cardiolipin (Fig.3.3.3.3) 

 

 

Figure 3.3.3.1: Liposome co-floatation assay of Drp6 (A) and Drp6-I553M (B).Liposome 

co-floatation assay was performed with purified His-Drp6 using liposomes containing PC and 
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PE supplemented by either CL or PS or PA without addition of protein to the liposomes (-

Liposome) as indicated on the left of the panel.Fractions were collected from the top and 

analysed by western blotting using anti-His monoclonal antibody. While Drp6 interacts with 

CL, PS and PA, I553M looses interaction specifically with CL. Molecular weights are 

indicated on right side of blots. 

 

 

Figure 3.3.3.2: Drp6-I553A doesnot localize on the nuclear envelope. Confocal images of 

live Tetrahymena cells expressing GFP-Drp6-I553A(top) or GFP-Drp6 (bottom). Arrow indicates 

nuclear envelope localization. Bar =10µm. 
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Figure 3.3.3.3: Liposome co-floatation assay of I553A-Drp6. Liposome co-floatation assay 

was performed in 3.3.3.1 as mentioned above.Liposomes  containing  PC and PE 

supplemented with either CL or PA or PS were used  as indicated on the left of the panel. 

Fractions collected (indicated as numbers) and analysed by western blotting using anti-His 

monoclonal antibody. 

 

3.3.4 Mutations at I553 do not affect GTPase activity and self-assembly property 

Drp6-I553A resulted in loss of nuclear association by inhibiting CL binding affinity. To 

examine if the loss of nuclear recruitment is due to cardiolipin binding defect or also due to 

defect in other biochemical properties, we assessed GTPase activity and self-assembly of 

I553A mutant was assessed and was compared with that of wild type Drp6 proteins. For 

measuring the GTP hydrolysis activity, a colorimetric  assay was performed using purified 

recombinant proteins. As shown inFig.3.2.4.1A,B, the GTP hydrolysis activity of Drp6-

I553A (0.0522 nmol phosphate/µM protein/min) was found to be similar to that of the wild- 

type Drp6 (0.0524nmol phosphate/µM protein/min). The self-assembly property of the 
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mutant was assessed by size-exclusion chromatography using Superdex 200 10/300 gl 

column.  

 

Figure 3.3.4.1: GTP hydrolysis activity of Drp6 (WT), I553M-Drp6 (I553M) and Drp6-

I553A (I553A). The reaction was either carried out for 30min (A) or 0-20min (B). Statistical 

analysis was performed using GraphPad Prism 8.0 software.  

 

Similar to the wildtype Drp6, Drp6-I553A also eluted mostly in the void volume indicating 

the presence of higher ordered structures. A minor fraction eluting as mixture of oligomers 

indicating presence of dimers at the peak fraction was also observed (Fig.3.2.4.2). These 

results confirmed that the mutation of isoleucine at 553rd position of Drp6 specifically 

inhibits its interaction with CL. This loss in CL binding does not arise from changes in other 

known properties of Drp6 such as GTP hydrolysis and self-assembly. 
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Figure 3.2.4.2: Size exclusion chromatography of Drp6, I553M-Drp6 and I553A-Drp6. 

Gel filteration of  Drp6, I553M-Drp6 and I553A-Drp6 was performed using Superdex 200 

10/300 GL column.  All the three proteins eluted majorly in the void fraction. Arrow 

indicates the void volume.  

 

3.3.5 Mutations at I553 do not alter the protein conformation 

It could be argued that the loss of cardiolipin interaction and thereby loss of nuclear 

recruitment of Drp6 due to mutation at I553 may arise from the defect in protein structure 

and/or conformation. To see the effect of the mutation at I553 on the overall folding of Drp6, 

far-UV circular dichorism experiments were performed with purified Drp6-I553A, Drp6-

I553M and wildtype Drp6 proteins. The CD spectra of Drp6 showed an elipticity minima at 

222nm and analysis of the spectra using K2D suggested presence of both-helix and -sheets 

as secondary structures. Both the mutants also showed spectra that resemble the spectra of 
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wildtype Drp6 (Fig.3.3.5.1). Therefore, it can be concluded the mutations at I553 does not 

affect the folding of Drp6.  

 

 

Figure 3.3.5.1: Far UV-CD spectra of His-Drp6, His-Drp6-I553M and His-Drp6-I553A. 

The graph shows the CD-spectra of His-drp6 (Drp6), His-drp6-I553M (Drp6-I553M) and 

His-drp6-I553A (Drp6-I553A). The spectra was recorded from 205nm to 260nm. Mean 

Residue Elipticity (MRE) was calculated using the formula mentioned in 3.2.1.7 and ploted 

against wavelength (nm). 

 

To see the effect of the mutation on the overall conformation of the protein, fluorescence 

spectra were measured using tryptophan residue present in Drp6. Drp6 contains a single 

tryptophan residue at position 548. The mutants I553M and I553A showed a spectra very 

similar to that of wildtype Drp6 with a peak at around 332nm, suggesting that mutation at 

I553 does not change protein conformation. A peak at 332nm signifies that this tryptophan is 

mostly buried in the protein structure. This further indicates that the stretch of residues near 

this tryptophan constitutes a hydrophobic environment (Fig.3.3.5.2).  
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Figure 3.3.5.2: Tryptophan fluorescence spectra of Drp6, Drp6-I553M and Drp6-I553A. 

The graph shows fluorescence spectra recorded for the intrinsic tryptophan fluorescence of 

Drp6, Drp6-I553M and Drp6-I553A.all the proteins show a similar spectra with a  peak at 

332nm.  

 

It is possible that mutation changes local conformation without any visible effect on the 

fluorescence spectra. To evaluate if there is any change in the local conformation due to the 

introduction of mutations, acrylamide quenching assay was performed. The accessibility of 

the tryptophan was studied by measuring intrinsic tryptophan fluorescence at different 

concentrations of the quencher. The presence of a single tryptophan residue at position 548 

served to the advantage in studying the accessibility of the hydrophobic patch, since it resides 

near I553 residue. The quenching of fluorescence intensity with increasing concentrations of 

the quencher is shown in Fig.3.3.5.3. The accessibility of the tryptophan was compared by 

plotting the Stern-Volmer plot and deducing the quenching constant (kq). The Stern-Volmer 

plot for the mutants were comparable to that of the wild-type (Fig.3.3.5.4).  kqfor Drp6 was 
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measured to be 1.01 M-1ns-1 whereas it was 1.11M-1ns-1 for Drp6-I553M and 1.04M-1ns-1 for 

Drp6-I553A. A comparable quenching constant suggests that the mutation at I553 does not 

change the local conformation of Drp6 significantly. Overall, these results suggest that the 

loss of nuclear envelope localization and CL binding due to mutation at I553 of Drp6 does 

not arise from changes in conformation or folding of theprotein. 

 

 

 

Figure 3.3.5.3: Effect of acrylamide on tryptophan fluorescence spectra of Drp6 (A), 

Drp6-I553M (B) and Drp6-I553A (C).. The graphs show the change in intrinsic tryptophan 

fluorescence upon addition of acrylamide in different concentrations. Color coded lines on 

the right of the graphs indicate spectra at the respective acrylamide concentrations. 
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Figure 3.3.5.4: Stern-Volmer plot for acrylamide quenching of His-Drp6 (Drp6), His-

Drp6-I553M (Drp6-I553M) and His-Drp6-I553A (Drp6-I553A). F0 is the fluorescence 

intensity without addition of acrylamide. F is the fluorescence intensityat a given acrylamide 

concentration. [Q] is molar concentration of acrylamide. The graph was ploted using 

GraphPad Prism8.0 

 

3.3.6 Nuclear recruitment of Drp6-I553M mutant is restored by co-expression of 

wildtype protein.  

The mutant defective in CL binding, Drp6-I553M does not show any visible defect in 

properties like GTP hydrolysis, self-assembly or binding with PS and PA liposomes in vitro.  

