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ABSTRACT 

 

The morphology and function of mitochondria, the energy producing organelles 

of the eukaryotic cell, determine the fate of diverse cellular processes such as metabolic 

demand, embryonic development, and cell death. The cell uses a dedicated protein based 

machinery to divide mitochondria for distribution to daughter cells and to ensure faithful 

distribution of the mitochondrial genome. As a consequence, the impact of this division 

machinery applies to all processes that are influenced by the mitochondrial network. In 

mammals, this machinery is composed of the soluble protein Dynamin-Related Protein 1 

and its membrane protein receptors Mitochondrial Dynamics 49kDa/51kDa (MiD49/51) 

and Mitochondrial Fission Factor (Mff). Drp1 forms assemblies that encircle the 

mitochondria. In addition, it binds and hydrolyzes the nucleotide guanosine triphosphate 

(GTP) which is thought to provide the necessary energy for mitochondrial membrane 

fission.   

Although the importance of these proteins to the mitochondrial fission process is 

established, the mechanisms by which the receptor proteins recruit and mediate Drp1 

activity are unknown. In this dissertation, I present functional and structural analyses of 

the interaction between Drp1 and its receptor proteins. In Chapter 3, I was a part of a 

study that showed that each single receptor can recruit Drp1 to the membrane of the 

mitochondria and cause mitochondrial fission. In Chapter 4, I extended this finding and 

used cryogenic electron microscopy (cryo-EM) to determine structures of Drp1 bound to
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MiD49. These structures help us visualize Drp1 conformations in the recruited state on 

the mitochondrion and establish the role of nucleotide binding and hydrolysis on Drp1 

activity. Specifically, we find that Drp1 assumes an extended conformational state upon 

nucleotide binding. This state enables Drp1 to bind to MiD49 and polymerize into 

filaments that are structurally suited to encircle mitochondrial tubules. Furthermore, the 

addition of GTP to this structure induces receptor dissociation and conversion to a ring-

like state that is suited to constrict mitochondria. The dimensions of this ring-like state 

correspond to the Drp1 mediated constrictions observed in human cell cultures. Taken 

together, this work helps us understand the functional context for multiple receptors in 

mitochondrial fission and enables us to visualize the conformational dynamics of Drp1 

required for its engagement with receptor proteins. 
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1.1 Evolution, Organization, and Function of Mitochondria 

Mitochondria originated when a primordial eukaryotic cell engulfed an a-

proteobacterium, resulting in a symbiotic relationship. Some authors regard the 

primordial cell to be an archaebacterial cell that entered into a symbiotic relationship with 

another bacterium, resulting in the first ever eukaryotic cell (Gray, 2012; Henze & 

Martin, 2003). In any case, modern methods of phylogenetic analysis and sequencing 

have established the early bacterial origins of mitochondria with certainty.  

In a typical cell in our body, mitochondria are essential organelles that produce 

adenosine triphosphate (ATP), the cellular energy currency (Andersson, Karlberg, 

Canback, & Kurland, 2003). Mitochondria are also home to the respiratory chain 

complexes, and play essential roles in lipid metabolism and calcium homeostasis (Mayr, 

2014; Szabadkai et al., 2004). The normal course of embryonic development and cell 

death have also been linked to mitochondrial physiology and form (Chen et al., 2003; 

Estaquier & Arnoult, 2007; Flippo & Strack, 2017). Since mitochondria influence such a 

diverse set of cellular functions, disruption in normal mitochondrial health and shape 

leads to pathology.  

Mitochondria have been depicted as bean shaped organelles as seen in cross 

sections of cells visualized by electron microscopy (Figure 1.1). The mitochondria are 

bound by a double membrane. Both the outer and inner mitochondrial membranes (OMM 

and IMM) are distinct in their lipid compositions and help in the compartmentalization of 

the organelle. The aqueous space between the two membranes is called the inner 

membrane space (IMS). The inner membrane encloses the bulk of the volume of the 

mitochondria. This volume is known as the matrix, and houses, among other proteins, 
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Figure 1.1 An image of a mitochondria: visualized with a transmission electron 
microscope. Image courtesy Louisa Howard, Dartmouth College, USA. 
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enzymes for respiratory pathways and the mitochondrial protein synthesis machinery. In 

addition, the inner membrane makes periodic invaginations into the matrix, called the 

cristae, which contain the protein machinery that produces ATP. The matrix of the 

mitochondria also contains mitochondrial DNA which encodes for some respiratory and 

translation machinery proteins (Kühlbrandt, 2015).  

As a reservoir for calcium, mitochondria also perform critical roles in maintaining 

calcium levels in the cell. Calcium regulates the activity of multiple mitochondrial 

enzymes (Denton, 2009; Denton et al., 1980), and fluctuations in its levels are known to 

play a role in programmed cell death or apoptosis (Pinton et al., 2008). Apoptosis is 

accompanied by a loss of mitochondrial function, hyperfragmentation of the 

mitochondrial network, and the release of a respiratory enzyme cytochrome-c into the 

cytosol (Pinton et al., 2001; Szabadkai & Rizzuto, 2004; Szalai, Krishnamurthy, & 

Hajnóczky, 1999). Taken together, mitochondrial health and cellular well-being are 

interlinked. 

 

1.2 Mitochondrial Dynamics and Human Health 
 
 Mitochondrial functions are diverse and mitochondria are not static organelles. 

Advances in fluorescence based microscopy have revealed mitochondrial motility within 

the cells (Nunnari et al., 1997; Okamoto & Shaw, 2005) and have enabled researchers to 

provide quantitative information on mitochondrial dynamics.  

 The processes that change mitochondrial morphology and distribution include 

mitochondrial fission, fusion, and transport (Bereiter-Hahn & Voth, 1994; Boldogh et al., 

2001; Nunnari et al., 1997). The protein factors that are involved in these dynamic 



 

 

5 

processes have been discovered over the years using yeast genetic studies. Budding yeast 

has been widely utilized as a model organism to observe phenotypes of gene deletions. 

For mitochondrial dynamics, this system has provided critical hints about the factors 

responsible for mitochondrial fission, fusion, and transport.  

 Why would mitochondria divide or fuse? A balance of fission and fusion of 

mitochondria is critical for the organelles to exchange their DNA, prevent the spread 

harmful mutations and recycle damaged or old organelles (Twig, Hyde, & Shirihai, 

2008). For this reason, multiple disorders are known to occur when mitochondrial fission 

or fusion go awry in human cells. Imbalance in fission and fusion of mitochondria occurs 

primarily owing to mutations in the proteins that execute these processes. The list of  

diseases that occur due to such an imbalance includes neurodegenerative diseases like 

Parkinson’s (Schapira, 2008), Alzheimer’s (Wang et al., 2009) and Huntington’s diseases 

(Mattson, Gleichmann, & Cheng, 2008; Seong et al., 2005). Muscle atrophy and 

cardiovascular disorders are also known to occur upon mitochondrial dynamics 

dysfunction (Ashrafian et al., 2010; Romanello et al., 2010). In addition, optical atrophy 

and Charcot-Marie-Tooth syndrome can arise from mitochondrial dynamics imbalance 

(Davies et al., 2007; Züchner et al., 2004). The involvement of mitochondrial dynamics 

in human disease conditions makes it imperative to study the protein-based machinery 

that controls it.  

