© Copyright 2019

Brittany N. Whitley



Characterizing the molecular mechanisms of mitochondrial fusion and division in healthy and

diseased cells

Brittany N. Whitley

A dissertation
submitted in partial fulfillment of the

requirements for the degree of

Doctor of Philosophy

University of Washington

2019

Reading Committee:
Suzanne Hoppins, Chair
Dana Miller

Leo Pallanck

Program Authorized to Offer Degree:

Molecular and Cellular Biology



University of Washington

Abstract

Characterizing the molecular mechanisms of mitochondrial fusion and division in healthy and

diseased cells

Brittany N. Whitley

Chair of the Supervisory Committee:
Suzanne Hoppins

Department of Biochemistry

Balanced mitochondrial fusion and division activity in healthy cells typically establishes a reticular
mitochondrial network that is able to support normal cellular activities. Disruptions in balanced
mitochondrial dynamics can occur through regulated changes in fusion and division to mediate
physiological processes such as cell division and apoptosis. Additionally, imbalanced mitochondrial
dynamics have been reported as both a cause and consequence of several neurodegenerative
diseases. | begin with a discussion of imbalanced mitochondrial dynamics in disease and the
therapeutic potential of drugs that target the mitochondrial fusion and division machines. While the
causative role of mitochondrial dynamics has only been established in a subset of diseases, |
discuss our current understanding of how aberrant mitochondrial dynamics influences

neurodegenerative, cardiac and metabolic diseases.



| next discuss published work in which | characterized four mutations in the gene DNM7L, which
encodes the mitochondrial division protein Drp1. All mutations were identified by whole exome
sequencing in patients with neurological defects and mitochondrial dysfunction. To determine if the
mutations were sufficient to cause mitochondrial hyperfusion, | expressed each of the four mutations
in human and yeast cells lacking Drp1. | also evaluated mitochondrial morphology in wild type
human and yeast cells expressing each mutant to determine if the division defects were dominant
as is observed in human disease. A novel mutation in the GTPase domain of Drp1, G32A, was of

particular interest as a compelling causal mutation that inhibits Drp1 recruitment to mitochondria.

Finally, I investigated the mechanism of mitochondrial fusion using phosphorylation mimicking and
blocking mutations at a novel Mfn1 phosphorylation site, S228. My work suggests that
phosphorylation of Mfn1 S228 inhibits mitochondrial fusion by inhibiting frans Mfn1 interactions and
nucleotide-dependent Mfn1 assembly. | also describe /7 vivo mitochondrial clustering and
hyperfusion in cells expressing Mfn1 S228E and discuss a model to reconcile differences between
cellular phenotypes and biochemical fusion defects. This work will also be foundational to
understand how one or more signaling pathways can influence Mfn1 S228 phosphorylation to
coordinate mitochondrial morphology with cellular conditions. Together, my work has provided
important insights into the relationship between mitochondrial dynamics and disease, specifically
DNM1L-related neurodegeneration, as well as uncovered a possible regulatory mechanism to alter

mitofusin activity based on cellular conditions.
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Chapter One:

Mitochondrial dynamics and their potential as a therapeutic target

Summary

Most of the text in this chapter has been primarily copied from a review that was published as
part of a special issue on mitochondrial dynamics in Mitochondrion (Whitley et al.,, 2019). | have
added an additional discussion section preceding the review, as well as supplemental information

and discussion throughout the main text.

Mutations in the genes that encode the mitochondrial division and fusion proteins, ODNM7L, MFNZ2
and OFAT, have been causally linked to a series of primarily neurodegenerative disorders using
cellular and animal models. Despite varying clinical presentations, these diseases typically have the
most dramatic effects in metabolically active, mitochondria-dense tissues such as the brain, skeletal
muscle and eye. While several novel DNM 7L variants have been recently identified via whole exome
sequencing, only three of these variants (G32A, A395D, R403C) have been experimentally validated
as necessary and sufficient to cause disease (Chang et al.,, 2010; Fahrner et al., 2016, Waterham et
al., 2007; Whitley et al.,, 2018). In many cases, mitochondrial morphology in patient fibroblasts is
used as a proxy to infer Drp1 function across cell types, but this alone is insufficient to determine
causation. The importance of establishing a causal role for DNM7L mutations in disease was
highlighted in our recent study (Whitley et al., 2018). Whole exome sequencing identified a point
mutation in ONM17L (Drp1 C431Y) in a patient with severe neurological dysfunction leading to death
within ten months of birth. Through expression of Drp1 C431Y in human and yeast cells, we found
little evidence that Drp1 C431Y dramatically altered mitochondrial shape. From this, | concluded that

either our non-neuronal model system could not detect the relevant patient phenotypes in this case



or that the DNM7L point mutation was misidentified as the driver of disease in this patient. In chapter
two, | discuss in detail our published work in which | characterized four DNM7L mutations in total.
Future work can validate and expand upon these findings by evaluating mitochondrial morphology
and function in skeletal and neuronal tissue, as well as determining the mechanism by which

mutations inhibit mitochondrial division activity.

Unlike DNM7lrelated diseases, mutations in MFNZ are associated with a common
neurodegenerative disease- Charcot Marie Tooth Type 2A (CMT2A). The specificity for Mfn2 over
Mfn1in CMT2A may result from the relatively high expression of Mfn2 in neurons. Mfn2 also performs
several other cellular functions independently of Mfn1, which may or may not be dependent on its
fusion activity. Current models for neurodegeneration in CMT2A hypothesize that inhibited
mitochondrial fusion and/or transport drives axonal degeneration and cell death in long, peripheral
neurons. Cellular models of CMT2A have variable effects ranging from mitochondrial fragmentation
to clustering, suggesting that the location of point mutations on Mfn2 or the severity of the substitution

may influence disease outcomes.

In the unpublished work discussed in chapter three, | describe the biochemical and cellular
characterization of Mfn1 S228E as a model for the expected effects of Mfn1 S228 phosphorylation
on the mitochondrial fusion activity of Mfn1. While this project is primarily intended to understand
the physiological regulation of mitofusins in healthy cells, there is evidence that aberrant
phosphoregulation of mitochondrial dynamic proteins is associated with disease (Ferreira et al,
2019; Roe & Qi, 2018). Based on the inhibitory role of Mfn1 S228 phosphorylation in our fusion

model, | would expect that altered signaling could increase Mfn1 S228 phosphorylation to promote



mitochondrial fragmentation in diseased cells. Additionally, a specific mutation at the conserved
position on Mfn2 (Mfn2 S249F) has been associated with CMT2A in two unrelated families. Future
work is required, however, to determine if this mutation acts under a similar or unique mechanism

to Mfn1 phosphorylation.

Abnormal mitochondrial morphology has also been observed in several human diseases with
diverse genetic and environmental causes. This review aims to outline our current understanding of
the relationship between aberrant mitochondrial dynamics and disease. We conclude that, even in
diseases not caused by aberrant fusion or division activity, there appears to be broad therapeutic
potential in reestablishing balanced mitochondrial dynamics in diseased cells. Additional
mechanistic research is required, however, to understand the causative and secondary roles of

mitochondrial dynamics in disease in many cases.

Introduction

Mitochondrial structure and function vary remarkably across different cell and tissue types (Kuznetsov
et al, 2009). The structure of the mitochondrial network changes through fusion, division and
transport based on cellular needs (Figure 1.1). The balance between fusion and division is required
to support the metabolic functions of mitochondria that power diverse cellular processes (Wai and
Langer, 2016). For example, mitochondrial dynamics change during the cellular response to stress
(Eisner et al, 2018). In some conditions that adversely impact cellular health, such as nutrient
limitation (Gomes et al., 2011) or modest inhibition of cytosolic protein synthesis (Tondera et al.,
2009), the mitochondrial network becomes highly interconnected, which facilitates ATP production

and promotes cell survival. Mitochondria are also integrated into cell cycle progression and cell



death pathways, placing them at the heart of cellular life and death decisions (Horbay and Bilyy,
2016; Kalkavan and Green, 2018; Otera and Mihara, 2012; Salazar-Roa and Malumbres, 2017). In
proliferating cells, increased mitochondrial division prior to mitosis fragments the network to facilitate
mitochondrial inheritance during cell division, while decreased division upon entry to S-phase results
in a more highly connected network (Mitra et al., 2009; Taguchi et al., 2007). High levels of DNA
damage, on the other hand, activate apoptotic pathways and induce mitochondrial fragmentation
(Frank et al., 2001; Karpinich et al, 2002). Together, the complex regulation of mitochondrial

dynamics is essential to facilitate diverse cellular functions.

Mitochondrial dynamics are required during development, particularly in the heart (Dorn et al., 2015;
Gong et al., 2015) and brain (Flippo and Strack, 2017), and also have a role in stem cell self-renewal
and differentiation (Chen and Chan, 2017; Seo et al., 2018). Consistent with this, diseases caused
by loss or dysfunction of the mitochondrial fusion or division machines are broadly characterized by
developmental delays and neurodegeneration (Bertholet et al., 2016; Burte et al., 2015). Many other
diseases with diverse genetic and environmental causes are associated with altered mitochondrial
shape, including common neurodegenerative diseases (Gao et al., 2017), heart failure (Brown et
al., 2017), diabetes (Rovira-Llopis et al., 2017), and cancer (Trotta and Chipuk, 2017). In some cases,
disease-associated changes in mitochondrial structure can be attributed to altered expression of
the mitochondrial fusion and division proteins. In other cases, aberrant signaling pathways are
predicted to alter mitochondrial dynamics. In either case, aberrant mitochondrial structure is

associated with mitochondrial dysfunction, which contributes to disease pathology.



Balanced mitochondrial fusion and division activity is associated with several aspects of
mitochondrial function. The inheritance and integrity of the mitochondrial genome (mtDNA), which
encodes essential components of the electron transport chain, depends on regulated changes in
mitochondrial dynamics to segregate dysfunctional mitochondria from the rest of the network (Chen
et al,, 2010; Mishra and Chan, 2014; Burman et al., 2017; Chen and Dorn, 2013; Narendra et al,,
2008; Song et al., 2015). Aberrant mitochondrial structure and accumulation of mutations in mtDNA
are both reported to increase with age and have been hypothesized to contribute to declining
mitochondrial and cellular function (Sun et al, 2016). In diseased cells with either excessive
mitochondrial fusion or fragmentation, | expect an accumulation of mtDNA mutations over time,
which should reduce respiratory capacity and ultimately cellular function. Changes in mitochondrial
shape are also strongly associated with cell fate decisions. In some cases, preventing mitochondrial
fragmentation can reduce cellular sensitivity to apoptotic signals (Cereghetti et al., 2010). However,
cancer cells are an exception to this general trend, as mitochondrial fragmentation in cancer is
associated with metabolic changes that support rapid growth and survival (Anderson et al., 2018;
Inoue-Yamauchi and Oda, 2012). Through a stronger mechanistic understanding of the role of
mitochondrial dynamics in disease, it will become easier to understand and exploit the potentially
broad clinical applications of altering mitochondrial dynamics. In particular, treatments that re-
establish the balance of fusion and division might improve cellular function and survival, leading to

improved patient outcomes.

Given the critical role of mitochondrial structure and function in cellular physiology, mitochondrial
dynamics have been targeted in several disease model systems utilizing both genetic and

pharmacological approaches to restore balanced mitochondrial fusion and division (Archer, 2013;



Flippo and Strack, 2017; SudrezRivero et al, 2016, Wai and Langer, 2016). In fact, genetic
manipulation to rebalance mitochondrial dynamics in a mouse model of cardiomyopathy has been
shown to improve tissue function and extend lifespan (Chen et al,, 2015). Genetic therapies have
altered the expression of the genes encoding mitochondrial fusion and division proteins to rebalance
mitochondrial dynamics. Chemical therapeutics have targeted known elements of the mitochondrial
fusion and division mechanisms, including their enzymatic activity, protein-protein interactions, and
post-translational modifications (PTMs). In this review, we first present an overview of the mechanisms
of mitochondrial division and fusion to provide a framework for describing existing and potential
therapeutic approaches. We then discuss approaches to restore mitochondrial dynamics in model
systems that target abnormal expression of the mitochondrial fusion and division machines and
finally the development of small molecules that affect the activity of these proteins. We conclude
with a brief discussion of other potential druggable targets that could improve mitochondrial structure

and function in disease states.

The mitochondrial division machine, Drp1.

Mitochondrial division requires the coordinated action of many factors (Kraus and Ryan, 2017).
Division occurs primarily at mitochondria-ER contact sites (Friedman et al, 2011) where actin-
mediated constriction of the mitochondria activates downstream steps in the division pathway
(Moore and Holzbaur, 2018). These mitochondria-ER contact sites also couple mtDNA synthesis to
mitochondrial division, facilitating the distribution of mtDNA (Lewis et al.,, 2016). Dynamin-related
protein 1, Drp1, is a large GTPase required for mitochondrial division from yeast to mammals
(Bleazard et al., 1999; Labrousse et al, 1999; Smirnova et al., 2001). Drp1 is recruited to the

mitochondrial outer membrane by resident protein receptors including Mff, Fis1, MiD49, and MiD51



(Loson et al,, 2013). Higher order assembly of Drp1 at mitochondrial constriction sites is stimulated
by cardiolipin (Francy et al.,, 2017) to form large helical structures (Clinton et al., 2016; Frohlich et al.,
2013). Nucleotide binding and hydrolysis by Drp1 promote its assembly, conformational changes
and disassembly to drive mitochondrial division (Kalia et al., 2018). In some cases, Dynamin-2 may
also be required to further constrict the mitochondria following Drp1 (Kamerkar et al., 2018; Lee et

al, 2016).

The Drp1 receptor proteins, Mff, Fis1, MiD49 and MiD51, are functionally distinct. MiD49 and MiD51
can act independently from Fis1 and Mff in Drp1 recruitment (Loson et al., 2013; Palmer et al., 2013).
Loss of both MiD49 and Mff was more severe than loss of either one alone, suggesting that these
receptors impact division in distinct ways (Osellame et al., 2016). MiD49 and MiD51, but not Mff,
have also been implicated in cristae remodeling during apoptosis (Otera et al., 2016). Notably, the
role of Fis1 in Drp1-mediated mitochondrial division has recently been challenged as new evidence
suggests that Fis1 does not interact with Drp1, but with components of the fusion machine to inhibit

their activity (Osellame et al,, 2016; Yu et al., 2019).

Post-translational modification of Drp1 and its mitochondrial receptors, Mff and MiD49, promotes
rapid changes in mitochondrial division activity based on cellular needs. Drp1 assembly and GTPase
activity can be stimulated by nitrosylation of its C-terminal GTPase effector domain (Cho et al., 2009).
Phosphorylation and SUMOylation of Drp1 regulate the activity and mitochondrial recruitment of
cytosolic Drp1 (Otera et al., 2013). Drp1 phosphorylation by Cdk1 at S616 promotes mitochondrial
fragmentation during mitosis (Taguchi et al., 2007). Other kinases such as MAPK, Cdk5 and CAMKII

can also phosphorylate Drp1-S616 to promote mitochondrial division, which has been associated



with tumor growth (Kashatus et al., 2015; Serasinghe et al,, 2015), as well as cell death in neurons
(Guo et al,, 2018) and heart (Shangcheng Xu et al., 2016). PKA-mediated phosphorylation of Drp1-
S637 inhibits its activity (Chang and Blackstone, 2007; Cribbs and Strack, 2007), while calcineurin-
mediated dephosphorylation of S637 promotes division by recruiting Drp1 to the mitochondria
(Cereghetti et al., 2008; Cribbs and Strack, 2007). Interestingly, phosphorylation of S637 by CaMK1a
(Han et al,, 2008) and ROCK1 (Wang et al., 2012) increased division activity, suggesting that in
addition to the site of phosphorylation, the cellular context influences how phosphorylation affects

Drp1 activity.

Drp1 can also be modified by different SUMO paralogs (SUMO-1 or SUMO-2/3). During apoptosis,
SUMOylation of Drp1 with SUMO-1 promotes mitochondrial division by stabilizing Drp1 on the
mitochondria (Harder et al., 2004; Prudent et al., 2015; Wasiak et al., 2007). In contrast, removal of
SUMO-2/3 from Drp1 by SENP3 also increased division by promoting the interaction of Drp1 with
Mff (Guo et al, 2017). The interaction of Mff and Drp1 is also regulated by phosphorylation.
Mitochondrial division was stimulated by AMPK-mediated phosphorylation of Mff, which promoted
Drp1 recruitment to mitochondria (Toyama et al., 2016). Finally, mitochondrial division activity can
be modulated by ubiquitination of Drp1 (Horn et al, 2011; H. Wang et al,, 2011) and its receptor
MiD49 (Cherok et al., 2017; S. Xu et al., 2016), which promotes protein turnover and therefore reduced
division activity. Together, the distinct post-translational modifications of Drp1 and its receptors

highlight how mitochondrial division is integrated with numerous cellular pathways.

The mitochondrial fusion machines, Mitofusin and Opa.




Outer membrane fusion

Mitochondrial fusion is also mediated by dynamin-related GTPase proteins. Mitofusin 1 (Mfn1) and
mitofusin 2 (Mfn2) mediate mitochondrial outer membrane fusion in vertebrates (Chen et al., 2003;
Santel and Fuller, 2001). Mfn2 has also specifically been implicated in mitochondrio-ER contact site
formation and stability (de Brito and Scorrano, 2008; Filadi et al, 2015, Naon et al, 2016),
mitochondria-lipid droplet interactions (Boutant et al., 2017), cellular proliferation (Chen et al., 2014;
2004), metabolic signaling (Bach et al., 2003; Zorzano et al., 2015), and mitophagy (McLelland et
al., 2018). The topology of the Mitofusin proteins is under debate. Recent biochemical analyses are
consistent with a single transmembrane domain resulting in the C-terminus residing in the
intermembrane space (Mattie et al., 2018), while the structural data for the Mitofusin suggests that
the C-terminus is a component of the helical bundle proximal to the GTPase domain in the cytoplasm
(Cao et al, 2017; Y. Qi et al, 2016; Yan et al,, 2018). Mitochondrial fusion is most efficient when
both Mitofusin paralogs are present, indicating that they are functionally distinct (Chen et al., 2003;
Detmer and Chan, 2007; Hoppins et al., 2011a). Mitofusin proteins are predicted to initiate fusion in
a membrane tethering step through interactions between proteins on opposing membranes of a
fusion pair (Hoppins et al., 2011b; Ishihara et al., 2004). Atomic resolution structures of a partial
Mfn1 construct suggest that an intermolecular interface of the globular GTPase domains mediates
tethering (Cao et al., 2017; Yan et al, 2018). An alternative model proposes that a helix in the
mitofusin C-terminal region (HR2) acts as a mitochondrial tether (Franco et al., 2016; Koshiba et al.,
2004). However, this is based primarily on data from an isolated Mfn1 HR2 domain construct, outside
of the context of full-length mitofusin (Koshiba et al.,, 2004). Biochemical analysis indicates that
Mitofusins assemble into higher order oligomers when incubated with nucleotide (Ishihara et al,,

2004; Karbowski et al., 2006; Pyakurel et al., 2015; Shutt et al.,, 2012). Although the role of Mitofusin



assembly in membrane fusion is not well defined, visualization of tethered mitochondria by electron
cryo-tomography suggests that Fzo1, the yeast Mitofusin homolog, forms a tethering ring that

precedes mitochondrial outer membrane fusion (Brandt et al.,, 2016).

Post-translational modification of the Mitofusins regulates both protein turnover and activity.
Acetylation of Mfn1 at K222 and K491 led to increased mitochondrial fragmentation and oxidative
damage (Lee et al,, 2014), as well as Mfn1 ubiquitination (Park et al., 2014). Deacetylation of Mfn1
in response to glucose withdrawal was associated with highly connected mitochondrial networks
and improved mitochondrial function (Lee et al., 2014). Mfn1 phosphorylation at multiple sites can
also inhibit fusion activity through distinct mechanisms (Ferreira et al., 2019; Pyakurel et al., 2015).
Phosphorylation of Mfn1 at S86 by beta Il protein kinase C (BIIPKC) significantly increases during
heart failure, which is associated with reduced in vivo GTPase activity and increased mitochondrial
fragmentation (Ferreira et al.,, 2019). ERK phosphorylation of Mfn1 at T562 attenuated Mfn1 assembly
and increased its interaction with the pro-apoptotic protein, Bak, which together inhibited fusion and
promoted cell death (Pyakurel et al., 2015). Finally, mitochondrial fusion activity can be modulated
by both phosphorylation of Mfn2 (Chen and Dorn, 2013) and ubiquitination (Covill-Cooke et al.,
2018). Mfn2 ubiquitination has also been implicated in mitochondrial-ER contact site remodeling and
increased mitophagy, although the mechanism by which ubiquitin alters mitochondrial-ER contact
sites is disputed (Basso et al., 2018; McLelland et al., 2018; Sugiura et al., 2013). Therefore, PTMs of
Mitofusins also serve to regulate their activity and integrate mitochondrial dynamics into a variety

of cellular pathways.
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Inner membrane fusion

Mitochondrial outer membrane fusion is spatially and temporally coupled to inner membrane fusion
(Cipolat et al., 2004; Liu et al., 2009). The dynamin-related GTPase Optic atrophy 1 (Opa1) is required
for inner membrane fusion (Olichon et al., 2003; Song et al., 2007). Multiple forms of Opa1 are found
in different tissues due to alternative splicing and proteolytic processing by the inner membrane
peptidases Oma1 and Yme1, which generate two topologically distinct isoforms of Opal. The
unprocessed long form (Opa-L), is anchored to the inner membrane and the cleaved form lacks
the transmembrane domain, generating short, soluble form in the intermembrane space (Opa-S).
While some studies suggest that both Opal1-L and Opa-S are required for inner membrane fusion
(Song et al., 2007), recent data indicate that Opal-L and cardiolipin are sufficient to mediate
membrane fusion (Anand et al, 2014; Ban et al, 2017). Opa1 is primarily regulated through its
proteolytic cleavage by inner membrane proteases whose activities are altered by ATP and
membrane potential. The increased proteolytic processing of Opa?l inhibited fusion and was
proposed to function as a mechanism to sequester damaged mitochondria from the network for
turnover (Ehses et al., 2009; Griparic et al., 2007; Head et al.,, 2009; Mishra et al., 2014; Song et al,,
2007). In addition to its role in membrane fusion, Opa1l is also important for maintaining the
organization and structure of the mitochondrial inner membrane (Frezza et al., 2006; Olichon et al.,
2003). Therefore, modulating Opa1 activity could impact both the connectivity of the mitochondrial
network and inner membrane structure, which both influence mitochondrial functions in health, such
as oxidative phosphorylation, and in disease, such as membrane permeabilization during apoptotic

cell death.

Genetic models of disease and therapeutic approaches.

(X



Loss of fusion or division activity as the primary cause of human disease

Diseases caused by loss of fusion and division activity share common clinical features, including
developmental defects and neurological dysfunction. Consistent with a vital role for mitochondrial
dynamics during development, homozygous deletion of MFN7, MFNZ, OPAT or DNM1L in mice does
not support viable embryonic development (Chen et al., 2003; Davies et al.,, 2007; Ishihara et al.,
2009). Placental defects likely contributed to embryonic lethality in Mfn2 and Drp1 knockout mice
(Chen et al., 2003; Wakabayashi et al., 2009), while cardiac and neuronal developmental defects
were also observed Drp1 knockout embryos (Wakabayashi et al., 2009). The impact of imbalanced
mitochondrial dynamics on neuronal development is emphasized by the perinatal lethality after pan-
neuronal (Ishihara et al., 2009) or cerebellar knockout (Wakabayashi et al., 2009) of DNM1L in the
mouse brain. While mice died primarily from a suckling defect, giant mitochondria were aggregated
in neuronal cell bodies, which was associated with impaired synapse formation (Ishihara et al,,

2009; Wakabayashi et al., 2009).

Human mutations in ODNM 7L impair Drp1 enzymatic activity, assembly and mitochondrial recruitment
and cause a range of diseases characterized broadly by developmental delays and neurological
dysfunction (Chang et al.,, 2010; Chao et al., 2016; Fahrner et al.,, 2016; Sheffer et al., 2016; Vanstone
et al, 2016, Waterham et al,, 2007; Whitley et al., 2018; Zaha et al., 2016). Cells isolated from
patients with de novo, heterozygous DNM1L mutations had elongated and extensively connected
mitochondria (Sheffer et al., 2016; Vanstone et al., 2016; Waterham et al., 2007; Whitley et al., 2018;
Zaha et al,, 2016) that mirrored the morphology observed in MEFs lacking Drp1 (Wakabayashi et
al., 2009). Expression of mutant Drp1 variants in wild type cells interfered with normal division activity,

consistent with the dominant inheritance pattern (Chang et al., 2010; Fahrner et al., 2016, Waterham
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et al, 2007; Whitley et al., 2018). Elongated, or highly fused mitochondria are also observed in
diseases caused by mutations in the genes encoding the Drp1 receptors Mff (MFF) (Koch et al.,
2016; Nasca et al,, 2018; Shamseldin et al.,, 2012) and MiD49 (MIEF2) (Bartsakoulia et al., 2018).
Mutations in MFF are associated with developmental delay, Leigh Syndrome-like neuropathy (Koch
et al,, 2016; Nasca et al,, 2018; Shamseldin et al., 2012), and cardiomyopathy (Chen et al.,, 2015)
while a recently reported mutation in M/EFZwas associated with skeletal muscle dysfunction instead

of neuronal dysfunction (Bartsakoulia et al., 2018).

Mutations in MFNZ cause the peripheral, sensorimotor neuropathy Charcot Marie Tooth Syndrome
Type 2A (CMT2A) (Barbullushi et al.,, 2019; Stuppia et al., 2015; Zichner et al., 2004). In addition to
altered mitochondrial fusion, some of the neuronal defects in CMT2A models have been attributed
to impaired mitochondrial transport and distribution in cultured rodent (Baloh et al., 2007; Misko et
al., 2010) and fly neurons (Fissi et al., 2018). Molecular characterization in model systems suggest
that Mfn2 disease-associated variants may fall into unique functional classes that differently alter
mitochondrial structure (Detmer and Chan, 2007; Fissi et al., 2018). In cell culture models of CMT2A,
Mfn1 expression rescued morphological (Detmer and Chan, 2007) and transport (Misko et al., 2010)
defects in a subset of Mfn2 CMT2A mutant variants. Recently, expression of Mfn1 was shown to
rescue the neurodegenerative phenotype in mice expressing a CMT2A mutant variant of Mfn2 (Zhou
et al,, 2019). The promise of treating CMT2A with gene therapies that increase Mfn1 suggests that
the total level of functional mitofusins may be more relevant than mitofusin identity (Mfn1 vs. Mfn2),
although more work across different cell types is required to verify this relationship. Charcot Marie
Tooth (CMT) disease is one of the most common inherited neurological disorders, with several

distinct classes and many different genes that are mutated in patients. Gene therapies targeting
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other CMT neuropathies have alleviated cellular dysfunction caused by either dominant-negative
alleles (Kagiava et al., 2018) or haploinsufficiency (Sahenk et al., 2014), suggesting that targeting

mitofusin levels could be a viable disease treatment for CMT2A.

Neuronal degeneration in dominant optic atrophy (DOA) is caused by mutation or heterozygous loss
of OPA7 (Alavi et al., 2009; Chun and Rizzo, 2016; Kushnareva et al.,, 2016; Sarzi et al., 2012). Knock-
in of a common, non-functional DOA-causing OPA7 variant, OPA1%T™C cqused progressive
degeneration of the retinal ganglion cells (RGCs) in mice. RGC degeneration was rescued by

exogenous expression of wild type OPAT in the surviving neurons of these Opa17/9eT¢

mice (Sarzi
et al,, 2018). Optic atrophy is also associated with a mutation in YMET7L, which encodes one of the
inner membrane proteases that cleaves Opal-L. In this patient, YMETL missense mutations resulted

in instability of Yme1 protein, causing improper Opa’1 processing and mitochondrial fragmentation

(Hartmann et al., 2016).

