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Abstract 

Mitochondria are the energy factories of the cell. The dynamic nature of cells demands routine 

changes in mitochondrial morphology by fusion and division. The dynamin GTPase Drp1 is a 

central mitochondrial division protein, driving constriction of the outer mitochondrial membrane 

via oligomerization.  At least four regulatory factors control Drp1 activity on the outer 

mitochondrial membrane (OMM): 1) receptor proteins (Mff, MiD49, MiD51, and Fis1); 2) actin 

filaments; 3) the mitochondrial phospholipid cardiolipin (CL); and 4) Drp1 post-translational 

modifications, of which two phosphorylation sites (S579 and S600) are the most well studied. 

However, the molecular mechanism of how these factors work together in Drp1 activation is 

unknown.  

 

In this thesis, I take biochemical and cellular approaches to understand how these regulatory factors 

work individually and together, showing that: 

1) Mff oligomerizes in both solution and cells in a concentration-dependent manner through 

its C-terminal coiled-coil. The dynamic oligomerization of Mff is crucial for activating 

Drp1. In the solution, oligomerization-defective Mff fails to activate Drp1 and loses its 

capacity to recruit Drp1 in U2OS cells. Biochemically, actin filaments work synergistically 

with Mff to enhance Drp1 activity by reducing the effective concentration of Mff. 

2) The activation of MiD49 and MiD51 occurs through long-chain acyl coenzyme A 

(LCACA), leading to their oligomerization and subsequent activation of DRP1 GTPase 

activity. A point mutation in the LCACA binding pocket diminishes LCACA binding, 

resulting in reduced MiD51 oligomerization and impaired Drp1 activation both in solution 

and HeLa cells. Finally, MiD49 or MiD51 oligomers collaborate with Mff, rather than actin 

filaments, in DRP1 activation. 

3) Phosphorylation at S579 and S600 sites maintain basal GTPase activity, but eliminate 

GTPase stimulation by actin and decrease GTPase stimulation by cardiolipin, Mff, and 

MiD49. The oligomerization state of both phospho-mimetic mutants is shifted toward 

smaller oligomers.    

 

Taken together, I propose that mitochondrial division is a multifaceted process involving various 

factors, and the synergy of these factors may serve distinct purposes for specific mitochondrial 

division events. 
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1.1 Mitochondrion: a dynamic organelle 

 

Mitochondria are known as the powerhouse of the cell: using fuel sources (pyruvate, fatty acids, or 

amino acids) and oxygen to produce energy-rich ATP.  However, mitochondria have many other 

functions outside of ATP production, such as calcium storage, reactive oxygen species (ROS) 

dynamics, and cellular homeostasis control1.  In addition, mitochondria can have cell type-specific 

functions, such as steroid hormone synthesis or heat production2. 

 

Consistent with the theory of natural selection proposed by Darwin, mitochondrial genomes and 

proteomes differ substantially across eukaryotes and in differing environments3. For example, in 

eukaryotes adapted to a low-oxygen environment, mitochondrial number is drastically reduced and 

functionally altered4. The number of mitochondria in a cell is closely related to the need for 

mitochondrial activity. In humans, for example, a normal sperm cell has fewer than 100 

mitochondria, a liver cell can contain 1000 to 2000 mitochondria, while a human heart muscle cell 

has 5000 to 8000 mitochondria5,6. Despite this diversity, all mitochondria are thought to derive 

from an evolutionary process named as endosymbiosis: integration of an alpha proteobacterium 

into a host cell7. Indeed, since Lynn Margulis proposed this idea at 19678, accumulating 

phylogenetic analyses has confirmed that mitochondrial provenance is remarkably distinct from 

their “host” eukaryotic lineage9,10. 

 

During evolution from an endo-symbiotic organism to a fully integrated organelle, mitochondria 

have adapted to their hosts while maintaining their structure and function.   Mitochondria consist 

of a double-membrane structure. The mitochondrial outer membrane (OMM) separates the 

intermembrane space (IMS) from the cytosol (Figure 1-1A). The OMM is quite porous to small 

molecules (largely through the low-selectivity VDAC protein) but mediates protein import through 

the transporter of the outer membrane (TOM) complex. Compared with the OMM, the inner 

mitochondrial membrane (IMM), flanked by the IMS and the mitochondrial matrix, is tighter and 

has stricter control over the flow of metabolites. The IMM is highly folded to form numerous 

tubular invaginations called cristae.  Electron transport chain (ETC) complexes and ATP synthase 

enriched in cristae, with the cristae lumen being a region of low pH due to ETC-mediated proton 

transport. The inner mitochondrial compartment is the matrix, which is filled with molecules 

required for macromolecule synthesis, as well as the enzymes of the Krebs cycle (also known as 

the citric acid cycle or tricarboxylic acid cycle).  Also within the matrix is mitochondrial DNA 

(mtDNA), a circular genome which is compacted into a spherical structure approximately 100 nm 
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in diameter. In humans the mitochondrial genome is 16.6 kilo-bases and includes 37 genes:  13 

protein-coding (all coding for subunits of ETC complexes or ATP synthase), 22 tRNA-coding, and 

2 rRNA-coding11.  Mitochondrially-encoded proteins are transcribed and translated in the matrix.  

However, more than 1000 nuclear-encoded proteins are imported, thus mitochondria cannot be 

synthesized de novo12. 

 

Early observations of mitochondria relied on thin-section transmission electron microscopy (EM). 

Although this technique provides high-resolution of mitochondrial sub-compartments, the thin 

sectioning (<100 nm thick) causes longer mitochondria to appear as several shorter mitochondria, 

which is why mitochondria are often depicted in the form of pills in textbooks (Figure 1-1B). 3D-

reconstitution from EM micrographs13 (Figure 1-1C) and light microscopy (Figurer 1-1D) make 

clear that there is extensive variation in the length and morphology of mitochondria, as well as the 

potential for mitochondrial branching13 (Figure 1-1C, D). In cultured cells, peripheral and 

perinuclear mitochondria can appear morphologically different, with perinuclear mitochondria 

having larger diameters14,15 (Figure 1-1D).  

 

In mammals, differences in mitochondrial morphology are not only influenced by cell type, gender, 

and age, but also can be influenced by week-to-week variation of mitochondrial activities16. A 

prerequisite for mitochondria to respond to this variation is the ability to undergo acute 

mitochondrial fusion and division (Figure 1-1E). These two opposing processes are often referred 

to as mitochondrial dynamics17. The balance between mitochondrial division and fusion regulates 

mitochondrial number, size and positioning within the cell. Defects in mitochondrial dynamics link 

to several neurological diseases18,19.  

 

 

1.1.1 Why are mitochondria dynamic? 

 

There is not one reason why mitochondria undergo dynamics.  Both division and fusion can be 

triggered by a variety of situations.  Indeed, one of the goals of my thesis has been to transition the 

thinking in mitochondrial dynamics away from a focus on a single mechanism and towards context-

specific mechanisms for division.  Here, I describe the reasons for which mitochondria divide and 

fuse. 

 

1.1.1.1 Mitochondrial division 
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Mitochondrial division, also known as mitochondrial fission, refers to the process by which a single 

mitochondrion divides into two separate mitochondria. There are several reasons why 

mitochondrial division is necessary (Figure 1-2A).  

 

Firstly, mitochondrial division is important for proper mitochondrial distribution. Most 

mitochondria have multiple genomes, with a typical culture cell containing hundreds of 

mitochondrial genomes20,21. In dividing cells, mitochondrial division ensures that each daughter 

cell receives an appropriate number of genome-containing mitochondria22,23. Even in non-dividing 

cells, mitochondrial division allows for efficient movement and distribution within the cells, which 

is especially important for polarized cells like neurons. Neurons consist of a cell body (soma), a 

long axon and multiple branched dendrites. Although axons and dendrites have high demands for 

ATP, it is thought that most new mitochondria are generated in the soma24. Thus, neurons require 

efficient transportation of mitochondria to meet ATP demands along the length of these long 

structures (up to 1,000,000 microns in length). Mitochondrial division creates smaller mitochondria 

which are more efficiently transported.  In cultured hippocampal neurons, defects in mitochondrial 

division results in the accumulation of elongated mitochondria in the soma and reduced dendritic 

mitochondrial numbers, suggesting that highly interconnected mitochondria may not be able to be 

efficiently transported to distal neuronal processes25. Mitochondrial division also is important for 

maintaining the content of mitochondria near neuromuscular junctions26. 

 

Second, mitochondrial division plays a crucial role in the removal of defective mitochondrial from 

the cell. Mitochondria are susceptible to damage from various factors, such as oxidative stress or 

mutations to the mitochondrial genome. Mitochondrial damage is often accompanied by 

mitochondrial depolarization (loss of the ETC-created proton gradient). The process of removal of 

unhealthy mitochondria is known as mitophagy27, and proper compartmentalization of damaged 

mitochondrial segments, followed by mitochondrial division of those unhealthy segments, is an 

important precursor to mitophagy. Inhibition of mitochondrial division leads to the aggregation of 

oxidized mitochondrial proteins and reduces the efficiency of oxidative phosphorylation28. Division 

at the ends of mitochondria enables damaged material to be shed into smaller mitochondria destined 

for mitophagy, which suggests a distinct division signature for mitochondrial degradation28,29.  

 

Third, some components of the mitochondrial division machinery are also involved in apoptosis, 

or programmed cell death. Activation of caspase proteases is a key step in apoptosis30. Cytochrome 

c and other pro-apoptotic proteins resides in the IMS of healthy mitochondria. When the apoptotic 
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program is initiated, cytochrome c is released from mitochondria to activate caspase 9 in the 

cytoplasm31,32. The release of cytochrome c has been shown to depend on mitochondrial division 

proteins such as Drp130, although actual division does not necessarily occur in this process. 

Inhibition of mitochondrial division proteins delays the release of cytochrome c, caspase activation, 

and cell death33,34.  

 

Fourth, mitochondrial division is associated with cell metabolism, although the mechanisms by 

which this occurs are not fully understood. One observation is that mitochondrial division might be 

associated with lower mitochondrial ATP generation, in the following manner.  Dimerization of 

the ATP synthase is known to increase its activity35. Thus, regulation of the distance between 

individual ATP synthases alters ATP production efficiency. Fragmentation of mitochondria 

decreases mitochondrial cristae number in some cases, which is associated with lower levels of the 

ATP synthase dimer and thus lower ATP synthesis activity35. In contrast to this association of 

mitochondrial division with lower mitochondrial activity, a recent study shows that mitochondrial 

division can be associated with higher mitochondrial oxidative activity in specific circumstances.  

In particular, nutrient excess (like high level of fat or glucose), obesity or type 2 diabetes are 

commonly accompanied by mitochondrial division in cells like brown adipocytes, pancreatic beta 

cells, and certain cancers36–40.  A very recent study shows that the mitochondrial division that takes 

place in response to fatty acid exposure is necessary for increased mitochondrial fatty acid 

oxidation, probably by activating mitochondrial fatty acid import38.  This finding provides 

interesting potential significance for my work in Chapter III. 

 

A last function of the mitochondrial division machinery is the production of small mitochondrial 

fragments called mitochondrially-derived vesicles (MDVs) in mammals41 or mitochondrially-

derived compartments (MDCs) in yeast42. MDVs and MDCs have diameters of 70-150nm and are 

often found around mitochondria41,43,44. Current information suggests that MDVs and MDCs have 

similar features, but it is unclear if they represent similar functional structures.   

 

One function of MDVs appears to be transport of small amounts of mitochondrial components to 

lysosomes or peroxisomes for clearance and degradation45. As such, MDVs may represent a less 

all-or-nothing mechanism than mitophagy to maintain mitochondrial homeostasis.  MDVs can 

contain OMM only or both OMM and IMM and, in the latter case, the MDV can maintain IMM 

polarity.  The final step of MDV/MDC formation uses mitochondrial division proteins, including 

Drp1 and its receptors Mff, MiD49, and MiD5146,47.  
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1.1.1.2 Mitochondrial fusion 

Mitochondrial fusion is the process by which two or more mitochondria fuse to form a single, 

interconnected mitochondrion. As a complement of division, mitochondrial fusion is equally 

critical to cellular and organismal physiology48,49. 

 

As with division, mitochondrial fusion serves several purposes.  One function of mitochondrial 

fusion is the exchange of substances between mitochondria. As mentioned earlier, most 

mitochondrial components are encoded by the nuclear genome, so that mitochondrial proteins must 

be imported. Such a process tends to lead to uneven distribution of the proteome in individual 

mitochondria. Fusion solves this problem by allowing rapid exchange and redistribution of 

mitochondrial proteins. Matrix proteins re-distribute quickly after fusion50,51. In addition to 

exchange of proteins, mitochondrial fusion also ensures efficient distribution of mtDNA, ions, 

lipids, and other metabolites52–54. 

 

Mitochondrial fusion can also serve to distribute harmful substances between healthy mitochondria 

and dysfunctional mitochondria, buffering the degree of toxicity and facilitating the recovery of 

damaged mitochondria54.  

 

Another role of mitochondrial fusion is to protect mitochondria from phagophore engulfment. 

Elongated mitochondria are spared from autophagic degradation. Under nutrient starvation, 

mitochondria become significantly elongated and interconnected55.  

 

Finally, it is believed that elongated mitochondria increase cristae number in the IMM, which 

enhances ATP synthase activity35, This potential connection between mitochondrial shape and 

bioenergetics, however, remains controversial54. 

 

1.1.1.3 Balancing division and fusion 

To respond to different physiological conditions, mitochondria must alter fusion and division rates. 

Loss of mitochondrial fusion or division can lead to detrimental effects on mitochondrial function56–

59. Interestingly, cells are healthier when both fusion and division are inhibited, as opposed to 

inhibition of division or fusion alone, suggesting that the balance of the two processes is at least as 

important as the individual process54.   
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One form of balance in mitochondrial dynamics is ‘Kiss-and-Run’, in which fusion and division 

occur in rapid succession, preserving the original mitochondrial morphology28,50. During this short 

process, mitochondria can exchange soluble IMS and matrix proteins. Mitochondrial kiss-and-run 

is reported to play important roles in the regulation of mitochondrial membrane potential, 

mitophagy and autophagy. 

 

Overall, the delicate regulation of mitochondrial fusion and division is essential for maintaining a 

healthy mitochondrial network and cellular function. My thesis focuses on mitochondrial division, 

so I will only discuss this process in detail. 

 

1.1.2 The difficulty in elucidating mechanisms of mitochondrial division. 

 

Mitochondrial division can be simply understood as the division of one mitochondrion into two, 

but even this seemingly simple process has been the subject of a wide range of proposed 

mechanisms, especially in mammalian cells. My opinion is that several issues underly our 

incomplete understanding of mitochondrial division: 

1) Technical issues with quantifying mitochondrial division.  There are multiple factors that 

complicate the quantitative assessment of mitochondrial division: 

a. Mitochondria often overlap in space when observed by even the highest resolution 

fluorescence microscopy, making it difficult to determine whether one is observing 

a single large/branched mitochondrion or several overlapping/independent 

mitochondria.  This is especially problematic in the ‘‘peri-nuclear’ region of the 

cell, where mitochondria are often enriched.   

b. The potential for mitochondrial heterogeneity.  It is clear that distinct 

mitochondrial populations can exist in the same cell14, meaning that picking a 

‘region of interest’ (ROI) in a cell for quantification might not provide the whole 

story. 

c. The use of mitochondrial matrix markers (MitoTracker or the majority of 

transfected mitochondrial markers) provides a measure of IMM dynamics but not 

complete mitochondrial division.  It is clear that IMM dynamics can take place in 

the absence of complete OMM division60. 

d. Fixed-cell assays rely on the assumption that the only reason that mitochondria 

become small/rounded is because they divided.  We feel that this assumption has 
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led to the widely-held belief that mitochondrial depolarization (through treatment 

with CCCP or FCCP) leads to mitochondrial ‘fragmentation’61–63.  A number 

studies that have carefully observed the process find that mitochondria appear 

shorter because they ‘circularize’ through IMM remodeling, without division13,64,65.  

We have also observed this circularization, which requires the IMM protein Oma1 

but does not require Drp166,67.  While mitochondrial division may increase at later 

time points after depolarization, it does not appear to be stimulated in the short-

term (< 30 min). 

e. Live-cell assays suffer from low throughput and problematic analytical techniques.  

Essentially, it is difficult to train a program to differentiate between division and 

just changes in mitochondrial overlap (see the first issue above). 

f. Traditional thin section transmission electron microscopy suffers from the thinness 

of the section, making it, in my opinion, the worst technique for assessing 

mitochondrial division.  This problem can be circumvented by electron 

tomography, but this technique requires additional equipment/expertise, and 

reduces throughput. 

2) As described above, mitochondria divide for a variety of reasons.  This heterogeneity in 

division stimuli almost certainly results in differences in division machinery.  A recent 

study defined two types of mitochondrial division, midzone and peripheral division, which 

have substantially different properties29 (Figure 1-2B). Midzone division is a hallmark of 

healthy mitochondrial division. By contrast, peripheral division occurs when the tip of the 

organelle lacks membrane potential, indicating unhealthy mitochondria. Indeed, the 

authors report that cellular stress increases peripheral division, while midzone division 

increased after stimulation of cell proliferation.  Some of the components of the division 

machinery differ between midzone and peripheral division.  I feel that this publication 

represents the tip of the iceberg, and that there are likely multiple variations on a common 

theme of mitochondrial division, with all using a common protein, Drp1. 

 

 

I will now discuss the known molecular players in mitochondrial division, sometimes known as the 

‘divisome’68.  
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1.2 Mitochondrial divisome 

 

The seemingly simple process of mitochondrial division actually requires precise control of a 

number of proteins, lipids, and even other organelles. These factors must work in sequence to 

conduct a series of synergistic actions. During these actions, two membranes must undergo division 

without leakage of components, which could trigger apoptosis (see earlier discussion).  I start with 

detailed discussion of a central factor, Drp1. 

 

1.2.1 The dynamin-like GTPase Drp1 

 

The master regulator of mitochondrial division is the dynamin-related protein 1 Drp1 (called Dnm1 

in budding yeast). Drp1 is a cytoplasmic protein which can be recruited to the OMM by ‘receptor’ 

proteins. In the cytoplasm, Drp1 exists in multiple oligomeric states, with the fundamental subunit 

being a dimer69,70. Drp1 oligomerizes extensively on the OMM to form a ring-like structure, in a 

process we refer to as oligomeric maturation71. Upon GTP hydrolysis, the Drp1 ring constricts, 

leading to mitochondrial division (Figure 1-3A). Drp1 is not only essential for mitochondrial 

division, but also mediates peroxisome division72. Drp1 knockout or expression of dominant-

negative mutants leads to elongated mitochondrial morphology, and Drp1-null mice die after 

embryonic day 12.5 as a result of brain hypoplasia with apoptosis73–76. 

 

1.2.1.1 Drp1 structure  

Drp1 is a highly conserved protein throughout eukaryotes, including animals, plants, fungi, and 

protists74,77–79. Four years after its initial discovery in budding yeast80, three research groups 

simultaneously reported a role in mitochondrial division in yeast and mammals78,81,82.  

 

Drp1 has a typical dynamin superfamily architecture comprised of three distinct structural domains: 

GTPase domain, the bundle signaling elements (BSE), and the stalk region70 (Figure 1-3B). The 

GTPase domain is responsible for nucleotide binding and hydrolysis. Adjacent to the G domain, 

the BSE plays a role to transmit conformational changes from the GTPase domain to the stalk 

domain. The stalk domain is essential for Drp1 dimer formation.  While other cytoplasmic 

dynamins (dynamin 1 and 2) contain a phospholipid-binding pleckstrin homology (PH) domain, 

Drp1 has an unstructured ‘variable domain’ (VD) in this region (Figure 1-3B). Even though the 

VD lacks a bona fide lipid binding domain, it is important for membrane interaction70,83.  The stalk 

domain links the BSE domain to the VD.   
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Crystallographic and EM structural studies show that the basic functional unit of Drp1 is a dimer70. 

Drp1 dimerization is mediated through interface 2 located in the stalk domain. Subsequent dimers 

incorporate into large oligomers through interfaces 1 and 3 (Figure 1-3B-D). The Drp1 crystal 

structure reveals a fourth interface resides at the stalk domain, opposite of interface 2, allowing 

Drp1 to form a two-star helix with stacking interactions between strands. In the presence of GTP, 

Drp1 presents an additional interaction between adjacent GTPase domains, which is important for 

GTPase activity84. 

 

In humans, Drp1 is encoded by the DNM1L gene (chromosome 12) and contains 21 exons. 

Alternative splicing of three of these exons gives rise to nine possible isoforms85,86 (Figure 1-3E). 

It is reported that Drp1 isoforms are functionally distinct and can have profound impacts on the 

cellular function of Drp185,87–89. For example, certain Drp1 isoforms are associated with 

microtubules in HeLa cells85. However, how different Drp1 isoforms interact with other molecules, 

such as Drp1 receptors, remains unclear.  In addition, the exact number of alternately spliced 

exons/isoforms is still unclear because Drp1 from mouse has been reported to have four alternately-

spliced exons and 10 isoforms90. 

 

1.2.1.2 Oligomerization  

In cells, Drp1 appears as ‘puncta’ of varying size, overlaying a uniform cytoplasmic background 

(Figure 1-4A).  These puncta likely represent oligomers in varying stages of assembly. Almost all 

of these puncta appear associated with membranes, with 63-70% on mitochondria, ~15% on 

peroxisomes, and ~15% on endoplasmic reticulum71,91.  In the cytoplasm, Drp1 appears to be in 

equilibrium between dimers and tetramers92. Purified Drp1 exists in multiple oligomeric states in 

the nucleotide-free state, and oligomer size increases with Drp1 concentration in the micro-molar 

range69.  In the presence of GTP, purified Drp1 self-assembles into rings composed of 13-18 

monomers, and has an outer and inner ring diameter of ~30 nm and ~20 nm, respectively. This 

Drp1 ring can tubulate isolated mitochondria or model membranes93–98, and can even cause 

membrane division96. Assembly of large Drp1 oligomers from smaller assemblies can also be 

observed in live cells71,91 (Figure 1-4B).  Several factors besides GTP have been shown to influence 

Drp1 oligomerization, including ionic strength, anionic lipids69,70,99–101. My work also shows the 

oligomerization of Drp1 receptors is able to shift Drp1 towards oligomer assembly. 
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Drp1 oligomerization is important for efficient GTP hydrolysis.  Neither Drp1 monomers nor 

dimers show high GTPase activity under stimulation84. In addition, the interaction between two 

Drp1 dimers via GTPase domain also play an essential role for Drp1 activity stimulation. Mutations 

of Gln34, Ser35, and Asp190 in the interface of dimerization of the GTPase domain led to a loss 

of the lipid-stimulated GTPase activity84, suggesting the interaction of two GTPase domain 

contributes to the high-level GTPase activity in Drp1 oligomerization processes. 

 

1.2.1.3 Special role of the Variable Domain  

In contrast to the rest of the protein, the variable domain (VD, also called B-insert)87,102,103, displays 

high sequence variability across species and is structurally not resolved in the current structures70,97.  

Also, two of the alternately spliced exons are in the VD, adding to its variability.  However, the 

VD contains a conserved cassette of four lysines that is present in all splice variants. Mutating these 

lysines to alanines results in dimeric Drp1 that is unable to further oligomerize, suggesting an 

essential role of the VD in Drp1 oligomerization70. In addition, the VD harbors two phosphorylation 

sites and eight SUMOylation sites which have been implicated in Drp1 regulation104–108. 

 

Interestingly, expression of Drp1 lacking the VD (Drp1∆VD) causes mitochondrial fragmentation 

in HeLa cells, which is consistent with biochemical data showing that Drp1∆VD is more prone 

towards oligomer formation in solution85,109,110. These results suggest that the VD suppresses Drp1 

activation. However, similar to the PH domain in dynamin 1 or 2, VD binding to membranes 

containing cardiolipin results in Drp1 activation87. A recent study shows that cardiolipin/VD 

interaction may screen repulsive Arg-Arg forces to allow intermolecular VD-VD interaction on the 

membrane111. Another group shows that the VD undergoes a disorder-to-ordered structural 

transition to penetrate the membrane bilayer when it binds cardiolipin112.  Together, these results 

suggest that the VD is a key region for Drp1 regulation. 

 

1.2.2 Drp1 receptors 

 

During Drp1-mediated mitochondrial division, one of the important steps is the recruitment of 

cytosolic Drp1 to the OMM. Four OMM proteins have been identified as Drp1 receptors in 

mammals:  Mff, MiD49, MiD51, and Fis1. 

 

1.2.2.1 Mitochondrial fission factor (Mff) 
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Mitochondrial Fission Factor (Mff) is a tail anchored membrane protein only found in metazoans, 

with the majority of the protein facing the cytoplasm and only two C-terminal amino acids in the 

IMS (Figure 1-5A, B).  In addition to mitochondria, Mff is found on peroxisomes113  and ER71. 

Mff was first identified as a factor affecting mitochondrial and peroxisomal morphology in a 

genetic screen using siRNA in Drosophila S2 cells113,114. Loss of Mff leads to Drp1 recruitment 

defects and elongation of mitochondria and peroxisomes, similar to Drp1 depletion113,115,116. In 

contrast, Mff overexpression leads to fragmentation of mitochondria and peroxisomes, suggesting 

an important role of Mff in division115.  

 

Mammalian Mff can exist as nine distinct alternately spliced variants113. All Mff isoforms contain 

the following sequence regions:  two short repeat motifs near the N-terminus, a coiled-coil domain 

(CC) and a transmembrane domain (TM). The two short repeat motifs are required for recruiting 

Drp1110,115. The highly conserved CC region (100% amino acid identity over a wide range of 

metazoans) consists of three heptads (21 residues). Mff appears as puncta on the OMM (Figure 1-

5C), suggesting Mff may form oligomers (Figure 1-5C). Two phosphorylation sites immediately 

N-terminal to the CC have been associated with increased mitochondrial division, and can be 

phosphorylated by adenosine monophosphate (AMP)-activated protein kinase (AMPK), suggesting 

a possible role of Mff in energy-sensing117.  Chapter II of my thesis examines the significance of 

Mff oligomerization through the CC. 

 

Although the role for Mff in Drp1 recruitment has been clearly shown in cells, the mechanism by 

which Mff-Drp1 interaction causes Drp1 activation remains unclear.  In biochemical assays, 

multiple studies have shown that the cytoplasmic region of Mff alone either stimulates Drp1 weakly 

or not at all91,101,109,118. Two studies show that Mff cannot bind and activate Drp1 unless the Drp1 

variable domain (VD), which inhibits Drp1, is removed109,110. How the inhibitory effects of the VD 

are overcome in vivo is unknown. In cells, Drp1 does not coimmunoprecipitate with Mff unless 

chemical cross-linking is employed prior to lysis, suggesting that the interaction is relatively low 

affinity after cell extraction109,113,115,119. Chapter II of my thesis addresses some of these issues. 

 

1.2.2.2 Mitochondrial dynamics protein of 49 kDa /51 kDa (MiD49/MiD51) 

MiD49 and MiD51 (also called MIEF2 and MIEF1, respectively) are single-pass membrane 

proteins, with a short N-terminal region reaching into the IMS120,121 (Figure 1-5A, B). Knock-down 

or knock-out of MiD49 and MiD51 causes mitochondrial elongation, although the extent of the 

effect is variable between studies and there are differing reports of the redundancy between MiD49 
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and 51116,122. Unlike Mff and Fis1, MiD49/51 are only found on mitochondria (not 

peroxisomes)120,121.  Similar to Mff, both MiD49 MiD51 form puncta on mitochondria (Figure 1-

5C), suggesting that oligomerization might occur51,120,121,123 . Interestingly, the purified cytoplasmic 

regions of either MiD49 or MiD51 behave as monomers and cannot stimulate Drp1 activity, 

suggesting that oligomerization may be regulated124–126. Another interesting characteristic of 

MiD49/51 is that over-expression of either protein causes extensive DRP1 recruitment to 

mitochondria and leads to mitochondrial elongation120,121, suggesting that the mechanisms by which 

these two Drp1 receptors influence mitochondrial division might be more complex than simply 

bringing Drp1 to the OMM. 

 

Both MiD49 and MiD51 assume structures similar to nucleotide transferase (NTase) proteins, 

which bind nucleotides124–126. MiD51 binds adenine diphosphate (ADP) and guanosine diphosphate 

(GDP), while MiD49 displays no binding to these nucleotides126. Interestingly, MiD51 still recruits 

Drp1 in the absence of nucleotide binding, but does not activate Drp1 significantly124,125. In Chapter 

III, I show that both MiD49 and MiD51 bind long chain fatty acyl-CoA, which induces MiD 

oligomerization, in turn activating Drp1 GTPase activity. 

 

1.2.2.3 Mitochondrial fission protein 1 (Fis1) 

Mitochondrial fission protein 1 (Fis1) is a tail-anchored protein found on peroxisomes and 

mitochondria, exposing a 15 kDa region to the cytoplasm (Figure 1-5A, B). Unlike the other Drp1 

receptors discussed above, Fis1 is broadly expressed in eukaryotes, including in yeast.  Also, Fis1 

is more homogenously distributed on mitochondria than the other receptors127 (Figure 1-5C).  

Detailed characterization of Fis1 has been conducted in budding yeast, where it was initially 

discovered by complementation screens designed to identify genes that could regulate 

mitochondrial morphology78,128.  The loss of Fis1 in yeast induces defects in mitochondrial Dnm1 

recruitment and contributes to failed division129. Drp1 binding by Fis1 requires an adaptor protein, 

either Mdv1 or Caf4130–133. 

 

The role of Fis1 in mammalian mitochondrial division is more controversial.  Discovered shortly 

after the discovery of Fis1 in yeast, initial reports were that mammalian Fis1 participated in 

mitochondrial division34,88,134–136. Several later studies, however, found that ablation of Fis1 did not 

elongate mitochondria as expected115,116,122,137,138.  Similarly, the role of Fis1 in peroxisome division 

has been controversial115,139,140.  In addition, no obvious Mdv1/Caf4 homologs are present in 

mammals and there is no clear evidence showing that Fis1 directly interacts with Drp1120.  These 
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conflict observations suggest that Fis1 might not be involved in mammalian mitochondrial division, 

or may be involved in a specific type of division event, perhaps one that is stress-induced. 

Corresponding to this idea, a recent study shows that Fis1 regulates peripheral mitochondrial 

division, which is related to lysosomal-related mitochondrial degradation29,141.  

 

Despite the controversial role in mitochondrial division, Fis1 has been found to interact with other 

proteins to regulate several cellular processes. 1) It was reported that Fis1 inhibits mitochondrial 

fusion by interacting with mitochondrial fusion protein Opa1 and Mfn1/2 and inhibiting their 

GTPase activities142. 2) Fis1 also plays a role in in mitophagy by recruiting TBC1D15 and 

TBC1D17 to constrain autophagosome formation. In addition, Fis1 also interacts with Syntaxin 17 

to delay mitophagy during acute cellular stress88,137,143.  3) Fis1 overexpression leads to the 

clustering of mitochondria at perinuclear region and to induce ER calcium release134,136. In sum, the 

direct role of Fis1 in mammalian mitochondrial division is still unclear.  

 

1.2.3 Drp1 regulatory mechanisms 

 

Besides Drp1 receptors on the OMM, several other mechanisms for Drp1 regulation have been 

demonstrated, as discussed below. 

 

1.2.3.1 Drp1 phosphorylation 

Protein phosphorylation/dephosphorylation is a common regulatory mechanism that involves the 

post-translational addition or removal of a phosphate moiety to serine, threonine, or tyrosine 

residues, performed by enzymes called kinases/phosphatases. Drp1 phosphorylation is thought to 

play important regulatory roles in mitochondrial division.  There are, however, some confusing 

aspects to the existing literature, as discussed below. 

 

Drp1 can be phosphorylated at multiple sites, with two phosphorylation sites in the variable domain 

being the best studied: S579105 and S600104,106 (Figure 1-6A)(amino acid positions given for Drp1 

isoform 3, see Figure 1-6B for the corresponding positions in all Drp1 isoforms). Although several 

tyrosines (Y266, Y368, Y449) have been reported to be phosphorylated by c-Abl kinase in an 

activating manner144, these sites have not been widely reported and are therefore not discussed 

further here. 
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Drp1 S579 was first discovered to be phosphorylated by the cyclin dependent kinase 1 (Cdk1/cyclin 

B)105, but subsequent studies have shown that this site can also be phosphorylated by the 

extracellular signal-regulated kinases (ERK1/2)145–147, protein kinase C δ (PKCδ)148, Rho-

associated protein kinase (ROCK)149, Ca2+/calmodulin-dependent protein kinase II (CaMKII)150,151  

and Cdk585,152. Recently, this site was also found to be a substrate of PINK1, suggesting a novel 

mechanism of mitochondrial division independent of parkin and autophagy153. The phosphatase 

mediating S579 dephosphorylation is not well studied, although dual-specificity phosphatase 6 

(DUSP6) might play this role154.   Drp1 S600 is phosphorylated by cyclic AMP (cAMP)-dependent 

protein kinase A (PKA)104,106, ROCK1155, Ca2+/calmodulin-dependent protein kinase Iα 

(CaMKIα)156, adenosine monophosphate (AMP)–activated protein kinase (AMPK)157  and protein 

kinase D (PKD)158, and can be dephosphorylated by protein phosphatase 2A (PP2A), calcineurin, 

and phosphoglycerate mutase 5 (PGAM5)106,159–161.  

 

Due to the close structural proximity between S579 and S600, there may be crosstalk between the 

two phosphorylation sites. Although a recent study has shown that Drp1 phosphorylation at S600 

promotes  phosphorylation at the S579 site, with phosphorylation of both sites being required for 

maximal mitochondrial fragmentation162, other studies have reported that increasing 

phosphorylation of S579 site either does not change the phosphorylation of S600 site or 

corresponds to a reduction of P-S600150,152,154,163,164. These conflict results might suggest that the 

phosphorylation of these two sites is controlled by different mechanisms in different cell lines. 

 

An accepted view in the field is that S579 phosphorylation increases Drp1-mediated mitochondrial 

division, while S600 phosphorylation decreases division (Figure 1-6C).   For S579, this association 

is uniformly supported in the literature, with phosphorylation of S579 is associated with increased 

mitochondrial division in many cellular circumstances85,105,145–150,153. In contrast, the function of 

S600 phosphorylation on Drp1 activity remains controversial. While PKA has been shown to 

phosphorylate S600 and hamper mitochondrial division104,106,157,159, phosphorylation by other 

kinases (CaMKIα-, ROCK1-, PKD-associated) leads to the opposite effect: fragmented 

mitochondria155,156,158. These results suggest that additional factors might be involved in this 

regulation under physiological conditions.  