If other properties of Drp6 are not affected, then Drp6-I553M should be recruited to the 

nuclear envelope as a self-assembled complex with wildtype Drp6.  To test this hypothesis, 

Tetrahymena was co-transformed with mCherry-Drp6 and GFP-drp6-I553M. The 

localization was then studied by confocal imaging of the co-transformants. As expected, 

when Drp6-I553M expressed without co-expression of mCherry-Drp6, it failed to associate 
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with nuclear envelope. However, Drp6-I553M was able to associate with wild type Drp6 as 

these two proteins colocalized almost completely including in the nuclear envelope 

(Fig.3.3.6.1). This confirms our in-vitro results that Drp6-I553M does not have major defect 

in other properties except defect in binding to cardiolipin. More importantly, the GFP-I553M-

drp6, which localizes in the cytoplasm puncta could now associate with mCherry-drp6 and 

translocate to the nuclear envelope (Fig.3.3.6.1). This observation suggests that isoleucine at 

553rd position of Drp6 is required for localizing to the nuclear envelope. Mutation leading to 

loss of this isoleucine leads to loss of nuclear envelope localization by specifically inhibiting 

its CL binding activity and can be restored by its association with Drp6 which binds to the 

CL on nuclear envelope.  
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Figure 3.3.6.1: Co-expression of GFP-Drp6-I553M and mCherry-Drp6 restores nuclear 

envelope localization of  Drp6-I553M. Confocal images offixed Tetrahymena cells 

expressing either GFP-Drp6-I553M (top left) or cells co-expressing GFP-Drp6-I553M and 

mCherry-Drp6 (GFP-I553M-Drp6 (co-expressed) and mCherry Drp6). DAPI+ Merged is the 

merged image of GFP-I553M-Drp6 (co-expressed) and mCherry Drp6 stained with DAPI. 

Bar= 10µm 

 

3.3.7 Residues in the vicinity of I553 are not essential for nuclear recruitment and 

cardiolipin binding specificity of Drp6 

An isoleucine residue at 553rd position is required for cardiolipin binding specificity and 

nuclear recruitment of Drp6. To see if the residues surrounding this isoleucine are also 

essential for providing cardiolipin binding specificity and nuclear recruitment, E552 and 

M554  were mutated independently (Fig.3.3.7.1A). The glutamate was mutated to aspartate 

(E552D) and methionine was mutated to leucine (M554L). These mutants were expressed as 

GFP-tagged proteins in Tetrahymena for studying localization and as His-tagged proteins in 
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E. coli for purification of recombinant proteins. Liposome co-floatation assays were 

performed with CL containing liposomes to determine the role of these residues on the CL 

binding specificity of Drp6. The Drp6-E552D and Drp6-M554L floated to the top fractions in 

the sucrose density gradient (Fig.3.3.7.1B) suggesting that these residues are not involved in 

determining CL specificity of Drp6.  

Analysis of confocal images of Tetrahymena cells expressing GFP-drp6-E552D or GFP-

drp6-M554L showed that both of these mutant proteins associate with nuclear envelope.  

Taken together, the results strongly suggest that a single isoleucine residue at 553rd 

determines specificity for the cardiolipin binding and nuclear recruitment of Drp6. 

(Fig.3.2.7.2). 

 

Figure 3.3.7.1: (A) Scheme indicating the residues in the vicinity of I553.The amino acid 

residues E552 was mutated to D and M554L was mutated to L.(B) Liposome co-floatation 
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assay of Drp6-M554L and Drp6-E552D.Assay was performed using liposomes containing 

70%PC, 20%PE, 10%CL. Fractions collected from top were analysed by western blotting 

using anti-His monoclonal antibody. 

 

 

Figure 3.3.7.2: GFP-Drp6-E552D and GFP-Drp6-M554L localize on the nuclear 

envelope. Live cell confocal images of Tetrahymena expressing  GFP-Drp6-E552D and 

GFP-Drp6-M554L. Arrow indicates nuclear envelope loclaization. Bar =10µm 
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\ 

Figure 3.3.1: Drp6 localizes on nuclear envelope, plasma membrane and ER. Confocal 

image of live Tetrahymena cell expressing GFP-Drp6. Red arrow indicates localization on 

nuclear envelope, white arrow on plasma membrane and yellow arrows in ER vesicles.  
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3.4 Discussion 

Drp6 is a nuclear localizing dynamin which functions in nuclear remodelling in Tetrahymena 

(230). It interacts with 3 phospholipids (CL, PS and PA). Inhibition of CL or mutation of 

isoleucine at 553rd position (Drp6-I553M) leads to loss of nuclear envelope localization of 

Drp6 (241). This study was carried out to understand the importance of this single residue in 

the DTD of Drp6 in CL binding and localization of Drp6. GFP-drp6-I553M, when co-

expressed with mCherry-Drp6, can localize to the nuclear envelope indicating that it can co-

assemble with the wild-type form. It also indicates that Drp6 molecules self-assemble into 

higher- ordered structures at the nuclear envelope and binds to CL. Mutations of the 

neighbouring residues E552 and M554 showed that these residues are not essential for the CL 

interaction specificity and nuclear envelope localization specificity of Drp6. These results 

emphasised that the single residue I553 determines specificity for CL interaction of Drp6 

which in turn determines its nuclear envelope localization.  

Interaction with specific lipids via the membrane binding domains determines target 

specificity. Although Drps including Drp6 lack a PH domain, they can bind to their target 

membranes via a membrane binding domain located at equivalent position of the PH domain 

of dynamin (242). The sequence diversity in the membrane binding domains of various Drps 

indicates diverse functions of the family members on different target membranes. Nuclear 

envelope of Tetrahymena uniquely contains 3.2% CL (245). Drp6 in Tetrahymena has 

evolved to perform a novel function in nuclear remodelling (230).   Drp6, apart from 

localizing on the nuclear envelope, associates with the ER vesicles and also at the plasma 

membrane (Fig.3.3.1). The perturbation of interaction specifically with CL by mutation at 

I553 of Drp6 leads to loss of localization at the nuclear envelope whereas it does not abolish 

interaction with ER vesicles or plasma membrane. This mutation also retains binding with PS 
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or PA. These results suggest that localization of Drp6 on ER depends on interaction with PS 

or PA. Since PA is abundant on the ER (247-249), it is possible that PA is involved in 

recruitment of Drp6 to ER vesicles. Similarly, plasma membrane is abundant in PS (250) and 

interaction with PS might determine the localization of Drp6 on the plasma membrane. These 

observations show that lipids play a critical role in determining the localization of Drp6, and 

interaction with CL allows Drp6 to localize on the nuclear envelope. 

Dynamins are known to interact with target membranes involving a stretch of positively 

charged residues that recognises anionic head groups of phospholipids like PIP2, CL and PS 

(51, 57, 73, 97, 243, 251-253). However, the mechanism by which different dynamins 

distinguish different anionic lipids based on only ionic interactions is not known. Our study 

shows that a single amino acid residue (I553) mainlydetermines CL interaction specificity of 

Drp6. CL is a highly dynamic lipid which strongly interacts with hydrophobic residues (254). 

However, hydrophobicity alone is not responsible for determining CL specificity since 

replacing I553 with another hydrophobic residue (M) does not restore its CL interaction 

(241). Thus, it appears that the side-chain of isoleucine plays an important role in determining 

the specificity for CL.  

The nuclear expansion process in Tetrahymena requires the addition of new membranes to 

the existing one. Our results in the previous chapter has shown that Drp6 is a fusion 

dynamin.Therefore, it is conceivable that Drp6 interacts with CL on the nuclear envelope and 

carries out nuclear membrane expansion by performing membrane fusion. Overall, our results 

suggest the importance of a single amino acid residue (in the membrane binding domain of 

Drp6) in target membrane selection of a dynamin related protein by providing specificity to 

bind a specific phospholipid.   
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4.1 Introduction 

The self-assembling property is intrinsic to dynamins and is pre-requisite for their functions. 