As exome sequencing has become more feasible and widely used, amino acid substitutions in
mitochondrial fusion proteins have been associated with additional diseases. Missense mutations
in OPAT have recently been linked to a type of parkinsonism (Carelli et al, 2015) and an MFNZ
polymorphism was associated with Alzheimer’s disease in a large Korean population (Y. Kim et al,,
2017). Additionally, mutations in another pro-fusion factor, MSTO7, have been recently associated
with increased mitochondrial fragmentation, myopathy and ataxia (Gal et al., 2017; Nasca et al.,

2017), providing additional support for the important role for mitochondrial dynamics in disease.
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Evidence for the role of imbalanced mifochondrial dynamics in neurological disorders

Many of the diverse human diseases that are associated with aberrant mitochondrial structure and
function have been recapitulated in genetic models. In neurons, mitochondrial dynamics support
energy production and calcium buffering at synapses through directed and regulated transport
mechanisms (Flippo and Strack, 2017). Cerebellar knockout of ODNMT7L in post-mitotic cells resulted
in mitochondrial dysfunction and neuronal degeneration, leading to an age-related loss of motor
coordination (Kageyama et al.,, 2012). Similarly, loss of Mfn2 in cerebellar neurons leads to dendrite
degeneration and cell death (Chen et al.,, 2007). Abnormal, fragmented mitochondria are observed
in neurodegenerative disease models with diverse genetic and environmental causes, including
Parkinson’s disease (PD) (Park et al., 2018), Huntington’s disease (HD) (Reddy, 2014), Alzheimer’s
disease (AD) (Kandimalla and Reddy, 2016) and amyotrophic lateral sclerosis (ALS) (Smith et al.,
2017). Several lines of clinical evidence support the hypothesis that mitochondrial division activity
predominates over fusion activity in neurodegenerative disease. First, increased Drp1 expression
and reduced Mitofusin and Opa1 mRNA and protein levels have been reported in samples obtained
from the brain tissue of patients with AD (Manczak et al., 2011) and HD (Kim et al., 2010). Drp1
interactions with tau (Manczak and Reddy, 2012) and mutant huntingtin (Song et al.,, 2011) both
stimulated its enzymatic activity. Consistent with a role in disease pathology, enhanced interactions
between Drp1 and huntingtin or tau were observed in human patients with HD (Shirendeb et al.,
2012) and AD (Manczak and Reddy, 2012), respectively. Finally, reduced levels of Mitofusin and
Opa1 are also correlated with symptom onset and disease progression in HD (Kim et al., 2010) and
ALS (Liv et al.,, 2013). Therefore, unbalanced mitochondrial fusion and division likely contribute to

mitochondrial dysfunction and cellular degeneration in these diseased states.
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Genetic approaches to decrease Drp1 expression or activity, and therefore increase mitochondrial
connectivity, have been applied to a number of neurodegenerative disease models (Table 1.1). For
example, expression of a dominant negative variant of Drp1 by neuronal adenovirus injection
successfully reduced dopaminergic neuron degeneration in both genetic and environmental PD
mouse models (Rappold et al.,, 2014). Reduction of Drp1 levels by crossing Drp1*" mice with genetic
mouse models of AD also reduced mitochondrial dysfunction and neurodegeneration (Kandimalla
et al, 2016, Manczak et al.,, 2016). Inhibition of Drp1 phosphorylation (Kim et al.,, 2016; Yan et al,,
2015) was also protective against neurodegeneration in an AD model, likely due to reduced Drp1
recruitment to mitochondria. These data highlight that aberrant mitochondrial structure and function
contributes to multiple types of neuronal dysfunction and indicate that reduced Drp1 expression or

activity are both appealing therapeutic approaches.

Evidence for the role of imbalanced dynamics in cardiac dysfunction

As with neurons, the high metabolic demand of the heart requires balanced mitochondrial dynamics
for normal function. Heart failure in humans is associated with reduced protein levels of Mfn2 and
Opa1 (Ahuja et al., 2013; Chen et al., 2009). Levels of Mfn1, Mfn2, Opa1 and Drp1 are also altered
in hypertrophy-related heart failure (Fang et al., 2007; Javadov et al., 2011; Tang et al., 2014). In a
screen for genetic modifiers of congestive heart failure, a mutation in DNM7L was associated with
dilated inherited cardiomyopathy and impaired Drp1 disassembly (Ashrafian et al., 2010; Cahill et
al, 2016). Additionally, several conditional knockouts of ONMTL in the mouse heart caused
mitochondrial elongation and impaired mitochondrial function, which was associated with reduced
cardiac function and survival (lkeda et al., 2015; Ishihara et al, 2015; Kageyama et al.,, 2014).

Mitochondrial division is also required for cardiac function after development. Cardiac-specific loss
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of Drp1 in adult mice caused mitochondrial elongation and dysfunction, similar to the mitochondrial
defects observed in embryonic DNM7L knockouts (lkeda et al., 2015). Impaired mitochondrial fusion
activity is also detrimental to cardiac function, as heart-specific knockdown (Dorn et al., 2011) and
knockout (Chen et al., 2011) of the outer membrane fusion DRP led to mitochondrial fragmentation
and cardiac dysfunction in flies and mice, respectively. Conditional knockout of the Mitofusins in adult
mouse hearts resulted in similar cellular dysfunction and led to rapidly progressive cardiomyopathy
(Chen et al,, 2011). Cardiac dysfunction was also reported in Opa1*" mice (Chen et al., 2012) and
in a mouse model harboring a cardiacspecific deletion of the Opal-processing protease, YMETL,
where improper Opal processing was associated with cardiomyopathy and heart failure (Wai et
al., 2015). Interestingly, concomitant deletion of Oma1 in the YMET7L mutants rebalanced Opa
processing and led to improved mitochondrial morphology and cardiac function (Wai et al., 2015).
Together, these models illustrate the important role of mitochondrial fusion and division in heart

development and function.

The importance of balanced mitochondrial dynamics in cardiac function is supported by genetic
mouse models. The cardiomyopathy-related defects in Mff knockout mice can be significantly rescued
by concomitant deletion of MFN7(Chen et al., 2015). Similarly, the cardiac defects in a triple knockout
mouse (Mfn17, Mfn27, Drp17) are unique and less severe than any of the single knockouts (Song et
al., 2017). The relationship between mitophagy and mitochondrial dynamics is unique in the heart.
Specifically, loss of mitochondrial division was associated with increased mitophagy despite the
highly connected network, while the fragmented mitochondria that result from loss of mitochondrial
fusion were resistant to mitophagic turnover. These data suggest that in some tissues, balanced

fusion and division is more important to maintain function than the absolute rate of fusion or division.
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The protective effects observed in these models supports the argument that targeting the balance

of mitochondrial dynamics may be a promising therapeutic approach (Table 1.1).

While loss of fusion activity is generally associated with mitochondrial and cardiac dysfunction, some
models of MFN7 and/or MFNZ genetic ablation exhibit protective effects (Table 1.1). Cardiac
specific knockout of one or both Mitofusins was associated with attenuated cell death and increased
survival during ischemicreperfusion (IR) injury (Hall et al, 2016; Papanicolaou et al, 2011).
Additionally, conditional knockdown of MfnZ in the proximal tubules of the kidney was protective
against cell death after renal IR injury (Gall et al., 2015; 2012). It could be that the loss of Mfn2 can
be protective in the shortterm due to increased cellular proliferation (Chen et al., 2014), while
prolonged reduction of Mfn2 may lead to more serious cardiomyopathy defects due to a lack of

fusion (Gall et al., 2015).

Evidence for the role of imbalanced dynamics in metabolic disease

Genetic approaches have also addressed imbalanced mitochondrial dynamics associated with
metabolic sensing and signaling in type 2 diabetes (Kelley et al., 2002; Toledo et al., 2006; Williams
and Caino, 2018) (Table 1.1). Loss of Drp1 in podocytes reduced diabetic nephropathy in mice that
had already developed diabetes (Ayanga et al., 2016), suggesting that increased mitochondrial
division activity or reduced mitochondrial fusion activity is associated with metabolic dysfunction.
Surprisingly, while mitochondrial fragmentation is typically observed in unhealthy cells with high fat-
induced insulin resistance, there appears to be an unexpectedly protective role of mitofusin deletion
in adipose and liver cells. MFNZ deletion in adipose tissue was protective against diet-induced

insulin resistance (Boutant et al., 2017) and mice with a liver specific deletion of MFN7 were
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protected against high fat induced insulin resistance (Kulkarni et al., 2016). Similarly, in a distinct
disease model of nonalcoholic fatty liver disease, liver-specific knockout of OPA7 reduced the
formation of giant mitochondria and partially rescued defects associated with a fatty liver (Yamada

et al, 2018).

In sum, the genetic models discussed demonstrate the critical role of balanced mitochondrial
dynamics during development and through adulthood. It is clear that neither fusion nor division
activity is inherently healthy or pathological, but rather that the establishment of a minimal level of
balanced mitochondrial fusion appears to be important for mitochondrial and cellular health.
Consequently, aberrant mitochondrial dynamics are associated with tissue dysfunction in a wide
range of human diseases. In these model systems, genetic approaches that re-establish balanced
fusion and division indicate that genetic therapy may be a viable approach to improve patient

health in disease.

Altering mitochondrial division activity with small molecules

Mitochondrial dynamics have also been rebalanced through the application of small molecules that
alter Drp1 activity. In diseases characterized by excessive mitochondrial fragmentation, small
molecule inhibition of Drp1 has effectively improved function and cell survival in several diverse
disease models (Table 1.2). There appear to be two common factors that improve upon restoration
of mitochondrial connectivity: mitochondrial metabolic function and reduced susceptibility to cell
death signals. It is likely that by impacting these core mitochondrial functions, disease progression

is slowed, and health is improved.
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Both the enzymatic activity of Drp1 and its recruitment to mitochondria have been modulated by
small molecules. To date, several biochemical screens for enzymatic inhibitors of Drp1 have been
performed. Dynasore was an early drug identified that inhibited GTPase activity of dynamin and
Drp1, but not the related DRP, MxA, or the small GTPase, Cdc42 (Macia et al., 2006). While Dynasore
is not a viable therapeutic given the non-specific inhibition of both Drp1 and dynamin, its discovery
established that the DRP family can be effectively targeted by small molecules. Soon after Dynasore
was characterized, mdivi-1 was identified as a specific inhibitor of the yeast mitochondrial division
protein, Dnm1 (Cassidy-Stone et al., 2008). Unlike Dynasore, mdivi-1 specifically inhibited the GTPase
activity of Dnm1 and abolished its assembly in vitro. Furthermore, treatment of Cos7 cells with mdivi-
1 resulted in mitochondrial elongation and enhanced resistance to apoptotic stimuli, which are both
consistent with the conclusion that the drug inhibited mammalian Drp1 activity. While mdivi-1 has
been utilized extensively in various disease models, the mechanism of mdivi-1 activity has recently
been challenged (Bordt et al.,, 2017). This group reported that mdivi-1 did not elongate mitochondria
in cell culture, but instead inhibited complex | activity and ROS generation, which could explain its
therapeutic effects. The reason for the different effects on mitochondrial structure in various studies
is not clear. Further characterization of mdivi-1 is required to determine its mechanism of action and

its potential as a therapeutic to treat human disease.

Despite the controversial mechanism of mdivi-1, its direct or indirect effects on mitochondrial
morphology can be examined to infer how changes in mitochondrial structure and function can alter
disease outcomes. Therefore, we only discuss studies in which mdivi-1 has been specifically reported

to restore mitochondrial morphology in disease models associated with excessive mitochondrial
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division. In neurons, several lines of evidence indicate that mdivi-1 is a promising therapeutic to
attenuate neuronal cell death in neurodegenerative disease and neurotoxicity models. Both
apoptosis and mitophagy were inhibited by mdivi-1 treatment using in vitro genetic and
environmental PD models (Alaimo et al., 2014; Cui et al.,, 2010; Solesio et al., 2012). Similarly, mdivi-
1 treatment of in vitro neuronal models for AD restored the mitochondrial dynamic balance and
alleviated mitochondrial dysfunction associated with excessive amyloid beto-induced autophagy
(Gan et al,, 2014; Kim et al., 2016). Furthermore, mouse models of PD and AD showed improved
behavior outcomes and reduced neurodegeneration following mdivi-1 treatment (Bido et al., 2017;
Wang et al,, 2017), suggesting that the functional benefits of mdivi-1 treatment extend beyond the
cellular level. While the mechanism of neurodegeneration in the peripheral neuropathy hereditary
spastic paraplegia (HSP) is not well understood, cells derived from HSP patients had dysfunctional
mitochondria, characterized by the prevalence of few, short, mitochondria with low membrane
potential (Denton et al., 2018). Treatment with mdivi-1 suppressed major disease symptoms in these
neurons, including neurite growth defects and neuronal cell death (Denton et al, 2018). Stress-
induced neuronal apoptosis has also been observed in pediatric anesthesia models and cell death
was alleviated by mdivi-1 treatment (Gao et al.,, 2018; Liu et al., 2017; F. Xu et al., 2016). Application
of mdivi-1 also reduced neuronal death after prolonged seizure activity (Kim and Kang, 2017),
traumatic brain injury (Wu et al., 2018), and spinal injury (X. Chen et al, 2018; Lin et al., 2017).
Finally, the cognitive dysfunction (Zhao et al., 2018) and neuronal death caused by disrupted glucose
regulation in diabetic individuals (Huang et al., 2015; S. Kim et al., 2017) can be partially rescued
by mdivi-1 treatment. Together, these studies suggest that improved mitochondrial function improves

disease outcome in a wide range of neurodegenerative disorders.
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Mitochondrial dysfunction is a common feature of a range of cardiovascular diseases and therefore
mitochondrial dynamics represent a potentially powerful therapeutic target (Brown et al., 2017).
Consistent with this, mdivi-1 partially rescued cardiac dysfunction in diverse mouse cardiomyopathy
models, likely due to reduced autophagy (Z. Chen et al., 2018) and apoptosis (Alam et al., 2018; Qi
et al., 2018). Mitochondrial fragmentation is associated with cell death during ischemia reperfusion
(IR) injury and mdivi-1 has been reported to prevent excessive cell death of both cardiac and
neuronal cells during IR injuries in several model systems. In cardiac stem cells (Rosdah et al., 2017),
ex vivo hearts (Sharp et al., 2014) and an in vivo mouse model (Maneechote et al., 2018), mdivi-1
treatment before, during or after cardiac IR injury was protective. Following stroke or cardiac arrest
in mouse models, neuronal death and associated neurological dysfunction occur, but were rescued
when mdivi-1 treatment was administered immediately after injury (Fan et al., 2017; P. Wang et al,,

2018; Wu et al,, 2017),

Notably, pretreatment with mdivi-1 before renal IR injury exacerbated cell death due to impaired
mitophagy (Li et al, 2018), indicating that this approach is not universally effective. Further
characterization of mdivi-1 and its activity in IR are needed to clarify both the drug mechanism and
how it impacts the response to IR in different tissues. Nevertheless, these results suggest that
modulating mitochondrial structure and function in acute injury can be a viable approach to improve

IR outcomes in at least some contexts.

In addition to diseases and stress responses where mitochondrial dysfunction have been clearly

implicated, mdivi-1 has been administered in a wide variety of other disorders. For example, mdivi-

1 treatment has been utilized in treating bone (Wang et al., 2018) and muscle atrophy (Troncoso et
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al., 2014), acetaminophen-induced liver injury (Gao et al.,, 2017), cisplatin-induced kidney injury (Liu
et al., 2018), cisplatin-induced hair cell loss (Vargo et al., 2017) and cocksackie virus B viral infections
(Sin et al., 2017). Mdivi-1 has also been reported to have anti-inflammatory effects in glial cells (Park
et al,, 2013), osteoblasts (Zhang et al,, 2017) and peripheral blood mononuclear cells (Hecker et
al, 2018). In addiction therapy, mdivi-1 was shown to blunt cocaine-seeking behavior in rats
(Chandra et al., 2017). Therefore, the range of disease states that could be potentially treated by

targeting mitochondrial dynamics is very broad.

Another small molecule developed to disrupt mitochondrial division activity is P110, a small peptide
that specifically blocks the interaction between Drp1 and Fis1 (Qi et al., 2013). Although some Drp1
was localized to mitochondria due to interactions with other receptors, treatment of cells with P110
significantly reduced the mitochondrial population of Drp1. Consistent with a role for mitochondrial
division in promoting apoptotic cell death, P110 treatment protected against cell death by inhibiting
the mitochondrial recruitment of pro-apoptotic proteins, including p53, Bax and PUMA (Filichia et al.,
2016; Guo et al., 2014). P110 inhibition of mitochondrial division has also improved function in many
models of neurodegenerative diseases, similar to mdivi1. P110 reduced mitochondrial fragmentation
and cell death in primary and iPSC-derived PD and HD patient neurons (Guo et al., 2013; Qi et al,,
2013; Su and Qi, 2013). P110 treatment also prevented neuronal degeneration and motor
dysfunction in mouse models for PD (Filichia et al., 2016) and HD (Guo et al., 2013). Similarly, P110
slowed neuronal degeneration and demyelination in multiple sclerosis (Luo et al., 2017). Interestingly,
an enhanced interaction between Drp1 and Fis1 was observed in patient-derived fibroblasts and
neurons treated with amyloid beta, a model of AD (Joshi et al, 2018a). Consistent with @

pathological role for this interaction, P110 treatment of mouse models for AD rescued mitochondrial
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function and cognitive defects (Joshi et al., 2018a). P110 treatment also improved locomotion and
muscle structure in a mouse model for ALS (Joshi et al., 2018b). Importantly there were no observable
effects on a wild type mouse, suggesting that P110 may selectively inhibit pathological division while
normal physiological division activity appeared unaffected (Joshi et al., 2018b). Notably, both the
neuronal and cardiac defects in a mouse model for HD can be ameliorated by P110 (Joshi et al,,
2019). Consistent with this, P110 has also been described as a possible treatment for other cardiac
dysfunction, including IR injury. In rat hearts, treatment with P110 after IR injury improved cardiac
structure and attenuated some mitochondrial and cardiac dysfunction (Disatnik et al., 2013; Tian et

al, 2017).

Together, studies assessing the application of P110 and mdivi-1 emphasize the potential of Drp1 as
a therapeutic target (Table 1.2). Novel Drp1 GTPase inhibitors continue to be identified, highlighted
by a recent study that identified compounds that inhibited Drp1 assembly and were able to restore
mtDNA copy numbers in Mfn17 cells (Mallat et al, 2018). However, significantly more work is
required to understand how small molecule modulation of Drp1 activity by mdivi-1, P110 or other
drugs modulates disease outcomes. Moving forward, the design of effective therapeutics that target
mitochondrial division will rely on improved understanding of the mechanism of mitochondrial

division in normal and diseased states.

Altering mitochondrial fusion activity with small molecules

Chemical therapeutic approaches that target the activity and regulation of the mitochondrial fusion
machines can also rebalance aberrant mitochondrial dynamics in cells (Table 1.2). The first small

molecules that have been shown to directly modulate Mitofusin activity were small peptides
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corresponding to different regions of the Mitofusins that either enhanced (MP1°Y) or inhibited
(MP2¢%) mitochondrial fusion when added to cells in culture (Franco et al., 2016). Using a cell culture
model of CMT2A, a small molecule that stimulates mitofusin activity (Chimera B-A/l) restored
mitochondrial morphology and motility by activating wild-type Mitofusin (Rocha et al., 2018). These
data establish that either small peptides or small molecules can directly modulate the activity of the

mitochondrial fusion DRPs.

Another recently reported drug that enhanced mitochondrial fusion activity reduced cardiac
apoptotic cell death in vivo. BIIPKC contributes to heart failure through phosphorylation of Mfn1,
which increased its turnover and impaired mitochondrial fusion. The novel small peptide SAMBA
inhibited the interaction of Mfn1 with BIIPKC, which in turn improved mitochondrial and cardiac

function in a rat model for heart failure (Ferreira et al., 2019).

The GTPase activity and self-assembly of Opal1 has been modulated by the small molecule BGP-
15. BGP-15 prevented mitochondrial fragmentation in lung epithelial cells treated with hydrogen
peroxide (Szabo et al., 2018). However, the cytoprotective activity of BGP-15 also required Mfn1,
Mfn2 and protein kinase B (AKT), suggesting that the mechanism of action is potentially more
complex. Nevertheless, this suggests that modulating mitochondrial fusion could help prevent

reactive oxygen species-induced cell death.

Altering the post-translational modification state of Mitofusins may be another way to alter
mitochondrial fusion activity. USP30 is a deubiquitinase that removes ubiquitin from Mitofusin, which

is associated with increased mitochondrial fusion and decreased mitophagy (Hou et al., 2017).
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Treatment of mouse embryonic fibroblasts (MEFs) with the small molecule 15-oxospiramilactone (S3)
led to increased mitochondrial connectivity and the retention of ubiquitin modifications on Mfn1 and
Mfn2 that do not promote mitofusin turnover (Yue et al., 2014) through interactions with the active
site of USP30 that block its deubiquitinase activity. Treatment with S3 was associated with increased
mitochondrial fusion activity, ATP production and oxidative capacity of MEFs. In adult cardiomyocytes,
S3 treatment was also associated with increased steady-state mitochondrial connectivity; however,
cellular respiration was unchanged suggesting that the effects may be cell type specific (Zhang et

al, 2017).

Screens for compounds that disrupt the balance of mitochondrial dynamics have identified other
small molecules that may directly or indirectly increase mitochondrial fusion activity. Recent work
established that increased pyrimidine biosynthesis correlated with increased mitochondrial
connectivity and cellular resistance to stress-induced apoptosis (Miret-Casals et al.,, 2018). Pyrimidine
biosynthesis was promoted by chemical inhibition of either dihydroorotate dehydrogenase (DHODH)
or Complex lll, which upregulated both Mfn1 and Mfn2 mRNA levels. The resulting increased
Mitofusin protein expression corresponded to increased mitochondrial fusion and resistance of these
cells to doxorubicin-induced apoptosis. Therefore, to increase mitochondrial connectivity in disease
states, mitochondrial fusion could be augmented indirectly by molecules that increase protein

expression to wild type levels.

In another screen to identify small molecules that alter mitochondrial morphology, hydrazone M1

(M1) restored mitochondrial fusion in Mfn1 knockout MEFs and Mfn2 knockout MEFs (Wang et al.,

2012). While the mechanism of this drug is not well understood, M1 treatment increased protein

26



expression of ATPSA/B, subunits of the ATP synthase complex, and protected cells against apoptosis.
In primary hippocampal neurons exposed to B-amyloid peptide, which has been shown to cause
mitochondrial fragmentation, mitochondrial connectivity was restored and oxidative damage was
inhibited following M1 treatment (Hung et al, 2018). M1 treatment is also being explored as an
immune therapy because changes in mitochondrial structure have been shown to drive immune cell
function (Buck et al., 2016; Du et al.,, 2018; Rambold and Pearce, 2018). For instance, the impaired
clearance of Mycobacterium tuberculosis is associated with high levels of cholesterol and more
fragmented, round mitochondria (Kaul et al, 2004) and clearance was improved by treating
cholesterol-inhibited macrophages with M1 (Asalla et al., 2017). High cholesterol levels can similarly
impair cellular function in pancreatic beta cells and M1 treatment restored mitochondrial
morphology in culture and improved glucose-stimulated insulin secretion (Asalla et al., 2016).
Although the mechanism of M1 action remains unclear, these data suggest that targeting the

mitochondrial fusion machinery is a viable approach to treat a range of human diseases.

Related therapeutic approaches

Mitochondrial transport and disease

While we have emphasized therapeutic approaches that target the mitochondrial fusion and division
DRPs, mitochondrial trafficking could also be modulated to improve cellular function in disease.
Normal neuronal function requires mitochondrial transport from the cell body to the presynaptic
terminal (Course and Wang, 2016; Devine and Kittler, 2018). Mitochondrial fusion (Misko et al., 2010)
and division (Nemani et al, 2018) may influence mitochondrial trafficking, suggesting significant
interplay between the different mitochondrial dynamic pathways. Indeed, aberrant mitochondrial

accumulation is often observed in the cell body of neuronal models of neurodegeneration, including
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CMT2A, consistent with trafficking defects (Baloh et al., 2007; Fissi et al., 2018). Mitochondria are
distributed by directed and regulated transport on microtubules by kinesin and dynein motors (Pilling
et al, 2006). Motor proteins attach to Miro1/2 GTPases on the mitochondrial outer membrane
through the adaptor proteins TRAK1/2 (Schwarz, 2013). Deletion of M/RO7 in mouse neurons
phenocopied human upper motor neuron disease due to mitochondrial transport and distribution
defects (Nguyen et al., 2014). Similarly, loss of Miro1 in mature, adult neurons caused loss of dendrite
complexity and reduced neuronal survival (Lopez-Doménech et al,, 2016). Loss of Miro has also
been reported in AD and ALS (Kay et al., 2018), suggesting that mitochondrial transport is altered

in diverse neurodegenerative diseases.

The accumulation of functional Miro on damaged mitochondria can also be associated with
Parkinson’s disease progression (Hsieh et al., 2016; Shaltouki et al., 2018). In healthy cells, PINK1,
Parkin and LRRKZ integrate mitochondrial function and transport by identifying dysfunctional
organelles and promoting Miro degradation (Hsieh et al., 2016; Wang et al., 2011). Like Miro, defects
in mitophagy caused by mutations in the genes that encode PINK1, Parkin and LRRKZ are also
associated with PD (Hernandez et al., 2016). Importantly, reduction but not complete loss of Miro in
a fly PD model rescued mitochondrial movement and neurodegeneration (Hsieh et al, 2016;

Shaltouki et al., 2018).

Mitochondria-ER contact sites
Defective mitochondrial distribution and dynamics also affect mitochondria-endoplasmic reticulum
(mito-ER) contacts, which have been implicated in Ca* and ROS signaling between the organelles

(Csordas et al., 2018). Although mito-ER contacts serve various cellular functions that are likely to be
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tissue specific, altered calcium signaling at mito-ER contacts has been associated with neuronal
degeneration in a fly model for PD (K.-S. Lee et al., 2018). Furthermore, defects in lipid synthesis,
lipid droplet regulation, and mito-ER contact formation were reported in patient-derived CMT2A cells,
although it the primary driver of disease in these cells remains unclear (Larrea et al., 2019).
Therefore, future experiments to evaluate the effects of drugs targeting proteins at mito-ER contact
sites, such as Mfn2 and VDAC, could inform future potential therapies to modulate mitochondrial

dynamics and function in diseased states (Tubbs and Rieusset, 2017).