 

Apart from the observations of phosphorylation effects in cells, detailed studies of phosphorylation 

effects on Drp1 properties have not been conducted.  Theoretically, phosphorylation may influence 
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three aspects of Drp1 function: 1) translocation from the cytosol to the outer mitochondrial 

membrane; 2) interaction with Drp1 receptors; 3) Drp1 self-oligomerization and GTPase activity.  

 

1) Drp1 translocation 

The VD domain of Drp1 is reported to regulate the interaction between Drp1 and the 

mitochondrial lipid cardiolipin112, thus PTMs in this region might influence binding of Drp1 to 

OMM. Consistent with view, phosphorylation of S579 unvaryingly promotes the recruitment 

of Drp1 to mitochondria regardless of upstream kinase doing the phosphorylation105,148–150.  

There is, however, seemingly contradictory data on the functional consequences of Drp1 

phosphorylation at S600.  Whereas several studies report that phosphorylation of Drp1 at S600 

site by PKA decreases mitochondrial Drp1 recruitment106,159,165, other studies demonstrate that 

phosphorylation of the same site by other kinases have the opposite effect155,156. Interestingly, 

another publication reports that S600 phosphorylation is not a determinant controlling 

mitochondrial Drp1 recruitment166.  

 

2) Interaction with Drp1 receptors 

Another possibility is that phosphorylation of Drp1 regulates mitochondrial division through 

regulating its interaction with receptors. Research in this area is mainly conducted through the 

co-immunoprecipitation or interactions between purified proteins. In vitro, while purified 

S579D phosphomimetic mutant does not display increased binding to Mff110, purified S600D 

decreases the Drp1-Mff interaction.  This finding is consistent with co-IP results from HEK293 

cells, which show that the association of Mff with the phosphomimetic Drp1-S600D is reduced 

compared with Drp1-WT and Drp1-S600A116,166.  There are less reports regarding the effects 

of S579 phosphorylation on MiD49/51 interaction, with most studies examining the S600 site. 

One study shows that the phosphomimetic mutant S600D binds better to MiD49 and MiD51, 

and overexpression of MiD49 or MiD51 in turn increases the phosphorylation level of Drp1 at 

the S600 site116.  Another study, however, suggests that S600D fails to co-assemble with 

MiD4997.  

 

3) Drp1 self-oligomerization and GTPase activity. 

How phosphorylation regulates Drp1 oligomerization and GTPase activity has not been studied 

in any detail. My work shows that phosphorylation of either site reduces Drp1 oligomerization 

and decreases the stimulatory effects on GTPase activity for all Drp1 activators tested. These 

findings will be discussed in Chapter IV. 
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1.2.3.2 Actin filaments 

Actin has a wide range of functions in eukaryotic cell, including around mitochondria17,167. The 

interaction between actin and dynamin proteins is well known168–170.  Drp1 has also been shown to 

be able to directly interact with actin, with regulatory consequences for mitochondrial division, as 

described below. 

 

Pioneering work from the Higgs laboratory showed evidence for the Drp1/actin filament interaction 

during mitochondrial division91,171.  In these studies, an ER-bound splice variant of the formin INF2 

nucleates a network of actin filaments (Figure 1-7A). This actin polymerization is also referred as 

calcium-induced actin (CIA), because a transient increase in cytosolic calcium activates 

INF260,91,172,173. Biochemically, Drp1 can directly bind and bundle actin filaments, and actin 

filaments have a 4-fold stimulatory on Drp1 activity69,91.  INF2 depletion decreases 

mitochondrially-associated Drp1 and inhibits mitochondrial division69,91,171(Figure 1-7B). Besides 

INF2, other actin-binding proteins also play roles in this division process, such as SPIRE1C and 

myosin II14,174 (Figure 1-7A).  How these factors work together is still unclear. A recent review 

provides some insights on this process17.  

 

One important question specifically draws our attention: once Drp1 is recruited by actin filaments, 

how does it transfer to the OMM to directly drive mitochondrial division? I found evidence that 

actin-recruited DRP1 oligomers might be passed to Mff. These findings will be discussed in 

Chapter II. 

 

1.2.3.3 Phospholipids:  Cardiolipin  and phosphatidic acid  

Phospholipids are fundamental building blocks of mitochondrial membranes. There is some 

evidence that the predominately mitochondrial lipid cardiolipin (CL) is involved in mitochondrial 

division. Although CL is more enriched on the IMM (~25 mol%) than on the OMM (<10 mol%), 

local OMM CL content can approach to 25 mol % at IMM-OMM contact sites under certain 

conditions175–180. In the IMM, CL is synthesized from phosphatidic acid (PA). In contrast, in the 

OMM, CL can be converted back to PA by mitochondria-localized phospholipase D (MitoPLD)181. 

The balance between PA and CL appears to have an effect on mitochondrial division181 (Figure 1-

7C).  
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CL is thought to contribute to mitochondrial division in several ways (Figure 1-7D): 

1) Membrane Curvature:  

CL affects membrane curvature due to its unique shape, charge and properties182–184. Using 

supported lipid membrane tube assays, it was shown Drp1 displays an intrinsic preference for 

binding CL-containing membranes of high curvature, and could readily sever lipid tubes of 

diameters up to 400 nm96. 

 

2) Drp1 localization and stabilization 

Studies using purified Drp1 have shown that Drp1 interacts directly with CL70,87,99,185. A recent 

study shows that Drp1 VD is necessary and sufficient for specific CL interactions in vitro, with 

the VD undergoing a disordered-to-ordered structural transition upon binding CL-containing 

membranes112. This stabilization is also shown to be involved in VD-dependent Drp1 

oligomerization and phase separation111. 

 

3) Regulation of Drp1 GTPase activity 

GTPase activity is essential for Drp1 function in membrane constriction and mitochondrial 

division. CL potently stimulates Drp1 GTPase activity87,99,185. However, a critical amount of 

CL is necessary for stimulation. Liposomes containing 10 mol % CL have no effect on Drp1 

activity, while maximal stimulation is achieved at 25 mol %87. The extent to which CL can 

stimulate GTP hydrolysis could be isoform dependent, with Drp1 isoform 3 shows highest 

stimulation and Drp1 isoform 6 being stimulated to a lower level87.  

 

As mentioned previously, PA and CL can be inter-converted, and this inter-conversion might 

regulate mitochondrial division through altering Drp1 GTPase activity. Overexpression of 

MitoPLD converts CL to PA, leading to the accumulation of Drp1 oligomers on mitochondria 

without productive division. Although PA is able to interact with Drp1, it has been proposed 

that PA blocks the GTPase activity of Drp1 after oligomerization186. Thus, regulation CL level 

by MitoPLD might regulate mitochondrial dynamics. 

 

Overall, these results suggest that CL and PA could play roles in Drp1 recruitment and 

mitochondrial division. However, questions regarding how CL synergizes with other Drp1 

regulatory factors is still unclear. 

 

1.2.3.4 Mitochondrial division-related organelles 
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Mitochondria communicate extensively with other organelles, including ER, lysosomes, and Trans-

Golgi network (TGN)-derived vesicles. The interaction between mitochondria with these 

organelles during mitochondrial division has recently been studied.  

 

1) ER 

ER-mitochondria contact sites (ERMCs) serve many purposes, including mitochondrial 

division187. Actin polymerization might play a key role in ERMC-mediated mitochondrial 

division, with two important proteins being the ER-bound formin INF2 and the OMM-bound 

protein Spire1C, which facilitate assembly of actin filaments for Drp1 recruitment91,171,174.  

ERMCs also facilitate calcium transfer from ER to mitochondria, triggering mitochondrial 

IMM division prior to OMM division60,188.  ERMCs are also associated with division of the 

mitochondrial genome, which often precedes mitochondrial division189. 

 

2) Lysosomes 

Mitochondria can also associate with lysosomes during mitochondrial division190, with 

mitochondria-lysosome contact sites marking mitochondrial division sites141. Release of the 

contact, a process required for mitochondrial division, occurs following Rab7 GTP hydrolysis, 

mediated by Fis1-dependent recruitment of TBC1D15 to mitochondria141.  

 

3) Trans-Golgi network (TGN) vesicles 

Another interaction regulating mitochondrial division is the contact between mitochondria and 

TGN vesicles. At the Golgi apparatus, the GTP-bound form of Arf1 regulates the formation of 

TGN-derived vesicles by recruiting the PI4P kinase to form PI4P191. Mechanistically, it has 

been shown that PI4P is required downstream of Drp1 recruitment to mediate a late step in 

mitochondrial division. The TGN vesicles carry PI4P to mitochondria-ER-lysosome contact 

sites. Suppression of either Arf1 or phosphatidylinositol 4-kinase IIIβ (PI4KIIIβ) leads to 

mitochondrial elongation192–194. 

 

Although all of these organelles appear to play roles in mitochondrial division, it is unclear how 

these roles relate to the other regulatory roles discussed above.   

 

1.3 Crosstalk in mitochondrial divisome 
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In general, the ‘crosstalk’ between any two regulatory mechanisms in mitochondrial division is 

poorly understood.  Do each of these represent independent means of regulating division, or do 

they work together in a single, unified mechanism?  My feeling is that the truth is somewhere 

between these two possibilities, with some regulatory mechanisms working together whereas others 

regulating division in response to distinct stimuli. 

 

1.3.1 Drp1 receptors 

 

As described earlier, four Drp1 receptors Mff, MiD49, MiD51, and Fis1 are expressed in mammals, 

often simultaneously in the same cell. Among these receptors, Mff, MiD49 and MiD51 are able to 

independently interact with and recruit Drp1 to the OMM.  This seems to imply a redundant mode 

of action for the Drp1 receptors in mammals, but this redundancy might be explained by two 

possible mechanisms: 

1) Cooperative effects of receptors on Drp1 

It was reported that 90-98% of MiD51 is found in foci with a partner protein:  MiD49, Mff or 

Drp1195. Another report shows that MiD49/51 might facilitate the binding of Mff to Drp1 by 

serving as a molecular adapter in a trimeric Drp1-MiD49/51-Mff complex at the OMM196–198. 

Taken together, these studies suggest that MiD49/51 might act together with Mff in the same 

division event. In my work, I have found that MiD49/51 oligomers synergized with Mff to 

stimulate Drp1 activity, be discussed in Chapter III. 

 

2) Roles for Drp1 receptors in distinct fission events 

Another possibility for the existence of multiple receptors is that each receptor might be 

regulated by different signals and thereby control distinct mitochondrial division events.  

 

As mentioned earlier, a recent study identified two types of mitochondrial division: midzone 

and peripheral division29. Although both types of division are mediated by Drp1, Mff and actin 

polymerization appear to be important only in midzone division. Interestingly, Fis1 was shown 

to play a role in peripheral division.  MiD49/51 were not examined in this study.  

 

My recent work has revealed that long-chain acyl coenzyme A (LCACA) is an activator of 

MiD49 and MiD51, inducing their oligomerization and activating Drp1 activity. These results 

suggest that MiD49 and MiD51 might function in a pathway that mediates mitochondrial fatty 
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acid oxidation, although it is not clear whether they are the only Drp1 receptors involved in 

this pathway. I will discuss the details in Chapter III. 

 

1.3.2 Interaction between the two Drp1 phosphorylation sites 

 

As mentioned above, Drp1 can be phosphorylated at two phosphorylation sites: S579 and S600. 

The effects of phosphorylation on each site have been widely discussed. However, studies 

regarding combined effects on these two sites is limited. Two studies generated mutants of Drp1 

mimicking constitutive phosphorylation (S→D/E) or dephosphorylation (S→A) on the two Drp1 

phosphorylation sites and studied the combo effects in either HeLa cells or in mice159,162. In Hela 

cells, the S579A/S600A mutant fragmented mitochondria, while S579D/S600D elongated 

mitochondria, suggesting that S600 site is the dominant site regulating mitochondrial 

morphology159. Consistent with this observation, Drp1 phosphorylation at S600 acts as an upstream 

event for S579 phosphorylation in mouse cells and tissues, leading to mitochondrial 

fragmentation162. Although these two studies have investigated the combo effects in two different 

models, the mechanism of how the combo phosphorylation of Drp1 directly influences its activity 

is still unknown. In my work, I have examined the combo effects biochemically, and discuss my 

findings in Chapter IV. 

 

1.4 Other questions concerning mitochondrial division 

 

1.4.1 Is Drp1-mediated constriction the final event in division? 

 

Although the ability of Drp1 to constrict OMM is well described, its capacity to mediate full 

division (including the final scission step) has frequently been questioned. Some studies propose 

that Drp1 does not sever but rather constricts the OMM, based on three observations: 1) 

recombinant Drp1 leads to liposome tubulation but not to their scission93; 2) in the presence of GTP, 

the diameter of Dnm1-lipid tubes is ~ 50-60 nm95, indicating Drp1 does not have the dynamic range 

to complete membrane division per se; 3) depletion of the ubiquitously-expressed classical 

dynamin 2  causes mitochondrial “super-constrictions” but not full division, suggesting dynamin 2 

is required for the final step of mitochondrial division199. 

 

A recent study puts forward a different view, showing that Drp1 is sufficient to cause mitochondrial 

division and dynamin 2 is dispensable for peroxisomal and mitochondrial division96. Division 
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events were observed in mouse embryonic fibroblasts lacking Dnm1, 2 and 3. In addition, using 

reconstitution experiments on pre-formed membrane tubes, the authors show that Drp1 alone both 

constricts and severs membrane tubes. Indeed, another study has revealed that Drp1 is able to form 

rings with an inner diameter of 16 nm, which should constrict the underlying tube to a lumen size 

of 6 nm97. This extreme constriction is enough to cause mitochondrial division200. However, other 

studies suggest that trans-Golgi network (TGN)-derived vesicles are involved in the last step of 

mitochondrial division194.  Thus, there is still no clear answer regarding whether Drp1-mediated 

constriction is the final event in mitochondrial division.  

 

1.4.2 What factors play a role in IMM division? 

 

It has been an open question whether both OMM and IMM are divided simultaneously, or whether 

additional proteins exist to support inner membrane division. Recent studies suggest the division 

of IMM involves machinery different from OMM division.  

 

The first clue is from the observation that mitochondria undergo pre-constriction at ERMC prior to 

Drp1 recruitment60,188,201. It was found that increased mitochondrial calcium is necessary for pre-

constriction60,188, and that actin and myosin II involve in in stimulating the calcium transfer14,202,203.  

 

A second clue is the identification of a new role for Atg44 in mitochondrial division. Atg44 (also 

known as Mdi1 or mitofissin) is a small protein of 73 amino acids, located in the IMS. Deletion of 

Atg44 in Saccharomyces cerevisiae or Schizosaccharomyces pombe leads to net-like mitochondria, 

resembling Dnm1 mutants68,204. In yeast, Atg44 assembles into punctate structures that frequently 

co-localize with Dnm1, indicating the linkage between OMM and IMM division. Based on 

structure analysis and in vitro biochemical evidence, Atg44 could interact with lipid membrane and 

preferentially binds to sites with high positive curvature, with the ability to affect division of lipid 

nanotubes205. In addition, overexpression of Atg44 induces mitochondrial fragmentation in Dnm1-

deficient cells. These data suggests that Atg44 activity does not require Dnm1, and is able to trigger 

Drp1-indepenent mitochondrial division205. While these findings are suggestive that Atg44 might 

play a role in IMM division, more work will be required to test this hypothesis.  In addition, finding 

the metazoan homologue of Atg44 is essential for identification of a similar mechanism in human 

cells.  
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1.5 Concluding comments 

 

Elucidating the mechanism of mitochondrial division is complicated by numerous regulators, 

participation in multiple processes, and overlapping functions in space and time. In my opinion, 

there are certainly more regulation mechanisms in mitochondrial division than those reported here. 

In this thesis, I will describe my efforts to further our understanding of three different topics in 

mammalian mitochondrial division.   
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Figures 
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Figure 1-1: Mitochondrial structure and dynamics. 

A) Mitochondrial structure. The double-membrane structure, outer mitochondrial membrane 

(OMM) and inner mitochondrial membrane (IMM) results in two aqueous compartments: 

the inter-membrane space (IMS) and matrix. The IMM is segregated into the cristae 

membrane and inner-boundary membrane. The four complexes of the electron transport 

chain enrich on the side of the cristae, whereas ATP synthase enriches at the cristae tip. 

Nucleoid, containing compacted mitochondrial DNA, might attach to the cristae side.  

B) The distorted view of mitochondria, from thin section electron microscopy. A long 

mitochondrion was cross-sectioned during thin sectioning, resulting in an image of a 

circular mitochondrion13.  

C) Different morphologies of mitochondria. The shape of the mitochondria was categorized 

into seven groups, with adjacent images showing solid and translucent views of the surface 

rendering to observe invaginations. Figure is modified from13. Scale bar, 1 µm.  

D) Immunofluorescence of U2OS cell mitochondria, two boxes highlight the difference 

between peri-nuclear and peripheral mitochondria.  

E) Mitochondrial dynamics. Mitochondria undergo fusion and division. Small mitochondria 

fuse into large mitochondria, while long mitochondria divide into small mitochondria. 

Mitochondrial dynamics are essential for biogenesis, mitophagy and other cellular process. 
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Figure 1-2: Cellular and physiological importance of the mitochondrial division.  

A) Mitochondrial division alters the global mitochondrial network and affects a variety of 

cellular processes.  

B) Two pathways for mitochondrial division.  Midzone division is associated with 

mitochondrial division during cell growth. Peripheral division is associated with damaged 

mitochondria. Figure is adapted from206. 
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Figure 1-3: Drp1 structure and role in mitochondrial division.  

A) Model for assembly of division-productive Drp1 on mitochondria. Step1: Recruitment. 

Drp1 exists as multiple oligomeric species in the cytosol and can be recruited to the 

mitochondrial OMM. Step2: Maturation. Mitochondrially-bound Drp1 oligomers grow 

through incorporation of other mitochondrially-bound oligomers, progressively encircling 

the OMM in the process.  Step3: Activation of Drp1 ring. Upon GTP hydrolysis, Drp1 

changes and constricts its conformation and constrict mitochondria OMM at mitochondrial 

division site. Step 4: mitochondrial division. Drp1 synergizes with several mitochondrial 

division factors to drive mitochondrial division.  

B) Schematic of Drp1 binding interface. Structural model of Drp1 dimer from (PDB ID: 

4BEJ)207. Four major interfaces were identified based on the crystal structure of Drp1 fit 

into the cryo-electron microscopy structure of Dnm1 assembled on a lipid tube. Interface 

1 is on the upper left side of Drp1 dimer and interacts with another interface1, while 

interface 3 binds to another interface 3 in the same way. Drp1 monomers interact with each 

other by the interface 2 on the stalk domain. On the lipid membrane, two Drp1 dimers 

interacts parallelly by interface 4 on the stalk domain. 

C) 3D structure of Drp1 associated with a phosphatidylserine (PS) lipid template207.The 

tertiary structure (PDB ID: 4BEJ) of Drp1 highlights conserved domains: G domain (green), 

middle domain (blue), variable domain (orange) and GTPase effector domain (GED, blue). 

The four interfaces are highlighted by red. 

D) Table of the nine human Drp1 isoforms listed in Uniprot, following isoform designation 

given by86 and binary nomenclature used by85.  Binary nomenclature based on presence (1) 

or absence (0) of the three alternatively spliced inserts, with ‘x’ denoting a variation of the 

indicated site (described in 86).  

 



 29 

 
Figure 1-4: Drp1 distribution and maturation. 

A) Drp1 exists in multiple oligomeric species in U2OS cells. Images of GFP-Drp1-KI U2OS 

cells reveal that Drp1 (green) is a cytosolic protein (upper panel). The processed image 

(lower panel) demonstrates that Drp1 has the ability to oligomerize, forming puncta of 

different sizes, with some Drp1 puncta overlapping with mitochondria (red) 71. 

B) Super-resolution Airyscan live-cell images showing Drp1 maturation (yellow 

arrowheads)71.  
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Figure 1-5: Drp1 receptors in mammalian cells. 

A) Bar diagrams of Mff, MiD49, MiD51 and Fis1. Mff contains three regions: two repeats at 

the N-terminus (where Drp1 binds), a coiled-coiled region and a C-terminus 

transmembrane domain. MiD49 and MiD51 have similar structure, both contains a N-

terminus transmembrane domain, followed by a disordered domain (DR) and a NTase-like 

(Nucleosidase-like) domain. 

B) Schematic of Drp1 receptors. Mff and Fis1 insert into OMM by N-terminus transmembrane 

domain, while MiD49 and MiD51 by C-terminus transmembrane domain. 

C) Subcellular distribution of Drp1 in mammalian cells. Images of Fis1 is adapted from127.  
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Figure 1-6: Drp1 phosphorylation sites.  

A) Domain organization of Drp1 isoform 3 (also called Drp1-000):  GTPase domain (green), 

Bundle Signaling Element (BSE, red), stalk (blue), Variable Domain (VD, black, also 

called the B-insert in some publications). Blue and red stars indicate phosphorylation sites 

S579 (site 1) and S600 (site 2), respectively. Black arrows indicate locations of the three 

alternatively spliced inserts.  

B) Structural model of Drp1 dimer (PDB 4BEJ) showing positions of phosphorylation sites 

S579 (blue star) and S600 (red star) on one subunit (color coded similar to panel A).  

Dashed loops for Variable Domain denote that this was not resolved in PDB 4BEJ.   

C) Table listing positions of the phosphorylation sites corresponding to S579 (Site 1) and S600 

(Site 2) in this paper for the nine human Drp1 isoforms listed in UniProt, following isoform 

designation given by86 and binary nomenclature used by 85.  Binary nomenclature based on 

presence (1) or absence (0) of the three alternatively spliced inserts, with ‘x’ denoting a 

variation of the indicated site86. 

D) Classical view of phosphorylation at S579 site by CDK1/ERK2 activates Drp1, S600 site 

by PKA inhibits Drp1 activity, while contradicting results show that phosphorylation at 

S600 site activates Drp1 and stimulates mitochondrial division. 
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Figure 1-7: Other factors involved in mitochondrial division.  

A) Model for actin involvement at mitochondrial division. Actin polymerized by ER-bound 

INF2 leads to enhanced ER-mitochondrial contact in a myosin II-dependent manner. 

Enhanced ER-mitochondria contact allows more efficient calcium transfer from ER to 

mitochondria, leading to pre-constriction of both in IMM and OMM17.  

B) Drp1 recruitment to mitochondria by actin filaments. INF2 KD reduces Drp1 recruitment 

and mitochondrial elongation (upper panel), the lower panel shows that purified Drp1 

(green) direct interacts with actin filaments (red) by TIRF microscopy69. 

C) Regulation of mitochondrial division by phosphatidic acid and cardiolipin. Cardiolipin 

synthesized in the IMM is transported to the OMM where it interacts directly with Drp1 

through its variable domain. At the OMM, cardiolipin can be transformed back into 

phosphatidic acid by the mitochondrial OMM-localized enzyme, phospholipase D 

(MitoPLD). Phosphatidic acid inhibits Drp1-oligomerization-induced GTP hydrolysis, 

although it does not prevent Drp1 from forming its classic ring structure around the 

mitochondria. 

D) Representative fluorescence micrographs of supported membrane nanotubes (SMrT) 

containing 30 mol% CL (top) and 10 mol% DGS-NTA (Ni2 +) (bottom) imaged before and 

after addition of Drp1 with GTP. Fission is seen as severing of the nanotubes. Images are 

inverted in contrast and scale bars = 10 μm. Figure is adapted from208. 
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2.1 Abstract 

 

Mitochondrial division is an important cellular process in both normal and pathological conditions.  

The dynamin GTPase Drp1 is a central mitochondrial division protein, driving constriction of the 

outer mitochondrial membrane.  In mammals, the outer mitochondrial membrane protein Mff is a 

key receptor for recruiting Drp1 from the cytosol to the mitochondrion.  Actin filaments are also 

important in Drp1 recruitment and activation.  The manner in which Mff and actin work together 

in Drp1 activation is unknown.  Here, we show that Mff is an oligomer (most likely a trimer) that 

dynamically associates and disassociates through its C-terminal coiled-coil, with a Kd in the range 

of 10 µM.  Dynamic Mff oligomerization is required for Drp1 activation.  While not binding Mff 

directly, actin filaments enhance Mff-mediated Drp1 activation by lowering the effective Mff 

concentration 10-fold.  Total internal reflection microscopy assays using purified proteins show 

that Mff interacts with Drp1 on actin filaments in a manner dependent on Mff oligomerization.  In 

U2OS cells, oligomerization-defective Mff does not effectively rescue three defects in Mff knock-

out cells:  mitochondrial division, mitochondrial Drp1 recruitment, and peroxisome division.  The 

ability of Mff to assemble into puncta on mitochondria depends on its oligomerization, as well as 

on actin filaments and Drp1.   
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2.2 Introduction 

 

Mitochondrial division is important for mitochondrial stress response, correct mitochondrial 

distribution in polarized cells, and mitochondrial partitioning during cell division 22,201,209–211.  

Defects in mitochondrial division lead to a number of diseases, particularly in the nervous system 
212–214.  A key player in mitochondrial division is the dynamin family GTPase Drp1, which is 

recruited from the cytosol to the outer mitochondrial membrane (OMM), where it oligomerizes and 

hydrolyzes GTP to constrict the OMM en route to division 98.  Whole-body deletion of Drp1 is 

lethal in mice 76, with tissue-specific deletions causing major defects 75.  Mutations in Drp1 are 

linked with severe neurological and other conditions in humans 215–217.  

 

Mitochondrial recruitment of Drp1 relies on Drp1 ‘receptor’ proteins on the OMM 211,218. Budding 

yeast uses the OMM protein Fis1p, which binds the dimeric cytosolic protein Mdv1p to recruit 

Drp1130,185,219.  Mammals do not use this mechanism, but have several OMM proteins that can act 

as Drp1 receptors.  One such receptor is the tail-anchored protein Mff (mitochondrial fission factor).  

Knock-down or knock-out of Mff results in a dramatic decrease in mitochondrial division in 

multiple cell types, and an almost complete absence of punctate Drp1 accumulation on 

mitochondria, indicative of Drp1 oligomerization 71,113,115,116,122. Patients with Mff deficiency 

display developmental and neurological abnormalities 220,221.  Two other proteins, MiD49 and 

MiD51 (also called MIEF2 and MIEF1, respectively) can also act as Drp1 receptors 97,120,121,124.  

However, the effects of Mff depletion on mitochondrial division are generally greater 115,116. In 

addition, Mff is the sole receptor required for Drp1-mediated peroxisomal division, suggesting its 

central importance in Drp1 recruitment 71,113.   

 

The mechanisms by which Mff activates Drp1, however, are unclear.  In biochemical assays, 

multiple studies have shown that the cytoplasmic region of Mff alone either stimulates Drp1 weakly 

or not at all 91,101,109,118.  Two studies show that Mff is insufficient to bind and activate Drp1 unless 

an inhibitory region of Drp1, the variable domain (VD), is removed 109,222.  How the inhibitory 

effects of the VD are overcome in vivo is unknown.  In cells, Drp1 does not co-immunoprecipitate 

with Mff unless chemical crosslinking is employed prior to lysis, suggesting that the interaction is 

relatively low-affinity 109,113,115,119.   

 

Another area of uncertainty is Mff’s oligomeric state.  While several studies show that Mff 

oligomerizes through its coiled-coil region, the nature of this oligomer is unclear, with one report 
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suggesting a tetramer and another report suggesting a dimer 101,109.  In addition, a cellular study 

shows evidence that mutation of the coiled-coil region has minimal effect on Mff’s cellular function 
115.   

 

These results suggest that other factors must be present to assist Mff, and there has been evidence 

for multiple such factors.  Phosphorylation of both Drp1 and Mff modulate mitochondrial division, 

with Drp1 subjected to both activating and inhibitory phosphorylation while Mff phosphorylation 

is activating 104,106,117. Drp1 is subject to a number of other post-translational modifications that 

modulate mitochondrial division 107,223–226.  Phospholipids also influence Drp1 activity, with 

phosphatidic acid being inhibitory and cardiolipin activating 99,186,227. Finally, interaction between 

mitochondria and endoplasmic reticulum (ER) stimulates mitochondrial Drp1 recruitment 71,228. 

 

We have shown that the mechanism for ER-mediated stimulation may be through actin 

polymerization, through the ER-bound formin INF2-CAAX 171.  Inhibition of INF2, or of actin 

polymerization in general, inhibits Drp1 puncta assembly in cells 91,171.  INF2 activation increases 

mitochondrial Drp1 puncta accumulation 91, and this effect requires Mff 71.  Drp1 binds directly to 

actin filaments, and actin binding increases Drp1 GTPase activity 6-fold 69,91.  These results suggest 

that INF2-mediated actin polymerization on ER stimulates Drp1 oligomerization, and that actin 

polymerization works with Mff in this process.  One possibility is that actin binding might enhance 

the relatively weak interaction between Mff and full-length Drp1, to drive Drp1 oligomerization 

forward. 

 

We show here that a key element of Mff’s ability to activate Drp1 is its own oligomerization, which 

is of low affinity.  Actin filaments increase Mff-mediated Drp1 activation by reducing the Mff 

concentration needed for activation.  This effect of actin requires Mff oligomerization.  Mff 

oligomerization is needed in cells for Drp1 recruitment and mitochondrial division.  These results 

provide a mechanistic explanation for actin’s role in Drp1 activation. 
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2.3 Results 

 

2.3.1 Mff stimulates Drp1 activity and oligomerization in a concentration-dependent 

manner. 

 

Previous studies have shown that the cytosolic region of Mff has modest effects on Drp1 GTPase 

activity 91,101,109,118. We re-examined these properties, using the cytoplasmic region of human Mff 

isoform 4 (also called 0000) as a C-terminally 6His-tagged construct expressed in E. coli and 

purified the protein to apparent homogeneity (Mff-∆TM) (Figure 2-1A, B).  We then tested the 

effect of Mff-∆TM on Drp1 GTPase activity, using full-length Drp1 000 (containing none of the 

alternative splice inserts) expressed and purified as previously described 69.   

 

At 100 µM, Mff-∆TM stimulates Drp1 GTPase activity 10-fold (Figure 2-1C), from a baseline of 

1.55 ± 0.05 µM/min/µM to 15.53 ± 1.04 µM/min/µM.  We then assessed the concentration 

dependence of this stimulation.  Mff-∆TM stimulates Drp1 GTPase activity poorly at low 

concentrations similar to those tested previously, and has an EC50 of 19.7 µM (Figure 2-1D).   

 

We also examined the ability of Mff-∆TM to mediate Drp1 oligomerization, as assessed by high-

speed pelleting assay. In the presence of 1mM GTP, only a small fraction of Drp1 pellets at 1.3 

µM.  Increasing concentrations of Mff-∆TM result in increasing amounts of both Drp1 and Mff in 

the pellet, with Mff concentrations > 10 µM necessary for observable effects (Figure 2-1E, F).   

 

These results show that Mff engages in low-avidity interaction with Drp1, resulting in activation 

of its GTPase activity and oligomerization.  The low binding and activation of Drp1 observed in 

previous assays is likely due to the low concentrations of both proteins used in these assays. 

 

2.3.2 Mff undergoes reversible oligomerization, dependent on the coiled-coil region 

 

We next asked why such a high concentration of Mff-∆TM is needed to stimulate Drp1 activity.  

One possibility is that Mff oligomerization is necessary for Drp1 binding, and that this 

oligomerization is of relatively low affinity.  Mff has been reported to be an oligomer 101,109 through 

a coiled-coil (CC) region at the C-terminus of the cytoplasmic segment.  However, the nature of 

the oligomer is unclear, being reported as a dimer in one study 101 and a tetramer in another study 
109.  To resolve this discrepancy, we analyzed the CC in detail.  
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The CC region consists of three heptads (21 residues) N-terminal to the transmembrane (TM) 

domain (Figure 2-1A).  The amino acid sequence conservation of the CC is impressive, with 100% 

sequence identity over a broad range of vertebrates (Figure S2-1A), suggesting functional 

relevance. Analysis by LOGICOIL 229 predicts that the CC is likely trimeric, followed by parallel 

dimeric, anti-parallel dimeric, and tetrameric in order of likelihood (Figure S2-1B).  

 

We produced two constructs postulated to disrupt Mff oligomerization (Figure S2-1A):  1) a 

construct lacking the CC and helical region (Mff-∆CC), and 2) a construct in which we mutated 

the d positions of two of the three predicted heptad repeats in the CC (Mff-L2P, Figure S2-1C) 230.  

We then compared the hydrodynamic properties of these constructs with those of Mff-∆TM.  By 

velocity analytical ultracentrifugation (vAUC), 100 µM of Mff-∆TM has a sedimentation 

coefficient of 2.7 (Figure 2-2A), with a resulting calculated mass of 65.6 kDa (Figure S2-2A).  In 

contrast, Mff-∆CC and Mff-L2P sediment at 1.2 and 1.4 S respectively (Figure 2-2A), with 

calculated masses of 21.8 and 25.5 kDa respectively (Figure S2-2A, Table S2-1).  The formula-

calculated masses of these constructs are 23.6, 19.7, and 23.5 kDa respectively.  Conducting vAUC 

at a higher Mff-∆TM concentration (250 µM) produces similar results (3.0 S, 60.2 kDa, Figure 2-

2A, Figure S2-2A, Table S2-1).  These results suggest that Mff-∆TM is a trimer, whereas Mff-

∆CC and Mff-L2P are monomers.   

 

We examined the concentration dependence of Mff-∆TM oligomerization using size exclusion 

chromatography (SEC).  At 100 and 600 µM, Mff-∆TM elutes in an early fraction, but lower 

concentrations elute progressively later (Figure 2-2B). Plotting the calculated Stokes radii versus 

concentration results in an apparent half-maximal concentration for the change in Stokes radius of 

4.8 µM (Figure 2-2C).  In contrast, 100 µM of both Mff-∆CC and Mff-L2P elute considerably 

later than Mff-∆TM (Figure 2-2D), and do not vary as a function of concentration (Figure 2-2C).   

 

To determine whether the CC region is sufficient for oligomerization, we examined a fusion protein 

of the Mff CC on the C-terminus of GFP (GFP-CC), as well as the L2P mutant of this construct 

(GFP-L2P, Figure 2-3A).  By vAUC, GFP-CC at 250 µM sediments primarily as a 4.9 S particle, 

corresponding to a mass of 100.3 kDa (Figure 2-3B, Figure S2-2B, Table S2-1), whereas the 

calculated monomer mass is 34.8 kDa.  In contrast, GFP-L2P sediments at 2.7 S, corresponding to 

a mass of 29.3 kDa (Figure 2-3B, Figure S2-2B, Table S2-1). By SEC, a dilution series of GFP-

CC results in steadily decreasing Stokes radii, with a half-maximal concentration of 15 µM, while 
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GFP-L2P displays similar Stokes radii at low and high concentrations (Figure 2-3C-E).  GFP-CC 

itself has no ability to stimulate Drp1 GTPase activity (Figure S2-2C) or to cause the pelleting of 

Drp1 (Figure S2-2D), showing that the Mff-CC alone is not capable of Drp1 activation.  

