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Synopsis  
 

 Mitochondria are double-membrane organelles in eukaryotes, whose primary 

function is energy production through oxidative phosphorylation. Mitochondria have 

a diverse morphology, which is maintained by the cycles of division and fusion. As 

mitochondria cannot be synthesized de novo, they rely on fission for successful 

organelle-inheritance. Moreover, mitochondrial division is also essential for the 

maintenance of the cellular homeostasis, during cell death and is used as a tool to 

segregate damaged mitochondria. Dynamin-related protein 1 (Drp1), a member of the 

dynamin superfamily of proteins, is a crucial player involved in the mitochondrial 

division process. In the absence of Drp1, mitochondria show an elongated phenotype, 

which is reminiscent of a defective division process. Apart from its role in the 

mitochondrial division, Drp1 is also shown to be involved in the division of 

peroxisomes. 

 The domain architecture of Drp1 is similar to that of classical dynamins, 

which consists of a GTPase domain at the N-terminus, bundle signaling element and 

the stalk domain. However, instead of the lipid-binding pleckstrin homology domain 

found in classical dynamins, Drp1 has a variable, unstructured 100 amino acid loop 

called the B-insert, which is involved in binding to the mitochondrial lipid cardiolipin. 

Drp1 self-assembles into helical scaffolds and utilizes energy-derived form GTP-

hydrolysis to remodel GUVs and liposomes to tubular intermediates. Current 

literature indicates that Drp1 is involved in membrane remodeling to facilitate fission 

but its direct involvement in the fission process remains debated.  

 Drp1 is predominantly cytosolic and relies on mitochondrial adaptor proteins 

(Mff, MiD49, and MiD51) for its recruitment to the mitochondria. Studies 

demonstrate that these adaptor proteins can act independently to recruit Drp1. 

However, their contribution, beyond recruiting Drp1 to mitochondrial and to the 

division process in general remains unknown. Recent reports suggest the involvement 

of the endoplasmic reticulum (ER) in causing mitochondrial constriction prior to 

Drp1-recruitment thus marking the site of mitochondrial division. A study by Voeltz 

and colleagues revealed the involvement of the classical dynamin-2 (Dnm2) in the 

mitochondrial division. Depletion of Dnm2 also led to significant mitochondrial 

elongation, with Drp1 remaining accumulated on constricted mitochondria. Thus, the 
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current model proposes cooperation between mitochondrial and classical dynamins, 

and that neither alone is sufficient for the mitochondrial fission. However, recent 

reports have questioned this model as mitochondrial fission occurs even in the 

absence of Dnm2, thus necessitating a re-evaluation of the contribution of each of 

these proteins to the mitochondrial division. 

 This thesis utilizes a bottom-up approach of reconstitution of the 

mitochondrial fission process and aims to understand the intrinsic functions of 

individual components, with a focus on Drp1’s involvement in mitochondrial fission.  

 

 Chapter 1 of the thesis gives an introduction to proteins involved in the 

regulation of mitochondrial division, briefly summarizing the known components 

involved in the fission machinery.   

 

 Chapter 2 introduces the Supported Membrane Templates (SMrT), where the 

membrane is organized as a planar sheet and curved tubes resting on a passivated 

glass coverslips covalently modified with polyethylene glycol (PEG). These 

membrane topologies displayed on SMrTs mimic a non-constricted and constricted 

states of the mitochondria. This facile and robust assay system allows the use of 

various membrane lipid compositions and screens for protein function on a membrane 

surface displaying a range of curvatures. The mitochondrial-specific lipid cardiolipin 

can also be incorporated into SMrTs to closely mimic mitochondria. 

 

 In Chapter 3, using the SMrTs, I describe results indicating that Drp1 is 

sufficient to catalyze membrane fission. Fission is robust, with Drp1 capable of 

severing tubes as wide as 250 nm in radius. Although dynamin-2 can catalyze fission, 

it appeared to be severely restricted in its ability to severe wide tubes. Drp1 

preferentially binds tubes over the supported lipid bilayer. This preference can be 

mapped to the B-insert region of Drp1. Stage-specific reconstitution reveals that 

unlike classical dynamins, which constrict membrane tubes in the absence of GTP, 

Drp1 requires GTP binding for membrane constriction. Drp1 requires GTP hydrolysis 

for causing further constriction of the membrane tube finally leading to fission. 

Together, our results indicate Drp1 to be self-sufficient in membrane fission and 

prompt a reevaluation of its involvement in the mitochondrial fission pathway. 
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 Various adaptor proteins on the outer mitochondrial membrane govern Drp1 

recruitment to the mitochondria. In Chapter 4 effects of different adaptor proteins on 

Drp1-catalyzed membrane fission are probed using SMrTs. The presence of adaptor 

proteins Mff, MiD49, and MiD51 independently enhance Drp1 recruitment and 

fission. We also report a novel tendency of Mff to self-oligomerize and remodel 

membrane tubes, which in turn could determine the site of fission on mitochondria 

and peroxisomes. The effect of Mff on Drp1’s binding and fission activity is 

systematically studied by varying cardiolipin concentration.   

  

 Chapter 5 discusses functional differences among Drp1 Isoforms. 

Surprisingly, Drp1’s longest Isoform (Isoform 1) is found to be impaired in 

membrane binding and fission, which is altogether different in behavior compared to 

Isoform 2 and Isoform 3. Since the various Isoforms are expressed in a tissue-specific 

manner, these results indicate a contribution from cell physiology to the evolution and 

selection of specific Isoforms of Drp1 that are different in their biochemical attributes.   
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1. Introduction  

 

 Mitochondria are ubiquitous double-membrane organelles present in 

eukaryotic cells, whose primary function is the production of cellular ATP1. They are 

thought to have originated from engulfment of an aerobic bacterium by a larger 

archaebacterium, consequently leading to a close endosymbiotic relationship in the 

time course of evolution2. The morphology and number of mitochondria vary across 

different tissues and is maintained by continuous cycles of fission and fusion1. Fusion 

acts as a mode of complementation of partially damaged mitochondria by mixing the 

mitochondrial contents and mitochondrial DNA. Mitochondrial fission is required for 

the faithful inheritance of mitochondria from parent to the daughter cells, as it cannot 

be synthesized de novo3. Mitochondrial fission is also required in mitochondrial 

quality control by facilitating the removal of damaged mitochondria4 and apoptosis 

during high cellular stress5. Various diseases have been implicated due to mutations in 

the proteins involved in mitochondrial fusion and fission pathway6,7. A plethora of 

molecules are involved in mitochondrial fission and fusion, key regulators being large 

GTPases of the dynamin superfamily8.  

 

Mitochondrial division machinery  

 A proper balance between mitochondrial fission and fusion maintains 

mitochondrial morphology, dynamics and ensures cellular homeostasis. Cellular and 

genetic studies have identified majorly two classes of molecules involved in 

mitochondrial fission. First is the dynamin-related protein1 (Drp1)9,10 which is a 

crucial player in mitochondrial fission. Like dynamin, Drp1 is thought to oligomerize 

and physically constrict mitochondria and catalyze fission. However, most of the 

Drp1 is cytosolic thus necessitating a specialized recruitment apparatus to effectively 

catalyze fission. The second class of molecules is Drp1-adaptor proteins; fission 

protein1 (Fis1), mitochondrial fission factor (Mff) and mitochondrial division proteins 

of 49 and 51 kDa (MiD49/51), which recruit Drp1 to the mitochondrial surface. Apart 

from these, imaging studies suggest endoplasmic reticulum marks the site of 

constriction on mitochondrial prior to the Drp1 recruitment11. Many proteins 

including cytoskeletal proteins are involved in regulating ER-mitochondrial contact 

sites12. Recently, dynamin-2 has been implicated in mediating the final scission step 
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during the mitochondrial fission13. EM studies indicate that the mitochondrial inner 

membrane can divide without necessitating outer mitochondrial membrane fission14, 

however how inner membrane undergoes fission is still unknown.  

 

1.1 Dynamin-related protein1 (Drp1)  

 Dynamin-related protein1 (Drp1) is a crucial player involved in the 

mitochondrial fission. Drp1 knockout or expression of dominant negative mutant 

leads to an elongated hyper-fused mitochondrial morphology9,10,15,16. Drp1 null mice 

die after embryonic day 11.5 due to neuronal developmental defects15,16. Drp1 has 

also been suggested to be involved in mediating peroxisomal fission17, a single 

membrane organelle involved in the metabolism of long-chain fatty acids18. Drp1 

consists of a GTPase domain involved in GTP hydrolysis at the N-terminus followed 

by bundle signaling element (BSE) which relays conformational changes from G to 

the stalk domain, stalk domain which is involved in Drp1 multimerization19 and 

binding to the mitochondrial adaptor proteins20 and the B-insert which is the putative 

membrane-binding region21 (Figure 1.1A, crystal structure of Drp1 with the 

respective domains is represented in Figure 1.1B). Drp1 has been shown to assemble 

in higher order structures with the non-hydrolysable analog of GTP22,23 and ring like 

intermediates with ~10nm radius with GTP23,24. Drp1 is also able to tubulate 

liposomes and giant unilamellar vesicles (GUVs)19,21,25–27. These observations suggest 

that the most Drp1 seems to be capable of is constricting the underlying membrane 

but not catalyzing fission.   
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Figure 1.1 Domain architecture of Dynamin-related protein1  
 (A) Schematic showing the domain architecture of Drp1 based on its structure, G stands for the 

GTPase domain, BSE stands for bundle signaling element, B stands for the B-insert. (B) Crystal 

structure of Drp1 showing G domain in green, bundle signaling element in red and stalk domain in 

blue. The B-insert is denoted by a dotted line. (The image is reproduced from Fröhlich et al. Structural 

insights into oligomerization and mitochondrial remodeling of dynamin 1-like protein. EMBO J. 32, 

1280–92, 2013). 

 

1.2 Drp1-adaptor proteins  

 The second sets of proteins that are implicated in the mitochondrial division 

are adaptors involved in the recruitment of Drp1 from cytosol to mitochondrial outer 

membrane. These are transmembrane domain-containing proteins that are present on 

the outer mitochondrial membrane. Fis1, Mdv1, Caf4 are adaptors in yeast while Mff 

and MiD49/51 are involved in the mammalian mitochondrial division28. Fis1 was one 

of the first Drp1 adaptors identified in budding yeast. In yeast, the absence of Fis1 

leads to an elongated mitochondrial morphology, similar to that of Drp1 

knockdown29. However, it was later found that mammalian homolog of Fis1 does not 

play a crucial role in mitochondrial fission30, instead it is involved in mitophagy31. 