Conclusion

Many lines of evidence indicate that aberrant mitochondrial structure and function contribute to
cellular dysfunction, cell death and disease pathology. Imbalanced mitochondrial dynamics are
observed in a range of diseases including neurodegenerative and cardiac disorders, all despite
divergent genetic and environmental causes. Consistent with an important role for mitochondrial
dynamics, mutations in the genes encoding the mitochondrial fusion and division proteins are
associated with developmental defects and neurodegeneration. When fragmented mitochondrial
networks are a component of disease pathophysiology, increased fusion or decreased division
activity would both augment mitochondrial connectivity in these cells and would be expected to
protect against deteriorating function. While excessive mitochondrial connectivity is less common in
diseased states, it is observed in patients with mutations in genes encoding mitochondrial division
proteins. These patients could be treated by attenuating mitochondrial fusion or increased

mitochondrial division.
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While the causal relationship between imbalanced mitochondrial dynamics and disease
progression remains unclear in many disease models, it is apparent that therapies targeting the
mitochondrial dynamics machinery are a promising tool to reduce cellular dysfunction, tissue
degeneration and functional and behavioral outcomes. In this review, | have discussed several
studies in which abnormally fragmented or fused mitochondrial networks have been associated with
a range of diseases with varying genetic and environmental causes. In many cases, treatment with
drugs that target the mitochondrial fusion and division machines to restore balanced dynamics can
improve disease outcomes through unknown mechanisms. Here, | will use Parkinson’s disease (PD)
caused by mutations in PINK1 or parkin (Pickrell & Youle, 2015) as an example to discuss how drugs
that target the mitochondrial dynamics machinery might improve disease outcomes with various
causes. Significant mitochondrial fragmentation is typically observed in neurodegenerative diseases
such as (PD), while the pharmacological inhibition of Drp1 activity in PD models appears to rescue
mitochondrial shape, respiration and cellular function. In PD caused by defective mitochondrial
turnover, cellular dysfunction could result primarily from the continued presence of damaged
mitochondria and reduced mitochondrial function and/or oxidative damage in these cells (Pickrell
& Youle, 2015; Burmann et al, 2012). As damaged proteins accumulate on dysfunctional
mitochondria, altered cell signaling could stimulate post-translational modification of Drp1 to
stimulate division and promote mitochondrial fragmentation. In this case, drugs that block Drp1
activity would be predicted to restore normal levels of division, rebalance mitochondrial morphology
and improve cellular outcomes. Future work should specifically address the mechanistic relationship
between mitochondrial dynamics and disease to better predict the effects of specific treatment
approaches and durations. In the PD example, a causal defect in mitochondrial turnover would likely

lead to mitochondrial dysfunction regardless of division activity. In this case, we might expect a short-
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term improvement or delay in disease onset after drug treatment, but would not expect sustained

effects from drugs targeting mitochondrial dynamics.

As with all disease interventions, therapeutics targeting mitochondria will also face delivery and
specificity challenges to ameliorate pathological symptoms without inducing negative side effects.
Nevertheless, both genetic and chemical approaches implemented in model systems that have
rebalanced mitochondrial dynamics, the restored mitochondrial structure and function alleviates
disease-associated symptoms. Research focused on dissecting the mechanism of mitochondrial
fusion and division as well as understanding the integration of these processes with other cellular

pathways will be essential aspects of developing effective therapeutics.

Figure/Tables
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Figure 1.1. Mitochondrial fusion, division and transport mediate changes in mitochondrial

structure and function.

Dynamic processes contributing to changes in mitochondrial structure are bolded. The proteins or
protein-protein interactions that mediate these processes are noted inside the circle. Mitochondria
are shaded to illustrate changes in membrane potential that may occur during mitochondrial fusion
and division (black indicates dysfunctional mitochondria and other greys indicate normal membrane
potential). Mitochondrial division supports distribution of mitochondria throughout the cell, as well
as the selective degradation of dysfunctional mitochondria by mitophagy. Mitochondrial outer
membrane fusion occurs first, but is coupled to mitochondrial inner membrane fusion, which allows

for content mixing and promotes the formation of a connected, homogeneous network.
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Table 2
Small molecules altering mitochondrial fusion and division.

Drug name Reference(s) [discovery, creation] Effect
Division
Dynasore Macia et al., 2006 Inhibited GTPase activity of Dynamin 1, Dynamin 2, Drpl
mdivi-1 Cassidy-Stone et al., 2008, Bordt et al., Inhibited Drpl (18267088) and/or Complex I (28350990)
2017
P110 Qi et al., 2013 Inhibited GTPase activity of Drp1 and its interaction with Fisl
TAT-Drpl-SpS Yan et al., 2015 Blocked Drpl phosporylation by GSK3B
1H-pyrrole-2- carboxamide compounds Mallat et al., 2018 Inhibited GTPase activity of Drpl
Fusion
MP1¢Y Franco et al., 2016 Stimulated Mitofusins
MP26lY Franco et al., 2016 Inhibited Mitofusins
Chimera B-A/I Rocha et al., 2018 Stimulated Mfn2
SAMBA Ferreira et al., 2019 Inhibited interaction between Mfn1 and BIIPKC
BGP-15 Szabo et al., 2018 Stimulated GTPase activity and assembly of Opal; activated diverse other signaling
pathways
S3 Yue et al., 2014 Inhibited USP30, increased non-degradative Mitofusin ubiquitination
Leflunomide Miret-Casals et al., 2018 Inhibited dihydorotate dehydrogenase (DHODH) or Complex III, increased Mitofusin
levels
M1 Wang et al., 2012a, 2012b Increased levels of ATP5A/B

Table 1.2. Small molecules altering mitochondrial fusion and division.

This table summarizes the existing drugs that have been implicated in the direct stimulation of
mitochondrial fusion or division activity. The specific inhibition of Drp1 GTPase activity instead of
other DRPs or small GTPases has been experimentally verified for mdivi-1, P110 and 1H-pyrrole-2-
carboxamide compounds. The precise mechanism of activity for most of the fusion drugs, however,

remains unclear.
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Chapter Two:

Aberrant Drp1-mediated mitochondrial division presents in humans with variable outcomes

Summary

The work in this chapter has been published in Human Molecular Genetics (Whitley et al., 2018).
Our lab was approached by a clinician from Seattle Children’s Hospital who had a patient with
severe neurological and developmental abnormalities associated with a mutation in ONMTL. This
mutation, along with three additional mutations in four patients, was identified by whole exome
sequencing performed by GeneDx. | evaluated mitochondrial and peroxisomal morphology in
primary fibroblasts from the patient harboring the G32A mutation to determine if the mutation and
cellular dysfunction are associated with Drp1 dysfunction. | then evaluated mitochondrial
morphology in mammalian and yeast cells to understand the causal role of these DNM 7L mutations

on mitochondrial dynamics and the possible implications for disease.

Introduction

Mitochondrial function is essential for many cellular processes. In addition to their canonical role in
energy production and metabolism, mitochondria also contribute to lipid biosynthesis, iron cluster
formation and other cellular pathways including autophagy, inflammasome activation, telomere
maintenance and apoptotic cell death (1, 2). Mitochondria exist as a complex and dynamic network
that moves, fuses and divides (3, 4). These processes are mediated by conserved protein families

and are essential for mitochondrial distribution and quality control.
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Mitochondrial division requires the coordinated action of several factors. The actin cytoskeleton and
endoplasmic reticulum both contribute early in the process of division, cooperating to constrict the
diameter of mitochondria (5, 6). Further constriction of mitochondria is driven by Drp1, a
mechanochemical enzyme encoded by the DNM7L gene (7). The protein is found in the cytosol and
is recruited to mitochondria by protein receptors embedded in the mitochondrial outer membrane.
There are several different receptors including Mff, Fis1, MiD49 and MiD51 (5). The functional role
of each receptor is not clear, but there is evidence to suggest that they can work both cooperatively
and independently (8-11). Drp1 assembly is mediated by the stalk domain, which forms a helical
bundle that extends from the globular GTPase domain and has multiple interaction surfaces (Figure
2.1) (12, 13). In the cytosol, Drp1 is a dimer and recruitment to mitochondria by receptors stimulates
higher order assembly of Drp1. Following assembly of a Drp1 ring or helix on the mitochondrial
surface, GTP binding and hydrolysis drive conformational changes that are coupled to constriction
and disassembly (14, 15). The final step of mitochondrial division in vertebrates requires a related
enzyme, dynamin-2, which works by a mechanism similar to Drp1 and constricts the mitochondria
to the very narrow diometer required for separation of membranes (16). Interestingly, many
components of the mitochondrial division machine have also been shown to be required for division

of peroxisomes (17, 18).

Perturbations in mitochondrial division affect cell and organism health. Impaired mitochondrial
fusion results in fragmentation of the mitochondrial network, due to ongoing division (19). In contrast,
loss of division results in unopposed fusion, causing excessive extension of tubules and

interconnection of the network (20). In both cases, mitochondrial distribution and function are
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compromised. Indeed, loss of Drp1 is embryonic lethal in mice and tissue-specific knock out in the

cerebellum is catastrophic, resulting in death within one day of birth (21, 22).

Several heterozygous de novo missense mutations in ONM17L have been reported in humans (MIM
#614388 and 610708). All variants associated with premature death in humans have thus far
reported to be in the stalk domain (23-25). These patients all presented with CNS dysgenesis and
neurodegeneration manifesting as hypotonia, developmental regression and an abnormal MRI of
the brain. Some pathological variants in the stalk domain of Drp1 support life, but present with
seizures and developmental delay. For example, a variant in the stalk domain (G362D) was
identified in a patient who presented with global developmental delay at six months of age and
refractory epilepsy at one year (26). Another variant within the stalk domain (R403C) was reported
in two unrelated individuals who presented with later onset refractory epilepsy, encephalopathy,
developmental regression and myoclonus (27). There are also reports of mutations in the GTPase
domain that cause autosomal dominant optic atrophy (E2ZA and A192E) or hypotonia and
developmental delay (T115M) (28, 29). The dominant inheritance pattern and the molecular
characterization of a few mutant variants together suggest that disease variants have limited protein
function and also interfere with the function of wild type Drp1 in heterozygous patients, likely through

heterotypic complex formation (27, 30).

Here we describe five patients with mutations in DNM7L. We report two novel de novo heterozygous
missense mutations, one in the stalk that was associated with patient death within a year of birth
(C431Y) and one in the GTPase domain (G32A). In addition, two patients were identified with a

pathogenic variant that has been previously reported (R403C). Finally, we report a more modest
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impact for a missense variant at position A395, compatible with survival (A395G), in contrast to the
lethal variant that introduces a charge at that position (A395D). We have also performed functional
characterization of each variant to gain insight into the pathophysiology of diseases associated
with Drp1 variants. Our data suggests that different variants have unique molecular consequences

that lead to a range of disease states.

Results

Clinical phenotypes of individvals with pathogenic variants in DNMLT varied significantly between
genotypes.

All five individuals presented with hypotonia and developmental delays and/or regression. The
degree of cognitive delay varied among individuals. Half of the individuals were documented to
have seizures, but only the individual with the G32A variant exhibited significant ocular involvement.
Brain MRI abnormalities and biochemical markers including lactate and very long chain fatty acids
were variably abnormal (Supplementary Patient Information in Whitley et al., 2018). To date, there
has not yet been a specific, common disorder linked to mutations in DNM7L. The variation in disease
traits among affected individuals could be due to differential effects of specific mutations on Drp1
function. For example, it is possible that mutations in the stalk region of Drp1 have a more dramatic
neurological phenotype than mutations in the bundle signaling element (BSE). Alternatively, it is
possible that patients with DNM7L mutations have enhancing or suppressing mutations in other
mitochondrial proteins that lead to differential effects on mitochondrial function. A more thorough

genetic and cellular analysis will be important to fully understand the variations in human disease.
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Drp1 G3ZA patient fibroblast mitochondria are dramatically hyperfused.

In fibroblast cells, the mitochondrial network is composed of many tubular organelles distributed
throughout the cell. Loss of division activity by deletion or mutation of Drp1 results in dramatic
mitochondrial elongation and interconnection due to unopposed mitochondrial fusion (7, 21, 22).
To determine if the novel mutation identified in Patient 4 (G32A) altered mitochondrial structure, we
visualized mitochondria in patient-derived primary fibroblasts. Indeed, we observed a highly
connected mitochondrial network in the patient cells compared to age-matched control fibroblasts
(Figure 2.2). Many regions of the network formed net-like structures that are characteristic of

defective Drp1 function and loss of mitochondrial division (Figure 2.2A, inset).

Drp1 has also been implicated in peroxisome division and abundance (31). Peroxisome
biosynthesis includes elongation of the organelle, which is followed by Drp1-mediated division. Two
reported variants in the stalk of Drp1, G362D and A395D, cause peroxisome elongation in patient
fibroblasts, consistent with reduced division activity (23, 26). To determine if Drp1-G32A similarly
affects peroxisome morphology, we visualized peroxisomes in fibroblasts from Patient 4 and the
age-matched control. The observed peroxisome length and number were indistinguishable between
control and patient cells, indicating that peroxisome division is not notably altered in the patient

fibroblasts (Figure 2.3).

Drp1 mutant alleles cannot restore normal mitochondrial morphology in Dro7 null cells.
To determine how the identified DNM7L mutations affected Drp1-mediated mitochondrial division,
we assessed the ability of each mutant to rescue the mitochondrial morphology defect in cells

lacking Drp1. HCT116 cells lacking Drp1 (Drp17) have an extensively interconnected mitochondrial
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network (Figure 2.4, empty) (32). Expression of human Drp1 in Drp17 cells resulted in the restoration
of some shorter mitochondrial tubules (Figure 2.4, WT). As controls for Drp1 function, we also
included two well-characterized mutants that do not support mitochondrial division, Drp1-K38A and
Drp1-G350D, throughout our analysis. Drp1-K38A abolishes GTPase activity by changing a key
catalytic residue in the P-loop, which forms the GTP-binding pocket (33). Drp1-G350D is a variant in
the stalk domain similar to a previously reported lethal mutation (G350R) and a well-characterized
mutation in the yeast division protein, Dnm1 (G385D), which interferes with higher-order self-
assembly (24, 34, 35). As expected, in Drp1 null cells expressing Drp1-K38A or Drp1-G350D,
mitochondria remained extensively hyperfused, indicating no Drpl-dependent mitochondrial

division (Figure 2.4).

Similar to Drp1-K38A, Drp1-G32A changes a conserved residue in the nucleotide-binding domain of
Drp1. Mitochondria in Drp17 cells expressing Drp1-G32A remained hyperfused, as in Drp1-K38A-
expressing cells (Figure 2.4). Drp17 cells expressing Drp1-R403C and Drp1-C431Y also showed no
rescue, with hyperfused mitochondria in >95% of cells (Figure 2.4). Consistent with previously
reported data, the Drp1-R403C variant was similarly unable to restore wild type mitochondria
morphology in Drp1-null cells (Figure 2.4) (27). Interestingly, ~75% of cells expressing Drp1-A395G
had mitochondria with a reticular morphology, similar to wild type cells. This suggests that Drp1-
A395G supports division activity and may have a less dramatic effect on mitochondrial dynamics

than the other substitutions evaluated here.

These variants are at positions that are fully conserved in the members of the dynamin-related

protein family that mediate membrane scission events, consistent with critical function. To explore
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the impact on conserved function, we characterized the variants in Dnm1, the S. cerevisioe
mitochondrial division machine. While Drp1 and Dnm1 are very similar, Drp1 cannot restore division
in yeast, consistent with unique mechanisms in each organism (11). To determine if the de novo
patient mutations alter a fundamental and conserved property intrinsic to the division activity of
Drp1 and separate from its regulation or interaction with other proteins, we made the analogous
mutations in yeast dnm1 and expressed these in Adnm1 cells to assess Dnm71-mediated
mitochondrial division activity. In wild type yeast, mitochondria are localized to the cell cortex in an
extended, branched network (Figure 2.5, branched). In contrast, mitochondria in yeast cells lacking
Dnm1 form a net-like structure (Figure 2.5, hyperfused). Expression of wild type Dnm1-GFP resulted
in a more branched network compared to Adnm1 yeast, consistent with restoration of mitochondrial
division. Dnm1-K41A (Drp1 K38A) and Dnm1-G385D (Drp1-G350D) expression in Adnm1 yeast did
not change the mitochondrial network compared to empty vector controls, consistent with their

characterization as non-functional variants (34, 36).

As we observed with the human Drp1 mutants, none of the mutations in yeast Dnm1 fully rescued
mitochondrial division activity (Figure 2.5). Dnm1-G35A (Drp1-G32A) exhibited the most severe
phenotype, with virtually no branched networks, consistent with no division activity. Drp1 stalk
domain mutants, Dnm1-A430G (Drp1-A395G) and Dnm1-C466Y (Drp1-C431Y), each showed
moderate rescue of division activity in Adnm?1 yeast, although not as much as wild type Dnm1. In
contrast, cells expressing Dnm1-R438C (Drp1 R403C) had almost no branched mitochondrial
networks, indicating that the R403C mutation also disrupts a conserved function of the mitochondrial
division machine. Most notably, the morphological results were distinct between yeast and human

cells for Drp1-C431Y/Dnm1-C466Y. This could suggest a smaller role for this mutation in causing
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disease, or that this region of Drp1 is perhaps less sensitive to altered assembly/recruitment in
human cells. The isolation of patient cells and the evaluation of mitochondrial morphology can also

provide evidence into the causal role of this mutation in disease.

The dominant-negative effects on mitochondrial division by Drp1 variants.

Given that the mutations were heterozygous in patients, we set out to assess whether our identified
mutant alleles exert a dominant negative effect, which would interfere with the function of the wild
type Drp1. Indeed, the extensive mitochondrial hyperfusion observed in Patient 4 fibroblasts
suggests that the G32A allele is dominantnegative (Figure 2.2). Previous work indicates that
overexpression of Drp1-A395D and Drp1-R403C mutants in wild type cells inhibits normal division
activity (27, 30). We expressed Drp1-GFP mutants by transient transfection with a fluorescent
mitochondrial matrix marker in wild type HCT116 cells, which have normal mitochondrial division
activity, and scored mitochondrial morphology. We also examined Drp1-GFP assembly and

subcellular localization as a proxy for mitochondrial recruitment and higher order assembly.

Cells expressing the mitochondrial matrix marker alone or wild type GFP-Drp1 maintained a reticular
mitochondrial network and we observed localization of several GFP-Drp1 foci on mitochondria (Fig.
5). Expression of either GFP-Drp1-K38A or GFP-Drp1-G350D resulted in a hyperfused mitochondrial
network, as expected for dominant negative mutants (Figure 2.6, hyperfused). GFP-Drp1-K38A
formed abnormally large foci that colocalized with mitochondria while GFP-Drp1-G350D remained
completely cytosolic. These data indicate that, while both block activity of the Drp1-WT, these
mutations affect different steps in the division pathway, including recruitment to mitochondria and

higher order Drp1 assembly. GFP-Drp1-G32A also had very strong dominant negative effects,
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increasing the amount of hyperfused mitochondria from 18.5% in cells expressing Drp1-WT to 86.2%
in cells expressing the mutant (Figure 2.6). GFP-Drp1-K38A forms some foci in cells, GFP-Drp1-G32A
remained completely cytosolic, and formed no foci on mitochondria, indicating that GFP-Drp1-G32A
has defects in mitochondrial localization and higher order assembly. GFP-Drp1-A395G and GFP-
Drp1-C431Y had a less severe impact on Drp1-WT function, averaging a 1.9fold increase the
number of cells with hyperfused mitochondria compared to cells expressing GFP-Drp1-WT or the
mitochondrial matrix marker alone (Figure 2.6). Because these two substitutions also had the most
subtle effects in the human and yeast rescue experiments, respectively, it is not clear that Drp1
activity in these cells is the primary driver of disease. Consistent with this, these mutants show only
minor defects in mitochondrial recruitment and higher order assembly in the presence of wild type
Drp1, as all cells expressing these variants show some GFP-Drp1 foci colocalized with mitochondria.
Of the stalk domain variants, GFP-Drp1-R403C had stronger dominant negative effects, but GFP-

Drp1 recruitment was indistinguishable from the wild type GFP-Drp1 (Figure 2.6).

To determine if the dominant negative properties of these mutants are conserved, we expressed
Dnm1 in wild type (W303) yeast. Mitochondria in wild type yeast cells expressing Dnm1 are mostly
reticular and branched. In contrast, expression of Dnm1-K41A (Drp1-K38A) or Dnm1-G385D (Drp1-
G350D) resulted in mitochondria that are highly connected or hyperfused, with a more dramatic
phenotype in G385D-expressing cells (Figure 2.7). Once again, Dnm1-G35A (Drp1-G32A) was the
most potent dominant negative allele from this group of patient variants, with 75% of cells having
hyperfused mitochondria compared to 10% with Dnm1-WT (Fig. 6). In contrast, the stalk domain
mutants were only mildly dominant negative, and shifted the population of cells with hyperfused

mitochondria from 12% with expression of Dnm1-WT to 15-30% with the mutant proteins (Figure 2.7).
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Together, these data indicate that all mutant alleles are loss of function, as they cannot fully restore
mitochondrial division activity in cells lacking Drp1/Dnm1. Further, Drp1-G32A and Drp1-R403C both
demonstrate a robust dominant negative phenotype, indicating that the mutants interfere with the
function of the wild type protein. In these model cells, the A395G and C431Y variants are partially

dominant negative by comparison.

Drp1 mutant alleles interact with wild type DrpT.

The dominant negative activity of Drp1/Dnm1 variants suggests that the mutant Drp1 interacts with
wild type Drp1 to inhibit normal division activity. To test this, we assessed direct interactions of the
mutants with wild type Drp1 using a yeast two-hybrid assay. Wild type Drp1 interacts with itself, as
indicated by growth of cells expressing AD-Drp1 and BD-Drp1 (Figure 2.8). Drp1-G350D and Drp1-
A395D did not interact with Drp1-WT in this assay, consistent with previously published data (30,
37). Given the strong inhibition of Drp1 activity in wild type cells upon expression of these mutants,
these data indicate that the yeast two hybrid does not detect the interaction interface that allows
these mutants to assemble with wild type protein. In contrast, Drp1-K38A and all of the de novo

mutants described here interact with Drp1-WT, consistent with dominant negative effects.

Discussion

Mitochondria are complex and dynamic organelles, constantly changing their overall structure and
organization through the coordination of mitochondrial division, fusion and transport. Genetic models
that abolish genes encoding proteins required for mitochondrial dynamics illustrate that these
activities are required for normal development (21, 22). Furthermore, mutations in DNM7L have been

reported in patients causing a range of disease states including early lethality, seizures,

64



developmental delay and dominant optic atrophy. Given the spectrum of observed disease
outcomes in affected individuals, it is important to fully characterize new disease-associated alleles,
to address the dearth in our knowledge of how changes in Drp1 function alter physiology. In this
particular condition, this information is of paramount importance for accurate interpretation of
DNM1L variants and diagnosis, given the paucity of characteristic and consistent clinical and/or

biochemical markers of DNM7[-related disease.

Herein, we report the identification of five patients with pathogenic or likely pathogenic variants
mutations in the gene DNMT7L gene, including a possible variant in the stalk domain associated
with early death (C431Y; Patient 1), a previously reported variant (R403C; Patients 2 & 3), a novel
missense variant in the GTPase domain (G32A; Patient 4) and a novel missense variant at a

previously reported residue (A395G; Patient 5).

All of these variants are of highly conserved amino acids within the dynamin family and were not
observed in the general public databases (gnomAD, Exome Sequencing Project). /n silico analysis
(Provean, MutTaster, SIFTnew, CADD, Phylo P, PolyPhen-2) predicts that all of these variants are
probably damaging to the protein structure/function. To further investigate the functional
consequences of these variants, we performed a molecular analysis for their effects upon
mitochondrial division in vertebrates and S. cerevisiae. The analysis in each model system was
internally consistent, indicating that the highly conserved function of the mitochondrial division
machine was altered, rather than regulatory pathways or interactions with other proteins.
Interestingly, not all alleles exhibit the same strong dominant negative phenotype in the model

systems tested here, unlike previously reported disease alleles (27, 30). The fact that the variants
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with partial dominant negative activity do not restore mitochondrial division in cells lacking Drp1 or
Dnm1 raises the possibility that the pathophysiology of these diseases includes haploinsufficiency.
However, we cannot exclude that the model systems do not fully recapitulate the complexity of

human tissues affected in these patients.

Interestingly, our molecular analysis of Drp1-C431Y is discordant with the early death of Patient 1,
as the allele is null, but is not the most robust dominant negative activity in the HCT116 and S.
cerevisiae cells tested here. This suggests that the defect caused by Drp1-C431Y is minimized in
these models but is catastrophic in the context of a specialized cell or tissue type, such as post
mitotic neurons. Of significance, this position maps to an assembly interface identified in the crystal
structure of Drp1. Other variants in this region (E426A & R430D) were characterized in vitro and
were indistinguishable from Drp1-WT in their ability to self-assemble, interact with liposomes and
hydrolyze GTP (13). In contrast, these mutants did not tubulate liposomes in vitro, indicative of a
defect in the formation of stable, membrane-anchored assemblies that can constrict mitochondria.
While C431 is not implicated in the formation of intramolecular bonds as E426 and E430 are, the

mutation to tyrosine could alter the integrity of the interface and impact assembly.

Consistent with previous reports, Patient 2 and Patient 3 (R403C) both presented with seizures and
developmental regression. Our functional characterization of Drp1-R403C demonstrates that this
mutant cannot support mitochondrial division and is dominant negative (27). Interestingly, this
position falls within a highly conserved loop in the dynamin family. One very well characterized

mutation in dynamin also falls in this loop and completely abrogates assembly (38).
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In both vertebrate cells and in S. cerevisiae, Drp1-G32A had the most robust dominant negative
phenotype. The complete lack of GFP foci in cells is consistent with an inability to assembly into
higher order structures and there is no apparent recruitment to mitochondria. Patient 4 also
presented with optic atrophy. Autosomal dominant optic atrophy was previously reported in patients
identified with de novo variants in the GTPase domain of Drp1 (28), suggesting that the functional
defects associated with variants in this region are distinctly detrimental in this tissue, specifically at
the level of ganglion cells. Additionally, this patient was shown to have pure progressive sensory
neuropathy, which is likely a major contributor to her ataxia. To our knowledge, pure sensory
neuropathy has not been reported previously in DNM7l-associated disorders although findings
attributable to an underlying neuropathy including ataxia, absent deep tendon reflexes, and pain
insensitivity have been reported (39). However, sensory neuropathy is well documented in a known

mitochondrial fission defect causing Charcot Marie Tooth syndrome (40).

The first report of a disease-associated mutation in DNM17L was a lethal variant, Drp1-A395D. This
is a dramatic alteration, from a small and neutral amino acid to a large, branched and charged
residue. Drp1-A395D was dominant negative in cells and was predicted to disrupt the assembly of
Drp1 required for mitochondrial division (30). In contrast, we report a relatively modest change
(alanine to glycine) that has a more modest impact on Drp1 function. These data reveal that, while
this site is sensitive to changes, the overall impact on Drp1 function can be grossly different

dependent on the characteristics of the precise amino acid substitution.
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Materials and Methods

Research subjects

The guardians of the individuals participating in this study gave written, informed consent through
journal publication consents or as part of clinical protocols or waivers approved by the Institutional
Review Boards of the respective home institutions. DNA was harvested from peripheral whole
blood. Fibroblast cultures were established from forearm full thickness skin punch biopsies or
quadriceps muscle biopsies obtained for diagnostic purposes. Mitochondrial respiratory chain
analysis, when performed, occurred in a clinical laboratory using previously described methods (41,

42).

Whole exome sequencing

Clinical whole exome sequencing (WES) testing was performed for all patients and their parents as
described (43). A trio-based design was utilized for WES. Genomic DNA from either whole blood or
fibroblasts was extracted and isolated from the affected patient and their parents using standard
methods. DNA libraries were generated using the SureSelect Human All Exon V4 or Clinical
Research Exome kit (Agilent Technologies, Santa Clara, California, USA). Data were mapped to the
NCBI hg19/GRCh37 human genome reference sequence and analyzed using GeneDx's
XomeAnalyzer, an interface for variant annotation, filtering, and viewing. The mean depth coverage
for the DNM1L gene was 96x, and 100% of the coding region and the adjacent intronic regions
were covered at 210x. Variants identified by WES were evaluated and classified according to
published guidelines (44). Whole mitochondrial genome sequencing analysis in DNA extracted from
whole blood was performed for patients 3-5; mitochondrial DNA sequence was assembled and

analyzed relative to the revised Cambridge Reference Sequence (rCRS) and MITOMAP database
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(http://www.mitomap.org) in combination with concurrent matrilineal relative testing. Identified

sequence changes of interest were confirmed via Sanger sequencing, and segregation analysis

was performed for family members.