 

These results suggest that the cytoplasmic portion of Mff is oligomeric, and that its oligomerization 

is in dynamic equilibrium in the range of 5-15 µM in solution.  The oligomer is most likely a trimer, 

although definitive resolution awaits structural analysis (see Discussion). Oligomerization is 

mediated by the coiled-coil region.   

 

2.3.3 Mff oligomerization is necessary for productive Drp1 interaction 

 

We next tested the effect of Mff oligomerization on its ability to influence Drp1, using Mff-∆CC 

or Mff-L2P as non-oligomeric constructs.  In GTPase assays, neither Mff-∆CC nor Mff-L2P 

increases Drp1 GTPase activity at any concentration tested, in contrast to the effect of Mff-∆TM 

(Figure 2-1D). In Drp1 pelleting assays, these monomeric mutants do not cause an increase in Drp1 

pelleting in the presence of GTP (Figure 2-1E, F).   

 

We also used total internal reflection fluorescence (TIRF) microscopy to assess the binding of Mff 

to Drp1 oligomers. In the presence of the nonhydrolyzable GTP analogue GMPPCP, Cy5-labeled 

Drp1 appears as heterogeneous punctae (Figure 2-4A), representing oligomeric rings 101. 

Introduction of fluorescein-labeled Mff-∆TM causes fluorescein accumulation on Drp1 puncta 

(Figure 2-4A, B). Significant fluorescein label remains on the puncta after washout, suggesting 

stable binding between Mff-∆TM and Drp1. In contrast, Mff-L2P displays 5-fold less binding than 

Mff-∆TM and is removed after wash (Figure 2-4A, B). 

 

These results suggest that Mff oligomerization is required for productive Drp1/Mff interaction, 

stimulating Drp1 GTP hydrolysis.  The fact that oligomerization-competent Mff persists on Drp1 

oligomers after wash-out of free Mff suggests that Drp1 binding stabilizes the Mff oligomerization 

interaction. 

 

 

2.3.4 Actin filaments synergize with oligomeric Mff to stimulate Drp1 activity 
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We have previously shown that actin filaments stimulate Drp1 GTPase activity in a bi-phasic 

manner, with maximal stimulation occurring at 0.5 µM actin and then descending back to the level 

of Drp1 alone at higher actin concentrations 69.  Here, we examined the combined effects of Mff-

∆TM and actin on Drp1 GTPase activity.  Either actin or Mff-∆TM alone stimulate Drp1, but a 

high concentration of Mff-∆TM is required for stimulation, with an EC50 of 17.4 µM (Figure 2-

5A).  However, addition of 0.5 µM actin filaments greatly increases the potency of Mff’s effect on 

Drp1 by shifting the EC50 of Mff-∆TM to 2.2 µM (Figure 2-5A).  Mff-∆TM does not affect the 

maximal effective concentration of actin (Figure 2-5B).  The maximum combined effect of Mff-

∆TM and actin is approximately 16 µM GTP hydrolyzed/min/µM Drp1.  In contrast to its effect on 

Mff-∆TM, actin has no effect on the ability of Mff-L2P to activate Drp1, which is not able to 

enhance actin-induced Drp1 GTPase activity at any concentration tested (Figure 2-5A).  Finally, 

the ability of Mff-∆TM and actin to stimulate Drp1 GTPase activity depends upon Drp1’s ability 

to oligomerize, since an oligomerization-defective mutant (Drp1 401-404 AAAA) 69,70 is not 

activated by the Mff/actin combination (Figure S2-3A). 

 

The ability of actin to enhance the efficiency of the Drp1 GTPase activity stimulation by Mff-∆TM 

is not due to a direct affinity of Mff-∆TM for actin filaments.  In high-speed pelleting assays, Mff-

∆TM does not sediment appreciably with actin filaments (Figure S2-3B, C).  In TIRF assays, 

fluorescein-Mff-∆TM does not accumulate on actin filaments at any concentration tested (Figure 

2-5C).  In pyrene-actin polymerization assays, Mff-∆TM does not influence the polymerization of 

actin alone or in the presence of the formin protein INF2 (Figure 2-5D).  These results suggest that 

actin increases Mff’s ability to stimulate Drp1 activity through an effect on the Mff/Drp1 

interaction. 

 

We next examined the effect of Mff-∆TM on actin bundling by Drp1. In a previous study, we 

showed that Drp1 is a weak bundler of actin filaments, requiring at least 1 µM Drp1 for effective 

bundling 69. At 0.2 µM Drp1, no actin bundles are observed (Figure 2-6A). Mff-∆TM addition 

results in the appearance of actin bundles, with increasing Mff resulting in increasing bundle 

thickness (Figure 2-6A, B), and increasing Drp1 intensity in these bundles (Figure 2-6C).  In 

contrast, Mff-L2P has minimal effect on Drp1-mediated bundling (Figure 2-6A-C).   

 

We also evaluated Mff binding to Drp1-bundled actin filaments, using TIRF assays in which 

fluorescein-labeled Mff (1 µM) was added to actin filaments (0.1 µM) pre-bundled by 2.5 µM Cy5-

Drp1. We did not label actin filaments in this experiment, because the slight bleed-through of the 
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bright actin filaments into the fluorescein channel decreased detection sensitivity for fluorescein-

Mff binding.  In the absence of GTP, 1 µM Mff-∆TM is able to bind Drp1/actin bundles, and ~50% 

of Mff-∆TM remains after wash (Figure 2-6D, E). GTP significantly increases Mff-∆TM binding 

to the bundles, and maintains Mff-∆TM on the bundles after wash (Figure 2-6D, E). In contrast, 1 

µM Mff-L2P displays no detectable binding to Drp1/actin bundles in the absence of GTP, and low 

apparent binding to bundles in the presence of GTP.  Increasing the Mff-L2P concentration causes 

detectable binding to Drp1/actin bundles in the absence of GTP, but Mff-L2P is removed by wash 

(Figure S2-4). We also tested the possibility that Mff can directly bind to bundled actin in general 

by using fascin-assembled actin bundles. In contrast to Drp1-mediated bundles, Mff-∆TM displays 

no detectable binding to fascin/actin bundles (Figure 2-6F). 

 

These results show that Mff and actin synergize in Drp1 activation in a manner dependent on Mff 

oligomerization.  Mff does not interact with actin itself, but can interact with actin-bound Drp1.  

The presence of GTP strengthens this interaction. 

 

2.3.5 Mff oligomerization is required for its role in mitochondrial division 

 

To test the importance of Mff oligomerization in mitochondrial division, we expressed either full-

length Mff-WT or Mff-L2P as GFP-fusions in Mff-knock out (KO) U2OS cells.  Expression levels 

of the GFP fusions were controlled by varying the concentration of transfected plasmid, to obtain 

expression levels close to those of endogenous Mff, with 25 and 50 ng being used in further 

experiments for GFP-Mff-WT and GFP-Mff-L2P, respectively (Figure S2-5A).  

 

We have previously reported that Mff-KO U2OS cells are strongly defective in mitochondrial 

division 71, similar to studies in other cell types 115,116,122,123,231 This defect is characterized by 

increased mean mitochondrial size, and a decreased number of individual mitochondria (Figure 2-

7A-C).  GFP-Mff-WT expression in Mff-KO U2OS cells largely rescues the KO phenotype, with 

an increase in mitochondrial number and a decrease in mitochondrial size (Figure 2-7A-C).  In 

contrast, expression of Mff-L2P at comparable levels causes significantly reduced recovery of these 

parameters (Figure 2-7A-C). 

 

We next examined the effect of Mff-WT and Mff-L2P on peroxisome size, since Mff is also 

required for peroxisome division 71,113,232.  Mff-KO cells display elongated peroxisomes (Figure 2-

7D), with mean peroxisomal area 8.4-fold larger than that of WT cells (Figure 2-7E).  Expression 
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of Mff-WT partially rescues the peroxisome size defect, with 1.6-fold larger area than WT (Figure 

2-7D, E).  In contrast, Mff-L2P is much less effective at reducing peroxisomal size, with 5.9-fold 

larger area than WT (Figure 2-7D, E).  Interestingly, while Mff-WT clearly enriches on the 

majority of peroxisomes, Mff-L2P does not appear to display peroxisomal enrichment (Figure 2-

7F). 

 

We also examined the distribution of Mff and Drp1 under these conditions.  The two Mff constructs 

display clear differences in distribution, with GFP-Mff-WT displaying a punctate pattern on 

mitochondria while Mff-L2P is evenly distributed on mitochondria (Figure 2-7A).  In addition, 

some GFP-Mff-L2P appears to be present in the cytosol, similar to previous observations for an 

Mff construct with deletion of the CC 115.  We quantified the distribution of Mff-WT and Mff-L2P 

through blinded classification into three categories:  uniform distribution, few puncta within a 

background of uniform distribution, and puntate (Figure S2-5B).  Mff-WT displays punctate 

distribution in over 70% of the cells, whereas Mff-L2P is punctate in less than 10% of cells (Figure 

S2-5C).   

 

We also examined the effect of Mff on mitochondrial Drp1 puncta, which presumably reflects Drp1 

oligomerization. Our previous work has shown that Mff-KO or knock-down U2OS cells decreases 

Drp1 puncta 71, similar to other studies 115,116. GFP-Mff-WT expression in the Mff-KO U2OS cells 

results in recovery of larger Drp1 puncta (Figure S2-6A), as quantified by puncta area and mean 

intensity (Figure S2-6B, C).  In contrast, GFP-Mff-L2P induces ~30% smaller Drp1 puncta 

(Figure S2-6A-C), suggesting that Mff oligomerization increases cellular Drp1 oligomerization. 

 

We have previously shown that the punctate pattern of Mff is dependent on Drp1, similar to another 

study 71,123. We find the same result here, with Drp1 knock-down resulting in a uniform distribution 

of GFP-Mff-WT on mitochondria (Figure S2-7A). We also tested whether actin filaments are 

required for the punctate pattern of GFP-Mff-WT.  WT U2OS cells were treated with the actin 

monomer sequestering drug latrunculin A (LatA) for 15 min, then stained with anti-Mff to detect 

the endogenous protein.  As observed previously 171, LatA treatment results in mitochondrial 

elongation (Figure S2-7B).  LatA treatment also results in a change in mitochondrial Mff staining 

pattern from punctate to more uniform (Figure S2-7B).  We quantified this effect by measuring 

the % mitochondrial area covered by Mff, with an increase in coverage denoting a less punctate 

Mff pattern.  The Mff area increases 2-fold in LatA-treated cells (Figure S2-7C).  These results 
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suggest that Drp1 and Mff reciprocally enhance each other’s oligomerization in cells, and that actin 

filaments are important for this effect. 
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2.4 Discussion 

 

We show here that oligomerization of Mff plays an important role in its ability to recruit and 

activate Drp1.  Without the capacity to oligomerize, Mff does not efficiently affect Drp1 oligomeric 

recruitment or mitochondrial division in cells.  Furthermore, Mff and actin filaments act 

synergistically in Drp1 activation, and this synergy also depends on Mff oligomerization.  Actin 

filaments lower the concentration of Mff needed to activate Drp1. 

 

Our results suggest a fundamentally similar requirement for Drp1 receptor oligomerization in 

mammalian and yeast mitochondrial division, although the Drp1 receptors are quite different.  In 

yeast, Fis1p is the relevant OMM receptor, but does not bind Drp1 directly.  Instead, Fis1p recruits 

the cytoplasmic adaptor protein Mdv1 to the OMM, with Mdv1 in turn recruiting Drp1 130,185,219. 

Mdv1 forms a dimer through a coiled-coil interaction, and this dimerization is essential for both 

Drp1 recruitment and mitochondrial division 130,185,219. Yeast has a second protein, Caf4, with 

similar properties to Mdv1 131,132. Although mammals have a Fis1p homologue, they do not have a 

Caf4/Mdv1 homologue, and it is becoming increasingly clear that Fis1p has distinct functions from 

mitochondrial division 115,142. 

 

We show that Mff oligomerization is important for three cellular effects:  Drp1 puncta assembly 

on mitochondria, mitochondrial division, peroxisomal division.  In addition, oligomerization-

deficient Mff itself does not display a punctate appearance on mitochondria, unlike wild-type Mff.  

We suspect that these cellular Mff puncta are structures that we have observed previously to co-

localize with Drp1 puncta 71.  It is not clear whether they represent solely the coiled-coil mediated 

oligomerization or a larger oligomer.  The fact that puncta of Mff-WT are reduced by either actin 

depolymerization or Drp1 KD suggest that the three entities (Mff, Drp1 and actin filaments) are all 

required to promote oligomeric Drp1-containing assemblies capable of driving mitochondrial 

division. 

 

Previous results suggested that oligomerization was not required for Mff’s cellular function, 

because an Mff construct in which the coiled-coil is deleted rescues the mitochondrial phenotype 

of Mff-depleted cells nearly to the same degree as wild-type Mff 115.  We found similar effects 

when our non-oligomerizable Mff mutant was expressed at levels much higher than endogenous 

Mff, but at levels closer to that of endogenous Mff the functional difference between WT Mff and 

non-oligomerizable Mff are clear.  High Mff expression levels likely can overcome defects in Mff 
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oligomerization through crowding on the OMM.  This effect has been suggested by biochemical 

results showing that monomeric Mff alone has no ability to stimulate Drp1, but can stimulate Drp1 

when attached to liposomes 109,122, although the relative surface concentrations of monomeric and 

oligomerization-competent Mff necessary for this effect were not assessed.  It is also possible that 

additional factors such as phosphorylation of Drp1 or Mff 104,106, cardiolipin levels (Bustillo-

Zabalbeitia et al., 2014; Macdonald et al., 2014), or the presence of MiD proteins 120,121 might allow 

some Drp1 recruitment by oligomerization-defective Mff. 

 

It has been unclear as to whether the many factors that can activate Drp1 act together in the same 

pathway, or as independent mechanisms for inducing mitochondrial division 233.  Our results 

strongly suggest that Mff and actin filaments operate in the same pathway.  Previously, we have 

shown that increasing cytosolic calcium causes a 4-fold increase in mitochondrial division and an 

increase in mitochondrial Drp1 oligomerization, and that these responses require actin 

polymerization through the formin protein INF2 91,171 as well as Mff 71.   Drp1 binds directly to 

actin filaments, and this binding increases Drp1 GTPase activity 69,91.  How actin and Mff work 

together, however, has been unclear.   

 

In this paper, we show a mechanism for this actin/Mff synergy.  Mff is a poor Drp1 activator unless 

Drp1’s variable domain (VD) is removed 109,222.  The VD acts to inhibit aberrant interaction between 

Drp1 dimers 103, and oligomerization-deficient Drp1 mutants cannot be activated by Mff 109,222.  We 

show here that high concentrations of Mff alone can activate Drp1 even with the VD present.  Actin 

filaments synergize by lowering the effective concentration of Mff for Drp1 activation.  The 

inhibitory effects of the VD on Drp1 oligomerization might be overcome by Drp1 binding to actin 

filaments, allowing pre-assembly of Drp1 oligomers which can bind Mff more effectively.  Another 

possibility, not mutually exclusive with the first, is that Drp1 oligomer assembly on the actin 

filament enhances Mff oligomerization by providing a multi-valent binding site that stabilizes Mff 

oligomers, allowing Mff to exert its full stimulation of Drp1 at lower concentration.  Others have 

shown that Drp1 must be oligomerization-competent for activation by Mff 109,222, and we show 

similar results here for Drp1 activation by Mff and actin.  In either case, it is clear that Mff’s effect 

on Drp1 is greater than that of actin, suggesting that Mff allows a more productive Drp1 assembly 

for GTP hydrolysis.   

 

The coiled-coil region, consisting of three heptad repeats, is required for Mff oligomerization.  

Mutation of two of the three heptad repeats is sufficient to disrupt this oligomerization.  Given that 
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Mff is a tail-anchored protein on the OMM, with the CC only eight residues from the trans-

membrane domain, it is highly likely that the oligomerization is parallel. 

 

From the ensemble of the techniques used here, we conclude that Mff is most likely a trimer.  Our 

rationale are:  1) that both the full cytoplasmic region of Mff and the CC alone as a GFP fusion 

sediment as trimers by vAUC, and 2) that prediction software gives the highest probability for a 

trimer.  Our results differ to published results suggesting two different oligomeric states for Mff:  a 

dimer 101,103 or a tetramer 109.  The dimerization prediction made from an eAUC study 101 may have 

been influenced by the slow speeds used, which did not provide sufficiently broad curves for high-

confidence analysis.  A second prediction of dimerization 103 as well as a prediction of 

tetramerization 109 were based on SEC-MALS measurements.  These discrepancies are likely due 

to the low affinity nature of Mff oligomerization, and the fact that most of the Mff polypeptide is 

not predicted to adopt a stable fold 222.  Definitive determination of the oligomerization 

stoichiometry for Mff awaits more detailed structural analysis.   

 

Regardless of the stoichiometry, our data clearly show that Mff oligomerization is relatively low 

affinity in solution, with dissociation constants in the range of 10 µM.  On membranes, 

oligomerization would be significantly more favored by the reduction in dimensionality and 

generally confined membrane area of the OMM.  Still, we find that the oligomerization-deficient 

mutant has a low tendency to display a punctate mitochondrial appearance when expressed at 

concentrations similar to endogenous, suggesting that assembly of these mitochondrial aggregates 

of Mff requires oligomerization.   

 

At present, it is not possible to determine if these puncta themselves represent the Mff oligomers 

determined biochemically, but we believe that the puncta are considerably bigger than trimers of 

Mff.  Our model is that Mff oligomerization is a necessary step in the assembly of higher-order 

structures consisting of Drp1 oligomers and multiple Mff trimers.  An additional required step is 

nucleation of Drp1 oligomers, which we postulate occurs here through actin binding.  We and 

others have shown that knockdown of Drp1 disrupts Mff puncta 71,115,123, suggesting that Drp1 

oligomerization is necessary for Mff puncta.  In addition, others have shown that Mff binds 

preferentially to Drp1 oligomers, suggesting that this actin-mediated nucleation is necessary to 

increase the affinity of Mff for Drp1222.  It is possible that other Drp1 stimuli, such as cardiolipin 

and MiD49/51, serve the same purpose as actin in different contexts. 
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Overall, our understanding of actin’s role in mitochondrial division is evolving as we learn more 

about its functional interactions with other division factors.  Previously, we postulated that actin 

and myosin II mediated a “mitokinetic ring” to cause outer mitochondrial membrane pre-

constriction prior to Drp1 action 171,233.  Subsequent studies from our lab and others revealed that 

this pre-constriction is due to calcium-induced constriction of the inner mitochondrial membrane, 

and that actin/myosin II are necessary for the increase in mitochondrial calcium 60,188,234. In parallel, 

however, actin plays a second role in mitochondrial division:  direct binding to Drp1, which initiates 

Drp1 assembly.  Mff is then able to recruit these actin-nucleated Drp1 oligomers to assemble the 

functional constrictive ring 69,71,91.  This paper provides biochemical evidence for the model.  We 

still do not know how myosin II or other proteins might enhance this process but, since myosin II 

is necessary for both the calcium effect 60 and Drp1 recruitment 203, we postulate that its ability to 

organize/constrict the actin filaments assembled by INF2 create a higher affinity interface for Drp1 

nucleation. 
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2.5 Materials and Methods 

 

Plasmids. For bacterial expression, full-length of human Drp1 isoform 3 (NP_055681.2, UniProt 

ID O00429-4) and truncated human Mff isoform 4 (UniProt ID Q9GZY8-4) (Mff-∆TM) have been 

described previously 69,122.  Mff-L2P double mutant (L179P and L186P) was created in Mff-∆TM 

construct by Quick Change mutagenesis (Stratagene, Santa Clara, CA).  For Mff-∆CC, hMff-

isoform 4 lacking coiled-coil domain and transmembrane segment was cloned with a C-terminal 

HRV3C protease site into the pET28a vector using Nco1 and Xho1 sites followed by a 6-His affinity 

tag, a cystine was inserted between Mff-∆CC and HRV3C site for labeling purpose.  For GFP-CC, 

DNA coding for the coiled-coil domain of hMff-isoform 4 (amino acids 149 to 197) flanked by 

linkers (N-terminal SGGG, C-terminal GGGS) was synthesized by Integrated DNA Technologies 

(IDT) and inserted into a modified GFP-fusion pGEX-KT vector as previously described 235. The 

GFP contains the A206K mutation, which reduces the ability to dimerize 236.  Quick Change 

mutagenesis was performed to make GFP-L2P double mutant.  For cellular assays, full length 

hMff-isoform 4 was inserted into GFP-C1 vector as previously described 119. 

 

Protein Expression, Purification. 

Drp1 was expressed and purified as previously described with modifications 69. Briefly, Drp1 

construct was expressed in One Shot BL21 Star (DE3) Escherichia coli (C6010-03; Life 

Technologies, Carlsbad, CA) in LB broth, induced by isopropyl-β-D-thiogalactoside (IPTG) at 

16 °C for 16 h when OD reached to 1.5. Cell pellets were resuspended in lysis buffer (100 mM 

Tris-Cl, pH 8.0, 500 mM NaCl, 1 mM dithiothreitol [DTT], 1 mM Ethylenediaminetetraacetic acid 

[EDTA], 2 µg/ml leupeptin, 10 µg/ml aprotinin, 2 µg/ml pepstatin A, 2 mM benzamidine, 1 µg/ml 

calpain inhibitor I [ALLN], and 1 µg/ml calpeptin) and lysed using a high-pressure homogenizer 

(M-110L Microfluidizer Processor; Microfluidics, Newton, MA). The lysate was cleared by 

centrifugation at 40,000 rpm (type 45 Ti rotor; Beckman, Brea, CA) for 1 h at 4°C. Avidin (20 

µg/ml; PI-21128; Thermo Fisher Scientific, Waltham, MA) was added to the supernatant, and then 

was loaded onto Strep-Tactin Superflow resin (2-1206-025; IBA, Göttingen, Germany) by gravity 

flow. The column was washed with 20 column volumes (CV) of lysis buffer without protease 

inhibitors. To elute Drp1, 0.01 mg/ml HRV3C protease in lysis buffer without protease inhibitors 

was added for 16 h at 4°C. The Strep-Tactin Superflow eluate was further purified by size exclusion 

chromatography on Superdex200 (GE Biosciences, Piscataway, NJ) with Drp1-S200 buffer (20 

mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid [HEPES]-[KOH] pH 7.5, 150 mM KCl, 
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2 mM MgCl2, 1 mM DTT, 0.5 mM ethylene glycol tetraacetic acid [EGTA]), spin concentrated, 

frozen in liquid nitrogen, and stored at −80°C. 

 

Mff-∆TM and Mff-L2P were expressed in RosettaTM2 BL21-(DE3) Escherichia coli (71400; EMD 

Millipore Corporation, Burlington, MA) in LB broth, induced by 1M IPTG at 30 °C for 4 h when 

OD reached to 1.5. Cell pellets were resuspended in lysis buffer (50 mM Tris-HCl, pH 7.5, 500 

mM NaCl, 20 mM imidazole, pH 7.5, 1 mM DTT, 1 mM EDTA, 2 µg/ml leupeptin, 10 µg/ml 

aprotinin, 2 µg/ml pepstatin A, 2 mM benzamidine, 1 µg/ml calpain inhibitor I [ALLN], and 1 

µg/ml calpeptin) and lysed using M-110 microfluidizer processor. The lysate was cleared by 

centrifugation at 40, 000 rpm (type 45 Ti rotor; Beckman, Brea, CA) for 40 minutes at 4°C, the 

supernatant was saved. Affinity capture was performed using FPLC and a HiTrap IMAC column 

(17-5248-01, GE Healthcare, Chicago, IL). Prepacked HiTrap IMAC column was equilibrated with 

IMAC-A buffer (50 mM Tris-HCl pH 7.5, 0.1 M NaCl, 20 mM imidazole). Cleared lysate was 

loaded onto the column with a rate of 3 mL/min and washed to baseline with IMAC-A. Mff was 

eluted from the column with gradient step washes by IMAC-B buffer (50 mM Tris-HCl pH 7.5, 

0.1 M NaCl, 500 mM imidazole): step1 10% IMAC-B for 5CV, step2 20% IMAC-B for 5CV, step3 

100% for 5CV. Fractions from step3 were pooled and diluted 10-fold in ion exchange (IEX)-A 

buffer (50 mM Tris-HCl pH 7.5, 1 mM DTT). Diluted fractions were loaded onto a HiTrap Q anion 

exchange column (54816, EMD Millipore Corporation, Burlington, MA). The column was washed 

to baseline with IEX-A and Mff was eluted by IEX-B buffer (50 mM Tris-HCl pH 7.5, 1 M NaCl, 

1 mM DTT) with a step gradient: step1 10% 5CV, linear 10-50% 30CV followed by linear 50-100% 

5CV. Peak Mff fractions were concentrated by reloading onto the HiTrap IMAC column and eluted 

with 100% IMAC-B step wash. Mff fractions were pooled and further purified by size exclusion 

chromatography on Superdex200 with S200 buffer (20 mM HEPES, pH 7.4; 2 mM MgCl2, 0.5 mM 

EGTA, 65 mM KCl, 1 mM DTT), spin concentrated with a 30,000 MWCO centrifugal concentrator 

(UFC903024, EMD Millipore Corporation, Burlington, MA), aliquots were frozen in liquid 

nitrogen, and stored at −80°C. 

 

Mff-∆CC was expressed and cleared as described above.  Mff-∆CC supernatant was loaded onto 

HisPur Ni-NTA resin (88221, Thermo Fisher Scientific, Rockford, IL) by gravity flow. The column 

was washed with 10 CV IMAC-A buffer and 30 CV ATP wash buffer (200 mM Tris-HCl, pH 7.5, 

50 mM KCl, 20 mM MgCl2, 5 mM ATP) followed by 10 CV IMAC-A buffer. To elute Mff-∆CC, 

0.16 mg/mL HRV3C protease was added for 16 h at 4°C. The Ni-NTA eluate was further purified 

by size exclusion chromatography on Superdex200 with S200 buffer, spin concentrated 
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(UFC901024, EMD Millipore Corporation, Burlington, MA), aliquots were frozen in liquid 

nitrogen, and stored at −80°C. 

 

GFP-CC and GFP-L2P were expressed in RosettaTM2 BL21-(DE3) Escherichia coli in LB broth, 

induced by 1M IPTG at 16 °C for 16 h when OD reached to 1.0. Cell pellets were resuspended in 

lysis buffer and cleared as described above. 1% Triton was added to clarified supernatant and 

incubated for 30 mins. The supernatant was loaded onto a HiTrap IMAC column with a rate of 3 

mL/min and washed to baseline with IMAC-A. Mff was eluted from the column by gradient step 

washes with IMAC-B buffer (50 mM Tris-HCl pH 7.5, 0.1 M NaCl, 500 mM imidazole): step1 10% 

IMAC-B for 5CV, step2 20% IMAC-B for 5CV, step3 100% for 5CV. Fractions from step3 were 

pooled and diluted 5-fold in GST buffer (50 mM HEPES pH 7.4, 500 mM NaCl, 1 mM EDTA, 1 

mM DTT). Diluted fractions were loaded onto Glutathione SepharoseTM 4B resin (17-0756-05, GE 

Healthcare, Chicago, IL) by gravity flow followed by 5CV PBS wash. To elute protein, 0.32 

mg/mL TEV protease was added to the column and incubated for 16 h at 4°C. The eluate was 

further purified by size exclusion chromatography on Superdex200 with S200 buffer, spin 

concentrated (UFC903024, EMD Millipore Corporation, Burlington, MA), aliquots were frozen in 

liquid nitrogen, and stored at −80°C. 

 

Rabbit skeletal muscle actin was extracted from acetone powder as previously described 237, and 

further gel-filtered on Superdex 75 16/60 columns (GE Healthcare). Actin was stored in G buffer 

(2 mM Tris, pH 8.0, 0.5 mM DTT, 0.2 mM ATP, 0.1 mM CaCl2, and 0.01% NaN3) at 4°C. 

 

Actin and Drp1 preparation for biochemical assays 

For high-speed pelleting assay, actin filaments were polymerized from 30 µM monomers for 3 h at 

23 °C by addition of a 10x stock of polymerization buffer (200 mM HEPES, pH 7.4, 650 mM KCl, 

10 mM MgCl2, 10 mM EGTA) to a final 1x concentration. For GTPase assay, actin monomers in 

G-buffer were incubated with AG1-X2 100–200 mesh anion exchange resin (Dowex; 1401241; 

Bio-Rad) at 4 °C for 5 min to remove ATP, followed by low-speed centrifugation. 20 µM actin 

filaments were polymerized as described before. To maintain ionic strength across all samples, an 

actin blank was prepared in parallel using G-buffer in place of actin monomers and used to dilute 

actin filaments as needed for each sample. Drp1 was diluted in MEHD buffer (20 mM HEPES, pH 

7.4, 2 mM MgCl2, 0.5 mM EGTA, 1 mM DTT) to adjust the ionic strength to the same as S200 

buffer before biochemical assays. 
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Size exclusion Chromatography assays. Mff-∆TM, Mff-L2P, Mff-∆CC, GFP-CC, and GFP-L2P 

oligomeric distribution was determined by Superdex200 increase 10/300 GL SEC column in S200 

buffer (20 mM HEPES, pH7.4, 65 mM KCl, 2 mM MgCl2, 0.5 mM EGTA, 1 mM DTT). Protein 

at varying concentration was loaded onto the column in a total volume of 500 µL and gel-filtered 

with a flow rate of 0.7 mL/min.  

 

High-speed pelleting assay.   

Interactions between Drp1 and Mff (Mff-∆TM, Mff-∆CC, Mff-L2P) were tested in the S200 buffer 

plus 1 mM GTP, 1.3 µM Drp1 was incubated with varying concentrations of Mff (0-50 µM) for 10 

min at 4 °C in a 200 µL volume. After incubation, samples were centrifuged at 80,000 rpm for 20 

min at 4 °C in a TLA-100.1 rotor (Beckman). The supernatant was carefully removed. Pellets were 

washed three times with S200 buffer plus 1 mM GTP, and then resuspended in 100 µL of SDS-

PAGE sample buffer and resolved by SDS-PAGE (LC6025; Invitrogen, Carlsbad, CA). To test the 

interaction between Mff and actin, 5 µM Mff-∆TM was incubated with varying concentration of 

actin filaments (0-20 µM) for 1 h at 23 °C in a 200 µL volume. Samples were centrifuged and the 

pellets were resolved by SDS-PAGE. Gels were stained with Coomassie Brilliant Blue R-250 

staining (1610400, BioRad, Hercules, CA), and band intensity was analyzed using ImageJ software. 

 

GTPase assay 

Drp1 (0.75 µM) was mixed with the indicated concentration of Mff or actin filaments. Sample were 

incubated at 37 °C for 5 min. At this point, GTP was added to a final concentration of 250 µM to 

start the reaction at 37 °C. Reactions were quenched at designated time points by mixing 15 µL of 

sample with 5 µL of 125 mM EDTA in a clear, flat-bottomed, 96-well plate (Greiner, Monroe, NC). 

Six time points were acquired for all conditions, high-speed reactions were monitored in a 12 min 

time range, while low-speed reactions were monitored in a 45 min time range. Released phosphate 

was determined by addition of 150 µL of malachite green solution as previously described 69  

Absorbance at 650 nm was measured 15 min after malachite green solution incubation. GTP 

hydrolysis rates were determined by plotting phosphate concentration as a function of time. 

 

Pyrene actin polymerization assay 

Pyrene actin polymerization assay has been described previously 238. Briefly, rabbit skeletal muscle 

actin (2 µM actin, 10% pyrene) was polymerized with varying concentrations of Mff-∆TM in 

polymerization buffer (50 mM KCl, 1 mM MgCl2, 1 mM EGTA, 10 mM HEPES pH 7.4, 1 mM 

DTT, 2 mM Tris-HCl, 0.2 mM ATP, 2 mM Tris-HCl, 0.2 mM ATP, 0.1 mM CaCl2, and 0.01% 
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w/v NaN3). Rabbit muscle actin and 200 nM INF2-FFC with varying concentrations of Mff-∆TM 

were used to test the effects of Mff on formin-induced actin polymerization 239. Pyrene fluorescence 

(365/410 nm) was monitored in a 96-well fluorescence plate reader (Infinite M1000; Tecan, 

Mannedorf, Switzerland) after 1min of inducing polymerization.  

 

Protein Labeling 

Mff-∆TM and Mff-L2P N-term were labeled with 5-fold molar excess of 5/6-carboxyfluorescein 

succinimidyl ester (46410, Thermo scientific) in 20 mM HEPES pH 7.4 at 4 °C, 2 mM MgCl2, 0.5 

mM EGTA at 4 °C for 1 h. Reactions were quenched by 100-fold molar excess of Tris-HCl pH 7.4 

at 4 °C. Drp1 N-term was labeled with 3.3-fold molar excess of Cy5 succinimidyl ester (1076-1, 

Click Chemistry Tools, Scottsdale, AZ) in 100 mM MES pH 6.1 at 4 °C, 2 mM MgCl2, 0.5 mM 

EGTA for 10 min. Reactions were quenched by Tris-HCl as described above. Free dye was 

removed by gel filtration using Superdex200 increase 10/30 (GE Biosciences) in S200 buffer. For 

∆TM and L2P, final protein concentration was determined by Bradford (BioRad) and fluorescein 

concentration using extinction coefficient 72,000 M-1 cm-1 at 494 nm. Calculated ratio of 

fluorescein-Mff-∆TM is 0.49 and fluorescein-Mff-L2P is 0.44. For Drp1, Cy5 concentration was 

determined by extinction coefficient 255,000 M-1 cm-1. Calculated ratio of Cy5-Drp1 is 0.75.  Actin 

filaments (4 µM) were assembled from monomers for 3 h as described and then stabilized with 

either Tetramethylrhodamine (TRITC)-phalloidin (4 µM P1951; Sigma-Aldrich) or unlabeled 4 

µM phalloidin (17466-45-4, Sigma-Aldrich) for 5 min.  

 

Total internal reflection fluorescence microscopy imaging  

Mff GMPPCP-Drp1 interaction experiment 

To measure Mff and GMPPCP-Drp1 interaction, 1 µM Cy5-labeled Drp1 was incubated in S200 

buffer plus 500 µM GMPPCP at room temperature (RT) overnight. Drp1 was manually added to 

the flow cell in a 10 µL volume while the current flow cell solution was removed with Whatman 

paper. Once Drp1 attached to the cell (15 min incubation), 2 µM fluorescein-labeled Mff (Mff-

∆TM and Mff-L2P) was flowed into the chamber. After 1 min incubation, Mff was washed by S200 

buffer plus 500 µM GMPPCP. Two-color images were acquired at three time points: before, during 

Mff flow, and after buffer wash. ImageJ software was used to measure fluorescence intensity. 