 

1.3 Proteins of the Mitochondrial Membrane Fission Machinery 

Mitochondria always come from preexisting cells. The progeny cells have to 

inherit at least one copy of the mitochondria from the parent cell for them to survive 
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(Boldogh, Fehrenbacher, Yang, & Pon, 2005). The cell has evolved a highly-regulated 

protein-based machinery for mitochondrial fission to tightly control the time and context 

of the division process.  

 In the early 1990’s, genetic screens in the budding yeast Saccharomyces 

cerevisiae were used to identify proteins that are required for changes in mitochondrial 

morphology and distribution (Okamoto & Shaw, 2005). Subsequent studies revealed that 

fusion and fission are in fact two processes that exist in an equilibrium and work together 

to maintain mitochondrial morphology (Bleazard et al., 1999; Sesaki & Jensen, 1999). 

Significantly, the proteins maintaining mitochondrial fission and fusion are mostly 

conserved from yeast to human cells, suggesting that these processes are fundamental to 

eukaryotic life. Unregulated fission leads to hyper-fragmented mitochondria that exhibit 

loss of mitochondrial genome and defects in respiration. Conversely, unregulated fusion, 

hinders faithful distribution of mitochondria to daughter cells (Gorsich & Shaw, 2004). 

 The identification of the mitochondrial fission machinery in yeast revealed the 

requirement of a soluble protein of the large GTPase family- Dnm1 (Otsuga et al., 1998). 

Since Dnm1 cannot bind membranes by itself, it needs receptor proteins to recruit it to 

the mitochondrion. In yeast these receptors are Fis1 (Mitochondrial Fission 1) and Mdv1 

(Mitochondrial Division Protein 1). Fis1 is a membrane-anchored protein that interacts 

with a soluble dimer of Mdv1 (Mozdy, McCaffery, & Shaw, 2000; Tieu & Nunnari, 

2000). Mdv1 directly interacts with Dnm1 to form a ternary complex of the three proteins 

on the mitochondrial membrane. Mdv1 has a nonessential paralog in yeast cells- Caf4, 

which may function in the same fashion as Mdv1 (Griffin, Graumann, & Chan, 2005). 

While it is understood that mitochondrial fission occurs at sites that have assemblies of 
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both Mdv1 and Dnm1, the details of the mechanism of fission remain unclear (Cerveny 

& Jensen, 2003; Cerveny, McCaffery, & Jensen, 2001).  

 In mammalian cells, the function of Dnm1 is attributed to the homologous protein 

Dynamin-Related Protein 1 (Drp1). Fis1 also exists in mammalian systems, however its 

function is not understood. Homologs of Mdv1 and Caf4 are not found in mammalian 

cells. Instead, two classes of receptors have evolved to recruit Drp1 to mitochondrial 

membranes directly. One of these receptors, called the Mitochondrial Fission Factor 

(Mff) is conserved in metazoan organisms, but is absent from yeast (Gandre-Babbe & 

Bliek, 2008). The other set of receptors, the paralogs MiD49 and MiD51 (mitochondrial 

dynamics protein of 49kDa/51kDa) are found exclusively in vertebrates (Palmer et al., 

2011). Mff does not show an apparent domain or sequence similarity to the MiD49/51 

proteins. The membrane anchor position is also different for both the receptor classes, N-

terminal in MiD49/51 versus C-terminal in Mff (Figure 1.2). The following sections 

describe briefly what is known about the mechanics of mitochondrial division, followed 

by an in-depth look at the known structural properties of the proteins described in this 

thesis. 

 

1.4 Mitochondrial Division Is a Stepwise Process 

Dynamin family proteins catalyze the fission of both mitochondria and endocytic 

vesicles, but the scale of constriction differs widely among the two processes. The width 

of endocytic necks are in the range of 20-30 nm whereas the mitochondria can be 

hundreds of nanometers wide (Frey & Mannella, 2000; Morlot & Roux, 2013). This  

difference in the width of the membrane necks being severed by the same machinery has  
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Figure 1.2: Drp1 and its Receptor Proteins. A) A schematic representation of the 
domain structure of Drp1 and MiD49. B) Crystal structure of Drp1, adapted from 
Frohlich et al., 2013. The PDB was adjusted to represent a tetramer, PDB ID: 4BEJ. C) 
Cartoon representation of the crystal structures of MiD49 (PDB ID 4WOY) and MiD51 
(PDB ID 4NXT), and a cartoon representation of Mff on the outer mitochondrial 
membrane. The N- or the C-termini are indicated. 
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led to interesting adaptations in the mitochondrial fission mechanism. Mitochondrial 

division is an elaborate, stepwise process and the steps upstream of the final fission 

process are only beginning to be understood. 

It is established that the endoplasmic reticulum (ER) and mitochondria make 

multiple contacts and these inter-organelle interactions are important for processes such 

as calcium homeostasis and lipid biosynthesis (de Brito & Scorrano, 2014; Vance & 

Tasseva, 2013). A protein complex called ERMES (ER Mitochondria Encounter 

Structure) mediates the interaction between the ER and mitochondria in yeast (Kornmann 

et al., 2009). Additional studies have established that ER-mitochondrial contact sites 

often mark the location of mitochondrial division (Friedman et al., 2011; Murley et al., 

2013) and that the ER wraps around the mitochondria at future division sites (Friedman et 

al., 2011). This step is thought to preconstrict the mitochondria and reduce their diameter 

to a level where protein-based machinery can be recruited to carry out the final fission 

steps (Figure 1.3). Since the dynamin-based fission machinery may only act on tubules 

that are considerably thinner than steady-state mitochondria, the preconstriction process 

adds an important early step to mitochondrial fission. 

Drp1 is known to localize to areas of ER-mediated mitochondrial constriction and 

live cell imaging has revealed a high degree of correlation between these sites and 

mitochondrial fission (Friedman et al., 2011; Murley et al., 2013). Mammalian cells do 

not have a functional homolog of the ERMES protein complex. Instead, motor proteins 

actin and myosin have been implicated in mediating ER-mitochondrial contact sites 

during mitochondrial division. Inverted formin 2 (INF2) is a protein that localizes to the  

ER. Its depletion is associated with elongated mitochondria and Charcot-Marie-Tooth 
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Figure 1.3: Steps in Mitochondrial Division: A) A steady-state mitochondrion about to 
divide. B) ER (in green) encircles the mitochondrion and provides a preconstriction. C) 
The Drp1 and receptor complex constricts the mitochondrion for fission. D) Fission is 
completed. 