Plasmids and Strains

pcDNA3.1 GFP-Drp1-SV3 (7) and pHS20 Dnm1-GFP (45) were used to transfect mammalian and
yeast cells, respectively. To construct yeasttwo-hybrid plasmids, splice variant 3 (SV3) of human
dynamin-like protein (699 amino acids, NCBI NP_005681.2) was inserted into pGBKT7 and pGADT7
plasmids. Drp1 SV3 was PCR amplified (forward primer - 5"
CGCGGATCCATGGAGGCGCTAATTCCTGTC-3 and reverse primer - 5"
ACGCGTCGACTCACCAAAGATGAGTCTCCCGGA-3") and inserted into pGAD-C1 using BamHlI/Sall
sites. Drp1 SV3 was then excised from pGAD-C1 using EcoRI/Sall sites and inserted into pGBKT7

using EcoRl/Sall sites and pGADT7 using EcoRI/Xhol sites.

Drp1 mutations were introduced by overlapping PCR mutagenesis with Gibson assembly. To
generate mutants for yeast transformation, site-directed mutagenesis PCR of pHS20 Dnm1-GFP was
followed by yeast-mediated assembly. Specifically, yeast were transformed with PCR products
encoding both halves of the target plasmid with overlapping ends and incubated at 30°C for 2
days. To extract the plasmid, yeast were pelleted from liquid cultures and resuspended in 67mM
KH2PO4 with 2.5mM Zymolase and incubated at 37°C for one hour. DNA was isolated with Genelet
Miniprep kit and this was transformed into E. coli strain DH5alpha. All plasmids were verified by

sequencing.
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W303 wild type (ade2-1; leu2-3; his3-11, 15; trp1-1; ura3-1; can1-100) and Adnm1:KANMXé
yeast (36) were transformed to image mitochondrial morphology. For yeasttwo-hybrid analysis, bait
and prey constructs were co-transformed into PJ69-4A yeast (MATa trp1-901; leu2-3,112; ura3-52;

his3-200; gal4A; gal80A; GAL2-ADE2; LYS2:GAL1-HIS3; met2::GAL7-lacZ).

Yeast two hybrid
Drp1-SV3 pGADT7 variants (prey) were cotransformed with WT-Drp1 pGBKT7 (bait) into PJ64-4A
yeast. Transformants were selected on plates lacking leucine and tryptophan. Serial dilutions of

yeast were plated on leucine, tryptophan, histidine and adenine deficient plates to assess protein-

protein interactions at 30°C for 2 days. Each experiment was repeated three times.

Cell Culture

All cells were grown at 37°C with 5% CO2 and cultured in DMEM (Thermo Fisher Scientific) containing
1X Glutamax (Thermo Fisher Scientific) with 10% FBS (Seradigm) and 1% penicillin/streptomycin
(Thermo Fisher Scientific). Primary human fibroblasts were obtained by skin biopsy. Control

fibroblasts were collected from an age-matched, healthy female subject. Wild type and Drp1-null

HCT116 cells were a gift from Richard Youle (32) (NIH, Bethesda, Maryland).

Transtfection and microscopy

All cells were plated in No 1.5 glass-bottomed dishes (MatTek). Human fibroblasts were incubated
with 0.1 g/mL Mitotracker Red CMX Ros for 30 minutes before imaging, washed and incubated
with complete media for at least 30 minutes prior to imaging. For peroxisome staining, fibroblasts

were incubated with 30PPC (parts per cell) of Cell-Light Peroxisome-GFP (Life Technologies) for 16
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hr at 37°C before imaging. Drp1-null HCT116 cells were plated at 5x10° cells per well in a 6-well
dish. The following day, 3 g Drp1-GFP was transfected using Lipofectamine 3000, according to
manufacturer’s instructions. Cells were split into glass-bottomed dish 16-24 hr post-transfection. Drp1-
null HCT116 cells were stained with 0.1 g/mL MitoTracker Red CMX Ros and imaged 48 hr post-
transfection at 37°C with 5% CO;. Cells expressing similar levels of Drp1-GFP protein were chosen
to score mitochondrial morphology (GFP pixel intensity between 9,000 and 15,000 units). Wild type
HCT116 cells were plated at 4x10° cells per dish. The following day, 50 ng mitochondrial matrix
targeted dsRed (mitoRed) and 300 ng Drp1-GFP were transfected with Lipofectamine 2000,
according to manufacturer’s instructions. Wild type HCT116 were imaged 16-24 hr posttransfection
at 37°C with 5% CO,. A Z-series with a step size of 0.3 microns was collected with a Nikon Ti-E
widefield microscope with a 63X NA 1.4 oil objective (Nikon), a solid-state light source (Spectra X,
Lumencor), and a sCMOS camera (Zyla 5.5 Megapixel). Each mutant was transfected and imaged

on at least three separate occasions (n>100 cells per experiment).

Single colony yeast transformants were grown overnight at 30°C in SC-Leu-Ura + 2% w/v dextrose
to mid-log phase. Yeast cells were sonicated (Fisher Sonic Dismembrator Model 100) at setting 1
for one second to separate progeny and recovered at least 1 hr at 30°C before imaging. Cells
were concentrated by centrifugation and mounted on a 3% low melt agarose pad. All yeast cells
were imaged at room temperature using 100x/1.20il objective with 1.5X magnification. Three

independent yeast clones from two separate transformations were imaged.

Image Analysis

Images were deconvolved using 8 iterations of 3D Landweber or 3D blind deconvolution (Nikon).
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Deconvolved images were analyzed using Nikon Elements software. Maximum intensity projections
were created using Image] Software (NIH). Mitochondrial morphology in mammalian cells was
scored, unblinded, as follows: hyperfused indicates that the entire mitochondrial network was highly
connected, with few mitochondrial tips and lacking any mitochondrial fragments (defined as
mitochondria less than 2 microns in length); reticular indicates that fewer than 30% of the
mitochondria were fragments; fragmented indicates that more than 30% of the mitochondria were

less than 2 microns in length.

Yeast mitochondria were categorized as hyperfused, branched or fragmented as follows:
hyperfused mitochondria included single, elongated tubes and net structures; branched
mitochondria indicate a multi-nodal connected network distributed throughout the cell with >2
mitochondria tips; and fragmented mitochondria were disconnected in short puncta of 0.5 microns

or less.
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Figures/Table

A
R403
G32 A395 C431
BSE GTPase BSE stalk insertB stalk BSE
B

Figure 2.1. Schematic and structural representation of the position of the mutations identified
in this study.

(A) Domain structure of Drp1 with mutations reported indicated above. (B) Drp1 structure (PDB 4BEJ)
with position of mutations highlighted in yellow and red arrows. G32 is on a central beta-sheet of
the globular GTPase domain. C431 is centrally located in the stalk domain. A395 is toward the
bottom of the stalk. While R403 is absent from this structure, the approximate position in a predicted

loop is indicated.
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Figure 2.2. Patient 4 fibroblasts have an extensively connected mitochondrial network.

(A) Representative images of primary fibroblasts from Patient 4 (Drp1 G32A). (B) Representative
image of primary fibroblasts from an age-matched control. Cells were stained with Mitotracker Red
CMX Ros and visualized by fluorescence microscopy. Images represent maximum intensity

projections. Scale bar 5um.
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Figure 2.3. Patient 4 fibroblasts have normal peroxisome morphology.
Representative images of primary fibroblasts from Patient 4 (Drp1 G32A) (A) and an age-matched
control (B). Cells were stained with CellLight Peroxisome-GFP (Molecular Probes) and visualized by

fluorescence microscopy. Images represent maximum intensity projections. Scale bar 5 um.
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Figure 2.4. Expression of Drp1 mutants in Drp1 null cells.

(A) Representative images of Drp17 HCT116 cells transiently expressing Drp1-WT and mutant alleles
are shown. Scale bar is 5um. (B) Quantification of mitochondrial morphology in Drp17 HCT116 cells
expressing Drp1 mutants. Error bars indicate mean + standard deviation from three experiments

(n>100 cells per mutant per experiment). “Hyperfused” indicates that the entire mitochondrial
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network was highly connected, with few mitochondrial tips and lacking any mitochondrial fragments
(defined as mitochondria less than 2 microns in length); reticular indicates that fewer than 30% of

the mitochondria were fragments; fragmented indicates that more than 30% of the mitochondria

were less than 2 microns in length.
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Figure 2.5. Expression of Dnm1 mutants in Dnm1 null cells to assess division activity.

Representative images of Adnm1 yeast expressing mitochondrial targeted dsRed alone (mt-
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dsRed) or mt-dsRed and the indicated Dnm1 variant are shown. Scale bar is 1 um. Representative
images of different classes of Adnm1 yeast used for morphological classification are shown.
Hyperfused mitochondria include both net and elongated structures (left and middle) while
branched mitochondria have more distinguishable tips (right). Scale bar is 1 pm. The graph
represents quantification of mitochondrial morphology in Adnm1 yeast expressing mitochondrial
matrixtargeted dsRed and mutant alleles of Dnm1-GFP. Error bars show mean + standard deviation
of three experiments. At least 100 cells counted per mutant in each experiment. Hyperfused
mitochondria included single, elongated tubes and net structures; branched mitochondria indicate
a multi-nodal connected network distributed throughout the cell with >2 mitochondria tips; and

fragmented mitochondria were disconnected in short puncta of 0.5 microns or less.
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Figure 2.6. Expression of Drp1 mutants in WT HCT116 cells to assess dominant negative effects.
(A) Representative images of wild type HCT116 cells transiently expressing mitochondrial matrix-
dsRed and GFP-Drp1 mutant alleles are shown. The mitochondrial signal (red), GFP-Drp1 (green)
and merged signals from a single focal plane are shown. Scale bar is 5 um. (B) Quantification of
mitochondrial morphology in wild type HCT116 cells. Error bars indicate mean + standard deviation
from three experiments (n>100 cells per mutant per experiment). “Hyperfused” indicates that the
entire mitochondrial network was highly connected, with few mitochondrial tips and lacking any
mitochondrial fragments (defined as mitochondria less than 2 microns in length); reticular indicates
that fewer than 30% of the mitochondria were fragments; fragmented indicates that more than 30%

of the mitochondria were less than 2 microns in length.

81



80
60
40
20
0

Percent of cells

Empty WT K41A G385D G35A A430G R438C C466Y
(K38A) (G350D) (G32A) (A395G)(R403C)(C431Y)

|:| Hyperfused . Branched . Fragmented

Figure 2.7. Expression of Dnm1 mutants in wild type yeast cells to assess dominant negative

effects.

Representative images of wild type yeast expressing mitochondrial targeted dsRed alone (mt-
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dsRed) or mt-dsRed and the indicated Dnm1 variant are shown. Scale bar is 1 um. Representative
images used for morphological classification are also shown. Hyperfused mitochondria include both
interconnected nets and elongated structures. Scale bar is 1 um. The graph represents
quantification of mitochondrial morphology in W303 yeast expressing mitochondrial matrix-dsRed
and mutant alleles of Dnm1-GFP. Error bars show mean + standard deviation of three experiments
(n>100 cells counted in each experiment). Hyperfused mitochondria included single, elongated
tubes and net structures; branched mitochondria indicate a multi-nodal connected network
distributed throughout the cell with >2 mitochondria tips; and fragmented mitochondria were

disconnected in short puncta of 0.5 microns or less.
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Figure 2.8. Interaction of Drp1 mutants with wild type Drp1 by yeast two hybrid analysis.

WT-Drp1 and Drp1 mutants were expressed as GAL4 activation domain (AD) fusions. AD-Drp1
constructs were tested for interaction with wild type Drp1 expressed as GAL4 DNA binding domain
(BD) fusions. Growth at 30°C on adenine and histidine deficient plates indicates protein-protein

interaction. The second row represents a tenfold serial dilution.
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Chapter Three:
Characterization of a predicted Mfn1 phosphorylation site to better understand the

mechanism and regulation of mitochondrial outer membrane fusion

Summary

This chapter begins with a discussion of the preliminary mass spectrometry screen used to identify
candidate phosphorylation sites on Mfn1 and Mfn2. While much of my thesis research has
specifically focused on an in-depth characterization of Mfn1 S228, | anticipate that future work in
the lab will clarify the physiological roles of other phosphorylation sites identified in this screen. The
Mfn1 and Mfn2 used in the preliminary mass spectrometry screen was purified by Emily Engelhart.
Prepared samples were run on the mass spectrometer and analyzed by Gennifer Merrihew in the

MacCoss lab at the University of Washington.

In the remainder of the chapter, | primarily discuss my thesis research focused on the
characterization of mitochondrial fusion in cells expressing mutations in Mfn1 S228 that either block
(S > A) or mimic phosphorylation (S > E). Ed Parker processed and imaged fixed cells for EM.
Currently, another graduate student in the lab, Nyssa Samanas, is performing parallel reaction
monitoring (PRM) mass spectrometry to identify changes in /in vivo phosphorylation of Mfn1 S228
under various cellular stresses. Mfn1 5228 phosphorylation has been reliably detected in several
early experiments, although the cellular conditions that promote or inhibit phosphorylation have not
yet been identified. Once we have clarified the physiological role of Mfn1 S228 phosphorylation,
we plan to reconcile this with my detailed biochemical and cellular characterization of Mfn1 5228

mutants in a publication that will be submitted for peer-reviewed publication by the end of the year.
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Finally, in the mitofusin-specific assembly section, the results from blue native PAGE after incubation
with GDP and GDP.Befs have been recently published in Molecular Biology of the Cell (MBoC
Sloat, Whitley, Engelhart & Hoppins, 2019). All chimera blue native PAGE experiments were done

in collaboration with Emily Engelhart.

Introduction

Regulated changes in mitochondrial shape and position allow cells to maintain homeostasis and
respond appropriately to changes in their environment (Eisner et al., 2018; Mishra and Chan, 2016;
Zemirli et al., 2018). Prevalent neurodegenerative, cardiac and metabolic diseases are associated
with imbalanced mitochondrial dynamics (reviewed in detail in Whitley et al, 2019). While
mitochondrial fusion clearly plays a critical role in cellular function, we still understand very little
about the mechanism by which mitochondrial membranes fuse. In general, cellular membrane fusion
involves an early membrane tethering step, which can be mediated by either the fusion proteins
themselves or by distinct protein tethers. Fusion proteins also promote membrane destabilization or
curvature to overcome the energetic barrier required to fuse flat, tightly packed lipids (Martens and
McMahon, 2008). Beyond these similarities, however, the mitofusin proteins that mediate
mitochondrial outer membrane fusion are distinct from other well-studied fusion proteins like soluble
N-ethylmaleimide-sensitive fusion protein attachment protein receptors (SNAREs) and viral fusion
proteins (Han et al., 2017; Kielian, 2014). A more detailed understanding of the mitochondrial fusion
mechanism will be essential to understand how fusion activity is regulated and could potentially be

targeted in future therapeutic approaches.
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Assembly across mitofusin GTPase domains (G-G interface)

Based on conserved properties across dynamin related proteins (DRPs), we expect that mitofusins
remodel membranes in a process that couples protein assembly, nucleotide hydrolysis and
conformational change (Daumke and Praefcke, 2016; Jimah and Hinshaw, 2018). Both fusion and
division DRPs form an assembly interface across the GTPase domains of two proteins. Formation of
the G-G interface is associated with GTP hydrolysis and the membrane remodeling activity of these
proteins. Direct evidence for the presence of this assembly interface in mitofusins comes from recent
crystal structures of a minimal construct of Mfn1 (MGD), which consists of the first half of Mfn1 linked
to a single helix from the C-terminal domain (Cao et al., 2017; Qi et al,, 2016; Yan et al., 2018).
Mfn1 MGD assembles into a dimer that interacts across the GTPase domains of adjacent proteins
after binding to nucleotide. Mutations blocking MGD dimerization also significantly decreased
GTPase activity, suggesting that the enzymatic activity of Mfn1 requires the formation of the G-G

interface (Cao et al,, 2017).

Based on the existence of a G-G interface in Mfn1 MGD, most current models of mitofusin-mediated
fusion predict that monomeric mitofusins dimerize across adjacent membranes to tether
mitochondria (Cohen and Tareste, 2018; Tilokani et al.,, 2018; Yan et al., 2018). This model would
resemble that of the endoplasmic reticulum (ER) fusion DRP, atlastin. Crystal structures and
biochemical characterization show that atlastin forms homodimers across the GTPase domains of
proteins on opposite membranes, leading to conformational changes that ultimately drive ER fusion
(Bian et al.,, 2011; Byrnes et al.,, 2013; Byrnes and Sondermann, 2011). It is also important to note

that while most models of mitofusin-mediated fusion predict that tethering occurs through the G-G
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interface, alternative models suggest that dimerization across the Cterminal domains of mitofusins

mediates membrane tethering (Franco et al., 2016; Rocha et al., 2018).

Additional assembly interfaces in full-length mitofusins

Structural homology to the bacterial dynamin-like protein BLDP suggests that full-length mitofusin
dimers may form on the same membrane through back-to-back interactions across the helical stalk
(Liv et al., 2018; Low and Lowe, 2006; Low et al.,, 2009). In the structurally similar dynamin-like
proteins from Campylobacter jejuni (CJ-DLP1, CIJ-DLP2), the N-terminal assembly domains of back-
to-back CJ-DLP2 dimers promote membrane tethering through interactions across the GTPase
domains of CJ-DLP1 proteins (Liu et al., 2018). Our lab recently identified a mitofusin-specific
assembly region which is consistent with a back-to-back interface (Sloat et al., 2019). We predict
that back-to-back mitofusin dimers on the same membrane (cis) can form G-G interfaces across

membranes (trans) to tether mitochondria and initiate fusion.

Full-length mitofusins can also undergo nucleotide-dependent assembly into higher order oligomers
(Engelhart and Hoppins, 2019; Ishihara et al, 2004; Sloat et al., 2019, Samanas et al, in
preparation). While mitofusins are primarily dimeric in the absence of nucleotide, we observe
complexes as large as 450kDa when mitochondria are incubated with GTP. Further analysis of the
mitofusins is required to identify and characterize the domains required for nucleotide-dependent

assembly.
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Conformational changes

In addition to assembly-stimulated GTP hydrolysis, we also expect that the mitofusins will undergo
conformational changes during membrane fusion to either disrupt lipids, pull membranes closer
together or both. Based on homology to BDLP, we expect that full-length mitofusins adopt a linear,
open conformation (Figure 3.1A), as well as a closed, V-shaped conformation (Figure 3.1B). In
BDLP, this conformational change is mediated by a hinge region (Hinge 2) between the two helical
bundles, HB1 and HB2 (Liu et al., 2018; Low et al., 2009; Low and Lowe, 2006). Evidence from our
lab (Samanas et al.,, in preparation) and others (Franco et al., 2016; Rocha et al.,, 2018) suggests
that a similar hinge exists in mitofusins. The Mfn1 GTPase domain is predicted to extend far from
the membrane in the open conformation (Figure 3.1A) and come closer to the membrane and

second helical bundle in the closed conformation (Figure 3.1B).

Nucleotide-dependent conformational changes in crystal structures of Mfn1 MGD further support
the existence of these conformational states. In the absence of nucleotide (5GNU, 5GO4) or
presence of GDP (5GNT, 5GOM), Mfn1 MGD dimers adopt a “straight” conformation in which the
stalks of adjacent proteins are facing away from each other (Cao et al,, 2017; Qi et al., 2016)
(Figure 3.1B). When incubated with the transition-state mimicking nucleotide, GDP.BeFs (SYEW),
Mfn1 undergoes a conformational change into a “bent” position in which the stalks of both proteins
are facing the same direction (Yan et al., 2018) (Figure 3.1A). This conformational change occurs
through a hinge region between the GTPase domain and HB1 (Hinge 1). Superimposition of Mfn1
MGD structures on predicted Mfn1 structures shows that the straight conformation of Mfn1 MGD
corresponds to the closed full-length structure (Figure 3.1B), while the bent conformation of Mfn1

MGD corresponds to the open full-length structure (Figure 3.1A). We expect that the open
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conformation would promote mitofusin tethering while the dramatic conformational change at the

second hinge either destabilizes membranes and/or pulls them together to promote fusion
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Figure 3.1. Superimposition of Mfn1 MGD onto the predicted structure of full-length Mfn1

highlights structural similarity and dramatic conformational changes at two proposed hinge
regions. (A) Mfn1 MGD in the bent conformation (5YEW, pink) superimposed onto the predicted
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structure of fulllength Mfn1, modeled based on BDLP-GMPPNP (2WéD, blue). The predicted back-
to-back interface is expected to form along the full-length Mfn1 stalk in this elongated conformation.
(B) Mfn1 MGD in the straight conformation (5GOM, pink) superimposed onto the predicted structure
of full-length Mfn1, modeled based on BDLP-GDP (2368, blue). Structural predictions for full-length
Mfn1 were created by modeling the sequence of murine Mfn1 protein (Q811U4) onto the indicated

BDLP structures using I-TASSER.

Developing a fusion mode!

| predict that mitofusin assembly-stimulated hydrolysis and conformational changes drive
mitochondrial outer membrane fusion. Mitofusins primarily form dimers at steady state (Engelhart
and Hoppins, 2019; Ishihara et al., 2004; Sloat et al., 2019; Sugiura et al.,, 2013; Samanas et al., in
preparation), which we predict to exist on the same membrane, or in ¢/s. Based on structural
homology to bacterial dynamin-like proteins and the identification of a mitofusin-specific assembly
region in this area (Sloat et al., 2019), we hypothesize that cis dimers assemble via a back-to-back
interface. In this position, the GTPase domains of dimers face away from each other and remain
available to interact with mitofusins on other membranes, or in #rans (Figure 3.2A). We hypothesize
that these interactions promote mitochondrial tethering through the nucleotide-dependent assembly
of mitofusin dimers across opposite membranes (Figure 3.2B). Conformational changes of mitofusin

oligomers would then bring membranes together (Figure 3.2C) for membrane fusion (Figure 3.2D).

While this model represents higher-order mitofusin assemblies as tetramers, it remains possible that

additional assembly is required to promote efficient membrane fusion. For example, recent electron
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cryotomography of yeast mitochondria from an /n vitro fusion assay suggests that multiple cycles of
GTP hydrolysis in the yeast mitofusin homolog, Fzo, leads to the formation a protein ring that
promotes fusion (Brandt et al.,, 2016). Within our model, | expect that a mitofusin ring would form

through the creation of several frans assemblies (as in Figure 3.2B).

In addition to ambiguity in the size of mitofusin assemblies, it is also not possible to distinguish
between Mfn1 and Mfn2 in our current fusion model. Because mitochondrial fusion is most efficient
when Mfn1 and Mfn2 are present on opposite membranes (Hoppins et al., 2011; Ishihara et al,,
2004), it is possible that Mfn1 and Mfn2 form homodimers on the same membrane that can then
interact with the opposite mitofusin across membranes to promote fusion (blue vs. yellow proteins
in Figure 3.2). Data from our lab suggests that both Mfn1 and Mfn2 can form nucleotide-dependent
assemblies of similar sizes (Figure 3.2B), although the exact composition of these assemblies has

not yet been verified.

A

Conformational change

: ,.“ i, 3 P " ‘ \ X -
Trans interaction Nucleotide-dependent
assembly

Figure 3.2: Current model of mitochondrial outer membrane fusion. We hypothesize that

mitofusins assemble in both c¢/s (same membrane) or frans (opposite membranes). In this model,
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we predict that back-to-back cis dimers form tethers across GTPase domains with another mitofusin
dimer in frans (A). The formation of the predicted G-G interface is noted with an asterisk (*). GTP
binding and hydrolysis promote the higher order assembly of mitofusins (B). Dramatic
conformational changes are then predicted to bring membranes together to complete fusion (C-D).

[figure minorly adapted from Suzanne Hoppins]

Regulating mitochondrial fusion

Post- translational modification (PTM) of the proteins that mediate mitochondrial dynamics allows
for rapid changes in mitochondrial shape in response to cellular conditions. While mitofusin
modifications are relatively understudied compared to division protein PTMs, several modifications
across both mitofusins have been reported to alter mitochondrial fusion and cellular outcomes (see
discussion in Whitley et al., 2019). Ubiquitination of both Mfn1 and Mfn2, for example, has been
implicated in increased protein turnover and mitochondrial fragmentation (reviewed in detail,
Escobar-Henriques and Joaquim, 2019). Similarly, phosphorylation of Mfn2 at S27 by INK (Leboucher
et al, 2012) and at T111 and S442 by PINK1 (Chen and Dorn, 2013) have been implicated as
signals that recruit ubiquitin ligases and stimulate mitochondrial turnover. In cases of increased
mitofusin turnover, division activity can predominate and lead to mitochondrial fragmentation and

mitophagy.

While the regulation of protein levels provides a critical mechanism for mediating protein activity,

PTMs such as phosphorylation can also quickly and directly cause altered protein activity. Mitofusin

phosphorylation might, for example, stimulate or inhibit mitofusin activity by directly affecting the
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rate of nucleotide hydrolysis, the ability of the protein to dimerize in cis, tethering across G-G
interfaces in #rans, or the ability to undergo conformational changes. Phosphorylation of Mfn1 in
particular has been implicated in the non-degradative, functional regulation of mitofusin activity.
Phosphorylation of Mfn1 by PKC at S86 (Ferreira et al., 2019) or by ERK at T562 (Pyakurel et al.,
2015) inhibits mitochondrial fusion and promotes mitochondrial fragmentation and cell death. Mfn1
S86 is positioned near the nucleotide binding region of the Mfn1 GTPase domain and would likely
be accessible for phosphorylation only when GTPase domains are not interacting across the G-G
interface. Based on our model, | predict that back-to-back c¢is dimers of Mfn1 are phosphorylated
at S86 by PKC to either inhibit nucleotide binding or assembly of the G-G interface. This is consistent
with /n vitro data suggesting that Mfn1 S86 phosphorylation inhibits its GTPase activity and leads to
increased mitochondrial fragmentation and dysfunction (Ferreira et al, 2019). The Min1
phosphorylation site at 7562 is positioned near the predicted transmembrane domain of Mfn1 and
predicted to be far from the GTPase domain in the open conformation of the full-length protein. In
the closed conformation, however, T562 is predicted to come into close proximity with the GTPase
domain. Based on our model for fusion, phosphorylation at Mfn1 T562 would be expected to
interfere with the conformational changes required for membrane remodeling to complete fusion.
Mitochondria from 1KO MEFs expressing Mfn1 T562D were also reported to have defective tethering
and Mfn1 assembly, suggesting a possible role for this phosphorylation at multiple steps in the

fusion process (Pyakurel et al., 2015).