Briefly, background-subtracted intensities of Drp1 and Mff on a punctum were measured at the 

time points mentioned above, the intensity ratio of Mff/Drp1 was calculated at each time point.  

 

Mff-Drp1-mediated actin bundling experiment 
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TRITC-phalloidin-stabilized actin filaments (100 nM) were incubated with 200 nM Drp1 and 

varying concentration of unlabeled Mff overnight at RT. Samples were manually added to the flow 

cell in a 10 µL volume as mentioned above. Two-color images were acquired after 15 min sample 

incubation, the same exposure times and laser intensities were used for all conditions. Interestingly, 

due to the strong TRITC signal, actin filaments can be acquired by the 488 nm laser Under this 

condition, TRITC signal kept in a linear range without saturation. 

 

To determine the number of actin filaments in a bundle, maximum intensity of 50 background-

subtracted single actin filaments from actin alone group was measured by line scan. An average 

intensity of the filaments was used as the value of single actin filament. The number of actin 

filaments in a bundle was calculated by the ratio of the intensity of actin bundle to single actin 

filament, 50 actin bundles were measured. 

 

To determine the intensity of actin-colocalized Drp1, actin was thresholded using an ImageJ plugin, 

Colocalization, with the following parameters: Ratio 30% (0–100%); Threshold channel 1: 50 (0–

255); Threshold channel 2: 50 (0–255); Display value: 255 (100–255). Colocalized Drp1 puncta 

intensities were measured with ImageJ using line scans. 

 

Mff binding to Drp1-actin bundles experiment 

To measure the interaction between Mff and Drp1-pre-assembled actin bundles, 2.5 µM Cy5-

labeled Drp1 was incubated with 100 nM unlabeled actin filaments overnight at RT. Drp1 and actin 

mixture was manually added to the flow cell as described before. The mixture was incubated in the 

chamber for 15 min to let actin attach to the cell. Fluorescein-labeled Mff was flowed into the 

chamber. After 1 min incubation, Mff was washed by S200 buffer. To test the effects of GTP on 

the interaction, 1 mM GTP was added to the Drp1 and actin mixture right before adding it into the 

chamber. Mff flow and buffer wash steps also included 1 mM GTP throughout the experiment. 

Two-color images were acquired at three time points: before, during Mff flow, and after buffer 

wash. ImageJ software was used to measure fluorescence intensity. Briefly, background-subtracted 

intensities of Drp1 and Mff on a given punctum were measured at the time points mentioned above, 

the intensity ratio of Mff/Drp1 was calculated at each time point.  

 

Mff actin interaction experiment 

To test the direct interaction between Mff and actin filaments, varying concentration of Mff were 

incubated with 100 nM TRITC-actin filaments overnight at RT. Samples were manually added to 
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the flow cell in a 10 µL volume as mentioned above. Two-color images were acquired after 15 min 

sample incubation, the same exposure times and laser intensities were used throughout all 

conditions tested. 

 

Cell culture, transfection, and drug treatments 

Human osteosarcoma U2OS cells (HTB96; American Type Culture Collection) were grown in 

DMEM (Invitrogen) supplemented with 10% calf serum (Atlanta Biologicals). All cells were 

cultivated at 37°C and in 5% CO2 atmosphere.  

 

For the generation of the Mff KO U2OS cell line, an appropriate guide sequence (5’- CAC CGT 

GAT AAT GCA AGT TCC GGA G-3’) was cloned into LentiCRISPRv2 vector according to the 

protocol from http ://genome -engineering .org /gecko /. The resulting guide plasmid, along with 

helper plasmids psPAX2 and pMD2.G, were transfected into HEK293 cells using Lipofectamine 

LTX (Invitrogen). Supernatant containing lentivirus was collected 48 h post-transfection and 

filtered through a 0.45 μm filter. Fresh virus was used to infect U2OS cells. After 48 h, media 

containing virus was removed and replaced with fresh media containing 2 μg/ml puromycin. Cells 

clones were selected through puromycin resistance, single cell clones were expanded and tested for 

Mff depletion by Western blotting. 

 

For transfections, cells were seeded at 5 × 105 cells per well in 3 cm culture dishes ∼16 h before 

transfection. Plasmid transfections were performed in OPTI-MEM media (Invitrogen) with 2 µL 

Lipofectamine 2000 (Invitrogen) per plate for 6 h. For all experiments, the following amounts of 

DNA were transfected per plate: 25 ng for GFP-Mff WT and 50 ng for GFP-Mff-L2P. After ~6 h 

incubation, cells were trypsinized and replated onto fibronectin (Sigma-Aldrich, 1:100 in PBS)–

coated glass coverslips (18 mm diameter, Electron Microscopy Sciences) at a density of ∼3.5 × 105 

cells per dish.  

Latrunculin A (428021; Calbiochem) treatment (Figure S2-7B) was performed before fixation of 

the cells. 2 µM LatA (from a 2 mM stock in DMSO) was dissolved in cell culture media and added 

to the cells for 15 min at 37°C. An equal volume of DMSO was used as control treatment.  

 

Drp1 RNA interference 

For siRNA transfections, Mff-KO cells were plated on 3 cm dishes, 1 x 105 cells were plated for 

control siRNA transfection and 2 x 105 cells were prepared for Drp1 siRNA as the knockdown 

affected cell growth. Sequence for scrambled control siRNA was: 5’-
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CGTTAATCGCGTATAATACGCGTAT-3’ and siRNA sequence for Drp1 silencing was 5’-

GCCAGCTAGATATTAACAACAAGAA-3’. Transfections were carried out using 2 µL RNAi 

max (Invitrogen) and 63 pg siRNA per dish. siRNA transfections were repeated after 48 h, and 

cells were transfected with GFP-Mff constructs after 72 h, and finally analyzed 96 h 

posttransfection. Knockdown cells were plated onto fibronectin-coated coverslips, fixed and 

stained for Drp1 (Figure S2-7A). 

 

Cell lysates and Western blotting 

For generation of cell lysates (Figure S2-5A), cells were grown and transfected on 3 cm dishes as 

described before. On the following day, cells were washed three times with PBS, and lysed using 

1xDB (125 mM Tris-HCl, pH 6.8, 1 mM EDTA, 10% glycerol, 0.4% SDS, 0.01% bromophenol 

blue, 500 mM NaCl, and 2 M urea). Cell lysates were collected from plates, boiled 5 min at 95°C, 

and sheared using a 27xG needle. Proteins were separated by standard SDS-PAGE and transferred 

to a PVDF membrane (polyvinylidine difluoride membrane; Millipore). The membrane was 

blocked with TBS-T (20 mM Tris-HCl, pH 7.6, 136 mM NaCl, and 0.1% Tween-20) containing 3% 

BSA (Research Organics) for 1 h, then incubated with the primary antibody solution at 4°C 

overnight. After washing with TBS-T, the membrane was incubated with IRDye-680RD goat-anti-

mouse or IRDye-800CW goat-anti-rabbit secondary antibodies (#926-68070, #926-32211, LI-COR) 

for 1 h at room temperature. Membrane was washed with TBS-T and dried before exposure. Signals 

were detected using the Odyssey CLx imaging system (LI-COR). Primary antibodies applied were 

as follows: GFP (rabbit, self-made, 1:1000), GAPDH (mouse, Santa Cruz (G-9) sc-365062, 1:1000), 

Mff (rabbit, Proteintech 17090-1-AP, 1:1000). 

 

Immunofluorescence staining 

Cells were plated subconfluently onto fibronectin-coated coverslips and allowed to adhere 

overnight. The following day, cell culture media was removed, and cells were fixed in prewarmed 

4% PFA/PBS for 20 min at RT, followed by three PBS washes and permeabilization with 0.1% 

TritonX-100 in PBS for 1 min. Coverslips were blocked with 10% calf serum for 30 min, followed 

by primary antibody incubation for 1 h. After three PBS washes, coverslips were incubated with 

respective secondary antibodies (Fluorescein anti-rabbit or -mouse, 1:300, FI-1000/FI-2000, 

Vector Laboratories and Texas-Red anti-rabbit or -mouse, 1:300, TI-1000/TI-2000, Vector 

Laboratories) for 45 min. Alexa Fluor 405-phalloidin (A30104, Invitrogen) was added with 

secondary antibodies. After three PBS washes, coverslips were mounted on glass slides using 

ProLong Gold Antifade mountant (P36930, Invitrogen). Primary antibodies were as follows: Mff 
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(Proteintech 17090-1-AP, rabbit, 1:200), Tom20 (Santa Cruz (F10): sc-17764, mouse, 1:50), 

Tom20 (Abcam ab78547, rabbit, 1:200), Drp1 (BD Transduction Laboratories 611112, mouse, 

1:50), PMP70 (Abcam ab3421, rabbit, 1:100). 

 

Confocal Microscopy 

Imaging was performed at a Dragonfly 302 spinning disk confocal (Andor Technology, Inc.) on a 

Nikon Ti-E base and equipped with an iXon Ultra 888 EMCCD camera, and a Zyla 4.2 Mpixel 

sCMOS camera. Solid-state 405 smart diode 100-mW laser, solid-state 488 OPSL smart laser 50-

mW laser, and solid-state 560 OPSL smart laser 50-mW laser were used (objective: 100× 1.4 NA 

CFI Plan Apo; Nikon). Images were acquired using Fusion software (Andor Technology, Inc.).  

 

Mitochondrial/peroxisomal length analysis 

Mff-KO cells with restored expression of either GFP-Mff WT or GFP-Mff-L2P were analyzed for 

their mitochondrial and peroxisomal morphology (Figure 2-7). Untransfected U2OS WT and Mff-

KO cells served as controls for normal and abnormal phenotypes, respectively. Regions of interest 

were selected in the flat cell periphery with well resolvable, individual organelles. ROIs (400 µm2 

area) of mitochondria/peroxisomes were converted to 8-bit binary masks and analyzed using the 

‘analyze particles’ plugin in FIJI to obtain the mean number of mitochondrial/peroxisomal 

fragments and the mean size of these organelles per ROI. Settings for analyzing particles were as 

follows: size (pixel2): 0.05 – infinity, circularity 0.00-1.00 for mitochondria, and size (pixel2): 0.02 

– infinity, circularity 0.00-1.00 for peroxisomes, respectively. Data were plotted as bar graphs or 

box and whiskers plots. 

 

Mff localization analysis 

100x images of transfected cells were randomly taken and afterwards analyzed in a blinded manner. 

The localization of GFP-Mff WT or GFP-Mff-L2P was categorized into three groups: uniform 

distribution of the GFP signal on mitochondria, mainly uniform distribution with few puncta 

visible, or a clear punctate localization on mitochondria. The percentage of cells falling into these 

three classes were represented in stacked bar graphs with standard error of means from three 

independent experiments (Figure S2-5B, C). 

 

Analysis of Mff/Drp1:mitochondrial area ratio 

Regions of interest (ROIs) containing mitochondria in spread, peripheral cell areas (Figure S2-6, 

S7B, C) were thresholded using same contrast settings for Tom20 staining. Anti-Mff stainings were 
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first processed by background subtraction using FIJI (rolling ball radius 5 pixels), then further 

thresholded applying equal setting parameters. Mff or Drp1 with respective Tom20 stainings were 

analyzed using the FIJI ‘Colocalization’ plugin with the following parameters: ratio 30% (0-100%), 

threshold channel 1: 50 (0-255), threshold channel 2: 50 (0-255), display value (0-255): 255. 

Colocalized pixels were then converted to a binary mask and quantified using the ‘analyze particles’ 

tool with settings as follows: size (pixel2) 0.01 – infinity, circularity 0.00-1.00.  

 

Data Processing and Statistical Analyses.   

Figures were processed and assembled with Photoshop CS4. Data analyses were carried out in 

ImageJ and Excel 2010. Statistical comparisons were performed with GraphPad Prism using 

unpaired t-test. A probability of error of 5% (p ≤ 0.05; * in figure panels) was considered to indicate 

statistical significance. **, *** and **** indicated p-values ≤ 0.01, 0.001 and 0.0001, 

respectively.   

 

 

 

 



 61 

Figures 

 
Figure 2-1: Mff stimulates Drp1 activity and oligomerization in a concentration dependent 

manner. 

A) Bar diagrams of Mff constructs, based on the isoform with no optional splice inserts 

(isoform 4, UniProt ID Q9GZY8-4).  6xHis tag is purple ball.   

B) Coomassie-stained SDS-PAGE of Mff constructs (2 µg loaded).   

C) GTPase assay for Drp1 (0.75 µM) in the absence and presence of 100 µM Mff-∆TM, data 

from five independent experiments.  GTPase activities:  1.55 ± 0.05 and 15.53 ± 1.04 µM 

GTP hydrolyzed/min/µM Drp1 without and with Mff, respectively.    

D) GTPase activity for Drp1 (0.75 µM) as a function of Mff concentration added.   

E) High-speed pelleting assay of Drp1 (1.3 µM) in the presence GTP (1 mM) and of varying 

Mff concentration. Drp1 and Mff regions from the same SDS-PAGE gel are presented. 

Standards equivalent to the indicated concentrations of Drp1 or Mff in the assay on left of 

gels.  Pellet fractions shown to the right.   

F) Quantification of pelleting assay results from panel E.   
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Figure 2-2: Mff undergoes reversible oligomerization, dependent on the coiled-coil region.   

A) Velocity analytical ultracentrifugation of Mff-∆TM at 100 µM (orange) or 250 µM (pink), 

and Mff-∆CC (gray) or Mff-L2P (purple) at 100 µM.  Y axis normalized to the peak c(S) 

for each sample, the maximum value of each curve is normalized as 100%, as for panel B-

D.  Peak sedimentation coefficients listed on graph.  

B) SEC profiles for multiple concentrations of Mff-∆TM, detected at 280 nm.  Sample at 0.5 

µM has low absorbance, thus gives a noisy trace.  C) Graph of calculated Stokes radius 

(from SEC results) versus Mff concentration for Mff-∆TM, Mff-∆CC, and Mff-L2P.  D) 

SEC for Mff-∆CC and Mff-L2P at 100 µM.   
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Figure 2-3: Oligomerization of Mff coiled-coil region.   

A) Bar diagrams of two GFP-fusion constructs:  top, the coiled-coil region of Mff (GFP-CC); 

and bottom, the L2P mutant of the same construct (GFP-L2P).   

B) Velocity analytical ultracentrifugation of GFP-CC and GFP-L2P at 250 µM.  Peak 

sedimentation coefficients noted on graph.   

C) SEC profiles of GFP-CC at multiple concentrations, detected at 490 nm. Absorbances 

normalized to peak absorbance at each group, the maximum value of each curve is 

normalized as 100%, same for panel D.   

D) SEC profiles of GFP-L2P at three concentrations.  E) Graph of calculated Stokes radius 

(from SEC results) versus GFP concentration for GFP-CC and GFP-L2P. 
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Figure 2-4: Mff oligomerization is necessary for Drp1 interaction and activation.   

A) TIRF microscopy of Drp1/Mff interaction.  Cy5-labeled Drp1 (purple, 1 µM) was 

incubated with 0.5 mM GMPPCP and then flowed into the TIRF chamber.  “Pre-flow” 

represents Drp1 puncta prior to Mff addition.  Fluorescein-labeled Mff (2 µM, green, either 

Mff-∆TM or Mff-L2P) was then flowed in while imaging.  “Flow Mff” represents an image 

taken after 30 sec of Mff addition.  After 1 min, chamber was washed with buffer while 

imaging.  “After wash” image is taken at 30 sec after buffer wash.  “Enhanced” image is 

the After wash image with increased contrast to show background fluorescein channel 

signal.  Example using Mff-∆TM is top image set, and Mff-L2P is bottom set.  For each 

set, the fluorescein-Mff signal alone is shown on top, and the merged fluorescein-Mff/Cy5-

Drp1 signal on bottom.  Bar, 20 µm.   

B) Quantification of 14 individual puncta for fluorescein-Mff:Cy5-Drp1 ratio for both Mff-

∆TM and Mff-L2P.   
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Figure 2-5: Synergistic effects of actin and Mff on Drp1 activity require Mff oligomerization.   

A) GTPase activity of Drp1 (0.75 µM) as a function of Mff-∆TM or Mff-L2P concentration 

added, in the absence or presence of 0.5 µM actin filaments.   

B) GTPase activity of Drp1 (0.75 µM) as a function of actin filament concentration in the 

absence or presence of Mff-∆TM (20 µM).   

C) TIRF microscopy of actin filaments and Mff-∆TM.  Actin filaments (red) were 

polymerized at 4 µM, mixed with a 1.1 molar excess of TRITC-phalloidin.  Fluorescein-

labeled Mff-∆TM of varying concentration was incubated with 0.1 µM TRITC-actin 

overnight and introduced into the TIRF chamber.  Images of actin and Mff-∆TM were 

taken after 15 min of actin/Mff addition. After another 1 min, chamber was washed with 

buffer while imaging.  Bar, 20 µm.   

D) Pyrene-actin polymerization assays of actin alone or in the presence of 200 nM INF2-FFC, 

a potent actin polymerization factor 239.  Also included was a varying concentration of Mff-

∆TM.   
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Figure 2-6: Mff interacts with Drp1-bound actin filaments.   

A) TIRF assay with 0.1 µM actin filaments (TRITC-phalloidin labeled), 0.2 µM Cy5-labeled 

Drp1, and varying concentration of unlabeled Mff-∆TM or Mff-L2P.  No GTP present. Bar, 

30 µm  

B) Quantification of actin filament number in individual bundles.   

C) Quantification of Cy5-Drp1 intensity in actin bundles.   

D) TIRF assay of Mff interaction with Drp1-bundled actin filaments.  Actin bundles were pre-

formed with 0.1 µM actin (unlabeled, phalloidin-stabilized) and 2.5 µM Cy5-Drp1.  

Fluorescein-labeled Mff (1 µM, either Mff-∆TM or Mff-L2P) was introduced to the 

chamber while imaging.  After 1 min, the chamber was washed while imaging.  

Experiments ± 1mM GTP throughout the whole processes.  Bar, 10 µm.   

E) Quantification of fluorescein-Mff intensity on Cy5-Drp1-bundled actin filaments by taking 

the Mff:Drp1 ratio.   

F) Comparison of fluorescein-Mff-∆TM binding to Drp1-bundled or fascin-bundled actin 

filaments.  Conducted in same manner as in panel D, except actin filaments were labeled 

with TRITC-phalloidin only during the wash step, to minimize bleed-through into the 

fluorescein channel.  Bars, 10 µm.   
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Figure 2-7: Mff oligomerization is required for mitochondrial and peroxisomal division.  

A) Mff-KO U2OS cells were transfected with either GFP-Mff-WT (25 ng plasmid) or GFP-

Mff-L2P (50 ng) for 24 hrs, then fixed and stained with anti-Tom20 (red).  GFP 

fluorescence is green.  Controls are un-transfected WT and Mff-KO U2OS cells.  Images 

at right are merges or GFP signal sof boxed regions.  

B) Quantification of mean mitochondrial number for the indicated conditions, from regions of 

interest like those in panel A.  Cells analyzed:  147, 148, 142, and 147 for U2OS WT, Mff-

KO U2OS, and transfected GFP-Mff-WT or GFP-Mff-L2P, respectively.  *, p ≤ 0.005.  

***, p ≤ 0.001.  ****, p ≤ 0.0001.  n.s. = not significant, p > 0.05.   

C) Quantification of mean mitochondrial size for the indicated conditions, from regions of 

interest like those in panel A.  Cells analyzed:  147, 148, 142, and 147 for U2OS WT, Mff-

KO U2OS, and transfected GFP-Mff-WT or GFP-Mff-L2P, respectively.  *, p ≤ 0.005.  

***, p ≤ 0.001.  ****, p ≤ 0.0001.  n.s. = not significant, p > 0.05.   

D) Mff-KO U2OS cells were transfected with either GFP-Mff-WT or GFP-Mff-L2P as in 

panel A, then fixed and stained with anti-Tom20 (yellow) and anti-PMP70 (red, 

peroxisomes).  GFP fluorescence is green.  Images at right are inverted PMP70 staining of 

boxed regions.  

E) Quantification of mean peroxisome area for the indicated conditions, from regions of 

interest of PMP70 micrographs like those in panel D.  Cells analyzed:  119, 126, 108, and 

108 for U2OS WT, Mff-KO U2OS, and the re-transfected GFP-Mff-WT or GFP-Mff-L2P, 

respectively. Numbers represent mean values. *, p ≤ 0.005.  ***, p ≤ 0.001.  ****, p ≤ 

0.0001.  

F) Contrast-enhanced images of GFP-Mff distribution (either GFP-Mff-WT or GFP-Mff-L2P) 

from panel D. Scale bar, 10 µm (3 µm in insets) in panels A and D, 5 µm in panel F.   
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Figure S2-1: The coiled-coil region of Mff. 

A) Alignment of C-terminal region of Mff from a range of metazoans, showing the three 

heptad repeats of the coiled-coil (CC-1, 2 and 3), the helix region, the TM domain, and the 

short sequence in the inter-membrane space.  A and D positions of the heptads shown with 

* and #, respectively.  Sequence starts at amino acid169 of human Mff isoform 0000.   

B) Analysis of coiled-coil regions of Mff using LOGICOIL 229. Sequences of full length Mff 

is on the top (isoform 4, UniProt ID Q9GZY8-4). Underline indicates two possible 

predicted coiled-coil regions, grey box highlights the conservative coiled-coil in panel A. 

Scores of four possible coiled coil structures are predicted, positive score suggests high 

possibility. ANTI - anti parallel dimer, PARA - parallel dimer, TRIM - trimer, and TETRA 

- tetramer.  

C) Helical wheels for the Mff coiled-coil in a putative trimeric arrangement.  To the bottom 

is illustrated the mutation of leucines in the D position of CC-2 and CC-3 to prolines to 

make the Mff-L2P construct 230. 
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Figure S2-2: GFP-CC forms trimer and does not influence either Drp1 activity or its 

oligomerization.  

A) Velocity analytical ultracentrifugation of Mff-∆TM at 100 µM (orange) or 250 µM (pink), 

and Mff-∆CC (gray) or Mff-L2P (purple) at 100 µM.  Y axis normalized to the peak c(M) 

for each sample, the maximum value of each curve is normalized as 100%. Peak masses 

listed on graph.    

B) Velocity analytical ultracentrifugation of 250 µM of GFP-CC (red) and GFP-L2P (blue).  

Peak molar mass prediction listed on graph.  

C) Time course of GTP hydrolysis by Drp1 alone (red), Mff alone (yellow), Drp1 + 100 µM 

GFP-CC (green), and Drp1 + 100 µM Mff (blue).  

D) High-speed pelleting assay of Drp1 (1.3 µM) in the presence GTP (1 mM) and of varying 

GFP-CC concentration. Drp1 and GFP-CC regions from the same SDS-PAGE gel are 

presented. Standards equivalent to the indicated concentrations of Drp1 or GFP-CC in the 

assay on left of gels.  Pellet fractions shown to the right. 
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Figure S2-3: Mff-∆TM does not directly interact directly with actin.  

A) GTPase activity of wild-type and oligomerization-defective mutant Drp1 401-404 AAAA 

(0.75 µM) as a function of Mff-∆TM added, in the absence or presence of 0.5 µM actin 

filaments.   

B) High-speed pelleting assay of Mff-∆TM (5 µM) in the presence of increasing 

concentrations of actin filaments.  Standards equivalent to the indicated concentrations of 

Drp1 or Mff-∆TM in the assay on the left.  Pellet fractions shown to the right.   

C) Quantification of high-speed pelleting assay from panel B.   
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Figure S2-4: Binding of Mff-L2P to Drp1-bundled actin filaments at high concentration.    

TIRF assay conducted similarly to that in Figure 6D.  Actin bundles were pre-formed with 0.1 µM 

actin (unlabeled, phalloidin-stabilized) and 2.5 µM Cy5-Drp1, then introduced into the TIRF 

chamber.  Fluorescein-labeled Mff-L2P (20 µM) was introduced into the chamber in the absence 

of GTP while imaging.  After 1 min, the chamber was washed while imaging.  Bar, 10 µm.   
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Figure S2-5: Expression and localization of GFP-fusion Mff constructs in Mff-KO U2OS 

cells.   

A) Western blots of cell extracts.  Left and center blots are anti-Mff, with the left blot being 

an enhanced contrast version of a portion of the first two lanes of the center blot, showing 

that Mff KO results in disappearance of four bands (presumably corresponding to splice 

variants and/or post-translational modifications) but not of several background bands.  

Center blot shows change in anti-Mff signal for GFP-Mff with increasing amounts of 

plasmid transfected (in ng plasmid).  Right blot shows anti-GFP of same transfected 

samples.  Anti-GAPDH westerns are from the same blots.   

B) Examples of categories used for punctate GFP-Mff quantification in cells in panel C.  Bar, 

5 µm.   

C) Quantification of punctate nature of GFP-Mff mitochondrial localization, on Mff-KO 

U2OS cells transfected with either GFP-Mff-WT (25 ng plasmid) or GFP-Mff-L2P (50 ng 

plasmid), then fixed and stained for outer mitochondrial membrane with anti-Tom20.  Data 

from 3 independent experiments, with 142 and 163 cells analyzed for GFP-Mff-WT and 

GFP-Mff-L2P, respectively.  ***, p value < 0.001. 
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Figure S2-6: Distribution of Drp1 in Mff-KO U2OS cells expressing GFP-Mff constructs.   

A) Images of endogenous Drp1 distribution upon GFP-Mff expression in Mff-KO U2OS cells.  

Cells were transfected with either GFP-Mff-WT (25 ng plasmid) or GFP-Mff-L2P (50 ng 

plasmid), then fixed and stained with anti-Tom20 and anti-Drp1. Controls are untransfected 

WT and Mff-KO U2OS cells.   Right-most image shows Drp1-stained pixels that co-

localize with Tom20.  Bars, 20 µm in overviews and 5 µm in insets.   

B) Quantification of area of mitochondrial Drp1 puncta as a function of mitochondria area 

from micrographs such as in panel A.  ****, p < 0.0001.  Numbers represent mean values.  

C) Quantification of mean Drp1 intensity per puncta, from micrographs such as in panel A.  

****, p < 0.0001. 83 and 82 cells analyzed for Mff-WT and Mff-L2P, respectively. 
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Figure S2-7:  Effects of Drp1 and actin on cellular Mff puncta.   

A) Mff-KO U2OS cells were subjected to either control knock-down (top) or Drp1 knock-

down (bottom) for 72 hrs, then transfected with GFP-Mff-WT (25 ng plasmid) for 24 hrs.  

Cells were fixed and stained with anti-Drp1.  Two examples from control KD and Drp1 

KD shown.  Note long mitochondria and low anti-Drp1 staining in Drp1 KD cells, 

indicative of siRNA efficacity.   

B) Examples of WT U2OS cells treated with either DMSO (top) or 2 µM LatA (bottom) for 

15 min before fixation and staining with anti-Tom20 and anti-Mff.  Right-most images 

show the patterns of Mff staining on mitochondria.   

C) Quantification of mitochondrial area covered by Mff, as judged by the ratios of the 

mitochondrial Mff staining versus total mitochondrial staining from micrographs as in 

panel B.  ****, p < 0.0001.  85 and 89 cells analyzed for DMSO and LatA, respectively.  
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Table S2-1: Hydrodynamic parameters of Mff and GFP by vAUC. 

 

 

Mff GFP 

250 µM 100 µM 250µM 

Mff-∆TM Mff-∆TM Mff-∆CC Mff-L2P GFP-CC GFP-L2P 

S value  3.03 ± 0.22  2.72 ± 0.171 1.21 ± 0.104 1.44 ± 0.136 4.89 ± 0.106 2.67 ± 0.134 

Molecular Mass 

(kDa) 
59.6 ± 6.4 65.6 ± 5.8 21.8 ± 2.7 25.5 ± 0.35 100.3 ± 3.4 29.3 ± 2 

Frictional ratio 1.7133 2.036175 2.19496 2.044859 1.58723 1.279531 

rmsd 0.005875 0.01225 0.021506 0.006419 0.007212 0.008566 

*S value is defined as mean ± standard deviations. 
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3.1 Abstract 

 

Mitochondrial fission occurs in many cellular processes, but the regulation of fission is poorly 

understood.  We show that long-chain acyl coenzyme A (LCACA) activates two related 

mitochondrial fission proteins, MiD49 and MiD51, by inducing their oligomerization, activating 

their ability to stimulate DRP1 GTPase activity.  The 1:1 stoichiometry of LCACA:MiD in the 

oligomer suggests interaction in the previously identified nucleotide-binding pocket, and a point 

mutation in this pocket reduces LCACA binding and LCACA-induced oligomerization for MiD51.  

In cells, this LCACA binding mutant does not assemble into puncta on mitochondria or rescue 

MiD49/51 knock-down effects on mitochondrial length and DRP1 recruitment.  Furthermore, 

cellular treatment with the fatty acid analogue 2-bromopalmitate, which causes increased acyl-CoA, 

promotes mitochondrial fission in an MiD49/51-dependent manner.  These results suggest that 

LCACA is an endogenous ligand for MiDs, inducing mitochondrial fission and providing a 

potential mechanism for fatty acid-induced mitochondrial fragmentation.  Finally, MiD49 or 

MiD51 oligomers synergize with MFF, but not with actin filaments, in DRP1 activation, suggesting 

distinct pathways for DRP1 activation. 
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3.2 Introduction 

 

Mitochondrial fission is a key cellular process, with defects in fission being linked to multiple 

human diseases54.  The reasons for which mitochondria undergo fission vary considerably, 

including for distribution to daughter cells during cell division, distribution to remote areas of 

polarized cells, and in response to changing metabolic conditions38,68. In addition, mitochondrial 

fission is an important step in mitophagy of damaged mitochondrial segments, and defects in fission 

result in decreased overall mitochondrial health240.  Finally, mitochondrial fission proteins 

participate in the production of mitochondrially-derived vesicles46, an additional mechanism for 

removal of dysfunctional mitochondrial components. 

 

A key protein in mitochondrial fission is the membrane-remodeling GTPase DRP1, which is 

recruited from the cytoplasm to the outer mitochondrial membrane (OMM), where it oligomerizes 

into a ring structure around the mitochondrion68.  Oligomerization activates DRP1’s GTPase 

activity by bringing the GTPase domains in close proximity70,98,101.  GTP hydrolysis by the DRP1 

oligomer results in constriction of the oligomer, driving the fission process.   

 

Given the variety of cellular situations requiring mitochondrial fission, it is likely that there are 

multiple mechanisms for regulating the process.  One potential step for differential control of 

mitochondrial fission is in DRP1 recruitment to the OMM.  In mammals, three DRP1 receptors 

have been identified:  mitochondrial fission factor (MFF), and two related proteins:  mitochondrial 

dynamics proteins of 49 and 51 kDa (MiD49 and MiD51, also called MIEF2 and MIEF1 

respectively)68.  All three proteins are widely expressed in mammalian cells.  However, it is unclear 

to what extent these receptors function together versus independently.  Knock-down or knock-out 

of MFF alone causes dramatic mitochondrial elongation in many metazoan cell types 

tested113,115,116,123,231 with one exception122, suggesting that it might play a role in many forms of 

mitochondrial fission.  Knock-down or knock-out of MiD49 and MiD51 also causes mitochondrial 

elongation, although the effect is more variable between studies and there are differing reports of 

the redundancy between MiD49 and 51116,120–123.   

 

These findings suggest that MiD49 and MiD51 might play roles in a sub-set of mitochondrial 

fission events.  Three other properties of MiD49/51 suggest that they act in a context-specific 

manner.  First, while depletion of MiD49/51 results in mitochondrial elongation, over-expression 

of either protein has the same effect 51,116,120,121.  Over-expressed MiD49/51 also causes extensive 
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DRP1 recruitment to mitochondria 51,116,120,121, suggesting that unregulated MiD-mediated DRP1 

recruitment is detrimental to its controlled assembly during fission.  Second, MiD49/51 expressed 

at low levels appear punctate on mitochondria, suggesting oligomerization 51,123,195.  In contrast, the 

purified cytoplasmic regions of either MiD49 or MiD51 behave as monomers or dimers124,125, 

suggesting that this oligomerization is regulated. 

 

A third property of both MiD49 and MiD51 is that their purified cytoplasmic regions do not 

stimulate DRP1 GTPase activity biochemically125,126, in contrast to MFF96,109,241.  These findings 

suggest that the MiD proteins themselves require activation in order to activate DRP1.  The 

structures of both proteins reveal large putative ligand-binding cavities (Figure 3-1A).  MiD51 is 

capable of binding purine nucleotide diphosphate, with ADP being preferred to GDP124,125, while 

MiD49 displays no affinity for these ligands124.  The effect of ADP on MiD51’s ability to activate 

DRP1 is modest, with an approximate 2-fold stimulation of DRP1 GTPase activity over DRP1 

alone 124.  These results suggest that MiD49 and MiD51 might bind alternate ligands to stimulate 

their DRP1-activating ability in cells. 

 

We have previously shown that actin filaments can bind and activate DRP169,91, and that inhibition 

of actin polymerization or of the actin polymerization factor INF2 decreases mitochondrial DRP1 

recruitment and inhibits mitochondrial fission in cells60,91,171.  Actin activates DRP1 GTPase 

activity in a characteristic ‘bi-phasic’ manner, in which low concentrations stimulate while higher 

concentrations do not69,241.  This bi-phasic behavior is likely due to the fact that DRP1 activation 

requires inter-molecular binding between GTPase domains70,98,101, with low actin concentrations 

facilitating this juxtaposition while higher actin concentrations cause DRP1 to bind more sparsely 

along the filament, minimizing interaction.  In addition to its ability to increase DRP1 activity in a 

stand-alone manner, actin can synergize with MFF in DRP1 activation, decreasing the 

concentration of MFF needed for DRP1 stimulation241.  It is not clear what effect MiD49 or MiD51 

would have on actin- or MFF-mediated DRP1 activation. 

 

While mitochondrial fission is often associated with mitochondrial dysfunction and mitophagy, 

fission has also been correlated with increased mitochondrial fatty acid oxidation in several 

contexts, including brown adipocytes, hepatocytes, and pancreatic beta cells36,38.  An obligatory 

step in mitochondrial long-chain fatty acid import is coupling of fatty acid to coenzyme A to make 

long-chain acyl-coenzyme A (LCACA).  In this paper, we show that both MiD49 and MiD51 bind 

LCACA, which induces MiD oligomerization.  LCACA-oligomerized MiD49 or MiD51 activates 
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DRP1 GTPase activity ~10-fold, and this activation is synergistic with MFF-mediated DRP1 

activation but not with actin-mediated activation.  An MiD51 mutant defective in LCACA binding 

does not assemble into punctate structures on mitochondria, recruit DRP1 to mitochondria, or 

rescue the mitochondrial elongation phenotype caused by MiD49/51 knock-down.  Overall, our 

work suggests that MiD49 and MiD51 might respond to LCACA for DRP1 recruitment en route 

to mitochondrial fission. 
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3.3 Results 

 

3.3.1 Long-chain acyl-CoA induces MiD49 oligomerization 

 

Both MiD49 and MiD51 contain putative nucleotide-binding pockets structurally similar to that of 

cyclic GMP-AMP synthase (cGAS) (Figure 3-1A).  While MiD51 can bind ADP or GDP in this 

pocket, MiD49 displays no apparent binding to these purine nucleotides124.  Interestingly, the purine 

rings of ADP and GDP adopt distinct orientations in the binding pocket of MiD51 (Figure 3-1B). 