Majority of the dynamins are oligomerization stimulated GTPases implying that the rate of 

GTP hydrolysis is enhanced when they organise themselves into such higher ordered 

structures (255). The repetitive GTP binding and hydrolysis in-turn regulates homo-

oligomerization on the membrane and membrane severing events. Oligomerization of 

dynamin and Mx proteins initiate from assembly of protomers which are mainly dimeric. The 

dimers interact to form stable tetramers. Tetrameric forms are capable of translocating to the 

template organelle membranes and act as a nucleating structure for multimeric organization 

of the dynamins into rings and spirals. Structural studies conducted on dynamin 1 (37) and 

MxA (40)show a common pattern of oligomerization where the protein monomers arrange 

themselves to dimer and tetramer followed by higher-order structures using relatively 

conserved interfaces. The residue participating in the interface sites are mainly from the stalk 

region.  

The stalk region is comprised of 4 α helices of which 3 are contributed by the middle 

domain and 1 by N-terminal residues of GED. Four loop regions connect these helices to 

form linear filament arrangement (37, 40). Self-assembly into dimer, tetramer and further into 

rings or helical spirals requires interaction of the stalk and other domains mainly through 4 

interfaces. Interface 1 is comparatively conserved but does not involve direct contact between 

the stalk helices. In MxA, this interface is essential for forming rings (the functional form), 

instead of helices. Contact between the centres of stalk from two monomers generates the 

interface 2 to form dimers. Loop 1 and 2 contact to form the interface 3 for assembly of 

dimers to form higher order structures. Disruption of this interface yields stable dimers (37). 

A unique 4th interface is identified in Dnm1L where the helix 2 of the 2 parallel stalk align 

placing the stalk filaments parallel to form oligomers (256). 
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The G-domain dimerization is independent of higher order assembly. GTP-binding dependent 

dimerization of Drps like Drp1 (72), human guanylate binding protein 1 (75) and Atlastin 

(257) on the opposing membranes is required to bring the membranes closer to cause fission 

or fusion. Hydrolysis of the bound GTP causes dimer to tetramer transition in human 

guanylate binding protein 1. GTPase domain dimerization is a higher ordered self-assembly 

independent process that requires GTP binding (257). 

The middle domain which constitutes major part of the stalk initiates criss-cross arrangement 

of the dynamin molecules during self-assembly. Transition from dimer to tetramer of rat 

dynamin, human dynamin 1 (258) and Drp1 depends on the middle domain and GED 

interaction within the stalk region. Disruption of the stalk domain interface in Drp1 shifts the 

dimer-tetramer equilibrium towards dimer formation (60). Loss of this interaction leads to 

loss of function as seen in Vps1, Drp1 and dynamin 1 (42, 79, 137), Opa1 dimerization also 

requires the G-domain and middle domain interaction (259). 

The GED, which contributes for the 4th helix in the stalk region, is sufficient by itself to form 

homodimers in dynamin 1 (260, 261). The interaction with other domains are essential for its 

assembly into functional structures like rings and helical spirals, and for stimulating GTPase 

activity (262). Mutation in GED of Vps1 blocks its self-assembly, leads to extended 

invagination due to constitutive binding of GTP, and inhibits scission (79).These mutations in 

the amphipathic helix of GED don’t inhibit tetramerization but affect the stimulated GTPase 

activity (a result of higher-order assembly) indicating that GED interaction with G-domain is 

essential for self-assembly stimulated GTPase activity (82). Few positively charged residues 

within the GED of Mgm1 are critical for its self-assembly (77).  In human guanylate binding 

protein 1, helix 12 and 13 equally positioned as the GED regulate its tetramerization. 
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Dynamin 1 requires PH domain for its dimerization (50) and it is capable of forming 

tetramers even in absence of membrane (61). However, further self-assembly requires low 

salt in vitro or target membrane binding in vivo.Self-assembly of dynamin 1 and Vps1 (79) 

requires the PRD interaction with the G-domain.  Deletion of this domain leads to loss of 

localization.  

Dependence of dynamins on all the domains for self-assembly imply that dynamins initially 

dimerize via G-domain but further self-assembly into their functional forms requires 

participation of all the domains. The self-assembly interfaces are mostly conserved and reside 

within the stalk region composed of the middle domain and the GED.  

Drp6 self-assembles into higher order structures independent of its target membrane binding 

(246). Lack of GD and MD leads to loss of nuclear envelope localization of Drp6. In this 

study, the role of GD and MD in self-assembly and membrane binding properties of Drp6 

was studied. 
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4.2 Materials and Methods 

 

4.2.1 Materials: 

 Amylose resin and anti-MBP antibody were purchased from New England Biolabs. 

 Ni-NTA resin was purchased from Qiagen. 

 Anti-His HRP conjugate antibody was purchased from Sigma Aldrich 

 Superdex200 10/300 GL column was purchased from GE lifesciences. 

 Carbon coated copper grids 200mesh were purchased from EMS 

  

4.2.2Methods: 

(A) Expression and purification of MBP-tagged protein 

For expressing MBP-Drp6GD-MD, chemicaly competent C41-DE3 cells were transformed 

with 150-200ng of pMALP2 MBP-Drp6GD-MD construct. The cells were plated on LB-

agar containing 100µg/ml Ampicillin and grown for 14 hours at 37˚C wihout shaking. A 

loop-full of colonies were scrapped from the plate and added to 400ml LB media 

supplemented with 100µg/ml ampicillin. The culture was grown to 0.2  OD600 at 37˚C and 

transferred immediately to 18˚C. After 40min, expression was induced with 0.5mM IPTG for 

16 hours. Cells were harvested by centrifuging the cells at 12000rpm at 4˚C for 5 min.  

For purifying MBP-taged protein, the cell pellet was resuspended in 40mL of ice-cold  lysis 

buffer (25mM HEPES, 250mM NaCl, 10% glycerol) supplemented with 1mM PMSF, 

100µg/ml lysozyme, 150µL of protease inhibitor cocktail. The lysozyme treatment was 

carried out in 4˚C with constant mixing. For lysis, the cells were transferred to a sterile 100ml 

glass beaker on ice-water bath andsonicatedtill the lysate became translucentwith the 

following settings: 50% amplitude, Pulse 2s ON and 4s OFF. A clear lysate was obtained by 

centrifuging at 14000rpm for 40min,4˚C. The supernant was collected in a 50 ml sterile 
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falcon tube on ice. 150µL of amylose resin was equilibriated with the lysis buffer by washing 

the resins with 1mL of lysis buffer thrice. The pre-equilibriated resin was added to the cleared 

lysate and incubated with conatnt mixing at 4˚C for 1.5 hours.The resin was collected by 

centrifuging the lysate at 3500rpm at 4˚C for 2min. The supernant was discarded and the 

resin was transferred to a sterile 15 ml microcentrifuge tube on ice. The resin was then 

washed with 7 ml of lysis buffer 7 times. Elution was carried out  using 20mM maltose in 

lysis buffer.  

For dialysis, the protein was spun at 13000rpm for 10min at 4˚C to remove residual resins. 

Protein was collected carefully through the wall of the tube to avoid taking the settled resin. 

Protein fractions were then pooled and the concentration was adjusted to about 120µg/ml 

with the lysis buffer and dialysed at 4˚C with constant stirring in buffer containing 25mM 

HEPES pH7.5 and 250mM NaCl.  

(B) Size exclusion chromatography 

Protocol mentioned in 2.2.1.4 was used. Fractions were collected and analysed using western 

blot with anti-MBP monoclonal antibody (1:10000). 

(C)Transformation and expression of GFP-tagged Drp6 mutants in Tetrahymena 

The protocol mentioned in 3.2.1.3 was used. 

(D)Transmission electron microscopy 

Protocol mentioned in 2.2.1.8  was used. 
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4.3 Results: 

4.3.1 GD and MD are not essential for oligomerization 

Members of dynamin family proteins self-assemble on the target membrane to perform their 

functions. Middle domain of all known dynamins play an essential role in their self-assembly. 