Although other candidate phosphorylation sites have been identified in high throughput screens,

there has not been a rigorous functional analysis of additional Mfn1 phosphorylation sites beyond

Mfn1 S86 and T562. Validation of these sites and a better understanding of the conditions in which
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mitofusins are phosphorylated will be important to further understand about how Mifn1
phosphorylation can regulate its activity. My work aims to understand the mechanism of
mitochondrial outer membrane fusion by combining structural, biochemical and cellular tools to
understanding how posttranslational modification, or amino acid substitutions that alter the ability
of a protein to be modified, changes mitofusin-mediated fusion activity. By modeling constitutive
phosphorylation and dephosphorylation at Mfn1 S228 specifically, my work has uncovered a
possible mechanism for the physiological regulation of Mfn1 assembly and fusion activity. Cellular
and biochemical characterization of Mfn1 phospho-mutants suggests that phosphorylation at Mfn1
S228 could inhibit fusion activity by preventing Mfn1 from interacting with itself across mitochondria.
Alternatively, dephosphorylation at this site could promote fusion in a normally inhibited population
of Mfn1 dimers. Interestingly, the side chain of Mfn1 S228 faces the interface of the GTPase and
HB1 domains, where mutations of several other residues are also associated with CMT2A. This
suggests a common functional mechanism that could be relevant for understanding disease

pathology in a subset of CMT2A patients.

|dentification of candidate phosphorylation sites

Approach

Because mitofusin phosphorylation has thus far primarily been associated with reduced fusion
activity, | originally set out to identify mitofusin phosphorylation(s) that stimulated fusion activity.
During a phenomenon known as stress-induced mitochondrial hyperfusion (SIMH), mitochondrial
morphology becomes elongated, or hyperfused, and mitochondria are resistant to turnover. At least

some of the changes in mitochondrial shape during SIMH can be attributed to changes in the
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phosphorylation status of Drp1. Mitochondria from starved cells expressing a phosphorylation
blocking substitution (Drp1 S637A) had reduced levels of hyperfusion after starvation (Gomes et al.,
2011). Phosphorylation by PKA at this residue has also been associated with reduced Drp1 activity
(Chang and Blackstone, 2007) and mitochondrial recruitment (Cereghetti et al., 2008; Cribbs and
Strack, 2007) in other contexts. While the role of Drp1 in SIMH has been well-described, Mfn1 has
also been implicated in SIMH (Tondera et al., 2009). From this, | hypothesized that Mfn1 might also
be regulated by PKA-mediated phosphorylation during SIMH. In this model, activation of PKA would
simultaneously increase fusion activity and decrease division activity, protecting mitochondria from

autophagy during the stress.

To test the hypothesis that Mfn1 is phosphorylated by PKA during SIMH, I incubated purified murine
Mfn1 and Mfn2 protein with cytosol from wild type mouse embryonic fibroblasts (MEFs) at baseline,
after SIMH-induction and after PKA stimulation. Promising mitofusin phosphorylation sites were then
identified by mass spectrometry in collaboration with Gennifer Merrihew in the MacCoss lab and
the Yeast Resource Center (YRC). While this experimental approach was specifically designed to
optimize the probability of detecting a SIMH-induced phosphorylation, we also expected to identify
non-SIMH phosphorylation sites with either inhibitory or stimulatory effects on mitofusin activity. This
design also specifically allowed for the identification of PTM (phosphorylation, acetylation and
methylation) sites across the entirety of both mitofusins, compared to sequence coverage of
between 65-85% in immunoprecipitated protein (Samanas, personal communication; Pyakurel et al.,
2015). | predict that the differences in coverage between recombinant and native proteins result

from technical limitations in completely lysing native, membrane-bound protein.
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The Mfn1 and Mfn2 used in this experiment were purified by another graduate student who
confirmed the ability of these proteins to fold (Engelhart, 2019). Although no GTPase activity could
be detected in either Min1 or Mfn2, it is likely that these proteins still represent at least one native
conformation in which PTM can occur. If access to a phosphorylation site requires enzyme activity

and conformational change, it is likely that such a site would be missed in this experiment.

Within the cytosol-enriched fraction isolated from MEFs, | expected to capture the cytosolic factors
important for mediating phosphorylation of Mfn1 and Mfn2. During SIMH, | expected that cytosolic
PKA could either directly interact with Mfn1 on the outer mitochondrial membrane or influence the
activity of a downstream kinase to alter Mfn1 activity. To induce SIMH, wild type MEFs were treated
with 10uM cycloheximide for 4hr (Tondera et al., 2009) or subjected to starvation in HBSS for 4hr
(Rambold et al., 2011). Treatment with 20uM forskolin (FRSK) for one hour, which is known to promote
Drp1 S637 phosphorylation, was used to stimulate PKA activity (Cribbs and Strack, 2007). To account
for any possible additive or interacting effects between PKA signaling and SIMH, | tested an
additional condition in which starved cells were treated with 20uM FRSK during the final hour. After
treatment, a cytosol-enriched fraction was isolated from MEFs and incubated with recombinant Mfn1
and Mfn2 at 37C for 30 minutes to promote mitofusin phosphorylation. The protein was then bound
to anti-FLAG beads, digested with either trypsin or chymotrypsin, and prepared for mass

spectrometry analysis.

Analysis

Due to the relatively low abundance of phosphorylated compared to unphosphorylated peptides,

our experimental approach did not provide the necessary resolution to detect any differences in
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phosphorylation levels between treatment and untreated conditions. Since | was unable to detect
Mfn1 phosphorylation(s) specific to a stressor, | chose at this point to shift focus toward a more
general analysis of mitofusin phosphorylation across all treatments to identify candidate

phosphorylation sites that could either increase or decrease fusion activity.

While low levels of total phosphorylation precluded a more detailed understanding of how
phosphorylation changes during SIMH, we have recently resumed efforts to identify how
phosphorylation at a specific site (Mfn1 S228) changes in cells across a variety of conditions.
Another graduate student in the lab, Nyssa Samanas, is working with Dr. Priska von Haller at the
UW Proteomics Resource to perform parallel reaction monitoring (PRM) mass spectrometry to
identify conditions that increase or decrease Mfn1 5228 phosphorylation. While my research does
not address phosphorylation during SIMH, similar PRM experiments can be performed to measure

changes in phosphorylation at residues predicted to be

Min1 Mfn2

phosphorylated by PKA. S50 27
T350 S151

S472 S177

The dato-dependent acquisition (DDA) and dato-independent S549 5283
564 S455

acquisition (DIA) confirmed that this approach was indeed able to S489
T492

identify phosphorylations across almost all Mfn1 and Mfn2 peptides. 5726
T742

From the DDA experiments, which identified highly abundant
Table 3.1: High

phosphorylated peptides based on a fixed set of precursor ions, | was | abundance phospho-
peptides identified
able to identify several phosphorylated peptides, including an Mfn2 | using DDA approach.
Mfn2 S27 and S726 were
phosphorylation site (527) which has been previously characterized in | previously reported
phosphorylation sites.

detail (Leboucher et al, 2012). Mass spectrometry also identified

102



another Mfn2 phosphorylation site (S726) that was reported in a high throughput screen of the
phosphoproteome in adipocytes (Humphrey et al, 2013). In two out of three phosphorylation
prediction algorithms that use amino acid sequence to identify possible kinase targets (GPS 5.0,
PPSP, KinasePhos 2.0), | confirmed that our analysis also identified two predicted PKA
phosphorylation sites, Mfn1 S50 and Mfn2 S283. A complete list of phosphorylation sites identified

from the DDA data is found in Table 3.1.

While DDA can identify highly abundant peptide species, we combined this analysis with DIA, which
captures all ions within a sample, to more thoroughly analyze the range of lower abundance
phosphorylated peptides in our samples. In a preliminary evaluation of the DIA data, Mfn2 S27 and
Mfn2 T282/Mfn2 S283 were noted as the most compelling phosphorylation sites regardless of
condition. Because Mfn2 T282 and S283 are immediately adjacent, it was not possible to determine
which residue was phosphorylated. In addition to the single phosphorylation, a prevalent, double

phosphorylation event of both 7282 and S283 was also detected.

Due to unexpected delays in the development of a program to quickly extract and compare
phosphorylated peptides across conditions, our collaborator developed a manual work-around to
evaluate DIA data for the remaining sites of interest. DIA data was manually assessed to identify
(1) if a peptide shifted mass consistent with a phosphorylation event and (2) what conditions
phosphorylated protein is observed in. Because of the possible relationship to SIMH, | primarily
emphasized the analysis of high-probability PKA phosphorylation sites based at least two
phosphorylation prediction algorithms (GPS 5.0, PPSP, KinasePhos2.0): Mfn1 S50, S228, S421 and

Mfn2 S249, T282, S283, S442. Based on the predicted full length Mfn1 or Mfn2 structures, all of the
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candidate sites screened were also accessible for phosphorylation in either or both the open

(Figure 3.3A) and closed (Figure 3.3B) conformation.

T282/5283

S50
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Figure 3.3: Candidate phosphorylation sites searched in DIA dataset. Since the overall fold is
predicted to be similar between Mfn1 and Mfn2, the sites searched in the DIA set are mapped
onto the predicted full-length structure of Mfn1 in its open (A) and closed (B) conformation. While
Mfn2 T282/5283 are not conserved in Mfn1 (yellow), the residues are positioned at a similar location

in a helix of the Mfn2 GTPase domain.

Within our samples over two independent experiments, only one site, Mfn2 S249, was not
phosphorylated. There were no notable differences between the presence of phosphorylated
protein across treatments. Table 3.2 summarizes the differences in reported or predicted function

of the residues evaluated.

Conserved in CMT2A |Annotated on |Identified s
other Mfn? mutation? | Phosphosite? | in MS?

Mfn1| S50 X
$228 X X X X In stretch of five amino acids associated with CMT2A mutations.
$421 X X

Mfn2 | S249 X X X In stretch of five amino acids associated with CMT2A mutations.
T282 X Not CMT2A mutation but in helix with cluster of CMT2A mutations
$283 X Not CMT2A mutation but in helix with cluster of CMT2A mutations
$442 X X X Predicted to be phosphorylated by PINK1 (Chen et al., 2003)

", n

Table 3.2. Criteria for choosing candidate phosphorylation sites. For each site tested, an “x
indicates if that site is conserved across vertebrate mitofusins, associated with a CMT2A mutation,
previously annotated in the Phosphosite phosphorylation database, and identified in this mass
spectrometry screen. The additional information column identifies other potentially functionally relevant

information about this region.
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Screening predicted phosphomutants for altered mitochondrial morphology in cells

To screen the effect of predicted phosphorylation events on mitochondrial morphology, | created
phosphorylation mimicking and blocking substitutions at most of the sites identified in Table 3.2.
Phosphorylation adds a large, negatively charged phosphate group to serine, threonine or tyrosine
via a reaction between the hydroxyl group of the amino acid and the relevant kinase. It is therefore
possible to block phosphorylation by substituting the target residue with an alanine (A), which is
structurally similar to serine but lacks the hydroxyl group. Similarly, substitution of serine with either
aspartic acid (D) or glutamic acid (E) acts as a decent mimic of constitutive phosphorylation due
primarily to the bulk and negative charge provided by these residues. Because D is the more
commonly used phosphomimetic substitution, most original screens were performed primarily with
using S/T to D substitutions. However, for a subset of sites, | also measured mitochondrial

morphology after substitution from S/T to E.

| used a retroviral transduction system to express phosphomimetic and phosphoblocking
substitutions at five of the seven candidate phosphorylation sites- Mfn1 S228/Mfn2 S249, Mfn2 S283,
Mfn1 S421/Mfn2 S442 in mouse embryonic fibroblasts (MEFs) lacking Mfn1 (1KO) or Mfn2 (2KO).
Clonal populations of cells expressing the relevant mitofusin at near-endogenous levels were
isolated to ensure physiological levels of protein expression and prevent aberrant mitochondrial
morphology due to mitofusin overexpression (Santel et al., 2003). While transduction with an empty
vector control does not alter the fragmented mitochondrial morphology in KO MEFs, expression of
WT Mfn1 or Mfn2 can rescue mitochondrial morphology in MEFs lacking Mfn1 (1KO) or Mfn2 (2KO),
respectively. Based on this, | expected that Mfn1/Mfn2 variants with reduced fusion activity would

not rescue mitochondrial fragmentation when expressed in KO MEFs. Variants that promote
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increased fusion activity, however, were expected to cause mitochondrial hyperfusion. Below | briefly
discuss the morphological trends observed in preliminary experiments from MEFs expressing C-

terminally FLAG-tagged phosphoblocking and phosphomimicking variants.

Min1 S228/Minz §249

| isolated three clonal populations of 1KO MEFs expressing Mfn1 S228A-FLAG or Mfn1 S228E-FLAG.
While expression of Mfn1 S228A rescued mitochondrial morphology in 1KO MEFs, expression of
Mfn1 S228E led to a dramatic clustering of mitochondria around the perinuclear space (Figure 3.4).
Because Mfn1 S228 is conserved in Mfn2 (5249), | also measured mitochondrial morphology in a
single blinded experiment of 2KO MEFs expressing Mfn2 S249A or S249E. Likely due to relatively
low expression of Mfn2 in these isolates over time, | was unable to determine a consistent
mitochondrial phenotype across clonal populations, although perinuclear clustering was rarely
observed (Figure 3.34). Further morphological characterization in new clonal populations of 2KO
MEFs expressing Mfn2 S249A and S249E will be important to determine a reliable mitochondrial

phenotype in these cells.

Differences between mitochondrial morphology in 1KO MEFs expressing Mfn1 S228E and 2KO MEFs
expressing Mfn2 S249E is consistent with previous experiments in our lab that have shown many
different substitutions across Mfn2 were able to rescue mitochondrial morphology in 2KO MEFs,
while the conserved substitution in Mfn1 has a dramatic phenotype. Because of its promise as a
potential phosphorylation site (Table 3.2), combined with the mitochondrial morphology of 1KO
MEFs expressing S228E and the availability of Mfn1 MGD to directly measure enzyme activity (Cao

et al, 2017; Qi et al,, 2016; Yan et al.,, 2018), | will focus primarily on the characterization of Mfn1
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S228 in the subsequent section. This will be followed by a brief discussion of the mitochondrial

phenotypes of 2KO MEFs expressing Mfn2 S249 at the end of this chapter.

Minz S283

Two clonal populations were isolated from 2KO MEFs expressing Mfn2 S283A-FLAG or Mfn2 S283D-
FLAG. In two unblinded experiments, expression of either Mfn2 S283A or S283D rescued
mitochondrial morphology in 2KO MEFs (n>80 cells per experiment). Interestingly, in a preliminary
experiment of cells treated with 10uM CHX, Mfn2 S283D but not S283A appeared to block SIMH.
This suggests that Mfn2 S283 phosphorylation may impair fusion during SIMH conditions. This is
surprising because of previous work suggesting that Mfn1, not Mfn2, is required for SIMH. However,
based on the importance of the Mfn1-Mfn2 heterotypic interaction, it is possible that changes in
Mfn2 can be translated into functional changes in Mfn1 through this interaction. Further blinded
comparisons of mitochondrial morphology in control and SIMH conditions is required to better

understand the physiological relevance of this predicted phosphorylation site.

Min1 S4217/Minz §442

| also isolated one clonal population of 1KO MEFs expressing Mfn1 S421A-FLAG and three clonal
populations expressing Mfn1 S421D-FLAG. In three unblinded experiments, nearly half of the cells
expressing either Mfn1 S421A or S421D were able to rescue mitochondrial morphology in 1KO
MEFs and no obvious defects in SIMH were observed. Because the average Mfn1 expression level
in these cells was around 75%, it is possible that the partial rescue is a result of insufficient Mfn1

expression. Further characterization of clonal populations expressing both variants at higher levels
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will be important to better understand if and how phosphorylation of Mfn1 S421 affects

mitochondrial morphology.

To determine how the same substitutions at this site affected the fusion activity of Mfn2, | isolated
two clonal populations of 2ZKO MEFs expressing Mfn2 S442A and three clonal populations of 2KO
MEFs expressing Mfn2 S442D. In two unblinded experiments, 2KO MEFs expressing Mfn2 S442A
were primarily fragmented while 2KO MEFs expressing Mfn2 S442D had reticular mitochondria, with
a small population of cells exhibiting mitochondrial hyperfusion. No obvious defects in the ability to
undergo SIMH were observed. The inability of mitochondria to fuse in 2KO MEFs expressing Mfn2
S442A suggests that phosphorylation at this site may be important for normal mitochondrial
dynamics. Phosphorylation at this site by PINK1 has also been implicated in parkin recruitment and

mitochondrial turnover in the heart (Chen and Dorn, 2013).

Effects of Mfn1 S228 substitution in cells

Perinuclear clustering in 1KO MEFs expressing Min1 S228F

1KO MEFs transduced with an empty vector retain a fragmented mitochondrial morphology (Figure
3.4A), while expression of Mfn1 WT can rescue mitochondrial morphology in MEFs lacking Mfn1
(1KO) (Figure 3.4B). Similarly, expression of Mfn1 S228A (Figure 3.4C, Table 3.3) mostly rescues
mitochondrial morphology in 1KO MEFs. Upon re-evaluation of the differences between clonal
populations, | noted that in one clonal population, virtually all mitochondria were fragmented only

during one technical replicate. Because removal of this replicate reduces variably and
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fragmentation significantly, | propose that this replicate be removed and the experiment be

repeated to verify the level of rescue in this population.

Expression of the phospho-mimetic Mfn1 S228E substitution causes a dramatic clustering of
mitochondria around the perinuclear space (Figure 3.4D, Table 3.3). The “clustered” morphology
classification indicates a mitochondrial network in which most, if not all mitochondria are localized
in the perinuclear region. In addition to the dramatic, tight clusters observed in many cells (Figure
3.4D), clusters were also counted in cells where mitochondria were so close together that the
morphology of individual mitochondrial structures could not be determined. Clustered mitochondria
are distinct from hyperfused mitochondria, in which most organelles were over bum in length, with
few or no short mitochondria present. Although hyperfused mitochondria sometimes have a
tendency to concentrate in the perinuclear region, they are distinguished from clusters because
specific, long mitochondria can be identified. The mitochondrial width also appeared thicker in
clustered mitochondria, as if mitochondria fused in side-to-side interactions instead of tip-to-ip.
While somewhat subjective, | performed all imaging and quantification while blinded to sample
identity to ensure that similar mitochondrial morphologies were consistently grouped into the
appropriate category. While not the objective of this project, future experiments to quantitatively
distinguish between cluster subtypes can control for cell size and shape using micropattern adhesive

cell substrates to more directly measure mitochondrial distribution (Lopez-Doménech et al., 2018).
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Figure 3.4: Mitochondrial morphology in Mfn1 S228-FLAG mutants expressed in 1KO MEFs.
Representative images of clonal populations of 1KO MEFs transduced with either (A) empty vector,
(B) wild type Mfn1, (C) Mfn1 S228A, or (D) Mfn1 S228E. Mitochondrial morphology was quantified
based on mitochondrial length (fragmented, reticular, hyperfused) and location (aggregated).

Quantification represents blinded counts from at least 100 cells in three independent experiments

(error = SD). Scale bar is 5 microns.

| also used a Cterminal mNeonGreen tag to visualize Mfn1 localization in 1KO MEFs expressing
Mfn1 S228A and S228E. mNeonGreen localization confirmed that both Mfn1 S228A and S228E were

correctly targeted to the mitochondria. Expression of Mfn1 S228A-mNeonGreen in 1KO MEFs
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resulted in reticular mitochondria, suggesting a wild type-like rescue (Figure 3.5, Table 3.3). When
Mfn1 S228E-mNeonGreen was expressed in 1KO MEFs, a striking perinuclear mitochondrial
clustering phenotype was observed, consistent with that observed in the similar FLAG-tagged variant
(Figure 3.4, Table 3.3). Large foci of mNeonGreen signal were observed within some clustered

mitochondria, and non-clustered mitochondria were primarily fragmented.
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Figure 3.5. Mitochondrial morphology in 1KO MEFs expressing Mfn1 S228A or S228E-
mNeonGreen. (A) Representative images from cells expressing either S228A-mNeonGreen or
S228E-mNeonGreen. Mitochondrial morphology was observed using MitoTracker CMXRos, and
Mfn1 localization was assessed by mNeonGreen signal. (B) Mitochondrial morphology was
quantified based on mitochondrial length (fragmented, reticular, hyperfused) and location
(aggregated). Quantification represents unblinded counts from two experiments (n=158 cells for

S228A, n=96 cells for S228E).

The collapsed mitochondrial network in 1KO MEFs expressing Mfn1 S228E obscured the shape of
individual mitochondria, making it difficult to infer how the Mfn1 S228E alters fusion activity. In other
genetic backgrounds that cause mitochondrial clustering, such as overexpression of Drp1 dominant
negative variants (Legros et al., 2002; Smirnova et al.,, 2001) or PINK1/parkin overexpression (Vives-
Bauza et al.,, 2010), microtubule depolymerization with nocodazole caused mitochondria to spread
throughout the cytosol to reveal the mitochondrial network morphology. Treatment with 5uM
nocodazole for about one hour in WT MEFs and 1KO MEFs expressing an empty vector (Figure
3.6A) or wild type Mfn1-FLAG (Figure 3.6B), caused mitochondria to distribute throughout the cytosol
as expected. A small portion of clusters (720%) in 1KO MEFs expressing Mfn1 S228E-FLAG do not
come apart with nocodazole (Figure 3.6C). In most cells, however, nocodazole treatment revealed

a network of apparently highly connected mitochondria (Figure 3.6D-F).
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Figure 3.6. Mitochondrial morphology after nocodazole treatment of 1KO + Mfn1 S228-FLAG
mutants. MEFs were incubated with 5uM nocodazole for 45min-Thr to depolymerize microtubules.
Representative images of mitochondrial morphology are provided for 1KO MEFs transduced with

(A) an empty vector, (B) WT Mfn1, and (C-E) 1KO + S228E.

Because fluorescence microscopy alone cannot confirm that the mitochondrial matrix in these cells
is also connected, we are also planning to confirm mitochondrial connectivity using a matrix-
targeted photoactivatable GFP (paGFP). | expressed a matrix-targeted photoactivatable GFP
(paGFP) in 1KO MEFs transduced with a vector control, WT Mfn1, S228A or S228E. Based on

experiments in a similar clustering mutant (Mfn1 F202L), | expect that the mitochondrial network in
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1KO MEFs expressing Mfn1 S228E will be connected and capable of fusion. Alternatively, paGFP
should not distribute through the mitochondrial network if clusters are composed of disconnected
mitochondrial fragments. These experiments are currently being performed by another graduate

student in the lab.

Highly connected mitochondrial networks could indicate increased fusion activity, reduced division
activity or a combination of the two. Various mutations in the mitochondrial division protein Drp1
are associated with mitochondrial hyperfusion (for example, see Whitley et al, 2018) or
mitochondrial clustering (Smirnova et al, 2001). To understand if the increased mitochondrial
connectivity depended on altered fusion activity or impaired Drp1 recruitment to tight clusters, |
measured the ability of Drp1 to be recruited to mitochondrial clusters using immunofluorescence. In
all cells, Drp1 puncta were observed throughout the cytosol, as well as on the mitochondria, as we
would expect for wild type mitochondria (Figure 3.7). This suggests that the network morphology
cannot be explained simply by the inability of Drp1 to be recruited to these mitochondria. To fully
understand changes in the balance between fusion and division in these cells, future work should

confirm that Drp1 assemblies on mitochondria are functional and able to complete division.
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Figure 3.7. Drp1 localization in 1KO MEFs expressing Mfn1 S228E-FLAG. Representative images
of cells incubated with MitoTracker and then fixed for immunofluorescence. Drp1 was detected
using an anti-Drp1 antibody and around 60 cells were assessed for each isolate (n=60 cells for E17,

n=66 cells for E39).

| also attempted to infer the ability of mitochondria to fuse by observing cluster formation. Clusters
may form by short mitochondria being transported toward the nucleus, where they become fused.
Alternatively, clusters may result from excessive mitochondrial hyperfusion that eventually leads to
side-to-side fusion events and network collapse. To better understand cluster formation, | used the
depolarizing agent, CCCP, to fragment mitochondria through the disruption of membrane potential,

which lead to the separation of clusters. Treatment with 10uM CCCP for 3-4hr caused fragmentation
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in most 1KO MEFs expressing Mfn1 S228E-FLAG. Morphology was evaluated while blinded to
sample identity at baseline (Figure 3.8A), after CCCP treatment (Figure 3.8B) and after CCCP

treatment followed by drug washout and recovery (Figure 3.8C).

Mitochondria in 1KO MEFs expressing an empty vector, Mfn1 WT and Mfn1 S228A were all primarily
fragmented after CCCP treatment, as expected. CCCP treatment caused fragmentation in most 1KO
MEFs expressing Mfn1 S228E. However, similar to cells treated with nocodazole (Figure 3.6C),
approximately 20% of the mitochondrial clusters in these cells remained tightly connected after

CCCP treatment (Figure 3.8B).

Following CCCP treatment, mitochondria can recover in normal cellular media to restore balanced
mitochondrial dynamics. In WT MEFs and 1KO MEFs expressing Mfn1 WT, recovery in DMEM for
4hr restores a reticular mitochondrial morphology (Figure 3.8C), while 1KO MEFs transduced with
an empty vector remain fragmented. 1KO MEFs expressing Mfn1 S228A restored a reticular
mitochondrial network in around 40% of cells. This was fairly surprising but may suggest that the
slight deficit in rescue observed in 1KO MEFs expressing Mfn1 S228A (Figure 3.4) could be due to
moderately reduced fusion activity in this protein. In 1KO MEFs expressing Mfn1 S228E, the primary
clustering phenotype was almost fully restored after 4hr, suggesting that clusters can form fairly
quickly. Because cells expressing wild type Mfn1 are able to completely rescue mitochondrial
morphology in the time period tested, it is still unclear if mitochondrial clusters form before or after
mitochondrial fusion. To test this, mitochondrial morphology should be measured at earlier stages

in recovery, before WT Min1 is able to restore a reticular mitochondrial network. Live imaging of

117



cluster re-formation during recovery can also elucidate how changes in mitochondrial fusion and

transport lead to perinuclear cluster formation in 1KO MEFs expressing Mfn1 S228E.

B Fragmented Short Tubules [_] Reticular Hyperfused [} Clustered

A 100 I [

80 I

60

40

percent of cells

20

WT  1KO+ 1KO+ 1KO+ 1KO + 1KO + 1KO +
V. IWT S228A S228A, S228E, S228E,,
B 100|

o 80

3

5 60

& 40

O

8 20
0

WT  1KO+ 1KO+ 1KO+ 1KO + 1KO + 1KO +
V. 1WT S228A, S228A,, S228F, S228E,

C w o

80

60 (| H

40| ] I

percent of cells

20

WT  1KO+ 1KO+ 1KO+ 1KO+ 1KO+ 1KO +
V. 1WT S228A, S228A,, S228E, S228E,,

118



Figure 3.8. CCCP treatment and recovery in 1KO MEFs expressing Mfn1 S228A/E-FLAG.
Morphology was quantified, blinded to sample identity at baseline (A), after 10uM CCCP for three
hours (B) and after CCCP treatment followed by 4hr of recovery in normal media (C). Quantification
represents data from 3-5 independent experiments, in which at least 100 cells were counted per

condition.

To test the dependence of refusion or re-clustering after CCCP treatment on microtubule-based
transport, | am also optimizing an experiment to measure mitochondrial shape and localization
changes after CCCP washout into normal media with nocodazole. In the absence of microtubules,
mitochondria are still able to fuse, likely by more random interactions between mitochondria (Legros
et al, 2002). | predict that in 1KO MEFs expressing substitutions that inhibit Mfn1 activity,
mitochondria remain fragmented and spread out after nocodazole treatment. In cells expressing
variants of Mfn1 that increase its fusion activity, however, | would expect to see reticular or
hyperfused mitochondria. Despite local mitochondrial clustering of various lengths, preliminary
experiments provided no evidence for strong perinuclear clustering or excessive mitochondrial
fusion in the absence of microtubules (Figure 3.9B-F). This suggests that the mitochondrial
morphology in 1KO MEFs expressing Mfn1 S228E FLAG is not caused by increased fusion activity
but rather the altered mitochondrial transport of primarily fragmented mitochondria. While the exact
mechanism by which this occurs is unclear, | hypothesize that increased transport of mitochondria
towards the nucleus locally concentrates mitochondria, allowing mitochondria with relatively low

fusion activity to become highly fused.
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Figure 3.9. Representative images of CCCP recovery with nocodazole in TKO MEFs expressing
Mfn1 WT (A) or Mfn1 S228E-FLAG (B-F). After 10uM CCCP treatment, cells were recovered in
DMEM containing 10uM nocodazole for two hours. Representative images in B-F reflect the range

of mitochondrial morphologies observed, most of which involved some form of local clustering.