 

The absence of a strong effect of ADP or GDP on MiD51’s ability to stimulate DRP1124,125, coupled 

with the absence of a known ligand for MiD49, prompted us to screen for other possible ligands.  

We postulated that a ligand for MiD49 might induce oligomerization, because of the punctate 

appearance of MiD49 in cells.  Using blue-native gel electrophoresis (BNGE) on a murine MiD49 

cytoplasmic region construct (amino acids 125-454, Figure S3-1A, B), we screened several purine-

containing compounds for the ability to cause a shift in MiD49 mobility, indicative of higher 

oligomeric species.  Of these compounds, only palmitoyl-coenzyme A (palmitoyl-CoA) causes 

such a mobility shift (Figure 3-1C).  Neither the fatty acid moiety alone nor CoA alone causes a 

similar shift (Figure 3-1D, E).  Long-chain acyl-CoAs (LCACA) including stearoyl (18 carbons), 

oleoyl (18 carbons, 1 double bond), palmitoyl (16 carbons), myristoyl (14 carbon) and lauroyl-CoA 

(12 carbon) cause a shift in MiD49 mobility (Figure 3-1D).  In contrast, octanoyl-CoA (8 carbon) 

does not cause an MiD49 mobility shift, nor do two short-chain acyl-CoAs found in the cytoplasm, 

acetyl-CoA and malonoyl-CoA (Figure 3-1D).  We also tested lysophosphatidic acid (LPA), as 

well as geranylgeranyl-pyrophosphate (GG-PP), neither of which display an ability to shift MiD49 

mobility (Figure 3-1D).   

 

To examine the oligomerization effect further, we used size exclusion chromatography (SEC).  

MiD49 cytoplasmic region alone (100 µM) elutes near the position of ovalbumin (~ 45 kDa), 

suggestive of a monomer (Figure S3-1C).  Palmitoyl-CoA concentrations from 10 to 100 µM cause 

a fraction of the protein to shift to a peak near the void volume, indicative of higher-order oligomers 

(Figure 3-1F, Figure S3-1C).  By velocity analytical ultracentrifugation, this void fraction 

sediments as a broad peak centered at 82 S (Figure 3-1G), with a calculated mass of 4815 kDa 

(Figure S3-1D), which would suggest oligomers averaging 126 subunits.  In contrast, the late-

eluting fraction sediments at 2.9 S (Figure 3-1G), with an apparent mass of 36.4kDa (Figure S3-

1D), which is close to the calculated monomer mass (38.7 kDa).  Negative-stain transmission 
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electron microscopy (EM) reveals that the void fraction contains a heterogeneous array of oblate 

particles, whereas the late-eluting fraction contains a more uniform spread of small particles 

(Figure 3-1H).  Analysis of a limited number of particles from the void fraction reveals long and 

short particle axes of 66.7±12.7 and 39.7±13.5 nm, respectively (Figure S3-2A-C), for a mean 

axial ratio of 0.61±0.20.  For comparison, the majority of palmitoyl-CoA micelles are more 

spherical, with an axial ratio of 0.85±0.15 and a mean diameter of 9.5±1.8 nm (17 particles 

measured, Figure S3-2D).  

 

The negative-stain EM also allows determination of the critical micelle concentration (cmc) for 

palmitoyl-CoA.  From quantification of micelle number over a range of palmitoyl-CoA 

concentrations, we calculate a cmc of 47 µM in our buffer conditions (Figure S3-2E), similar to 

published values at similar ionic strength242.  The fact that palmitoyl-CoA concentrations below 

this value cause a shift in MiD49 to by size-exclusion chromatography (Figure 3-1F) suggests that 

MiD49 is not binding to palmitoyl-CoA micelles to affect this shift.  In the ensuing experiments, 

we refer to the void peak as MiD49 oligomers, and the late-eluting peak as MiD49 monomers.   

 

One question regards the stoichiometry of palmitoyl-CoA:MiD49 in the oligomer fraction.  To 

quantify palmitoyl-CoA, we conducted reversed phase HPLC analysis.  Palmitoyl-CoA elutes at 

14.7 mL in this solvent system (Figure S3-3A), and the peak area (from 260 nm absorbance) is 

proportional to the quantity of palmitoyl-CoA loaded in the range of 0.5 – 2 nmole (Figure S3-

3B,C).  In an oligomer fraction containing 5.3 µM MiD49, the measured palmitoyl-CoA 

concentration is 5.5 µM (Figure S3-3D).   

 

As a second technique to determine palmitoyl-CoA concentration in MiD49 oligomer fractions, we 

used a phosphate assay (coenzyme A contains three phosphates).  From these assays, the palmitoyl-

CoA:MiD49 ratios from three oligomerization reactions range from 0.8 to 1.11 (Figure S3-3E,F).  

These results suggest that palmitoyl-CoA binds in a 1:1 complex with MiD49 in oligomers.   

 

We also used the HPLC analysis method to test acyl chain preference of MiD49 further, by 

incubating MiD49 with equal concentrations of six acyl-CoAs (stearoyl, oleoyl, palmitoyl, 

myristoyl, lauroyl, and octanoyl), and then analyzing the acyl-CoA composition of the isolated 

MiD49 oligomer fraction.  The three longer-chain acyl-CoAs (stearoyl, oleoyl, palmitoyl) are 

abundant in this fraction, while there is minimal myristoyl-CoA or lauroyl-CoA and no detectable 

octanoyl-CoA (Figure S3-4).  This result suggests that, even though myristoyl-CoA or lauroyl-
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CoA can induce MiD49 oligomerization (Figure 3-1D), they are out-competed by longer chain 

acyl-CoAs.  

 

3.3.2 MiD49 oligomers stimulate DRP1 GTPase activity 

 

The preceding results suggest that LCACA binds MiD49 in a 1:1 complex, and promotes MiD49 

oligomerization.  We next tested the effect of MiD49 oligomers on DRP1 GTPase activity.  Similar 

to past results124,125, MiD49 monomers do not stimulate DRP1 GTPase activity (Figure 3-2A).  In 

contrast, MiD49 oligomers display an approximate 10-fold stimulation (Figure 3-2A).   We then 

analyzed the concentration dependence of DRP1 activation by MiD49 oligomers.  Intriguingly, 

MiD49 oligomers have a bi-phasic effect on DRP1 GTPase activity, with stimulatory effects up to 

1 µM and then decreasing activation at higher concentrations (Figure 3-2B). This effect is similar 

for MiD49 oligomers isolated from a range of initial MiD49:palmitoyl-CoA ratios in the 

oligomerization reaction (Figure 3-2B).   

 

The bi-phasic effect of MiD49 oligomer concentration on DRP1 GTPase activity is reminiscent of 

that shown by actin filaments69 (Figure 3-2C, Figure S3-5A).  We postulate that, in both cases, 

low concentrations of the oligomeric molecule (MiD49 or actin filaments) induce the juxtaposition 

of DRP1 G domains, which stimulates GTPase activity70,98,101. Beyond a certain concentration of 

oligomeric molecule, however, DRP1 binding becomes sparser and G domains are separated 

(Figure 3-2D).  If this situation is true, increasing the DRP1 concentration should shift the 

optimally stimulating MiD49 oligomer concentration to a higher value.  Indeed, the concentration 

of MiD49 oligomer needed to reach peak activation increases with increasing DRP1 concentration 

(Figure 3-2E).   

 

We have previously shown that actin filaments synergize with MFF in stimulating DRP1, with 

actin filaments decreasing the concentration of MFF needed for optimal stimulation69,241. We tested 

the possibility that MiD49 oligomers might act in a similar manner to actin.  Indeed, an MiD49 

concentration that causes sub-optimal DRP1 activation alone (250 nM) allows further DRP1 

activation by low concentrations of MFF (EC50 1 µM, Figure 3-2F, Figure S3-5B), as opposed to 

the situation for MFF alone, in which 100 µM MFF is required for full DRP1 activation (Figure 

S3-5C).  In contrast, MiD49 monomer reduces the effectiveness of MFF in DRP1 activation 

(Figure 3-2F, Figure S3-5B,C).  We tested whether MiD49 oligomers, like MFF, had the ability 

to synergize with actin filaments.  However, varying concentrations of actin filaments do not 
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change the effect of MiD49 monomers or oligomers on DRP1 activity (Figure 3-2G).  In addition, 

MiD49 monomers inhibit the effect of actin filaments on DRP1 GTPase activity (Figure 3-2G), 

with an IC50 below 500 nM (Figure 3-2H).   

 

These results suggest that LCACA-induced oligomerization converts MiD49 into a DRP1-

activating protein.  MiD49 oligomers are synergistic with MFF for DRP1 activation, in a similar 

manner to the synergism between actin filaments and MFF.  In contrast, MiD49 and actin filaments 

do not synergize.  In fact, MiD49 monomers eliminate the activating effect of actin filaments on 

DRP1 activity, suggesting that the two are competitive for DRP1 binding.   

 

3.3.3 MiD51 displays acyl-CoA induced oligomerization 

 

We next tested the ability of LCACA to induce oligomerization of the cytoplasmic region of MiD51 

(Figure S3-1A,B).  Similar to MiD49, MiD51 migration on BNGE is slower in the presence of 

acyl-CoA of 12 carbons or longer, but not with octanoyl-CoA , acetyl-CoA, malonyl-CoA, CoA 

alone, palmitic acid, lyso-PA (Figure 3-3A), or a series of purine nucleotides (Figure S3-6A).  By 

size-exclusion chromatography, palmitoyl-CoA causes a shift in MiD51 to an apparent oligomer, 

with the size depending on the palmitoyl-CoA:MiD51 ratio in the oligomerization reaction. Lower 

palmitoyl-CoA concentrations cause migration in the void volume (Figure S3-6B) and higher 

concentrations result in an oligomer that is resolved in the column (Figure 3-3B).  By velocity 

analytical ultracentrifugation, this resolved oligomer sediments at 51 S (Figure 3-3C), and has an 

apparent mass of 2450 kDa (Figure S3-6C), suggesting oligomers averaging 68 subunits.  In 

contrast, the MiD51 peak in the absence of palmitoyl-CoA elutes similarly to the ovalbumin marker 

by size-exclusion chromatography (Figure 3-3B) and sediments at 2.9 S (Figure 3-3C) with a 

calculated mass of 38.3 kDa (Figure S3-6C), suggestive of a monomer.  By negative stain electron 

microscopy, the oligomer displays a range of particle sizes, generally smaller than those for MiD49 

oligomers (Figure 3-3D, Figure S3-2).  We assessed palmitoyl-CoA:MiD51 ratio across the 

oligomer peak, and found an approximate 1:1 correspondence (Figure 3-3E).  These results suggest 

that the increase in MiD51 size is due to LCACA-induced oligomerization of MiD51. 

 

MiD51 has been previously shown to bind ADP124,125.  We find that ADP does not induce MiD51 

oligomerization (Figure S3-6D).  ADP does decrease palmitoyl-CoA induced MiD51 

oligomerization at higher concentrations, whereas CoA or acetyl-CoA have less effect (Figure S3-
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6D).  This result suggests that ADP and palmitoyl-CoA compete for MiD51 binding.  Even at 0.5 

mM ADP, however, significant MiD51 still oligomerizes.   

 

We took advantage of a previously used assay to examine MiD51 binding specificity in more detail.  

In this assay124, MiD51 is mixed with fluorescent MANT-ADP, and the change in MANT-ADP 

fluorescence is monitored, with binding correlating with higher fluorescence intensity.  Similar to 

the past study, MiD51 binds MANT-ADP with an apparent Kd of 0.65 µM, while MiD49 displays 

no detectable MANT-ADP binding (Figure S3-6E).  We then assessed MiD51 binding to potential 

ligands using a competition assay in which increasing competitor ligand is mixed with fixed 

concentrations of MANT-ADP and MiD51.  Palmitoyl-CoA causes a concentration-dependent 

decrease in MANT-ADP fluorescence back to the level of MANT-ADP alone, with an EC50 of 2 

µM (Figure 3-3F), suggesting competition for the same binding site on MiD51.  Using this assay, 

we screened several molecules at fixed concentration (20 µM) for competition with MANT-ADP.  

LCACAs (stearoyl, oleoyl, palmitoyl, myristoyl) compete efficiently, whereas lauroyl-CoA, 

octanoyl-CoA, malonoyl-CoA, acetyl-CoA, CoA alone, palmitoyl-carnitine, and lyso-phosphatidic 

acid display no competition (Figure 3-3G).  Interestingly, ADP is a poor competitor for MANT-

ADP (Figure 3-3F), suggesting that the hydrophobic MANT group contributes significantly to the 

affinity of MiD51 for MANT-ADP in a similar manner to the fatty acid tail of acyl-CoA.   

 

As with MiD49, oligomerized MiD51 activates DRP1 GTPase activity, whereas monomeric 

MiD51 does not (Figure S3-6F).  Also similar to MiD49, MiD51 oligomers activate DRP1 in a bi-

phasic manner, with an optimal concentration at 1 µM (Figure 3-3H).  The optimal concentration 

increases if DRP1 concentration is increased (Figure 3-3I), supporting the model of increased 

DRP1 density on MiD51 oligomers to allow GTPase domain interaction (Figure 3-2D).  In addition, 

MiD51 oligomers synergize with MFF for DRP1 activation, with the EC50 of MFF being 2 µM in 

the presence of MiD51 oligomers, which is over 10-fold lower than for MFF alone (Figure 3-3J, 

Figure S3-6G).  In contrast, the same concentration of MiD51 monomers reduces MFF-mediated 

DRP1 activation (Figure 3-3J, Figure S3-6G).  Similar to MiD49, MiD51 displays no ability to 

synergize with actin filaments in DRP1 activation (Figure S3-6H), and MiD51 monomers are 

potent inhibitors of actin-stimulated DRP1 GTPase activity (Figure 3-3K).   

 

These results suggest that, similar to MiD49, MiD51 binding to LCACA induces oligomerization, 

and these oligomers are capable of DRP1 activation.  While MiD51 is capable of binding ADP, 

LCACAs are preferred ligands, presumably constituting the physiological ligands in cells. MiD51 
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oligomers synergize with MFF in DRP1 activation, while MiD51 monomers inhibit both MFF- and 

actin-mediated DRP1 activation. 

 

3.3.4 Mutation of R342 in MiD51 reduces LCACA-induced oligomerization 

 

We sought to design an MiD51 mutant deficient in LCACA binding, using published structural 

information as a guide 124,125.  We made mutations to two residues protruding from either side of 

MiD51’s pocket, Y185A and R342A.  The R342 side chain is in close proximity to the alpha 

phosphate of both ADP and GDP, whereas Y185 is in the vicinity of the purine ring (Figure 3-4A). 

The cytoplasmic regions of both MiD51-R342A and MiD51-Y185A express and purify in bacteria 

similar to WT MiD51 (Figure S3-1B), eluting from SEC as apparent monomers (Figure 3-4B).  

MiD51-R342A displays an apparent inability to bind MANT-ADP, whereas MiD51-Y185A 

displays binding similar to WT (Kd WT 0.27 µM, Kd Y185A 0.9 µM, Figure 3-4C).  By BNGE, 

MiD51-R342A displays a reduced ability to oligomerize in response to palmitoyl-CoA (Figure 3-

4D), quantified by loss of the MiD51 monomer band with increasing palmitoyl-CoA (Figure 3-

4E).  Similarly, a lower amount of oligomer peak is recovered from SEC for the R342A mutant 

upon incubation with palmitoyl-CoA (Figure 3-4F).  Interestingly, the MiD51-R342A oligomer 

maintains the ability to activate DRP1 GTPase activity (Figure 3-4G) suggesting that, although 

MiD51-R342A has reduced affinity for LCACA, it maintains DRP1 binding and activation once 

oligomerized. 

 

3.3.5 Acyl-CoA binding mutants display reduced oligomerization and mitochondrial 

phenotypes in cells 

 

At low expression levels, MiD proteins display a punctate appearance51,120, suggestive of 

oligomerization.  At higher expression, MiD distribution is uniform and causes mitochondrial 

elongation by its ability to sequester DRP1 51,116,120.  We found similar effects with GFP-fusions of 

MiD49 and MiD51 (Figure 3-5A, Figure S3-7A).  Live-cell imaging suggests that, for both MiD49 

and MiD51, the puncta appear stable on the mitochondria, despite considerable fluctuation of the 

mitochondria themselves.   

 

Identification of an MiD51 mutant defective in LCACA binding provided an opportunity to test the 

importance of LCACA binding to MiD function in cells.  We expressed GFP-fusions of WT, 

Y185A or R342A MiD51 in HeLa cells and evaluated their ability to form puncta at low expression 
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level, as well as their effect on mitochondria at high expression level.  Low level expression of 

either MiD51-WT or MiD51-Y185A results in punctate GFP accumulation on mitochondria, in 

contrast to the even distribution of MiD51-R342A (Figure 3-5A,B).  The expression levels of these 

constructs are similar, and lower than endogenous MiD51 levels (Figure 3-5C).  We quantified 

MiD51 puncta by examining the average size of each MiD51 particle and the % of mitochondrial 

area covered by MiD51 staining (examples in Figure S3-7B), with lower numbers denoting puncta.  

Both average particle size and % mitochondrial area are significantly lower for MiD51-WT and 

MiD51-Y185A than for MiD51-R342A (Figure 3-5D,E).  At higher expression, MiD51-WT and 

MiD51-Y185A are evenly distributed along mitochondria and cause mitochondrial elongation, 

while MiD51-R342A causes a collapsed mitochondrial phenotype, which could be due to dominant 

negative effects of this mutant on the endogenous MiD51 and/or MiD49 proteins (Figure S3-7C,D). 

 

We next tested whether MiD51-WT, MiD51-Y185A or MiD51-R342A could rescue phenotypes 

caused by siRNA-mediated double knock-down (KD) of MiD49 and MiD51.  MiD49/51 KD in 

HeLa cells results in significant mitochondrial elongation (Figure 3-6A).  Expression of MiD51-

WT or MiD-Y185A results in substantial rescue of the mitochondrial elongation phenotype, while 

expression of MiD51-R342A does not (Figure 3-6A,B).  In addition, MiD51-R342A appears 

diffuse on mitochondria in the MiD49/51 KD cells (Figure 3-6A), similar to its distribution in WT 

HeLa cells (Figure 3-5A).     

 

Knock-down of MiD49/51 also results in a decrease in the punctate appearance of DRP1 on 

mitochondria (Figure 3-6C), similar to results from other studies120,122,123.  We quantified these 

effects either by % mitochondrial area covered by DRP1 (Figure 3-6D) or the size of DRP1 puncta 

(Figure 3-6E).  Re-expression of MiD51-WT or MiD51-Y185A results in a recovery of DRP1 

puncta to larger sizes and mitochondrial coverage than in control cells (Figure 3-6C-E), suggesting 

enhanced DRP1 oligomerization.  In contrast, expression of MiD51-R342A does not cause 

recovery of DRP1 puncta size or overall mitochondrial area covered by DRP1 (Figure 3-6C-E). 

The combination of these results suggest that LCACA binding is required for MiD51-mediated 

DRP1 recruitment and mitochondrial fission. 

 

3.3.6 Increased cellular LCACA causes increased MiD-dependent mitochondrial fission 

To test the involvement of LCACA in MiD-mediated mitochondrial fission, we treated cells with 

2-bromopalmitate (2-BP), a palmitate analogue that gets converted to 2-bromopalmitoyl-CoA that 

is slow in subsequent processing 243,244 .  We treated HeLa cells for 1-hr with either 150 µM 2-BP 
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or methyl-palmitate (MP) as a negative control 244, and evaluated the mitochondrial phenotype.  In 

HeLa WT cells, a 1-hr treatment with 2-BP causes a 2.8-fold decrease in mitochondrial area after 

1 h (Figure 3-7A-C), as well as an increase in mitochondrial DRP1 accumulation (Figure S3-8) 

when compared to control (MP-treated) cells.  DRP1 KD causes mitochondrial area to increase 3.4-

fold in control cells, and eliminates the 2-BP mediated decrease, suggesting that the change in 

mitochondrial length is due to increased fission (Figure 3-7A-D). Similarly, MiD49/51 KD causes 

mitochondrial area to increase 2-fold in control cells, and eliminates the 2-BP-induced 

mitochondrial shortening (Figure 3-7A-D).  These results suggest that 2-BP mediated 

mitochondrial fission occurs through increased acyl-CoA levels, activating MiD49/51.   
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3.4 Discussion 

 

We report that long chain fatty acyl CoAs (LCACAs) are ligands for the mitochondrial DRP1 

receptors MiD49 and MiD51, triggering oligomerization which in turn enables activation of the 

DRP1 GTPase.  LCACA-oligomerized MiD can synergize with MFF in activating DRP1, but is 

not synergistic with actin.  A mutant compromising LCACA binding reduces cellular MiD51 

oligomerization and its ability to enhance mitochondrial fission.  Cellular treatment with 2-

bromopalmitic acid, which increases acyl-CoA levels, stimulates mitochondrial fission in an MiD-

dependent manner. 

 

The identification of LCACAs as MiD ligands answers an outstanding question concerning these 

proteins.  Both MiD49 and MiD51 contain large interior pockets similar to that of cGAS, but no 

ligand had been identified for MiD49, whereas the ligands identified for MiD51 (ADP or GDP) do 

not result in a dramatic change in its ability to activate DRP1124,125.  We find that the affinity of 

MiD51 for palmitoyl-CoA is significantly higher than for ADP, suggesting that LCACAs likely 

out-compete ADP for MiD51 binding in cells.  The demonstration that LCACAs bind with 1:1 

stoichiometry to MiDs and cause a substantial increase in DRP1 activation suggests that these are 

physiological ligands.  In addition, the fact that palmitoyl-CoA concentrations below its critical 

micelle concentration (measured here to be 47 µM) can induce MiD oligomerization suggests that 

MiDs are not simply aggregating around micelles.  Furthermore, LCACAs are preferred over other 

possible ligands such as lyso-phosphatidic acid, acetyl-CoA, malonyl-CoA, or a variety of 

nucleotides.   

 

The activation mechanism induced by LCACA is intriguing.  In this study and previous studies124,125, 

the cytoplasmic regions of MiD49 or MiD51 cannot activate DRP1, and even display an inhibitory 

effect on GTPase activity.  We show that LCACA-induced MiD oligomers activate DRP1.  This 

activation is presumably induced by bringing GTPase domains in close proximity, which is a 

common activation mechanism for dynamin proteins in general70,98,101.  The fact that MiDs display 

bi-phasic concentration effects on DRP1 activation, with activation reaching a peak and then 

declining at higher MiD oligomer concentrations, further suggests activation through inducing 

GTPase domain proximity.   

 

DRP1 recruitment to and activation by oligomeric ‘receptors’ occurs in two other contexts:  with 

MFF, which requires oligomerization through its coiled-coil241; and with actin filaments69,241.  A 
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recent paper revealed the structure of ‘cofilaments’ assembled by DRP1 and MiD49 in the presence 

of GTP or non-hydrolyzable GTP analogues245.  In this structure, monomeric MiD49 is bound 

around a core of DRP1, and GTP hydrolysis causes MiD49 release.  It is unclear how the assembly 

of MiD49 oligomers might alter this interaction.   

 

Another intriguing aspect of MiD effects on DRP1 is the ability of oligomerized MiD49 or MiD51 

to synergize with MFF in DRP1 activation.  MFF alone is a poor DRP1 activator, requiring high 

concentrations to stimulate DRP1 activity.  Addition of a low concentration of MiD49 or MiD51 

oligomers reduces the concentration of MFF required for DRP1 activation.  We have observed a 

similar effect for actin filaments241.   

 

These results raise a model whereby either activation of MiD proteins (by increased LCACA) or 

polymerization of specific actin-based structures (through the polymerization factors INF2 or 

Spire1C171,174) might serve as initiating signals for DRP1 recruitment, with MFF working 

downstream.  A previous study suggests that MFF preferentially binds DRP1 oligomers222, 

supporting the model. This model might also suggest that MiDs and actin operate in distinct 

mitochondrial fission events, which is further supported by the lack of synergy between 

oligomerized MiDs and actin, as well as the potent inhibition of actin-mediated DRP1 activation 

by monomeric MiDs.  While the possibility of actin and MiDs operating in distinct pathways has 

not been tested directly, a recent publication reveals two mechanistically distinct pathways to 

DRP1-dependent mitochondrial fission29, one which is actin-dependent and one which is actin-

independent.  Interestingly, deletion of MiD49 and MiD51 partially reduces both types of fission 

in this study, suggesting that additional factors might be at play. 

 

Another question pertains to the pools of LCACA that stimulate MiD activity in cells.  LCACAs 

are involved in both anabolic (phospholipid and triacylglycerol synthesis) and catabolic (beta-

oxidation) processes, in addition to being required for protein myristoylation and palmitoylation.  

In principle, processes involving LCACA on the mitochondrial surface, such as fatty acid import 

into mitochondria for beta-oxidation, would be the most likely candidates for MiD regulation.  For 

fatty acid import, long chain fatty acids are first coupled to CoA in the cytoplasm, then converted 

to acyl-carnitine by carnitine O-palmitoyltransferase 1 (CPT1) on the outer mitochondrial 

membrane246.   
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A recently published paper has established a correlation between increased mitochondrial fission 

and increased fatty acid oxidation, with the fission-activated step being CPT138.  A possible 

mechanism for fission-mediated CPT1 activation is through increased membrane curvature, 

facilitating intra-molecular interactions247,248.  The results presented here, in combination with this 

recent publication, lead to a model whereby increased cytoplasmic fatty acid leads to increased 

fatty acyl-CoA, activating MiD proteins to trigger mitochondrial fission.  Fission leads to CPT1 

activation, increased fatty acid import and beta-oxidation (Figure 3-8), which could be used for 

ATP production (hepatocytes, pancreatic beta-cells, and oxphos-dependent B lymphoma cells 38) 

or for heat generation (brown adipocytes 36).  Interestingly, a recent publication suggests that CPT1 

might have a reciprocal effect, enhancing mitochondrial fission through succinylation-mediated 

stabilization of MFF249.   

 

MiD proteins are only found in metazoans, so it is unclear whether LCACA influences 

mitochondrial fission in non-metazoans.  Interestingly, knocking out cytoplasmic acyl-CoA 

binding protein in Schizosaccharomyces pombe causes DRP1-dependent mitochondrial fission 250, 

implying that increasing levels of free acyl-CoA induces mitochondrial fission.  The proteins 

mediating this effect remain to be elucidated. 

 

The regulation of MiD49/51 adds to a growing list of LCACA regulatory functions.  LCACAs are 

allosteric inhibitors of acetyl-CoA carboxylase (ACC), with this inhibition simultaneously 

decreasing fatty acid synthesis and relieving inhibition of CPT1 244.  Interestingly, the basis for this 

inhibition might be in regulating ACC’s oligomeric state251.  Recently, LCACAs have also been 

shown to act as allosteric activators AMP-dependent kinase beta1, further inhibiting ACC 244.  All 

of these effects lead to more efficient mitochondrial fatty oxidation, and could act in a concerted 

fashion toward these goals. 
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3.5 Materials and Methods 

 

Plasmids/siRNA. For bacterial expression, MiD49∆1-124 (mouse amino acids 125-454, UniProt 

ID Q5NCS9) was inserted into a modified pGEX-KT vector by BamH1 and EcoR1 sites, in which 

a GST-thrombin site-6xHis-TEV tag is in front of multiple cloning site (MCS). MiD51∆1-133 

(human amino acids 134-463, UniProt ID Q9NQG6) was inserted into another modified pGEX-

KT vector by BamH1 and EcoR1 sites, where a GST-thrombin site-6xHis-HRV3C-6xHis sequence 

is in front of MCS.  Quick Change mutagenesis was performed to make MiD49 or MiD51 mutants.  

Full-length of human DRP1 isoform 3 (NP_055681.2, UniProt ID O00429-4) and truncated human 

MFF isoform 4 (UniProt ID Q9GZY8-4) (MFF-∆TM) have been described previously 69,122. For 

cellular assays, full length MiD49/51 and corresponding mutants were inserted into a modified 

GFP-N1 vector, in which the MCS is followed by HRV3C-GFP-2xStrep-tag.  Mito-plum plasmid 

was obtained from Addgene (#55988). The following oligonucleotides used for siRNA-mediated 

protein silencing were synthesized by Integrated DNA Technologies: MiD49 (3'UTR Exon 4): 5’-

AUUCUGACUUUGAAGCCUGUUAAGA-3’; MiD51 (3'UTR Exon 6): 5′-

GAAGAGCUGUGAUAGCAUGUUUCAA-3’; DRP1 (CDS Exon 8): 5’-

GCCAGCTAGATATTAACAACAAG AA-3′; silencer negative control (IDT) was 5′-

CGUUAAUCGCGUAUAAUACGCGUAU-3′. 

 

Protein Expression, Purification. 

MiD49 and MiD51 was expressed in One Shot BL21 Star (DE3) Escherichia coli (C6010-03; Life 

Technologies, Carlsbad, CA) in LB broth, induced by isopropyl-β-D-thiogalactoside (IPTG) at 

16 °C for 16 h when OD600 reached 1.5. Cell pellets were resuspended in MiD lysis buffer (25 

mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid [Hepes], pH 7.4, 500 mM NaCl, 1 mM 

dithiothreitol [DTT], 2 µg/ml leupeptin, 10 µg/ml aprotinin, 2 µg/ml pepstatin A, 2 mM 

benzamidine, 1 µg/ml calpain inhibitor I [ALLN], and 1 µg/ml calpeptin) and lysed using a high-

pressure homogenizer (M-110L Microfluidizer Processor; Microfluidics, Newton, MA). The lysate 

was cleared by centrifugation at 40,000 rpm (type 45 Ti rotor; Beckman, Brea, CA) for 1 hour at 

4°C and then was loaded onto Pierce™ Glutathione Agarose (16101; Thermofisher) by gravity 

flow. The column was washed with 20 column volumes (CV) of lysis buffer without protease 

inhibitors. To elute MiD49/51, 1 unit/µL thrombin (T4648, Sigma-Aldrich) or 0.01 mg/ml HRV3C 

protease in lysis buffer without protease inhibitors was added for 16 hours at 4°C. The protein 

eluate was captured by HiTrap IMAC column (17-5248-01, GE Healthcare, Chicago, IL) and eluted 

by IMAC-B buffer (50 mM Tris-HCl pH 7.5, 0.1 M NaCl, 500 mM imidazole). The His-trap protein 
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eluate was further purified by size exclusion chromatography on Superdex200 (GE Biosciences, 

Piscataway, NJ) with S200 buffer (20 mM Hepes, pH 7.4, 65 mM KCl, 2 mM MgCl2, 1 mM DTT, 

0.5 mM ethylene glycol tetraacetic acid [EGTA]), spin concentrated (UFC903024, EMD Millipore 

Corporation, Burlington, MA), frozen in liquid nitrogen, and stored at −80 °C. 

 

DRP1 was expressed and purified as previously described with modifications69. Briefly, DRP1 

construct was expressed in One Shot BL21 Star (DE3) Escherichia coli in LB broth, induced by 

isopropyl-β-D-thiogalactoside (IPTG) at 16 °C for 16 hours when OD600 reached to 1.5. Cell 

pellets were resuspended in lysis buffer (100 mM Tris-Cl, pH 8.0, 500 mM NaCl, 1 mM 

dithiothreitol [DTT], 1 mM Ethylenediaminetetraacetic acid [EDTA], 2 µg/ml leupeptin, 10 µg/ml 

aprotinin, 2 µg/ml pepstatin A, 2 mM benzamidine, 1 µg/ml ALLN, and 1 µg/ml calpeptin) and 

lysed using a high-pressure homogenizer. The lysate was cleared by centrifugation at 40,000 rpm 

in Ti-45 rotor for 1 hour at 4°C. Avidin (20 µg/ml; PI-21128; Thermo Fisher Scientific, Waltham, 

MA) was added to the supernatant, and then was loaded onto Strep-Tactin Superflow resin (2-1206-

025; IBA, Göttingen, Germany) by gravity flow. The column was washed with 20 column volumes 

(CV) of lysis buffer without protease inhibitors. To elute DRP1, 0.01 mg/ml HRV3C protease in 

lysis buffer without protease inhibitors was added for 16 hours at 4°C. The Strep-Tactin Superflow 

eluate was further purified by size exclusion chromatography on Superdex200 with DRP1-S200 

buffer (20 mM HEPES pH 7.5, 150 mM KCl, 2 mM MgCl2, 1 mM DTT, 0.5 mM EGTA), spin 

concentrated, frozen in liquid nitrogen, and stored at −80 °C. 

 

MFF-∆TM was expressed in RosettaTM2 BL21-(DE3) Escherichia coli (71400; EMD Millipore 

Corporation, Burlington, MA) in LB broth, induced by 1M IPTG at 30 °C for 4 h when OD600 

reached to 1.5. Cell pellets were resuspended in lysis buffer (50 mM Tris-HCl, pH 7.5, 500 mM 

NaCl, 20 mM imidazole, pH 7.5, 1 mM DTT, 1 mM EDTA, 2 µg/ml leupeptin, 10 µg/ml aprotinin, 

2 µg/ml pepstatin A, 2 mM benzamidine, 1 µg/ml ALLN, and 1 µg/ml calpeptin) and lysed using 

M-110 microfluidizer processor. The lysate was cleared by centrifugation at 40, 000 rpm in Ti45 

for 40 minutes at 4°C, the supernatant was saved. Affinity capture was performed using FPLC and 

a HiTrap IMAC column (17-5248-01, GE Healthcare, Chicago, IL) equilibrated with IMAC-A 

buffer (50 mM Tris-HCl pH 7.5, 0.1 M NaCl, 20 mM imidazole). Cleared lysate was loaded onto 

the column with a rate of 3 mL/min and washed to baseline with IMAC-A. MFF was eluted from 

the column with gradient step washes by IMAC-B buffer (50 mM Tris-HCl pH 7.5, 0.1 M NaCl, 

500 mM imidazole): step1 10% IMAC-B for 5CV, step2 20% IMAC-B for 5CV, step3 100% for 

5CV. Fractions from step3 were pooled and diluted 10-fold in ion exchange (IEX)-A buffer (50 
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mM Tris-HCl pH 7.5, 1 mM DTT). Diluted fractions were loaded onto a HiTrap Q anion exchange 

column (54816, EMD Millipore Corporation, Burlington, MA). The column was washed to 

baseline with IEX-A and MFF was eluted by IEX-B buffer (50 mM Tris-HCl pH 7.5, 1 M NaCl, 1 

mM DTT) with a step gradient: step1 10% 5CV, linear 10-50% 30CV followed by linear 50-100% 

5CV. Peak MFF fractions were concentrated by reloading onto the HiTrap IMAC column and 

eluted with 100% IMAC-B step wash. MFF fractions were pooled and further purified by size 

exclusion chromatography on Superdex200 with S200 buffer (20 mM HEPES, pH 7.4; 2 mM 

MgCl2, 0.5 mM EGTA, 65 mM KCl, 1 mM DTT), spin concentrated (UFC903024, EMD Millipore 

Corporation, Burlington, MA), aliquots were frozen in liquid nitrogen, and stored at −80 °C. 