Drp6 similar to other family members self-assemble into rings and helical spirals (246). To 

investigate if the middle domain is also essential for self-assembly of Drp6, the middle 

domain and GTPase domain were replaced with the maltose binding protein, and expressed in 

bacteria. The incorporation of MBP also enabled purification of the recombinant protein 

(MBP-Drp6GD-MD) in soluble form (Fig. 4.3.1.1A). The oligomerization states of His-

Drp6 were assessed by size exclusion chromatography and as reported earlier (246), the 

purified protein eluted in the void as large molecular species (Fig. 4.3.1.1B,D). Considering 

the exclusion limit of the column, these high molecular weight species contains at least six 

protomers. When the purified protein lacking GD-MD (MBP-Drp6GD-MD) was analysed 

under similar conditions, presence of large molecular weight species was observed eluting in 

the void volume (Fig. 4.3.1.1C). This result suggests that similar to wild type Drp6, the MBP-

GD-MD Drp6 is also able to form large oligomeric structures. In addition to the void peak 

there was also a peak corresponding to dimer. The presence of a less prominent dimeric peak 

is also observed in His-Drp6 (246). These results suggest that GTPase domain and middle 

domain are dispensable for oligomerization of Drp6.  
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Figure 4.3.1.1: Drp6 oligomeizes in absence of GD-MD. (A) Coomassie stained SDS-

PAGE gel showing purified His-Drp6 (left) and MBP-Drp6GD-MD (right). Molecular 

weights are indicated on the sides. Size exclusion chromatography of His-Drp6(B) and of 

Drp6GD-MD(C). (D) Western blot showing eluted fractions of Drp6GD-MDafter size 

exclusion chromatography. Numbers indicate the elution volumes in ml. Positions of 

themolecular weight markers are indicated on left. A second peak around 16 ml in (C) does 

not contain the expected protein and may arise from some contaminating proteins from E. 

coli. 

(C) 

(D) 
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4.3.2 Drp6 GD-MD self-assembles into helical rods 

Self-assembly to form rings and helical spiral is hall mark of all dynamin proteins, and is 

important for their function. Drp6 also self-assembles to form rings and helical spirals (246). 

To investigate if GD and MD are required for self-assembly of Drp6, the ultra-structure of 

MBP-Drp6GD-MD was studied by electron microscopy after negative staining. Electron 

microscopic analysis of Drp6 was also performed in parallel. As reported earlier, Drp6 forms 

both rings and helical rod/spiral structures (246).When electron micrographs of MBP-

Drp6GD-MD were analysed, it was observedthat it predominantly formed helical rod/spiral 

like structures (Fig.4.3.2.1).  However, unlike wild type Drp6, the ring like structures if any 

were found only occasionally. These results suggest that GTPase domain and middle domain 

are dispensable for self-assembly. These results also suggest that GTPase domain and middle 

domain might play an important role in forming ring like structures. 

 

4.3.3 GD and MD are important for nuclear recruitment of Drp6 

Localization to target membrane is essential for all the dynamin proteins known to function in 

membrane remodelling. Drp6 localizes on the nuclear envelope and is required for nuclear 

remodelling. Confocal images of GFP-Drp6GD-MD when analysed, does not show any 

detectable localization on the nuclear envelope and is almost exclusively present in the 

cytoplasm (Fig. 4.3.3.1) (also shown earlier in the laboratory by UP Kar). Therefore, it can be 

concluded that GD and MD are required for nuclear recruitment of Drp6.   
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Figure 4.3.2.1: Drp6GD-MD self-assembles to formhelical rod like structures. .Electron 

micrograph showing self-assembled structures of purified recombinant Drp6 (top panel) and 

Drp6GD-MD (bottom panel). Drp6GD-MD fails to form helical spirals (arrow) or rings 

(arrow head) but forms helicalrod like structures (white arrow). 
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4.3.4 Loss of nuclear recruitment of Drp6GD-MD is not due to loss of cardiolipin 

interaction 

Proteins in dynamin family associate with lipids on the target membrane. It has been earlier 

shown that Drp6 interacts with three different phospholipids and interaction with cardiolipin 

is important for nuclear association of Drp6 (241). To evaluate if the loss of nuclear envelope 

localization of Drp6GD-MD is due to loss of its interaction with CL, membrane binding 

activity of Drp6GD-MD was assessed by liposome co-floatation assays using liposomes 

containing CL or PA or PS. Floatation assays were also performed with wild type Drp6 using 

these liposomes. As expected, wild type Drp6 interacted with all the three liposomes and 

appeared on the top fractions in the sucrose density gradient (Fig.4.3.4.1). While analysing 

the floatation assays with Drp6GD-MD, it was observed that it interacted with CL 

liposomes and PA liposomes but failed to interact with PS liposomes (Fig.4.3.4.1). Since 

Tetrahymena nuclear envelope lacks PS (Nozawa Y et al 1973), it can be concluded that loss 

of nuclear envelope localization of Drp6GD-MD is not due to defect in membrane binding. 

All these results indicate that GTPase domain and middle domain though is not essential for 

self-assembly, they are important for nuclear association, and the loss of nuclear envelope 

localization is not due to loss of membrane interaction. 
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Figure 4.3.3.1: GFP-Drp6GD-MD fails to localize to the nuclear envelope.Confocal 

images offixed Tetrahymena cells expressing GFP-Drp6 (Drp6) or GFP-Drp6GD-MD 

(Drp6GD-MD) after DAPI staining. Bar=10µm 
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Figure 4.3.4.1: Liposome co-floataion assay of MBP-Drp6 GD-MD (A) or His-Drp6 (B) 

with liposomes containing PC/PE and additionally supplemented with either CL or PS 

or PA (indicated on the left).Western blot analysisof fractions collected from top to bottom 

as indicated below the figure.While anti-MBP monoclonal antibody was used  in (A), anti-

His monoclonal antibody was used in (B). Molecular weights are indicated alongside of the 

blots. 

 

4.4 Discussion: 

Members of the dynamin family proteins self-assemble on their target to perform functions. 

Drp6 undergoes cycles of assembly/dis-assembly on the nuclear membrane and regulates 

nuclear remodelling in Tetrahymena (230).The present study has analysed the role of the 

GTPase domain together with middle domain in the self-assembly of Drp6. The results show 

that Drp6 can self-assemble to form higher order oligomeric structure even in the absence of 

GTPase domain and middle domain.  However, self-assembly is not sufficient to recruit 
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dynamin to the nuclear membrane since the protein lacking GTPase and middle domains 

though formed self-assembled structure fails to associate with nuclear membrane.  

The major objective of the present study was to investigate the importance of GTPase and 

middle domains in the self-assembly. The detailed structural studies in a number of dynamin 

family proteins show presence of similar interface required for oligomerization and higher 

order self-assembled structure. The common properties of all the dynamin proteins whose 

structures are known show participation of all the domains in the oligomerization and self-

assembly. The middle domain becomes essential for self-assembly of endocytic dynamins 

and also this domain plays important role in classical dynamin Dyn1 and Dynamin Related 

proteins likeDrp1,Mgm1, MxA (40, 256, 262). 

Unlike endocytic dynamins, the middle domain along with GTPase domain is not essential 

for the formation of higher order structure of Drp6. This results implies that Drp6 may have 

interfaces different from endocytic dynamin and other reported dynamin related proteins or 

may have additional interfaces present in the protein lacking these two domains. In either 

case, these results strongly suggest that the interactions required for self-assembly are 

different in this group of proteins. 