Inflvence of endogenous mitofusins on the mitochondrial phenotype of MEFs expressing Min1
S228F

To understand if mitochondrial clustering after expression of Mfn1 S228E was dominant, | expressed
the same FLAG-tagged Mfn1 mutants in WT MEFs that expressed both Mfn1 and Mfn2. As we would
expect for wild type Min1, expression of Mfn1 S228A in WT MEFs doesn’t noticeably alter

mitochondrial morphology (Figure 3.10C). However, due to difficulties obtaining clonal populations
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expressing this variant at appropriate levels in the preliminary experiment, likely due to inefficient
viral transduction, morphology in these cells was only measured on one occasion and requires the
screening of additional FLAG-tagged populations to confirm the morphological phenotype.
Expression of Mfn1 S228E-FLAG in WT MEFs caused mitochondrial clustering in around 40-50% of
cells (Figure 3.10). Many of these cells appeared small and rounded, with preliminary observations
that a substantial mitochondrial population concentrated near the top of the cell (Figure 3.10B).
Additional characterization of these cellular populations should directly address if this
morphological phenotype is associated with increased cell death or defects in cell division, both of

which might be predicted by this abnormal cellular morphology.
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Figure 3.10. Mitochondrial morphology in WT MEFs expressing Mfn1 S228A or Mfn1 S228E-
FLAG. (A-B) Representative images of 1KO MEFs expressing Mfn1 S228E. In B, two planes imaged
at the bottom (B)) and top (Bi) of cells are shown to highlight mitochondrial distribution. (C)
Mitochondrial morphology was quantified in clonal populations of WT MEFs expressing Mfn1 S228A-

FLAG (1 experiment, n >100 cells) or Mfn1 S228E-FLAG (2 experiments, n >100 cells).

To detect mitofusin localization and ensure that the mitochondrial morphologies observed were not
dependent on the protein tag, | also expressed the same Mfn1 variants with an mNeonGreen tag
in ' WT MEFs. Mitochondrial morphology in WT MEFs expressing S228E-mNeonGreen was
indistinguishable from the morphology observed in WT MEFs expressing S228A-mNeon Green
(Figure 3.11). While morphology in WT MEFs expressing Mfn1 S228A was consistent with both tags,
there were significantly fewer cells with clustered mitochondria in WT MEFs expressing Mfn1 S228E-
mNeonGreen compared to Mfn1 S228E-FLAG (Figure 3.10). Because of the preliminary nature of
this data, additional blinded replicates with both tags should be quantified to verify these
differences. The comparable mitochondrial morphology observed in 1KO and WT MEFs expressing
Mfn1 S228E-FLAG suggested that the S228E variant was dominant and could alter wild type Mfn1

fusion activity.
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Figure 3.11. Mitochondrial morphology in WT MEFs expressing Mfn1 S228A or Mfn1 S228E-
mNeonGreen. Representative images of WT MEFs expressing either (A) Mfn1 S228A or (B) Mfn1

S228E-mNeonGreen. (C) Mitochondrial morphology was quantified in clonal populations of WT
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MEFs expressing Mfn1 S228A-mNeonGreen (2 experiments, n <50 cells) or Mfn1 S228E-

mNeonGreen (3 experiments, n>100 cells).

While there is some functional redundancy between Min1 and Mfn2, there is also evidence that
heterotypic interactions between Mfn1 and MfnZ are the strongest drivers of mitochondrial fusion
in vitro (Hoppins et al., 2011). To better understand how the presence of wild type Mfn1 and/or
Mfn2 affected fusion in mitochondria expressing Mfn1 S228E, | measured mitochondrial morphology
after expressing Mfn1 S228A and S228E mNeonGreen-tagged mutants in MEFs lacking Mfn2 (2KO).
In 2KO MEFs expressing endogenous Mfn1 but not Mfn2, expression of Mfn1 S228A-mNeonGreen
rescued mitochondrial morphology in half of Mfn2 (2KO) MEFs screened. There was less of a rescue
in 2KO MEFs expressing Mfn1 S228E cells, with clustering only observed in cells with high
mNeonGreen signal, suggesting that, like in WT MEFs, the presence of wild type Mfn1 is associated
with reduced mitochondrial clustering. However, in the absence of wild type Mfn2, we would expect
these cells to maintain a fragmented mitochondrial network due to reduced fusion activity. Because
fewer than 50 cells were counted in each condition, follow-up experiments are required to

understand if these data represent a repeatable phenotype in this background.

| also expressed Mfn1 S228A and S228E-mNeonGreen in DKO MEFs to understand how each Mfn1
S228 substitution affected protein activity in the absence of wild type Mfn1 and Mfn2. Preliminary,
unblinded morphological analysis of DKO MEFs expressing Mfn1 S228A was inconclusive. In a small
population (n<50 cells), mitochondrial morphology varied from fragmented to hyperfused to

somewhat clustered. However, in a single experiment (n= 169 cells), expression of Mfn1 S228E
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caused perinuclear clustering in 55% of cells, with most remaining cells having primarily fragmented
mitochondria (Figure 3.12). The phenotype in DKO MEFs was similar to that observed in 1KO MEFs,
although nocodazole treatment revealed that, in the few instances of cluster separation, clusters
consisted of fragmented mitochondria. This suggests that in the absence of wild type protein,
mitochondria expressing Mfn1 S228E can cluster but not fuse. Because Mfn1 S228E clusters in 1KO
appear highly connected after nocodazole treatment, this also provides evidence that the presence
of WT Mfn2 is required for mitochondrial connectivity in cells expressing Mfn1 S228E and perhaps

fusion activity.
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Figure 3.12. Mitochondrial morphology observed in DKO MEFs expressing Mfn1 $228-
mNeonGreen variants. Representative images of DKO MEFs expressing either (A) Mfn1 S228A or

(B) S228E in DKO MEFs. At least fifty cells were imaged from a single biological replicate.
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Additional amino acid substitutions at Min1 5228

In addition to the phosphomimicking substitution of serine (S) to glutamic acid (E), aspartic acid (D)
is frequently used as a phosphomimicking substitution. While we hypothesized that the larger side
chain of glutamic acid would more closely represent the bulk of phosphorylation, | also measured
mitochondrial morphology in clonal populations of 1KO MEFs expressing Mfn1 S228D. Unlike
expression of Mfn1 S228E, expression of Mfn1 S228D appeared to partially rescue mitochondrial

morphology and more closely resembles cells expressing S228A (Figure 3.13, Table 3.3).
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Figure 3.13. Expression of Mfn1 $228D-FLAG in 1KO MEFs. Two clonal populations of 1KO MEFs

were isolated that expressed Mfn1 S228D at about 90% of wild-type levels. Mitochondria were
quantified based on mitochondrial length (fragmented, reticular, hyperfused) and location

(aggregated). Quantification represents blinded counts from at least 100 cells in three independent
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experiments (error = SD). *Note that since these cells were counted on the same day as cells

expressing Mfn1 S228A/E, the controls (WT, 1KO +V, 1KO + 1WT) are the same as in Figure 3.4E.

In an attempt to establish a positive control substitution that still allowed for Mfn1 phosphorylation
at position 228, | also expressed Mfn1 S228T-FLAG in 1KO MEFs. Since threonine closely mimics
serine structure and contains a phosphorylatable hydroxyl group, | expected that 1KO MEFs
expressing Mfn1 S228T would retain the ability to be phosphorylated at Mfn1 S228. In three blinded
experiments of three clonal populations expressing Mfn1 S228T at near-endogenous levels, | was
unable to conclusively determine trends in mitochondrial morphology (Figure 3.14, Table 3.3).
Significant mitochondrial fragmentation was consistently observed in one clonal population of 1KO
MEFs expressing Mfn1 S228T (#38), while the other two clonal populations (#20, #30) possessed
primarily reticular mitochondria. One explanation for the variable morphology across cells
expressing identical substitutions is that Mfn1 expression varies across clonal populations, with #38
expressing at levels too low to rescue morphology. When Mfn1 expression was measured by
western blot at the time of the microscopy experiments, 1KO MEFs were expressing Mfn1 S228T at
between 90% (#38) and 160% (#20, 30) of wild type Min1 levels. While unlikely, it remains possible
that these differences in expression levels could explain varying morphologies. Alternatively, it is
possible that the variable results in 1KO MEFs expressing Mfn1 S228T is due to the differential
specificity of kinases for serine vs. threonine. Confirmation of Mfn1 S228T expression levels and the
isolation of additional clonal populations will be important to better understand the effects of this

substitution and control for phenotypes due to protein levels or viral DNA integration site.
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Figure 3.14. Mitochondrial morphology in 1KO MEFs expressing near-endogenous levels of
Mfn1 S228T-FLAG. Three clonal populations of 1KO MEFs expressing Mfn1 S228T-FLAG were
counted on three separate occasions, with over 100 cells counted per experiment. Imaging and
quantification were performed blinded to sample identity. *Note that since these cells were counted
on the same day as cells expressing Mfn1 S228A/E, the controls (WT, 1KO +V, 1KO + 1WT) are the

same as in Figure 3.4E.

Next, | wanted to determine if the unique mitochondrial phenotype in 1KO MEFs expressing Mfn1
S228E was dependent on the size and/or charge of the substituted side chain. To determine if
mitochondrial clustering specifically required Mfn1 S228 substitution with a large, negatively-
charged residue, | substituted Mfn1 5228 with lysine (K), which has a similar size but opposite charge

of glutamic acid. In a preliminary experiment of almost 200 1KO MEFs expressing Mfn1 S228K-FLAG
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at near-endogenous levels, mitochondrial clustering was observed in about a third of cells, while
the remaining cells had primarily fragmented or short mitochondria (Figure 3.15A, Table 3.3). In
1KO MEFs expressing Mfn1 S228K-mNeonGreen, perinuclear mitochondrial clustering was observed
in approximately 55% of cells (Figure 3.15B, Table 3.3). Increased mitochondrial clustering in cells
expressing S228K suggests that at least some of the changes in mitochondrial shape and
distribution in cells expressing the phosphomimetic Mfn1 S228E substitution are caused by the

addition of bulk, rather than specific charge, in this region of Mfn1.
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Figure 3.15. Mitochondrial morphology in 1KO MEFs expressing near-endogenous levels of
Mfn1 S228K-FLAG. (A) Representative images of 1KO MEFs expressing Mfn1 S228K-FLAG with either
(i) fragmented or (ii) clustered morphology. (B) Representative image of mitochondria in 1KO MEFs
expressing Mfn1 S228K-mNeonGreen. (C) At least 130 cells were counted in one experiment of 1KO
MEFs transduced with an empty vector, WI Mfn1-FLAG or Mfn1 S228K-FLAG (n=196 cells).
Mitochondrial morphology was also quantified in one experiment of 1KO MEFs expressing Mfn1
S228K-mNeonGreen (n=99 cells). Imaging and quantification were performed blinded to sample

identity.

To further understand the role of side chain size at Mfn1 5228, | am also making 1KO MEFs
expressing FLAG and mNeonGreen-tagged Mfn1 S228F. The phenylalanine substitution represents
a large, uncharged side chain that is also associated with the development of Charcot-Marie Tooth
Type 2A (CMT2A) at the homologous site in Mfn2 (S249F) (Abe et al.,, 2011; Xie et al., 2016). Based
on the phenotypes in 1KO MEFs expressing S228E, and to a lesser extent S228K, | expect that this

substitution will also increase mitochondrial clustering.

While | do predict that bulky substitutions between the Mfn1 GTPase and HB1 domains affect protein
structure, localization of Mfn1-mNeonGreen variants suggests that Mfn1 is properly localized to
mitochondria. In data discussed in Figures 3.28 and 3.29, a truncated Mfn1 protein containing only
the GTPase and HB1 domain of Mfn1 was able to fold, assemble and hydrolyze GTP, suggesting

that the phenotypes observed here are not based solely on the expression of misfolded Mfn1.
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Functional importance of the region surrounding Min1 5228

A set of mutations associated with CMT2A [Mfn2 L248V (Feely et al., 2011), R250Q/W (Feely et al,,
2011; Verhoeven et al., 2006), P251R/L/A (Feely et al, 2011, Zuchner et al., 2004) and N252K
(Casasnovas et al.,, 2010)] cluster around Mfn2 S249 (Mfn1 S228), suggesting that this region is
important for mitofusin function (Figure 3.16). Specifically, close interactions between HB1 and both
L227 and K229 in the bent conformation of Mfn1 MGD are predicted to be important for stabilizing
the conformational changes that occur around Hinge 1 (Yan et al,, 2018). | predicted that, as in
1KO MEFs expressing S228E, substitution of either L227 or K229 with glutamic acid will disrupt the

intramolecular interactions between the GTPase domain and HB1.

Figure 3.16. Residues associated with CMT2A disease-causing mutations. Mutation of several

sites (yellow) at the interface of the GTPase domain (pink) and HB1 (gray) is associated with CMT2A.

131



To understand if the substitution of a large, negatively charged residue at these sites has similar
effects on mitochondrial morphology compared to Mfn1 S228E, | evaluated morphology in 1KO
MEFs expressing an mNeonGreen-tagged version of either L227E or K229E. Over 85% of L227E
mNeonGreen-expressing cells had mitochondria that were clustered around the nucleus, a similar
phenotype to cells expressing S228E (Figure 3.17A,C, Table 3.3). In the closed Mfn1 MGD structure
(5YEW, Figure 3.16), Mfn1 L227 is predicted to interact with 166 and V70 on HB1. Addition of large,
charged residue at this site is predicted to disrupt this interaction, and possibly protein function.
Further analysis of the cellular and biochemical characteristics of 1KO MEFs expressing L227E-FLAG
will be required to understand if this substitution alters mitofusin activity through a similar mechanism

as S228E.

Unlike L227E, expression of K229E-mNeonGreen caused mitochondrial hyperfusion in approximately
60% of cells without any significant clustering observed (Figure 3.17B,C, Table 3.3). This was
somewhat surprising because of the reported importance of interactions between K229 and Q346
in the bent conformation of Mfn1 MGD. One interpretation of this result is that the replacement of
a positive charge with a negative charge at K229 still allows for the formation of stabilizing salt
bridges with HB1 or changes them in such a way that contributes to increased fusion activity. This
would be consistent with substitutions of uncharged residues at this site leading to CMT2A.
Alternatively, if mitochondrial clusters result from mitochondrial hyperfusion, it is possible that K229E
has a less severe mitochondrial phenotype compared to L227 and S228, possibly because of more

flexibility of the K229 side chain to orient away from the GTPase-HB1 interface.
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Figure 3.17. Mitochondrial morphology in 1KO MEFs expressing nearby CMT2A variants.
Representative images of (A) Mfn1 L227E-mNeonGreen and (B) Mfn1 K229E-mNeonGreen
expressed in 1KO MEFs. (C) Mitochondrial morphology was quantified, unblinded, in under 50 cells

for L227E and over 100 cells in K229E.
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Based on likely functional importance of this region, | predicted that Mfn1 S228 phosphorylation
interfered with the stabilizing interactions between the GTPase domain and HB1 in the open
conformation of the full-length protein (Figure 3.1A). Clash prediction based on van der Waals radii
(UCSF Chimera) showed that the substitution of Mfn1 S228E is predicted to specifically interfere with
the normal position of the H340 side chain in HB1. This residue is conserved in Mfn2, where it is
associated with CMT2A variant H361Y (Feely et al,, 2011; Verhoeven et al., 2006; Zichner et al,
2006). Characterization of cultured mouse neurons expressing Mfn2 H361Y suggest that
mitochondria in these neurons are able to interact with the transport machinery but have significantly
reduced mitochondrial motility, suggesting that substitutions in this region may affect mitochondrial
transport (Misko et al, 2010). To test if large substitutions in this region contribute to the
mitochondrial morphology in cells, | expressed Mfn1 H340Y-mNeonGreen in 1KO MEFs. In a single,
preliminary experiment, mitochondria appeared to be primarily clustered or hyperfused, consistent
with the importance of this region in Mfn1 function (Figure 3.18, Table 3.3). This suggests that
defective mitochondrial transport could be a common phenotype between Mfn1 H340Y and S228E

mutants.

Alternatively, based on the orientation of Mfn1 S228 in the closed conformation of the full-length
protein (Figure 3.1B), phosphorylation at this site might impair or stabilize the closed conformation
during the final steps of membrane fusion. Interestingly, structural predictions of full-length Mfn1
suggest that the side chain of S228 faces the side chain of T562, an annotated Mfn1 phosphorylation
site (Pyakurel et al., 2015). The authors suggested that Mfn1 phosphorylation at T562 inhibited Mfn1
assembly and stimulates mitochondrial fragmentation, although they did not describe the

mitochondrial morphology in MEFs expressing the phosphomimetic and blocking substitutions at
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Mfn1 T562. In order to determine if Mfn1 S228E has a similar mitochondrial morphology to large
substitutions at T562, | expressed several Mfn1 T562-mNeonGreen variants in 1KO MEFs. While there
were a range of mitochondrial morphologies observed, the strongest effect appeared to be
mitochondrial clustering in slightly under half of 1KO MEFs expressing Mfn1 T562E, and to a lesser
extent in cells expressing Mfn1 T562D. Expression of Mfn1 T562A and T562K in 1KO MEFs mainly

rescued mitochondrial morphology (Figure 3.18, Table 3.3).

Previous characterization of Mfn1 T562 shows that phosphorylation at this site is associated with
reduced fusion activity, increased BAK oligomerization and apoptosis. If the mitochondrial
phenotype in 1KO MEFs expressing Mfn1 T562D/E is repeatably similar to that of 1KO MEFs
expressing Mfn1 S228E, this could indicate that both phosphorylations inhibit fusion activity.
Alternatively, it remains possible that Mfn1 T562 phosphorylation operates under a distinct
mechanism from that of Mfn1 S228 phosphorylation. Expression of Mfn1 T562K did not cluster
mitochondria, suggesting that the negative charge at Mfn1 1562 might be specifically important for
its function, such as mediating protein-protein interactions or promoting additional PTMs. Further
comparisons between Mfn1 S228E and T562E could provide insight as to whether the phenotype in

cells expressing Mfn1 S228E is mediated by conformational differences around Hinge 1 or 2.
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Figure 3.18. Mitochondrial morphology in 1KO MEFs expressing HB1 and HB2 variants. (A)
Representative images and (B) morphology quantification from one experiment in 1KO MEFs
expressing mNeonGreen-tagged versions of H340Y (n=93 cells), T562A (n=30 cells), 562D (n=149

cells), T562E (n=34), and T562K (n=108).

Position . Mitochondrial morphology Position CMT2A-associated
Substitution Tag .
(Mfn1) (1KO MEFs) (Mfn2) mutations
NO Mfn1 No rescue; mostly fragmented

WT Mfn1 Complete rescue; mostly reticular

FLAG

Moderate rescue Mfn2 S249

mNeonGreen |Complete rescue

D FLAG Moderate rescue

E FLAG Signficant perinuclear clustering

mNeonGreen |Signficant perinuclear clustering

K FLAG Moderate perinuclear clustering

mNeonGreen |Signficant perinuclear clustering

FLAG Moderate rescue but highly variable

L227 _ Mostly clustered Mfn2 1248 L248V
K229 Mostly hyperfused Mfn2 R250 R250Q, R250W
H340 Moderate perinuclear clustering Mfn2 H361 H361Y

T562

mNeonGreen |Moderate hyperfusion

mNeonGreen |Moderate perinuclear clustering

mNeonGreen |Moderate perinuclear clustering

AN |m|O >

mNeonGreen |Moderate hyperfusion

Table 3.3. Summary of mitochondrial morphology across Mfn1 variants. This table also
indicates which variants were tested with which tag, conservation in Mfn2 and associated CMT2A

variants, all of which are discussed in more detail throughout the main text.
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Characterizing mitochondrial clusters in 1KO MEFs expressing Min1 S228F

It is not clear if mitochondrial clusters represent a change in mitochondrial fusion and/or transport
activity. One explanation for the mitochondrial clustering observed in MEFs expressing Mfn1 S228E
is that mitochondrial transport to the cell periphery is defective. Mitochondria in cells are moved
along microtubules by the molecular motors, dynein and kinesin (Pilling et al., 2006; Schwarz, 2013).
Dynein is responsible for mitochondrial transport toward the nucleus, while kinesin brings
mitochondria to the cellular periphery. The mitochondrial outer membrane protein Miro is linked to
molecular motors on microtubules through the adaptor proteins TRAK1/2 (Fransson et al., 2006;
Glater et al., 2006). During the cell cycle, dynein and kinesin release from mitochondria, allowing
for proper mitochondrial distribution and inheritance (Chung et al., 2016). Because MEFs expressing
Mfn1 S228E had mitochondria that were clustered around the nucleus, | hypothesized that clustered
mitochondrial structures resulted from overactive dynein-mediated transport or reduced kinesin-

mediated transport.

First, | evaluated whether the molecular machinery required to transport mitochondria was found
on mitochondria isolated from 1KO MEFs expressing Mfn1 S228E-FLAG. In two separate
experiments, mitochondria isolated from 1KO + Mfn1 S228E-FLAG cells contained dynein, kinesin,
Miro and TRAK (Figure 3.19). There did not appear to be obvious, repeatable, quantitative
differences between wild type and mutant cells. Although all proteins were found on mitochondria
in approximately normal levels, it is still possible that motors are defective. Other work in the lab is
aimed at developing and applying better tools to understand mitochondrial distribution after motor
inhibition. This work should also emphasize differences in mitochondrial transport in neurons, as

well as fibroblasts.
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Figure 3.19. Recruitment of transport proteins to mitochondria in 1TKO MEFs expressing Mfn1-
FLAG. Mitochondrial and cytosolic fractions were isolated from 1KO MEFs expressing an empty
vector, wild type Mfn1, Mfn1 S228A or Mfn1 S228E. Western blots of mitochondrial (M) and cytosolic

(C) fractions, as well as total cell lysate (T) were probed for dynein, kinesin, TRAK1 or Miro.

Mitochondrial clusters in 1KO MEFs expressing Mfn1 S228E appear to be held together by
microtubules (Figure 3.6) and able to recruit the fundamental transport machinery to the
mitochondria (Figure 3.19). If active transport processes are indeed holding mitochondrial clusters
together, | reasoned that changes in mitochondrial shape might be observed during the cell cycle,

when both mitochondria and microtubules undergo dramatic remodeling events. To determine if
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the mitochondria in perinuclear clusters persist throughout the cell cycle, | used low-serum media to

synchronize 1KO MEFs expressing Mfn1 S228E-mNeonGreen.

While | have not yet been able to reliably capture synchronized MEF populations at later stages in
the cell cycle, | was able to characterize mitochondrial morphology at the G1/S transition. Arrested
cells were released in either normal media (serum release) for 18hr or the reversible DNA
replication inhibitor, aphidicolin for 10-14hr, the proportion of cells with clustered mitochondria
significantly decreased (Figure 3.20). During this stage of the cell cycle, wild type mitochondria are
highly connected in order to produce sufficient energy for the subsequent stages of growth and
division (Mitra et al., 2009). While almost 60% of 1KO MEFs expressing Mfn1 S228E-mNeonGreen
have clustered mitochondria at baseline, less than 15% of cells have clustered mitochondria at this

stage in the cell cycle (Figure 3.20).
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Figure 3.20. G1/S morphology of 1KO and WT MEFs expressing Mfn1 $228E-mNeonGreen.
Mitochondrial morphology was measured in cells at the G1/S transition, as established by either
aphidicolin treatment (Aphi) or serum release (SR). Morphology was measured on two independent
occasions for 1KO + S228E (Aphidocolin), while all other conditions represent one replicate, n<50

cells counted per condition.

Preliminary data in 1KO and WT MEFs expressing Mfn1 S228E-mNeonGreen (Figure 3.20) suggests
that mitochondria within these clusters may still undergo regulated changes. To substantiate these
preliminary observations in clonal populations with the appropriate controls, | next screened
mitochondrial morphology during G1/S in clonal populations of 1KO MEFs that express Mfn1 S228A-
FLAG and S228E-FLAG. The mitochondrial morphology in 1KO MEFs expressing Mfn1 S228A was
extremely variable but did exhibit larger populations of both fragmented and clustered
mitochondria compared to wild type Mfn1. Mitochondrial clustering in 1KO MEFs expressing Mfn1
S228E-FLAG, however, decreased by about half during the G1/S transition (Figure 3.21). While
around twice as many mitochondria remain clustered in the Mfn1 FLAG vs. mNeonGreen-expressing
cells, the loss of mitochondrial clusters during the cell cycle in both cases suggests that
mitochondrial shape and distribution in 1KO MEFs expressing Mfn1 S228E can be regulated and
likely do not represent a nonfunctional endpoint structure. These experiments should be repeated
with both Mfn1 tags to better understand how small differences at the C-terminal portion of the

protein can affect mitochondrial distribution.
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Figure 3.21. G1/S morphology of 1KO MEFs expressing Mfn1 S228A or S228E-FLAG. In a single,
blinded experiment, at least 90* (except A15, n=60; E17, n=87) cells were counted. Error bars

represent the standard deviation between two clonal populations.

Because mitochondria undergo similar changes in shape during the G1/S transition and SIMH, |
also measured mitochondrial morphology after four hours of starvation or cycloheximide (CHX)
treatment in 1KO MEFs expressing Mfn1 S228A or Mfn1 S228E-mNeonGreen and WT MEFs
expressing Mfn1 S228E-mNeonGreen. In response to CHX treatment, 1KO MEFs expressing Mfn1
S228A underwent robust hyperfusion. 1KO and WT MEFs expressing Mfn1 S228E remained primarily
clustered (Figure 3.22). In contrast, clusters were decreased by about half in both WT and 1KO

MEFs expressing Mfn1 S228E after starvation but not CHX. Surprisingly, mitochondria in 1KO MEFs
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expressing Mfn1 S228A-mNeonGreen did not become significantly hyperfused during starvation but
did hyperfuse dramatically after CHX treatment. These results should be repeated alongside wild
type controls to determine if the mitochondrial phenotype in 1KO MEFs expressing S228A represents
a defect in starvation-induced SIMH or an overall, less dramatic effect of starvation on inducing
hyperfusion relative to CHX. If Mfn1 S228A can repeatably inhibit SIMH, this would suggest that
Mfn1 S228 phosphorylation might be involved in the mitochondrial hyperfusion observed after
specific SIMH conditions. Future experiments should also determine if the persistence of
mitochondrial clusters in depends on a common mechanism across SIMH and the cell cycle or if

there are drug-specific differences.
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Figure 3.22. SIMH in 1KO MEFs expressing Mfn1 S228A-mNeonGreen and 1KO and WT MEFs
expressing Mfn1 $228E-mNeonGreen. In a single, preliminary experiment, 1KO MEFs expressing

Mfn1 S228A or Mfn1 S228E (n ~40 cells per condition) or WT MEFs expressing Mfn1 S228E (n"70
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cells per condition) were stained with Mitotracker Red to visualize mitochondrial morphology. SIMH-

treated cells were incubated with 10uM CHX or starved in HBSS for four hours before imaging.