Similarly, mammals do not have a homolog of Mdv1 and Caf4, two other yeast 

adaptor proteins that recruit Drp1. In mammals, the function of Drp1 recruitment is 

attributed to Mff, MiD49 and MiD516.  

 

A 

B G 
1 736 

B 

Stalk BSE Stalk BSE BSE 
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Mff  

 Mff (Mitochondrial fission factor), a tail-anchored protein in the outer 

mitochondrial membrane, was identified as a factor affecting the mitochondrial 

morphology in a genetic screen using siRNA in drosophila S2 cells32. The 

knockdown of Mff leads to an elongated mitochondrial morphology, which is similar 

to Drp1 knockdown. Mff overexpression leads to fragmented mitochondrial 

morphology30, indicating that Mff is a crucial player involved in Drp1 recruitment 

from cytosol to mitochondria. Immunoprecipitation experiments suggest that Mff and 

Drp1 physically interact with each other30. Mff gets recruited to the site on 

constriction independent of Drp133. Together, these results indicate that Mff is 

involved in Drp1 recruitment to the mitochondrial surface and defining the site of 

fission. Interestingly, Mff is also present on the peroxisomal membrane and its 

knockdown affects peroxisomal morphology as well, suggesting core division 

machinery is shared between mitochondria and peroxisomes32,34.       

 

MiD49/MiD51 

 MiD49 (Mitochondrial dynamics protein 49 kDa, MIEF2) and MiD51 

(Mitochondrial dynamics protein 51 kDa, MIEF1) are closely related proteins present 

on the outer mitochondrial membrane. Both the proteins have a transmembrane 

domain at the N-terminus thus displaying bulk of the protein into the cytosol. 

Knockdown of both the MiD proteins lead to an elongated mitochondrial 

morphology35. Using yeast two-hybrid assays and coimmunoprecipitation it has been 

shown that MiD proteins and Drp1 directly interact with each other35. However, 

unlike Mff, overexpression of MiD’s leads to elongated mitochondrial phenotype36. 

Thus exact roles of MiD proteins in mitochondrial fission is still speculated.  

 

1.3 Role of ER tubule, actin and septins in mitochondrial fission machinery  

 Although ER-mitochondrial contact sites were described in 196037, it was only 

recently that they were implicated in the mitochondrial fission. ER contact sites on 

mitochondria marked about 94% of fission events wherein ER tubules wrap around 

mitochondria, leading to a constriction and thus facilitating fission33. Drp1 adaptor 

proteins Mff, MiD49/51 were observed to be localized at such pre-constricted 

mitochondrial state, thus marking the site for subsequent Drp1 recruitment and 
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mitochondrial fission38. Recently, inverted formin on ER39 and spire 1C40 on 

mitochondria were observed to polymerize actin. Following which myosin II in 

conjunction with them was shown to promote mitochondrial constriction41. 

Independent study also revealed Arp2/3 mediating actin polymerization on the 

mitochondria and promoting its constriction42. Similar to actin, septins were 

implicated in the mitochondrial division process. Septins were shown to directly 

interact with Drp1, promoting its recruitment to mitochondria. Depletion of septins 

2/7 led to an elongated mitochondrial morphology43. Taken together all these reports 

suggest that mitochondrial fission is orchestrated and tightly regulated by a large 

number of proteins in the cytoplasm.   

 

1.4 Dynamin-2 mediated final fission step 

 In addition to all these studies, a recent study by Lee et al. implicated 

dynamin-2 to be involved in the mitochondrial fission. Depletion of dynamin-2 by 

siRNA led to an elongated mitochondrial morphology similar to the Drp1 

knockdown13. According to this model, dynamin-2 assembles on Drp1 constricted 

mitochondria and leads to final mitochondrial fission (Figure 1.2). 

 

 Kraus and Ryan (2017) J. Cell Sci.  
Based on Lee et al. (2016) Nature 

A 
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Figure 1.2 Model for mitochondrial fission 
(A) Step1 ER tubule marks site for mitochondrial constriction. ER physically wraps around 

mitochondria, inverted formin on ER and spire2C on mitochondria promote mitochondrial constriction. 

Step2 Drp1 adaptor proteins cluster at the site of constriction leading to Drp1 requirement. Step3 Drp1 

constricts mitochondria; step4 dynamin2 assembles and catalyzes final fission and disassembles in 

step5. (The image is reproduced from Kraus, F. & Ryan, M. T. The constriction and scission 

machineries involved in mitochondrial fission. J. Cell Sci. 130, 2953–2960, 2017). 

 

 The current model proposes cooperation between the mitochondrial and 

classical dynamins, and that neither alone is sufficient for mitochondrial fission 

(Figure 1.2).  

 However, recent reports have questioned this model as mitochondrial and 

peroxisomal fission occurs even in the absence of dynamin-244,45. Whether Drp1 is 

sufficient to catalyze membrane fission remains an open question. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 



 22	

 

 

 

 

 

 

 

                                    Chapter 2 

Supported Membrane Templates (SMrT): 

An assay to mimic the diverse mitochondrial 

morphologies 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 23	

2.1 Introduction  

 

 Mitochondria have a diverse morphology across cell types46; their morphology 

varies in response to the cellular environment47 and during mitotic division48. Their 

movement, size and shape are maintained by cytoskeletal elements and balanced 

cycles of fusion and fission49. These mitochondrial dynamics are essential for quality 

control and inheritance50. Defects in the fission and fusion cycle have been linked to 

various neurodegenerative disorders such as Parkinson’s, Alzheimer’s and 

Huntington’s disease51. Just prior to the fission, mitochondria undergo a dramatic 

remodeling step, which is mediated by a plethora of molecules12. Drp1 is one of the 

critical molecules involved in the mitochondrial division, its absence leads to a hyper-

fused mitochondrial morphology52. Various assay system such as Giant Unilamellar 

Vesicles (GUVs)25 and liposomes21,26 have demonstrated Drp1’s role in membrane 

remodeling but whether it is sufficient to catalyze fission is still unclear. These assays, 

however, have their limitation due to the planar nature of the GUVs and end point-

based readouts. 

 In order to circumvent these issues, we have devised Supported Membrane 

Templates (SMrT), which comprises of an array of narrow tubes pinned on a 

passivated glass surface, and planar Supported Lipid Bilayers (SLB)53. These tubes 

have variable dimensions which mimic the constricted mitochondrial morphology11,54, 

while the SLB mimics the non-constricted mitochondrial morphology. This assay 

system can thus be used to monitor various membrane curvature dependent processes. 

Besides being robust and facile assay, it also has a unique advantage of detecting 

membrane remodeling and fission reaction in real-time. The SMrTs can be made with 

various kinds of lipids, which allows a unique handle in mimicking different 

organellar membranes. 

    

2.2 Materials and Methods  

2.2.1 Supported Membrane Templates (SMrT)  

 A mixture of DOPC, cardiolipin (Avanti Polar Lipids) and p-Texas red DHPE 

(74:25:1 mol%) was aliquoted in a glass vial to make the final concentration of 1mM 
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in chloroform. p-Texas red DHPE was separated from mixed isomer Texas red DHPE 

(Invitrogen) using thin-layer chromatography on silica gel plate (Sigma) as described 

elsewhere 55. Lipid stocks were stored at -40°C and brought to room temperature 

before use. SMrTs were prepared as mentioned in 53. Briefly, 2-3µl (1 nmol of total 

lipid) of chloroform-dissolved stock was spread on PEGylated coverslip, dried and 

assembled in the flow cell (FCS2, Bipotechs, PA). Lipids were hydrated in buffer 

containing 20 mM HEPES pH 7.4, 150 mM KCl leading to the formation of vesicles. 

These vesicles get extruded into membrane tubes when subjected to a shear flow of 

buffer (~30 mm s-1 particle velocity inside the chamber). Membrane tubes get pinned 

to the surface due to micro defects present on the coverslip, which results in an array 

Supported Membrane Templates (SMrT) on a PEGylated surface. 

 

2.2.2 Tube radius estimation   

 Tube size estimation was performed as described earlier 53,56,57. Briefly, 

images of the Supported Lipid Bilayer (SLB) (formed where lipid was spotted) for 

each SMrT preparation were acquired, background corrected to estimate calibration 

constant (k1), which is defined as integrated fluorescence density (ID) per unit area 

(µm2). Integrated fluorescence density of a tube of length l (µm) was converted to 

tube radius (r) using equation r = ID(k1*2π*l)-1. Maximum fluorescence intensity 

along the length of the tube was plotted against its radius (r) to get second calibration 

constant (k2). Maximum pixel intensity on the tube was divided by k2 to get the 

radius.  

 

2.2.3 Cardiolipin distribution   

 To asses cardiolipin distribution on SLBs and tubes, supported membrane 

templates containing DOPC:CL:BiotinCapDOPE (74:25:1mol%) were prepared. 1µM 

of Alexa Fluor® 647 conjugated streptavidin (Invitrogen, Ax647-SA) was recruited 

on SLBs and tubes using biotinylated lipid and used as a membrane marker since 

streptavidin-biotin interaction is curvature independent 58. 400 µM of Nonyl acridine 

orange (NAO, Thermo scientific) was flowed into the flow cell to detect the presence 

of cardiolipin 59. The ratio of fluorescence intensity of NAO to Ax647-SA was 

compared across SLBs and tubes to calculate a relative distribution of cardiolipin. 
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2.2.4 Fluorescence microscopy  

 SMrT were imaged using Olympus IX71 inverted microscope equipped with a 

100X, 1.4 NA oil-immersion objective. Fluorescent probes were excited with a stable 

LED light source (Thor Labs) and fluorescence emission was collected through filters 

(Semrock) with excitation/emission wavelength band passes of 482 ± 35 nm/536 ± 

40nm for Alexa-488/GFP-tagged protein and 562 ± 40 nm/624 ± 40nm for Texas red 

probes simultaneously on two Evolve 512 EMCCD cameras (Photometrics). Image 

acquisition was controlled by Micro-Manager software (Molecular Devices).  

 

2.2.5 Fluorescence recovery after photobleaching analysis  

 Fluorescence recovery after photobleaching was carried out on membrane 

tubes of SMrT containing 1 mol% of Rhodamine PE (RhPE, Avanti Polar Lipids) 

using 60x/1.4 NA oil-immersion objective on Zeiss LSM 710 laser scanning confocal 

microscope. Images were acquired at an optical zoom of 3.0 and argon laser power of 

2% and 150 iterations at 100% transmission were used for photobleaching. 

Standardization of imaging parameters was performed to minimize photobleaching 

during acquisition. 