 

 

11 

 



 

 

12 

disease, a condition caused by mitochondrial division and fusion imbalance. INF2 

mediates actin polymerization at ER-mitochondrial contact sites and stabilizes Drp1 

oligomers (Ji et al., 2015; Korobova et al., 2013). Downstream of actin polymerization, 

myosin-II localizes at the ER-mitochondrial contact sites in an actin-dependent manner 

and its depletion reduces the amount of Drp1 on mitochondrial fission sites, resulting in 

decreased levels of mitochondrial division (Farida et al., 2014). This has led to a 

hypothesis where the “pulling” of the actin filaments by myosin-II contributes to the 

preconstriction step that leads to Drp1 assembly and fission of mitochondria. 

The work in this dissertation deals with the steps downstream of the activity of 

actin and myosin. For the purposes of the experiments described in this thesis, the next 

sections focus on the structural and functional details of the dynamin superfamily and the 

receptors of the mitochondrial fission dynamin. 

 

1.5 Structure and Function of Drp1 and the Dynamin Family Proteins 
 
 Drp1 displays multiple similarities with dynamin-1, the mechanistically better 

understood member of the dynamin family of proteins. Dynamin-1 severs the 

membranous necks of clathrin-coated vesicles during endocytosis. Most of what is known 

about dynamin function comes from the studies of the endocytic process in yeast (Morlot 

& Roux, 2013). Drp1 and endocytic dynamins have an N-terminal GTPase domain (G-

domain) that binds and hydrolyzes guanosine triphosphate (GTP). The energy released as 

a result of this hydrolysis is thought to drive the constriction and fission activity of the 

dynamins (Roux, Uyhazi, Frost, & De Camilli, 2006). Following the G-domain is the 3-

helix containing Bundle Signaling Element (BSE). The BSE consists of short helical 
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segments that are far apart in the primary sequence of the protein. Following the BSE is a 

four-helix bundle called the stalk. This region also mediates dynamin dimerization and 

higher order oligomerization. (Faelber et al., 2011; Ford, Jenni, & Nunnari, 2011; 

Reubold et al., 2015).  

 There are interesting differences in the structure of endocytic dynamins and Drp1. 

The C-terminal region of endocytic dynamins consists of a proline-rich domain (PRD). 

This domain interacts directly with the SH3 domains of endophilin molecules. The PRD 

is absent in Drp1. The four-helix stalk region contains insertions in the case of the 

endocytic dynamin and well as Drp1. In the case of the endocytic dynamins, this insertion 

is called the pleckstrin homology (PH) domain. This domain binds the plasma membrane 

lipid PI(4,5)P2 (Ferguson & De Camilli, 2012). A PH domain is not present in Drp1 and 

is replaced by a 100-residue region called the B-insert, that has been shown to interact 

weakly with membranes. Interestingly, this region is also the site of most of the post-

translational modifications known for Drp1 (Bui & Shaw, 2013). 

 How do dynamins act as fission machines? Two properties of dynamins are 

critical for membrane severing activity. First, these proteins bind and hydrolyze GTP, 

presumably providing the energy for membrane fission (Roux et al., 2006). Second, these 

proteins can self-assemble into spirals and rings on membranes, thereby tubulating and 

constricting them. This constriction is thought to cause the inner leaflets of two opposing 

membranes to undergo the process of hemi-fusion, leading to lipid mixing and finally 

coalescing of the opposing membranes (Pucadyil & Schmid, 2008; Roux & Antonny, 

2008). Structural studies have pointed towards mechanisms where dynamin G-domains 

from the adjacent rungs of a dynamin spiral interact, leading to assembly-stimulated 
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hydrolysis which ultimately leads to constriction and fission of membranes (Chappie et 

al., 2010; Chappie & Dyda, 2013; Chappie et al., 2011).  

 The conformation of the dynamin molecule with and without GTP bound has 

been the focus of intense study. The differences in the conformation of the molecule in 

the two states could suggest how nucleotide binding favors membrane constriction and 

fission activities of dynamin. Crystallographic studies of minimal segments of the 

dynamin proteins have demonstrated “hinge movements” within the molecule (between 

the G-domain and BSE) that result as a consequence of nucleotide binding (Chappie et 

al., 2011, 2010). Collectively, all the hinge movements (between G-BSE and BSE-stalk) 

within the dynamin molecule may give rise to a conformation that is favorable for (or 

results from) nucleotide hydrolysis, leading to membrane fission. Such movements have 

not been observed in the context of full-length dynamin proteins owing to a lack of high-

resolution structural information for the full-length chains in the nucleotide bound state. 

In this dissertation, I present a structure of full-length Drp1 bound to a nonhydrolysable 

GTP analog, that catches Drp1 in a receptor- and nucleotide-bound state. This structure 

reveals the details of the conformational changes in Drp1 upon nucleotide binding and 

helps to explain how such movements enable dynamins to bind receptors and constrict 

membranes. In the next section, the current knowledge from the atomic-level structural 

studies of dynamins is described for comparison to my structures (described in later 

chapters). 
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1.6 Comparative Structural Studies of the Dynamin Superfamily Proteins 

Nucleotide hydrolysis by dynamins is best understood from crystallographic 

studies of endocytic dynamin fragments. Dynamins have traditionally been difficult 

candidates for crystallography because they oligomerize, have a large size, and display 

complex folds (Chappie & Dyda, 2013). As a result, the constructs used in the early 

crystallographic studies were truncated to contain just the G-domains of rat dynamin-1 

and the Dictyostelium homolog DynA (Niemann et al., 2001; Reubold et al., 2005). 

Longer constructs that provided more information were crystallized later, including those 

of human dynamin-1, dynamin-3, and the related antiviral protein MxA (Faelber et al., 

2011; Ford et al., 2011; Gao et al., 2011; Reubold et al., 2015). The underlying discovery 

that made some of these studies possible was the identification of mutations in the stalk 

region, 395-IHGIR-399 to 395-AAAAA-399 (in the context of human dynamin-1), that 

impaired higher order oligomerization. This identification was guided by the structure of 

the stalk region of MxA (Gao et al., 2010). In addition to these mutations, the proline rich 

domain (PRD) from endocytic dynamins and the viral substrate-binding loop from MxA 

were removed to aid in crystal formation. Similar manipulations have been used to 

determine the Drp1 crystal structure (Fröhlich et al., 2013).  

 Both the endocytic dynamin and MxA crystal structures have revealed the 

complex structural organization of the dynamin superfamily. Both chain termini are 

present in the BSE region, which resides between the G-domain and the helical stalk 

(Faelber et al., 2011; Ford et al., 2011; Gao et al., 2010; Reubold et al., 2015). In 

dynamin-1, the PH domain is an insertion between the 3rd and 4th stalk helices and is 

present adjacent to the stalk region. In MxA/B proteins, the same region is replaced by 
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the viral binding loops. In Drp1, this region contains the B-insert (Fröhlich et al., 2013). 

These structures have also revealed three distinct interfaces through which the stalks 

interact within the dynamin tetramer. These have been named interfaces 1 through 3. 