Since fewer mitochondrial clusters were observed in cells expressing Mfn1-S228E with an
mNeonGreen tag compared to a FLAG tag during the G1/S transition, | also verified the starvation-
induced SIMH phenotype in clonal populations of 1KO MEFs expressing Mfn1 S228A-FLAG and
S228E-FLAG. All experiments were performed and quantified blinded to sample identity and run
alongside the appropriate wild type and knockout controls (Figure 3.23). As in G1/S, the
unclustering phenotype was less obvious and highly variable in cells expressing Mfn1 S228E-FLAG
compared to the equivalent substitution with an mNeonGreen tag (Figure 3.23). Further, the

mitochondrial morphology was not repeatable in identical blinded experiments performed recently.

The variation in mitochondrial morphology between identical variants with different Cterminal tags
in several experiments suggests that protein tags could have differential effects on mitofusin activity.
Because the FLAG tag is smaller and experiments were performed in clonal populations of similar
expression levels, these results seem more likely to mimic wild type mitofusin changes than those
in the larger mNeonGreen. Further characterization of mitochondrial morphology throughout the
cell cycle and SIMH response is required to determine possible mechanisms for changes in

mitochondrial clustering.
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Figure 3.23. SIMH in 1KO and WT MEFs expressing Mfn1 $228E- FLAG. In two blinded
replicates, at least 100 cells were counted. Error bars represent the standard deviation between

replicates.

While mitofusin overexpression is known to cause mitochondrial clustering around the nucleus, our
experimental system ensures that we do not overexpress mitofusins, making that an unlikely
explanation of the clustering observed here. Mitochondrial aggregation is also associated with the
defective proteasomal turnover of ubiquitinated proteins, which causes increased autophagy and
mitochondrial accumulation in the perinuclear space (Narendra et al., 2010; 2008). A single,
preliminary visualization of lysosomes in 1TKO MEFs expressing Mfn1 S228E-FLAG, however, did not

show a significantly different lysosomal distribution between WT Mfn1 and Mfn1 S228E. Additional
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work to measure autophagic flux or autophagasome localization should be performed to clarify

1KO cells expressing S228E have defective autophagy.

Ultimately, our lab hopes to understand how mitochondrial clustering occurs and what it reveals
about normal fusion and transport activity. For the purposes of this project, however, | will not full
explore this question but do expect future research in the lab will address this in more depth, across

mitofusin variants.

Additional cellular characteristics of Min1 S228E mitochondria

Because of the unusual mitochondrial clustering, | also visualized the mitochondrial ultrastructure
using electron microscopy (EM). While | expected to identify the characteristics of mitochondria
within clusters, | was unable to detect mitochondrial clusters in two clonal populations of 1KO MEFs
expressing Mfn1 S228E-FLAG. The apparent disappearance of mitochondrial clusters in EM images
was suprising but not unique to cells expressing Mfn1 S228E. Similar findings were reported for
another Mfn1 GTPase domain variant, F202L, that also had perinuclear clusters that were primarily
detectable by fluorescence microscopy instead of EM. Despite no obvious clustering, a
distinguishing feature of the mitochondria in 1KO MEFs expressing Mfn1 S228E was significant inner
membrane swelling and deformities (Figure 3.24). Swollen mitochondrial matrices and abnormal
cristae organization are frequently associated with mitochondrial dysfunction (Zick et al., 2009). This
would suggest that Mfn1 S228E alters mitochondrial respiration and inner membrane morphology.
To directly measure this, future experiments could directly measure oxygen consumption in MEFs

expressing different Mfn1 mutations.
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Figure 3.24: Mitochondrial ultrastructure in 1KO MEFs expressing WT Mfn1 or Mfn1 S228-FLAG.
1KO MEFs expressing Mfn1 WT-FLAG (top) or Mfn1 S228E-FLAG (bottom) were fixed and imaged
using transmission electron microscopy. Thirty images were taken per condition, and two clonal

populations of 1KO MEFs expressing Mfn1 S228E were tested.

The abnormal cristae structure in 1KO MEFs expressing Mfn1 S228E mutants could result from
abnormal inner membrane fusion or cristae remodeling, which are mediated by the dynamin-
related protein Opal (Frezza et al., 2006; Glytsou et al., 2016). | measured Opa’l processing by
western blot in wild type and mutant cells and did not see any significant difference in processing
between wild type Mfn1 and Mfn1 S228E (Figure 3.25). The relative levels of long and short Opa
isoforms varied significantly across experimental replicates, obscuring the detection of any subtle

differences in Opal processing by this method.
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Figure 3.25. Opa1l processing at baseline and during SIMH in 1KO MEFs expressing Mfn1
S$228A/E-FLAG. SIMH was induced by either 4hr. of starvation in HBSS or 4hr. 10uM CHX treatment.
Cells lysates were collected from WT MEFs or 1KO MEFs transduced with an empty vector, WT Mfn1,
Mfn1 S228A and Mfn1 S228E. Two long (L1, L2) and three short (S1, S2, S3) forms of Opal were
identified by western blot and quantified in (B). Baseline processing was repeated in two
experiments (error bars = standard deviation between days), while SIMH was done on one

occasion.
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Rather than resulting from dysfunctional inner membrane dynamics, it is possible that the abnormal
structures observed by EM resulted from mitochondrial damage and membrane swelling due to
fixation. This seems somewhat less likely because this abnormal morphology was less prevalent in
1KO MEFs expressing Mfn1 WT. However, if cells expressing Mfn1 S228E are slightly more
susceptible to stress, a harsh fixation may have a more dramatic on them than controls. If this
experiment is repeated in the future, an alternative fixative should be tried in parallel to ensure that
any morphological defects observed are due to the indicated substitutions and not sample

preparation.

Biochemical characterization of Mfn1 S228.

One explanation for the highly connected mitochondrial network in 1KO MEFs expressing Mfn1
S228E is that the Mfn1 S228E substitution increases Mfn1-mediated fusion activity. Alternatively,
increased retrograde mitochondrial transport might be a mechanism to concentrate mitochondria
with low fusion activity around the nucleus, increasing the probability of successful fusion events. To
more directly assess how phosphorylation of Mfn1 S228 alters mitofusin activity, | biochemically
characterized Mfn1 S228A and S228E in the Mfn1 MGD construct and full-length protein. Together,
this analysis revealed that Mfn1 S228E had reduced levels of mitochondrial fusion, which was
associated with reduced interactions with Mfn1 in frans (Figure 3.31). and a loss of nucleotide-
dependent assembly (Figure 3.32). These data are consistent with a model in which aberrant
transport activity, rather than increased Mfn1 activity, drives the increased mitochondrial fusion that

we observe in cells.
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In vitro fusion

| utilized an /n vitro mitochondrial fusion assay to understand the effect of Mfn1 S228E substitution
on the fusion activity of Mfn1 (Hoppins et al., 2011). Using this approach, | was able to directly
measure the ability of the mitofusins to fuse membranes in the absence of additional cellular
cofactors, such as the transport machinery or modifying cytosolic proteins. Mitochondria from wild
type MEFs and 1KO MEFs expressing an empty vector, S228A or S228E were labeled with either a
matrixtargeted RFP or CFP fluorophore and isolated to measure /n vifro fusion activity. Fusion
reactions consisted of 12.5ug each of RFP and CFP-labeled mitochondria, which were incubated in
the presence of either GTP or GTP and cytosol, which has been previously shown to stimulate fusion
activity (Hoppins et al., 2011). Fusion reactions were imaged by fluorescence microscopy and
quantified by calculating the proportion of mitochondria in which the red and blue fluorophores

were colocalized in three dimensions.

Compared to wild type cells, 1TKO MEFs expressing an empty vector had significantly reduced but
measurable fusion activity due to Mfn2-mediated fusion (Figure 3.26, gray bar). Mitochondria
isolated from 1KO + S228A MEFs had near-wild type levels of /n vitro fusion activity (Figure 3.26,
gray bar), consistent with the significant but not total rescue of mitochondrial morphology in these
cells. Surprisingly, mitochondria isolated from 1KO + S228E MEFs had similar fusion activity to 1KO
cells, suggesting that Mfn1 S228E mutants cannot fuse mitochondria /n vifro (Figure 3.26, gray bar).
In the in vitro fusion assay, incubation of mitochondria supplemented with cytosol stimulates fusion
around 20%, suggesting that proteins in the cytosol can stimulate mitofusin activity (Figure 3.26,
black bar). To understand if cytosolic stimulation was sufficient to restore fusion activity in

mitochondria expressing Mfn1 S228E, | measured /n vifro mitochondrial fusion in mitochondria from
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1KO MEFs expressing Mfn1 S228E and one isolate of Mfn1 S228A. Cytosol was able to stimulate
fusion to a similar extent across all reactions except one isolate of Mfn1 S228E (Figure 3.26, black
bar). In both Mfn1 S228E isolates, however, cytosol was not able to restore wild type-like levels of
fusion in mitochondria expressing S228E, suggesting a significant fusion defect in these mitochondria
equivalent to complete loss of Mfn1. While this was especially surprising based on the highly
connected mitochondrial morphology observed following the release of clusters with nocodazole,
it would support a model in which altered transport and Mfn2-mediated fusion is the main driver of

mitochondrial clustering.
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Figure 3.26. In vitro fusion of mitochondria from 1KO MEFs expressing Mfn1 S228A and S228E.
Mitochondria were isolated from wild type cells (Mfn17*Mfn27*), a clonal population of 1KO cells

transduced with an empty vector (Mfn17Mfn2/"), a clonal population of 1KO cells expressing Mfn1
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S228A, and two clonal populations of 1KO cells expressing Mfn1 S228E. The indicated mitochondrial

combinations were incubated under /n vitro fusion conditions at 37C for 30 minutes.

Given the striking defect in mitochondrial fusion observed in 1KO MEFs expressing Mfn1 S228E, |
next wanted to evaluate if this was a dominant variant that interfered with the fusion activity of wild
type Mfn1. When wild type Mfn1 and Mfn2 are present on the opposite mitochondria, fusion of
mitochondria expressing Mfn1 S228A reached wild type levels, and fusion in mitochondria
expressing Mfn1 S228E significantly increased (Figure 3.27, gray bar). This near-wild type fusion
activity can most likely be attributed to interactions between WT Mfn2 on mutant mitochondria with
WT Mfn1 on the opposing membrane, which is the main complex driving outer membrane fusion.
This also suggests that the Mfn1 S228E substitution does not interfere with the ability of wild type
mitofusins to interact. Future /n vifro fusion reactions could test this by measuring fusion in

mitochondria isolated from wild type cells expressing Mfn1 S228E.
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Figure 3.27. In vitro fusion of Mfn1 S228A and $228E mutants in 1KO background. Mitochondria
were isolated from wild type cells (Mfn17*Mfn27"), a clonal population of 1KO cells expressing
Mfn1 S228A, and two clonal populations of 1KO cells expressing Mfn1 S228E. The indicated

mitochondrial combinations were incubated under /n vitro fusion conditions at 37C for 30 minutes.

GTPase activity

The significantly inhibited fusion activity of Mfn1 S228E mutants could be a consequence of
dysfunction at multiple points in the fusion process- nucleotide binding or hydrolysis, membrane
tethering, or protein assembly. To first understand the basic enzymatic properties of the protein, |
purified the partial Mfn1 construct (MGD) as well as Mfn1 MGD with S228A and S228E substitutions.
As previously reported, wild type Mfn1 MGD was able to hydrolyze GTP (Cao et al., 2017; Qi et al.,
2016; Yan et al., 2018). Both Mfn1 S288A and S228E had comparable GTPase activity to the wild
type protein (Figure 3.28), suggesting that both substitutions do not inhibit GTP binding and
hydrolysis within the core enzymatic machinery. This is consistent with the positioning of Mfn1 5228
far from the dimerization interface and nucleotide binding region. Additionally, most reported
mutants that block nucleotide binding or hydrolysis are unable to rescue mitochondrial fusion due
to protein inactivity, leading to mitochondrial fragmentation that is clearly distinct from the
phenotype that | observe in cells expressing Mfn1 S228E. Together, these data suggest impaired

fusion activity by Mfn1 S228E is not because the enzyme is dysfunctional.

153



>

o
]

- WT
& S228A
¥ S228E

uM Pi/ uM protein/ minute

WT S228A | S228E
Vmax 5.039 4907 4.056
h 1.771 2.181 2.345
K. 293.4 215.6 239.1

Figure 3.28. GTPase activity of Mfn1 MGD with Mfn1 $228 substitutions. Kinetic analysis of GTP

hydrolysis in wild type Mfn1T MGD and Mfn1 S228A/E MGD. (A) A representative kinetic plot fit to

an allosteric sigmoidal equation is shown. (B) Kinetic parameters for Mfn1 MGD constructs tested.

Assembly of Min1 MGD

GTPase activity in Mfn1 S228E MGD suggested that Mfn1 S228E MGD could still form a G-G

interface, as this is required for activity. To confirm this, | incubated WT, Mfn1 S228A and Mfn1 S228E

MGD proteins with or without GDP.BeF3 and separated the proteins by size using sucrose gradient

density centrifugation. All proteins showed a similar increase in size after GDP.BeFs incubation,

consistent with the size of a predicted dimer (Figure 3.29A-B). This was repeated independently for

S228E on several occasions, suggesting that assembly of the G-G interface was unaffected in the

MGD protein. These results were further confirmed by size exclusion chromatography (SEC) (Figure

3.29C).
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Figure 3.29. Sucrose gradients and SEC of Mfn1 MGD incubated with GDP.BeF3. (A) WT Mfn1

MGD or Mfn1 S228E-MGD were incubated in the absence of nucleotide (A) or presence of GDP.BeFs-
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(B) for 30min at 37C. Reactions were subjected to 5-20% continuous sucrose density gradient
centrifugation. (C) The relative sizes of wild type, S228A and S228E Mfn1 MGD constructs were
determined using size exclusion chromatography (SEC). Nucleotide incubation was performed as in

B.

Because these assays cannot distinguish relative positions of the GTPase domain and HB1, it
remains possible that the Mfn1 S228E construct has conformational differences between the GTPase
domain and stalk domain that we cannot detect. If a further, more detailed characterization of the
predicted conformational changes in this protein is required, another graduate student in the lab

has been able to successfully crystallize a mutant variant of the MGD protein.

Trans mitochondrial interactions

Based on results in Mfn1 MGD, | predicted that full-length Mfn1 S228E was able to dimerize across
the G-G interface. To directly test this, | isolated mitochondria from 1KO MEFs expressing Mfn1 WT
(FLAG or GFP-tagged) and 1KO MEFs expressing Mfn1 S228E (FLAG or GFPtagged) and incubated
mitochondria from differentially-tagged populations with GDP.BeF3 to promote assembly across the
G-G interface. FLAGtagged Mfn1 was then immunoprecipitated, run on an SDS-PAGE gel and
subjected to western blotting to detect Mfn1. The presence of two bands suggests that Mfn1-FLAG
can interact with itself on the same membrane (lower band) or with Mfn1-GFP on another membrane
(higher band). Without nucleotide, Mfn1 FLAG does not pull down any Mfn1 GFP. However, with the
presence of the transition state mimic, GDP.BeFs, Mfn1 does pull down a small amount of Mfn1 in

trans (Figure 3.30).
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Surprisingly, Mfn1 S228E-FLAG was unable to pull down Mfn1 S228E-mNeonGreen. From this, we
can conclude that Mfn1 S228E cannot interact with itself across membranes and likely has defective
tethering activity. There is also evidence that Mfn1 S228E also has impaired interactions with wild
type Mfn1 in one clonal population of 1KO MEFs expressing S228E, although those experiments
should be repeated to confirm this observation. Additional experiments are underway to determine
if and how Mfn1 S228E affects the #rans interaction between Mfn1 and Mfn2 which we expect to be
important for fusion. A stronger understanding of the role of Mfn2 in the fusion process could also

explain differences between in vitro fusion and mitochondrial morphology in cells expressing Mfn1

S228E.

IP-FLAG

Figure 3.30. Interactions between Mfn1 S228E in trans. Mitochondria were isolated from clonal
populations of 1KO MEFs expressing Mfn1 WT-FLAG, Mfn1 WT-eGFP, Mfn1 S228E-FLAG or Mfn1
S228E-eGFP and incubated with BeF3 in the presence or absence of GDP. Following lysis,
immunoprecipitation was performed with a-FLAG magnetic beads. Proteins eluted from the beads

were subjected to SDS-PAGE and immunoblotted with a-Mfn1. Arrowhead indicates the eGFP protein
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eluted from FLAG beads. Experiment was repeated twice using two different clonal populations of

MEFs expressing Mfn1 S228E.

Assembly of full-length Min7

Because this is inconsistent with the results in Mfn1 MGD, | next wanted to characterize native, full-
length protein assembly in 1KO MEFs expressing S228E. While Mfn1 S228E does not directly affect
the ability of the GTPase domain to bind and hydrolyze GTP, impaired Mfn1 trans interactions in
1KO MEFs expressing Mfn1 S228E suggest that Mfn1 nucleotide-dependent assembly is impaired
compared to wild type Mfn1. Because there is not yet a way to rigorously measure the GTPase
activity of cellular Mfn1, | used sucrose gradient density centrifugation to evaluate the assembly of
Mfn1 following detergent solubilization of mitochondria isolated from 1KO MEFs expressing either
Mfn1 WT (Figure 3.31A) or Mfn1 S228E (Figure 3.31B). While Mfn1 S228E was indistinguishable
from wild type Mfn1 in the apo state, assembly of Mfn1 S228E was not stimulated by incubation

with GDP.BeFs.
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Figure 3.31. Sucrose gradients of full length Mfn1 from isolated mitochondria. (A) Mitochondria
were isolated from 1KO MEFs expressing Mfn1 WT (A) or Mfn1 S228E (B). Mitochondria were
incubated in the absence or presence of GDP.BeFs-for 30min at 37C. Reactions were subjected to
5-20% continuous sucrose density gradient centrifugation. Bands around 66kDa are expected to
represent monomeric Mfn1, while bands slightly larger than 140kDa are expected to represent
dimeric Mfn1. (C) The distribution of protein through the sucrose gradient was quantified using

densitometric analysis (ImageJ).

Blve native PAGE

To determine if the observations in sucrose gradients are consistent with the assembly of native
Mfn1, | also evaluated assembly using blue native PAGE, which separates protein complexes based
on their molecular weight and native protein structure. Based on previous BN-PAGE experiments in

the lab, | expected that dimeric Mfn1 would assemble into larger structures after incubation with
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GTP, the non-hydrolysable GTP analog- GMPPNP or the transition state mimetic, GDP.BeFs
(Engelhart and Hoppins, 2019; Sloat et al.,, 2019; Samanas et al., in preparation). In 1KO MEFs
expressing WT Mfn1-FLAG, most of the protein exists as a species around 180kDA, consistent with
a dimer (Figure 3.32, straight line). After incubation with GTP, protein shifts out of the dimer band
and into higher order species around 320kDa (Figure 3.32, double headed arrow) and 450kDa
(Figure 3.32, single headed arrow). A similar shift into higher-order species was observed after
incubation with a nonhydrolyzable GTP analog, GMPPNP. In 1KO MEFs expressing Mfn1 S228A,
protein assembly mostly mirrored wild type protein, with slightly less protein assembling into higher
order species. Strikingly, expression of Mfn1 S228E in 1KO MEFs completely blocked the assembly
of these higher order structures. Rather, Mfn1 S228E remained predominantly as a dimer.
Additionally, a faint band was detected in between the predominant 320kDa and 450kDa bands,
which was also present in low levels in wild type samples. It is not yet clear if this represents an
assembly of a different size, formed as a transient intermediate during fusion, or if it represents one

of the more common assemblies at an intermediate conformation.
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Figure 3.32. BN-PAGE of full length, native Mfn1 from isolated mitochondria. Mitochondria were
isolated from clonal populations of 1KO MEFs expressing Mfn1 WT, Mfn1 S228A and Mfn1 S228E.
Untreated mitochondria (UT) were incubated on ice for 30min while treated mitochondria were
incubated with the specified nucleotide at 30C for 30min. Mitochondria were then lysed, subjected
to BN-PAGE, and immunoblotted with an anti-FLAG antibody. Asterisk indicates a non-specific band
from the anti-FLAG antibody. Protein complexes are indicated with lines/arrows as follows:
predicted dimer (straight line), ~320kDa (double arrowhead), and ~450kDa (arrowhead). The
distribution of protein is represented in the bar graph as mean + standard deviation of two

independent experiments.

Together, the assembly data supports the hypothesis that Mfn1 S228E cannot undergo nucleotide-
dependent assembly-stimulated hydrolysis, leading to decreased fusion activity. These results also

highlight the importance of evaluating mitofusin function using both the MGD construct and full-
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length protein. The MGD construct has provided detail structural information that allows us to test
hypotheses about enzyme function and G-G interface formation. A complete assessment of protein

oligomerization, however, must include an evaluation of assembly in the full-length protein.

Additional work to understand Mfn1 5228 should emphasize reconciling the biochemical fusion defects
with apparent mitochondrial hyperfusion and clustering in cells. Because 1KO MEFs expressing Mfn1
S228E are meant to represent cells in which 100% of Mfn1 S228 is phosphorylated, it is possible that
physiological levels of Mfn1 5228 phosphorylation do not cause mitochondrial clustering. Consistently,
across preliminary PRM mass spectrometry experiments less than 50% of Mfn1 S228 is phosphorylated
in cells. Based on the CCCP and nocodazole experiments, it seems unlikely that mitochondrial
hyperfusion occurs in these cells without clustering, suggesting that Mfn2 may be the primary driver of
fusion in a concentrated, perinuclear mitochondrial pool. This could be tested by more directly
elaborating the dependence of cellular phenotypes on Mfn2, as well as determining concentration-

dependent effects of mitochondrial /n vifro fusion.

Additional characterization of assembly: Mitofusin-specific functions

In a separate project to determine if mitofusin-specific function is associated with a specific region
of the protein, | worked with another graduate student to characterize the assembly of Mfn1, Mfn2
and two chimeric proteins that substituted the HB1 region of Mfn1 for Mfn2, and vice versa (Sloat
et al., 2019). The chimeric protein Chi3 consists primarily of Mfn1, with the region of Mfn2
corresponding to amino acids Mfn2 348-534 substituted for Mfn1 327-513 (Figure 3.33A). The

opposite chimeric protein, Chi5, is primarily Mfn2 with the region of Mfn1 corresponding to amino
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acids Mfn1 327-513 substituted for Mfn2 348-534 (Figure 3.33A). The substituted regions are 75%

similar and 56% identical.

First, we evaluated native assembly of FLAG-tagged protein in 1KO MEFs. In the absence of
nucleotide, Mfn1 was primarily dimeric, as were samples incubated with GDP (Figure 3.33B). When
incubated with a transition state mimic, GDP.BeF3, more than half of the wild type mitofusin shifted
out of the predicted dimer in 1KO MEFs expressing Mfn1 or Mfn2. Notably, Mfn1 formed a higher
order species around 450kDa that was never observed in 1KO MEFs expressing Mfn2-FLAG (Figure
3.33B). Some of these differences, however, can likely be explained by specific experimental
conditions, including salt concentration and temperature during nucleotide incubation. In a similar
experiment where mitochondria were incubated with GDP, GTP or GMPPNP with increased salt,
both Mfn1 and Mfn2 seem able to make this large oligomeric structure, but to varying degrees
(Figure 3.33C). In DKO cells only expressing wild type Mfn1 or Mfn2, a similar proportion of protein
shifts into higher order species (50-60%) (Figure 3.33C). While DKO MEFs expressing Mfn2 can form
some Mfn2 oligomers around 450kDa, DKO MEFs expressing Mfn1 form significantly more of these

species, suggesting differences in nucleotide-induced assembly between Min1 and Mfn2.

To associate activity with assembly, we measured the assembly of chimeric proteins Chi3 and Chib.
In the presence of GTP, GMPPNP or GDP.BeF3-, Chi3 was able to shift a significant portion of
dimeric protein to higher order oligomers. Interestingly, in DKO MEFs, Chi3 can assemble beyond
a dimer, but is unable to form the large amount of the 450kDa species observed in wild type Min1

(Figure 3.33D). This suggests that Mfn1 HB1 is important for tetramer formation. DKO and 1KO MEFs
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expressing Chi5 have similar assembly defects, indicating a defect in assembly-stimulated hydrolysis

in this chimeric protein.
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Figure 3.33. Chimera BN-PAGE in 1KO MEFs (B,C) and DKO MEFs (D). (A) Organization of
chimeric proteins [figure credit: Suzanne Hoppins]. (B-D) For each condition, at least three
independent experiments were performed. Quantifications of B and D were published in Sloat et

al., 2019, while quantification in C was done under revised conditions (same as those used for Mfn1

BN-PAGE in Figure 3.32).
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Preliminary characterization of Mfn2 S249.

Because Mfn2 S249 phosphorylation was not observed in either of the early mass spectrometry
experiments, | hypothesized that phosphoregulation at this site was specific to Mfn1. | did, however,
use the same substitutions in Mfn2 S249 (S249A, S249E) to briefly evaluate conserved mitofusin
features and mitofusin-specific functions of Mfn2. Based on the preliminary screen of mitochondrial
morphology in 2KO MEFs expressing Mfn2 S249A and S249E with a C-terminal Neon tag, both
mutants appeared to at least partially rescue mitochondrial morphology. Notably, no clustering was
observed in Mfn2 S249E mutants. To confirm this observation, | also expressed Cterminally FLAG-
tagged Mfn2 S249A and S249E in 2KO MEFs. At least three clonal isolates expressing at near wild
type levels were obtained for each mutant. 2KO MEFs transduced with an empty vector have
primarily fragmented mitochondria, while expression of wild type Mfn2 restores a reticular
mitochondrial morphology. A blinded screen of mitochondrial morphology in Mfn2 S249 mutants
showed a surprisingly variable range of morphologies between different isolates of the same
mutant. Importantly, there was no clustering observed in any cells, suggesting that substitution of
the same residue of Mfn1 and Mfn2 has distinct effects on mitochondrial morphology (Figure 3.34).
The variability in this preliminary data set, however, suggests that additional work is needed to
more completely understand the effects of Mfn2 S249 on mitochondrial morphology. Isolates with
high proportions of cells with fragmented mitochondria were especially surprising, as previous work
in the lab has suggested that expression of most Mfn2 disease-associated mutants can rescue
mitochondrial morphology in 2KO MEFs. Since one isolate for each mutant had wild type rescue, it
is possible that differences in Mfn2 expression levels could explain the variability in the cells tested.
If this were the case, | would expect that MEFs expressing Mfn2 S249A #1, 16 and Mfn2 S249E #28,

#30 actually express much lower levels of Mfn2, while Mfn2 S429A #5 and Mfn2 S249E #31 are
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closer to the intended expression level. It will be important to repeat this experiment after verifying

expression levels of Mfn2.

100
80
60
40
20
0

2KO + 2KO + 2KO + 2KO + 2KO + 2KO + 2KO + 2KO +

Vo 2WT S249A, S249A, S249A, S249E, S249E, S249E,
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Figure 3.34. Morphology of Mfn2 S249A/E-FLAG in 2KO MEFs. Mitochondrial morphology was
quantified in Mfn2 KO MEFs expressing either an empty vector, wild type Mfn2, or Mfn2 S249A/E
FLAG-tagged mutants. Graph represents at least 100 cells per condition, imaged and quantified

while blinded to the sample identity.