 

Rabbit skeletal muscle actin was extracted from acetone powder as previously described 237, and 

further gel-filtered on Superdex 75 16/60 columns (GE Healthcare). Actin was stored in G buffer 

(2 mM Tris, pH 8.0, 0.5 mM DTT, 0.2 mM ATP, 0.1 mM CaCl2, and 0.01% NaN3) at 4°C. 

 

Actin preparation for biochemical assays 

For high-speed pelleting assay, actin filaments were polymerized from 20 µM monomers for 3 h at 

23 °C by addition of a 10x stock of polymerization buffer (200 mM HEPES, pH 7.4, 650 mM KCl, 

10 mM MgCl2, 10 mM EGTA) to a final 1x concentration. For GTPase assay, actin monomers in 

G-buffer were incubated with AG1-X2 100–200 mesh anion exchange resin (Dowex; 1401241; 

Bio-Rad) at 4 °C for 5 min to remove ATP, followed by low-speed centrifugation. 20 µM actin 

filaments were polymerized as described before. To maintain ionic strength across all samples, an 

actin blank was prepared in parallel using G-buffer in place of actin monomers and used to dilute 

actin filaments as needed for each sample. DRP1 was diluted in MEHD buffer (20 mM HEPES, 

pH 7.4, 2 mM MgCl2, 0.5 mM EGTA, 1 mM DTT) to adjust the ionic strength to the same as S200 

buffer before biochemical assays. 

 

Size exclusion Chromatography assays.  

MiD49∆1-124 and MiD51∆1-133 oligomeric distribution was determined by Superose 6 increase 

10/300 GL SEC column (GE Biosciences) in S200 buffer (20 mM HEPES, pH7.4, 65 mM KCl, 2 

mM MgCl2, 0.5 mM EGTA, 1 mM DTT). Protein at varying concentration was loaded onto the 

column in a total volume of 500 µL and gel-filtered with a flow rate of 0.4 mL/min.  

 

Purine-containing ligand screening and Blue-Native PAGE 



 102 

Purine-containing ligands were incubated with MiD49 or MiD51 at 37 °C for 1 hour before BN-

PAGE analysis. Ligands include: NADP+ (Sigma-Aldrich, 077K7000), NAD+ (Sigma-Aldrich, 

N1636), NADH (Sigma-Aldrich, 10107735001), c-di-AMP (Sigma-Aldrich, A3262), 2’3’-GAMP 

(Sigma-Aldrich, 1229), AMP (Sigma-Aldrich, 01930), ADP(Sigma-Aldrich, 01897), ATP (Sigma-

Aldrich, A2383), GMP (Sigma-Aldrich, G8377), GDP (Sigma-Aldrich, G7127), GTP (Sigma-

Aldrich, G8877), cAMP (Sigma-Aldrich, 1231), dNTP (New England Biolabs, N0447S), 

hypoxanthine (Sigma-Aldrich, H9377), stearoyl-CoA (Sigma-Aldrich, S0802), oleoyl-CoA 

(Sigma-Aldrich, O1012), palmitoyl-CoA (Sigma-Aldrich, P9716), myristoyl-CoA (Sigma-

Aldrich, M4414), lauoryl-CoA (Sigma-Aldrich, L2659), octanoyl-CoA (Sigma-Aldrich, O6877), 

malonoyl-CoA (Sigma-Aldrich, 4263), acetyl-CoA (Sigma-Aldrich, A2056), coenzyme A (Sigma-

Aldrich, C4282), lyso-PA (Avanti Polar Lipids, 857127P25MG), geranylgeranyl pyrophosphate 

(Sigma-Aldrich, G6025), palmitic acid (Sigma-Aldrich, P0500), palmityl-carnitine (Sigma-

Aldrich, P1645). If not stated in the legend, concentrations were 500 µM ligand, 100 µM MiD49, 

and 50 µM MiD51.   

 

MiD49 or MiD51 was incubated with ligand for 1hr at 37 °C for 1 hr in S200 buffer, then mixed 

with the Native PAGE Sample buffer (Thermo Fisher Scientific, catalog BN2003). The samples 

were separated on a NativePAGE Novex 3%–12% Bis-Tris protein gel system (Thermo Fisher 

Scientific, catalog BN1003BOX) according to the manufacturer’s instructions. In brief, the 

electrophoresis was performed with 1× NativePAGE Running Buffer (Thermo Fisher Scientific, 

BN2001) and blue cathode buffer (containing 0.002% G-250). BN PAGE gel was destained in 

distilled water overnight, and band intensity was analyzed using ImageJ software. 

 

GTPase assay 

DRP1 (0.75 µM) was mixed with indicated concentrations of MiD49, 51, MFF and/or actin 

filaments in S200 buffer. Sample were incubated at 37 °C for 5 min. At this point, GTP was added 

to a final concentration of 500 µM to start the reaction at 37 °C. Reactions were quenched at 

designated time points by mixing 15 µL sample with 5 µL of 125 mM EDTA in a clear, flat-

bottomed, 96-well plate (Greiner, Monroe, NC). Six time points were acquired for all conditions, 

either in a 12 min time range, or in a 45 min time range depending on reaction speed. Released 

phosphate was determined by addition of 150 µL of malachite green solution as previously 

described 69  Absorbance at 650 nm was measured 15 min after malachite green solution incubation. 

GTP hydrolysis rates were determined by plotting phosphate concentration as a function of time in 

the linear phase of the reaction. 
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Velocity Analytical Ultracentrifugation 

Analytical ultracentrifugation was conducted using a Beckman Proteomelab XL-A and an AN-60 

rotor. For sedimentation velocity analytical ultracentrifugation, MiD49/51 (5μM) in S200 buffer 

(65 mM KCl, 1 mM MgCl2, 0.5 mM EGTA, 1 mM DTT, 20 mM HEPES, pH 7.4) was centrifuged 

at either 5,000 (for oligomer) or 35,000 (for monomer) rpm with monitoring at 280 nm. Data 

analyzed by Sedfit to determine sedimentation coefficient, frictional ratio, and apparent mass. 

Sedimentation coefficient reported is that of the major peak (at least 80% of the total analyzed mass) 

at OD280. 

 

MANT-ADP assay 

MANT-ADP assay was performed as previously described with modifications124. Fluorescence 

measurements of MANT-ADP (Sigma-Aldrich, 19511) were performed using a 96-well 

fluorescence plate reader (Infinite M1000; Tecan, Mannedorf, Switzerland) at room temperature in 

S200 buffer (65 mM KCl, 1 mM MgCl2, 0.5 mM EGTA, 1 mM DTT, 20 mM HEPES, pH 7.4). 

Samples were excited at 355 nm, and fluorescence emission was monitored at 448 nm. For titrations, 

MANT-nucleotide was held constant at 300 nM and the protein concentration was varied as 

indicated, measurements were conducted after 30 minutes incubation at room temperature.  

 

High-speed pelleting assay 

Interactions between DRP1, actin and MiD49 were tested in the S200 buffer; 1.3 µM DRP1, 1 µM 

actin, and 4 µM MFF were mixed as described and were incubated for 1 hr at room temperature in 

a 100 µl volume. After incubation, samples were centrifuged at 80,000 rpm for 20 min at 4°C in a 

TLA-100.1 rotor (Beckman). The supernatant was carefully removed. Pellets were washed three 

times with S200 buffer and then resuspended in 100 µl of SDS–PAGE sample buffer and resolved 

by SDS–PAGE (LC6025; Invitrogen, Carlsbad, CA). Gels were stained with Coomassie Brilliant 

Blue R-250 staining (1610400, Bio-Rad, Hercules, CA), and band intensity was analyzed using 

ImageJ software. 

 

HPLC analysis of long-chain Acyl-CoA esters.  

HPLC analysis was performed as previously described with modifications252. A Betasil C18 

column (150 x 4.6 mm) from Thermo (0711365H; Thermo Fisher Scientific, Waltham, MA) was 

used. The two mobile-phase solvents were 25 mM KH2PO4, pH 5.3 (pump A) and acetonitrile 

(pump B). Column was equilibrated in 95% pump A/5% pump B at 2 mL/min.  A discontinuous 
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gradient for elution of long-chain acyl-CoA esters was divided into four steps. Step 1:  95%/5% to 

70%/30% over 5 min. Step 2:  70%/30% to 60%/40% over 2.5 min. Step 3:  60%/40% to 54%/46% 

over 4.5 min. Step 4:  54%/46% to 38%/62% over 2.5 min, then held for an additional 2.5 min at 

38%/62% before re-equilibration by a 5 min reversed-flow gradient. The volume of the sample 

injected was 200 µL. The acyl-CoA esters were detected at. 260 nm. Quantitation was based on 

peak areas.  

 

Phosphate Assay 

Fractions from Superose 6 size exclusion chromatography were assayed for phosphate content as 

follows.  The fraction (0.4 mL) was mixed with 0.1 mL of 70% perchloric acid (Sigma-Aldrich 

244252) in a 13x100 mm glass tube, and heated to 190˚C for 20 min.  After cooling, the following 

were added:  0.6 mL water, 0.25 mL molybdate solution (1.25% ammonium molybdate in 2.5 N 

sulfuric acid), and 0.06 mL Fiske-Subbarow reducer (Sigma-Aldrich 46345, 16% solution in water).  

Sample heated to 90˚C for 20 min.  After cooling, absorbance at 820 nm recorded.  Phosphate 

content determined against standard curve of sodium phosphate, and converted to coenzyme A 

content by dividing by 3.  This assay provides linear detection of inorganic phosphate from 1.5-40 

nmole, and displays near-100% detection of known amounts of palmitoyl-CoA. 

 

Negative-stain transmission electron microscopy 

Negative-stain TEM grids of purified MiD49 and MiD51 were prepared following an established 

protocol253. Briefly, 4ul of the sample at a concentration range of 0.1 – 0.4 mg/ml was applied to a 

glow-discharged 400 mesh copper grid coated with a continuous thin carbon film (prepared in 

house), blotted with filter paper, and then stained with freshly prepared 0.75% (w/v) uranyl formate. 

Grids were visualized at room temperature using a Tecnai T12 Spirit (FEI) equipped with an AMT 

2k x 2k side-mounted CCD camera and operated at a voltage of 100 kV. Images were recorded at 

a nominal magnification range of 120,000-150,000x at the sample level with a calibrated pixel size 

range of 5.28-4.22 Å per pixel.  Particle dimensions were measured by cropping 150x150 nm boxes 

from the original fields, and then determining the length of the longest and shortest axis for each 

particle manually.  For critical micelle concentration calculation of palmitoyl-CoA from negative 

stain micrographs, we used a linear regression technique similar to that used to calculate the critical 

polymerization concentration for actin254. The numbers of particles per 800x800 nm field were 

counted for 3-5 fields over a range of palmitoyl-CoA concentrations.  A fit of the data points 

between 125 and 1000 mM palmitoyl-CoA results an X-intercept at 47 mM palmitoyl-CoA, after 
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subtracting the background particle number in the absence of palmitoyl-CoA (8.2 particles/field, 

presumably debris).   

 

Cell culture and transfections 

Human cervical cancer HeLa cells were purchased from ATCC (CCL-2) and grown in DMEM 

(Corning; 10-013-CV) supplemented with 10% fetal bovine serum (F4135; Sigma). Cells were 

cultivated at 37°C with 5% CO2. For plasmid transfections, cells were seeded at 4 × 105 cells per 

35 mm well 24 h before transfection. Transfections were performed in OPTI-MEM medium (Life 

Technologies; 31985062) with 2 μl of Lipofectamine 2000 (Invitrogen; 11668) per well for 6 h, 

followed by trypsinization and replating onto coverslips or glass-bottomed dishes (MatTek 

Corporation; P35G-1.5-14-C) at a cell density of ∼2 × 105 cells per well. For MiD51 plasmid 

transfections carried out in wildtype HeLa cells 50 ng of each plasmid were transfected, 

respectively. For live-cell time-lapse acquisition, 100 ng of mito-plum were co-transfected with 50 

ng of the respective MiD49 or 51 constructs. 

For siRNA transfections, 1 × 105 cells for control knockdown and 1.5 x 105 cells for MiD49/51 or 

DRP1 knockdown were plated on 6-well plates, and 2 μl RNAi max (Invitrogen; 13778) and 63 

pmol of each siRNA was used per well. Since MiD51 constructs were not sequence-modified for 

RNAi-resistance, 150 ng of the respective GFP-tagged MiD51 plasmids were used in MiD49/51 

siRNA-treated cells. For these rescue experiments, siRNA-treated cells were transfected with 150 

ng of respective MiD51 plasmids and 2 µl Lipofectamine 2000 ~48 h after siRNAs have been 

transfected. Overall, cells were fixed and analyzed 72 h post siRNA-transfection. 

 

Western blotting and antibodies 

For preparation of whole-cell extracts, confluent cell layers in 35 mm dishes were washed 3× with 

phosphate-buffered saline (PBS), lysed using ∼350 μl of 1×DB (50 mM Tris-HCl, pH 6.8, 2 mM 

EDTA, 20%glycerol, 0.8% SDS, 0.02% bromophenol blue, 1000 mM NaCl, 4 M urea), and boiled 

for 5 min at 95°C, and genomic DNA was sheared using a 27×G needle. Proteins were separated 

by standard SDS-PAGE and transferred to a PVDF (polyvinylidine difluoride) membrane 

(Millipore). The membrane was blocked with TBS-T (20 mM Tris-HCl, pH 7.6, 136 mM NaCl, 

and 0.1% Tween-20) containing 3% bovine serum albumin for 1 h and then incubated with the 

primary antibody solution at 4°C overnight. Primary antibodies used were as follows: MiD51 

(rabbit; 20164-1-AP; Proteintech; 1:1000), GFP (rabbit, self-made,1:1000), DRP1 (mouse; 611112; 

BD Transduction Laboratories; 1:1000), GAPDH (G-9, mouse; Santa Cruz Biotechnology; 1:500), 

actin (mouse; mab1501R; Millipore; 1:1000), tubulin (DM1-α, mouse; T9026; Sigma; 1:10,000). 
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After being washed with TBS-T, the membrane was incubated with horseradish peroxidase (HRP)-

conjugated secondary antibodies (goat anti mouse #1721011; Bio-Rad or goat anti rabbit #1706515; 

BioRad) for 1 h at room temperature. Chemiluminescence signals were detected upon incubation 

with ECL Prime Western Blotting Detection Reagent (45-002-40; Cytiva Amersham) and recorded 

with an ECL Chemocam imager (SYNGENE G:BOX Chemi XRQ). For LI-COR Western blots, 

membranes were incubated with either IRDye 680 goat anti-mouse (926-68070; LI-COR), IRDye 

800CW goat anti-rabbit (926-32211; LI-COR), or IRDye 680 donkey anti-chicken (926-68075) 

secondary antibodies for 1 h at room temperature. Signals were detected using the LI-COR Odyssey 

CLx imaging system.  

 

Immunofluorescence staining 

For immunolabeling of proteins of interest, cells were seeded subconfluently on fibronectin (F1141; 

Sigma)-coated (1:100 in PBS) coverslips (72222-01; Electron Microscopy Sciences) in 35 mm 

dishes and allowed to spread overnight. On the following day, cells were fixed in pre-warmed 4% 

paraformaldehyde (PFA; 15170; Electron Microscopy Sciences) in PBS for 20 min followed by 

three PBS washes. Then, cells were permeabilized with 0.1% Triton X-100 in PBS for 1 min and 

washed 3x with PBS. Before antibody staining, cells were blocked with 10% calf serum in PBS for 

∼30 min. Primary antibodies were diluted in 1% calf serum in PBS and incubated for 1 h. 

Mitochondria were visualized using a primary antibody against the OMM protein Tom20 (rabbit; 

ab78547; Abcam; 1:200). DRP1 was stained using DRP1 primary antibody (mouse; 611112; BD 

Transduction Laboratories; 1:50). Coverslips were washed several times in PBS and incubated with 

secondary antibody solution for 45 min. Either anti-rabbit Texas Red (TI-1000; Vector Laboratories; 

1:300), anti-mouse Texas Red (TI-2000; Vector Laboratories; 1:300) or anti-rabbit Alexa Fluor 

405 (A31556; Invitrogen; 1:300) were used as secondary antibodies. Coverslips were washed in 

PBS and fixed on glass slides using ProLong Gold antifade mounting media (P36930; Invitrogen).  

 

2-bromopalmitate treatment 

A 100 mM stock of 2-bromopalmitic acid (2-BP, Sigma-Aldrich 248422) or methyl-palmitate (MP, 

Sigma-Aldrich P5177) was made in DMSO, and diluted to 150 µM in DMEM+10% fetal bovine 

serum that had been pre-equilibrated overnight to 37˚C/5% CO2 immediately prior to use.  HeLa 

cells (80-90% confluent) were treated for 1 hr with this 150 µM 2-BP stock or MP as control.  Cells 

were then fixed and stained as indicated above. 

 

Confocal microscopy 
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Imaging was performed on a Dragonfly 302 spinning-disk confocal (Andor Technology) on a 

Nikon Ti-E base and equipped with an iXon Ultra 888 EMCCD camera, and a Zyla 4.2 Mpixel 

sCMOS camera, and a Tokai Hit stage-top incubator was used. A solid-state 405 smart diode 100-

mW laser, solid-state 488 OPSL smart laser 50-mW laser, solid-state 560 OPSL smart laser 50-

mW laser, and a solid-state 637 OPSL smart laser 140-mW laser were used (objective: 100 × 1.4 

NA CFI Plan Apo; Nikon). Images were acquired using Fusion software (Andor Technology). 

Live-cell imaging was performed in DMEM (21063-029; Life Technologies) with 25 mM D-

glucose, 4 mM D-glutamine, and 25 mM HEPES, supplemented with 10% FBS (F4135; Sigma) on 

glass-bottomed dishes (MatTek Corporation; P35G-1.5-14-C). 

 

Analysis of MiD51 localization patterns on mitochondria 

HeLa WT cells were transfected with 50 ng of either GFP-tagged MiD51 WT or various MiD51 

mutants harboring a single amino acid exchange within their putative acyl-CoA binding pocket. 

After ~6 h of transfection, cells were plated on fibronectin-coated coverslips, fixed and stained for 

Tom20 on the following day. GFP-fusion expression level was assessed by the detectability of GFP 

signal upon short (<100 msec, <50% laser power) or long (500 msec, 100% laser power) exposure, 

binning cells into high expression and low expression categories, respectively.  Cells were 

classified in a blinded manner.  For low expression, classification was for GFP pattern on 

mitochondria (punctate or non-punctate).  For high expression, classification was for mitochondrial 

morphology (elongated, collapsed).  Respective fractions of cells [%] were plotted in a stacked bar 

graph. Results combine three independently performed replicates of this experiment.  

To assess the different localization patterns of MiD51 constructs in a more quantitative manner, 

the % coverage of the mitochondrial surface by GFP signal, as well as the average size of the GFP 

signal on the mitochondrion, were determined using ImageJ. 20 µm2-sized ROIs with 

representative MiD51 localization were auto-thresholded for the Tom20 staining and converted to 

binary masks. GFP signals were first processed by background subtraction using ImageJ (math à 

subtract à value: 500), then converted to a binary mask. Binary images were analyzed using the 

“analyze particles” tool with settings as follows: size (pixel2) 0.05–infinity, circularity 0.00–1.00. 

MiD51: Mito area ratios [%] as well as MiD51 average sizes [µm2] were plotted as box-and-

whiskers plots using Microsoft Excel. Data corresponds to three independent experiments.  

 

Mitochondrial area quantification 

Cells were silenced for both MiD49 and MiD51 and compared to cells treated with a scrambled 

siRNA. 48 h after siRNA transfections, cells were transfected with 150 ng of GFP-tagged MiD51 
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construct. Transfected cells were re-plated onto fibronectin-coated coverslips, fixed and stained for 

Tom20 on the following day. To avoid adverse effects of high MiD51 expression on mitochondria 

morphology, only cells with low expression levels were used for mitochondrial area analysis 

(requiring 500 msec exposure with 100% power of the 488 nm laser for GFP detection). For 

mitochondrial area quantifications, a 20 µm2-sized ROI of resolvable mitochondria (Tom20 signal) 

was selected, auto-thresholded, converted to a binary mask and analyzed using the “analyze 

particles” plug-in in ImageJ to obtain the number of mitochondrial fragments and the area of each 

fragment per ROI. The data shown as mean mitochondrial area in µm2 was plotted in a bar graph 

combining the results of four biological replicates.  

 

HeLa cells, treated with siRNAs for either DRP1, MiD49/51 or containing a scrambled sequence, 

were plated on fibronectin-coated coverslips, and treated with growth medium containing either 

150 µM 2-BP or MP for 1 h. Afterwards, cells were washed, fixed, stained and subjected to 

mitochondrial area measurements essentially as described above. 

 

Quantification of mitochondrially-associated DRP1 puncta  

HeLa cells knocked down for MiD49/51 with or without re-expression of MiD51 constructs were 

analyzed for DRP1 recruitment to mitochondria as well as DRP1 puncta size. Cells were fixed and 

stained for endogenous DRP1 in combination with Tom20. 20 µm2-sized ROIs containing 

resolvable mitochondria in spread cell areas were thresholded using the same contrast settings for 

the Tom20 staining. DRP1 stainings were first processed by background subtraction using ImageJ 

(math à subtract à value: 1500), then converted to an 8-bit image. To determine DRP1 

recruitment to mitochondria, DRP1 fluorescence signals overlapping with corresponding Tom20 

staining were measured using the ImageJ “Colocalization” plug-in with the following parameters: 

ratio 40% (0–100%), threshold channel 1: 50 (0–255), threshold channel 2: 50 (0–255), display 

value (0–255): 255. Colocalized pixels were then converted to a binary mask and analyzed using 

the “analyze particles” tool with settings as follows: size (pixel2) 0.05–infinity, circularity 0.00–

1.00. DRP1: Mito area ratios [%] were plotted as box-and-whiskers plots using Microsoft Excel. 

Furthermore, average DRP1 puncta size [µm2] was determined from these binary masks using the 

“analyze particles” plug-in. Three independent experiments were performed.  
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Data processing and statistical analyses 

For biochemical assays, numerical data were processed and assembled with Kaleidagraph (Synergy 

Software) and Photoshop CS4 (Adobe). Data analyses were carried out in ImageJ and Excel 2010 

(Microsoft). Statistical comparisons were performed with GraphPad Prism 6.01 (Dotmatics) using 

unpaired t test. A probability of error of 5% (p ≤ 0.05; * in figure panels) was considered to indicate 

statistical significance; **, ***, **** indicated p values ≤ 0.01, 0.001, and 0.0001, respectively. 

 

For imaging data, brightness and contrast levels were adjusted using ImageJ software. Figures were 

further processed and assembled with Photoshop CS4. Data analyses were carried out in ImageJ 

and Microsoft Excel. All statistical analyses and p-value determinations were done using GraphPad 

Prism 6.01. Data sets were either compared using an unpaired Student’s t-test or a One-way Anova 

multiple comparisons (Dunnett’s) test, as indicated in respective figures. A probability of error of 

5% (p ≤ 0.05; * in figure panels) was considered to indicate statistical significance. **, ***, and 

**** indicate p values ≤ 0.01, ≤0.001, and ≤0.0001, respectively. 
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Figure 3-1: Long-chain acyl CoA induces MiD49 oligomerization. 

A) Surface model of human MiD51 with bound ADP (PDB 4NXW, left) and murine MiD49 

without bound ligand (PDB 4WOY, right). Residues lining the binding pocket in pink. 

B)  Configurations of ADP and GDP bound to human MiD51, from PDB 4NXW and 4NXX.  

C) Blue-native gel electrophoresis of MiD49 cytoplasmic region (100 µM) mixed with 500 

µM of the indicated purine-containing compounds.   

D) Blue-native gel electrophoresis of MiD49 cytoplasmic region (100 µM) mixed with 500 

µM of the indicated molecule.   

E) Bond-line formulas comparing ADP, CoA, acetyl-CoA, palmitoyl-CoA and palmitate.  

F) Size exclusion chromatography of MiD49 (100 µM) incubated with the indicated 

concentrations of palmitoyl-CoA.  Peak shown is near the void volume of the Superose 6 

column, indicative of a high molecular weight species.  Full chromatogram in Figure S3-

1c.  

G) Velocity analytical ultracentrifugation of peak fractions from Superose 6 size exclusion 

chromatography of MiD49 cytoplasmic region (100 µM) incubated without or with 

palmitoyl-CoA (100 µM).  Sedimentation coefficients shown (2.9 and 82 S for 0 and 100 

µM palmitoyl-CoA, respectively).  C(S) normalized to the maximum peak value.  Figure 

S3-1d shows molecular mass conversion.  

H) Negative stain electron microscopy of the void fraction from the 50 µM palmitoyl-CoA 

condition or the late-eluting fraction from the 0 µM palmitoyl-CoA condition from panel 

F.  Scale bar, 150 nm. 
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Figure 3-2: LCACA-induced MiD49 oligomers activate Drp1 in a synergistic manner with 

Mff. 

A)  Drp1 GTPase assays (0.75 µM Drp1) alone (black points) or in the presence of 0.5 µM 

MiD49 oligomers (red) or monomers (blue).  MiD49 oligomers from the 50 µM palmitoyl-

CoA condition described in panel B.   

B) Effect of varying concentrations of MiD49 oligomers (assembled from mixtures of 100 

µM MiD49 and varying concentrations of palmitoyl-CoA (given in µM)) on Drp1 GTPase 

activity (0.75 µM Drp1).  Concentration effect of MiD49 monomers also shown.  

C) Effect of varying concentrations of actin filaments on Drp1 GTPase activity (0.75 µM 

Drp1).   

D) Schematic diagram of effect of MiD49 oligomers or actin filaments on Drp1 activity.  At 

low concentration, MiD49 oligomers or actin filaments cause close juxtaposition of bound 

Drp1, allowing interaction between G domains and higher GTPase activity.  At high 

concentration, Drp1 molecules are no longer juxtaposed, so that increased GTPase activity 

does not occur.   

E) Effect of varying concentrations of MiD49 oligomers (assembled from mixtures of 100 

µM MiD49 and 50 µM palmitoyl-CoA) on Drp1 GTPase activity at 0.75, 2 and 4 µM Drp1.   

F) Effect of varying concentrations of Mff on Drp1 GTPase activity (0.75 µM Drp1) in the 

absence or presence of 250 nM MiD49 oligomers (red) or monomers (blue).  Full curve to 

100 µM Mff shown in Extended Data 5c.  

G) Effect of varying concentrations of actin filaments on Drp1 GTPase activity (0.75 µM Drp1) 

in the absence (black) or presence of 100 nM MiD49 oligomers (red) or monomers (blue).   

H) Effect of varying concentrations of MiD49 monomers on Drp1 GTPase activity (0.75 µM 

Drp1) in the absence (black) or presence (red) of 500 nM actin filaments.  
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Figure 3-3: MiD51 oligomerizes in the presence of long-chain acyl-CoA. 

A)  Blue-native gel electrophoresis of MiD51 cytoplasmic region (50 µM) alone or in the 

presence of 500 µM of the indicated molecules.   

B) Size-exclusion chromatography (Superose 6) of MiD51 (50 µM) alone or in the presence 

of 500 µM palmitoyl-CoA.   

C) Velocity analytical ultracentrifugation of the MiD51 oligomer peak from panel B (left) and 

the un-treated MiD51 monomer (right).  MiD51 polypeptide concentration 5 µM in both 

cases.  Calculated mass distribution shown in Figure S3-6c.   

D) Negative-stained electron micrograph of a representative particle from the MiD51 

oligomer peak from panel B.  More examples in Figure S3-2.  

E) Quantification of palmitoyl-CoA (phosphate assay) and MiD51 (Bradford assay) 

concentrations across the oligomer peak from panel b.    

F) MANT-ADP competition assay in which 300 nM MANT-ADP and 1 µM MiD51 are 

mixed with varying concentrations of palmitoyl-CoA (blue) or ADP (red) and the 

fluorescence intensity monitored.  

G) MANT-ADP competition assays in which 300 nM MANT-ADP and 1 µM MiD51 are 

mixed with 20 µM of the indicated molecule and the fluorescence intensity monitored.  S-, 

P-, O-, M-, L-, Oct- and Mal- indicate stearoyl, palmitoyl, oleoyl, myristoyl, lauroyl-, 

octanoyl-, and malonyl-, respectively.  

H) Effect of varying concentrations of MiD51 oligomers on Drp1 GTPase activity (0.75 µM 

Drp1).  Concentration effect of MiD51 monomers also shown.  

I) Similar experiment to that in Panel B, using two concentrations of Drp1, 1 µM and 3 µM.  

J) Effect of varying concentrations of Mff on Drp1 GTPase activity (0.75 µM Drp1) in the 

absence (gray) or presence of 100 nM MiD51 oligomers (red) or monomers (blue).   

K) Effect of varying concentrations of MiD51 monomers on Drp1 GTPase activity (0.75 µM 

Drp1) in the absence (black) or presence (blue) of 500 nM actin filaments. *, **, *** and  

**** denotes p value of ≤ 0.05, ≤ 0.01, ≤ 0.001 respectively, by ANOVA (Dunnett’s 

multiple comparisons) test.  p value > 0.05 is not indicated in the figure. 
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Figure 3-4: Mutation of R342 in MiD51 reduces LCACA-induced oligomerization. 

A) Model of human MiD51 with bound ADP (PDB 4NXW), showing the positions of R342 

and Y185.   

B) Superdex 200 size exclusion chromatograms from the bacterial preparations of MiD51-

WT, MiD51-R342A and MiD51-Y185A.  Marker positions shown for:  TG, thyroglobulin 

(660 kDa); OVA, ovalbumin (43 kDa); myoglobulin (17 kDa).  

C) MANT-ADP binding assay in which 300 nM MANT-ADP is mixed with the indicated 

concentrations of MiD51-WT, MiD51-R342A or MiD51-Y185A, and the fluorescence 

change monitored.   

D) Blue-native gel electrophoresis of MiD51-WT, MiD51-R342A or MiD51-Y185A (50 µM) 

mixed with varying concentrations of palmitoyl-CoA.    

E) Graph of density of the MiD51 monomer band as a function of palmitoyl-CoA 

concentration, from the blue-native gels such as in panel B (two independent gels for each 

construct).   

F) Superose 6 size exclusion chromatography of 50 µM MiD51-WT or MiD51-R342A mixed 

with 250 µM palmitoyl-CoA.  Oligomer and monomer peaks indicated.  

G) Drp1 GTPase assays containing Drp1 alone (0.75 µM, black points) or in the presence of 

2 µM MiD51-WT (red) or MiD51-R342A (blue).   
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Figure 3-5: Effect of LCACA binding mutant on ability of MiD51 to form puncta in cells. 

A) GFP fusion constructs of MiD51-WT, MiD51-Y185A or MiD51-R342A were transiently 

transfected into HeLa cells, then cells were fixed and stained for mitochondria (Tom20).  

Low-expressing cells shown here (requiring 500 msec exposure at 100% laser power for 

GFP).  Boxed regions denote insets shown in merges to the right of full images.  Scale bars, 

20 mm in full images and 3 mm in insets.   

B) Bar graph illustrating % cells displaying punctate (blue) or uniform (gray) mitochondrial 

GFP pattern for low-expressing cells.  Representative examples of respective phenotypes 

are shown on the right. Scale bar is 10 mm. N = 276, 266, and 281 cells analyzed for MiD51 

WT, Y185A, R342A, respectively. **** denotes p value of ≤ 0.0001 by ANOVA 

(Dunnett’s multiple comparisons) test.  n.s. = not significant (p value > 0.05).  

C) Western blot showing expression levels of GFP-fusion constructs, versus endogenous 

MiD51 using anti-MiD51 (green).  Actin and tubulin levels in red.   

D) Box and whiskers plot of average MiD51 puncta size for MiD51-WT, MiD51-Y185A and 

MiD51-R342A. Number of cells analyzed per condition denoted by n.  **** indicates a p 

value of ≤ 0.0001 and n.s. (not significant) corresponds to p > 0.05 by ANOVA (Dunnett’s 

multiple comparisons) test.  

E) Box and whiskers plot of % mitochondrial area covered by MiD51 staining, for MiD51-

WT, MiD51-Y185A and MiD51-R342A.  Number of cells analyzed per condition denoted 

by n.  **** indicates a p-value of ≤ 0.0001 by ANOVA (Dunnett’s multiple comparisons) 

test. 
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Figure 3-6: Effect of LCACA binding defect on ability of MiD51 re-expression to rescue 

mitochondrial elongation caused by MiD49/51 suppression.   

A) C-terminal GFP fusion constructs of MiD51-WT, MiD51-Y185A or MiD51-R342A were 

transiently transfected into HeLa cells that had been previously treated with siRNAs 

against MiD49 and MiD51.  Cells were then fixed and stained for mitochondria (Tom20).  

Cells displaying low GFP levels were imaged.  Boxed regions denote insets shown in zoom 

to the right of full images.  Zoom images either display MiD51-GFP signal alone or as 

corresponding merge image with Tom20. Scale bars, 20 mm in overview images and 5 mm 

in inset images.   

B) Graph of mean mitochondrial area, determined as described in Methods, under the 

indicated conditions.  N represents the number of cells analyzed per respective condition. 

** and *** indicate p values ≤ 0.01 and ≤ 0.001 by ANOVA (Dunnett’s multiple 

comparisons) test.  n.s. = not significant (p value > 0.05). Statistical test was performed on 

the average values of four independent experiments.  

C) Drp1 distribution on mitochondria in control versus MiD49/51 siRNA-treated HeLa cells 

either without or with re-expression of the indicated MiD51-GFP construct.  Cells fixed 

and stained for Drp1 and Tom20.  Scale bars, 20 mm in overview images and 5 mm in 

zoom images.  

D) Quantification of % mitochondrial area covered by Drp1 for the indicated conditions.  **** 

and *** indicate p values ≤ 0.0001 and ≤ 0.001 by ANOVA (Dunnett’s multiple 

comparisons) test.  n.s. = not significant (p value > 0.05). N represents the number of cells 

analyzed per condition. e, Quantification of Drp1 puncta size for the indicated conditions.  