Hinges that lack any apparent secondary structure form flexible connections between the 

G-BSE and the BSE-stalk regions. The flexibility of this region aids in the movements 

that occur as a result of nucleotide binding, as seen in our structures in Chapter 4. All of 

the above structures are in the apo-state, meaning that they do not contain a nucleotide or 

a binding partner (Faelber et al., 2011; Ford et al., 2011; Gao et al., 2010; Reubold et al., 

2015).  

 Details of the nucleotide binding pocket have been revealed by the crystal 

structure of a minimal construct of human dynamin-1 that contains most of the residues 

from the G-domain and the GTPase effector domain (GED), connected by a flexible 

linker. This construct crystallized as a dimer in the presence of a transition state analog 

GDP-AlF4- and revealed critical information regarding the coordination of the nucleotide 

within the binding pocket. In addition, this structure also revealed the movement of the 

“G2/switch 1” loop that changes conformation upon nucleotide binding (Chappie et al., 

2010).  

 The GMPPCP bound structure of the same construct has revealed major 

movements in the BSE region, owing to differences in nucleotide coordination. In this 

state, the BSE swings ~69° relative to its position in the GDP-AlF4- -bound structure. 

This GMPPCP-bound structure has thus provided key insights into the nucleotide-based 

movements within the G-BSE region (Chappie et al., 2011). This movement has only 

been observed in the context of this engineered, smaller variant of the dynamin molecule, 
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and visualization of the same movement in the context of the full-length molecule could 

tell us how this conformational change is useful for the membrane fission activity of 

dynamins.  

A low resolution cryo-EM structure of dynamin-1 on liposome tubules has been 

determined and has suggested that a dimer interface may form between adjacent rungs of 

a dynamin helix, favoring a G-G interaction that leads to nucleotide hydrolysis, 

constriction and fission (Chappie et al., 2011). This phenomenon is often referred to as 

assembly-mediated hydrolysis. Although Drp1 shares 33% sequence identity with 

dynamin-1, it is not known whether similar mechanisms govern nucleotide binding, 

hydrolysis and the subsequent membrane constriction. A low-resolution structure of Drp1 

on nonphysiological lipid membranes (without receptors) is also available (Mears et al., 

2011). This structure was different from the known cryo-EM structure of dynamin-1 

because of different helical properties. This polymer was a 2-start helix compared to a 1-

start helix for dynamin-1 (Chappie et al., 2011). Consequently, there were differences in 

the helical rise and twist between these helical assemblies. The authors also demonstrated 

constriction of Drp1-decorated lipid tubules upon addition of GTP. However, Drp1 also 

has the added complexity that it assembles on membranes only when recruited by the 

receptor proteins. To understand conformational changes and the effects of nucleotide 

binding and hydrolysis for Drp1, the context of the receptors is important. In addition, 

these structures that appear in the “pre-revolution” age of cryo-EM also suffer from 

inaccurate assignment of low resolution densities with atomic models. It is important to 

revisit these assemblies in the light of recent advancements in cryo-EM that have enabled 

considerably higher resolution data to be collected and analyzed. 
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1.7 Structure and Function of Drp1 Receptors 

 The mitochondrial fission dynamin receptor systems are very different in yeast 

versus mammalian cells. A summary of the basic structural details of each system is 

presented here.  

 1.7.1 Yeast receptors. Pioneering work in the structural and functional analyses 

of yeast receptors has revealed key insights about their roles in mitochondrial fission. It 

was determined that Mdv1 co-localized with Dnm1 and this interaction was important for 

mitochondrial fission (Cerveny et al., 2001; Tieu & Nunnari, 2000). Later, a study 

reported that Mdv1 interacts preferentially with assembled Dnm1 and that Mdv1 

assemblies colocalized with Dnm1 assemblies at later time points in the division lifetime 

(Naylor et al., 2006). This study also reported that Mdv1 stays with Dnm1 until the 

completion of the fission process, suggesting that Mdv1 coassembles with Dnm1. The 

amino-terminal extension (NTE) of Mdv1 binds Fis1 and the b-propeller domain 

interacts with Dnm1 (Tieu et al., 2002). In this fashion, Mdv1 acts as a bridge between 

Dnm1 and Fis1. 

 Structural analyses have revealed the details of interaction between the yeast 

receptors and Dnm1. The TPR (tetratricopeptide repeat) domain of Fis1 interacts with a 

helix-loop-helix motif on Mdv1. In addition, more sites of interaction exist between the 

coiled coil domain of Mdv1 and the tip of the cytoplasmic domain of Fis1. The resulting 

complex has two molecules each of Fis1 and Mdv1 which in turn results in the 

presentation of two b-propeller domains of Mdv1 for the recruitment of a Dnm1 dimer 

(Koirala et al., 2010; Suzuki, Neutzner, Tjandra, & Youle, 2005; Tieu & Nunnari, 2000; 

Tieu et al., 2002; Zhang & Chan, 2007; Zhang, Chan, Ngo, Gristick, & Chan, 2012). 
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Mdv1 dimerizes via a coiled-coil motif and the sequence and length of the coiled coil are 

critical for the formation of the ternary complex of Fis1-Mdv1-Dnm1 (Koirala et al., 

2010). Moreover, Mdv1 interacts with a GTP-bound form of Dnm1 and also stimulates 

the GTPase activity of Dnm1 in vitro (Lackner et al., 2009). The structural details of 

Dnm1 bound to the Fis1-Mdv1 complex are unknown.  

1.7.2 Mammalian receptors. In the mammalian system, Fis1 has little or no role 

in mitochondrial fission (Lee et al., 2004; Otera et al., 2010). The receptors Mff, MiD49 

and MiD51 are membrane anchored and interact directly with Drp1 to facilitate its 

recruitment to the mitochondria (Gandre-Babbe & Bliek, 2008; Otera et al., 2010; Palmer 

et al., 2011). The structure of Mff is unknown. Its depletion by knockdown in cultured 

cells produces elongated mitochondria, a phenotype similar to that of Drp1. Mff 

knockouts in mice are not embryonic lethal, whereas those of Drp1 are. This suggested 

that additional receptors can take over the role of Drp1 recruitment and cause Drp1-based 

fission (Chen et al., 2015). The B-insert region of Drp1 precludes interaction with Mff. 

Consequently, this region had to be excluded from constructs used in assembly studies 

with MFF (Clinton et al., 2015). In these studies, Drp1 lacking the B-insert assembles 

into polymers when incubated with the soluble domain of MFF. MFF also slightly 

enhanced the GTPase activity of Drp1 lacking the B-insert (Clinton et al., 2015). Other 

studies have reported that Mff recruits an oligomeric form of Drp1 (Liu & Chan, 2015). 

In these studies, assembly defective Drp1 mutants were also defective for Mff binding as 

seen by yeast two-hybrid, GST pulldown, and size exclusion chromatography 

experiments.  