 

2.2.6 R18 dye tracing experiment  

 1 µM octadecyl rhodamine B (R18, Avanti Polar Lipids) (prepared in the 

assay buffer) was flown in SMrT with a lipid composition of DOPC: DOPS: DiD 

(69:40:1 mol%). Images were acquired in rhodamine channel at an interval of 100 

milliseconds.  

 

2.2.7 Image and statistical analysis, reproducibility   

 Image analysis was carried out using Fiji60. Statistical analysis was carried out 

using GraphPad Prism (version 5.0a). nSLB or ntube refers to the number of SLBs or 

tubes analyzed in a single SMrT preparation. NSMrT refers to the number of 

independent supported membrane templates preparations. 
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2.3 Results   

 

2.3.1 Supported Membrane Templates (SMrT): An assay to mimic diverse 

mitochondrial morphologies 

 Mitochondria are dynamic organelles present in eukaryotes, which undergo 

constant cycles of division and fusion. Unlike the oversimplified textbook image in 

which mitochondria are depicted to have a sausage-like structure floating in the 

cytosol, they have a complex morphology, which varies in accordance to the cellular 

requirements61,62 as well as across different cell types46. Mitochondrial morphology 

also varies during its division48, ranging from a planar morphology in resting state to 

highly constricted morphology just prior to the fission11,54. The supported membrane 

templates (SMrT)53,63,64 was used to mimic these various different mitochondrial 

morphologies. Protocol for making SMrT is described briefly in the materials and 

methods of this chapter (Also see Figure 2.1 A for schematic). The supported lipid 

bilayer present at the source mimics the non-constricted mitochondrial morphology 

while tubes mimic the constricted mitochondrial morphology just prior to fission 

(Figure 2.1 A, schematic).  

 

 
 

Figure 2.1 Schematic for preparation of Supported Membrane Templates 

(SMrT) 
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 (A) Schematic of SMrT system. Supported lipid bilayer (SLB) mimics non-constricted mitochondrial 

morphology while tubes mimic constricted mitochondrial morphology. Lipids are doped with 1 mol% 

pTxRed-DHPE to aid visualization Scale bar = 5µm (Schematic prepared by Thomas Pucadyil).  

 

 Fluorescent Recovery After Photobleaching (FRAP) of rhodamine PE-labeled 

membrane tube in the SMrT showed almost 100% recovery confirming that lipids are 

freely diffusible (Figure 2.2 A, B and C). In conjunction to FRAP, lipid diffusion was 

also assessed using the fusion of Octadecyl Rhodamine B Chloride (R18)65,66 on 

SMrT. Upon fusion of R18 micelles to tubes, there was a burst of fluorescence, which 

spreads across the entire length of the tube (Figure 2.2 D) indicating that lipids are 

free to diffuse.  
 

 
Figure 2.2 Supported Membrane Templates (SMrT): An assay to mimic diverse 

mitochondrial morphologies 

 (A) Fluorescent Recovery After Photobleaching (FRAP) of rhodamine PE-labeled membrane tube in 

SMrT. Images acquired during a FRAP experiment. The dotted circle marks the bleached region. (B) 

Fluorescence recovery data (black dots) after photobleaching a membrane tube, fitted to a one-

dimensional recovery equation (red trace) and mobile fraction (C). (D) Stills from a movie depicting a 

single R18 fusion event, acquired while flowing in Octadecyl Rhodamine B Chloride (R18) on the 

SMrT. 
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2.3.2 Characterizations of Supported Membrane Templates    

 The tube sizes were estimated using a previously described protocol 53,56,57 

(Also briefly described in materials and methods section, see Figure 2.3 A).  

 

 
Figure 2.3 Workflow for tube size estimation    
(A) Schematic describing the workflow for the tube size estimation. Scale bar = 10 µm. 
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21nm in radius (Figure 2.4 A). Thus, supported membrane templates have a unique 

benefit of sampling many different membrane topologies at the same time. 

Cardiolipin, dimeric lipid consisting of two phosphatidic acids connected by a 

glycerol backbone, is uniquely present in mitochondria and peroxisomes67. The outer 

mitochondrial membrane has 5 mol% whereas it is enriched to 25 mol% in the inner 

leaflet68. Thus, in order to mimic the mitochondrial membrane, cardiolipin was 

incorporated in the templates69. Using an anionic lipid sensor nonyl acridine orange 

(NAO)59 and membrane curvature-insensitive Ax647-SA58 recruited to the templates 

with biotinylated lipids revealed cardiolipin to be evenly distributed between the tubes 

and SLB (Figure 2.4 B, C). 

 

 
Figure 2.4 Characterizations of Supported Membrane Templates   
 (A) Histogram of the tube radius in SMrT experiment. NSMrT indicates the number of SMrT system 

analyzed. ntubes indicates the number of tubes analyzed. (B) Analyzing cardiolipin distribution on the 

tubes and SLB. Alexa-647 streptavidin was used as a membrane marker; Nonyl acridine orange (NAO, 

Thermo scientific) was flowed into the flow cell to detect the presence of cardiolipin. Scale bar = 5 µm. 

(C) The ratio of fluorescence intensity of NAO to Alexa647 streptavidin (Ax647-SA) was compared 

across SLB and the tube to calculate the relative distribution of cardiolipin. The data represent mean ± 

S.D; the number of tubes and SLBs analyzed is indicated by ntubes and nSLBs respectively. The 

significance was calculated using the Mann-Whitney test.  

 

2.4 Discussion  

 

 The Supported Membrane Templates (SMrT) provide a high-throughput 

platform for screening proteins that can bind and remodel the membrane tubes, 

ranging from 10 nm to 400 nm, which would mimic the constricted mitochondrial 
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morphology prior to its division. The Supported Lipid Bilayer at the source enables 

probing of protein binding to the planar morphology of non-constricted mitochondria. 

Since the entire assembly is housed in a flow-cell, one can wash off unbound proteins 

using controlled flow. Even though membrane tubes are pinned on the passivated 

glass surface; lipids are free to diffuse as was seen by the FRAP analysis and R18 

fusion assay.  

 Importantly, the supported membrane templates are amenable to inclusion of a 

variety of lipid compositions and can be used to mimic various organelles. Both 

mitochondria and peroxisomes are enriched in the lipid cardiolipin67,70. Although 

cardiolipin is predominantly found in the inner mitochondrial membrane as compared 

to the outer membrane68, just prior to mitochondrial fission it is predicted to be 

enriched at the contact sites between the inner and outer mitochondrial membrane71–

73. Such localized cardiolipin microdomains are hypothesized to serve as a platform 

for Drp1 recruitment and subsequent mitochondrial division74. Indeed Drp1 seems to 

specifically recognize cardiolipin75,76 and shows stimulated GTPase activity in the 

presence of cardiolipin containing liposomes25. Using NAO (probe for cardiolipin) 

and Alexa-647 conjugated streptavidin as a counter probe for membrane; cardiolipin 

was found to be uniformly distributed across the tubes and SLBs. 

 A mimic of mitochondria and peroxisome outer membrane made by inclusion 

of cardiolipin provides a template to study Drp1 function. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 31	

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 3 

Drp1-catalyzed membrane fission  
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3.1 Introduction 

  

 Mitochondria, a dynamic double-membrane organelle in eukaryotes, undergo 

constant cycles of fission and fusion. Mitochondria rely on fission and growth cycles 

for its inheritance, since it cannot be synthesized de novo3. Mitochondrial division is 

also essential for its quality control, maintaining the cellular homeostasis and 

apoptosis. Dynamin-related protein 1 (Drp1), a member of the dynamin superfamily 

of proteins, is necessary for the mitochondrial9 and the peroxisomal17 division but its 

precise involvement in the fission pathway is clear.  

 The mitochondrial fission is preceded by the formation of a preconstricted 

tube-like intermediate, whose dimensions range from 10-400 nm in width11,54. This 

preconstriction is marked by the ER-mitochondria contact sites33 and is thought to be 

actin dependent12. Reconstitution studies till date indicate that Drp1 can self-assemble 

and polymerize on the membranes to attain a preconstricted state, thus tubulating the 

liposomes and GUVs and constricting membrane tethers pulled from GUVs, but that 

it is unable to catalyze membrane fission19,21,25–27,77. The current model proposes a 

cooperation between the mitochondrial and classical dynamins, and that neither alone 

is sufficient for the mitochondrial fission13.   

 However, the recent reports suggest that dynamin-2 knockout having little 

effect on the mitochondrial morphology as compared to Drp1 knockout44,45 thus 

making the role of Drp1 in mitochondrial fission unclear. This study involves 

investigating Drp1’s sufficiency in catalyzing the membrane fission.  

 

3.2 Materials and Methods  

3.2.1 Cloning, expression, purification and fluorescent labeling of proteins  

 Human Drp1 Isoform 3 (gift from Richard Youle, Addgene plasmid #45160), 

Drp1 Isoform 3 (K38A) (a gift from Alexander van der Bliek Addgene plasmid 

#45161), fly (Dynamin-related protein 1, Isoform A, UniProt ID  Q9VQE0, a gift 

kind from Richa Rikhy), yeast (Dynamin-related protein, UniProt ID  Q09748, a kind 

gift from Isabelle Jourdain) and orthologs as well as the point mutants of Drp1 (a kind 

gift from Jean-Claude Martinou) were cloned with an N-terminal 6xHis-tag and C-

terminal SterpII tag in pET15b vector using PCR based seamless cloning78. mEGFP 
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was cloned at N- and C-terminus of Drp1 Isoform 3 to generate GFP-Drp and Drp-

GFP respectively. The B-insert of Drp1 Isoform 3 (UniProtID  O00429-4, residues 

502-599) was cloned with an N-terminal 6xHis-tag followed by mEGFP and C-

terminal SterpII tag in pET15b. All the clones were confirmed using DNA 

sequencing.   

 Proteins were expressed in BL21(DE3) in autoinduction medium (Formedium, 

UK) at 18°C for 30-36 h. Cells were pelleted and stored at -40°C. For purification, the 

frozen bacterial pellet was resuspended in high salt buffer consisting of 20mM 

HEPES pH 7.4, 500mM NaCl and supplemented with protease inhibitor cocktail 

(Roche). After resuspension, the cells were lysed by sonication in an ice water bath. 

The lysate was spun down at 18,500g for 30 mins and the supernatant was incubated 

with His-Pur cobalt resin (Thermo Scientific) for 1 hour at 4°C. The supernatant was 

then poured in the PD-10 column, and the resin was washed with 100 ml of HBS 

buffer (20mM HEPES pH7.4, 150mM NaCl) to get rid of non-specifically bound 

proteins. Protein was eluted using 20mM HEPES, 150mM NaCl, 250mM Imidazole 

pH7.4 containing buffer.  