**** indicate a p value of ≤ 0.0001 by ANOVA (Dunnett’s multiple comparisons) test.  n.s. 

= not significant (p value > 0.05). N represents the number of cells analyzed per condition. 
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Figure 3-7: 2-bromopalmitate induced mitochondrial fission is MiD-dependent. 

A)  Fixed-cell fluorescence micrographs of HeLa cells transfected with the indicated siRNAs, 

treated for 1-hr with either 2-BP or MP and stained for actin (TRITC-phalloidin, red) with 

Dapi (magenta) and mitochondria (Tom20, green).  

B) Quantification of relative mitochondrial lengths between the MP and 2-BP treatments.  

Data normalized to the MP treatment.  Corresponding non-normalized data are in Panel C.  

**** indicates p value ≤ 0.0001 by unpaired Student’s t-test.  n.s. = not significant (p value > 

0.05). N represents the number of cells analyzed per condition.  

C) Quantification of mean mitochondrial area between the MP and 2-BP treatments.  

Corresponding normalized data are in Panel B.  **** indicates p value ≤ 0.0001 by 

unpaired Student’s t-test.  n.s. = not significant (p value > 0.05). N represents the number 

of cells analyzed per condition.  Mean values are as follows: Ctrl siRNA/MP = 13.46; Ctrl 

siRNA/2-BP = 4.75; MiD49/51 siRNA/MP = 27.64; MiD49/51 siRNA/2-BP = 25.44; 

DRP1 siRNA/MP = 45.88; DRP1 siRNA/2-BP = 44.97.   

D) Western blot of HeLa cells knocked down for either MiD49/MiD51 or DRP1, confirming 

the efficiency of the used siRNAs. Actin and GAPDH serve as loading controls.   
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Figure 3-8: Model for MiD function in activation of fatty acid oxidation. 

This model is developed from results in this paper and from (Ngo et al, 2023).  Step 1.  Long-chain 

fatty acid enters cytoplasm from the extracellular milieu (1A) or from intracellular lipid droplets 

(1B).  Step 2.  Fatty acid is coupled to CoA through fatty acyl-CoA synthetase.  Step 3.  Fatty acyl-

CoA binds to MiD49 and/or MiD51 monomers on the outer mitochondrial membrane (OMM), 

inducing their oligomerization.  Step 4.  Oligomerized MiD initiates assembly of active DRP1 

oligomers on the OMM.  Step 5.  DRP1 oligomerization continues on the OMM to create a ring 

around the mitochondrion.  Step 6.  DRP1-mediated constriction of the OMM leads to 

mitochondrial fission.  Step 7.  Mitochondrial fission causes increased carnitine-palmitoyl 

transferase 1 (CPT1) activity, increasing fatty acid import into the mitochondrial matrix and 

subsequent fatty acid oxidation (FAO). 
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Figure S3-1: Proteins used in this study, and effect of palmitoyl-CoA on MiD49 

oligomerization. 

A) Bar diagrams of MiD49 and MiD51, showing the regions used in our biochemical studies:  

125-454 for murine MiD49 (38.7 kDa), and 134-463 for human MiD51 (38.3 kDa).  TM = 

transmembrane sequence, DR = disordered region.  Green region = segment used for 

biochemical studies here, and for crystallization studies by others.  

B) Coomassie-stained SDS-PAGE of proteins used in this study.  2 µg protein loaded.  Mass 

markers in kDa shown.  

C) Superose 6 size exclusion chromatography of MiD49 cytoplasmic region (100 µM) mixed 

with varying concentrations of palmitoyl-CoA.  

D) Velocity analytical ultracentrifugation of peak fractions from Superose 6 size exclusion 

chromatography of MiD49 cytoplasmic region (100 µM) incubated without or with 

palmitoyl-CoA (100 µM).  Molecular masses calculated by these vAUC data:  36.4 kDa 

(without palmitoyl-CoA), and 4815 kDa (with palmitoyl-CoA).  
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Figure S3-2: Negative stain EM of MiD49 and MiD51 oligomers. 

Peak oligomer fractions from Superose 6 chromatography after mixing MiD49 (100 µM) or 

MiD51 (50 µM) with palmitoyl-CoA (50 or 500 µM, respectively). 

A)  Full-field examples for MiD49 and MiD51.  

B) Montage of MiD49 (left) or MiD51 (right) oligomer particles.  Each image represents a 

150 x 150 nm box.  

C) Graph of long axis and short axis lengths for 18 particles of MiD49 or MiD51 oligomers.  

D) Palmitoyl-CoA alone (1 mM) in same buffer as MiDs (10 mM Hepes pH 7.4, 65 mM KCl, 

1 mM MgCl2, 1 mM EGTA, 1 mM DTT).  Inset represents zoom of a 150 x 150 nm region. 

e, Graph of particles/field (800 x 800 nm field) versus palmitoyl-CoA concentration.  3-5 

fields quantified for each concentration.  X intercept for linear fit (after accounting for 

background particles, 8.2/field) represents critical micelle concentration (47 µM). 
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Figure S3-3: Palmitoyl-CoA quantification in MiD49 oligomer fraction. 

A) Reversed-phase HPLC profile of 1.5 nmole palmitoyl-CoA (red) or solvent alone (blue).  

Position of palmitoyl-CoA elution shown with arrow.  Dashed gray line represents 

acetonitrile concentration.  

B) Palmitoyl-CoA peaks from four quantities of loaded palmitoyl-CoA (0, 0.5, 1, 1.5 and 2 

nmole).  

C) Peak area as a function of palmitoyl-CoA loaded.  

D) Palmitoyl-CoA HPLC peak obtained when 200 mL of MiD49 oligomer fraction (Superose 

6 oligomer fraction after incubating 100 µM MiD49 with 500 µM palmitoyl-CoA).  Peak 

area, 3.42 A.U.-min, corresponding to 1.1 nmole Palmitoyl-CoA, or 5.5 µM.  MiD49 

concentration in this fraction (by Bradford assay), 5.3 µM.  

E) Standard curve of phosphate using the Fiske-Subbarow assay.  

F) Palmitoyl-CoA concentrations calculated from Fiske-Subbarow assay in which 400 µL 

oligomer fraction from Superose 6 was assayed.  “Condition” refers to the µM amount of 

palmitoyl-CoA that was incubated with 100 µM MiD49 (37˚C, 1 hr) prior to separation of 

oligomers from monomers by Superose 6.  MiD49 concentration determined by Bradford 

assay 
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Figure S3-4: HPLC analysis of acyl-CoAs bound to MiD49 oligomer. 

A)  Individual HPLC traces of each of the acyl-CoAs (4 nmole loaded).  

B) HPLC trace of the MiD49 oligomer fraction from the following experiment.  MiD49 

cytoplasmic construct (100 µM) was mixed simultaneously with 83.3 µM of six acyl-CoAs 

(stearoyl, oleoyl, palmitoyl, myristoyl, lauroyl, octanoyl) for 1 hr at 37˚C, then MiD49 

oligomer isolated by Superose 6 chromatography.  Acyl-CoA distribution was then 

analyzed in the oligomer fraction by reversed-phase HPLC. 
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Figure S3-5: Effect of MiD49 and actin filaments on Drp1 activity 

A) Drp1 GTPase assays (0.75 µM Drp1) alone (black points) or in the presence of 0.5 µM 

actin filaments (red).   

B) Drp1 GTPase assays (0.75 µM Drp1) alone (black points) or in the presence of 10 µM 

MFF alone (gray) or with 250 nM MiD49 oligomers (red) or monomers (blue) added.     

C) Effect of varying concentrations of MFF on Drp1 GTPase activity (0.75 µM Drp1) in the 

absence or presence of 250 nM MiD49 oligomers (red) or monomers (blue).  Full curve to 

100 µM MFF.  Zoom to 20 µM MFF shown in Figure 3-3f. 
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Figure S3-6: Effects of LCACA on MiD51 biochemical properties 

A) Blue-native gel electrophoresis of MiD51 cytoplasmic region (50 µM) mixed with 500 µM 

of the indicated molecule.   

B) Size-exclusion chromatography (Superose 6) of MiD51 (50 µM) alone (blue) or in the 

presence of 100 µM palmitoyl-CoA (red).   

C) Velocity analytical ultracentrifugation of the MiD51 oligomer peak Figure 3-4b (left) and 

the monomer MiD5 peak (right), showing calculated molecular masses.   

D) Blue-native gel electrophoresis of MiD51 (50 µM) with 500 µM of the indicated molecules, 

or with 500 µM palmitoyl-CoA + the indicated concentrations of ADP, CoA or acetyl-CoA.   

E) MANT-ADP binding assay in which 300 nM MANT-ADP is mixed with the indicated 

concentrations of MiD51 or MiD49 and the fluorescence intensity monitored.  

F) Drp1 GTPase assays containing Drp1 alone (0.75 µM, black points) or in the presence of 

0.5 µM MiD51 oligomers (red) or monomers (blue) added.   

G) Effect of varying concentrations of MFF on Drp1 GTPase activity (0.75 µM Drp1) in the 

absence or presence of 250 nM MiD51 oligomers (red) or monomers (blue).  Full curve to 

100 µM Mff.  Zoom to 20 µM Mff shown in Figure 3-5d.  

H) Effect of varying concentrations of actin filaments on Drp1 GTPase activity (0.75 µM Drp1) 

in the absence (black) or presence of MiD51 oligomers (blue).   

  



 136 

  



 137 

Figure S3-7: Expression of MiD49 and MiD51 GFP fusion constructs in HeLa cells. 

A) C-terminal GFP fusion constructs of MiD49 or MiD51 were transiently transfected into 

HeLa cells, then cells were fixed and stained for mitochondria (Tom20).  At low expression 

levels (requiring 500 msec exposure at 100% laser power), the GFP fusions did not alter 

mitochondrial length, and displayed a punctate appearance on mitochondria.  At high 

expression (100 msec exposure, 50% laser power), the GFP pattern on mitochondria was 

uniform and mitochondria were hyperfused.  Scale bars:  20 mm (whole cell) and 3 mm 

(insets).   

B) Examples of image processing for quantification of GFP-MiD51 puncta size, and % 

mitochondrial area covered by GFP-MiD51. Boxed regions are shown in higher 

magnification below overview images. Binary masks of the respective inset images are 

shown on the right. These binary masks are representative of the images that were used for 

analyses in E and F. Scale bars are 10 mm in full images and 3 mm in insets.  

C) C-terminal GFP fusion constructs of the indicated MiD51 constructs were transiently 

transfected into HeLa cells, then cells were fixed and stained for mitochondria (Tom20).  

Cells were selected for high expression under the criteria described above.  Images at right 

represent indicated boxed regions.  Examples for WT and Y185 constructs represent hyper-

fused phenotype quantified in panel D, while example for R342A mutant represents 

collapsed phenotype.  Scale bars, 20 mm in full images and 3 mm in insets.   

D) Graph quantifying % cells displaying hyperfused (blue) or collapsed (gray) mitochondria.  

Representative examples of each pattern are shown below.  Scale bar is 10 mm. N = 122, 

82, and 85 cells were analyzed for MiD51 WT, Y185A, R342A, respectively. *** denotes 

p value of ≤ 0.001 by ANOVA (Dunnett’s multiple comparisons) test.  n.s. = not significant 

(p value > 0.05).  
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Figure S3-8: Effect of 2-bromopalmitate on DRP1 mitochondrial puncta. 

HeLa cells were treated with either methyl-palmitate (MP) or 2-bromopalmitate (2BP) for 1-hr, 

then fixed and stained for mitochondria (Tom20, red) and DRP1 (green).  Images at right represent 

zooms of indicated boxes at left. Two representative examples for either treatment are shown.   
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4.1 Abstract 

 

Drp1 is a dynamin family GTPase that is required for mitochondrial and peroxisomal division, in 

which it oligomerizes into a ring and constricts the underlying membrane in a GTP hydrolysis-

dependent manner.  Oligomerization increases Drp1 GTPase activity through interactions between 

neighboring GTPase domains.  In cells, Drp1 is regulated by several factors including Drp1 

receptors, actin filaments, cardiolipin, and phosphorylation at two sites:  S579 and S600.  

Phosphorylation of S579 is widely regarded as activating, while S600 phosphorylation is 

commonly considered inhibiting.  However, the direct effects of phosphorylation on Drp1 GTPase 

activity have not been investigated in detail.  In this study, we compare the effects of S579 and 

S600 phosphorylation on purified Drp1, using phospho-mimetic mutants and in vitro 

phosphorylation.  The oligomerization state of both phospho-mimetic mutants is shifted toward 

smaller oligomers.  Both phospho-mimetic mutations maintain basal GTPase activity, but eliminate 

GTPase stimulation by actin and decrease GTPase stimulation by cardiolipin, Mff, and MiD49.  

Phosphorylation of S579 by Erk2 produces similar effects.  When mixed with wild-type Drp1, both 

S579D and S600D phospho-mimetic mutants reduce the actin-stimulated GTPase activity of Drp1-

WT.  Conversely, a Drp1 mutant that lacks GTPase activity, the K38A mutant, stimulates Drp1-

WT GTPase activity under both basal and actin-stimulated conditions, similar to previous results 

for dynamin-1.  These results suggest that the effect of S579 phosphorylation is not to activate Drp1 

directly, and likely requires additional factors for stimulation of mitochondrial fission in cells.  In 

addition, our results suggest that nearest neighbor interactions within the Drp1 oligomer affect 

catalytic activity. 
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4.2 Introduction 

 

The dynamin family GTPase Drp1 is an important mediator of membrane fission for at least two 

organelles, mitochondria and peroxisomes 68.  When not mediating membrane fission, Drp1 is a 

cytoplasmic protein. To induce membrane fission, Drp1 is recruited to the target membrane by 

receptor proteins, where it oligomerizes into a ring structure around the membrane.  

Oligomerization increases Drp1 GTPase activity by bringing the N-terminal GTPase domains into 

close proximity 70,98,101.  GTP hydrolysis results in constriction of the Drp1 ring and membrane 

constriction. 

 

Drp1 receptors can directly activate Drp1.  One Drp1 receptor, Mff, is on both mitochondrial and 

peroxisomal membranes.  Mff itself is a trimer, and its binding causes increased Drp1 GTPase 

activity in vitro 109,241.  A second set of Drp1 receptors, MiD49 and MiD51, are only found on 

mitochondria.  In their inactive state, MiD proteins are monomeric and do not activate Drp1.  

Binding to fatty acyl-coenzyme A stimulates MiD oligomerization, which in turn stimulates Drp1 

GTPase activity 255. 

 

Other regulatory molecules for Drp1 include actin filaments and phospholipids.  Biochemically, 

actin filaments stimulate Drp1 GTPase activity ~4-fold through direct binding 69,91.  In cells, actin 

polymerization through an endoplasmic reticulum-bound formin protein, INF2, increases Drp1 

oligomerization and mitochondrial recruitment 71,91,171.  The mitochondrial lipid cardiolipin (CL) 

can affect a >20-fold stimulation of GTPase activity biochemically 227, while CL-derived 

phosphatidic acid suppresses Drp1 activation 186.   

 

Drp1 is also subject to a number of post-translational modifications 89,256, with phosphorylation in 

particular being correlated with changes in Drp1-mediated mitochondrial fission.  Two well-studied 

phosphorylation sites occur within a 21 amino acid segment of the Variable Domain of Drp189 

(Figure 4-1A),  which forms an unstructured loop at one end of the elongated Drp1 structure70 

(Figure 4-1B).  Depending on the splice variant and species studied 85,86, the positions of these sites 

differ (Figure 4-1C), with the most common names in the literature being S616 and S637, but 

which will be referred to here mostly as S579 and S600, as explained in the Results section.   

 

Phosphorylation of S579 has been observed for multiple kinases, including by CDK1, CDK5, 

ERK2, CaMKII, ROCK, PKC, and PINK 85,105,145–150,153, with phosphorylation being correlated with 
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increased mitochondrial fission.  Phosphorylation of S600 by protein kinase A (PKA), CaMK1a, 

ROCK1, AMPK and protein kinase D has been reported 104,106,155–158.  In most cases, S600 

phosphorylation has been correlated with decreased mitochondrial fission104,106,157,159.  However, 

some studies show evidence for a positive effect of S600 phosphorylation on cellular Drp1 activity 
155,156,158,257, while another study reports no effect 166. Finally, one report suggests that S600 

phosphorylation promotes S579 phosphorylation, and that the doubly phosphorylated S579/S600 

protein correlates with increased mitochondrial fission 162.  Many of the above-cited publications 

utilize phospho-mimetic mutants to induce similar mitochondrial changes to phosphorylation-

induced changes, suggesting that phospho-mimetics can elicit similar effects. 

 

It is unclear whether phosphorylation at either site directly alters Drp1 activity.  For S579 

phosphorylation, no biochemical data addressing Drp1 activity are available.  For S600 

phosphorylation, the biochemical data are conflicting.  In one study, a phospho-mimetic mutant of 

Drp1 maintains oligomerization and GTP hydrolysis activity 106.  In another study, in vitro 

phosphorylation of GST-Drp1 by PKA inhibits GTPase activity 104.  Recent structural work 

suggests that S600 phosphorylation inhibits MiD49 binding97, although other cellular co-IP 

experiments suggest that the S600D phospho-mimetic binds better to MiD49 and MiD51 than does 

the non-phosphorylatable S600A mutant 116. Other studies show that the region of Drp1 containing 

both phosphorylation sites (the Variable Domain) inhibits binding to Mff 109,110, although neither 

S579D nor S600D phospho-mimetics alter this effect 110. 

 

In this study, we assess the biochemical effects of Drp1 phosphorylation on oligomerization and 

GTPase activity of Drp1 alone, and in the presence of several activators (actin, cardiolipin, Mff, 

MiD49).  For these studies, we use both phospho-mimetic S-to-D mutations and in vitro 

phosphorylation on the S579 site.  Surprisingly, we find that both types of phosphorylation inhibit 

the abilities of these activators to stimulate Drp1 activity.   
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4.3 Results 

 

4.3.1 Phospho-mimetic mutants are less oligomerized in the nucleotide-free state 

 

We constructed two phospho-mimetic Drp1 mutants corresponding to S616D and S637D in 

isoform 1.  We refer to these mutants, however, as S579D and S600D respectively, because we use 

isoform 3 of Drp1 (Figure 4-1C). In HeLa, HL60 and PC12 cells, isoform 3 is the most abundant 

isoform present, making up over 40% of total Drp1 protein 85.   

 

The S579 site, generally thought to activate Drp1, is located within the Variable Domain; while the 

S600 site, generally thought to inhibit Drp1, marks the boundary between the Variable Domain and 

the stalk (Figure 4-1A). The region encompassing both sites is poorly resolved in the existing 

structural models of nucleotide-free Drp170 (Figure 4-1B) or other models 97.      

 

By size exclusion chromatography at high Drp1 concentration (30 µM), both phospho-mutants are 

slightly shifted to smaller sizes compared to Drp1-WT (Figure 4-2A).  For more detailed analysis 

of Drp1 hydrodynamic properties, we used velocity analytical ultracentrifugation (vAUC).  

Previously, we reported that purified Drp1-WT exists in several oligomeric states 69, similar to the 

results of other studies70,227.   We compared the Drp1-S579D and Drp1-S600D to Drp1-WT by 

vAUC at three concentrations:  8, 4, and 1.5 µM (Figure 4-2B).  As with Drp1-WT, both mutants 

display a 7 S species that is similar to the sedimentation pattern of a oligomerization-deficient 

mutant 69,70, suggesting that this is the dimeric species.  In addition, several species of higher S 

values, corresponding to larger oligomers, are present for Drp1-WT. At all concentrations tested, 

both Drp1 S579D and S600D shift towards smaller oligomers when compared with WT, with the 

S600D mutant displaying a greater shift.   

 

We also tested the ability of Drp1 to form larger oligomers in the presence of the non-hydrolysable 

GTP analogue GMP-PCP using a high-speed sedimentation assay69.  At three Drp1 concentrations 

(0.5, 1.0, and 2.0 µM), GMP-PCP causes similar degrees of Drp1 sedimentation for all constructs, 

suggesting that GTP-mediated oligomerization is not affected by these mutations (Figure 4-2 C,D).   

 

These data suggest that both the S579D and S600D mutants display less ability to oligomerize in 

the nucleotide-free state than WT Drp1, but that non-hydrolyzable GTP induces all three proteins 

to oligomerize.   
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4.3.2 Phospho-mimetic mutants for both S579 and S600 reduce Drp1 responses to activators 

 

We next examined the GTPase activities of the two phospho-mimetic mutants.  Both mutants 

display similar GTPase activity to Drp1-WT (1.57±0.09, 1.51±0.02, and 1.33±0.14 µM/min/µM 

for WT, S579D, and S600D, respectively).  Previously, we reported that actin filaments have a bi-

phasic effect on Drp1 GTPase activity, where low actin filament concentrations are stimulatory but 

higher concentrations bring the activity back to the Drp1-alone values 69. We tested whether the 

phospho-mimetic mutants responded to actin in a similar manner.  Surprisingly, actin does not 

activate Drp1 S579D or Drp1 S600D at any concentration tested (Figure 4-3A).   

 

Previously, we reported that Drp1 binds actin filaments with a Kd
app in the range of 1-2 µM 69,91. 

We compared actin binding for Drp1-WT, Drp1-S579D and Drp1-S600D by co-sedimentation 

assay at two ionic strengths:  65 mM and 140 mM NaCl. Drp1-WT and Drp1-S579D display similar 

Kd for actin at 65 mM NaCl (Kd
app 1.7 and 2.5 µM for WT and S579D, respectively), while Drp1-

S600D displays significantly lower actin affinity (Kd
app 7.1 µM).  We previously reported that Drp1-

WT binding to actin filaments saturates at approximately 50% Drp1 bound 69. Both mutants display 

lower % bound at saturating actin (48%, 27%, 18% bound for WT, S579D, and S600D respectively) 

(Figure 4-3B; Figure S4-1A, B). At 140 mM NaCl, Drp1 S579D has a similar affinity for actin 

filaments as WT (1.1 and 1.2 µM for S579D and wild-type respectively) and a comparable % bound 

(10.9% and 8.3% for S579D and WT respectively), while Drp1 S600 has lower affinity and % 

bound than the other constructs (4.3 µM and 6.1% bound) (Figure 4-3C; Figure S4-1C-E).  These 

results show that the phospho-site mutants have altered actin-binding properties, with Drp1 S600D 

displaying less actin interaction under all conditions. 

 

We also asked whether GTPase stimulation by another Drp1 activator, cardiolipin (CL) 227, was 

affected by the S579D or S600D mutations.  Interestingly, unilamellar vesicles containing 25 mole% 

cardiolipin are less stimulatory to Drp1-S579D and Drp1-S600D than they are for Drp1-WT 

(Figure 4-3D).  

 

We have previously shown that the cytoplasmic region of the Drp1 receptor Mff activates Drp1, 

and that actin filaments synergize with Mff by reducing the Mff concentration needed for maximal 

Drp1 activation 241.  Both phospho-mimetic mutants display slightly decreased activation by Mff 

alone (Figure 4-3E).  Interestingly, actin filaments still synergize with Mff for Drp1-S579D 
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stimulation, albeit with a lower maximal activation (Figure 4-3F). In contrast, the Drp1-S600D 

mutant displays greatly reduced synergy between actin and Mff (Figure 4-3F).  

 

Two other Drp1 receptors, MiD49 and MiD51, do not activate Drp1 GTPase activity when they 

themselves are not activated.  Upon binding their activating ligand, acyl-CoA, MiD proteins 

oligomerize, resulting in Drp1 GTPase activation in a bi-phasic manner, similar to actin 255.  Here, 

we find that both Drp1 phospho-mimetic mutants are also activated by acyl-CoA-bound MiD49 in 

a bi-phasic manner.  However, the degree of activation is lower, with Drp1-S600D being most 

affected (Figure 4-3G).  Similar to Drp1-WT, neither phospho-mimetic mutant is stimulated by 

MiD49 monomer (Figure 4-3G).   

 

As with actin filaments, oligomerized MiD49 synergizes with Mff by reducing the Mff 

concentration required for maximal Drp1 activation.  Drp1-S579D displays maximal activity in the 

presence of low concentrations of Mff and oligomerized MiD49, albeit at a lower maximum than 

Drp1-WT (Figure 4-3H).  Similarly, despite its decreased ability to stimulate Drp1-S600D, 

oligomerized MiD49 is able to reduce the concentration of Mff required for Drp1-S600D 

stimulation.   

 

These results show that phospho-mimetics of both the ‘activating’ (S579D) and ‘inhibitory’ 

(S600D) sites on Drp1 result in a reduction of Drp1 activation by a variety of activators.  This 

reduction is most dramatic for actin filaments.   

  

4.3.3 Drp1 phosphorylated on S579 displays similar properties to the S579D phospho-

mimetic 

 

The results for Drp1-S579D were surprising, considering that this site has been found to be 

associated with increased mitochondrial fission in cells.  We sought to test these results further by 

directly phosphorylating Drp1 on S579 using recombinant ERK2, one of the kinases shown to 

mediate this phosphorylation 146,147 Incubation with ERK2 for 4-hr results in a slight decrease in 

mobility on SDS-PAGE, suggestive of phosphorylation (Figure 4-4A).  Western blotting using an 

antibody against phospho-S579 shows saturation of this signal on a similar time scale (Figure 4-

4B).  Gel filtration chromatography of 4-hr phosphorylated Drp1 results in a similar elution profile 

to mock-phosphorylated sample (Figure 4-4C, 30 µM Drp1 loaded).  Analysis by tryptic digest 

and mass spectrometry reveals that phospho-S579 accounts for 94.5% of the phosphorylated 
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peptides identified, with other detectable phosphorylation sites being S526 (5.2%), S136 (0.3%), 

S570 (0.02%), and T394 (0.01%). No phosphorylated peptides were detected for mock-

phosphorylated Drp1.  These results suggest that our ERK2-treated Drp1 is efficiently 

phosphorylated on S579, with minor phosphorylation on other residues. 

 

Similar to its phospho-mimetic analogue, S579-phosphorylated Drp1 (P-S579-Drp1) is not 

stimulated by actin filaments (Figure 4-4D). In actin binding assays, P-S579-Drp1 displays a ~2-

fold decrease in maximal actin binding relative to Drp1-mock, while maintaining a similar affinity 

(Figure 4-4E, Figure S4-2), similar to the S579D mutant.  Cardiolipin-containing vesicles only 

weakly stimulate P-S579-Drp1 (Figure 4-4F), which is a comparatively greater effect than that of 

the phospho-mimetic.  Similar to Drp1-S579D, P-S579-Drp1 is stimulated by Mff or by MiD49 

oligomers to a lesser extent than Drp1-WT (Figure 4-4G,H).  Interestingly, the synergy of Mff 

with actin filaments is strongly reduced for Drp1-S579D (Figure 4-4I) while the synergy between 

Mff and MiD49 oligomers is maintained (Figure 4-4J).   

 

A recent publication reports that phosphorylation at the S600 position can stimulate S579 

phosphorylation in some cases, and this doubly phosphorylated Drp1 leads to increased 

mitochondrial fragmentation 162.  We therefore tested whether doubly phosphorylated Drp1 

displays different properties to either singly phosphorylated protein.  For these experiments, we 

phosphorylated Drp1-S600D on S579 using Erk2, resulting in a similar gel shift as Drp1-

phosphoS579 (Figure 4-5A).  Similarly to the Erk2-phosphorylated Drp1-WT, Drp1-

phosphoS579/S600D is not activated by actin filaments or cardiolipin (Figure 4-5B,C), and 

displays reduced activation by Mff (Figure 4-5D).  Interestingly, Drp1-phosphoS579/S600D 

displays no activation by MiD49 oligomers (Figure 4-5E), and no synergistic effect of actin or 

MiD49 oligomers on Mff activation (Figure 4-5F, G).   

 

The Drp1 protein used thus far (isoform 3) contains none of the three possible alternately spliced 

inserts.  While isoform 3 predominates in some cell types, it is a minor isoform in others, and the 

other splice variants also make up an appreciable percentage of total Drp1 in most cells and tissues 
85.  We asked whether the isoform containing all three splice inserts (isoform 6) reacts similarly to 

isoform 3 in response to Erk2 phosphorylation.  Treatment of isoform 6 with Erk2 results in 

decreased mobility on SDS-PAGE (Figure 4-6A), suggesting successful phosphorylation on S629 

(equivalent to S579 in isoform 3).  Similar to isoform 3, P-S629-Drp1(i6) is not activated by actin 

filaments (Figure 4-6B).  In addition, Mff and MiD49 stimulate P-S629-Drp1(i6) to a lesser extent 
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than non-phosphorylated Drp1 (Figure 4-6 C,D).  These results suggest that the presence of the 

three splice inserts do not alter Drp1’s response to phosphorylation on the canonical ‘activating’ 

site. 

 

These results show that Drp1-phosS579 possesses similar properties to the phospho-mimetic 

S579D mutant in its reduced stimulation by all tested activators.  In fact, Drp1-phosS579 displays 

less stimulation by cardiolipin than Drp1-S579D, and displays no synergy between actin and Mff. 

 

4.3.4 Drp1-S579D does not stimulate actin-mediated activation of Drp1-WT 

 

The ability of the S579D to bind actin without stimulation of its GTPase activities allowed us to 

test the effects of Drp1-S579D on actin-mediated activation of Drp1-WT GTPase activity. Our 

reasoning was as follows:  if GTPase activation is a consequence of interaction between two 

neighboring GTPase domains, heteromeric assemblies between phosphorylated and non-

phosphorylated Drp1 might have effects on GTPase activation.  We used GFP-tagged Drp1 as the 

WT version of Drp1, to distinguish between WT and mutant proteins in co-sedimentation assays.  

In previous studies, we found that GFP-Drp1 also bound actin filaments69. 

 

First, we varied percentages of Drp1-S579D and GFP-Drp1-WT, while maintaining a constant total 

Drp1 concentration, to assess effects on both actin binding and actin-stimulated GTPase activity by 

the WT construct. In these experiments, we used concentrations of total Drp1 (1.3 µM) and actin 

(1 µM) that result in sub-saturating Drp1 on actin.  There is a linear increase in the % GFP-Drp1 

bound as the ratio of GFP-Drp1-WT:Drp1-S579D increases (Figure 4-7A,B), suggesting no effects 

of Drp1-S579D on Drp1-WT binding to filaments. Interestingly, there is a non-linear increase in 

actin-stimulated GTPase activity when GFP-Drp1-WT is titrated into Drp1-S579D, whereby no 

increase in GTPase activity is observed until 40% GFP-Drp1-WT is present (Figure 4-7C).  A 

similar non-linear effect of Drp1-S579D occurs when un-tagged Drp1-WT is used (Figure 4-7D), 

indicating that the GFP-tag is not the source of the effect.  This non-linear effect of Drp1-S579D 

on actin-activated Drp1-WT GTPase activity suggests that the S579D mutant slightly inhibits 

Drp1-WT activation when heteromerically bound to actin.   

 

We tested an additional mutant, Drp1-K38A, for effects on Drp1-WT activity under activating 

conditions.  This mutant is widely used as a dominant-negative in cellular experiments.  An 

equivalent mutant in dynamin 1 is also a dominant-negative in cells, and causes increased 
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oligomerization of the wild-type protein 258.  As expected, Drp1-K38A displays no GTP hydrolysis 

in the absence or presence of actin filaments (Figure 4-8A), while still binding actin filaments with 

similar properties to Drp1-WT (Figure 4-8B,C).   

 

The absence of all GTPase activity for Drp1-K38A allowed us to test its effect on the specific 

activity of Drp1-WT directly, when the two are bound to actin filaments.  Interestingly, Drp1-K38A 

has a significant stimulatory effect on actin-activated GTPase activity for Drp1-WT in these assays.  

The maximum effect occurs at 30-40% Drp1-K38A, where Drp1-WT specific activity is over 3-

fold higher than for 100% Drp1-WT (Figure 4-8D).  We also compared GTPase activity of varying 

ratios of WT and K38A mutants with no actin present.  In this case, K38A has an even more 

dramatic effect, with an 80:20 ratio of K38A:WT having 10-fold higher specific activity than 100% 

Drp1 (Figure 4-8E).  A similar effect has previously been observed for dynamin-1 258. 

 

To verify that the stimulatory effect of Drp1-K38A on Drp1-WT is due to hetero-oligomerization, 

we utilized the Drp1 dimer mutant (Drp1-DM) in place of Drp1-WT.  Drp1-DM has similar basal 

GTPase activity to Drp1-WT 70, but remains dimeric at all concentrations tested and does not form 

a sedimentable species in the presence of GMP-PCP 69. As the percentage of Drp1-DM increases 

relative to Drp1-K38A, there is a linear increase in GTPase activity and no increase in specific 

activity (Figure 4-8F).  We conclude that the stimulatory effect of Drp1-K38A on Drp1-WT 

GTPase activity is due to hetero-oligomerization effects. 

 

These results suggest that Drp1-S579D reduces the activity of Drp1-WT when both are bound to 

actin filaments.  In contrast, the GTPase activity of Drp1-WT is increased by the proximity of the 

catalytically inactive Drp1-K38A, either when bound to actin filaments or free in solution.   
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4.4 Discussion 

 

In this study, we have tested the effects of two phospho-mimetic mutants on Drp1 activity.  The 

S579D mutant is widely thought to be stimulatory to Drp1 activity in cells 85,105,145–150,153, while the 

S600D mutant has been shown to be inhibitory in most cellular studies 104,106,157,159, but stimulatory 

in others 155,156,158,257.  Both phospho-mimetic mutants display decreased oligomerization in a GTP-

free state, but oligomerize in the presence of GTP.  Both phospho-mimetic mutants display low 

GTPase stimulation by actin filaments, and reduced stimulation by cardiolipin or the Drp1 receptors 

Mff and MiD49.  Drp1 phosphorylated in vitro on S579 displays similar attributes, with its 

cardiolipin-stimulated GTPase activity being even less than for its corresponding phospho-mimetic.  

When mixed with Drp1-WT on actin filamentsDrp1-S579D decreases the actin-stimulated activity 

of Drp1-WT. 

 

The most striking aspect of these results is that phosphorylation at the S579 site, which has been 

associated with increased Drp1 activity in cellular studies, causes a decrease in activator-stimulated 

GTP hydrolysis, a fundamental read-out of biochemical Drp1 activity, GTP hydrolysis.  One 

possible reason for this apparent contradiction is that the Drp1 isoforms used here: isoform 3 which 

contains none of the alternately spliced exons and isoform 6 which contains all three exons (Figure 

4-1), do not display activation by S579 phosphorylation while other isoforms do.  In the most 

comprehensive assessment to-date of Drp1 isoform abundance at the protein level 85, most cell and 

tissue types contain a mix of isoforms, with isoform 3 being the most abundant in some (but not 

all) cell lines. Nonetheless, other isoforms represent a significant proportion of total Drp1.  The 

abundance of isoform 6 is unclear, but in commonly used cell lines such as HeLa is was not detected 

compared with four other isoforms 85. Considering that two alternatively spliced exons lie near the 

S579 site, additional studies are needed to test isoform-specific effects of phosphorylation.  