The knockdown of MiD proteins in cultured cells also results in elongated 
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mitochondria. Curiously, MiD overexpression also leads to the same phenotype despite 

Drp1 recruitment (Palmer et al., 2011; Zhao et al., 2011). Crystal structures of the soluble 

domains of MiD49/51 have revealed an enzymatically non-functional 

nucleotidyltransferase-like domain (Losón et al., 2014, 2015; Richter et al., 2014). In the 

case of MiD51 (not MiD49), an ADP molecule was bound to the nucleotide binding 

pocket. Moreover, the authors in these studies identified a region on the MiD molecules, 

called the Dynamin recruitment region (DRR, Figure 1.2C) that was necessary for 

recruiting Drp1 to the mitochondria. How the MiD proteins target Drp1 to the 

mitochondria was a major question that is answered in this dissertation.  

Simultaneous knockdown of Mff and MiD proteins leads to a more pronounced 

mitochondrial division defect than either protein alone (Losón, Song, Chen, & Chan, 

2013; Otera, Miyata, Kuge, & Mihara, 2016). This suggests a distribution of the fission 

load between the receptors with a more pronounced affect observed when no receptor is 

present. Due to a lack of structural knowledge of the Drp1-receptor complexes, it is not 

known whether the mechanism of Drp1 recruitment differs within the receptors. Studies 

in Chapter 3 of this dissertation establish redundant roles for mitochondrial receptors. 

Studies in Chapter 4 describe the mechanism by which the MiD receptors recruit and 

activate Drp1 for mitochondrial fission. 

 

1.8 Thesis Layout 

 In the second chapter of this thesis, I describe the methodology behind the 

expression, purification, and in vitro assembly of the proteins of the dynamin 

superfamily, including dynamin -1 and Drp1, with their adaptors and receptors. Also in 
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the second chapter, I introduce the reader to cryogenic electron microscopy, the method 

utilized in Chapter 4. In the third chapter, I describe collaborative work with scientists in 

the biochemistry department at the University of Utah, where using fluorescence 

microscopy and yeast genetics, we established that any single receptor is enough to 

localize Drp1 to the mitochondrial membrane and cause fission. In addition, I carried out 

the experiments that showed for the first time that addition of a receptor can change the 

polymeric properties of a fission dynamin. In Chapter 4, I extend this observation from a 

structural standpoint, and describe how we used cryogenic electron microscopy to 

determine the first structures of Drp1 in complex with its receptor protein MiD49, 

illuminating new principles of nucleotide binding, allostery and conformational changes 

within these proteins. A discussion follows in the fifth chapter that summarizes the 

information in this thesis. In that chapter, I also discuss how the posttranslational 

modifications of Drp1 may affect its function, when analyzed via the lens of our new 

structures. 
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5.1 Overview 

In this dissertation, I present work that advances our understanding of 

mitochondrial division and dynamin structure. In Chapters 2 and 3, I present studies that 

describe the relevance and independence of the receptors of the mitochondrial fission 

dynamin Drp1. Using yeast genetics and fluorescence microscopy, we and our 

collaborators show that any individual receptor is sufficient to recruit Drp1 to 

mitochondria and to cause fission. In addition, I describe the purification, biochemical 

characterization, and coassembly of Drp1 with its receptor proteins. These methods have 

led us to understand the oligomeric properties of Drp1 in great detail.  

The studies above led to the main focus of my dissertation, where I extend our 

work to the structural characterization of the coassembly of Drp1 and its receptor MiD49. 

Having assembled these proteins into linear filaments, I was able to visualize them using 

cryogenic electron microscopy. I subsequently used the newly developed methods of 

motion correction and image analysis to determine atomic level details of the complex of 

Drp1 and MiD49. These studies have led to the atomic resolution structure of Drp1 

bound to MiD49 in a state that mimics the recruited state of the Drp1 molecule on the 

mitochondrial surface. We find that upon nucleotide binding, Drp1 undergoes a 

substantial elongation and this permits its interaction with the receptor protein. Using this 

structure, we have discovered new interfaces of interaction both on Drp1 and MiD49. In 

addition, our studies have identified the structural basis of a human disease allele, 

Glycine 362 of Drp1, which is present at the interaction interface of Drp1 and MiD49. 

Mutation of this residue causes encephalopathy in humans, as determined by sequencing 

of patient samples (Vanstone et al., 2016). The presence of this allele at the Drp1-
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receptor interface and the phenotype of this mutation (elongated mitochondria) together 

suggest that such encephalopathies may result by an imbalance in mitochondrial 

dynamics owing to defective Drp1-receptor interaction. 

Taken together, this work has extended our understanding of dynamin structure 

and function in multiple ways. In Chapter 3, we find that the receptors of Drp1 have 

evolved to have different structures but convergent and at least partially redundant 

functions. In addition, we discovered that the receptors can alter the oligomeric structure 

of Drp1, and thereby participate in Drp1-based fission activity. In Chapter 4, my work 

explains how MiD49 recruits Drp1 to the mitochondrial surface and how nucleotide 

binding enables Drp1 to bind MiD49. In addition, we observe how a path-dependent 

reaction converts a linear Drp1-MiD49 polymer to Drp1 rings that are mechanistically 

suited to constrict mitochondria. Future work on more receptors and more nucleotide 

states of Drp1 will be inspired by the work presented in this dissertation.  

 

5.2 Multiple Receptors Regulate Mitochondrial Fission Dynamin Assembly 

Fis1 (hFis1) is the only receptor of the mitochondrial fission dynamin that is 

conserved from yeast to humans. As described previously, yeast Fis1 plays a major role 

in mitochondrial division. It acts as a recruiter of the Mdv1/Caf4 receptors and this 

interaction is necessary for the recruitment of Dnm1, the yeast version of Drp1 (Cerveny 

& Jensen, 2003; Tieu et al., 2002). From our results in Chapter 3 and those of others 

(Osellame et al., 2016; Otera et al., 2010), it is now established that hFis1 has lost its 

function of mitochondrial division in mammalian systems. In addition, there is no known 

Mdv1/Caf4 homolog in mammals. Thus, only the transmembrane receptors MiD49/51 
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and Mff seem to function in mammalian mitochondrial fission. 

 An intriguing question is: Why does Drp1 have multiple different receptors in 

vertebrate cells? No study to date has demonstrated significant mechanistic differences in 

mitochondrial fission between the receptors. Some reports attribute differential functions 

to the receptors, suggesting that some receptors may negatively regulate fission (Zhao et 

al., 2011). This may be true for overexpression studies of MiD49/51, but other studies 

have definitively shown that at cellular expression levels, all receptors can support fission 

(Palmer et al. 2013; Osellame et al. 2016). Having three different receptor proteins could 

be in part related to Drp1 itself. Drp1 is known to undergo posttranslational modifications 

(PTMs) like phosphorylation, sumoylation, ubiquitination, and nitrosylation (Chang & 

Blackstone, 2007; Cho et al., 2009; Kar, Dey, & Rahaman, 2017; Taguchi, Ishihara, 

Jofuku, Oka, & Mihara, 2007; Wasiak, Zunino, & McBride, 2007; Yonashiro et al., 

2006). The details of these processes and their implications are only beginning to be 

understood. It is possible that multiple Drp1 PTM states are differentially recognized by 

individual receptors. However, our yeast system in Chapter 3 could not have supported 

humanized PTM’s on Drp1, yet Drp1 was recruited to mitochondria by each individual 

receptor. Thus, Drp1 PTM’s may not be the only factor that drives receptor utilization. 