 Elution was applied to 5 ml Sterptactin column (GE Lifesciences), washed 

with HBS buffer to get rid of non specifically bound proteins. Protein was eluted 

using 20mM HEPES pH7.4, 150mM NaCl, 1mM DTT buffer containing 2.5mM 

desthiobiotin (Sigma). Purification using such tandem affinity ensures full-length and 

pure preparation of protein as described earlier63. For short-term storage (about a 

week), proteins were kept on ice at 4°C. Proteins were spun down at 100,000g for 20 

mins to remove aggregates before biochemical or any microscopy-based assay. For 

long-term storage (3 months) proteins were stored in high salt containing buffer 

(20mM HEPES pH7.4, 300mM NaCl, 1mM DTT, 10% glycerol), flash frozen in 

liquid nitrogen and stored at -80°C.  

 Protein stored in high salt were dialyzed overnight at 4°C against 20mM 

HEPES pH7.4, 150mM NaCl supplemented with 1mM DTT and spun down at 

100,000g for 20 mins to remove any aggregates before use. Before labeling proteins 

with thio-reactive Alexa488 C5 maleimide dye (Invitrogen, Life Technologies), 

proteins were dialyzed overnight at 4°C against 20mM HEPES pH7.4, 150mM NaCl 

and then labeled with 10 fold molar excess of dye for 1 hour at room temperature and 

then quenched with 1 mM DTT. Excess of free dye was removed by dialysis. The 
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labeled protein was resolved on 10% SDS gel and then judged to be free of unreacted 

dye, which typically migrates at the dye front. The degree of labeling typically 

achieved under these conditions was 1:1 of protein:dye (mol/mol).  

 

 

3.2.2 GTPase Assay  

 DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) and Cardiolipin (E. Coli) 

purchased from Avanti Polar Lipids, were aliquoted (75:25 mol%) into a clean glass 

test tube, dried in vacuum for 30 mins, and hydrated in 20 mM HEPES pH 7.4, 150 

mM KCl buffer for 1 hr at 50 °C. The liposomes were extruded through 100-nm pore 

size filters (Avanti Polar Lipids). Drp1 (1 µM) was mixed with nucleotides (Jena 

Biosciences, Germany) (1 mM) in the absence or presence of liposomes (100 µM) in 

20 mM HEPES pH 7.4, 150 mM KCl, 1 mM MgCl2 and incubated at 37°C. Aliquots 

were taken out at regular intervals and quenched with 5 mM EDTA. The inorganic 

phosphate released was assayed with the malachite green reagent according to 79. 

  

3.2.3 Supported Membrane Templates (SMrT)  

 Supported Membrane Templates were prepared as described in chapter 2. 

After preparing SMrT, the flow cell was equilibrated in filtered 20 mM HEPES pH 

7.4, 150 mM KCl (HKS buffer) buffer supplemented with oxygen scavenger cocktail 

which consists of 0.035mg/ml catalase (Sigma, C-40), 0.2mg/ml glucose oxidase 

(Sigma, G-2133), 4.5mg/ml glucose (Sigma) and 1mM DTT. In addition to this buffer 

was also supplemented with 1mM GTP and 1mM MgCl2.  

 Drp1 was dialyzed overnight against HKS and spun down at 100,000g to 

remove aggregates. Drp1 was then reconstituted in HKS to the final concentration of 

1µM and then flowed in the presence of 1mM MgCl2 and 1mM GTP in the flow cell 

at low flow rates.  

 

3.2.6 Image and statistical analysis, reproducibility   

 Image analysis was carried out using Fiji60. Statistical analysis was carried out 

using GraphPad Prism (version 5.0a). nSLB or ntube refers to the number of SLBs or 

tubes analyzed in a single SMrT preparation. NSMrT refers to the number of 

independent SMrT preparations. N refers to the number of independent experiments. 
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3.3 Results   

 

3.3.1 Biochemical characterization of Drp1  

 In order to test the sufficiency of Drp1 dependent membrane fission, 

recombinant Drp1 was purified using the N-terminal 6xHis-tag and the C-terminal 

SterpII tag (Figure 3.1 A). To test whether Drp1 was functionally active, the GTPase 

assay (Malachite green assay described in materials and methods) was performed in 

the absence and presence of liposomes. In the absence of liposomes, Drp1 displayed 

basal GTPase activity of 1.2 ± 0.05 µM Pi release.min-1 (basal activity), which got 

stimulated to 7.3 ± 0.27 µM Pi release.min-1 in the presence of 25mol% cardiolipin (CL) 

containing liposomes. Thus in the presence of CL liposomes, the GTPase activity got 

stimulated 8 folds (Figure 3.1 B).  

 In order to visualize Drp1’s distribution on the membrane, its fluorescent tagging 

was essential. The functionality of these fluorescently tagged Drp1 construct was 

accessed using the GTPase assay containing CL liposomes. Labeling Drp1 with thio-

reactive Alexa-fluorophore (Ax488-Drp1) led to a complete loss in assembly-stimulated 

GTPase activity (Figure 3.1 C). Surprisingly, the N-terminally GFP tagged Drp1 

construct showed high basal GTPase activity, which did not get stimulated in the presence 

of liposomes (Figure 3.1 C). In contrast, C-terminally GFP tagged Drp1 showed 

assembly-stimulated GTPase activity, which was lower than the wild-type (Figure 3.1 

C). Since C-terminally GFP tagged Drp1 was the only construct that showed assembly-

stimulated GTPase activity, it was used in further experiments but only after mixing with 

an equimolar amount of wild-type protein, hereafter referred to as Drp1± GFP.  
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Figure 3.1 Biochemical characterization of Drp1  
 (A) 12% Coomassie Brilliant Blue-stained SDS-PAGE of purified Drp1 and Drp1-mEGFP. (B) The 

GTPase activity of Drp1 in the absence and presence of 100 nm extruded 25mol% cardiolipin-

containing liposomes. The data represent mean ± S.D for n = 3 experiments. (C) Comparison of 

GTPase activity of various fluorescently tagged Drp1 constructs with and without 100nm-extruded 

25mol% cardiolipin-containing liposomes. The data represent mean ± S.D and is analyzed from n = 3 

separate experiments. 

 

3.3.2 Drp1 membrane binding and self-assembly   

 Supported membrane templates with DOPC:CL:pTxRed-DHPE (74:25:1 mol%) 

were incubated with Drp1±GFP alone (“apo” state)  or with GDP or with GMP-PNP, a 

non-hydrolysable analog of GTP for 10 minutes and excess of unbound protein was 

washed off (Figure 3.2 A, B and C). Surprisingly, under these conditions Drp1 displayed 

a preferential binding to the tubes as compared to SLBs, implying an intrinsic preference 

of Drp1 for binding to the regions of high curvature (Figure 3.2 D).  In the presence of 

GDP and the apo-state Drp1±GFP was localized uniformly on the tubes (Figure 3.2 E), 

while in the presence of GMP-PNP, Drp1±GFP was clustered (Figure 3.2 E). While 

all the tubes didn’t show this clustering, it was not dependent on the tube size (Figure 

3.1 D, GMP-PNP panel). We are unsure of this variability in the Drp1±GFP 

distribution. Of the tubes where Drp1± GFP showed clusters, they seem to reduce the 

underlying tube fluorescence (Figure 3.2 E). This effect that Drp1±GFP has in the 

presence of GMP-PNP is also apparent in the Pearson’s correlation coefficient analysis 

of Drp1±GFP and membrane fluorescence, where the apo and GDP bound state showed 

little correlation while the GMP-PNP showed values ranging from no correlation to 

significantly negative correlation (Figure 3.2 F).  

 A decrease in the tube fluorescence signifies constriction since the membrane 

tube is diffraction limited. This observation is consistent with the differences seen in cryo-

EM reconstitution of Drp1 in apo and GMP-PNP bound states21,23.   
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Figure 3.2 Self-assembly of Drp1 on the membrane tubes  
Representative images of the membrane channel and corresponding Drp1±GFP fluorescence on the 

Supported Lipid Bilayer (SLBs) and tubes in the apo (A), GDP-bound (B) and GMP-PNP-bound states 

(C). Scale bar = 10 µm. Yellow arrowheads mark the clusters of Drp1±GFP in the GMP-PNP bound 
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states on the tubes. (D) Ratios of Drp1±GFP to the membrane fluorescence on the SLB and tubes in the 

apo, GDP and GMP-PNP, **** indicates p < 0.0001 calculated using Mann-Whitney test. The data 

represent mean ± S.D; the number of tubes and SLBs analyzed is indicated by ntubes and nSLBs 

respectively. (E) Representative image of a single tube. Drp1±GFP in GMP-PNP and GDP bound state. 

White arrowheads mark the clusters of Drp1±GFP in GMP-PNP bound states. Also associated are the 

line profiles showing Drp1±GFP distribution in both these states. (F) Pearson’s correlation coefficient 

between Drp1±GFP and membrane fluorescence in different nucleotide-bound states. The data 

represent mean ± S.D; the number of tubes analyzed is indicated by ntubes. 

 

3.3.3 B-insert: The membrane-binding site in Drp1 

 The Pleckstrin-homology domain in classical dynamin regulates it’s binding to 

phosphatidylinositol-4,5-bisphosphate on the plasma membrane80, similarly, the B-

insert region is proposed to regulate the membrane binding of Drp121. Deletion of the B-

insert leads to a hyperfused mitochondrial morphology in cells due to a defect in Drp1 

recruitment to the mitochondria19. Also, studies involving mutations in the critical 

lysine cassette of the B-insert region demonstrated reduced binding of the Drp1 

mutant to the liposomes75. In order to test if indeed the B-insert alone can bind lipids 

independently, a minimal construct of the B-insert (Isoform 3, amino acid residues 

502-599) fused to GFP at N-terminus was designed (Figure 3.3 A).  

 

                                  

                               
Figure 3.3 Design of the minimal B-insert construct  
(A) Schematic of the minimal construct used to study Drp1 B-insert (Isoform 3) binding to the 

supported membrane templates. The construct has an N-terminus mEGFP tag to aid its visualization.  

 

 The B-insert was purified using same tandem affinity purification technique as 

described for Drp1 (materials and methods). When purified B-insert of Isoform 3 was 

flown on the SMrT containing 25 mol% CL, (excess unbound protein washed off), it 

got recruited to the membrane tubes (Figure 3.4 A).  

 Interestingly, the B-insert itself showed a curvature preference in binding to 

the tubes as compared to the planar supported bilayer (Figure 3.4 A, B). Binding of 

the protein to a particular lipid can be primarily because of the negative charge 

A 

mEGFP N C B-insert 
(502-599) 
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density of the lipid head group or due to specific recognition of a particular lipid. In 

order to probe if the B-insert interaction is negative charge density dependent or is 

specific to CL, it was flown on SMrT made of 50% DOPS which would have an 

equivalent charge density as displayed by 25 mol% CL. Surprisingly, the B-insert also 

had a preference of binding to CL as compared DOPS on tubes (Figure 3.4 C). 