The localization and the function of dynamins depend on their self-assembly on the target 

membrane. As for example, the mutation that affects self-assembly of dynamin1 and dynamin 

2 also affects association with PtdIns(3,4,5)P3, PtdIns(3,4)P2, and PtdIns(4,5)P2 (50) and 

thereby its endocytic function. Similarly, interaction of Drp1 with cardiolipin via the B-insert 

region triggers its oligomerization (97). Another dynamin related protein Mgm-1 functions in 

mitochondrial fusion also requires self-assembly for target membrane binding (Binding with 

PA, CL, and PS) and function (77). In the present study,it wasevaluated if the GTPase and 

middle domains which are dispensable for self-assembly can associate with its target 
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membrane. The failure of Drp6 lacking these domains to associate with nuclear membrane 

suggest that self-assembly is not sufficient to bind its target membrane. It should be noted 

that the truncated Drp6 retains the membrane binding domain. Therefore, it appears that in 

addition to membrane binding domain and self-assembly property, Drp6 requires GTPase 

domain and middle domain for its recruitment to nuclear envelope. This is also true for other 

dynamins including CYTAtlastin (257) and Drp1 (60) which also need GTPase domain and 

middle domain for specific target membrane association. Although dimerization does not 

require membrane binding in case of dynamins, further assembly is dependent on its target 

membrane binding. Taking together, the present study reveals that Drp6 possesses interfaces 

for self-assembly different from other family members in which GTPase domain and middle 

domain are dispensable. It also suggests that membrane binding and self-assembly are not 

sufficient for nuclear recruitment of Drp6.  
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5.1 Introduction 

Nuclear expansion is a universal phenomenon in all eukaryotes. Expansion of the nucleus 

occurs during the S-phase of cell cycle to accommodate the increasing genetic material in 

case of open mitosis and also post-mitosis in case of closed mitosis to equally distribute the 

nuclear content. In Tetrahymena, which undergoes closed mitosis, nuclear expansion is 

observed during vegetative as well as sexual phase of reproduction. Although, nuclear 

division during vegetative propagation involves nuclear expansion, a more pronounced effect 

is observed during the sexual reproduction. In particular, during MAC development stage of 

sexual conjugation, 2 of the 4 MICs expand 10-15 folds to form new MACs.  

The nuclear membrane is a specialized extension of the ER, where several molecules can 

diffuse between the two compartments (170). Nuclear membrane expansion requires 

incorporation of new membranes to the pre-existing one. Studies have shown that control of 

nuclear envelope expansion is not limited by the cytosolic factors rather, it is controlled by 

membrane component surrounding the nucleus (263). Endoplasmic Reticulum (ER) is an 

endomembrane system distributed throughout the cell. It remains continuous with the nuclear 

membrane and hence it can be understood that nucleus is an extension of the ER.  In vitro and 

in vivo experiments in Xenopus egg nuclei show that the nuclear envelope formation requires 

ER membranes. Specific proteins like reticulons residing in the ER which determine the ER 

structure are responsible for determining nuclear envelope formation as well. Proteins like 

Reticulon-3 and Reticulon-4 drive the formation of tubulated ER which inhibits NE 

fomationwhile the other group of proteins like Climp63, p180 and kinectin drive the 

formation of sheet structures of ER. Inhibition of the tubulated ER enhances nuclear envelope 

development. These evidences show that ER is directly involved in the process of nuclear 
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membrane formation and expansion (264, 265). The ER which remains continuous with the 

nuclear envelope and surrounds the nucleus is termed as perinuclear ER (pER). The increase 

in the volume of nuclear envelope requires an increase in the volume of pER (263). The pER 

formation requires dynein mediated transport of membrane cargo to the rim of the developing 

pER which is essential for carrying out growth of membrane surface (266). Reconstitution 

experiments in mammalian nuclei using Xenopus egg extract show that microtubule are 

required for dynein to carry membrane cargo to develop the perinuclear ER membranes. 

Inhibition of either microtubule polymerization or dynein function leads to reduced nuclear 

expansion (266). 

Drp6 in vegetatively growing Tetrahymena localizes on the nuclear envelope and associates 

with ER vesicles (230). During macronuclear development stage of conjugation, 2 out of 4 

identical post-zygotic micronuclei expand to form new marconuclei. Drp6 exerts its functions 

during this macronuclear expansion stage (230). During the process of conjugation, Drp6 

shows differential localization where it becomes localized in the cytoplasm during starvation 

and early conjugation and is recruited to the developing MAC during expansion (discussed in 

chapter 1). This chapter addressed the mechanism by which Drp6 brings about nuclear 

expansion and the role of microtubule and dynein in this process. 
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5.2 Materials and methods 

 

5.2.1 Materials 

 Monoclocal anti-tubulin antibody was purchased from Developmental Studies 

Hybridoma Bank (DSBH). 

 Polyclonal anti-Drp6 antibody was custom synthesized by Imgenex 

 Nocodazol, Ciliobrevin D and DMSO were purchased from Sigma Aldrich 

 ER trancker green dye, DAPI and Alexa fluor-594 antibody were purchased from 

Invitrogen. 

5.2.2 Methods 

 

(A) Expression and purification of TAP-tagged Drp6 

Expression of TAP-Drp6 in Tetrahymena:  

Tetrahymena cells transformed with TAP-Drp6 pVGF were grown to a density of 2.5x105 in 

600ml SPP media containing antibiotic solution and 100 µg/ml paromomycin sulfatein a 

wide bottom 3000ml Erlenmeyer flask at 30˚C, 90rpm. The culture was induced with 2 µg/ml 

cadmium for 5 hours under same growth conditions. The cells were harvested by pelleting at 

1100g using sterile 250ml conical bottom centrifuge bottles.  Cells were processed further for 

protein purificationor stored at -80 ˚C for long term storage. 

Purification of TAP-Drp6: 

Expression was induced with 2µg/ml cadmium chloride for 5 hours at 30°C.  Cells were 

collected by 1100g centrifugation for 4 min in a conical bottom centrifuge bottle. The cell 

pellet was resuspended in 10 ml lysis buffer (20 mM Tris-HCl (pH 8.00), 100 mM NaCl, 
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0.5% NP-40, 10% glycerol) supplemented with a mixture of protease inhibitor like aprotinin, 

pepstatin, E-64, PMSF and protease inhibitor cocktail(Roche). The lysate was cleared by 

ultracentrifugation at 250,000g for 1 hour using 70Ti rotor in a Beckman Coulter Optima 

L100K. All subsequent steps were carried out at 4°C unless mentioned otherwise. Rabbit-IgG 

agarose (Sigma-Aldrich) pre-equilibrated with wash buffer (20mM Tris-Cl pH 8.0, 2mM 

MgCl2, 0.2mM EGTA, 0.1M NaCl, 0.1% Tween20, 10% Glycerol, 1mM DTT, 0.1mM 

PMSF) was added to the clarified lysate and was kept forbinding for 2 hours on a nutating 

mixer stand. Resin was collected by centrifugation at 3,000 g for 1 min and washed with 50 

bed volumes of wash buffer. 2µl of TeV protease in 200 µL cleavage buffer (10 mM Tris-

HCl pH 8.00, 0.1% Tween 20, 0.1 M NaCl, 1 mM DTT 0.5 mM EDTA,) was added to the 

resin and incubated for 1.5 hours at room temperature followed by overnight incubation at 

4°C. The concentration of calcium chloride in the eluate was made to 3mM after proteolytic 

cleavage and mixed with 3 volumes of  calmodulin binding buffer (10 mM Tris-HCl (pH 

8.00), 1 mM Mg acetate, 100 mM NaCl, 2 mM CaCl2, 1 mM imidazole, , 0.1 % Tween 20, 

10 mM βME). This was incubated with 100 µL of calmodulin resin (Sigma-Aldrich) at 4°C 

for 1 hour. The resin was recovered and washed with calmodulin binding buffer. Elution of 

the protein was carried out  with calmodulin elution buffer (10 mM Tris-HCl (pH 8.00), and 1 

mM Mg acetate, 100 mM NaCl,1 mM imidazole, 0.1 % Tween 20, 10 mM EGTA, 10 mM 

βME). Eluted fractions were analysed on 10 % SDS polyacrylamide gel after silver staining. 

 

(B) Microtubule destabilization using nocodazole 

To study the effect of microtubule destabilization on localization of Drp6, Tetrahymena cells 

expressing GFP-DRP6 were grown to a density of 0.7x105 cells/ml andnocodazole (Sigma 

Aldrich) was addedto10µg/ml final concentration.For the control experiment DMSO without 

drugwas used. The treatment was carried out for 1 hour at 30°C. GFP-Drp6 expression was 
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then induced with 0.5µg/ml of cadmium chloride for 4 hours. The cells were collected by 

centrifugation at1100g for 2 min and fixed with 4% PFA for 20min at RT and  imaged in a 

Zeiss LSM 780 confocal microscope. 