The developmental stage of the cell or environmental stress conditions may also be 

important in determining receptor specific roles. 

 It is intriguing to ask whether multiple receptors may work at the same fission 

site. Our studies in yeast suggest that each receptor is sufficient to recruit Drp1 and 

catalyze fission. Having said that, in a mammalian cell, multiple receptors could 

collaborate to increase the specificity and/or efficiency of division events. As discussed 
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below, I found that Drp1 interacted with MiD49 only in the presence of a GTP analog. 

Some authors have suggested that Drp1 may bind Mff in the apo (no nucleotide) state, 

suggesting that the recruitment of Drp1 by different receptors may depend on the 

nucleotide state of Drp1 (Francy et al., 2015). If true, this will have major implications on 

understanding the mechanism of mitochondrial division fully and warrants future 

investigation and structure-function studies. The Drp1-Mff co-assembly structure may 

show interesting differences compared to Drp1-MiD49 and may help us understand the 

requirement of multiple receptors by Drp1.  

 

5.3 The Structure of Drp1 in Complex with MiD49 

In Chapter 4, I determined the structure of Drp1 in complex with MiD49 in a 

nucleotide bound state. This structure is an important milestone in structure-function 

studies of dynamin-family proteins. To our knowledge, it is currently the only example of 

a cryo-EM structure of any full-length dynamin family protein at sub-nanometer 

resolution. The dynamin in the structure is in an active GTP-bound state that differs 

considerably in comparison to the apo-state structure. As a result of nucleotide binding, 

the protein displays a conformational change where Drp1 is significantly elongated, 

thereby revealing receptor binding sites. To my knowledge, this structure is also the only 

example that shows a dynamin in complex with any receptor protein. Analysis of the 

structure reveals how conserved Drp1 interfaces contribute towards a linear assembly, 

while the nucleotide binding helps interaction with the receptor (Figure 5.1). I also 

identified biochemical conditions that promote the dissociation of these infinite linear 

polymers into ring-like structures, reminiscent of the ring-like states known for endocytic  
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Sum of all three sides

Figure 5.1: Breakdown of the structure to depict the observed Drp1 interfaces: 
A) The triangular structure in cross section, side 1 has the model fit in density.
B) Sum of the three sides with the model fit in density.
C) Same as (B) but without density. The rotated view shows 8 chains each of Drp1 and
MiD49 in a linear arrangement, 4 solid chains of each towards the reader. The chains
away from the reader are rendered transparent.
D) Just the tetramer of Drp1, with stalk interfaces 1, 2, and 3 conserved in the dynamin
family rendered solid.

A B 

C 
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dynamins and MxA (Klockow et al., 2002; Kochs et al., 2006). We propose that this 

conversion of the linear filament into the ring state constricts mitochondria and assists in 

the fission process.  

Previous structural studies of dynamins have utilized truncated and/or mutated 

versions of the protein to facilitate crystallization (Faelber et al., 2011; Fröhlich et al., 

2013; Reubold et al., 2015). Using such constructs, the nucleotide-bound state of the G-

domain and the BSE of Drp1 and that of endocytic dynamins have been visualized 

(Chappie et al., 2010). The hallmark of such structures has been the switch loop 

movements within the G-domain and the movements within the G-BSE hinge. These 

movements in the molecule, compared to a powerstroke, have been informative, yet their 

impact on the full-length molecule has remained unclear.  

In our studies in Chapter 4, I use full-length, unmutated Drp1 and the GTP analog 

GMPPCP for structural studies. Since dynamin samples polymerize under such 

conditions, they are unlikely to form macroscopic crystals necessary for X-ray 

diffraction-based studies. We used this situation to our advantage, instead utilizing cryo-

EM, where we can freeze these samples under polymerization-enabling conditions and 

visualize them with electrons instead of X-rays. No crystals are required for such studies 

and recent developments in single-particle cryo-EM-based imaging and image analysis 

have enabled us to process our images to near atomic resolution.  

 The use of full-length Drp1 in this study has finally enabled us to look at 

nucleotide-dependent conformational changes in the dynamin family in the context of the  

complete polypeptide. Nucleotide binding causes G-domain switch-loop movements 

which are relayed to the G-BSE and the BSE-stalk hinges (Figure 4.2a-c). The hinge loop 
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movements collaborate to cause a 90º rotation of the G-domain and a 40Å movement 

downwards relative to the stationary stalk (Figure 4.2d). This movement exposes the 

residues of Drp1 involved in the receptor interfaces 1 & 2 for interaction with MiD49.  

The presence of multiple binding interfaces and a large interaction surface 

collectively explain why point mutations of the dynamin recruitment region (DRR) did 

not disrupt the Drp1-MiD interaction in vivo. In these studies, a large segment of the 

DRR had to be removed to see any effect on MiD-based mitochondrial recruitment of 

Drp1 (Richter et al., 2014). Nevertheless, with the help of our structure, we have recently 

determined that the Drp1 mutant S611D (discussed ahead, receptor interface 4) and 

MiD49 mutant R235E both inhibit Drp1-MiD49 interactions. Future studies should focus 

on Mff, whose predicted structure is different than the MiDs and remains unknown. Such 

studies will enable us to build a complete picture of Drp1-receptor interactions. 

5.3.1 The triangular structure and the functional single sides within it. The 

path-dependent reaction where the Drp1-MiD49 linear filament breaks up into shorter 

segments that then curls into rings (Figure 4.3) is reminiscent of the dynamic instability 

of microtubules (Mitchison & Kirschner, 1984). The shorter intermediates in this 

reaction, resemble each of the single sides of the triangular filaments in shape and 

measurement (Figure 4.3). This observation supports the idea that the triangular structure 

is a fortunate artifact of assembly of three functional sides. Moreover, the interaction 

between these sides stabilizes the complete oligomer and adds symmetry-related units 

that can be averaged for structure determination. We recently found that a structure-based 

mutant of Drp1, E116R, inhibited the trimeric assembly and formed only single-sided 

filaments when assembled with MiD49. Although shorter, these filaments were linear 
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(like those in Figure 4.3b), suggesting that the trimeric assembly interfaces helped to 

introduced stability in the oligomer but the linear assembly with MiD49 is not an artifact 

of these triangular contacts. 

The single side of our structure is a functional assembly because the interfaces 

within it (e.g., the DRR, Drp1S611, Drp1G362) have important functional correlates in vivo 

(Cereghetti et al., 2008; Losón et al., 2015; Vanstone et al., 2016). Moreover, it is this 

assembly that undergoes curling, giving rise to rings. This conformational plasticity has 

important consequences in the context of mitochondrial membranes. Multiple studies 

have reported that Drp1 may assemble on the outer mitochondrial membranes (OMM), 

but not all assemblies lead to fission (Ji et al. 2015). I propose that the linear 

intermediates containing MiD49 assemble on the OMM and these assemblies wait for 

specific signals, yet undiscovered, to convert from the linear to the ring state. The linear 

assemblies are Drp1-specific and comprise an important mechanistic difference between 

Drp1 and endocytic dynamins. Mitochondrial membranes are locally very flat surfaces 

and Drp1 may have evolved to form long, linear assemblies so that it can fully encircle 

mitochondria.  