 

 
Figure 3.4 B-insert: The membrane recruitment site in Drp1 
 (A) Representative images of GFP-B-insert binding to the supported lipid bilayer (SLBs) and tubes. 

Scale bar = 10 µm. (B) Ratio of GFP-Drp1-B-insert (Isoform 3) fluorescence to the membrane 

fluorescence across SLBs and tubes, the data represent mean ± S.D; the number of tubes and SLBs 

analyzed is indicated by ntubes and nSLBs respectively, **** indicates P < 0.0001 calculated using Mann-

Whitney test. (C) The ratio of GFP-Drp1-B-insert (Isoform 3) to membrane fluorescence protein was 

compared across tubes with different lipid composition, **** indicates P < 0.0001 calculated using 

Mann-Whitney test. The data represent mean ± S.D; the number of tubes analyzed is indicated by ntubes.  

 

3.3.4 Drp1-catalyzed membrane fission 

 A recent report demonstrated Drp1 forming spiral structures in the presence of 

GMP-PNP, a non-hydrolyzable analog of GTP, while in the presence of GTP, Drp1 

formed ring-like intermediates23.  Moreover, recent cryo-EM of Drp1 with MiD49 

adaptor protein revealed that GTP hydrolysis leads to curling of the Drp1 spirals to 

ring-like intermediates24. To analyze if such conformational change in response to 

GTP-hydrolysis has an effect on membrane remodeling ability of Drp1, it was flown 

with GTP on the supported membrane templates. Remarkably, this led to dramatic 
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fission of the membrane tubes (Figure 3.5 A, red arrowhead). However, very thick 

tubes did not undergo fission (Figure 3.5 A, yellow arrowhead). A systematic analysis 

of the tube radii revealed that the membrane fission is sensitive to the starting tube 

radius. Tubes under starting tube radius of 200 nm showed a high fission probability, 

those that had tube radius ranging from 200-250 nm showed a lower fission 

probability, while those which had radius above 250 nm were resilient to fission 

(Figure 3.3 B, red trace). Thus Drp1 seems to be self-sufficient in catalyzing fission of 

the membrane tubes having a wide range of radii distribution. 

 Recently it was proposed that Drp1 collaborates with Dnm2 (classical 

dynamin-2) to catalyze mitochondrial division13. When Dnm2 fission activity was 

independently tested out on the same assay system, it was found to be less effective in 

comparison to Drp1 (Figure 3.5 B, blue trace). Although tubes below 50 nm showed 

fission activity with Dnm2, it was with lower probability as compared to Drp1, while 

tubes above 50 nm were completely resistant to fission (Figure 3.5 B, blue trace). In 

order to further analyze Drp1 mediated membrane fission tubes ranging from 10-

50nm radii that showed a robust fission activity were used. The GTPase defective 

Drp1 mutant K38A9,  Drp1 mutant in the lysine cassette of the B-insert region 

(K557A; K506A and K569A; K571A)75 in Drp1 and the Drp1 mutant in the stalk 

domain A395D81 were severely or completely defective in catalyzing membrane 

fission under identical experimental condition (Figure 3.5 C). Remarkably, Drp1-

catalyzed membrane fission activity was seen to be evolutionarily conserved across 

both yeast and drosophila orthologs as they both showed robust fission activity in the 

presence of GTP (Figure 3.5 D). 
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Figure 3.5 Drp1-catalyzed membrane fission 
 (A) Stills from the time-lapse movie acquired while flowing Drp1 in the constant presence of GTP, 

showing Drp1-catalyzed fission. Yellow arrowheads mark uncut tubes, red arrowhead mark site of 

fission. Scale bar = 10 µm. (B) Drp1 and Dnm2 fission probability plotted as a function of starting tube 

radius. The number of tubes analyzed in each size range is indicated in the plot. (C) Analysis of 

different Drp1 mutants in fission assay, the data represent mean ± S.D; the total number of tubes 

analyzed across different fields is indicated above each data set. Each point in the data set represents an 

average number of tubes cut per field. (D) Analysis of Drp1 ortholog in S. pombe and D. melanogaster 

in the SMrT, the data represent mean ± S.D; the total number of tubes analyzed across different fields 

is indicated above each data set. Each point in the data set represents an average number of tubes cut 

per field. 
 

3.3.5 Mechanism of Drp1-catalyzed membrane fission 

 In order to decipher the mechanism of membrane fission, Drp1 was first 

preassembled in the GMP-PNP bound state and allowed to form the scaffolds that 

caused constriction of the underlying membrane (Figure 3.6 A, referred to as 
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preassembled Drp1, marked by white arrowheads and Figure 3.6 B, line profile in the 

blue trace). GTP was then flown on the preassembled Drp1 scaffolds. Tubes that 

showed the constriction were focused to access the effect of GTP-hydrolysis on the 

Drp1 scaffolds. Interestingly, GTP arrival led to a further constriction of membrane 

tubes (Figure 3.6 A, t = 7 sec) finally causing membrane fission (Figure 3.6 A, t = 8.7 

sec, Figure 3.6 B, line profile in the red trace). On wide tubes that were fission 

resistant (Figure 3.5 A and B), Drp1 addition with GTP leads to a cycle of decline and 

recovery of membrane fluorescence thus indicating the underlying membrane tube 

undergoing constriction and release cycles (Figure 3.6 D, the constriction is indicated 

by yellow arrowheads). While on fission compliant tubes, membrane fission was 

preceded by prominent constriction (Figure 3.6 C, the constrictions are indicated by 

yellow arrowheads, while the fission events are marked by red arrowhead). Thus, 

Drp1 in response to the GTP hydrolysis constricts the membrane further leading to 

fission but fails to cut thick tubes.  

 Membrane fission could take place either underneath (see schematic in Figure 

3.6 F) or at the edge of the Drp1 scaffold (see schematic in Figure 3.6 E). If the 

fission occurred underneath the Drp1 scaffold, it would translate into the splitting of 

the scaffold while if fission occurred at the edge of the scaffold, it would leave the 

scaffold intact (Figure 3.6 F and E). Monitoring the response of addition of GTP to 

preassembled Drp1± GFP in both the membrane and protein channel indicated that out of 

total 35 single fission events analyzed, 26 showed an intact scaffold while 9 events 

showed scaffold splitting. This process is in contrast to the classical dynamin, which 

undergoes fission exclusively under the scaffold 64.    
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Figure 3.6 Mechanism of Drp1-catalyzed membrane fission 
 (A) Stills from the time-lapse movie showing the effect of GTP addition to preassembled Drp1 

scaffolds in the presence of GMP-PNP. White arrowheads mark the site of Drp1 mediated constriction. 

(B) Line profile of tube fluorescence at the indicated time points. (C) Montage of single tube 

undergoing fission, yellow arrowheads mark the site of constriction while red arrowheads mark the site 

for fission. (D) Montage of a single thick tube that does not undergo fission, yellow arrowheads mark 

site of constriction. (E) Schematic for membrane fission occurring at the edge of the Drp1 scaffold 

(Schematic prepared by Thomas Pucadyil). Frames from time-lapse imaging form dual channel movie 

showing the distribution of Drp1±GFP (green) and tube underlying Drp1 scaffold (red). Also included 

is kymograph (protein channel) white arrowhead mark the site of fission. The probability of these 

events occurring is indicated. (F) Schematic for membrane fission occurring underneath Drp1 scaffold 

(Schematic prepared by Thomas Pucadyil). Frames from time-lapse imaging form dual channel movie 

showing the distribution of Drp1±GFP (green) and tube underlying Drp1 scaffold (red). Also included 

is kymograph (protein channel) white arrowhead mark the site of fission. The probability of these 

events occurring is indicated.  

 

3.4 Discussion   

 

 The results from this study reveal that Drp1 is self-sufficient to catalyze 

membrane fission of tubes as wide as 500nm. These results differ from the earlier 

reports19,21,25 possibly due to the assay system of membrane tubes used here which 

better mimic the mitochondrial morphology and a prudent choice of the fluorescent 

construct which shows a stimulated GTPase activity. Alternatively, these differences 

could also result from the intrinsic differences between Drp1 Isoforms used in the 

earlier studies26,27,77, as various Isoforms may exhibit differences in the GTP 

hydrolysis and binding75. Even though Drp1 orthologs in yeast and D. melanogaster 

are quite different as compared to the mammalian Drp1, the fission activity seems to 

be evolutionarily conserved. These results reiterate the universal role of Drp1 as a 

membrane fission catalyst. 

 Drp1’s membrane binding is nucleotide-independent but remarkably 

curvature-sensitive, as it prefers to bind to tubes (high curvature) as opposed to the 

planar supported lipid bilayer. Surprisingly, the B-insert (the membrane binding 

region of Drp1) was also found to be curvature sensitive, which might augment 

Drp1’s curvature preference. In response to GTP-binding, Drp1 seems to self-

assemble in the form of scaffolds, which constrict the underlying membrane to a 
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variable extent. Drp1 requires GTP-hydrolysis for membrane fission, which on longer 

time scales might also serve for disassembly of the scaffold.  

 Various different studies have indicated the importance of mitochondrial 

constriction just prior to fission. The role of ER tubule in marking the site for the 

mitochondrial fission 33 and role of actin-mediated mitochondrial constriction39,82,83 is 

well established. Indeed Drp1 was found to be restricted in fission of very thick tubes 

(above 500nm diameter), possibly explaining the requirement of a prior mitochondrial 

constriction step. 

 Although dynamin-2 can catalyze fission, it seems to be severely restricted in 

membrane fission activity on tubes of larger dimensions. These differences between 

mitochondrial and endocytic dynamins may reflect the differences in the substrates on 

which they act. While dynamin-2 severs 20 nm neck of endocytic pits84, Drp1 has to 

mediate fission of 20-400 nm wide constricted mitochondria33,54. Additionally, these 

differences forefend the possibility that Drp1 is merely acting to remodel and 

constrict mitochondria85.   