For studying the effect onMAC expansion, the drug was added to the conjugating cells 7 

hours post-mixing at same concentration as above. The cells were then collected at the end of 

8 hours and fixed using 4%PFA. The cells were stained with DAPI and percent MAC 

development was measured after imaging.  

 

(C) Dynein inhibition using Ciliobrevin D 

The procedure used for nocodazole treatment was followed to conduct the study with 

ciliobrevin D (Invitrogen). The concentration of ciliobrevin D used was 5µM. 

 

(D) ER staining 

Tetrahymena cells expressing Drp6 or Drp6-K49A (induced with1µg/ml cadmium chloride) 

were treated with 0.5µM of the ER tracker dye for 1 hour at 30°C. Cells were collected by 

centrifugation at 1100g and washed with SPP media twice to remove the excess stain. Cells 

were fixed using 4% PFA and imaged using Leica DMi8 confocal microscope.  

 

(E) Expression of GFP-KDEL as an ER marker  

Tetrahymena cells expressing mCherry-Drp6were transformed with GFP-KDEL in NCVB 

vector bybiolistic transformation and the transformants were selected using 60µg/ml 

Blasticidine S hydrochloride (Sigma Aldrich) in presence of 1µg/ml cadmium chloride. The 

co-transformants harboring both mCherry-Drp6 and GFP-KDEL was grown in SPP without 

drug to a density of 2x105 cells /ml and induced with 0.5µg/ml cadmium chloride for 4 hours 
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before imaging. For microtubule inhibition, the induced cells were treated with nocodazole 

(10µg/ml) post 3 hour of cadium induction for 1 hour. 

 

5.3 Results: 

5.3.1 Drp6 interacts with microtubule and dynein 

Drp6 localizes to the nuclear envelope and also to ER vesicles. In live cell imaging, Drp6 also 

shows distribution that resembles microtubular network (Fig.5.3.1.1). The similarity of Drp6 

distribution with the microtubular network strongly suggested association of Drp6 with 

microtubules.  
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Figure 5.3.1.1: Confocal images of a live Tetrahymena cell expressing GFP-Drp6. Drp6 

shows distribution that resembles microtubule network. Upper left image shows middle 

section, upper right (3-D projection) and lower left images show cortical region. Lower right 

is DIC image of the cell. Bar= 10µm. Arrows indicate the microtubule network-like 

distribution of Drp6. 

To determine if Drp6 interacts with microtubule, TAP-tagged Drp6 was expressed and 

purified from Tetrahymena. Western blot analysis of the TAP-tag purified protein was 

performed where, anti-tubulin antibody was used to detect presence of tubulin in the purified 

Drp6. As shown in the Fig.5.3.1.2, the presence of tubulin in the purified Drp6 solution 

suggests interaction between them. To further confirm this interaction, TAP-tag purified 

Drp6 were subjected to Tandem-MS spectroscopic analysis. The results showed tubulin and 

Dynein Heavy Chain 7 (DYH7) as interacting proteins among many other proteins. These 

results lead to the conclusion that Drp6 can interact with the cytoskeletal elements like 

microtubule and dynein. 

 

 

Figure 5.3.1.2: Drp6 interacts with tubulin. The total cell lysate (lane 1) along with 

purified fraction of TAP-Drp6 (lane 2) was analysed bywestern bloting using anti-tubulin 

monoclonal antibody (left panel). The right shows TAP-Drp6 protein in the purified fraction 
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as detected using anti-Drp6 polyclonal antibody. Molecular marker (M) weights are indicated 

on the left of each panel. 

 

 

5.3.2 Interaction with microtubule and Dynein isimportant for nuclear envelope 

localization of Drp6 

To determine the role of Drp6 interaction with microtubule and dynein, GFP-Drp6 was 

expressed in Tetrahymena under conditions that destabilize microtubule (treatment with 

nocodazole) or that inhibit cytoplasmic dynein function (treatment with cilliobrevin D) and 

compared with that of untreated control cells. Localization was assessed by confocal 

microscopy. As expected, Drp6-GFP predominantly localized in the nuclear envelope with 

some cytoplasmic puncta. Both perturbation of microtubule structure and inhibition of dynein 

function resulted in the loss of nuclear envelope localization of Drp6 in majority of the cells. 

While 75% of the untreated cells had nuclear envelope localization of Drp6, only 33% of 

nocodazole treated cells and 42% of ciliobrevin treated cells showed nuclear envelope 

localization (Fig.5.3.2.1). Therefore, it can be concluded that microtubule and cytoplasmic 

dynein are required for nuclear association of Drp6. 
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Figure 5.3.2.1: Nuclear envelope localization of Drp6 depends onmicrotubule structure 

and dynein function. (A) Confocal images of fixed Tetrahymena cells expressing GFP-Drp6 

treated with nocodazole or ciliobrevin D as indicated. Control cells were treated with DMSO 

without any drug. Immunostaining with anti-tubulin monoclonal antibody was performed 

before imaging. Bar = 10µm. (B) Graph showing quantitation of cells showing nuclear 

envelope localization of GFP-Drp6 in absence of any drug (control) or in presence of 

nocodazole (+Nocodazole) or in presence of ciliobrevin D (+Ciliobrevin D) more than 300 

cells atleast were counted . GraphPad Prism 8.0 was used for statistical analysis. ** indicates 

P=0.0017, *** indicates P= 0.0007.  

 

5.3.3 Interaction with microtubule and Dynein is required for macronuclear 

development 

Drp6 is involved in macronuclear expansionand its localization to nuclear envelope is 

dependent on microtubule structure and dynein function. To evaluate if microtubule and 

dynein are also important for MAC development, the conjugated pairs were either treated 

with nocodazole or ciliobrevin along with the control where no drug was added. Quantitation 

of new macronuclei development at 8h post conjugation showed that while 75% of the 

untreated pairs showed macronuclear expansion, around 8% of the nocodazole treated pairs 

exhibited MAC development. The analysis of ciliobrevin treated pairs also showed inhibition 

of MAC development (27% pairs had macronuclear expansion)  (Fig.5.3.3.1). These results 

suggest that both microtubule structure and dynein function are important for MAC 

expansion. Since Drp6 interacts with microtubule and is also required for MAC development, 

it can be inferred that Drp6 is recruited to the nuclear envelope by interacting with 

microtubule and dynein during macronuclear expansion.  
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Figure 5.3.3.1: MAC development depends on microtubule structure and dynein 

function.  Confocal images showing fixed and DAPI stained conjugating Tetrahymena cells 

at 8th hour post mixing in absence of any inhibitor (control) or in presence of nocodazole 

(+Nocodazole) or in presence ciliobrevin D (+Ciliobrevin D). Arrows indicate the expanding 

macronucleus (B) Graph shows quantitation of the above results, n=500. GraphPad Prism 8.0 

was used for statistical analysis. *** indicates P= 0.0002, **** indicates P= <0.0001. 
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5.3.4 Perinuclear ER network depends on Drp6 function and microtubule structure 

Developing of the perinuclear ER is essential for nuclear expansion (263) and requires 

addition of new membranes. However, the exact mechanism of ER network formation around 

the nucleus and the source of vesicles are not known in any organism. Moreover, how 

microtubule structure and dynein regulate perinuclear ER network and thereby nuclear 

expansion in vivo is not known. In earlier study it was shown that Drp6 regulates nuclear 

expansion in Tetrahymena. To understand the mechanism of nuclear expansion, the role of 

Drp6 on ER network was evaluated. For this purpose, the dominant negative allele of Drp6 

(Drp6-K49A) was expressed to inhibit Drp6 function and the ER network was compared with 

that of wildtype cells after staining with ER tracker green. The results showed presence of 

extensive ER network around the nucleus in wildtype cells. However, the ER network was 

significantly reduced in the cells expressing Drp6-K49A (Fig. 5.3.4.1) suggesting that Drp6 is 

required for perinuclear ER network formation.  