5.4 How Do Mitochondria Divide? The Role of the Receptors 

and the Emerging Model 

The function of the receptor proteins in mitochondrial fission has been widely 

studied. Receptor colocalization with Drp1 suggests that the receptor proteins may 

comprise an integral component of the ultimate fission machine that divides 

mitochondrial membranes (Otera et al., 2010; Palmer et al., 2011). Alternatively, the role 
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of the receptors may simply be to recruit Drp1. Two observations support the latter 

model. First, the ring structure of Drp1 that we believe is capable of constricting 

mitochondria, revealed no density for MiD49 in our structural studies. Secondly, new 

roles have been proposed for the endocytic dynamin protein Dyn2 in catalyzing the final 

membrane scission step (Lee, Westrate, Wu, Page, & Voeltz, 2016). The latter 

observation suggests that the ultimate fission machinery for mitochondria is similar to the 

assembly that operates on endocytic necks. The job of the receptor may therefore simply 

be to increase the avidity of Drp1 binding to membranes, by increasing the Drp1 

concentration and enabling the formation of stable linear polymers. Upon specific signals 

that are yet to be discovered, the recruited Drp1 polymers could curl to constrict 

mitochondria and Dyn2 could then come in to catalyze the final cut. 

Taken together, my work has led to an emerging model for mitochondrial fission 

that comprises of 3 major steps (Figure 5.2). 1) MiD49 or another receptor recruits Drp1 

to the mitochondrial surface and forms linear co-assemblies on the mitochondrial outer 

membrane. 2) Drp1 hydrolyzes GTP and releases the receptor molecules, which diffuse 

into the nearby membrane space. Drp1 then binds another molecule of GTP, abundantly 

present in the cytosol, to undergo the nucleotide-induced conformational change again. 

This time, due of the absence of a receptor, the G-domain and BSE show a more 

pronounced downward movement relative to the stalk and the linear assembly curls into 

rings. The ring state constricts the mitochondria, but the mitochondria do not divide. 3) 

Finally, the endocytic dynamin Dyn2 finds a membrane constriction comparable to an 

endocytic neck, perfectly suited for it to bind and catalyze membrane fission. 
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Figure 5.2: A Hypothetical Model for Mitochondrial Fission Following Drp1 
Recruitment: Step1: Drp1 is recruited by a receptor protein, in this case MiD49. Step 2: 
After GTP hydrolysis and release of the receptor, Drp1 oligomers form rings that 
constrict mitochondria down to 16nm. Step 3: Dyn2 arrives and organizes into helical 
polymers that carry out assembly mediated hydrolysis of GTP. G-domains for Dyn2 that 
interact for this purpose shown in blue. Fission takes place and the fission machinery 
disperses. Dyn2 cartoon adapted from Kraus & Ryan 2017. 
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Some support for this model already exists. In our structures, Drp1 rings do not 

show any interaction between their G-domains. Consequently, the prevailing model that 

G-G interactions execute assembly-mediated hydrolysis of GTP and consequent

constriction cannot apply to these structures. The exception to this would be if two rings 

come together to organize the same G-G interaction and further studies will test this 

hypothesis. If we assume that no inter ring G-G interaction takes place, then Drp1 is 

actually a constrictase and not a fissionase. This may be why an endocytic dynamin is 

required to complete the fission reaction. Once recruited, Dyn2 may oligomerize in 

helical arrays that lead to the canonical G-G interaction and GTP hydrolysis, leading to 

further constriction and membrane fission. The structural details of this final step await a 

high-resolution, GTP-bound structure of Dyn2 on membranes.  

5.5 Posttranslational Modifications of Drp1 and Their Consequences on 

Mitochondrial Fission 

Posttranslational Modifications (PTMs) regulate protein activity in a context 

dependent fashion. Biochemical moieties are added on to proteins by specific enzymes, 

modulating their charge, stability or binding to partner proteins. Multiple PTMs are 

known to regulate the activity of Drp1 and consequently mitochondrial fission. In light of 

our new structure and the interfaces observed within it, some of these are discussed 

below. 

5.5.1 Phosphorylation. Phosphorylation of Drp1 at two key residues is known to 

regulate its activity. Protein kinase A (PKA) phosphorylates Drp1 at Serine 637 and this 

PTM inhibits Drp1 activity leading to mitochondrial elongation (Chang & Blackstone, 
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2007). It was also shown that a Drp1 phosphomimetic mutant, S637D, was cytosolic and 

defective for mitochondrial recruitment (Cereghetti et al., 2008). Exercise, b-adrenergic 

signaling, starvation and mTOR pathway inhibition are all known to cause S637 

phosphorylation of Drp1 (Gomes, Benedetto, & Scorrano, 2011; Rambold, Kostelecky, 

Elia, & Lippincott-Schwartz, 2011). During starvation, this PTM of Drp1 leads to 

elongated mitochondria. The consequence of this elongation is increased ATP production 

and prevention of phagocytosis of the organelle (Mishra & Chan, 2016). Phosphorylation 

of Drp1 at S637 is reversible. The phosphatases Calcinuerin and PP2A cause 

dephosphorylation of Drp1 at S637 and promote mitochondrial fission (Cereghetti et al., 

2008; Dickey & Strack, 2011). Calcineurin is activated by Ca2+ binding and is thus 

thought to regulate mitochondrial morphology in response to Ca2+ levels (Mishra & 

Chan, 2016).  

MAP-Kinase signaling pathway protein Erk 1 phosphorylates Drp1 at S616 

(Kashatus et al., 2015). This PTM is understood to enhance the fission activity of Drp1. 

In brown fat tissue, PKA has also been shown to phosphorylate Drp1 at S616 (Wikstrom 

et al., 2014). Since the MAP-Kinase machinery plays crucial roles in cancer progression, 

misregulation of Drp1 function via S616 phosphorylation may be linked to cancer 

(Mishra & Chan, 2016). Phosphorylation of Drp1 at S616 is carried out by multiple other 

kinases. The observation that this phosphorylation supports mitochondrial fission is also 

consistent across multiple organisms (Kar et al., 2017; Taguchi et al., 2007). Drp1 is not 

the only protein in the mitochondrial fission pathway that is regulated by 

phosphorylation. MFF undergoes phosphorylation by AMPK (AMP activated protein 

kinase) resulting in enhanced mitochondrial fission (Toyama et al., 2016).  
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How does phosphorylation control Drp1 activity? From our structure, some 

interesting observations can be made regarding one of these phosphorylation sites. Serine 

637 (S611 in isoform 2 used in Chapter 4) resides at the tip of the stalk region and is 

extremely close to a MiD49 molecule at the receptor interface 4 (Figure 4.1). We 

hypothesized that phosphorylation of Drp1 at S611 should inhibit the interaction of Drp1 

with MiD49. We now report that a phosphomimetic mutant of Drp1, S611D, has 

impaired interaction with MiD49 in our assembly assays (Figure 5.3). S616 (S590 in our 

isoform) lies more deeply within the B-insert region and phosphorylation of this residue 

may modulate Drp1 binding to the phospholipids of the OMM. This serine residue was 

not visible in our structure. 