  

        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 46	

 

 

 

 

 

 
 

 

 

 

Chapter 4 

Role of the mitochondrial adaptor proteins in  

Drp1-catalyzed membrane fission  
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4.1 Introduction  

 

 Several single pass transmembrane domain-containing proteins present on the 

outer mitochondrial membrane function as adaptors to recruit cytosolic Drp1 to the 

mitochondria28. The absence of these adaptors results in a hyperfused mitochondrial 

phenotype and is attributed to a failure in mitochondrial division caused by 

insufficient recruitment of Drp1. The Mitochondrial fission factor (Mff)30,32 and the 

Mitochondrial dynamics proteins (MiD49 and MiD51, also known as MIEF2 and 

MIEF1 respectively)35,86 represent such adaptors in mammals and are reported to act 

independently of each other87,88. While MiD49 and 51 are located solely on 

mitochondria87, Mff is present on peroxisomes as well17. Mff has two motifs VPEK 

and VPER (single letter amino acid codes)89, that specifically bind the stalk domain in 

Drp120,89. MiD49/51 have a defined loop region called the Drp1 recruitment region 

(DRR) that interacts with the stalk domain35,90,91. Curiously, these adaptors mark the 

site of eventual mitochondrial division33. Remarkably, Mff displays a clustered 

organization on mitochondria that coincide with sites where the mitochondria appear 

constricted11,92 independent of Drp1. Similar to Mff, MiD49/51 is also present at sites 

where the mitochondria appear constricted93.  Presently, it is unclear if clustering of 

adaptors causes constriction or if clusters of adaptors partition to constricted regions 

formed by an unidentified upstream process.  

 

4.2 Materials and Methods  

4.2.1 Cloning, expression and purification of proteins  

 The cytosolic domains of the Mitochondrial fission factor (MffΔTM) and the 

Mitochondrial dynamics proteins (MiD49/51ΔTM) were kind gifts from Michael 

Ryan (Monash University). MffΔTM was cloned with an N-terminal StrepII and C-

terminal 6xHis-tag in a pET15b vector. MiD49/51ΔTM were cloned with an N-

terminal 6xHis-tag and C-terminal StrepII tag in a pET15b vector. The 6xHis-tag 

serves to recruit these proteins in the same orientation as found for the full-length 

proteins onto a membrane containing the chelator DGS-NTA (Ni2+) lipid. For 

experiments involving Drp1 in these assays, the 6xHis-tag from Drp1 was removed 

by PCR. A single cysteine residue was introduced at the N terminus of MffΔTM (C-
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MffΔTM) to enable labeling with maleimide-containing fluorophores. All clones were 

confirmed by DNA sequencing. Proteins were expressed and purified as mentioned in 

the materials and methods section of Chapter 3.   

 

4.2.2 Labeling of Mff with extrinsic fluorophores  

 The purified C-MffΔTM was dialyzed overnight at 4°C against 20 mM 

HEPES pH 7.4 buffer with 150 mM NaCl, spun down at 100,000 g to remove 

aggregates and labeled with 10-fold molar excess of the thiol-reactive Alexa 488 C5 

maleimide dye (Invitrogen, Life Technologies) for 1 hour at room temperature. 

Reactions were quenched with 1 mM DTT. Excess free dye was removed by dialysis. 

Labeled C-MffΔTM was resolved on a 15% SDS gel and judged to be free of 

unreacted dye, which typically migrates with the dye front. The degree of labeling 

typically achieved under these conditions was 1:1 of protein:dye (mol/mol). 

 

4.2.3 Supported Membrane Templates (SMrT)  

 The SMrT were prepared with a varying concentration of cardiolipin and 

contained 5 mol% of the chelator lipid, 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-

carboxypentyl)-iminodiacetic acid) succinyl (nickel salt) (DGS-NTA Ni2+) for 

recruitment of adaptor proteins with a 6xHis-tag. 
 

4.2.4 Membrane tubes with mEGFP selectively localized to the inner leaflet 

 Membrane tubes with mEGFP selectively localized to the inner leaflet were 

prepared using a previously described protocol57. Briefly, templates with 5 mol% 

chelator lipid were hydrated with buffer containing 6xHis-mEGFP. After formation, 

templates were washed with buffer containing 10 mM EDTA, which removes 

mEGFP bound to the outer leaflet while retaining the protein bound to the inner 

leaflet of tubes. Templates were then washed with buffer to remove EDTA and 

subsequently charged with 10 mM Ni2+. Excess Ni2+ was again washed off with buffer 

before incubation with Mff.  
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4.3 Results  

 

4.3.1 Adaptor proteins facilitate Drp1-catalyzed membrane fission    

 Various adaptor proteins on the mitochondrial and peroxisomal membrane 

play a critical role in the recruitment of Drp194. In order to better mimic these 

organelles, the cytosolic domain of Mff (MffΔTM, Figure 4.1A), MiD49 

(MiD49ΔTM, Figure 4.1B) and MiD51 (MiD51ΔTM, Figure 4.1B) were purified and 

tethered, via an engineered 6xHis-tag, to SMrT containing 5 mol% of the chelating 

lipid (DGS-NTA Ni2+).   

 In order to mimic their native orientation, Mff was recruited via a C-terminal 

6xHis-tag while MiD49 and MiD51 were recruited via an N-terminal 6xHis-tag 

(Figure 4.1A and B). SMrT also contained 5 mol% of cardiolipin, a concentration 

estimated to be present on the outer mitochondrial membrane67,95. Templates were 

first incubated with mimics of the adaptor protein (1 µM) and excess unbound adaptor 

in solution was washed off before passing Drp1. This ensured that Drp1 bound only 

the membrane-tethered adaptors.  

 

 
Figure 4.1 Schematic of Mff, MiD49/51 and their mimics used in Supported 

Membrane Templates     
 (A) Schematic showing the domain architecture of full-length Mitochondrial fission factor (top panel) 

and a construct with the cytosolic domain used in experiments (bottom panel). Shown are recognition 

sites for Drp1 (dotted lines), the coiled-coil domain (CC) and the transmembrane domain (M) in full 

the length Mff. Note that the construct used in experiments has the transmembrane domain replaced 

with a 6xHis-tag. (B) Schematic showing the domain architecture of full-length MiD49/51 (top panel) 

and a construct with the cytosolic domain used in experiments (bottom panel). Shown are the 

transmembrane domain (M), unstructured region (zig-zag line) and the Drp1 recognition region (DRR). 

Note that the construct used in experiments has the unstructured region deleted and the transmembrane 
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domain replaced with a 6xHis-tag.  
 

 Remarkably, flowing Drp1 with GTP onto Mff-, MiD49- and MiD51-coated 

tubes, with 5 mol% CL resulted in their fission (Figure 4.2 A, B and C respectively). 

Importantly, tubes displaying just 5 mol% CL remained unaffected emphasizing that 

adaptors become necessary to recruit Drp1 for fission on a membrane displaying 

physiological concentrations of CL (Figure 4.2 D). This is apparent from a plot 

showing quantitation of tubes cut (Figure 4.2 E).   

 

 
Figure 4.2 Adaptor proteins facilitate Drp1-catalyzed membrane fission    
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 Representative images of Drp1 mediated membrane fission on Mff (A), MiD49 (B), and MiD51 (C) 

coated membrane tubes respectively. MiD51 was flown with ADP since it requires ADP as co-factor 

for stimulating Drp1’s GTPase activity96. (The images were acquired after 10 mins of incubation with 

Drp1 Isoform 3 + GTP, tubes were of membrane composition DOPC:CL:DGS-NiNTA: p-TxRed 

DHPE 89:5:5:1mol%). Red arrowhead in the after field marks site for fission. Scale bar = 10µm. 

(D) Representative images on flowing Drp1 in the presence of GTP on membrane tubes 5 mol%CL 

(The images were acquired after 10 mins of incubation with Drp1 Isoform 3 + GTP, tubes were of 

membrane composition DOPC:CL:DGS-NiNTA: p-TxRed DHPE 89:5:5:1mol%) .(E) Quantitation of 

the percentage tube cuts for Drp1 + GTP on Mff, MiD49, and MiD51 coated membrane tubes and 

supported membrane templates without the adaptor protein. The data represent mean ± S.D; the total 

number of tubes analyzed across different fields is indicated above each data set. Each point in the data 

set represents an average number of tubes cut per field. 

 

4.3.2 Organization of mitochondrial fission factor on the membrane 

 Interestingly, unlike MiD49 or MiD51 recruiting Mff to membrane tubes 

caused the tube fluorescence to appear striated (Figure 4.1 A, Before panel). Our 

previous work with Drp1 has revealed that a localized dimming of the tube 

fluorescence coincides with a constriction event. This suggested that Mff could by 

itself organize to constrict the underlying membrane tube. To further investigate this 

behavior, we extrinsically labeled Mff with Alexa488-maleimide and passed it on 

SMrT. Surprisingly, fluorescent Mff displayed a highly clustered distribution, both on 

tubes and the supported bilayer (Figure 4.3 A). As a control, 6xHis-mEGFP recruited 

on the membrane, in the same manner, showed a uniform distribution. Mff clusters on 

coincide with regions of dimmer fluorescence, indicating constriction (Figure 4.3 B, 

also apparent in the corresponding line profile). To eliminate the possibility that the 

non-uniform membrane fluorescence was a consequence of changes in the 

fluorescence properties or differential partitioning of the lipid probe, unlabeled Mff 

was recruited to membrane tubes with mEGFP selectively tethered to the inner 

monolayer (Figure 4.3 C, schematic). Under these conditions, regions of dimmer 

fluorescence coincided with dimmer mEGFP fluorescence thus validating our result 

that clusters of Mff indeed constrict the underlying membrane tube (Figure 4.3 D, also 

apparent in the corresponding line profile).        
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Figure 4.3 Organization of Mitochondrial fission factor on the membrane   
 (A) Representative images of membrane-localized Ax488-labelled MffΔTM (left) and mEGFP (right) 

on membrane tubes and SLBs. Lipid composition of the membrane is DGS-NTA (Ni2+ ):CL:p-TxRed 

DHPE:DOPC (5:5:1:89 mol%).  Scale bar = 10 µm. (B) Representative images of a single tube in the 

membrane and protein channel (Alexa-488 labeled Mff), yellow arrows indicate sites of constriction. 

Also shown is the line profile indicating Ax488-Mff distribution on membrane tubes. (C) Schematic 

showing a cross-section of a membrane tube with mEGFP selectively localized to the inner leaflet. (D) 
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Representative images of a single tube showing Mff-induced constriction on tubes with mEGFP 

localized to the inner leaflet. Also shown is a corresponding line profile. 
 

4.3.3 Coiled-coil domain of Mff is involved its oligomerization 

 A study involving Mff ΔTM had shown it to be a tetramer in solution97, which 

gets converted to a predominantly monomer population on deletion of a 32 residues-

long coiled-coil domain (CCD)97 (Figure 4.4A). 

 

                               
Figure 4.4 Schematic of Mff with deletion of the coiled-coil and transmembrane 

domain 
(A) Schematic showing the domain architecture of Mff with the deletion of the transmembrane and the 

coiled-coil domain. 