 

Figure 5.3.4.1: Inhibition of Drp6 functioninhibitsperinuclear ER network formation. 

Confocal images of fixed wildtype Tetrahymena cell (left) or Tetrahymena cell expressing 
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Drp6-K49A (right) after staining with ER tracker green to label the ER and DAPI to mark the 

nucleus. White arrows show the Er around nucleus. Yellow arrow shows reduced ER around 

nucleus. Bar = 10µm 

Nuclear expansion in mammals requires microtubule guided delivery of vesicle cargo by 

dynein around the expanding nucleus (266). To understand how the ER distribution around 

the nucleus is affected by microtubule, nocodazole treatment was performed on Tetrahymena 

cells expressing GFP-KDEL (a GFP tagged ER marker) to visualise the ER distribution. 

Confocal imaging showed that destabilization of microtubule structure disrupts the ER 

network around the nucleus (Fig.5.3.4.2A,C). This inhibition does not affect the peripheral 

distribution of ER (Fig.5.3.4.2B). This suggests that the ER network formation around 

nucleus requires microtubule network.  
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Figure 5.3.4.2: Peturbation of microtubule structure inhibits perinuclear ER network. 

(A) Confocal images showing Tetrahymena cells expressing GFP-KDEL either in absence 

(top panel) or presence (bottom panel) of nocodazole. Distribution of peripheral ER is shown 

in (B) Bar = 10µm. (C) Graph shows quantitation of connections of ER connections with 

nuclear envelope either in absence (control) (n=30) or presence of nocodazole (+Nocodazole) 

n=40.  ** indicates P value = 0.0017. ER-NE connections were counted manually from the 

middle section images of the cells. 

5.4 Discussion 

Nuclear expansion is a universal phenomenon in all eukaryotes. Studies in the mammalian 

nucleus have identified the role of cytoskeletal elements i.e. microtubule and dynein in this 

process. Nuclear envelope being a continuous extension of the ER depends on structure and 

volume of ER for its expansion. Drp6 which localizes on the nuclear envelope also associates 

with the ER vesicles in the cytoplasm (230) and live cell imaging shows that these dynamic 

cytoplasmic ER vesicles are capable of associating with the nuclear envelope. The findings in 

these study show that Drp6 interacts with microtubule and a cytoplasmic dynein. Perturbation 

of this interaction affects the nuclear envelope localization of Drp6 as well as the nuclear 

(C) (C) 
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expansion implying that translocation of Drp6 to the nuclear envelope is mediated by 

microtubule guided dynein. Nuclear envelope development during expansion requires 

increase in the membrane surface area which can be achieved by recruitment of new 

membrane components to the existing one. From recent studies, it is well-founded that ER 

contributes directly towards nuclear membrane growth however those studies do not identify 

any specific factor which catalyzes this process. Our studies show that ER network 

development around nucleus requires microtubules. The depolymerization of microtubules 

shows fewer connections of ER around the nucleus which means that microtubule association 

allows network formation by ER. A similar phenotype is observed in the ER distribution in 

Tetrahymena cell expressing a dominant negative mutant Drp6-K49A. Taken together these 

results suggest that Drp6 performs nuclear expansion by catalyzing microtubule guided 

transport of ER vesicles (membrane cargo) through dynein association. These vesicles might 

be essential for expanding the perinuclear ER network. Drp6 at the nuclear envelope might be 

responsible for establishing ER-NE membrane contact sites around the nucleus during 

nuclear membrane expansion. 
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Chapter 6 

 

SUMMARY AND CONCLUSION 
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6.1 Summary  

 

Cell organelles undergo constant structural changes through remodeling of their membranes 

to carry out essential physiological processes. This is brought about by changes in their 

membrane curvature which is regulated by proteins. One such class of membrane remodeling 

proteins is known as dynamin superfamily. Dynamins are large mechanochemical GTPases 

which remodel their target membranes in a GTP-dependent manner (26). Based on their 

domain architecture, these enzymes are categorized as classical dynamins and dynamin 

related proteins (Drps). While the classical dynamins have a 5-domain organization, 

consisting of GTPase domain (GD), middle domain (MD), pleckstrin homology (PH) 

domain, GTPase effector domain (GED) and proline rich domain (PRD), the Drps lack the 

PH domain and PRD. Classical dynamins perform endocytic functions (102, 103) while the 

Drps are involved in maintenance of cell organelles, antiviral resistance, and cytokinesis (26). 

These proteins are present across the eukaryotic and prokaryotic systems, wherein, they 

perform a diverse array of functions. Although these proteins perform diverse functions, their 

underlying mechanisms are similar and is powered by self-assembly activated GTP 

hydrolysis (39). 

Tetrahymena thermophila, a unicellular eukaryote, has a complex endomembrane 

organization which is evident from the presence of a large number of Rabs and Drps. 

Tetrahymena possesses eight Drps,of which, Drp3, 4, 5 and 6 form a separate clade indicating 

that these proteins evolved to perform specialized functions in Tetrahymena (229). Drp6, one 

of these specialized dynamins, has evolved to function during nuclear expansion in 

Tetrahymena. It localizes mainly on the nuclear envelope and ER derived vesicles (230). 

Tetrahymena shows nuclear dualism  where a MIC is a germline nucleus and remains 
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transcriptionally silent in most of the cell- cycle stages and MAC is a phenotypically active 

somatic nucleus.  Drp6 performs an essential role in nuclear differentiation (230), where 

micronucleus expands 10-15 times to develop into macronucleus to accommodate the 

increased ploidy.  Drp6 shows a cell-cycle stage specific localization. This nuclear localizing 

dynamin starts falling off from the nucleus to become cytoplasm- localized during starvation 

and re-recruits to the newly developing  MAC (230).  The mechanism by which stage-

specific localization and function of Drp6 are determined remains unknown. The study in this 

thesis addressed the mechanisms of Drp6 function andits nuclear recruitment. This thesis also 

addresses the role of post-translational modification in the regulation of its localization and 

function.  

Generally, proteins in the dynamin family are regulated by many PTMs. These modifications 

allow addition of groups at particular sites on the protein which bring about changes in the 

biochemical properties of the protein including self-assembly, GTPase activity, localization 

etc. (187). Drp6 undergoes phosphorylation at 4 serine residues (S86, S248, S701, S705) and 

ubiquitination at 6 lysine residues. Phosphorylation at S248 reduces its GTPase activity by 

about 2-fold. Dynamins are self-assembly stimulated GTPases (26, 39). However, reduction 

in the GTPase activity of Drp6 in presence of phosphorylation does not arise from a defective 

self-assembly, since the size-exclusion chromatography profile of the phosphomimic (Drp6-

S248D) is similar to that of unphosphorylated Drp6. Target membrane binding of dynamins 

require recognition of a specific lipid on the membrane. Drp6 interacts with three lipids 

namely PS, PA and CL (241). Of these, interaction with CL is specifically essential for its 

localization to nuclear envelope (241). Localization studies of the phosphomimic, S248D and 

phosphomutant, S248A show that presence of phosphorylation at S248 enhances the nuclear 

envelope localization of Drp6. The liposome co-floatation assays suggest that 

phosphorylation at S248 enhances the binding of Drp6 specifically towards CL containing 
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liposomes without affecting its affinity towards PA or PS containing liposomes. Since CL 

interaction of Drp6 determines its localization to nuclear envelope, enrichment of Drp6 at the 

nuclear envelope in presence of phosphorylation and its higher affinity to CL together imply 

that phosphorylation enhances localization of Drp6 at nuclear envelope by enhancing its CL 

binding affinity. The liposome tubulation assays revealed that similar to wildtype Drp6, 

Drp6-S248D also tethers CL liposomes. Apart from the tethering activity, Drp6-S248D can 

extensively tubulate the liposomes into network like structures having 3 or more connections. 