5.5.2 S-nitrosylation: This PTM involves the addition of a nitroso (NO) group to 

a cysteine residue and is understood to be important for the regulation of redox reactions 

(Broillet, 1999). Drp1 is known to be S-nitrosylated during Alzheimer’s disease and 

Huntington’s disease (Cho et al., 2009; Haun et al., 2013). Reports suggest that S-

nitrosylation at C644 (C618 in isoform 2 used in our studies) promotes self-association of 

Drp1 and enhances its GTPase activity, which together promote mitochondrial 

fragmentation. Hyperfragmentation of mitochondria in the Alzheimer’s and Huntington’s 

diseases is then thought to contribute to neuronal damage (Cho et al., 2009; Haun et al., 

2013; Nakamura et al., 2010). C618 in our structure is close to the tip of the stalk near the 

receptor interaction interface-4. Any PTM in this region is likely to affect both Drp1-

Drp1 interactions and Drp1-MiD49 interactions. How S-nitrosylation at this residue 

enhances Drp1 self-association is an important question for future studies. 

5.5.3 Ubiquitylation. MARCH-V is a ubiquitin ligase that ubiquitylates both 
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Figure 5.3: Drp1S611D displays impaired interaction with MiD49: A) A view 
of the receptor interface 4 showing S611 (arrow) in stick model. Dashed lines 
represent the residues of the B-insert not modeled in the structure. Purple: Drp1 
stalk, Blue ribbon: MiD49126-454, Yellow: DRR of MiD49. B) Drp1 assemblies 
in isolation. C) Drp1 assemblies with MiD49126-454. D) Drp1S611D assemblies 
with MiD49126-454 look like Drp1 assemblies in isolation. Scale Bars: 50nm. 
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Drp1 and MiD49 (Karbowski et al., 2007; Nakamura et al., 2006; Xu et al., 2016; 

Yonashiro et al., 2006). Absence or mutation of the RING CH-V domain of MARCH-V 

is known to cause aberrant Drp1 localization on the mitochondria, suggesting that in 

cells, ubiquitylation could play important roles in Drp1 recruitment on to mitochondria 

(Karbowski et al., 2007). Further, MARCH-V-based ubiquitylation causes proteasomal 

degradation of MiD49 and promotes mitochondrial fragmentation (Xu et al., 2016). In the 

light of our structural model, this is an interesting observation. Our model of 

mitochondrial fission describes a second round of GTP binding by Drp1 after it is 

recruited initially in the GTP-bound form. This second round of GTP binding enables the 

formation of the constriction-capable rings of Drp1. However, for the rings to form, 

MiD49 has to get out of the way in order to cause a more prominent downward motion of 

the Drp1 G-BSE relative to the stalk (Figure 4.4). Ubiquitylation based degradation of 

MiD49 could serve as a mechanism that promotes MiD49 recycling, ensuring the 

progression from the string to the ring state for the polymers described in this 

dissertation. Future work will test these ideas.  

Drp1 is also ubiquitylated by the enzyme Parkin, and this modification is thought 

to have implications for apoptosis and Parkinson’s disease (Tang et al., 2016). 

Ubiquitylation is also known to regulate the mitochondrial fusion machinery suggesting 

that it is an important PTM for cellular and mitochondrial homeostasis (Park et al., 2010; 

Park et al., 2014; Park et al., 2012). 

5.5.4 Sumoylation.  Addition of SUMO variant 1 to Drp1 stabilizes the 

membrane associated Drp1 fractions during mitosis and apoptosis (Harder, Zunino, & 

McBride, 2004; Montessuit et al., 2010; Wasiak et al., 2007). For mitosis, stabilization of 
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membrane associated Drp1 and resulting division of mitochondria could be related to the 

faithful distribution of the mitochondria amongst daughter cells. In the case of apoptosis, 

Drp1 association with the OMM is linked to the formation of the pro-apoptotic Bax 

oligomers on the mitochondrial surface which subsequently leads to the release of 

cytochrome C and cell death (Montessuit et al., 2010; Wasiak et al., 2007). SUMOylation 

of Drp1 takes place in the B-insert region on lysines 594, 597, 606, and 608 (Figueroa-

Romero et al., 2009). SUMO variants 2 and 3 are also added to Drp1 in separate contexts 

and lead to a sequestering of Drp1 to the cytosol, preventing apoptosis via inhibition of 

Bax oligomer formation. Moreover, SUMOylation of Drp1 is reversible and 

deSUMOylation is catalyzed by enzymes such as SENP3 (Guo et al., 2013). 

How SUMOylation alters Drp1 activity is a focus of active research. Like other 

PTM’s, SUMOYlation may increase (in the case of SUMO 1 addition) or decrease (in the 

case of SUMO 2/3) membrane association given that the site of modification is the B-

insert that interacts with the outer mitochondrial membrane. For example, addition of 

SUMO 1 may stabilize linear Drp1 polymers on the mitochondrial membrane by 

increasing the association of Drp1 with the OMM or the receptors.  

5.6 Future Perspectives 

Our work spanning the diverse fields of molecular biology, biochemistry, electron 

microscopy, and image analysis has enabled us to look at dynamin family proteins in a 

new light. The conformational changes that we have observed in Drp1 will likely apply to 

many if not all dynamin family proteins that sever biological membranes. Future studies 

will focus on the interaction of Drp1 with other receptors and interacting partners. In 
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addition, building these fission machines on membranes that mimic cellular conditions 

remains an unmet challenge. These studies will reveal if and how Drp1 engages 

differently with other receptors. Collectively, all these efforts should help us build a 

detailed molecular understanding of how Drp1 and other dynamins function to bring 

about membrane fission.  

Our studies present a wonderful example of how simplified and reconstituted 

systems can yield high-resolution information that enables us to hypothesize phenomena 

in cellular contexts. Our results will help other investigators to design their own 

experiments on dynamin family proteins and other related systems. In addition, future 

structural studies on these or other protein complexes will focus on adding more 

components to get a better picture of how these assemblies form, move and how they are 

regulated. 

With improved microscopes and image analysis techniques, we are not far from a 

future where purified solutions in a test tube will yield detailed structural models with 

minimum effort. Until that time, studies that focus on minimal systems will continue to 

enhance our understanding of biological assemblies and protein-based machineries. 

Solving one piece of the puzzle at a time, we should aim to build a composite high 

resolution picture of every part of the cell. Collectively these efforts will enable us to 

know, predict and even utilize the structure-function knowledge for practical use. 
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