 

 Interestingly, on deletion of the CCD, MffΔTM did not cluster on tubes and 

on the supported bilayer (Figure 4.5A). Furthermore, MffΔCCD failed to constrict 

tubes (Figure 4.5 B), indicating that oligomerization via the CCD is required for Mff's 

membrane activity.  

 
Figure 4.5 Coiled-coil region involved in the oligomerization and membrane 

constriction activity of Mff 
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 (A) Representative images showing localization of Ax488-labeled Mff ΔTM ΔCC on tubes and SLBs. 

Scale bar = 10 µm. (B) Line profile indicating Ax488-Mff ΔCC distribution on membrane tube.    

 

4.3.4 Mff facilitates Drp1 recruitment to the membrane  

 As observed in Figure 4.2 A, Mff facilitated Drp1-mediated fission of 

membrane tubes containing 5 mol% CL. In order to investigate if Mff also facilitates 

Drp1 recruitment to the membrane, Mff was first recruited to the membrane using 

His-tag and chelating-lipid interaction, the excess unbound protein being washed off. 

Drp1±GFP was then flown in different nucleotide-bound states, incubated and excess 

unbound protein was washed, after which protein and membrane channel were 

imaged. Strikingly, Mff dramatically improved Drp1’s membrane binding to the tubes 

and supported lipid bilayer containing 5 mol % CL  (Figure 4.6 A, B). However, Drp1 

still showed a preference for binding to the tubes as compared to the supported lipid 

bilayer (Figure 4.6 C) but to a lesser extent as compared to only CL containing 

templates (Chapter 3, Figure 3.2 D).  

 A systematic study of Drp1’s fission activity in the constant presence of GTP 

on a range of CL concentrations on Mff coated Supported Membrane Templates 

revealed that Mff lowers requirement for CL for fission (comparison of the blue trace, 

which represents SMrT without Mff and red trace, which represents SMrT with Mff, 

Figure 4.6 D). In the absence of Mff, Drp1 required a minimum of 20 mol% CL to 

show fission activity. The presence of Mff changed this requirement, with ~20% of 

the tubes showing fission events even in the absence of CL.  

 Interestingly, the presence of Mff led CL dependence to exhibit a biphasic 

trend with an optimum at 15 mol% CL (see the red trace in Figure 4.6 D). 
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Figure 4.6 Mff mediated Drp1 recruitment to the membrane tubes and fission    
 (A) Representative images of Drp1±GFP on tubes and SLB with 5 mol% CL with and without Mff.  

Scale bar = 10µm. (B) Ratios of Drp1±GFP and membrane fluorescence in the presence and absence of 

Mff on 5 mol% CL containing supported membrane templates. The data is represented as mean ± S.D,  

**** indicates p < 0.0001 calculated using Mann-Whitney's test. The number of tubes and SLBs 

analyzed is indicated by ntubes and nSLBs respectively. (C) Ratios of Drp1±GFP and membrane 

fluorescence under different nucleotide-bound states on the SLB and tubes. The data is represented as 

mean ± S.D,  **** indicates p < 0.0001, while * represents p < 0.013 calculated using Mann-Whitney's 

test. The number of tubes and SLBs analyzed is indicated by ntubes and nSLBs respectively. (D) Plot 

showing the percentage of tubes cut as a function of cardiolipin concentration. Red trace indicates 

tubes with Mff while blue trace indicates tubes without Mff. The data represent mean ± S.E.M.,  

ntubes is greater than 50 for each condition. 
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4.4 Discussion  

 

 The presence of Drp1 adaptor proteins (Mff, MiD49, and MiD51) 

independently aids Drp1 recruitment and fission on supported membrane templates. 

Our results indicate that co-incident display of Drp1 adaptor proteins and cardiolipin 

can wield a significant influence on the Drp1’s membrane recruitment. Importantly, 

once recruited on the membrane, Drp1 can act as a minimal machinery to catalyze 

membrane fission. Since Drp1’s binding partners are constitutively present on the 

outer mitochondrial membrane, their localization could potentially mark the site for 

mitochondrial and peroxisomal division by recruiting Drp1. In light of this, Mff’s 

property to self-oligomerize in the form of clusters on the membrane surface and 

subsequent membrane remodeling could determine the site of mitochondrial division. 

Mff also synergizes with cardiolipin for Drp1 recruitment and fission. Interestingly, 

Drp1 also led to fission of Mff-coated tubes without cardiolipin, which suggests that 

cardiolipin is not an absolute requirement for membrane fission. Also, Mff led to 

Drp1’s dependence for cardiolipin to show a biphasic trend for fission activity, 

optimum being at 15 mol % CL thus implying that cardiolipin might not be an 

absolute requirement for fission but depending on its concentration can facilitate or 

inhibit fission. 

 Although not a part of this study, another critical aspect is the localization of 

MiD proteins on the membrane surface. It would be interesting to see whether there is 

cross-talk between different adaptor proteins present on the membrane surface, as 

they all seem to localize at the site of mitochondrial division93. These adaptor proteins 

apart from marking the site for mitochondrial division might also recruit factors other 

than Drp1 than would facilitate initial mitochondrial constriction. 

 Since Drp1fission activity seems to be intrinsically regulated by membrane 

tube dimensions, it necessitates an upstream constriction event on mitochondrion 

prior to Drp1 assembly thus defining the role of ER-contact sites on mitochondria. In 

this regards, it would be interesting to look at the influence of the adaptor proteins on 

Drp1’s ability to severe wider tubes. 
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Chapter 5 

Functional differences in Drp1 Isoforms   
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5.1 Introduction   

 The mitochondrial morphology varies in different tissues; it ranges from short 

and fragmented to elongated across different cell-types46. One possible way to 

maintain such difference in the morphology is by regulating mitochondrial fission and 

fusion with the excess division leading to fragmented and the excess fusion causing 

elongated mitochondria51. A potential way to control the size of mitochondria is to 

regulate the division machinery, including the central player Drp1 and its adaptors. A 

recent report suggests that Mff-dependent Drp1 fission is differentially regulated to 

maintain short mitochondria in the axon, as opposed to the elongated mitochondria 

seen in dendrites98.  Drp1 has eight known isoforms that arise from alternative 

splicing and are expressed in a tissue-specific manner99. Interestingly, the surface 

plasmon resonance-based analysis revealed Drp1 Isoform 1, 2 and 3 to display 

distinct lipid-binding properties.  

 Apart from the mitochondrial division, Drp1 is also involved in the 

peroxisomal division17. The overexpression of Drp1 mutant defective in GTP 

hydrolysis (K38A) resulted in elongated peroxisomes17. Interestingly, a study 

involving overexpression of Isoform 1 showed elongated peroxisomes as opposed to 

overexpression of Isoform 3 which resulted in fragmented peroxisomes100. Together, 

all these observations highlight the functional differences in Drp1 Isoforms. 

5.2 Materials and methods 

5.2.1 Cloning, expression, purification and fluorescent labeling of proteins  

 Human Drp1 Isoform 1 and 2 (a kind gift from Jean-Claude Martinou) were 

cloned with an N-terminal 6xHis-tag and C-terminal SterpII tag in pET15b vector 

using PCR based seamless cloning78. The mEGFP was cloned at C-terminus of Drp1 

Isoform 1 to generate Drp-GFP construct. The B-insert of Drp1 Isoform 1 (UniProtID  

O00429-1, residues 502-636) and Isoform 3 (UniProtID  O00429-4, residues 502-

599) were cloned with an N-terminal 6xHis-tag followed by mEGFP and C-terminal 

SterpII tag in pET15b. All clones were confirmed using DNA sequencing.   

 

5.2.2 Supported Membrane Templates (SMrT)  

 The Supported Membrane Templates were prepared with 5 mol% of 
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cardiolipin, chelator lipid, 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino- 1-carboxypentyl)-

iminodiacetic acid) succinyl (nickel salt) (DGS-NTA Ni2+, 5 mol%) for the 

recruitment of Mff with 6xHis-tag and 1 mol% of p-Texas red DHPE was 

incorporated to aid visualization of the templates.  

 A mixture of DOPC, cardiolipin (Avanti Polar Lipids) and p-Texas red DHPE 

(74:25:1 mol%) was aliquoted in a glass vial to make the final concentration of 1mM 

in chloroform, to make SMrT without chelator lipid. 

 

5.2.3 GTPase assay 

 GTPase activity was carried out as mentioned in the materials and methods 

section of chapter 3.  

 

 

5.3 Results  

 

5.3.1 Drp1 Isoform 1 is defective in membrane recruitment and fission on Mff 

coated supported membrane templates  

 Drp1 has various isoforms that show different tissue-specific expression and 

localization101,102. Since different mitochondrial morphology might stem from the 

differential activity of these multiple isoforms, these were tested out in the supported 

membrane templates. Drp1 Isoform 1, which is the longest Drp1 Isoform and differs 

from Isoform 3 only in the B-insert region, was recombinantly expressed and purified 

(see schematic and the alignment of Drp Isoform 1 with Drp1 Isoform 3 in Figure 5.1 

A and B respectively).  
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Figure 5.1 Schematic comparing Drp1 Isoforms   
 (A) Schematic showing the domain architecture of Drp1, based on its structure19,75. Shown is the 

domain architecture for longest Drp1 Isoform 1. Isoform 3 has 533-569 amino acid residues missing 

which are indicated by the dotted line. (B) Alignment of Drp1 Isoform 1 (UniProtID  O00429-1) and 

Isoform 3 (UniProtID  O00429-4). The sequences were acquired from Uniprot103 and aligned using 

Clustal W alignment software104. 
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 This Isoform was tested out on Mff coated supported membrane templates 

containing 5 mol % CL in the constant presence of GTP. Surprisingly, Drp1 Isoform 

1 was found to be defective in mediating membrane fission (Figure 5.2 A). 

Comparison of Drp1 Isoform 1’s bulk fission rates in the presence of Mff revealed it 

to be slower than Drp1 Isoform 3 (Figure 5.2 B, blue dots indicate Isoform 1 fission 

rates, while red dots represent Isoform 3 fission rates). The analysis of percentage 

tubes cut revealed Drp1 Isoform 1 to be active but to a significantly lesser extent in 

comparison to Isoform 3 (data not shown). Thus, Drp1 Isoform 1 was fission 

defective in the presence of Mff coated supported membrane templates. 