Analysis of the ultra-structure of Drp6 and Drp6-S248D shows that Drp6-S248D stabilizes 

ring like structures as compared to Drp6. Examination of membrane fusion function showed 

that Drp6 is a fusion dynamin and phosphorylation at S248 inhibits the fusion activity by 

inhibiting GTPase activity.The results together suggest that the enhanced binding of Drp6 to 

CL and extensive tubulation in presence of phosphorylation at S248 occurs by stabilizing the 

ring-like structures. These results also suggest that Drp6 performs nuclear expansion by 

membrane fusion and is regulated by phosphorylation at S248. 

In addition to nuclear envelope, Drp6 also localizes to ER vesicles in the cytoplasm and to 

the plasma membrane. It binds to three lipids namely, PS, PA and CL (241). Drp6 requires 

cardiolipin binding for its localization to the nuclear envelope (241). As in case of other 

members of the dynamin superfamily, Drp6 also contains a lipid binding domain (DTD) 

which is mapped within 517-600 amino acids. This domain alone is sufficient to bind to the 

three above mentioned lipids but is insufficient for nuclear envelope localization (241). A 

specific residue I553, which resides within a hydrophobic patch (IMI) is essential for CL 

binding of Drp6. Mutational analysis at this position (I553M and I553A) shows that loss of 

CL binding of Drp6 occurs due to the absence of isoleucine at this position which emphasizes 

the role of isoleucine at 553rd position in recognition and binding to CL. Since the absence of 

isoleucine at this position did not affect binding of Drp6 to PA and PS, I553rd residue 
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specifically determines binding of Drp6 with CL. Analysis of the biochemical properties like 

self-assembly and GTPase activity of these mutants (Drp6-I553M and Drp6-I553A) shows 

that the mutations do not change self-assembly and GTP hydrolysis activity of Drp6. 

Analysis of the conformation by measuring intrinsic tryptophan fluorescence show that loss 

of CL binding due to loss of isoleucine is not a result of change in the Drp6 conformation. 

CD-spectroscopy analysis of the secondary structure of Drp6 and the mutants did not show 

any defect in secondary structure content and overall folding. Quenching experiments 

performed to analyze the local conformation changes due to mutation show quenching 

constants comparable to the wildtype Drp6. Since there were no significant changes observed 

in conformation of Drp6 due to mutation at I553, it suggests that loss of CL binding due to 

mutation does not arise from conformational changes in the protein. These results in turn 

suggest that a direct interaction with isoleucine determinesCL binding specificity and nuclear 

association of Drp6. To understand the role of the residues in the vicinity of I553 in CL 

binding   and nuclear targeting of Drp6, the residues E552 and M554 were mutated. These 

mutations did not affect the CL binding or nuclear envelope localization of Drp6. Taken 

together these results suggest importance of a single isoleucine in Drp6 binding specificity 

with CL and thereby its recruitment to the nuclear envelope.  

Self-assembly of dynamins into higher-ordered structures is a pre-requisite for translocation 

to their target membranes. The formation of these oligomers occurs through fairly conserved 

interfaces across the family members. These interfaces reside mostly in the stalk domain of 

dynamins which is composed of the MD and GED. Although the stalk domain interactions 

orchestrate the tetramerization and further assembly, other domains are also required for 

formation of the functional structures like rings and helical spirals. In addition to these 

interfaces, G-domain interactions mediate dimerization. To study the dependence of Drp6 on 

its GD and MD for self-assembly, Drp6GD-MD was subjected to size exclusion 
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chromatography. The results showed that Drp6 can self-assemble into higher-ordered 

structures even in absence of GD and MD. Dynamins arrange themselves into rings and 

helical-spirals to execute their function. The study of the ultra-structure of Drp6GD-MD 

show that although Drp6 can form higher-order structures without GD and MD, it cannot 

form helical-spirals and rings. This mutant could form only short rod-like structures 

suggesting that formation of the functional structures required GD and MD. Localization to 

the nuclear envelope requires Drp6 to interact with CL (241). Since absence of GD and MD 

abrogates the nuclear envelope localization of Drp6, CL binding property of Drp6GD-MD 

was carried out to examine if the loss of nuclear envelope localization is due to defect in CL 

binding. Surprisingly, the Drp6 lacking GD and MD interacts with CL suggesting that CL 

binding though essential is not sufficient for nuclear recruitment. Since the mutant does not 

form rings and helical spirals but can self-assemble into rods, it can be suggested that in 

addition to CL binding and self-assembly, the higher order self-assembly into rings and/or 

helical spirals are required for nuclear association of Drp6. Since Drp6 shows localization at 

the plasma membrane which is enriched in PS and Drp6GD-MD fails to interact with PS, it 

would be interesting to investigate if interaction with PS determines recruitment to the 

plasma membrane.  

To perform nuclear expansion function, Drp6 needs to translocate from the cytoplasm to the 

nuclear envelope of the developing MAC. Drp6 associates with microtubule and cytoplasmic 

dynein DHY7. Perturbation of microtubule structure and dynein function leads to loss of 

nuclear recruitment and nuclear expansion. These observations suggest that microtubule and 

dynein are required for localizing Drp6 to the nuclear envelope. Reconstitution experiments 

performed in mammalian systems reported that the process of nuclear expansion required 

development of the perinuclear ER (263). The accumulation of the ER network around the 
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developing nuclear membrane requires carrying of vesicle towards the nucleus by 

microtubule directed dynein (266). Our results suggest that nuclear expansion in 

Tetrahymena too requires ER accumulation around the nucleus. This process as suggested by 

inhibition studies, requires microtubules. De-polymerization of microtubules leads to reduced 

ER-NE connections. Drp6 associates with ER vesicles in the cytoplasm which moves towards 

and associate with the nuclear envelope (230). From the results of the present study, it can be 

proposed that the nuclear membrane expansion, which requires addition of new membranes 

to the pre-existing one, is carried out by promoting ER-NE junctions. Further, it can be 

suggested from the experimental evidences presented in this study that the process of nuclear 

expansion requires Drp6 associated ER related vesicles to be guided to NE via dynein-

microtubule mediated transport.  

6.2 Conclusion:  

In this thesis, we attempted to study the mechanism of Drp6 function and its nuclear 

recruitment along with regulation by post-translation modification. Based on the results, we 

put forward a model for the mechanism by which Drp6 translocate to the NE and mediates 

nuclear expansion in Tetrahymena. We propose that Drp6 performs nuclear expansion by 

membrane fusion activity. Localization of Drp6 is determined by the lipid it binds to. Binding 

to CL allows Drp6 to translocate to the NE. This specificity for CL is conferred by direct 

interaction of Drp6 with CL through a critical isoleucine residue which resides in the lipid 

binding domain of Drp6. Phosphorylation at S248 in the GTPase domain regulates the 

activity of Drp6 at NE by regulating its CL binging affinity and GTPase activity. The process 

of nuclear expansion requires Drp6 to carry cytoplasmic ER related vesicles towards the 

nucleus by its interaction with microtubule and dynein (Fig. 6.2.1). Accumulation of these 

vesicles around the NE might be responsible for developing the perinuclear ER connections 
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required for nuclear expansion. The phosphorylation enhances the membrane fusion activity 

of Drp6 by enhancing its binding with CL. This allows extensive tubulation of the underlying 

membranes.  

 

Figure 6.2.1: Proposed model for mechanism of nuclear expansion by Drp6. The diagram 

shows Drp6 (purple) might associate with the ER vesicles (brown) and transport them to the 

nuclear envelope through microbule (blue) interaction to facilitate nuclear expansion. It 

recognizes and associates with cardiolipin (green) on the the nuclear envelope to transport 

vesicles at the site of nuclear expansion to develop the peri-nuclear ER network (black). We 

propose that the phosphorylation at Ser248 (yellow) of Drp6 might be required at this stage. 
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As seen by liposome tubulation assay, the membranes are tubulated to form network like 

structures with 3 or more connections that resemble ER. This enhanced tubulation activity 

can be attributed to the formation of more stable ring-like structure in presence of the 

phosphorylation. Since this phosphorylation reduces the GTPase activity of Drp6, it is 

possible that the formation of stable ring-like structures requires reduced GTPase activity 

leading to enhanced membrane tubulation and fusion which in turn regulates nuclear 

expansion. 
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