 

Another possibility is that the positive effect of S579 phosphorylation depends on additional factors.  

For instance, S579 phosphorylation might result in recruitment of a factor that is stimulatory to 

Drp1 oligomerization, GTPase activity, or ability to constrict membranes.  It is unclear what such 

a factor might be, but one possibility is a member of the nucleotide diphosphate kinase (NDPK) 

family that can catalyze GTP synthesis from GDP and ATP.   Cytosolic NDPK family members 

NME1 and NME2 have been shown to increase activity of dynamin1 and dynamin2, while 

mitochondrial NME4 increases activity of the mitochondrial inner membrane dynamin Opa1 under 

conditions of low GTP 259.  Physical interaction between these NDPKs and their respective dynamin 
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proteins might raise the local concentration of GTP, increasing GTPase activity.  There is evidence 

that another NDPK, NME3, enriches on peroxisomes and mitochondria, and might work with Drp1 

in a similar manner 260,261. 

 

Our results also provide information as to Drp1’s interaction with actin filaments.  Both phospho-

mimetic mutations, as well as S579 in vitro phosphorylation, eliminate actin-activated GTPase 

activity.  This effect suggests that the Variable Domain is involved in the actin interaction.   

Interestingly, actin still seems to synergize with Mff for activation of the phospho-mimetics, 

suggesting that the important feature for this synergy is actin binding, not the activation that actin 

alone causes for Drp1.   

 

It should be noted that, while the phospho-mimetic S579D mutant largely displays similar 

properties to S579-phosphorylated Drp1, the effects of phosphorylation are generally more 

pronounced.  In particular, activation by cardiolipin-containing vesicles, as well as the synergy 

between actin and Mff, is practically eliminated for Drp1-phosphoS579, whereas it is partially 

inhibited for Drp1-S579D.   

 

Finally, the inhibitory effect of Drp1-S579D on WT Drp1 GTPase activity is likely due to the 

decreased oligomerization of the mutant, which decreases the interactions between G domains 

necessary for GTPase activation.  In contrast, the K38A mutation might activate WT Drp1 by 

stabilization of the oligomeric state.  A similar effect of the equivalent mutation in dynamin-1, 

K44A, was described many years ago 258.  These results emphasize the effect of oligomerization on 

Drp1 activity, with mechanisms that increase oligomerization being likely to increase GTPase 

activity. 
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4.5 Materials and Methods 

 

Plasmids. For bacterial expression, full-length of human DRP1 isoform 3 (NP_055681.2, UniProt 

ID O00429-4), truncated human MFF isoform 4 (UniProt ID Q9GZY8-4) (MFF-∆TM),  and 

MiD49∆1-124 (mouse amino acids 125-454, UniProt ID Q5NCS9) have been described previously 
69,122,255. Quick Change mutagenesis was performed to make Drp1 mutants K38A, S579D, S600D, 

and Drp1 dimer mutant (Drp1-DM) 69,70.  

 

Protein Expression, Purification. 

DRP1 and its mutants were expressed and purified as previously described with modifications69. 

Briefly, DRP1 construct was expressed in One Shot BL21 Star (DE3) Escherichia coli in LB broth, 

induced by isopropyl-β-D-thiogalactoside (IPTG) at 16 °C for 16 hours when OD600 reached to 

1.5. Cell pellets were resuspended in lysis buffer (100 mM Tris-Cl, pH 8.0, 500 mM NaCl, 1 mM 

dithiothreitol [DTT], 1 mM Ethylenediaminetetraacetic acid [EDTA], 2 µg/ml leupeptin, 10 µg/ml 

aprotinin, 2 µg/ml pepstatin A, 2 mM benzamidine, 1 µg/ml ALLN, and 1 µg/ml calpeptin) and 

lysed using a high-pressure homogenizer. The lysate was cleared by centrifugation at 40,000 rpm 

in Ti-45 rotor for 1 hour at 4°C. Avidin (20 µg/ml; PI-21128; Thermo Fisher Scientific, Waltham, 

MA) was added to the supernatant, and then was loaded onto Strep-Tactin Superflow resin (2-1206-

025; IBA, Göttingen, Germany) by gravity flow. The column was washed with 20 column volumes 

(CV) of lysis buffer without protease inhibitors. To elute DRP1, 0.01 mg/ml HRV3C protease in 

lysis buffer without protease inhibitors was added for 16 hours at 4°C. The Strep-Tactin Superflow 

eluate was further purified by size exclusion chromatography on Superdex200 with DRP1-S200 

buffer (20 mM HEPES pH 7.5, 150 mM KCl, 2 mM MgCl2, 1 mM DTT, 0.5 mM EGTA), spin 

concentrated, frozen in liquid nitrogen, and stored at −80 °C. 

MFF-∆TM was expressed in RosettaTM2 BL21-(DE3) Escherichia coli (71400; EMD Millipore 

Corporation, Burlington, MA) in LB broth, induced by 1M IPTG at 30 °C for 4 h when OD600 

reached to 1.5. Cell pellets were resuspended in lysis buffer (50 mM Tris-HCl, pH 7.5, 500 mM 

NaCl, 20 mM imidazole, pH 7.5, 1 mM DTT, 1 mM EDTA, 2 µg/ml leupeptin, 10 µg/ml aprotinin, 

2 µg/ml pepstatin A, 2 mM benzamidine, 1 µg/ml ALLN, and 1 µg/ml calpeptin) and lysed using 

M-110 microfluidizer processor. The lysate was cleared by centrifugation at 40, 000 rpm in Ti45 

for 40 minutes at 4°C, the supernatant was saved. Affinity capture was performed using FPLC and 

a HiTrap IMAC column (17-5248-01, GE Healthcare, Chicago, IL) equilibrated with IMAC-A 

buffer (50 mM Tris-HCl pH 7.5, 0.1 M NaCl, 20 mM imidazole). Cleared lysate was loaded onto 

the column with a rate of 3 mL/min and washed to baseline with IMAC-A. MFF was eluted from 
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the column with gradient step washes by IMAC-B buffer (50 mM Tris-HCl pH 7.5, 0.1 M NaCl, 

500 mM imidazole): step1 10% IMAC-B for 5CV, step2 20% IMAC-B for 5CV, step3 100% for 

5CV. Fractions from step3 were pooled and diluted 10-fold in ion exchange (IEX)-A buffer (50 

mM Tris-HCl pH 7.5, 1 mM DTT). Diluted fractions were loaded onto a HiTrap Q anion exchange 

column (54816, EMD Millipore Corporation, Burlington, MA). The column was washed to 

baseline with IEX-A and MFF was eluted by IEX-B buffer (50 mM Tris-HCl pH 7.5, 1 M NaCl, 1 

mM DTT) with a step gradient: step1 10% 5CV, linear 10-50% 30CV followed by linear 50-100% 

5CV. Peak MFF fractions were concentrated by reloading onto the HiTrap IMAC column and 

eluted with 100% IMAC-B step wash. MFF fractions were pooled and further purified by size 

exclusion chromatography on Superdex200 with S200 buffer (20 mM HEPES, pH 7.4; 2 mM 

MgCl2, 0.5 mM EGTA, 65 mM KCl, 1 mM DTT), spin concentrated (UFC903024, EMD Millipore 

Corporation, Burlington, MA), aliquots were frozen in liquid nitrogen, and stored at −80 °C. 

 

MiD49 was expressed in One Shot BL21 Star (DE3) Escherichia coli (C6010-03; Life 

Technologies, Carlsbad, CA) in LB broth, induced by isopropyl-β-D-thiogalactoside (IPTG) at 

16 °C for 16 h when OD600 reached 1.5. Cell pellets were resuspended in MiD lysis buffer (25 

mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid [Hepes], pH 7.4, 500 mM NaCl, 1 mM 

dithiothreitol [DTT], 2 µg/ml leupeptin, 10 µg/ml aprotinin, 2 µg/ml pepstatin A, 2 mM 

benzamidine, 1 µg/ml calpain inhibitor I [ALLN], and 1 µg/ml calpeptin) and lysed using a high-

pressure homogenizer (M-110L Microfluidizer Processor; Microfluidics, Newton, MA). The lysate 

was cleared by centrifugation at 40,000 rpm (type 45 Ti rotor; Beckman, Brea, CA) for 1 hour at 

4°C and then was loaded onto Pierce™ Glutathione Agarose (16101; Thermofisher) by gravity 

flow. The column was washed with 20 column volumes (CV) of lysis buffer without protease 

inhibitors. To elute MiD49/51, 1 unit/µL thrombin (T4648, Sigma-Aldrich) or 0.01 mg/ml HRV3C 

protease in lysis buffer without protease inhibitors was added for 16 hours at 4°C. The protein 

eluate was captured by HiTrap IMAC column (17-5248-01, GE Healthcare, Chicago, IL) and eluted 

by IMAC-B buffer (50 mM Tris-HCl pH 7.5, 0.1 M NaCl, 500 mM imidazole). The His-trap protein 

eluate was further purified by size exclusion chromatography on Superdex200 (GE Biosciences, 

Piscataway, NJ) with S200 buffer (20 mM Hepes, pH 7.4, 65 mM KCl, 2 mM MgCl2, 1 mM DTT, 

0.5 mM ethylene glycol tetraacetic acid [EGTA]), spin concentrated (UFC903024, EMD Millipore 

Corporation, Burlington, MA), frozen in liquid nitrogen, and stored at −80 °C. 
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Rabbit skeletal muscle actin was extracted from acetone powder as previously described 237, and 

further gel-filtered on Superdex 75 16/60 columns (GE Healthcare). Actin was stored in G buffer 

(2 mM Tris, pH 8.0, 0.5 mM DTT, 0.2 mM ATP, 0.1 mM CaCl2, and 0.01% NaN3) at 4°C. 

 

In vitro phosphorylation of Drp1 by ERK2 

For in vitro phosphorylation assay, 30µM purified Drp1 or Drp1-S600D was incubated with 100 

nM ERK2 kinase (Thermo Fisher PV3313) at 30 °C for 4hrs. Reaction was conducted in 25mM 

Hepes, pH 7.4, 150 mM KCl, 10 mM MgCl2, 2 mM DTT, 1 mM ethylene glycol tetraacetic acid 

[EGTA]), 1% Thesit. Phosphorylated Drp1 was further purified by size exclusion chromatography 

on Superdex200 with S200 buffer (20 mM HEPES, pH 7.4; 2 mM MgCl2, 0.5 mM EGTA, 65 mM 

KCl, 1 mM DTT), spin concentrated (UFC903024, EMD Millipore Corporation, Burlington, MA), 

aliquots were frozen in liquid nitrogen, and stored at −80 °C. 

 

Phospho-Drp1 analysis by mass spectroscopy 

In vitro phosphorylated Drp1 were diluted in SDS-PAGE sample buffer and resolved by SDS-

PAGE. Gels were stained with Coomassie blue staining. Bands were excised from the gel (2 µg 

Drp1) and analyzed for phosphorylated peptides by the Taplin mass spectrometry facility (Harvard 

Medical School). 

 

Actin preparation for biochemical assays 

For high-speed pelleting assay, actin filaments were polymerized from 20 µM monomers for 3 h at 

23 °C by addition of a 10x stock of polymerization buffer (200 mM HEPES, pH 7.4, 650 mM KCl, 

10 mM MgCl2, 10 mM EGTA) to a final 1x concentration. For GTPase assay, actin monomers in 

G-buffer were incubated with AG1-X2 100–200 mesh anion exchange resin (Dowex; 1401241; 

Bio-Rad) at 4 °C for 5 min to remove ATP, followed by low-speed centrifugation. 20 µM actin 

filaments were polymerized as described before. To maintain ionic strength across all samples, an 

actin blank was prepared in parallel using G-buffer in place of actin monomers and used to dilute 

actin filaments as needed for each sample. DRP1 was diluted in MEHD buffer (20 mM HEPES, 

pH 7.4, 2 mM MgCl2, 0.5 mM EGTA, 1 mM DTT) to adjust the ionic strength to the same as S200 

buffer before biochemical assays. 

 

Size exclusion Chromatography assays 

Drp1 and Dpr1-phosS579 oligomeric distribution was determined by Superose 6 increase 10/300 

GL SEC column (GE Biosciences) in S200 buffer (20 mM HEPES, pH7.4, 65 mM KCl, 2 mM 
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MgCl2, 0.5 mM EGTA, 1 mM DTT). Protein at varying concentration was loaded onto the column 

in a total volume of 500 µL and gel-filtered with a flow rate of 0.4 mL/min.  

 

MiD49 oligomer preparation 

For in making MiD49 oligomer, 100µM purified MiD49∆1-124 were incubated with 500µM 

Palmitoyl-CoA (Sigma-Aldrich, P9716) at 37 ℃ for 1hrs. Reaction was conducted in with S200 

buffer (20 mM HEPES, pH 7.4; 2 mM MgCl2, 0.5 mM EGTA, 65 mM KCl, 1 mM DTT). 

MiD49∆1-124 mixture was further purified by size exclusion chromatography on Superdex200 

with S200 buffer. 

 

Liposome preparation  

All lipids were purchased from Avanti Polar Lipids (Alabaster, AL). Liposomes were prepared by 

extrusion through polycarbonate membranes of 250nm pore diameter. 0% Cardiolipin liposome 

contained 65% DOPC (850375P, Avanti Polar lipid) and 35% DOPE (850725, Avanti Polar lipid). 

25% Cardiolipin liposome contained 40% DOPC, 35% DOPE, and 25% cardiolipin (840012C, 

Avanti Polar lipid).  

 

GTPase assay 

DRP1 (0.75 µM) was mixed with indicated concentrations of MiD49, MFF and/or actin filaments 

in S200 buffer. Sample were incubated at 37 °C for 5 min. At this point, GTP was added to a final 

concentration of 500 µM to start the reaction at 37 °C. Reactions were quenched at designated time 

points by mixing 15 µL sample with 5 µL of 125 mM EDTA in a clear, flat-bottomed, 96-well 

plate (Greiner, Monroe, NC). Six time points were acquired for all conditions, either in a 12 min 

time range, or in a 45 min time range depending on reaction speed. Released phosphate was 

determined by addition of 150 µL of malachite green solution as previously described 69  

Absorbance at 650 nm was measured 15 min after malachite green solution incubation. GTP 

hydrolysis rates were determined by plotting phosphate concentration as a function of time in the 

linear phase of the reaction. 

 

Velocity Analytical Ultracentrifugation 

Analytical ultracentrifugation was conducted using a Beckman Proteomelab XL-A and an AN-60 

rotor. For sedimentation velocity analytical ultracentrifugation, Drp1 and its mutants in S200 buffer 

(65/150 mM KCl, 1 mM MgCl2, 0.5 mM EGTA, 1 mM DTT, 20 mM HEPES, pH 7.4) was 

centrifuged at either 5,000 (for oligomer) or 35,000 (for monomer) rpm with monitoring at 280 nm. 
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Data analyzed by Sedfit to determine sedimentation coefficient, frictional ratio, and apparent mass. 

Sedimentation coefficient reported is that of the major peak (at least 80% of the total analyzed mass) 

at OD280. 

 

High-speed pelleting assay 

Interactions between DRP1 and actin were tested in the S200 buffer; DRP1 and actin  were mixed 

as described and were incubated for 1 hr at room temperature in a 100 µl volume. After incubation, 

samples were centrifuged at 80,000 rpm for 20 min at 4°C in a TLA-100.1 rotor (Beckman). The 

supernatant was carefully removed. Pellets were washed three times with S200 buffer and then 

resuspended in 100 µl of SDS–PAGE sample buffer and resolved by SDS–PAGE (LC6025; 

Invitrogen, Carlsbad, CA). Gels were stained with Coomassie Brilliant Blue R-250 staining 

(1610400, Bio-Rad, Hercules, CA), and band intensity was analyzed using ImageJ software. 
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Figure 4-1: Drp1 phosphorylation sites. 

A) Domain organization of Drp1 isoform 3 (also called Drp1-000):  GTPase domain (green), 

Bundle Signaling Element (BSE, red), stalk (blue), Variable Domain (VD, black, also 

called the B-insert in some publications). Blue and red stars indicate phosphorylation sites 

S579 (site 1) and S600 (site 2), respectively. Black arrows indicate locations of the three 

alternatively spliced inserts.  

B) Structural model of Drp1 dimer (PDB 4BEJ) showing positions of phosphorylation sites 

S579 (blue star) and S600 (red star) on one subunit (color coded similar to panel A).  

Dashed loops for Variable Domain denote that this was not resolved in PDB 4BEJ.   

C) Table listing positions of the phosphorylation sites corresponding to S579 (Site 1) and S600 

(Site 2) in this paper for the nine Drp1 isoforms listed in UniProt, following isoform 

designation given by 86 and binary nomenclature used by 85.  Binary nomenclature based 

on presence (1) or absence (0) of the three alternatively spliced inserts, with ‘x’ denoting a 

variation of the indicated site (described in 86). 
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Figure 4-2: Oligomeric properties of Drp1 phospho-mimetic mutants.   

A) Superose 6 gel filtration profiles of 30 µM of Drp1-WT, Drp1-S579D, and Drp1-S600D.  

At top are peak elution positions for two standards (thyroglobulin (670 kDa) and ferritin 

(440 kDa)) as well as the void volume position.   

B) Velocity analytical ultracentrifugation of Drp1-WT, Drp1-S579D, and Drp1-S600D (black, 

red and blue respectively) at three concentrations:  8, 4 and 1.5 µM.   

C) Coomassie-stained gel showing sedimentation assays graphed in panel C.  Mass markers 

(in kDa) shown at left.  P = pellet, S = supernatant.    

D) Quantification of % oligomerized Drp1 from sedimentation assays of Drp1-WT, Drp1-

S579D, and Drp1-S600D in the presence of the non-hydrolysable GTP analogue GMP-

PCP (500 µM) at 0.5, 1.0, and 2.0 µM Drp1 
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Figure 4-3: Effects of Drp1 phospho-mimetic mutants on actin binding and GTPase 

stimulation by actin, Mff, and MiD49.  

Wild-type, Drp1 S579D, Drp1 S600D shown in black, blue, and red respectively for all panels.  All 

GTPase assays contain 0.75 µM Drp1.   

A) GTPase assays containing 0.75 µM Drp1 that was pre-incubated with the indicated 

concentration of actin filaments for 5 min before GTP addition. Activity expressed as µM 

phosphate released per minute per µM Drp1.   

B) Graphs of % Drp1 bound versus actin concentration, from co-sedimentation assays at 65 

mM, respectively (1.3 µM Drp1 in all cases).  Raw data in Supplemental Figure 4-1.   

C) Graphs of % Drp1 bound versus actin concentration, from co-sedimentation assays at 150 

mM, respectively (1.3 µM Drp1 in all cases).  Raw data in Supplemental Figure 4-1.   

D) GTPase assays containing Drp1 that was pre-incubated with the indicated concentration of 

cardiolipin-containing vesicles (40% DOPC, 35% DOPE, 25% CL) for 5 min before GTP 

addition.  

E) Comparison of Drp1-WT with Drp1-S579D and Drp1-S600D GTPase activities in the 

presence of the indicated concentration of Mff for 5 min before GTP addition.  

F) Comparison of Drp1-WT with Drp1-S579D and Drp1-S600D GTPase activities in the 

presence of 0.5 µM actin filaments and the indicated concentration of Mff for 5 min before 

GTP addition. Values for Mff alone are indicated by open circles and dashed lines, while 

values for Mff/actin are indicated by closed circles and solid lines.  

G) Comparison of Drp1-WT with Drp1-S579D and Drp1-S600D GTPase activities in the 

presence of the indicated concentration of MiD49 monomer (diamonds) or MiD49 

oligomer (circles) for 5 min before GTP addition.  

H) Comparison of Drp1-WT with Drp1-S579D and Drp1-S600D GTPase activities in the 

presence of 0.25 µM MiD49 oligomer and the indicated concentration of Mff for 5 min 

before GTP addition. Values for Mff alone are indicated by open circles and dashed lines, 

while values for Mff/MiD49 are indicated by closed circles and solid lines. 
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Figure 4-4: Effects of Phospho-S579-Drp1 on actin binding and GTPase stimulation by 

actin, Mff, and MiD49 

In all graphs, Drp1-WT and P-S579-Drp1 in black and orange, respectively. All GTPase assays 

contain 0.75 µM Drp1.  

A) Coomassie-stained SDS-PAGE of Drp1 from either mock phosphorylation or ERK2 

phosphorylation reactions (4 hr).  2 µg Drp1 on gel.  Positions of size standards (in kDa) 

on left.   

B) Western blot showing anti-Drp1 (red) and anti-phospho-S579-Drp1 (green) at varying 

times after ERK2 treatment.   

C) Superose 6 gel filtration profiles of WT and P-S579-Drp1.  At top are peak elution positions 

for two standards (thyroglobulin (670 kDa) and ferritin (440 kDa)) as well as the void 

volume position.   

D) GTPase assays containing Drp1 that was pre-incubated with the indicated concentration of 

actin filaments for 5 min before GTP addition. Activity expressed as µM phosphate 

released per minute per µM Drp1.   

E) Graph of % Drp1 bound versus actin concentration, from co-sedimentation assays at 65 

mM NaCl.  Raw data in Supplemental Figure S4-2.   

F) GTPase assays containing Drp1 that was pre-incubated with the indicated concentration of 

cardiolipin-containing vesicles (mM total lipid, vesicles contain 40% DOPC, 35% DOPE, 

25% CL) for 5 min before GTP addition.  

G) Comparison of WT and P-S579-Drp1 GTPase activities in the presence of the indicated 

concentration of Mff for 5 min before GTP addition.  

H) Comparison of WT and P-S579-Drp1 GTPase activities in the presence of the indicated 

concentration of MiD49 monomer (diamond) or MiD49 oligomer (circle) for 5 min before 

GTP addition.  

I) Comparison of WT and P-S579-Drp1 GTPase activities in the presence of 0.5 µM actin 

filaments and the indicated concentration of Mff for 5 min before GTP addition. Values 

for Mff alone are indicated by open circles and dashed lines, while values for Mff/actin are 

indicated by closed circles and solid lines.  

J) Comparison of WT and P-S579-Drp1 GTPase activities in the presence of 0.25 µM MiD49 

oligomer and the indicated concentration of Mff for 5 min before GTP addition. Values for 

Mff alone are indicated by open circles and dashed lines, while values for Mff/MiD49 are 

indicated by closed circles and solid lines. 
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Figure 4-5: Effects of Drp1-phosphoS579/S600D on GTPase stimulation.   

In all graphs, Drp1-WT and Drp1-phosphoS579/S600D in black and green, respectively. All 

GTPase assays contain 0.75 µM Drp1.   

A) Coomassie-stained SDS-PAGE of Drp1 from either Drp1- mock phosphorylation, Drp1- 

ERK2 phosphorylation, or Drp1-S600D- ERK2 phosphorylation reactions (4 hr).  2 µg 

Drp1 on gel.  Positions of size standards (in kDa) on left.   

B) GTPase assays containing Drp1 that was pre-incubated with the indicated concentration of 

actin filaments for 5 min before GTP addition. Activity expressed as µM phosphate 

released per minute per µM Drp1.   

C) GTPase assays containing Drp1 that was pre-incubated with the indicated concentration of 

cardiolipin-containing vesicles (40% DOPC, 35% DOPE, 25% CL) for 5 min before GTP 

addition.  

D) Comparison of Drp1-WT and Drp1-phosphoS579/S600D GTPase activities in the presence 

of the indicated concentration of Mff for 5 min before GTP addition.  

E) Comparison of Drp1-WT and Drp1-phosphoS579/S600D activities in the presence of the 

indicated concentration of MiD49 monomer (diamond) or MiD49 oligomer (circle) for 5 

min before GTP addition.  

F) Comparison of Drp1-WT and Drp1-phosphoS579/S600D GTPase activities in the presence 

of 0.5 µM actin filaments and the indicated concentration of Mff for 5 min before GTP 

addition. Values for Mff alone are indicated by open circles and dashed lines, while values 

for Mff/actin are indicated by closed circles and solid lines.  

G) Comparison of Drp1-WT and Drp1-phosphoS579/S600D activities in the presence of 0.25 

µM MiD49 oligomer and the indicated concentration of Mff for 5 min before GTP addition. 

Values for Mff alone are indicated by open circles and dashed lines, while values for 

Mff/MiD49 are indicated by closed circles and solid lines.  
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Figure 4-6: Effects of Erk2 phosphorylation on GTPase activity of Drp1 isoform 6.   

In all graphs, Drp1-WT and Drp1-phosphoS629 in black and orange, respectively. All GTPase 

assays contain 0.75 µM Drp1.   

A) Coomassie-stained SDS-PAGE of Drp1 isoform 6 from either Drp1- mock 

phosphorylation or Drp1- ERK2 phosphorylation (4 hr).  2 µg Drp1 on gel.  Positions of 

size standards (in kDa) on left.   

B) GTPase assays containing Drp1 that was pre-incubated with the indicated concentration of 

actin filaments for 5 min before GTP addition. Activity expressed as µM phosphate 

released per minute per µM Drp1.   

C) Comparison of Drp1-WT and P-S629-Drp1 GTPase activities in the presence of the 

indicated concentration of Mff for 5 min before GTP addition.  

D) Comparison of Drp1-WT and P-S629-Drp1 activities in the presence of the indicated 

concentration of MiD49 monomer (diamonds) or MiD49 oligomer (circles) for 5 min 

before GTP addition. 
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Figure 4-7: Drp1 phospho-mimetic mutants reduce the ability of actin filaments to activate 

wild-type Drp1.   

In all panels, the actin filament concentration is constant at 1 µM, and the total Drp1 concentration 

(combination of GFP-Drp1 and phospho-mimetic mutant Drp1 without GFP) is constant at 1.3 µM. 

A) Graph of Drp1 binding to actin filaments with varying ratios of GFP-Drp1-WT:Drp1-

S579D.   

B) Corresponding Coomassie gels for binding assays quantified in panel A.   

C) GTPase activity of Drp1 at varying ratios of GFP-Drp1-WT:Drp1-S579D in the presence 

of actin filaments.  Red point represents GTPase activity of GFP-Drp1-WT in the absence 

of actin filaments.   

D) GTPase activity of Drp1 (without the GFP tag) at varying ratios of Drp1-WT:Drp1-S579D 

in the presence of actin filaments.  Red point represents GTPase activity of Drp1-WT in 

the absence of actin filaments. 
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Figure 4-8: Drp1-K38A mutant stimulates the GTPase activity of Drp1-WT.   

A) GTPase activity of Drp1-WT or Drp1-K38A (1.3 µM) in the presence or absence of actin 

filaments (1 µM).   
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B) Coomassie-stained SDS-PAGE of Drp1/actin co-sedimentation at 65 mM NaCl, with 1.3 

µM Drp1-WT or Drp1-K38A and varying actin. Standards of known µM amounts of Drp1-

WT and actin on left, pellets from sedimentation assays on right.   

C) Graph of % Drp1 in the pellet for Drp1-WT and Drp1-K38A as a function of actin 

concentration.   

D) GTPase activity of Drp1 at varying ratios of Drp1-WT:Drp1-K38A (1.3 µM total Drp1) in 

the presence of actin filaments (1 µM).  Black line denotes total Drp1 specific activity 

(factoring both WT and K38A mutant) while red line denotes specific activity of Drp1-WT.   

E) GTPase activity of Drp1 at varying ratios of Drp1-WT:Drp1-K38A (1.3 µM total Drp1) in 

the absence of actin filaments.  Black line and red lines as described in panel D.   

F) GTPase activity of Drp1 at varying ratios of Drp1-DM:Drp1-K38A (1.3 µM total Drp1) in 

the presence of actin filaments (1 µM).  Black line denotes total Drp1 specific activity 

(factoring both Drp1-DM and K38A mutant) while red line denotes specific activity of 

Drp1-DM.  DM, dimer mutant.  
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Supplemental Figures 

 
 

Figure S4-1: Drp1/actin co-sedimentation assays for phospho-mimetic mutants. 

A) Coomassie-stained SDS-PAGE of Drp1/actin co-sedimentation assay at 65 mM NaCl 

similar to graph in Figure 3A. Standards of known µM amounts of Drp1 on left, pellets 

from sedimentation assays on right. A) Comparison of Drp1-WT with Drp1-S600D.   

B) Comparison of Drp1-WT with Drp1-S579D.     

C) Coomassie-stained SDS-PAGE of Drp1/actin co-sedimentation assay at 140 mM NaCl 

similar to graph shown in Figure 4-3B. Standards of known µM amounts of Drp1 on left, 

pellets on right. C) Drp1-WT.  D) Drp1-S600D.  E) Drp1-S579D.  1.3 µM Drp1 used in all 

assays. 
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Figure S4-2: Drp1/actin co-sedimentation assays for ERK2-phosphorylated Drp1.  

Coomassie-stained SDS-PAGE of Drp1/actin co-sedimentation assay at 65 mM NaCl similar to 

graph in Figure 4-4E. Standards of known µM amounts of Drp1 on left, pellets from sedimentation 

assays on right.  

A) Coomassie-stained SDS-PAGE of Drp1/actin co-sedimentation of Drp1-WT.   

B) Coomassie-stained SDS-PAGE of Drp1/actin co-sedimentation of Drp1-phosphoS579.   
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Chapter V: Overall Model and Future Directions 

My study here investigates the mechanism for mitochondrial division and proposes a new model. 

This model is derived from my own findings as well as from previous research (Figure 5-1).  Some 

aspects of the model are speculative. We divide Drp1 assembly into two stages, “nucleation” and 

“elongation”, akin to actin polymerization. The nucleation step can be triggered by three known 

signals: increased cytoplasmic calcium, increased fatty acyl-CoA, or disruption of mitochondrial 

membrane integrity. Increased cytosolic calcium activates the ER-bound formin INF2, leading to 

actin polymerization at ER-mitochondrial contact sites. A rise in fatty acyl-CoA levels causes 

MiD49/MiD51 oligomerization on the OMM. Mitochondrial membrane disruption causes exposure 

of cardiolipin on the OMM.  Any of these three events (actin polymerization, MiD49/51 

oligomerization, or cardiolipin exposure) can recruit Drp1 from the cytosol and initiate Drp1 

oligomerization (‘nucleation’).  These Drp1 oligomers then transfer to Mff, which mediates 

‘elongation’ of the Drp1 oligomers into a productive ring around the OMM.  

 

There are other levels of regulation as well, such as Drp1 and Mff phosphorylation. Mff 

phosphorylation serves as another regulator for triggering mitochondrial division, with AMPK 

playing a role in this pathway. However, a comprehensive understanding of this process requires 

further biochemical and cell studies.  As for Drp1 phosphorylation, it is unclear what the specific 

effect of the two phosphorylation events (S579 and S600) is on Drp1.  S579 phosphorylation is 

commonly thought of as stimulatory to division, but its biochemical effect on purified Drp1 is to 

decrease GTPase activity, suggesting the involvement of other regulators in the cellular context.  

S579 phosphorylation is reported to be inhibitory in many cellular contexts, and our biochemical 

results also show inhibition of GTPase activity.  However, several cellular studies report S600-

mediated stimulation of mitochondrial division, suggesting that there is more to learn here. 

 

There are multiple future directions for this project. Although it is difficult to list them all here, and 

careful readers would come up with interesting ideas of their own, here are some of the future 

directions I believe would contribute greatly for understanding mitochondrial division. 

 

- Understanding the mechanism of how Mff triggers the activation of Drp1 

Although we've demonstrated the vital role of Mff oligomerization in Drp1 activation, the precise 

mechanism by which Mff initiates this activation remains unclear. The challenge lies in the 

disordered structure of the cytosolic Mff domain. Through the use of supported lipid bilayers and 
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fluorescence microscopy, I observed that His-Mff can self-assemble into puncta of a specific size 

on the lipid membrane, indicating a stable oligomer structure. These oligomers, in turn, effectively 

recruit Drp1 (Figurer 5-2). Resolving the structure of Mff or the Drp1-Mff complex would yield 

valuable insights. Another avenue worth exploring is understanding the cellular signals that 

prompts Mff accumulation at the mitochondrial division site. Published work suggests that 

adenosine monophosphate (AMP)–activated protein kinase (AMPK), a sensor of cellular energy 

levels, activates Mff through phosphorylation. Investigating the signaling pathway involved in this 

activation could provide further clarity. 

 

- Understanding specific roles for MiD49 and MiD51. 

While MiD49 and MiD51 exhibit remarkably similar structures, unraveling their distinct roles 

remains a fascinating challenge. Clearly, their nucleotide binding sites are somewhat different, 

since MiD51 can bind ADP and GDP whereas MiD49 does not display measurable affinity.  So, it 

is possible that these proteins respond to sub-sets of fatty acyl-CoA ligands in a cellular context. 

One approach to explore these potential differences is to generate MiD49-null and MiD51-null 

cells and observe how they respond to various physiological conditions. Additionally, investigating 

whether MiD49 and MiD51 form heterogeneous oligomers biochemically could shed light on the 

functions of each receptor. Furthermore, though we have established that MiD49/51 can form large 

oligomers to activate Drp1 activity, the specific oligomeric state required for this activation is still 

unknown. Examining the oligomer structure of MiD49/51 might provide valuable insights in this 

regard. 

 

- Exploring possible regulators for phosphorylated Drp1 

The biochemical investigations presented here reveal that phosphorylation at either S579 or S600 

sites alone is insufficient to trigger Drp1 activity and diminishes the synergistic effects with other 

regulators. These findings imply the involvement of additional regulators in the regulation 

processes. Yet, uncovering these regulators poses a long-term challenge, given the contradictory 

effects of phosphorylation observed in different cell lines. Nevertheless, the complexity of this 

question does not diminish its significance and intrigue. 
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Figures 

 
Figure 5-1: Overall Model for mitochondrial division in this study. 

A) Model showing nucleation and elongation of Drp1, relating this to actin nucleation and 

elongation, figure is adapted from Molecular Biology of the Cell (Edition 5).   

B) Pathway of Drp1 nucleation through three distinct stimuli, followed by elongation through 

Mff.  Other regulatory mechanisms (phosphorylation of Mff and Drp1) are also shown. 
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Figure 5-2: Mff forms stable puncta on the supported lipid bilayer. 

Cysteine-Strep-Mff∆TM-His is labeled by Fluorescein-5-Maleimide, Drp1 is labeled by Cy5-

succinamide. Supported lipid bilayer (SLB) liposome is consist of Rho-DOPC:DOPC:CL:Ni-NTA; 

0.5:94:5:0.5 mol%. Varying concentration of Mff is incubated with SLB for 40 mins, then wash 

twice with PBS buffer.  After wash, 1µM Drp1 is flowed and incubate for an additional 10 mins. 

Then PBS wash again to remove extra Drp1 and capture images. 
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