One explanation for the lack of mitochondrial clustering in Mfn2 S249E mutants is that Mfn2 S249E
impacts Mfn2 fusion activity differently from how Mfn1 S228E inhibits Mfn1 fusion activity. If defective

assembly and /n vifro fusion activity are related to clustering in Mfn1 S228E mutants, a lack of
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clustering and the presence of reticular mitochondria in Mfn2 S249E might be associated with
normal fusion and assembly. Alternatively, since mitochondrial morphology serves as a macro-level
readout of fusion activity, it is possible that both substitutions impair protein function but clustering
only occurs with Mfn1 mutants for reasons we do not yet understand. To test this alternative
explanation, | also measured the native assembly of Mfn2 S249 mutants after nucleotide incubation.
Higher order assembly of Mfn2 S249E in 2KO MEFs was significantly reduced after incubation with
either GTP or the nonhydrolyzable GTP analog, GMPPNP. Surprisingly, Mfn2 S249A assembly was
also impaired after GMPPNP incubation (Figure 3.35). For the reasons discussed above, this
experiment should also be repeated after expression levels in these mutants is confirmed. If these
observations hold, however, this suggests that both Mfn1 S228E and Mfn2 S249E mutant variants
have impaired mitofusin assembly. Unlike in Mfn1 S228E, however, Mfn2 S249E does appear to

form complexes of the appropriate sizes, just at a much lower frequency than wild type Mfn2.

Proteins bound to GMPPNP represent those bound but not hydrolyzing GTP and may stabilize the
higher order structures that form after nucleotide binding but prior to hydrolysis. Impaired assembly
of Mfn2 mutants with GMPPNP has been reported for several other Mfn2 mutants (Samanas et al.,
in preparation; Englehart et al,, 2019). It remains unclear how an alanine substitution would alter

assembly in this region, emphasizing the need for additional characterization
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Figure 3.35. BN-PAGE of Mfn2 S249A/E in 2KO MEFs. Native protein assembly was evaluated by
blue-native PAGE and imaged using an anti-FLAG antibody. Quantifications represent approximate
densitometry of primary bands. Error bards represent standard deviation across three clonal

isolates.
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Discussion

Together, the biochemical data support a model in which Mfn1 phosphorylation at S228 inhibits
fusion activity. | predict that Mfn1 S228 phosphorylation disrupts the interactions between the
GTPase domain and HB1 causing the GTPase domain to assume an alternate conformation that is
less favorable for membrane tethering. While this still allows for back-to-back dimerization on the
same membrane, | hypothesize that Mfn1 S228 phosphorylation constrains the conformational
changes around Hinge 1, ultimately leading to impaired nucleotide-dependent assembly and

membrane fusion (Figure 3.2B-D).

Future work in the lab is addressing the signaling pathway(s) that mediate changes in mitofusin
activity through PTM of Mfn1 S228. While it remains possible that PKA mediates phosphorylation at
this site, | no longer expect that phosphorylation at this site promotes mitochondrial fusion. Rather,
| predict that phosphorylation quickly inhibits fusion activity by reducing the availability of ¢/s dimers
to tether. Because mitochondria cluster and connect, rather than fragment due to no fusion activity,
additional work should also evaluate how Mfn1 5228 phosphorylation affects mitochondrial

transport.
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Methods

Plasmids and reagents

The following plasmids were purchased from Addgene: pBABE-hygro (#1765), pBABE-puro
(#1764), mito-PAGFP (#23348), pclbw-mito TagRFP (#58425), pclbw-mitoCFP (addgene #58426).
The Mfn1 MGD plasmid was a kind gift from Song Gao (Cao et al., 2017). Mutations were made
by Gibson assembly and confirmed by sequencing. For SIMH, cycloheximide (CHX) was
purchased from Fisher Scientific and HBSS with 5mM glucose was purchased from Invitrogen. For

cell cycle arrest, aphidicolin was purchased from Sigma.

Cell culture

Mouse embryonic fibroblasts of all mitofusin knockout backgrounds (1KO, 2KO, DKO and WT) were
purchased from ATCC. Cells were grown at 37C and 5% CO; and cultured in Dulbecco’s modified
eagle medium (DMEM) containing 1x GlutaMAX (Invitrogen) and was supplemented with 10% FBS

(Seradigm).

Mass spectrometry

Reactions were performed in cytosol buffer (20mM PIPES, 150mM KOAc, 5mM MgOAc, 0.2M
sorbitol) with cytosol, creatine kinase, and creatine phosphatase. 6ug of purified protein was added
to 100uL cytosol and incubated at 37C for 90 minutes. Samples were then bound to anti-FLAG beads
and washed in IPL buffer (50mM HEPES-KOH pH7.4, 2mM MgCl;, 300mM KCI, 1mM TCEP). Protein
was then treated with TmM DTT, followed by 3mM iodoacetamide (IAA) before trypsin digestion

and elution in 2M urea and 50mM TrisCl.
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Viral infection and establishment of clonal populations

platE cells (Cell Biolabs) were cultured in complete media (DMEM + 10% FBS) with 1ug/mL
puromycin and 10ug/mL blasticidin. Transfections were performed when cells were around 75%
confluent in éwell dishes. 3ug of Mfn1 or 1.5ug of Mfn2 were transfected using FuGene HD
(Promega), according to manufacturer instructions. The viral supernatant was collected and added
to MEFs, along with 8ug/mL polybrene, at 48- and 72-hours post-transfection. Approximately 16hr
after the final viral transduction, MEF cells were split and selection was added (Tug/mL puromycin

for Neon, 200ug/mL hygromycin for FLAG).

Clonal populations of MEFs expressing mutant mitofusins were generated by plating MEFs, after
selection, at a low density to generate small, distinct populations of cells generated from a single
precursor. Clonal populations were collected using sterile filter paper dots in trypsin. After clonal
populations are collected, whole cell extract is collected and lysed. Western blot analysis was

performed to screen populations for those expressing the mutant mitofusin at wild type levels.

Microscopy

Cells for microscopy were plated on No. 1.5 glass-bottomed dishes (MatTek) to be approximately
75% confluence on the day of imaging. Prior to imaging, MEFs were incubated with 0.1ug/mL
Mitotracker Red CMX Ros (Invitrogen) for 15-30 minutes at 37C with 5% CO,. After incubation,
MitoTracker was removed and cells were incubated in complete media for at least 45 minutes
before imaging. Images were obtained using Nikon Ti-E widefield microscope with 63X NA 1.4 oil

objective (Nikon) with a solid-state light source (Spectra X, Lumencor) and an sCMOS camera (Zyla
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5.5 Megapixel). Z series were collected with a step size of 0.3um. Each cell line was imaged on at

least three separate occasions (n>100 cells per experiment) at 37C with 5% CO..

For nocodazole treatments, cells were incubated with 0.1ug/mL Mitotracker Red CMX Ros for 15-
30 minutes, rinsed and then incubated in complete DMEM with 5uM nocodazole for 45 minutes to

one hour before imaging.

For CCCP treatments, 10uM CCCP (Fisher Scientific) was incubated in DMEM for 4 hours at 37C.
After CCCP treatment, cells were rinsed in 1x PBS and then replaced with DMEM or DMEM with

10uM nocodazole.

Transmission electron microscopy (EM)
1KO MEFs transduced with an empty vector, wild type Mfn1, or Mfn1 S228E were trypsinized and
pelleted before fixation in 4% glutaraldehyde in NaCaCo (pH 7.3) at room temperature overnight.

Samples were stored at 4C before pre-imaging processing by Ed Parker.

Image Analysis

Images obtained by fluorescent microscopy were deconvolved using 8-15 iterations of the 3D
Landweber deconvolution. Images were then exported, and maximum intensity projections were
made using Image] (NIH). Mitochondria is scored based on the following criteria:  Mitochondrial
fragmentation indicates that most mitochondria are <2um in length and a reticular morphology is
defined as <30% fragmented mitochondria per cell with the average mitochondrial length >2um.

Hyperfusion indicated that most mitochondria were connected as a single structure and clusters
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indicate mitochondria that were not distributed throughout the cytosol and whose morphology is

not immediately obvious.

Matrix-targeted photoactivatable GFP (mitopaGFP)

Cells transduced with mito-PAGFP were plated in No. 1.5 glass-bottomed dishes (MatTek) and
incubated with 0.1ug/mL Mitotracker CMX Ros (Invitrogen) for 15-30 minutes at 37C with 5% CO,,
washed and incubated with complete media for at least 45 minutes prior to imaging. MEFs were
imaged at 37C with 5% CO,. A region that was approximately 1um was activated using a 405nm
laser and the same cell was imaged after 50 minutes. Images were collected with a Nikon Ti-E
widefield microscope with a 63X NA 1.4 oil objective (Nikon), a solid-state light source (Spectra X,

Lumencor), and an sCMOS camera (Zyla 5.5 Megapixel).

Mitochondrial isolation

Cells for mitochondrial isolation were grown on 15cm plates (3-5 plates harvested total) to
approximately 90% confluency and then harvested by scraping. Cells were pelleted at 500xg and
washed in MIB (0.2M sucrose, 10mM Tris MOPS [pH 7.4], 1TmM EGTA). The cell pellet was
resuspended in approximately one cell pellet volume of cold MIB. Sample was then homogenized
by 10-14 strokes at 400 RPM on ice with a Kontes Potter-Elvehjem tissue grinder. Lysed sample was
then spun at 500xg for 5-10min to remove nuclei and unbroken cells. Homogenization and
centrifugation were repeated once and supernatant was then transferred to a clean tube. This was
then spun at 7,400 xg at 4C for 10min to pellet a crude mitochondrial fraction. The mitochondrial
pellet was next suspended in a small volume of MIB and the protein concentration was measured

using a Bradford assay (Bio-Rad Laboratories).
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In vitro fusion

MEFs that stably expressed a mitochondria-targeted RFP or CFP were grown to 90% confluency in
15cm dishes and grown to confluency. Mitochondria were isolated as described above and
mitochondrial concentrations were determined using Bradford Reagent. For fusion reactions,
mitochondria were mixed such that 10ug of RFP and CFP-labeled mitochondria were present in
each sample. Mitochondria were then washed in MIB and spun at 7,400xg for 10min to recover the
mitochondrial pellet. Pellets were resuspended in 10uL fusion buffer (20mM PIPES-KOH [pH 6.8],
150mM KOAc, 5mM MgOAc2, 0.4M sorbitol, 0.12mg/mL creatine phosphokinase, 40mM creatine
phosphate, 1.5mM ATP, 1.5mM GTP), with or without wild type cytosol. Fusion reactions were
incubated at 37C for 60 minutes and reactions were stopped on ice. For imaging, 4L of the fusion
reaction was pipetted onto a 3% low-melt agarose bed for image acquisition with a Nikon Ti-E
widefield microscope with a 100X NA 1.4 oil objective (Nikon), solid stage light source (Spectra X,
lumencor) and a sCMOS camera (Zyla 55 Megapixel). For each condition, at least 300
mitochondria were counted from at least four images. Fusion was scored based on the

colocalization of red and cyan fluorophores as measured in three dimensions.

Co-IP

50ug of FLAG-tagged and 50ug of Neon-tagged mitochondria of the indicated mutants were
combined at a concentration of éug/uL and incubated at 37C for 30 minutes with beryllium fluoride
(2.5mM BeSO4, 25mM NafF) with or without 2mM GDP in fusion buffer (20mM PIPES-KOH [pH 6.8],
150mM KOAc, 5mM MgOAC2, 0.4M sorbitol with 0.12 mg/mL creatine kinase, 40mM creatine
phosphate, 1.5mM ATP). Mitochondria were then solubilized in lysis buffer (20mM HEPES-KOH [pH

7.4], 50mM KCI, 5mM MgCl2) with 1.5% w/v n-dodecyl B-D-maltoside (DDM), and 1x Halt Protease
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inhibitor (Thermo Scientific) for 30 minutes on ice. Lysates were cleared at 10,000xg for 15 minutes

at 4C.

Supernatants were then incubated with 50uL magnetic uMACS anti-DYKDDDDK MicroBeads (Miltenyi
Biotech) for 30 minutes on ice. Samples were then applied to the MACS column (Miltenyi Biotec)
and placed in the magnetic field using a uUMACS Separator (Miltenyi Biotec). After washing once in
400uL 20mM HEPES-KOH [pH 7.4], 50mM KCI, 5mM MgCl2, 0.1% DDM, columns were washed in
200pL 20mM HEPES-KOH [pH 7.4], 50mM KCI, 5mM MgCI2. Samples were then incubated samples
in one column volume (25uL) SDS-PAGE loading buffer (60mM Tris-HCI [pH 6.8], 2.5% sodium dodecy!
sulfate, 5% BME, 5% sucrose, 0.1% bromophenol blue) for 15 minutes at room temperature and then

eluted in 35uL of SDS PAGE loading buffer.

Samples were run on SDS PAGE and transferred onto nitrocellulose at 100V for 1 hour in 1x transfer
buffer (25 mM Tris, 192mM glycine, 20% methanol). Membranes were blocked in 4% milk for at least
30 minutes and then probed with anti-Mfn1 (rabbit polyclonal, gift from Jodi Nunnari, University of
California, Davis; 1:500) or anti-Mfn2 (mouse monoclonal, Sigma clone 4H8; 1:1000) for 4 hours at
RT or overnight at 4C. Membranes were incubated with DyLight secondary antibody (Invitrogen) at
room temperature for 30 minutes to one hour and then imaged on a LICOR Imaging system (LI-COR

Biosciences).

BN-PAGE
Mitochondria were isolated and concentrations were determined as described above. Nucleotide

reactions were set up in MIB containing 10mM MgOAc and 100mM KOAc, with PMSF and 1x Halt
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protease inhibitor. Samples were incubated with 2mM nucleotide at 30C for 30 minutes or incubated
on ice in the “untreated” condition. While this does not represent a true “apo” control, this condition
is used to represent the assembly of native Mfn1 in untreated cells. Samples were lysed in
NativePAGE™ sample buffer with 1% digitonin (Sigma) for 15 minutes on ice. Cell lysate was spun
at 16,000xg for 30 minutes and the supernatant was added to G250 sample buffer (Sigma) at a

0.25% final concentration.

10ug of protein was loaded per well. Gels were run in dark blue buffer (0.05% Coomassie G250) at
40V for 30 minutes, followed by 100V for 30 minutes. At this point, gels were moved to light blue
buffer (0.005% Coomassie G250) and run at 100V for 30 minutes, followed by 250V for 70 minutes.
Samples were transferred onto PVDF membranes at 30V for 16 hours. After transfer, samples were
fixed in 8% acetic acid for 15 minutes, rinsed in water and dried. Membranes were rehydrated in
methanol, rinsed in water and then 4% milk. Samples were incubated with a mouse monoclonal
anti-FLAG antibody (Sigma; 1:1000), followed by anti-HRP secondary antibody (Cell Signaling
Technology) and detected using a SuperSignal Femto (HRP peroxidase-based) kit imaged on an

iBright.

Immunofluvorescence (IF)

Cells were fixed in 4% paraformaldehyde with 0.5% glutaraldehyde and permeabilized in 0.01%
TritonX-100. Samples were blocked in 10% FBS with 0.1% TritonX-100 before incubation with anti-
mouse Drp1 antibody (BD Biosciences, #611112), followed by incubation with a rabbit anti-mouse

secondary antibody conjugated to AlexaFluor488 (Fisher Scientific).
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Min1 MGD purification

Mfn1 constructs were expressed in Escherichia coli Rosetta (DE3) cells cultured in Luria- Bertani medium
with 150 pg/mL ampicillin and 25 ug/mL chloramphenicol at 37C. Cells were grown to an ODggg of ~0.6
and protein expression was induced by the addition of 100uM isopropyl-1-thio-B-d- galactopyranoside
(IPTG). Induced cultures were grown overnight at approximately 17-18C. The cells were harvested by
centrifugation at 6,000 x g for 10 minutes. Cell pellets expressing Min1 MGD were resuspended in 5mL
phosphate buffered saline, pelleted by centrifugation at 6,000 x g for 5 minutes, frozen in liquid nitrogen

and stored at - 80C.

Cells were thawed in a room temperature water bath and resuspended in 50mL lysis buffer (50mM
HEPES-KOH [pH 7.4], 400mM NaCl, 5mM MgCl,, 30mM imidazole, TmM phenylmethanesulfonylfluoride
(PMSF), 1x protease inhibitor cocktail (Thermo Scientific), 2.5mM B-mercaptoethanol (B-ME) and lysed
using a microfluidizer (Avestin). The lysate was subjected to centrifugation at 14,000 RPM for 45 minutes.
The supernatant was applied to 2.5mL HisPur™ Ni-NTA beads (Thermo Scientific) equilibrated with
Binding buffer 1 (20mM HEPES-KOH [pH 7.4], 400mM NaCl, 5mM MgCl;, 30mM imidazole [pH 8.0],
2.5mM B- ME) and nutated at 4C for 30 minutes. Ni-NTA beads bound to protein were washed with 20
column volumes of Binding buffer 1 and proteins were eluted with 2.5mL Elution buffer (20mM HEPES-
KOH [pH 7.4], 400mM NaCl, 5mM MgCl,, 300mM imidazole, 2.5mM B-ME). Mfn1 MGD-containing
elutions were incubated with 800ug glutathione Stransferase (GST)-fused PreScission protease (PSP) to
remove the aminoterminal Hise-tag. This was dialyzed overnight against Binding buffer 2 (20mM HEPES-
KOH [pH 7.4], 400mM NaCl, 5mM MgCl;, 2.5mM B-ME). After dialysis, PSP was removed using a GST
column. The protein was re-applied to a second Ni-NTA column equilibrated with Binding buffer 2.
Binding buffer 1 was used to elute the protein, which were subsequently loaded onto a Superdex200

16/60 column (GE Healthcare) equilibrated with gel filtration buffer containing 20mM HEPES-KOH [pH
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7.4], 150mM NaCl, 5mM MgCl; and 1TmM dithiothreitol. The protein eluted in a discrete peak
corresponding to a molecular mass of approximately 50kDa. Protein was concentrated on an Amicon
Ultra Centrifugal Filter (MWCO 30) (Millipore) to 30mg/mL and glycerol was added to 20% before the
protein was aliquoted and stored at -80C. Protein purification was performed at 4C. Protein

concentration was determined by Laboratories).

SEC
Samples were incubated in SEC Buffer (20mM Tris-HCI pH 8.0, 150mM KCl, 4mM MgCl2, 3mM DTT)
and separated on a Superose 6 Increase 10/300 GL column. GDP.BeF incubation was done with

2.5mM GDP, 2.5mM BeSO4, and 25mM NaF.

GTPase assay

Frozen protein was thawed on ice and diluted to 2.5uM in 20 mM HEPES-KOH [pH 7.4], 50mM KCl,
5mM MgCl2, TmM dithiothreitol. Protein concentrations were confirmed by Bradford assay (Bio Rad
Laboratories). Reactions were set up in triplicate in a 96 well plate on ice. Variable concentrations
of GTP were added and reactions were incubated at 37°C for 15 minutes. Reactions were stopped
by adding 200 mM EDTA on ice. Concentrations of free inorganic phosphate were measured by
malachite green reagent. Malachite green reagent was added, and reactions were incubated at
room temperature for 15 minutes (Leonard et al., 2005). The optical density at 650nM was measured

and a potassium phosphate standard curve was used to determine the amount of GTP hydrolyzed.
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Sucrose gradient- Min1 MGD

200pg purified wild type Mfn1 MGD or Mfn1 S228E MGD protein was added to 150uL buffer
containing 20mM Tris HCI (pH 8), 150mM KCI, 4mM MgCl.. For nucleotide incubation with GDP.Befs,
protein was incubated with ZmM GDP, 2.5mM BeSO4 and 25mM NafF for 15 minutes on ice, followed
by 30 minutes at 37C, and 15 minutes on ice. Untreated protein was incubated under the same
conditions with 2.5mM BeSO4 and 25mM NaF in the absence of GDP. Protein was added to the top
of a 5-20% (w/v) linear sucrose gradient. Gradients were centrifuged at 32,500xg for 16 hours at 4C
(L70 Ultra, Beckman). After centrifugation, samples were taken down in 14 fractions. Since a majority
of the protein was found in fractions 2-9, these fractions were separated at half the volume of the
remaining fractions to increase resolution. Laemmli buffer was added to 20uL of each fraction, run

on SDS-PAGE gel and resolved with Coomassie Blue.

Sucrose gradient- full length Min1-FLAG

Mitochondria were isolated as described above, and 50 pg of mitochondria were incubated in
the absence or presence of GDP.BeFsin buffer containing 20mM HEPES pH 7.8, 50mM KCl, and
5mM MgCI2 for 30min at 37C. Mitochondria were lysed in 1% DDM for 1.5 hours and then added
to a 5-20% continuous sucrose gradient. Gradients were spun at 32500 rpm for 16 hours at 4C.

Fractions were collected and protein was extracted using TCA precipitation.
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Chapter Four:

Conclusions and contributions

Balanced and regulated mitochondrial dynamics are critical for cellular function. Imbalanced
mitochondrial dynamics have been implicated as either a cause or consequence of various
neurodegenerative, cardiac and metabolic diseases (Chapter 1). While most reviews discussing
mitochondrial dynamics during disease emphasize the clinical features within a particular tissue
system, our review took a uniquely mechanistic approach to understand the role of imbalanced

mitochondrial dynamics across a range of diseases.

The importance of connecting basic biochemistry research to clinical observations was also
highlighted in the evaluation of disease-causing variants of Drp1 (Chapter 2). By evaluating
mitochondrial morphology and Drp1 localization in yeast, mouse and human cells, | was able to
connect patient data with a functional understanding of mitochondrial division. Because most
reports of disease-causing Drp1 variants only describe the phenotypes observed in patient cells
(Gerber et al., 2017; Hogarth, Costford, Yoon, Sondheimer, & Maynes, 2018; Vanstone et al., 2016;
Waterham et al,, 2007; Zaha et al,, 2016), it is difficult to conclude with certainty that mutations in
DNM1L cause aberrant mitochondrial morphology and disease progression. Our approach uniquely
combined an evaluation of mitochondrial morphology in patient cells with experimental
determination of the effect of Drp1 mutation in mouse and yeast cells with or without wild type Drp1.
Only two other Drp1 variants have been evaluated in mammalian cells (Chao et al., 2016; Fahrner
et al., 2016), and our evaluation in yeast is particularly novel. As whole exome sequencing has

resulted in an exponential increase in the number of ODNMT7L mutations associated with disease,
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similar experiments to determine if mutations are necessary and sufficient to cause the changes in

mitochondrial morphology associated with disease will be a good first step.

Our work specifically identified and characterized Drp1 G32A, showing that mitochondrial
recruitment can be inhibited by a substitution in the highly conserved GTP binding region (Whitley
et al., 2018). This was fairly surprising, as a similar, well-characterized mutation- Drp1 K38A- affects
GTP hydrolysis but does not abolish the mitochondrial recruitment of Drp1. To date, only two
additional heterozygous Drp1 mutations in the GTPase domain have been reported (Gerber et al.,
2017), both of which have similar effects on mitochondrial and peroxisomal morphology as G32A.
Additional cellular characterization to understand the mitochondrial recruitment of Drp1 in these
cells is required to determine if these Drp1 variants mediate changes in mitochondrial morphology
via a similar mechanism to G32A or K38A. A strong mechanistic understanding of disease-
associated mutations can then be used to develop personalized therapeutic interventions that are

optimally suited to rebalance mitochondrial dynamics.

In a second project discussed in Chapter 3, | established a model for the inhibitory role of Mfn1
S228 phosphorylation. While the physiological role of Mfn1 S228 phosphorylation is currently being
investigated, here | present data outlining the functional effects of phosphoblocking (S>A) or
phosphomimicking (S=E) substitutions at Mfn1 S228. Based on our fusion model (Figure 3.2), |
expect that Mfn1 S228 phosphorylation blocks the interaction of Mfn1 S228 with itself in #rans
(prevents interaction in Figure 3.2A). This is consistent with primarily dimeric Mfn1 S228E, regardless

of nucleotide incubation, and reduced /n vitro fusion activity.
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Figure 3.2, from Chapter 3: Current model of mitochondrial outer membrane fusion. We

hypothesize that mitofusins assemble in both cis (same membrane) or #rans (opposite membranes).
In this model, we predict that back-to-back cis dimers form tethers across GTPase domains with
another mitofusin dimer in frans (A). The formation of the predicted G-G interface is noted with an
asterisk (*). GTP binding and hydrolysis promote the higher order assembly of mitofusins (B).
Dramatic conformational changes are then predicted to bring membranes together to complete

fusion (C-D). [figure minorly adapted from Suzanne Hoppins]

Additional work is required to strengthen and expand our current model of mitochondrial outer
membrane fusion. Recent evidence suggests that most mitochondrial contacts do not result in
membrane fusion, but rather serve to reduce mitochondrial motility and are followed by untethering
events (Wong et al., 2019). While Rab7-Fis1 interactions have been associated with mitochondrial
contact untethering (Wong et al., 2019), we do not yet understand the specific characteristics of a
mitochondrial contact site that promote fusion. Future studies should elaborate the composition of

fusion-competent assemblies, including size and the relative roles of Mfn1 vs. Mfn2. Another area
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of active work is reconciling cellular phenotypes with /n vitro effects. Based on the impaired
mitochondrial fusion phenotype in 1KO MEFs expressing Mfn1 S228E, | expected mitochondria in
these cells to be primarily fragmented. Surprisingly, mitochondria became predominantly clustered
around the nucleus and appear to be connected rather than fragmented. One possible mechanism
for mitochondrial clustering could be due to altered mitochondrial transport and mitophagy
(Shlevkov et al., 2016; Narendra et al., 2010). | hypothesize that physiological levels of Mfn1 5228
phosphorylation, less than fifty percent of the total cellular Mfn1 based on preliminary PRM mass
spectrometry, inhibit mitochondrial fusion to promote the turnover of dysfunctional Mfn1 and/or
mitochondria. In this model, expression of only Mfn1 S228E would cause the excessive mitochondrial
clustering phenotype observed in cells, leading to Mfn2-dependent fusion among locally
concentrated mitochondria. This hypothesis could be directly tested by measuring concentration-
dependent increases in /n vifro fusion activity and confirming Mfn2 interactions and assembly
through Co-IP and BN-PAGE, respectively. This would also require connectivity in Mfn1 S228E-
expressing cells to depend on Mfn2, which appears to be the case based on our preliminary

morphology data in WT, 2KO and DKO backgrounds (Figures 3.10-12).

The characterization of Mfn1 S228E has also allowed for the comparison between mutants with
similar cellular phenotypes. When compared another Mfn1 variant that causes perinuclear
clustering in 1KO MEFs, F202L, Mfn1 S228E has a similar defect in nucleotide-dependent assembly
but a distinct defect in #rans Mfn1 interactions. Additionally, while Mfn1 S228E was completely
unable to form the expected species at 320kDa and 450kDa, Mfn1 F202L could form assemblies of
these sizes but at far reduced frequencies than wild type Mfn1. The ability for Mfn1 F20Z2L to interact

in frans suggests that Mfn1 F202L and S228E likely alter fusion through distinct mechanisms, which
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both ultimately result in blocked nucleotide-dependent assembly and reduced /n vifro fusion activity.
In her characterization of Mfn1 F202L, Emily also showed that fusion activity depended on Mfn2,
consistent with a role for increased, Mfn2-dependent fusion in mitochondrial clusters (Engelhart et

al, 2019).

Finally, future work should also emphasize a better understanding of the physiological relevance of
phosphorylation at Mfn1 S228. As disease-associated variants related to mitochondrial fusion and
division are identified, mechanistic understanding of how these mutations alter protein function will
be an important tool to understand normal mitochondrial function, as well as to treat diseases
characterized by imbalanced mitochondrial dynamics. We anticipate that continued work in our lab
to understand the mechanism of mitochondrial fusion could eventually contribute to the design of

more specific, effective therapeutics to address imbalanced mitochondrial dynamics.
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