 The defect in the fission might arise either due to a) a defect in the recruitment 

b) defect in the formation of higher order oligomer c) a defect in the GTPase activity 

or all of them. In order to distinguish the Drp1 Isoform 1’s fission defect, mEGFP tag 

was engineered at its C-terminus (Drp1±GFP, Isoform 1). Interestingly, when 

equimolar mixture of Drp1 Isoform 1-mEGFP and Drp1 Isoform 1 was flown in the 

presence of GMP-PNP on Mff coated templates, it barely bound to the tubes and 

supported lipid bilayer (Figure 5.2 C). The defect in Drp1 Isoform 1 recruitment 

became apparent when it was compared to Drp1 Isoform 3 binding on Mff coated 

templates (Figure 5.2 D). 
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Figure 5.2 Drp1 Isoform 1 is defective in membrane recruitment and fission on 

Mff coated supported membrane templates 
 (A) Representative images of membrane tubes coated with Mff on flowing in Drp1 Isoform 1 and GTP 

(Membrane composition: DOPC:CL:DGS-NiNTA:p-TxRed DHPE 89:5:5:1mol%). Red arrowhead in 

the after field marks the site for fission. Scale bar = 10µm. (B) Bulk fission rates in the presence of Mff 

coated templates on flowing in Drp1 Isoform 1 (Blue) and Drp1 Isoform 3 (Red) in the presence of 

GTP. (C) Representative images of Drp1±GFP (Isoform 1) on tubes and SLB with 5 mol% CL with 

Mff. Scale bar = 10µm. (D) Ratios of Drp1±GFP (Isoform 3 and Isoform 1) and the membrane 

fluorescence under GMP-PNP bound state on the SLB and tubes. The data represent mean ± S.D; the 

number of tubes and SLBs analyzed is indicated by ntubes and nSLBs respectively. 

 

5.3.2 Isoform 1 is defective in fission of CL-containing tubes 

 In order to investigate if Drp1 Isoform 1 is defective in binding to Mff or CL, 

a simpler system of 25 mol% cardiolipin without Mff was utilized. As shown in 

chapter 3, Drp1 Isoform 3 was able to sever membrane tubes containing 25 mol% CL. 

Surprisingly, Drp1 Isoform 1 was seen incapable of catalyzing membrane fission in 
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the same experimental conditions (Figure 5.3 A). While the other Drp1 Isoform, 

Isoform 2 was also able to catalyze membrane fission (Isoform 2 has 533-558 amino 

acid residues missing in the B-insert missing) (Figure 5.3 B). 

 This was also evident when number of tubes cut per field was analyzed, 

revealing Drp1 Isoform 1 to be severely defective in membrane fission (Figure 5.3 C). 

The comparison of membrane tube radii across experiments pointed out the fact that it 

was not significantly different thus negating the role of tube size on membrane fission 

(mentioned in panel above the stills). 

 
 

Figure 5.3 Isoform 1 is defective in fission of CL-containing tubes 
Stills from movies acquired while flowing in Drp1 Isoform 1 (A) and Isoform 2 (B), in the constant 

presence of GTP on 25 mol% CL containing membrane templates. Red arrowheads mark the site of 

fission. (Membrane composition DOPC:CL:p-TxRed DHPE 74:25:1mol%). (C) Quantitation of fission 

events after flowing in different Drp1 Isoforms. The data represent mean ± S.D; the total number of 

tubes analyzed across different fields is indicated above each data set. Each point in the data set 

represents an average number of tubes cut per field. 
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5.3.3 Isoform 1 is defective in binding cardiolipin-containing membranes despite 

possessing a functional B-insert 

 In order to understand the defect in fission of Drp1 Isoform 1, GTPase assay 

was performed. In the absence of liposomes, Drp1 Isoform 1 displayed a basal 

GTPase activity of 1.0 ± 0.09 µM Pi release.min-1. Surprisingly, Drp1 Isoform 1 didn’t 

show any stimulated GTPase activity in the presence of 25 mol% cardiolipin-containing 

liposomes (stimulated activity was 1.9 ± 0.12 µM Pi release.min-1) (Figure 5.4 A). Given 

that Isoform 1 and 3 display similar basal GTPase activity, Drp1 Isoform 1 is unlikely 

to be defective in GTP hydrolysis. Impairment in the stimulated GTPase activity is 

instead suggestive of a defect in either membrane binding or assembly of Isoform 1.  

In order to test this hypothesis, Drp1±GFP (Isoform 1) was flown on 25 mol % CL 

containing supported membrane templates in the presence of different nucleotides. 

Drp1±GFP (Isoform 1) displayed poor recruitment to the membrane tubes (Figure 5.4 

B), which became apparent when compared to Drp1±GFP (Isoform 3).  

 Since these Isoforms differs only in the B-insert region, it was argued if the 

defect in binding could arise from differential binding affinities of the B-inserts. 

However, the B-insert from Isoform 1 showed similar binding to the B-insert of 

Isoform 3 (Figure 5.4 C).  
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Figure 5.4 Isoform 1 is defective in binding cardiolipin-containing membranes 

despite possessing a functional B-insert 
(A) GTPase assay with Drp1 Isoform 3 and 1. The data represent mean ± S.D; N indicates the number 

of independent experiments performed. (B) Ratios of Drp1±GFP (Isoform 1 and Isoform 3) to the 

membrane fluorescence on tubes in the apo, GDP and GMP-PNP bound states. The data represent 

mean ± S.D; number of tubes analyzed is indicated by ntubes. (C) Ratio of GFP-Drp1-B-insert (Isoform 

3 and Isoform 1) to the membrane fluorescence across SLBs and tubes. The data represent mean ± S.D, 

number of tubes and SLBs analyzed is indicated by ntubes , nSLBs respectively. 

 

Discussion 

 Although Drp1 is ubiquitously expressed, its Isoforms that are a result of 

alternative splicing, have a tissue-specific expression. Drp1 Isoform 1, which is the 

longest Isoform, is expressed explicitly in the brain, while Isoform 2 and 3 that are 

splice variants in the B-insert region are expressed in testis and skeletal muscles99. 

Surprisingly, although B-inserts of both the Isoforms showed a comparable binding to 

25 mol% CL tubes, Drp1 Isoform 1 showed a drastically reduced fission activity (as 
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activity explaining the impairment in its ability to catalyze fission. Interestingly, 

Isoform 1 also showed reduced binding to- and impaired fission of Mff-coated tubes, 

highlighting the intrinsic differences in Drp1 Isoforms.  

 These results are consistent with the earlier cellular studies that reported 

Isoform 1 to only partially rescue normal mitochondrial morphology in Drp1 

knockout background97. Also, it has been previously shown that the overexpression of 

Isoform 1 inhibits the peroxisomal fission100. 

 Studies indicate that the B-insert of Drp1 has an autoinhibitory role89,97,105 and 

that the autoinhibition might get released on deletion of the B-insert, indicating that 

the B-insert apart from cardiolipin binding has a role to play in regulating Drp1’s 

functions. 

 This inhibition might be a way for regulating Drp1 Isoform 1’s fission 

activity, which may get relieved upon interaction with its cognate mitochondrial 

adaptor proteins displayed on the mitochondrial outer membrane. Alternatively, a 

possibility remains that Drp1 Isoform 1’s fission activity is regulated by post-

translational modification. 
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Summary 

 
 Dynamin-related protein 1 (Drp1) is necessary for the mitochondrial division, 

but its precise involvement in the fission pathway remains unclear. The current model 

proposes cooperation between the mitochondrial and classical dynamins, and that 

neither alone is sufficient for mitochondrial fission. Using the facile SMrT system that 

comprises of membrane organized as curved tubes and planar sheet, mimicking the 

constricted and non-constricted states of the mitochondria, we find that Drp1 

preferentially binds the tubes and is sufficient to catalyze their scission. Interestingly, 

the lipid-binding B-insert region in Drp1 also shows curvature preference of binding 

to the tubes as compared to planar bilayer thus augmenting Drp1’s curvature sensing. 

Drp1 assembles in the form of scaffolds on membrane tubes in the presence of GTP, 

and upon hydrolysis causes their fission. The fission is robust, with Drp1 capable of 

catalyzing fission of tubes as wide as 500 nm. The fission process by Drp1 also seems 

to be evolutionarily conserved across the drosophila and yeast orthologs of Drp1.  

 Not all Drp1 foci on mitochondria are engaged in division39,106, thus 

suggesting the presence of an inhibitory signal to precisely control the site of fission. 

Such inhibitory signals may arise from the presence of specific mitochondrial lipids 

that regulate Drp1’s function. Experimental evidence suggests that mitochondrial-

division is inhibited in the presence of excess PA in the mitochondrial membrane76. 

The effect of PA on Drp1 function can be deciphered using SMrT modified to include 

PA in the membrane. 

 The presence of Drp1 adaptor proteins (Mff, MiD49, and MiD51) 

independently aids Drp1 recruitment and fission on the supported membrane 

templates. Indeed it is intriguing that Mff, MiD49 and MiD51 all co-localize at the 

site of mitochondrial division93 given that each of them is sufficient to recruit Drp188, 

suggesting an additional function for these adaptors in mitochondrial division. In this 

regards, Mff showed a unique tendency to oligomerize and cause membrane 

remodeling on tubes. Owing to this ability, Mff could potentially mark the site for 

mitochondrial division.  Also, recently Kalia et al. reported a cryo-EM structure for 

the co-assembly of Drp1 and MiD49. Remarkably, upon GTP-hydrolysis Drp1 

disassociated from MiD49 and formed ring-like intermediates24. Whether Mff and 
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MiD51 dissociate from Drp1 after its recruitment or are actively involved in the 

process of fission is still not known. The participation of these adaptor proteins in 

Drp1-mediated membrane fission can be tested using SMrT employing real-time 

fission analysis with fluorescently tagged constructs of Drp1 and the adaptor proteins. 

Another critical aspect would be to investigate the effect of adaptor proteins on the 

ability of Drp1 to catalyze fission of wide tubes.  

 A vast range of post-translational modifications play a major role in the 

regulation of mitochondrial fission8. Phosphorylation48,107–109, SUMOylation110, and 

ubiquitination111 are known to regulate Drp1’s function. In conjunction, the function 

of adaptor proteins is also regulated by post-translational modifications112. The 

individual contribution of these post-translational modifications on Drp1’s activity 

can be deciphered using post-translationally modified/mimetic mutants of Drp1/ 

adaptors using SMrTs. 

 Various Drp1 Isoforms are expressed differentially across cell-types99. The 

reason for this differential expression of the Isoform is still not known. Surprisingly, 

Drp1’s longest Isoform; Isoform 1 is impaired in membrane binding and fission. This 

observation is in consensus with the cellular studies that indicate Isoform 1 only 

partially rescues mitochondrial morphology in the background of Drp1 knockdown97.    

Indeed, the individual contribution of each of these regulatory elements (presence of 

specific adaptors and/or lipids, post-translational modifications) to Drp1-mediated 

membrane fission can now be understood using the supported membrane templates. 
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